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Abstract

Accurate assessment of in vivo somatic mutagenesis is essential for human
health risk assessment. However, current regulatory testing guidelines rely heavily on
short-term exposures and single-gene phenotypic reporter assays. This thesis
characterizes the in vivo mutagenic dynamics of the priority polycyclic aromatic
hydrocarbon (PAH) benzo[b]fluoranthene (BbF) across multiple tissues and extended
exposure durations using Duplex Sequencing (DS). This approach simultaneously
addresses existing knowledge gaps and validates DS as a promising tool to modernize

in vivo mutagenicity assessments based on quantitative and mechanistic data.

BbF exposure induced dose-dependent increases in micronucleus frequency in
peripheral blood and mutation frequency (MF) in the liver and bone marrow (BM) of
MutaMouse males after 28 days. Benchmark dose (BMD) modeling revealed
comparable clastogenic and mutagenic potencies. Mutations were preferentially
induced in intergenic loci, suggesting a protective activity of transcription-coupled
nucleotide excision repair in transcribed regions. Furthermore, mutagenesis was
characterized predominantly by C:G>A:T and secondary C:G>T:A mutations.
Investigation of the trinucleotide mutation pattern revealed similarities towards human
tobacco-associated cancer signatures, aligning with a canonical route of PAH

exposure.

Evaluating prolonged exposures up to 90 and 180 days demonstrated that
mutation accumulation mechanisms are tissue-specific. The liver exhibited a higher
maximum mutational burden than BM, reflecting its primary role in xenobiotic metabolic
activation. In the highly proliferative BM, mutagenesis was heavily driven by the clonal
expansion of mutant cells, whereas predominantly unique de novo mutations were
detected in liver. This indicates that the physiological propagation of mutant cells
contributes differently to the overall mutation burden depending on tissue
characteristics. Despite these distinct tissue dynamics, the underlying mutation
spectrum remained consistent over time, indicating a stable mutagenic mechanism.
Furthermore, BMD modeling highlighted that prolonged exposures increase mutagenic
potency and yield lower points of departure compared to standard 28-day designs.



Direct comparisons revealed strong quantitative concordance, highlighted by
robust Pearson correlations between DS-derived MF on the endogenous mouse
mutagenesis panel or the exogenous /acZ transgene versus the conventional
transgenic rodent (TGR) assay. These endpoints yielded overlapping potency
estimates, validating sequence-resolved analysis as robust quantitative alternatives to
the phenotypic TGR assay. Mutation spectrum analysis revealed comparable mutation
subtypes between the MMP and /acZ loci, hinting towards endpoint independent
mutagenic mechanisms. Conversely, targeted sequencing of the endogenous Pig-a
locus was less informative and did not detect dose-related responses. Mutation
spectrum analysis was predominantly driven by insertions and deletions in the Pig-a
locus due to sequencing artifacts within homopolymeric sequences. This underscores
the importance of distributed loci selection over single-gene sequencing. To address
existing barriers to regulatory adoption, power analyses demonstrated that sample
sizes of four animals per dose group provide sufficient statistical power, representing
a reduction in animal use that supports 3Rs principles. Further collaborative efforts
demonstrated the high inter-laboratory reproducibility of DS across eight laboratories
and developed an open-source bioinformatic approach to harmonize mutation

frequency calculations, statistical analysis and quantitative modeling.

Collectively, this research defines the dose-, time-, and tissue-dependent
determinants of BbF-induced mutagenesis and shows that these factors directly
influence potency estimates. Sequence-resolved analyses confirm stable mutational
mechanisms across endpoints and exposure durations. Concordance with OECD
assays, together with reproducibility and standardized workflows, establishes Duplex
Sequencing as a sensitive and quantitatively robust approach. It reduces animal use,
integrates into existing toxicology study designs, and enables high-resolution
mechanistic data generation. These features support its readiness for broader

adoption in in vivo mutagenicity assessment.



Abstract:

L'évaluation précise de la mutagenése somatique in vivo est essentielle pour
I'évaluation des risques pour la santé humaine. Cependant, les lignes directrices
réglementaires actuelles en matiére d'essais reposent largement sur des expositions
a court terme et des tests phénotypiques sur un géne rapporteur unique. Cette thése
caractérise la dynamique mutagéne in vivo d'un hydrocarbure aromatique polycyclique
(PAH) prioritaire, le benzo[b]fluoranthéne (BbF), dans de multiples tissus et sur des
durées d'exposition prolongées en utilisant le séquencage en duplex (DS - Duplex
Sequencing). Cette approche permet a la fois de combler les lacunes actuelles dans
les connaissances et de valider le DS comme un outil prometteur pour moderniser les
évaluations de la mutagénicité in vivo en se basant sur des données quantitatives et

meécanistiques.

L'exposition au BbF a induit des augmentations dose-dépendantes de la fréquence
des micronoyaux dans le sang périphérique et de la fréquence de mutation (FM) dans
le foie et la moelle osseuse (MO) de males MutaMouse aprés 28 jours. La modélisation
de la dose de référence (BMD - Benchmark Dose) a révélé des puissances
clastogénes et mutagenes comparables. Les mutations ont été préférentiellement
induites dans les locus intergéniques, ce qui suggére une activité protectrice de la
réparation par excision de nucléotides couplée a la transcription dans les régions
transcrites. De plus, la mutagenése a été caractérisée principalement par des
mutations C:G>A:T et, secondairement, par des mutations C:G>T:A. L'étude du profil
de mutation trinucléotidique a révélé des similitudes avec les signatures des cancers
humains associés au tabac, ce qui s'aligne avec une voie d'exposition canonique aux
HAP.

L'évaluation d'expositions prolongées allant jusqu'a 90 et 180 jours a démontré que
les mécanismes d'accumulation des mutations sont spécifiques aux tissus. Le foie
présentait une charge mutationnelle maximale plus élevée que la MO, reflétant son
réle principal dans l'activation métabolique des xénobiotiques. Dans la MO, hautement
proliférative, la mutagenése était fortement stimulée par I'expansion clonale de cellules
mutantes, tandis que des mutations de novo principalement uniques ont été détectées
dans le foie. Cela indique que la propagation physiologique des cellules mutantes

contribue différemment a la charge mutationnelle globale selon les caractéristiques du
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tissu. Malgré ces dynamiques tissulaires distinctes, le spectre de mutation sous-jacent
est resté constant au fil du temps, indiquant un mécanisme mutagéne stable. De plus,
la modélisation de la BMD a mis en évidence que les expositions prolongées
augmentent la puissance mutagéne et produisent des points de départ inférieurs par

rapport aux protocoles standards de 28 jours.

Des comparaisons directes ont révélé une forte concordance quantitative, soulignée
par de robustes corrélations de Pearson entre la FM dérivée du DS sur le panel de
mutagenese endogene de la souris (MMP) ou le transgene lacZ exogene et le test
conventionnel sur rongeurs transgéniques (TGR). Ces paramétres d'évaluation ont
produit des estimations de puissance qui se chevauchent, validant I'analyse résolue
par séquengage comme une alternative quantitative robuste au test phénotypique
TGR. L'analyse du spectre de mutation a révélé des sous-types de mutation
comparables entre les locus MMP et lacZ, suggérant des mécanismes mutagénes
indépendants du paramétre d'évaluation. A l'inverse, le séquencage ciblé du locus
endogéne Pig-a s'est avéré moins informatif et n'a pas permis de détecter de réponses
liées a la dose. L'analyse du spectre de mutation a été principalement influencée par
des insertions et des délétions dans le locus Pig-a en raison d'artefacts de séquencage
au sein de séquences homopolyméres. Cela souligne I'importance de la sélection de
locus distribués par rapport au séquengage d'un seul géne. Pour surmonter les
obstacles existants a I'adoption réglementaire, des analyses de puissance ont
démontré que des échantillons de quatre animaux par groupe de dose fournissent une
puissance statistique suffisante, ce qui représente une réduction de l'utilisation des
animaux conforme aux principes des 3R. D'autres efforts de collaboration ont
démontré la grande reproductibilité inter-laboratoires du DS a travers huit laboratoires
et ont permis de développer une approche bioinformatique open-source pour
harmoniser les calculs de fréquence de mutation, l'analyse statistique et la

modélisation quantitative.

Collectivement, cette recherche définit les déterminants dépendants de la dose, du
temps et du tissu de la mutagenése induite par le BbF et montre que ces facteurs
influencent directement les estimations de puissance. Les analyses résolues par
séquengage confirment l'existence de mécanismes mutationnels stables quels que
soient les paramétres d'évaluation et les durées d'exposition. La concordance avec les

essais de 'OCDE, associée a la reproductibilité et a des flux de travail standardisés,
v



établit le séquengage en duplex comme une approche sensible et quantitativement
robuste. Il permet de réduire l'utilisation d'animaux, s'intégre aux plans d'études
toxicologiques existants et permet la génération de données mécanistiques a haute
résolution. Ces caractéristiques confirment qu'il est prét pour une adoption plus large

dans I'évaluation de la mutagénicité in vivo.
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Figure 1: Frequencies of induced micronuclei in peripheral blood of MutaMouse males
after vehicle or BbF exposure for 28 days. Mean micronucleus (MN) frequencies (black
bar) with indication of standard errors of the mean (SEM). MN frequencies per 1000
cells are shown for both reticulocytes (MN RET) (A) and red blood cells (MN-RBC)
(B). Dots represent individual animal data. * p <0.05 and ** p < 0.01 relative to vehicle
control.

Figure 2: Mean minimum mutation frequency (MFmin £ SEM) per bp measured by
Duplex Sequencing in mouse bone marrow (A) and liver (B) after exposure to
increasing doses of BbF (n = 4 per dose group). Asterisks indicate * p < 0.05 and ** p
< 0.01 relative to vehicle control. Dots represent individual animal MFmin.

Figure 3: Mean mutation frequency per bp measured by Duplex Sequencing in bone
marrow (A) and liver (B) for individual mice within each BbF dose group. The mutation
frequency of unique mutations is indicated as MFmin (black). The mutation frequency
including clonally expanded mutations is shown as MFmax (light blue). Numbers above
the bars represent the observed number of mutations.

Figure 4: Mean minimum mutation frequency (MFmin) + SEM per locus for BbF—
exposed mouse bone marrow (A) and liver (B) alongside vehicle controls. Loci are
sorted from the highest top dose response to the lowest (left to right). Intergenic and
genic loci are show in red and black, respectively. Statistical testing was done for the
top dose with respect to the vehicle control using a generalized linear mixed model; *
p <0.05 and ** p < 0.01; n =4 per dose group.

Figure 5: Mutation spectrum for vehicle controls and BbF dose groups observed in
mouse bone marrow (A) and liver (B). Mutation subtypes, insertions, deletions and
multi-nucleotide variants (MNV) are presented as mean MFmin £+ SEM. Mutation
subtypes are based on the six single nucleotide variants using a pyrimidine reference.
Statistical testing was done using a generalized linear mixed model; * p < 0.05 and **
p <0.01; n =4 per dose group.

Figure 6: Mutation signature analyses for top BbF dose (100 mg/kg/day) in bone
marrow (A) and liver (B). The original trinucleotide mutation profile is shown on the top
left. SigProfilerAssignment used the single base substitution (SBS) signatures of the
Catalogue of Somatic Mutations in Cancer (COSMIC) database to reconstruct the
signatures. The SBS signatures and their relative contributions are shown on the right.
The reconstructed mutation pattern, number of substitutions used for the assignment,
and cosine similarity between reconstructed and observed trinucleotide mutation
profile are shown on left below the original profile. The total number of mutations in the
original signature are indicated on the left.

Figure 7: Logto benchmark dose (BMD) for a 50% increase in micronucleus (MN) or
mutation frequency (MFmin). 90% confidence intervals based on BMD model
averaging analyses using PROAST are shown. Confidence intervals are organized
from lowest (top) to highest (bottom) potency. Labels indicate micronuclei in
reticulocytes (MN-RET) and red blood cells (MN—-RBC), and mutation frequency in
liver (MF liver) and bone marrow (MF BM).
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Figure 8: Body weight per animal was measured at the beginning and end of the BbF
exposure and used to calculate the average weight gain £+ SEM (green) over time for
each dose group after 28, 90 and 180 days. The liver weight (blue) per animal (absolute
liver weight) was measured and used to calculate the relative liver weight compared to
the final body weight per dose + SEM over time for each dose group after 28, 90 and
180 days. Significant differences compared to respective vehicle control at each
exposure duration were identified using a Dunnett’s test and are indicated as * p < 0.05
and ** p <0.01

Figure 9: Estimated vehicle control and BbF-induced mutation frequency minimum
(MFmin £ SEM) in bone marrow (red) and liver (blue) of MutaMouse males after BbF
exposure for 28, 90, and 180 days. Statistical testing was done using a generalized
linear mixed model of each dose against their respective vehicle control; *p < 0.05 and
**p < 0.01; n =4 per dose group.

Figure 10: Bubble plots indicating the alt depth (size) of unique mutations (bubble) at
the top dose after 28-, 90- and 180-days of exposure to BbF in bone marrow and liver.
Colours are indicative of the normalized subtype of mutations according to the legend
on the right.

Figure 11: Mutation frequency minimum (MFmin) with SEM per subtype in bone
marrow (A, red) and liver (B; blue) after 180 days of exposure to olive oil or increasing
doses of BbF. Statistical testing was done using generalized linear models for each
dose and subtype. Significant differences between each dose and the vehicle controls
are indicated through * p < 0.05 and ** p < 0.01.

Figure 12: Mean mutation frequency minimum (MFmin) (x10-8) per dose of each 20
loci captured within the Mouse Mutagenesis panel using Duplex Sequencing after 28,
90 and 180 days in bone marrow and liver. The loci are arranged from the highest to
lowest MFmin at the top dose for each exposure duration and tissue, with target font
colour indicating intergenic (red) and genic (black) loci according to Mouse GenCode
v.M25. The colour indication is consistent throughout all radar plots per dose group,
and the scale is identical within each tissue

Figure 13: Overview of the C>A (blue), C>G (black), C>T (red), T>A(grey), T>C (green)
and T>G (pink) mutation profiles of the mouse single base substitutions (SBS) SBS5,
SBS4, SBS18 and SBS40a (top) and the trinucleotide mutation pattern (middle) of the
bone marrow and liver top dose after 180 days of exposure to 25 mg/kg/day of BbF.
The bottom panels display the results of the signature reconstruction of each bone
marrow (left) and liver (right) dose, with indication of the total mutation count and the
contribution of SBS1 (yellow), SBS4 (red), SBS5 (green), SBS17b (blue), SBS18
(orange), and SBS40a (purple). Cosine similarities are highlighted as 1 = greater than
0.8 and t = greater than 0.9

Figure 14: Log1o confidence intervals (BMDL to BMDU) of benchmark dose (BMD)
modeling using a 50% benchmark response on the mutation frequency minimum
(circle) and mutation frequency maximum (triangle). BMD modeling on bone marrow
is indicated in red, and liver is indicated in grey.

Figure 15: Mutant frequency (mut/pfu) £ SEM measured using the TGR assay in BM
(left) and liver (right) from MutaMouse males exposed to increasing doses of BbF or
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olive oil for 28+3 days via oral gavage (n = 8 per dose group). Statistically significant
increases relative to the vehicle control were determined by one-way ANOVA with post-
hoc Dunnett test and are indicated as * p < 0.05 and ** p < 0.01.

Figure 16: Mutant frequency per reticulocyte (RET; left) and per red blood cell (RBC;
right) + SEM measured using the Pig-a assay on male MutaMouse blood extracted
after 28-days of exposure to increasing doses of BbF or olive oil via oral gavage.
Statistically significant increases compared to the respective vehicle controls were
determined after Box-Cox transformation of the mutant frequencies followed by
ANOVA with post-hoc Dunnett test and are indicated as * p < 0.05 and ** p < 0.01.

Figure 17: Mutation frequency minimum (MFmin; filled bar) and maximum (MFmax;
striped bar) + SEM estimates measured by duplex sequencing in MutaMouse males
exposed to increasing doses of BbF or olive oil for 28+3 days via oral gavage. Results
are shown for the mouse mutagenesis panel (MMP) (left) and lacZ locus (right), in
bone marrow (BM: top) and Liver (bottom) with n = 4 per group. Statistically significant
increases compared to respective vehicle controls were determined using generalized
linear mixed models and are indicated as * p < 0.05 and ** p < 0.01.

Figure 18: Mutation frequency minimum (MFmin; left) and maximum (MFmax; right) +
SEM measured by duplex sequencing in MutaMouse males exposed to increasing
doses of BbF or olive oil for 28+3 days via oral gavage. Results are shown for the Pig-
a locus with n =4 per group. No dose showed a statistically significant increase relative
to respective vehicle controls, as determined using generalized linear mixed models.

Figure 19: Mutation frequency minimum (MFmin) + SEM estimates per mutation
subtype measured by duplex sequencing in MutaMouse males exposed to increasing
doses of BbF or olive oil for 28+3 days via oral gavage. Results are shown for the
mouse mutagenesis panel (MMP) (left) and lacZ locus (right), in bone marrow (BM:
top) and Liver (bottom) with n = 4 per group. Statistically significant increases
compared to respective vehicle controls were determined using generalized linear
mixed models and are indicated as * p < 0.05 and ** p < 0.01.

Figure 20: Mutation frequency minimum (MFmin) + SEM estimates per mutation
subtype measured by duplex sequencing in MutaMouse males exposed to increasing
doses of BbF or olive oil for 28+3 days via oral gavage. Results are shown for the Pig-
a locus in bone marrow (BM: top) with n = 4 per group. Statistically significant increases
compared to respective vehicle controls were determined using generalized linear
mixed models and are indicated as * p < 0.05 and ** p < 0.01.

Figure 21: Pearson correlation analysis between mutation frequency minimum of
duplex sequencing using the MMP (left) or the lacZ-transgene (right) versus the mutant
frequencies obtained through the phenotypic TGR assay. The dose groups are
indicated by colour for O (olive), 6.25 (blue), 12.5 (green), 25 (yellow), 50 (orange) and
100 (red) mg/kg/day. The 95% confidence level is visualized in grey.

Figure 22: Log1o confidence intervals (BMDL to BMDU) of benchmark dose (BMD)
modeling using a 50% benchmark response on the mutation frequency minimum for
the MMP (top) and lacZ loci (middle) and mutant frequency of the TGR assay (bottom)
measured in MutaMouse males exposed to increasing doses of BbF or olive oil for
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28+3 days via oral gavage. BMD modeling on bone marrow is indicated in red, and
liver is indicated in grey.
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Chapter 1: Introduction
1.1 Genetic Toxicology and Relevance for Human Health

Genetic toxicology evaluates whether exogenous agents damage genetic
material and increase the probability of genetic alterations relevant to adverse health
outcomes (Heflich et al., 2020; Kirkland et al., 2019; Ren et al., 2017). One of these
adverse outcomes includes different types of mutations. These mutations are broadly
classified into gene mutations (mutagenicity), clastogenicity and aneugenicity (Menz
et al., 2023; Sun et al.,, 2025). Mutagenicity refers to permanent DNA sequence
changes, including single nucleotide variants and small insertions or deletions (Menz
etal., 2023; Ren et al., 2017). Clastogenicity refers to structural chromosome damage,
and aneugenicity refers to changes in chromosome number (Menz et al., 2023). These
classifications reflect distinct biological events, but share a core feature: genetic
damage persists once it is fixed during DNA replication and propagated through cell
division (Chatterjee & Walker, 2017).

Mutagenicity can occur in somatic tissues or germ cells. While germ cell
mutation can be passed to the offspring, somatic mutations are relevant directly to
human health because they can accumulate within tissues and alter cellular function.
This accumulation can lead to accelerated aging or diseases such as cancer (Hanahan
& Weinberg, 2011; Martincorena, 2019; Vogelstein et al., 2013). Environmental and
occupational exposures can generate DNA damage, including bulky adducts and
oxidative damage. If DNA damage is unrepaired prior to replication, it can manifest into
mutations (Btaszczyk & Mielzyfnska-Svach, 2017; Chatterjee & Walker, 2017).

Regulatory agencies require information on a chemical’s mutagenic potential to
make decisions on chemical safety and risk (Heflich et al., 2020; Muller et al., 1999;
White & Johnson, 2016). In vivo data are crucial for mutagenicity assessment. Whole-
organism studies capture absorption, distribution, metabolism, and excretion alongside
tissue-specific biology while current in vitro test systems cannot fully represent these
dynamics (Bell et al., 2018; Bessems & Geraets, 2013; Dixit et al., 2003). Established
in vivo assays are therefore widely used to support chemical evaluation (Gollapudi et
al., 2013; Heflich et al., 2020; White & Johnson, 2016; Wills et al., 2016). Therefore,
robust chemical evaluation requires an informed understanding of the biological

mechanisms that govern mutation formation and fixation.



1.2 Biological Basis of Mutagenesis

Mutagenesis is the biological process through which DNA lesions are converted
into stable, heritable sequence alterations within a cell lineage (Chatterjee & Walker,
2017; Mao & Wyrick, 2019). DNA damage refers to chemical or physical alterations of
the DNA structure, such as bulky adducts, oxidized bases, abasic sites, or strand
breaks. A mutation is a permanent change in the nucleotide sequence (Mao & Wyrick,
2019; Ren et al., 2017). Distinct DNA repair pathways recognise and process different
types of DNA damage. Small base modifications and abasic sites are primarily resolved
by base excision repair (BER) (Mao & Wyrick, 2019). Bulky helix-distorting lesions are
removed by nucleotide excision repair (NER). NER occurs through global genome
NER and transcription-coupled NER (TC-NER). The NER pathway includes lesion
recognition, dual incision, and resynthesis (Shuck et al., 2008; Spivak, 2016;
Staresincic et al., 2009). Mismatch repair corrects replication mispairs and small
insertion or deletion loops that escape polymerase proofreading (Manhart & Alani,
2017; Marra & Schar, 1999). This process reduces the probability of replication errors
becoming fixed in the genome. Double-strand breaks are repaired mainly by non-
homologous end joining or homologous recombination (Chiruvella et al., 2013;
Johnson & Jasin, 2000). Non-homologous end joining has a higher error rate, whereas
homologous recombination uses sequence information to enable accurate restoration.
When replication forks encounter unrepaired lesions, translesion synthesis
polymerases can bypass the damage. These polymerases often exhibit lower fidelity,
which increases mutagenesis and links lesion tolerance directly to mutation formation
(Kokoska et al., 2002; Yang & Woodgate, 2007). Mutation fixation is the key step that
makes genetic change permanent. It converts transient molecular damage into a
persistent sequence variant that propagates through subsequent cell divisions (Liu et
al., 2016; Mao & Wyrick, 2019; Ren et al., 2017; Stinson et al., 2020).

Mutation frequency (MF) is quantified as the number of mutations per nucleotide
and induced mutations are evaluated relative to concurrent controls (Gingerich et al.,
2014; Valentine et al., 2020; White et al., 2019). MF is challenging to quantify because
spontaneous somatic mutations are rare in healthy tissues. This rarity reflects the
combined action of high-fidelity DNA replication and genome maintenance pathways
(Kane & Shcherbakova, 2014; Ueda et al., 2022). Replicative polymerases achieve
high fidelity through intrinsic nucleotide selectivity and proofreading while mismatch
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repair removes errors that escape proofreading. These processes result in very low
mutation rates per cell division (Manhart & Alani, 2017; Sale, 2013). Consequently, the
absolute frequency of new mutations remains low even when a genotoxicant increases
mutation formation. Robust measurement therefore depends on biological replication

and adequate sampling of cells or DNA molecules.

Mutagenesis varies across tissues because they differ in exposure, metabolism,
proliferation kinetics, and repair capacity (Blokzijl et al., 2016; Hoch, 2023; Sun et al.,
2019). The tissue-specific internal dose of a genotoxicant is determined by
toxicokinetics. Furthermore, tissue-dependent metabolism creates strong organ-to-
organ differences in the type and abundance of DNA lesions caused by reactive
metabolites (Dixit et al., 2003; Sun et al., 2019). Proliferation rate influences how
quickly lesions are converted into mutations. Replication provides the opportunity for
misincorporation or error-prone bypass at damaged sites (Liu et al., 2016; Mao &
Wyrick, 2019; Yang & Woodgate, 2007). Repair pathway activity and chromatin context
modulate lesion removal. They also affect the probability that unrepaired damage is
converted into mutations. These factors contribute to tissue-specific mutation burdens

even under identical external exposures (Hoch, 2023; Mao & Wyrick, 2019).

The impact of mutations is magnified in somatic tissues when they clonally
expand. Clonal expansion occurs when a single mutational event in a self-renewing
progenitor propagates to many descendant cells. This propagation leads to the
repeated detection of the same variant (Heddle, 1999; Martincorena, 2019). This
expansion can occur randomly due to genetic drift. Alternatively, expansion occurs via
positive selection when a specific mutation confers a growth or survival advantage to
the host cell. In rapidly proliferating tissues, clonal expansion contributes significantly
to the total number of detectable mutations. This process alters how MF relates to initial
lesion formation (Heddle, 1999). Clonality dictates how mutagenesis must be
quantified. Counting all mutant observations equally conflates the number of
independent mutation events with the size of the mutant clones. Distinguishing
independent mutations from clonally derived mutations is essential for accurate
interpretation. This distinction is critical when comparing tissues with different cell
turnover dynamics (Heddle, 1999; Nishino et al., 1996).



Exposure duration and sampling time influence measured mutagenesis. These
parameters determine the opportunity for damage induction, the time available for
mutation fixation and clonal outgrowth (Marchetti et al., 2021). With increasing
exposure duration, mutation burden rises through sustained lesion formation and
repeated opportunities for replication-dependent fixation. In highly proliferative tissues,
mutation burden also increases through the clonal expansion of mutated progenitors
(Heddle, 1999). While the expansion of neutral mutations occurs steadily over time,
clonality also increases during regenerative proliferation induced by tissue toxicity.
Furthermore, extended exposures increase the probability of mutations occurring in
cancer driver genes that actively drive cell proliferation. The balance between mutation
fixation and clonal expansion does not scale identically across tissues (Blokzijl et al.,
2016; Cosentino & Heddle, 1999; Xie et al., 2014). Sampling time relative to exposure
is critical. Mutations are detectable only after DNA lesions are fixed during replication.
This fixation is delayed in slowly proliferating tissues. Consequently, capturing the full
mutational response in these tissues requires longer post-exposure intervals (Douglas
et al., 2022; Marchetti et al., 2021; OECD, 2025d). Tissue biology, clonal dynamics,
and time dictate how an exposure translates into an observed mutation signal. These
factors must be evaluated to accurately interpret the dose-, tissue-, and duration-

dependent effects of environmental genotoxicants.

1.3 Benzo[b]fluoranthene (BbF) as an Exemplar Environmental Mutagen

Polycyclic aromatic hydrocarbons (PAHs) are a group of environmental
genotoxicants of great concern. These organic compounds consist of two or more
fused aromatic rings. They are generated largely by the incomplete combustion of
organic material, such as coal, petroleum fuels, biomass, and tobacco (McMullin et al.,
2025; Srogi, 2007). In ambient air, PAHs exist in both gas and particle phases. Higher-
molecular-weight PAHs are predominantly particle-bound. Consequently, they are
enriched in particulate matter and indoor dust reservoirs (Maertens et al., 2008; Srogi,
2007; Yang et al., 2021). Human exposure occurs through inhalation, dermal contact,
and ingestion, particularly of contaminated food and dust. Dietary ingestion typically
dominates background human exposure. Inhalation becomes more prominent in high-
emission microenvironments, such as traffic corridors and combustion-intensive
spaces (Bernard & Dudler, 2022; X. Zhang et al., 2021; Y. Zhang et al., 2014). Humans

are typically exposed to PAHs as complex mixtures. However, evaluating the toxicity

4



of complex mixtures is challenging for regulatory agencies. Therefore, risk assessment
frameworks rely on representative index chemicals with well-described sources,
toxicokinetics, and genotoxic mechanisms to model PAH toxicity (Bostrom et al., 2002;
Kelly et al., 2021).

Benzo[b]fluoranthene (BbF; C20H12, 252.3 g/mol, CAS 205-99-2) is a five-ring
PAH. It is classified as one of the 16 priority PAHs by the U.S. Environmental Protection
Agency due to its environmental prevalence and toxicological concern (Keith, 2015;
Thurston et al., 2000; Tomei et al., 2006; Y. Zhang et al., 2020). It has been detected
in mixtures from traffic emissions, residential heating, industrial combustion, and
tobacco smoke. Consistent with its high molecular weight and low volatility, BbF
associates with particulate matrices rather than remaining in the gas phase (Maertens
et al., 2008; McMullin et al., 2025; Srogi, 2007). Environmental BbF concentrations in
air are typically in the sub-ng/m? range with environmental BbF levels at 0.61-0.65
ng/m?2 in outdoor and 0.20—-0.30 ng/m? in indoor air (Gustafson et al., 2008; Jung et al.,
2010). BbF in settled house dust, which acts as a reservoir for higher-molecular-weight
PAHSs, ranges from 0.160 to 54.0 ug/g, with an arithmetic mean of 4.87 ug/g (Maertens
et al., 2008; Whitehead et al., 2013). Ingestion, as the primary pathway for PAH
exposure in non-smokers, accounts for more than 70% of total PAH exposure. The
estimated mean dietary intake of BbF varies around 0.09 yg/day, depending on the
individual lifestyle (Martorell et al., 2010). Thus, BbF is considered a ubiquitous

environmental pollutant.

BbF disposition in the body is determined by its physicochemical profile. BbF is
a highly hydrophobic, nonpolar hydrocarbon with a low aqueous solubility of ~0.001
mg/L, vapour pressure ~5 x 1077 mm Hg, Henry’s constant ~5 x 107 atm-m3*mol, and
log Koc ~6.3—7.3 (Patel et al., 2020). This profile supports extensive partitioning into
lipid-rich compartments. It also causes slower biological mobilization compared to
more polar PAHs (Patel et al., 2020; Srogi, 2007). Following absorption, the liver serves

as the major site of BbF biotransformation (Amin et al., 1982; Franchin et al., 2026).

BbF does not directly damage DNA. It must be metabolically activated to
generate genotoxic intermediates. PAH bioactivation initiates through the aryl
hydrocarbon receptor (AhR). The AhR is a ligand-activated transcription factor. Upon

activation, it translocates to the nucleus, dimerizes with the AhR nuclear translocator,
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and drives the transcriptional induction of xenobiotic-metabolizing enzymes (Moorthy
et al., 2015; Nebert et al., 2004; Sundberg & Hankinson, 2019). These AhR-dependent
pathways induce Phase | Cytochrome P450 (CYP) enzymes, notably CYP1A1,
CYP1A2, and CYP1B1 (Moorthy et al., 2015; Vorrink et al., 2014).

Reactive metabolites are created via two primary pathways. The first is the diol-
epoxide activation route. This process begins with CYP-mediated monooxygenation of
the parent PAH to epoxide intermediates. Epoxide hydrolase then converts these
epoxides into trans-dihydrodiols. A second CYP-dependent oxidation produces
reactive dihydrodiol epoxides capable of forming bulky covalent DNA adducts (Bostrom
et al., 2002; Shiizaki et al., 2017). Rat-liver metabolic studies have identified multiple
hydroxylated metabolites and dihydrodiol intermediates. These include trans-11,12-
dihydro-11,12-dihydroxybenzo[b]fluoranthene, confirming the formation of reactive
precursors consistent with this activation pathway (Amin et al., 1982). In parallel, a
second metabolic pathway relies on aldo-keto reductases (AKRs) to produce redox-
active PAH o-quinones (Moorthy et al., 2015; L. Zhang et al., 2012).

Ultimately, the balance between bioactivation and clearance dictates the DNA
damaging potential of a chemical. Clearance of BbF is driven by Phase Il conjugation,
which includes glucuronidation, sulfation, and glutathione conjugation (Moorthy et al.,
2015; Shiizaki et al., 2017; L. Zhang et al., 2012).

Reactive dihydrodiol-epoxides covalently bind DNA, predominantly at the N2
position of guanine, to form bulky PAH-DNA adducts. These helix-distorting lesions
block replicative DNA polymerases and stall replication forks. If these lesions persist
into the S phase, error-prone translesion synthesis polymerases bypass the damage,
characteristically producing C:G to A:T transversions and frameshift deletions (Gowda
et al.,, 2017; Hess et al.,, 1997; Paules et al.,, 1988). The NER pathway primarily
mediates the removal of these bulky adducts. Excision efficiency varies according to
adduct stereochemistry and local DNA conformation, establishing a mechanistic basis
for site- and context-dependent mutagenesis (Hess et al., 1997; Mocquet et al., 2007).
In parallel, o-quinones generated via the AKR pathway undergo redox cycling to
produce ROS that induces oxidative DNA damage, notably 8-oxoguanine (8-oxoG).
Unrepaired 8-oxoG readily mispairs with adenine during replication, driving additional
C:G>A:T transversions. The BER pathway maintains genomic integrity by removing
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these oxidative base lesions before mutation fixation occurs (David et al., 2007; Wang
et al., 2025; Zhang et al., 2012).

Consistent with these mechanisms, the International Agency for Research on
Cancer (IARC) classifies BbF as a Group 2B compound, or a possible human
carcinogen (IARC Working Group on the Evaluation of Carcinogenic Risks to Humans,
2010). Within the IARC framework, the carcinogenicity of higher-molecular-weight
combustion PAHs is mechanistically defined by the metabolic activation of parent
compounds into electrophilic intermediates, followed by covalent interaction with DNA
and the subsequent conversion of persistent lesions into mutations within critical
genes. Empirical in vivo data support this sequence of events for BbF. Following a 28-
day oral exposure in MutaMouse males, BbF produced DNA adducts across multiple
somatic tissues (Long et al., 2016). Collectively, these findings establish BbF as a
robust, mechanistically interpretable PAH, providing an ideal exemplar for evaluating
dose- and tissue-dependent in vivo mutagenesis using mutation-resolved

methodologies

1.4 Current Framework for In Vivo Mutagenicity Assessment

Regulatory assessment of mutagenic hazard operates through a tiered
framework. Initial hazard identification relies on in vitro tests. Subsequently, in vivo
assays confirm biological relevance under conditions that incorporate absorption,
distribution, metabolism, excretion, and tissue-specific biology (Mduller et al., 1999;
OECD, 2016a). The Organisation for Economic Co-operation and Development
(OECD) reviews and endorses internationally applicable test guidelines (TGs) (OECD,
1995, 2016b, 2017, 2020a, 2025d, 2025c). These TGs define standardized study
designs, sampling regimens, acceptability criteria, and interpretation principles that are
optimized for routine evaluation and hazard identification. Recent OECD revisions also
explicitly incorporated efficiency and animal welfare considerations, in alignment with
the 3R principle: replacement, reduction and refinement (Kroeger, 2006; OECD, 2017,
2025d, 2025c; Thybaud et al., 2017). When executed in compliance with Good
Laboratory Practice, data generated under these TGs ensure international portability
across regulatory programs via the OECD Mutual Acceptance of Data framework
(OECD, 1995, 2017). Furthermore, the OECD strongly encourages combining



endpoints within repeat-dose study designs to reduce unnecessary animal use (OECD,
1995).

Initial in vitro screening evaluates both gene mutation and chromosomal
damage. The bacterial reverse mutation test (OECD TG 471) serves as the primary
screen for point mutation activity (OECD, 2020a). Subsequent mammalian cell follow-
up includes gene mutation assays (e.g., OECD TG 476) and chromosomal damage
assays (e.g., OECD TG 487) to detect clastogenic and aneugenic events (OECD,
2016b, 2023). While these in vitro assays provide broad endpoint coverage, they
inherently lack organism-level kinetics and tissue-specific metabolism. Consequently,
international guidance mandates that positive in vitro results trigger in vivo testing to
establish true biological relevance (OECD, 2017). This tiered logic ensures that hazard
assessments for chemicals and pharmaceuticals accurately account for complex

exposure contexts and metabolic activation.

In vivo testing is conventionally organized into distinct endpoint classes,
primarily chromosomal damage and gene mutation. To assess chromosomal damage,
the mammalian erythrocyte micronucleus test (OECD TG 474) evaluates chromosome
breakage and chromosomal loss during erythropoiesis by enumerating micronucleated
immature erythrocytes sampled from bone marrow (BM) or peripheral blood (OECD,
2016a). The transgenic rodent (TGR) somatic and germ cell gene mutation assay
(OECD TG 488) is the current gold standard to assess in vivo gene mutagenicity
(OECD, 2025d). The TGR assay provides a practical approach to quantify mutations
in reporter transgenes recovered from germ cells or somatic tissues (Gingerich et al.,
2014; OECD, 2025d). The TGR can be used to link tissue choice to the route of
exposure and tissue-specific metabolism, enabling mutation assessment in critical site-
of-contact and target organs (Douglas et al., 2022; Long et al., 2016; OECD, 2025d).
Alternatively, the Phosphatidylinositol glycan class A (Pig-a) gene mutation assay
(OECD TG 470) measures in vivo mutagenesis using a blood-based phenotypic
readout (OECD, 2025c). The assay detects mutant-phenotype blood cells that lack
glycosylphosphatidylinositol-anchored surface proteins resulting from mutations in the
endogenous Pig-a gene (Dobrovolsky et al., 2010; OECD, 2025c; Peruzzi et al., 2010).
Because this assay utilizes peripheral blood, it permits non-lethal serial sampling within

the same animal, facilitating time-course evaluations and seamless integration into



repeat-dose toxicology study designs (Bryce et al., 2008; Dertinger et al., 2021,
Gollapudi et al., 2015).

Historically, OECD genetic toxicology guidelines focused primarily on binary
hazard identification (OECD, 2016a, 2017, 2025d, 2025¢). However, the field is shifting
toward using multi-dose datasets for quantitative human health risk assessment. This
modern approach relies specifically on benchmark dose modeling and point-of-
departure derivation (Gollapudi et al., 2015; MacGregor et al., 2015; White et al., 2025;
White & Johnson, 2016). Quantitative analysis demands assay comparability and
distinction between transient DNA damage indicators and fixed mutation endpoints
(Gollapudi et al., 2013; MacGregor et al., 2015; White & Johnson, 2016). Accordingly,
studies intended for quantitative dose-response characterization require specific

protocol modifications beyond routine hazard identification frameworks.

1.5 Limitations of Conventional In Vivo Assays for Modern Genotoxicity

Conventional in vivo genotoxicity and mutagenicity assays provide a robust
foundation for regulatory hazard identification. However, modern genetic toxicology
increasingly requires data beyond binary hazard calls (White & Johnson, 2016).
Modern risk assessment demands quantitative dose-response modeling and broad
tissue coverage to accurately evaluate a chemical’s genotoxic properties. Furthermore,
modern approaches require precise mechanistic interpretations that link specific DNA
lesion classes to mutational outcomes (Gollapudi et al., 2013; MacGregor et al., 2015;
Salk & Kennedy, 2020). Updated OECD TGs explicitly note that studies intended for
quantitative risk assessment require protocol modifications, such as additional dose
groups, alternative dose-selection strategies, and increased statistical power, that
exceed routine hazard identification frameworks (OECD, 2017, 2025d, 2025c).
Consequently, a critical gap exists between the capabilities of conventional assays and

the stringent demands of modern quantitative mutagenicity assessment.

The in vivo mammalian erythrocyte micronucleus test exclusively evaluates
structural chromosome damage in hematopoietic tissues (OECD, 2016a). Chemicals
often exhibit strong tissue-specific genotoxicity patterns, particularly in site-of-contact
tissues and metabolically active organs, that are not mirrored in hematopoietic
compartments. Despite recent efforts, the inclusion of additional somatic target tissues

lacks standardisation and validation for regulatory application (Morita et al., 2011).
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Additionally, the mammalian erythrocyte micronucleus test measures clastogenic and
aneugenic events rather than gene mutations (Hayashi, 1984; OECD, 2016a).
Consequently, reliance on hematopoietic micronucleus endpoints alone does not
inform on mutagenicity and might miss chromosome damage if a chemical does not

cause an effect in hematopoietic tissues.

The Pig-a assay provides a non-lethal, blood-based phenotypic readout to
assess gene mutations (OECD, 2025c). However, because the assay exclusively
evaluates hematopoietic tissues, it cannot inform on mutagenicity at initial sites of
contact or bioactivating tissues such as the liver (Chikura et al., 2019; Heflich et al.,
2019; Peruzzi et al., 2010). Furthermore, the assay measures the phenotypic loss of
glycosylphosphatidylinositol-anchored surface proteins rather than direct DNA
sequence changes. Thus the Pig-a assay only captures loss-of-function mutations
within the Pig-a gene and does not detect sequence variants that fail to alter the
selectable phenotype (Dobrovolsky et al., 2010; Gollapudi et al., 2015; Heflich et al.,
2019). The reliance on a single reporter gene also inherently constrains the mutational
target space. The assay cannot provide genome-wide information regarding mutation
density, distribution, or context-dependent effects across diverse endogenous
chromatin environments (Bryce et al., 2008; Gollapudi et al., 2015; Heflich et al., 2019).
Ultimately, these restrictions prevent the precise mechanistic interpretation of tissue-

specific mutagenicity.

The TGR assay addresses the tissue-restriction weakness of the Pig-a assay
by enabling mutation quantification in any tissue yielding sufficient DNA (Long et al.,
2016; OECD, 2025d). However, the assay requires specialized transgenic animals
carrying exogenous reporter transgenes, which increases logistical complexity
compared to standard wild-type strains (Lambert et al., 2005; OECD, 2025d).
Furthermore, mutant scoring relies on recovering the transgene and introducing it into
a bacterial host for phenotypic quantification (Gingerich et al., 2014; Lambert et al.,
2005). Consequently, this bacterial readout only captures mutations that alter the
selectable phenotype, meaning sequence variants such as synonymous substitutions
remain undetected (Besaratinia et al., 2018; Lambert et al., 2005). Because the
exogenous reporter lacks the dynamic sequence contexts and specific transcriptional
activity of the native mammalian genome, the assay cannot resolve how mutational

mechanisms operate across diverse endogenous environments (Besaratinia et al.,
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2018; Gingerich et al., 2014; OECD, 2025d). Additionally, TGR protocols are rigidly
designed around mutation fixation kinetics. The required 28+3 or 28+28 sampling
designs limit the flexibility necessary for dense time-course sampling to resolve in vivo
mutation dynamics (Long et al., 2016; Marchetti et al., 2021; OECD, 2025d). Finally,
while sequencing mutant plaques can provide mechanistic insight, it is rarely
performed in routine studies and remains fundamentally constrained to the exogenous
reporter locus (Beal et al., 2015; Meier et al., 2019; OECD, 2025d).

Collectively, the conventional in vivo test battery relies predominantly on
phenotypic readouts, restricted genomic targets, and specific tissue compartments that
fail to capture the full biological complexity of mutagenesis (OECD, 2016a, 2025c,
2025d). These methodological constraints prevent the detection of silent sequence
variants, obscure tissue-specific metabolic responses, and fundamentally conflate
independent de novo mutations with clonally expanded events (Beal et al., 2015;
Heddle, 1999; Martincorena, 2019). While these limitations do not invalidate the use of
conventional assays for hazard identification, they reveal a critical gap in the ability to
inform on mechanisms of mutagenesis across the endogenous mammalian genome.
Therefore, modern genetic toxicology requires complementary approaches capable of
directly quantifying rare mutations in endogenous DNA, generating comprehensive
mutational spectra, and supporting harmonized, clonality-aware comparisons across

diverse tissues and study designs while adhering to the 3R principles.

1.6 Error-Corrected Sequencing (ECS) and Duplex Sequencing (DS) for In

Vivo Mutagenicity Assessment

DNA sequencing served as a fundamental tool for validating in vivo phenotypic
mutation assays. During the development of the OECD test guidelines targeted
sequencing was required to confirm that the observed mutant phenotypes were driven
by genotypic alterations. Beyond initial assay validation, conventional next-generation
sequencing (NGS) is historically utilized as a follow-up tool to sequence selected
reporter-gene mutants recovered from TGR assays (Beal et al., 2015). This targeted
sequence analysis informs on mutational spectra, mutational hotspots, and corrects
for clonal expansion of mutants while providing additional information on the genomic
context of the model organism (Beal et al., 2015; Meier et al., 2019). Consequently,

these sequence data strengthen the quantitative interpretation of mutant frequencies
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and link chemical exposures to plausible modes of action. However, sequencing
enriched reporter-gene plaques or phenotypically selected cells does not directly

measure rare, endogenous somatic mutations within normal mammalian tissues.

A fundamental challenge of NGS is the technical error rate that exceeds the
ultra-rare variant frequencies found within normal mammalian tissues. Standard NGS
platforms exhibit an inherent error rate of approximately 1% that could result in false-
positive calls during somatic mutation detection (Ma et al., 2019; Marchetti et al.,
2023b; Salk & Kennedy, 2020; Schmitt et al., 2012). These technical errors are
systematically introduced throughout sample handling, library preparation, PCR
amplification, and the sequencing process itself (Costello et al., 2013; Ma et al., 2019).
While basic computational filters reduce the error rate to approximately 10 to 10-° per
base, this threshold remains insufficient for resolving ultra-low frequency mutations
(Ma et al., 2019; Schmitt et al., 2012). Specifically, the median spontaneous MF in
somatic human and mouse cells is approximately 2.8 x 107 and 4.4 x 107 per base
pair, respectively (Milholland et al., 2017). Because conventional suppression cannot
reach this ultra-low frequency threshold, the precise detection of rare de novo somatic

mutations requires highly sensitive, error-corrected sequencing (ECS) technologies.

ECS resolves the technical limitations of conventional NGS by creating
molecular redundancy. To accurately quantify ultra-rare variants, the field has
developed diverse ECS strategies that build consensus sequences from repeated
observations of original DNA templates (Marchetti et al., 2023b; Schmitt et al., 2012;
Yauk et al., 2026). These platforms utilize different molecular designs to generate this
necessary redundancy. For instance, Duplex Sequencing (DS) utilizes exogenous
barcodes and strict complementary strand matching to suppress errors (Salk &
Kennedy, 2020; Schmitt et al., 2012; Valentine et al., 2020). CODEC physically links
the forward and reverse strands of a DNA fragment to achieve single-duplex resolution
(Bae et al., 2023). Other methods bypass exogenous barcodes entirely; SMM-seq
employs circle amplification to generate multiple independent copies per fragment
(Maslov et al., 2022), while PacBio HiFi sequencing relies on repeated-pass circular
consensus sequencing of individual molecules (Wenger et al., 2019). Furthermore,
platforms such as Hawk-Seq and PECC-Seq construct consensus sequences by
matching complementary strands via precise shear-point mapping (Matsumura et al.,

2019; Mulugeta et al., 2026; You et al., 2023). Regardless of the specific molecular
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design, these ECS technologies successfully lower the background error rate to
between 107 and 108 (Maslov et al., 2022; Matsumura et al., 2019; Salk & Kennedy,
2020; Valentine et al., 2020; Wenger et al., 2019; You et al., 2023). The reduced error
rate enables the direct, sensitive quantification of mutations in mammalian tissues
(Schmitt et al., 2012).

DS is currently the most applied ECS technology for mutagenicity assessment
(Yauk et al., 2026). A primary advantage of DS is its inherent portability across diverse
experimental systems because it does not require specialized transgenic models or
phenotypic selection (Kennedy et al., 2014; Schmitt et al., 2012). This versatility allows
the application of DS across a wide range of in vivo rodent tissues (Ashford et al., 2025;
Bercu et al., 2023; Dodge et al., 2023; LeBlanc et al., 2022; Smith-Roe et al., 2023)
and wild-type strains (Simon et al., 2025), generating results concordant with
conventional transgenic rodent mutation assays (Ashford et al., 2025; Bercu et al.,
2023). Furthermore, this portability seamlessly extends to in vitro cell culture systems
(Armijo et al., 2023; Cho et al., 2023; Wang et al., 2021; Zhivagui et al., 2023)

In addition, DS utilizes customizable hybrid-capture panels to interrogate
specific genomic loci enabling flexibility in target selection (Kennedy et al., 2014,
Schmitt et al., 2012). This approach enables study designs to employ either genome-
representative panels or targeted sequences tailored to particular biological and
regulatory questions. For example, the standardized Mouse Mutagenesis Panel (MMP)
targets twenty 2.4-kb regions distributed across genic and intergenic sequences
(Valentine et al., 2020). This panel successfully quantified induced mutagenesis and
identified chemical specific mutation spectra while informing on how specific genomic
contexts influence mutation susceptibility (Dodge et al., 2023; LeBlanc et al., 2022). An
equivalent rat genome-representative panel successfully quantified target-specific
mutation frequencies and mutational spectra (Bercu et al., 2023; Smith-Roe et al.,
2023). The DS custom hybrid-capture panels can directly bridge to established
regulatory endpoints by targeting conventional reporter loci such as the §-
Galactosidase (lacZ) transgene alongside endogenous targets to enable endpoint
specific quantitative comparisons (Ashford et al., 2025). Finally, DS resolves sequence
variants at the individual molecular level. This resolution allows repeated observations
of identical variants to be appropriately classified as either independent de novo

mutations or clonally derived events (Dodge et al., 2023; LeBlanc et al., 2022).
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Ultimately, the application of DS provides a high analytical resolution that

fundamentally improves the interpretation of in vivo mutagenesis.

Despite the advantages of ECS, regulatory acceptance requires further
validation, possible incorporation into existing testing strategies and standardization of
data processing. Within the context of this thesis, validation requires demonstrating
that ECS, specifically DS, produces conclusions that are concordant with established
in vivo mutagenicity assays. Furthermore, this validation must demonstrate that DS
provides relevant mechanistic information. Concordance with conventional tests
requires systematic evaluation at multiple levels. First, the basic directionality of the
mutagenic response must align across analytical platforms (Valentine et al., 2020).
Second, the response must demonstrate consistency across diverse tissue
compartments (Long et al., 2016). Third, the quantitative dose-response features that
drive interpretation, such as potency and reproducibility across study designs, must
remain consistent (Ashford et al., 2025; Bercu et al., 2023; LeBlanc et al., 2022;
Schmitt et al., 2012). Validation is hereby not limited to agreement with a single
endpoint. It must also demonstrate that DS captures biologically plausible mutational
patterns across different tissues and biological models (Marchetti et al., 2023a, 2023b;
Yauk et al., 2026). Additionally, seamless integration of DS into conventional in vivo
study designs is required to align with the 3R principle. ECS technologies need to be
applicable on extracted DNA of diverse tissues collected during standard necropsy
workflows of short-term and prolonged, repeat-dose toxicology studies. Finally, DS-
based conclusions must remain robust and stable under the defensible mutation-
counting assumptions (Yauk et al., 2026). Thus, standardized data processing needs
to be established to ensure transparency and comparability of conclusions derived
from ECS based mutagenicity assessment. Overall, ECS is a promising tool to address
key knowledge gaps in the field of genetic toxicology and could advance modern

mutagenicity assessment.

1.7 Thesis Rationale

While ECS provides the technical capacity to advance mutagenicity testing,
significant biological and regulatory knowledge gaps currently restrict the
comprehensive evaluation of chemical exposures. At the regulatory level, quantitative
human health risk assessment frequently extrapolates mutagenic risk from short-term
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in vivo assays to predict the consequences of chronic, lifelong exposures (Dankovic et
al., 2015; Escher et al., 2020; Suciu et al., 2023). This mathematical extrapolation fails
to capture the dynamic biological realities of prolonged exposure and to this date no
mutagenicity studies have been conducted to inform on effects of lifelong exposure
duration on mutagenesis. At the physiological level, the magnitude of somatic mutation
accumulation is not determined by external exposure concentration alone. Tissue-
specific characteristics, including metabolic competence and cellular proliferation
kinetics, strictly modulate how exposure duration alters the total mutational burden and
drives the clonal expansion of mutated cells (Blokzijl et al., 2016; Garcia-Nieto et al.,
2019; Li et al., 2021; Long et al., 2016). At the molecular level, empirical sequence-
resolved data are urgently needed to define precise mutational signatures. Identifying
specific patterns is essential to establish mechanisms of action directly from
endogenous DNA (Phillips, 2018). Furthermore, sequence-level resolution is required
to determine how localized genomic features dictate regional susceptibility to mutation
formation (Evstyukhina et al., 2023; Wyrick & Roberts, 2015). At the technical level,
validation requires the rigorous benchmarking of modern sequencing technologies

against established phenotypic assays.

This thesis utilizes BbF as the central experimental anchor across short-term
and prolonged exposure approaches to systematically address these knowledge gaps.
BbF is classified as one of the 16 priority polycyclic aromatic hydrocarbons due to its
widespread environmental prevalence and established carcinogenic potential (Keith,
2015). Despite classification, the specific mutagenic characteristics and DNA-
damaging mechanisms of BbF on endogenous mammalian DNA remain severely
undercharacterized. DS enables the quantification of BbF induced mutation
frequencies while providing high-resolution mechanistic data regarding mutation
spectra, similarities towards mutational signatures, mutation location, and the extent of
clonal expansion within exposed tissues (Dodge et al., 2023; LeBlanc et al., 2022;
Smith-Roe et al., 2023; Valentine et al., 2020).

The liver and BM were selected as the primary target tissues to empirically
evaluate how tissue specific characteristics influence chemically induced mutagenesis.
The liver represents a metabolically active, slowly proliferating organ that acts as the
primary site for xenobiotic biotransformation (Moorthy et al., 2015; Pelkonen & Raunio,

1997; Smith et al., 2022; Wu et al., 2025). Conversely, BM represents a highly
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proliferative hematopoietic compartment with comparatively lower xenobiotic
metabolic capacity (Cartiser et al., 2011; Pelkonen & Raunio, 1997; Yeh et al., 2024).
Furthermore, conventional in vivo genotoxicity testing, such as the micronucleus and
Pig-a assay, relied primarily on hematopoietic compartments to establish regulatory
safety and chemical hazard (OECD, 2016a, 2025c). Evaluating mutagenesis
simultaneously across these two distinct biological environments explicitly defines how
cellular proliferation and metabolic competence drive mutation fixation, while ensuring
the resulting empirical data remain directly relevant to established regulatory

paradigms.

Applying this single model chemical across short-term and prolonged exposure
study designs enables the precise determination of duration-dependent effects on
mutagenesis. This integrated approach allows for the simultaneous evaluation of
exposure duration dynamics in both the liver and bone marrow. Specifically, it identifies
potential shifts in the mechanistic mode of action and the progressive accumulation of
clonally derived mutations over time. The exposure concentrations for the short-term,
28-day study design were selected in alignment with established frameworks
evaluating BbF-induced DNA damage. However, the maximum exposure
concentrations for the prolonged study designs were systematically reduced based on
a preliminary dose-range finding study to prevent severe systemic toxicity over 180
days. Concurrently, additional lower exposure concentrations were incorporated into
the extended studies to accurately characterize the lower bounds of the dose-response
curve. This calibrated dosing strategy enabled the rigorous application of benchmark
dose modeling to explicitly quantify time-dependent shifts in chemical mutagenic

potency.

1.8 Thesis Objectives and Hypotheses

The three main objectives of this thesis are to: (1) apply DS to deeply
characterize the mutagenic effects of short-term BbF oral exposure in MutaMouse liver
and BM; (2) determine how prolonged exposure durations and tissue-specific
characteristics dictate the accumulation of mutations, clonal expansion, and shifts in
mutagenic potency; and (3) evaluate the qualitative and quantitative concordance of
ECS against established conventional in vivo mutation assays and inform on endpoint-

specific drivers of mutagenesis.
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These overarching objectives are addressed in three data chapters, each with

specific objectives, hypotheses, and importance as follows:

Chapter 2: Dose-Related Mutagenic and Clastogenic Effects of
Benzo[b]fluoranthene in Mouse Somatic Tissues Detected by Duplex

Sequencing and the Micronucleus Assay.
Specific objectives:

1. Quantify the dose-dependent effects of BbF on chromosome damage and
mutation frequency.

2. Determine the mutation spectra in control and BbF-treated animals.

3. Characterize variations in the mutagenic response between somatic tissues and
across 20 endogenous genomic regions.

4. Extract the BbF trinucleotide signature and identify similarities to the catalogue
of somatic mutations in cancers (COSMIC).

5. Compare tissue- and endpoint-specific BbF mutagenic potency.

Hypothesis: BbF induces dose-dependent mutagenicity in the liver and BM, with
mutation spectral shifts consistent with polycyclic aromatic hydrocarbon exposure and

enhanced mutagenicity in non-genic regions.

Importance: This chapter establishes the baseline in vivo genotoxic profile of BbF. The
findings demonstrate that DS captures highly informative mechanistic mutagenicity
data under a standard 28-day study design, ensuring alignment with current regulatory

testing practices.

Chapter 3: Prolonged Benzo[b]fluoranthene Exposure Increases Tissue-Specific

Mutational Burden, Expansion of Mutant Cells, and Mutagenic Potency.
Specific objectives:

1. Quantify the dose- and time-dependent effects of BbF exposure on mutation
frequency using Duplex Sequencing.

2. Assess the contribution of clonally derived mutations to the mutational burden
over time.

3. Evaluate changes in mutation types and localization within 20 endogenous loci.
17



4. Characterize the BbF trinucleotide mutation spectrum and identify similarities to
known human cancer signatures from COSMIC.
5. Apply benchmark dose modeling to evaluate time-dependent changes in

chemical potency.

Hypotheses: First, prolonged exposure will increase mutational burden and chemical
potency due to increased mutation induction in parallel with clonal expansion over time.
Second, mutation accumulation with exposure duration will be driven by tissue-specific

characteristics, including cellular proliferation rate and metabolic activity.

Importance: This chapter demonstrates that MF is a composite endpoint
fundamentally shaped by tissue biology, clonal dynamics, and exposure duration. It
establishes that quantitative interpretation for risk assessment is influenced by study

design.

Chapter 4: Comparative In Vivo Mutagenicity Assessment of
Benzo[b]fluoranthene: Concordance of Error-Corrected Sequencing and OECD

Mutation Assays

Specific objectives:

1. Directly evaluate concordance between conventional in vivo gene mutation
assays and DS approaches for BbF-induced somatic mutagenicity.

2. Determine whether these methods yield comparable quantitative potency
estimates and points of departure using benchmark dose modeling.

3. Inform how sequence context affects mutagenesis.

4. Identify predominant mutation types that drive endpoint-specific mutagenicity.

Hypothesis: ECS produces qualitative and quantitative mutagenicity conclusions that
are concordant with established phenotypic in vivo assays, while simultaneously
providing mechanistic resolution including information on mutation spectra and

genomic context.

Importance: This chapter validates DS against established regulatory assays. It

proves that sequencing-based endpoints support similar hazard and potency
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conclusions as established tests while expanding interpretive value without relying on

exogenous reporter transgenes.

Collectively, this thesis addresses fundamental biological and regulatory
knowledge gaps of somatic mutagenesis. The empirical data characterize the in vivo
mutational dynamics of a priority environmental pollutant while rigorously validating DS
against established OECD assays. Ultimately, this project provides the mechanistic
and quantitative foundation required to advance the field of genetic toxicology and

supports the adoption of ECS into modern regulatory risk assessment frameworks.
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Chapter 2: Dose-Related Mutagenic and Clastogenic Effects

of Benzo[b]fluoranthene in Mouse Somatic Tissues

Detected by Duplex Sequencing and the Micronucleus

Assay

Modified from: David M. Schuster, Danielle P. M. LeBlanc, Gu Zhou, Matthew J.
Meier, Annette E. Dodge, Paul A. White, Alexandra S. Long, Andrew Williams, Cheryl

Hobbs, Alex Diesing, Stephanie L. Smith-Roe, Jesse J. Salk, Francesco Marchetti and

Carole L. Yauk. Dose-Related Mutagenic and Clastogenic Effects of
Benzo[b]fluoranthene in Mouse Somatic Tissues Detected by Duplex Sequencing and
the Micronucleus Assay. Environmental Science & Technology, 2024 Nov 27; 58, 49,
21450-21463. doi.org/10.1021/acs.est.4c07236

2.1 Abstract

Polycyclic aromatic hydrocarbons (PAHs) are common environmental pollutants that
originate from the incomplete combustion of organic materials. We investigated the
clastogenicity and mutagenicity of benzo[b]fluoranthene (BbF), one of 16 priority PAHS,
in MutaMouse males after a 28-day oral exposure. BbF causes robust dose-dependent
increases in micronucleus frequency in peripheral blood, indicative of chromosome
damage. Duplex sequencing (DS), an error-corrected sequencing technology, reveals
that BbF induces dose-dependent increases in mutation frequencies in bone marrow
(BM) and liver. Mutagenicity is increased in intergenic relative to genic regions,
suggesting a role for transcription-coupled repair of BbF-induced DNA damage. At
higher doses, the maximum mutagenic response to BbF is higher in liver, which has a
lower mitotic index but higher metabolic capacity than BM; however, mutagenic
potency is comparable between the two tissues. BbF induces primarily C:G>A:T
mutations, followed by C:G>T:A and C:G>G:C, indicating that BbF metabolites mainly
target guanines and cytosines. The mutation spectrum of BbF correlates with cancer
mutational signatures associated with tobacco exposure, supporting its contribution to
the carcinogenicity of combustion-derived PAHs in humans. Overall, BbF’s mutagenic
effects are similar to benzo[a]lpyrene, a well-studied mutagenic PAH. Our work
showcases the utility of DS for effective mutagenicity assessment of environmental

pollutants.
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2.2 Introduction

Identifying and characterizing the mutagenic properties of environmental
chemicals is an essential component of human health risk assessment. Chemicals can
cause gene and/or chromosomal mutations that can drive genetic diseases, such as
cancer (Jackson et al., 2018; Martinez-Jiménez et al., 2020). Presently, genetic
toxicology studies are used for hazard identification; however, there is growing
acceptance that mutations are endpoints of regulatory concern (Heflich et al., 2020).
Consequently, emphasis is now being placed on quantifying mutations with higher
accuracy and precision, characterizing mechanisms of action, and conducting

quantitative dose-response analyses of mutagenic endpoints.

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous environmental
pollutants that pose health risks because of their reactivity with DNA (Bostrom et al.,
2002). PAHs are formed through incomplete combustion of organic materials
(International Agency for Research on Cancer, 1983, 1984). Humans are exposed to
PAHSs through inhalation of diesel exhaust, asphalt fumes, combustion emissions such
as tobacco smoke, ingestion of barbecued and smoked foods, or dermal contact. PAH
exposure is linked to reproductive (Mackenzie & Murray Angevine, 1981),
cardiovascular (Paigen et al., 1985), and other tissue toxicities (Cartiser et al., 2011;
Long et al., 2016). Most PAHs are classified by the International Agency for Research
on Cancer as probable (Group 2A) or possible (Group 2B) human carcinogens, with
benzo[alpyrene (BaP) being classified as carcinogenic to humans (Group 1)
(International Agency for Research on Cancer, 1985, 2008, 2023). Sixteen PAHs have
been prioritized by the US Environmental Protection Agency due to their prevalence in

the environment and known mutagenic and carcinogenic properties (Keith, 2015).

Benzo[b]fluoranthene (BbF) is a priority PAH that is associated with genotoxicity,
carcinogenicity, adverse hormonal changes, kidney damage, and reproductive
diseases (Mass et al., 1996; Thurston et al., 2000; Tomei et al., 2006; Zhang et al.,
2020). Humans are exposed to environmental BbF at concentrations ranging from 0.61
to 0.65 ng/m? in outdoor air, 0.20 to 0.30 ng/m?3 in indoor air, (Gustafson et al., 2008;
Jung et al., 2010) and 1.66 pg/g in dust (Maertens et al., 2008). Exposure levels can
vary based on location and individual lifestyle factors, such as smoking and diet. BbF
is metabolized into reactive epoxides by Cytochrome P450 (CYP) enzymes (Amin et
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al., 1982; Harvey, 1985; Yang et al., 2021). Previous studies have shown that BbF is
mutagenic in multiple tissues (LaVole et al., 1982; Long et al., 2016); however, these
studies analyzed mutagenesis in transgenic reporter genes. The effects of BbF on

endogenous DNA and its mutational mechanisms are not well characterized.

Modern next-generation sequencing (NGS) technologies paired with error-
correcting processes provide opportunities to comprehensively characterize
mutagenesis (Marchetti et al., 2023b). Duplex Sequencing (DS) is a targeted error-
corrected NGS technology that allows the detection of rare mutations (Dodge et al.,
2023; LeBlanc et al., 2022; Smith-Roe et al., 2023; Valentine et al., 2020). It reduces
the technical error rate of conventional NGS by uniquely tagging both strands of the
original DNA fragments during library building, enabling the development of consensus
sequences for each strand to eliminate polymerase chain reaction and sequencing
errors (Kennedy et al.,, 2014; Marchetti et al., 2023b; Salk & Kennedy, 2020).
Importantly, DS quantifies mutation frequencies while in parallel providing detailed
information on types of mutations, location, and clonal expansion. Information on target
nucleotides can be used to link chemically induced trinucleotide mutation patterns to
human cancer signatures to inform potential disease relevance (Alexandrov et al.,
2020; Salk & Kennedy, 2020; Valentine et al., 2020). DS has recently been used to
investigate the mutagenic properties of BaP (LeBlanc et al., 2022) and other
genotoxicants (Dodge et al., 2023; Smith-Roe et al., 2023), demonstrating its ability to

precisely quantify chemical potency and identify mutational signatures of cancer.

Here, we used DS to study the mutagenicity of BbF in mouse liver, a
metabolically active tissue with a moderate mitotic index, and bone marrow (BM), a
tissue with low metabolic activity that is highly proliferative. We paired DS with the
micronucleus assay to provide complementary information on the clastogenic effects
of BbF in the same mice. The objectives were to (1) quantify the dose-dependent
effects of BbF on chromosome damage and mutation frequency; (2) determine the
mutation spectra in control and BbF-treated animals; (3) characterize variations in the
mutagenic response between somatic tissues and across 20 genomic regions; (4)
extract the BbF trinucleotide signature and identify similarities to the catalogue of
somatic mutations in cancers (COSMIC); and (5) compare tissue- and endpoint-

specific BbF mutagenic potency.
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2.3 Methods
2.3.1 Animal Husbandry and Chemical Exposure

MutaMouse, Mus musculus, animals with a CD2F1 (BALB/c x DBA/2) strain
background were maintained and exposed at Health Canada. The study was approved
by the Health Canada Ottawa Animal Care Committee (No: 2023-011) and followed
the Canadian Council on Animal Care guidelines. Eight- to 10-week-old males were
exposed to doses of 0, 6.25, 12.5, 25, 50, or 100 mg/kg body weight/day (hereafter
mg/kg/day) BbF (CAS 205-99-2; Sigma-Aldrich, Oakville, ON Canada) dissolved in
olive oil for 28 consecutive days via oral gavage. Each dose group contained eight
animals, and the three top doses (25, 50, and 100 mg/kg/day) were selected based on
a previous study that investigated the genetic toxicity of nine PAHs, including BbF
(Long et al., 2016). We added two doses between the vehicle control and the lowest
dose from the previous study to better identify the point of departure for BbF to induce

genotoxicity (Long et al., 2016).

2.3.2 Micronucleus Assay

Two days following completion of chemical administration, we collected blood
(n = 8 per group) from the saphenous vein using a Microvette capillary tube coated
with ethylenediaminetetraacetic acid. For the micronucleus (MN) assay, 200 pL of
peripheral blood was processed according to the MicroFlowPLUS-M Kit (Litron
Laboratories, Rochester, NY, USA). Briefly, blood was diluted in heparin and fixed in
ultracold methanol (Sigma-Aldrich, St. Louis, MO, USA). Samples were stored at —-80
°C for a minimum of 3 days before performing a buffer wash and stabilizing the fixed
samples in the long-term Storage Solution of the MicroFlowPLUS-M Kit. The peripheral
blood was then shipped to Integrated Laboratory Systems (ILS), an Inotiv Company
(North Carolina, USA), on cold packs. Eight samples per dose group were labeled with
antimouse CD71-FITC and antirodent CD61-PE antibodies and run on a BD

FACSCalibur dual-laser benchtop flow cytometer.

The assay detects micronucleated reticulocytes (MN-RET) and red blood cells
(MN-RBC) as per Organisation for Economic Co-operation and Development (OECD)
Test Guideline 474 (OECD, 2016a). At least 20,000 + 2000 RET and approximately
1,000,000 RBC were enumerated per sample. The frequencies of MN-RET and MN-

RBC were expressed per 1000 cells, and the %RET was used as an indicator of BM
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toxicity. We performed a one-way ANOVA to compare the frequency of micronuclei
across multiple treatment groups in RBC and RET. Normality of the residuals was
assessed using a Q—Q plot and confirmed by the Shapiro—-Wilk test (p > 0.05), while
homogeneity of variance was verified with a residuals vs predicted values plot and
Levene’s test for equality of variances (p > 0.05). Both analyses were conducted using
GraphPad Prism. Afterward, we applied a Bonferroni multiple comparison test to
assess pairwise differences against the vehicle control with a p value of less than 0.05

being considered statistically significant.

2.3.3 Tissue Collection and DNA Extraction

BM and liver tissues were harvested from euthanized animals 3 days after the
end of exposure as per the OECD Test Guideline 488 (OECD, 2022). The liver was
separated into its right posterior, right anterior, median, caudate, and left lobe. We
collected BM by centrifugation of the femurs after removing the proximal and distal
ends, and the cell pellet was then resuspended in phosphate-buffered saline (Corning
cellgro, Manassas, VA, USA) (Amend et al., 2016). Liver and BM samples were flash

frozen and stored at —80 °C until analysis.

DNA was extracted from the right anterior liver lobe and BM of four randomly
selected animals per dose group. The extractions were performed using the Qiagen
DNeasy blood and tissue kit protocol (Cat. #69504, Qiagen, Hilden, Germany) with
modifications. Specifically, tissue disruption by bead beating the samples twice at 4000
rpm for 30 s was added, and proteinase K digestion was conducted with a decreased
temperature of 37 °C and an increased incubation duration of 180 min. The extracted
DNA was analyzed using the Qubit 1x dsDNA Broad Range Assay Kit (Thermo Fischer,
Waltham, MA, USA) to determine DNA concentration and the Agilent TapeStation
Genomic ScreenTape assay (Agilent Technologies, Santa Clara, CA, USA) to evaluate
its integrity. All samples had DNA integrity numbers >7.0 and concentrations >25 ng/uL
as required for DS library preparation (Valentine et al., 2020).

2.3.4 DS Library Preparation and Sequencing

Library preparations for targeted DS were performed using the TwinStrand
Duplex Sequencing Mutagenesis Panel (Mouse-50) v1.0 according to the DS manual

provided by TwinStrand Biosciences. Briefly, 500 ng of DNA was enzymatically
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fragmented to a final size of approximately 300—400 base pairs (bp). Fragments were
then end-polished, poly A-tailed, and ligated to DS adapters with unique molecular
identifiers (UMIs) (TwinStrand Biosciences, Seattle, WA, USA). Quantification of the
library concentrations was performed using Qubit 1x dsDNA High Sensitivity Assay
Kits (Thermo Fisher, Waltham, MA, USA). The Agilent TapeStation High Sensitivity
D1000 Screen Tape assay (Agilent Technologies, Santa Clara, CA, USA) was used to
determine the average fragment sizes. The mouse mutagenesis panel (MMP) is
designed to capture 20 endogenous loci (2.4 kb each) that are distributed across all
mouse autosomes, with chromosome one containing two loci. The loci were selected
by TwinStrand Biosciences to broadly represent the nucleotide composition, GC
content (the percentage of guanine and cytosine bases in a DNA sequence),
heterochromatin state, and transcriptional properties of the mouse genome (LeBlanc
et al., 2022). Repetitive regions and pseudogenes were excluded to ensure efficient
hybrid capture. Cancer driver genes or genes under strong negative selective pressure
were also omitted. Of the 20 loci, nine are located within genic and 11 within intergenic
regions according to the Mouse GenCode gene database version M25 (Frankish et al.,
2019).

Sequencing was performed at Psomagen (Rockville, MD 20850, USA) on a
NovaSeq 6000 S4 flow cell, targeting a minimum of 600 million raw reads passing
filters per sample with at least 10,000-fold target locus coverage. All samples
surpassed the minimum sequencing threshold; all libraries produced over 700 million
informative duplex-bases, mean on-target sequencing higher than 10,000%, and

sufficient peak tag families.

Sequencing data are found in the Sequence Read Archive (SRA) under SRA
accession number PRJNA1131313. These FASTQ files were processed using the
TwinStrand DS Mutagenesis App version 3.4.2 (TwinStrand Biosciences, Seattle, WA,
USA) (Valentine et al., 2020). This application extracts the 12-nucleotide barcode
sequence and removes the 5 bp adapter from the read sequence. After checking for
non-nucleotide characters, the barcode sequence is parsed to create a duplex tag
header. After paired-end read alignment and sorting, a single strand consensus
sequence (SSCS) is produced via ConsensusMaker.py. Afterward, SSCS are sorted
and analyzed via DuplexMaker.py to obtain the double strand consensus sequence

(DSCS). This data processing uses UMIs to identify and eliminate technical errors and
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false mutation discoveries. The error-correction reduces the error rate to less than one
error per 107 to 108 nucleotides, enabling the detection of rare mutagenic events
(Schmitt et al., 2012).

2.3.5 DS Data Interpretation and Statistical Analysis

We further processed the DS data to calculate the tissue-specific mutation
frequency (MF). First, we identified and counted each mutation by aligning the
sequencing data to the reference genome of M. musculus (mm10, GRCm38.p6). Since
cells carrying mutations can clonally expand, tissues may contain multiple identical
mutations that arose from a single mutagenic event. We first calculated mutation
frequencies under the conservative assumption that identical mutations arose from the
same mutagenic event. Under this assumption, all identical mutations within a sample
were counted as one single mutation to calculate the minimum mutation frequency
(MFmin). We also counted all mutations to obtain the maximum mutation frequency
(MFmax) (Dodge et al., 2023). The variant allele fraction was set to 0.01 to exclude

mosaicism and germline mutations.

MFmin and MFmax estimations by dose were calculated using R software
based on generalized linear models with an overdispersed binomial error distribution.
The doBy R package was used to perform pairwise comparisons and the estimates
were back-transformed (Hgjsgaard & Halekoh, 2018). We calculated the back-
transformed standard error using the delta method, and a Holm-Sidak correction was
applied to adjust the p values for multiple comparisons. Binomial error distribution of
generalized linear mixed models (GLMM) was used to calculate the locus-specific MFs
using the “Ime4” package to obtain a binomial error distribution via “glmer” function and
pairwise comparisons were made using the doBy R package as described above
(Hojsgaard & Halekoh, 2018). We obtained the single base spectrum by direct
comparison of unique substitution mutations post data processing to the mm10
reference genome. All statistical analyses were performed using the MutSeqR package
(github.com/EHSRB-BSRSE-Bioinformatics/MutSeqR).

Mutation counts were summed across dose group using the SigProfiler Matrix
Generator (Bergstrom et al., 2019). The dose and tissue specific 96-trinucleotide
signature were determined by considering the adjacent nucleotides located upstream

and downstream of single base substitutions. These trinucleotide signatures were then
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reconstructed using single base substitution signatures (SBS) of the Catalogue of
Somatic Mutations in Cancer (COSMIC) database with the SigProfiler Assignment tool
(Alexandrov et al., 2020). The accuracy metrics for this reconstruction include the
calculation of cosine similarity between the chemically induced trinucleotide pattern
and the reconstructed spectrum (Diaz-Gay et al., 2023). In general, the threshold for
cosine similarities is set to 0.8 with cosine similarities greater than 0.9 being considered

a reliable reconstruction (Islam et al., 2022).

2.3.6. Benchmark Dose Modeling and Potency Evaluation

Benchmark dose (BMD) modeling was performed to determine the mutagenic
and clastogenic potency of BbF; the BMD represents the dose at which there is a
predefined change relative to background levels of mutations and MN. We applied the
PROAST v70.1 web tool on the MN-RET frequencies, MN-RBC frequencies, and the
MFmin values for liver and BM. The value for the Akaike Information Criterion (AIC), a
measure of the goodness of fit for each model, was used to identify best fit models. A
difference of 2 units was used to indicate that one model had a better fit than another
following the European Food Safety Authority recommendations (EFSA Scientific
Committee et al., 2022). BMD calculations were fit to the 3- and 5-parameter Hill,
Exponential, Inverse Exponential, and Log-Normal models. The most probable BbF
dose—response curve for the various endpoints was determined by averaging 200
bootstrap runs. The AIC was calculated throughout all bootstrap runs and unfit models
were excluded from the model averaging. We used a 50% increase compared to the
vehicle control as the benchmark response (BMR) (Slob, 2017; White et al., 2020;
Zeller et al., 2017). The respective BMD lower and upper confidence limit values (i.e.,

BMDL and BMDU) were derived from 90% confidence intervals.

2.4 Results

We evaluated the effect of repeat-dose, 28-day oral exposure to BbF on
clastogenicity and mutagenicity in MutaMouse males. BbF-induced chromosome
damage was measured using the flow-cytometric peripheral blood MN assay. MF and
spectral changes caused by BbF were quantified using DS. We note that no significant
changes in body and organ weights were detected in BbF exposed animals (data not

shown).
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2.4.1 Dose-Dependent Increase in Micronucleus Frequency

To quantify the extent to which BbF exposure causes chromosome damage, we
measured MN-RET and MN-RBC frequencies in peripheral blood collected 2 days
following the 28-day exposure. BbF caused a dose-dependent increase in the
frequencies of MN-RET and MN-RBC (Figure 1a, Figure 1b and Appendix D1 Table 1),
with significant increases (p < 0.05) in all dose groups relative to olive oil controls. MN-
RET frequencies per 1000 cells increased from 2.34 £ 0.1 in the control group to 8.11
+ 0.4 in the high dose group (100 mg/kg/day), and MN-RBC frequencies increased
from 1.63 £ 0.1 in the control group to 4.84 £ 0.2 in the high dose group. We also
observed a significant increase from 1.60 £ 0.1 to 2.17 + 0.1 in %RET (Appendix D1
Table 1), which is indicative of BbF-induced BM toxicity (Dertinger et al., 2012). These
results provide evidence of BM toxicity and a robust increase in chromosome damage

caused by oral exposure to BbF.

2.4.2 BbF Induces Dose-Related Increases in Mutation Frequency Detectable
within Endogenous DNA

Next, we applied DS to a panel of 20 endogenous loci to investigate the
mutagenic impacts of BbF exposure. Our sequencing recovered between 2.21 x 108
to 7.06 x 108 raw reads passing filter per sample in BM, and 2.10 x 108 to 6.81 x 108
in liver (Appendix D1 Table 2). On average, there were approximately 1 billion
informative duplex bases per sample in both tissues and DS reads were distributed
evenly across the 20 target regions. Single nucleotide variants (SNVs), insertions and
deletions (indels), and multinucleotide variants (MNVs) were quantified. An average of
36, 37, 64, 66, 98, and 131 unique mutations were identified in BM and 40, 48, 79, 88,
196, and 327 in liver for 0, 6.25, 12.5, 25, 50, and 100 mg/kg/day BbF dose groups,

respectively.

Our analysis reveals that oral exposure to BbF causes robust and statistically
significant dose-dependent increases in MFmin in BM and liver (Figure 2). MFmin
(x108 £ SEM) in control animals was 4.13 + 0.45 in BM and 5.33 + 1.01 in liver,
respectively. MFmin increased to 14.78 + 0.76 in BM and 36.27 + 2.49 in liver at the
high dose (Figure 2 and Appendix D1 Table 3). The fold change relative to controls in
the top dose was greater in liver (6.8-fold increase) than in BM (3.6-fold increase).
Significant increases in MFmin were found for all but the lowest dose in BM and the

two lowest doses in liver.
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2.4.3 Mutational Burden is not Driven by Clonal Expansion

To explore the extent of clonal expansion of cells carrying mutations, we
examined the DS data in each individual animal to quantify all mutagenic events
(MFmax). MFmax was consistently greater than MFmin in each animal in both tissues
(Appendix D1 Table 4). In BM, there were two animals with notable amounts of clonal
expansion, i.e., animals 6 and 10 in the 6.25 and 12.5 mg/kg/day dose groups,
respectively (Figure 3a). Clonal expansion in these animals was driven by multiple
clonally expanded mutations rather than being caused by one or two mutational
events. In contrast, there were no major instances of clonal expansion events in liver
(Figure 3b). Moreover, animals 6 and 10 did not have the same clonal expansion
patterns in liver as were observed in BM. Finally, there was higher inter animal
variability in MFmax compared to MFmin (Figure 3). These results indicate that clonal

expansion events in our study were tissue-specific and relatively low in frequency.

2.4.4 Benzo[b]fluoranthene Induced Mutations Predominantly in Intergenic Loci

Next, we investigated whether there are locus-specific differences in
mutagenicity across the MMP loci in vehicle control and BbF-treated mice. In BM, there
was a statistically significant dose-dependent increase in MFmin in 10 out of 20 loci
relative to vehicle controls (i.e., with MFmin per locus at the top dose being significantly
higher than vehicle control) (Figure 4a). The top five most BbF-responsive loci at the
highest dose are on chromosomes 14, 11, 8, 17, and 16, with MFmin of 37.50 + 3.58,
35.18 £ 6.74, 34.73 £ 10.20, 34.70 + 3.78, and 30.38 + 6.63 x 1078, The lowest MFmin
of 3.80 £ 0.72 x 10~® occurred in the locus on chromosome 3 (Figure 4a and Appendix
D1 Table 5). There was a 9.9-fold difference in MFmin at the top dose between the

most and least responsive loci in BM.

In liver, all loci exhibited significant dose-dependent increases in MFmin
following BbF exposure (Figure 4b). At the top dose, the top 5 most responsive loci are
located on chromosomes 14, 1.2, 18, 5, and 17, with MFmin of 63.35 £ 12.50, 45.28 +
6.47, 44.88 + 4.12, 42.63 + 5.68, and 42.50 + 5.09 x 1078, respectively. There was a
3.7-fold difference in MFmin between the most and least responsive loci in liver. The
locus on chromosome 13 had the lowest MFmin (17.00 + 1.72 x 10~8) (Appendix D1 Table
6). As in BM, the locus located on chromosome 14 had the highest MF. Overall, the
majority of most BbF-responsive loci in both tissues are intergenic. The average MFmin

was 21.8 and 40.5 x 108 in intergenic loci, and 6.7 and 31.2 x 10-8 in genic loci, in BM
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and liver, respectively. The difference between intergenic and genic loci was significant
between the two and the four highest doses in BM and liver, respectively. Overall, our
results indicate that the observed susceptibility to BbF-induced mutations is locus-

specific.

2.4.5 DS-based Spectrum Analysis Reveals C:G>A:T and C:G>T:A as Drivers of
Benzo[b]fluoranthene Induced Mutagenesis

DS enables the detailed characterization of chemically induced mutation
subtypes to provide insight into underlying mutagenic mechanisms. To understand the
mutation spectrum induced by BbF, we analyzed SNVs, categorized into single base
substitution types according to the pyrimidine reference code, indels and MNVs.
C:G>T:A was the most common mutation subtype in controls, with a MFmin of 2.34 +
0.24 x 108 in BM and 4.75 + 0.57 x 102 in liver. BbF induced dose-dependent
increases in C:G>A:T and C:G>T:.A mutations compared to the vehicle control (p <0.01
at the top dose for BM and liver), with highly similar spectra observed in the two tissues
(Figure 5 and Appendix D1 Table 7). C:G>A:T substitutions had the highest MFmin at
the top dose reaching 12.78 £ 1.41 x 10-8 in BM (6.1-fold above control) and 35.48 +
5.62 x 1078 in liver (29.3-fold above control). C:G>T:A MFmin increased to 7.84 + 0.81
(3.3-fold) and 16.53 + 1.37 x 108 (3.5-fold) in BM and liver, respectively. Overall, the
BbF mutation spectrum is consistent between tissues and is mainly driven by C:G>A:T
and C:G>T.A mutations.

MFmin for insertions in the vehicle controls was 0.12 + 0.08 x 10-8 in BM and
0.24 + 0.07 x 1078 in liver. Insertion MFmin at the top BbF dose increased to 0.21 +
0.07 and 0.45 + 0.03 x 1078 for BM and liver, respectively. Deletions occurred in the
vehicle control with frequencies of 0.95 + 0.17 x 108 in BM and 0.81 + 0.27 x 108 in
liver. Deletion MFmin at the top BbF dose was 1.03 + 0.26 and 1.65 + 0.33 x 1028 for
BM and liver, respectively. The detected increases in indels were not statistically
significant in both tissues. The frequencies of MNVs increased from 0.06 £ 0.03 to 0.41
+0.04 x 108in BM and from 0.14 + 0.14 to 1.06 + 0.09 x 108 in liver reaching statistical
significance (p = 0.004;Appendix D1 Table 7).

2.4.6 Induced Mutation Spectrum is Similar to Tobacco Related Cancer Signature
We characterized the trinucleotide mutation spectrum to determine the influence

of adjacent nucleotides on BbF-induced mutagenicity. The control samples were
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enriched in C:G>T:A mutations with the highest frequencies observed in the ACA, CCA,
and TCA trinucleotide context. BbF caused a shift in the trinucleotide spectrum driven
predominantly by increases in C:G>A:T mutations at CCT, CCA, ACA, and TCT
trinucleotides (Appendix D1 Figure 1). We used the SigProfiler toolset to reconstruct
the trinucleotide signature of vehicle controls and BbF-treated tissues. COSMIC
signature SBS5 was enriched in control BM (25%) and liver (36%) (Appendix D1 Figure
2); SBS5 is associated with aging and is found in most cancers and in normal cells.
Exposure to BbF shifted the trinucleotide mutation pattern in BM to be associated with
SBS29 (32%), which originates from tobacco chewing, and SBS5 (19%). The
reconstructed signature had a cosine similarity of 0.94 with the original signature
(Figure 6a). The enriched signatures in liver at the top dose were SBS4 (75%), which
is associated with tobacco smoking, and SBS5 (14%). The liver reconstructed
signature had a cosine similarity of 0.96 with the original signature (Figure 6b). SBS4
showed a dose-dependent increase in liver mutation profiles; no other SBS showed
dose-dependent increases. Our data demonstrate dose-dependent changes in the

trinucleotide mutation pattern with enrichment of cancer signatures SBS4 and SBS29.

2.4.7 Potency Estimates of Benzo[b]fluoranthene Overlap Between Bone Marrow
and Liver

We employed BMD modeling to compare the potency of BbF in inducing
clastogenicity and mutagenicity across endpoints and tissues. The BMDs are
presented as confidence intervals (BMDL-BMDU plotted in order of increasing BMDs)
for comparison (Figure 7). The BMD confidence interval for MFmin in BM overlapped
with all other confidence intervals, indicating comparable BbF potencies between the
endpoints. However, the BMD confidence intervals for MN-RET and MN-RBC were
overlapping but were both lower than the confidence interval for MFmin in liver (Figure
7 and Appendix D1 Table 8). Thus, a 50% increase in clastogenicity in RET and RBC
occurs at lower doses than a 50% increase in liver MFmin. Confidence interval ranking
from least sensitive to most sensitive endpoints/tissue follows the pattern: MFmin in
liver (10.1 to 18.4 mg/kg/day), followed by MFmin in BM (3.6 to 12.8 mg/kg/day), then
MN frequency in RBCs (2.2 to 9.3 mg/kg/day), and finally MN frequency in RET (0.4 to
4.1 mg/kg/day). Our results show that the BMD confidence intervals were generally
within a comparable range, indicating that there are no major tissue- or endpoints-

specific differences in mutagenic potencies of BbF.
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2.5 Discussion

We investigated the effects of subchronic oral exposure of MutaMouse males to
BbF on mutagenicity and clastogenicity. As expected, our results show that BbF causes
dose-dependent increases in MF and MN. The magnitude of the mutagenic response
was larger in liver than in BM at the highest dose tested; however, dose—response
modeling to estimate the BMD50 for MFmin reveals overlapping confidence intervals
(i.e., similar potencies) for the two tissues. Greater increases in MF due to BbF
exposure were observed in intergenic than genic loci, consistent with transcription-
coupled repair of bulky adducts. BbF induces mostly C:G>A:T mutations with a
spectrum similar to other PAHs such as BaP (LeBlanc et al., 2022). Mutational
signature analysis following this short-term exposure shows a correlation between
BbF-induced mutations in both liver and BM and signatures observed in human
cancers associated with tobacco exposure. The data support that BbF contributes to
the carcinogenicity of PAH mixtures in humans and underscores the human health
significance of exposure to this PAH. Our work also showcases the high value of DS
in deeply characterizing the mutagenic effects of exposure to environmental

genotoxicants.

We observed robust increases in chromosome damage in blood cells and
mutagenic responses in liver and BM. Our MN analysis extends the findings of Long
et al. (Long et al., 2016) to demonstrate significant clastogenic effects at lower BbF
doses. Long et al. also showed a higher mutagenic response in liver lacZ reporter gene
mutations than in BM, which is consistent with our findings; however, our analyses
quantify the mutagenicity of BbF to endogenous loci rather than a single exogenous
bacterial reporter gene, increasing the biological relevance of the findings to human
health. Indeed, our data demonstrate large differences in BbF response across the 20
loci in the MMP, supporting the need to look beyond individual genes. The liver is more
metabolically active, proliferates more slowly, and has a lower DNA replication rate
than BM. Although more reactive metabolites are created in the liver than in BM, DNA
damage has more time to be repaired prior to replication and has less opportunity to
be converted into mutations during the exposure period (Dertinger et al., 2012). At the
same time, despite the lower metabolic activity, the high proliferation rate makes the
hematopoietic system susceptible to MN formation. Our results indicate systemic
distribution and strong clastogenic and mutagenic effects after oral exposure to BbF
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that reflect the metabolic capacity and proliferation rate of the two tissues (Pedone et
al., 2017).

To further compare the response between the two tissues and endpoints, we
used BMD modeling to identify the doses at which BbF exposure elicits a 50% increase
in MN or MF. The BMD confidence intervals for MN-RETs and MN-RBCs, and
mutations in BM, overlapped. The only notable difference was that MF in liver was
slightly lower than that for MN-RETs. The magnitude of the mutagenic response was
larger in liver than in BM at the highest dose tested likely due to more extensive
xenobiotic metabolism in the liver; however, dose-response modeling to estimate the
BMDso for MFmin reveals overlapping confidence intervals (i.e., similar potencies) for
the two tissues. Thus, we observe no major differences in potencies for these
tissues/endpoints. Interestingly, the mutagenicity potency of BbF in BM is comparable
to the mutagenic potency of BaP in BM assessed using the MMP (LeBlanc et al., 2022).
The confidence intervals span 3.6 to 12.8 mg/kg/day and 4.5 to 7.5 mg/kg/day for BbF
and BaP, respectively. Overall, our results indicate that BbF is a potent genotoxicant in
both hematopoietic and liver tissues and that its mutagenic potency in BM is

comparable to that of BaP, which is the frame of reference when evaluating PAHSs.

Similarly to previous studies, (Dodge et al., 2023; LeBlanc et al., 2022; Valentine
et al., 2020) our analyses revealed major differences in response to BbF across the 20
loci of the mouse mutagenesis panel, with MFmin being higher in intergenic than genic
loci. Two of these studies applied the same MMP used in our study. The top responding
loci are nearly identical across these studies, which analyzed chemicals with different
mutagenic mechanisms. LeBlanc et al. (LeBlanc et al., 2022) studied the BM of
MutaMouse males exposed for 28 days to BaP. BbF and BaP, especially their hydrodiol
and quinone metabolites, cause bulky DNA adducts that target guanines or cytosines
and are mainly repaired by nucleotide excision repair (NER); thus, consistencies
across these exposures may be expected (Amin et al., 1982; Verma et al., 2012). In
contrast, Dodge et al. (Dodge et al., 2023) measured mutations following exposure to
procarbazine, which causes DNA alkylation that is restored by BER (Btaszczyk &
Mielzynska-Svach, 2017; Brambilla et al., 1978). All three chemicals also cause an
increase in reactive oxygen species that can oxidize DNA, which is then repaired by
BER (Chakraborty et al., 2021; Wilk et al., 2013). While NER and BER can both be

coupled to active transcription, PAH adducts are mainly repaired by TC-NER
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(Chakraborty et al., 2021; Zhong et al., 2010). Our study is consistent with the
hypothesis that higher induced MFs in intergenic regions might be driven by the lack
of TCR activity in these loci (Dodge et al., 2023; LeBlanc et al., 2022). In contrast, the
same genic versus intergenic trend has not been observed in DS experiments with
Sprague—Dawley rats. These studies administered N-nitrosodiethylamine and N-ethyl-
N-nitrosourea, which are common alkylating agents (Bercu et al., 2023; Smith-Roe et
al., 2023). We note that DNA repair mechanisms play a crucial role in defining the
mutagenic potency of chemicals and that the local and specific DNA repair capacity for
the DNA lesions created by the toxicant must be inadequate to induce detectable
increases in MF (Cho et al., 2023; Long et al., 2018). More research across different
model systems and chemicals with different mechanisms of action will be required to
effectively determine the underlying drivers of these intriguing locus-specific

differences in mutagenic responses.

One of the powerful attributes of DS is its ability to directly quantify the extent of
clonal expansion of any mutation. Thus, for each locus we compared MFmin and
MFmax. MFmin is highly informative for characterizing the potency and mutational
signature of a mutagen. MFmax has physiological importance for the organism since
mutated cells that clonally expand statistically increase the likelihood of multiple clonal
events within a cluster of cells carrying the same mutation that may render a cell
population more prone to tumor formation(Greaves & Maley, 2012; Martincorena,
2019). However, we note that the MMP loci were chosen in part because they are not
thought to be under positive or negative selective pressure; thus, clonal expansion
should be a random event. Herein, we observed no major differences between MFmin
and MFmax in most of the samples. A key factor for clonal expansion of mutations is
time (Heddle, 1999). The 28-day exposure duration in adult mice may be too short for
notable clonal expansion to occur within the observed loci. With increasing exposure
duration or sampling time, we may expect to see an increase in clonal expansion
especially in rapidly proliferating tissues like BM. Overall, the low levels of clonal
expansion of BbF-induced mutations does not significantly affect MF in the tissues
studied, but differentiation between unique and clonal mutations is valuable for

understanding the mutational burden in each tissue.

The application of DS also enabled an in-depth analysis of the mutation

spectrum induced by BbF to provide insight into its mechanism of action. In line with
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expectations, and similarly to BaP, BbF causes C:G>A:T and C:G>T:A mutations.
Although the specific nucleophilic sites of BbF adduct formation are not known (Long
et al., 2016), previous studies have identified the amino group of guanines as the most
likely target for PAH-DNA adduct formation through reacting with diol-epoxides or
hydroquinones (Mass et al., 1996; Schreck et al., 2009). The metabolism of BbF is
expected to create these highly reactive intermediates that can engage in oxidation—
reduction, nucleophilic addition, and electrophilic aromatic substitution reactions (Patel
et al., 2020). The liver is the main xenobiotic metabolizing tissue and has high CYP
levels, with CYP1A1 and CYP1B1 isoforms being key enzymes for PAH metabolism
(Sadler et al., 2016; Shiizaki et al., 2017). However, due to the high instability of BbF
metabolites, it is unlikely that they are transported from the liver to the BM unless they
are stabilized within the blood serum(Ginsberg & Atherholt, 1989). Thus, we postulate
that BbF requires metabolism in the BM through local CYP enzymes such as the highly
abundant CYP1B1 (Galvan et al., 2005). Overall, our results support that both tissues
metabolize BbF. The consistencies in mutation spectrum in both tissues and similarities
to BaP strongly suggest that BbF metabolites predominantly form cytosine or guanine

adducts and that BbF is systemically distributed.

The trinucleotide mutational spectrum provides deeper insights into underlying
biological processes associated with mutagenesis; it can be used to explore similarities
with human cancer signatures. We observed tissue-specific differences in the
trinucleotide patterns in exposed samples. Both tissues showed dose-dependent
increases in C:G>A:T mutations, but the upstream adjacent nucleotides differed. In
BM, mutations were found predominantly in a GCN>GAN context; whereas, in liver
they were predominantly in the CCN>CAN context. Signature reconstruction indicated
that SBS29, associated with oral tobacco exposure, was the strongest contributing
signature in BM; while in liver, SBS4, which is associated with tobacco smoking and is
also associated with the DS mutational spectrum of BaP (LeBlanc et al., 2022), was
the highest contributing signature. SBS29 is enriched in mutations in a GCA>GAA,
GCC>GAC, or GCT>GAT context, whereas SBS4 consists of CCA>CAA, CCC>CAC,
and CCT>CAT variants. The respective etiologies of these signatures align with
common routes of BbF exposure for humans since chewing tobacco (Stepanov et al.,
2010) and tobacco smoke (Vu et al., 2015) contain high levels of BbF. Both signatures

are mainly driven through mutations in intergenic regions. The detection of these
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cancer-related signatures after 28 days of BbF exposure emphasizes the relevance of
BbF to human PAH-induced carcinogenesis. Interestingly, we were able to detect
SBS4, associated with the inhalation of PAHs in human cancers, in our mice exposed
to BbF by oral gavage. It is possible that chemically induced mutagenicity in diverse
tissues varies according to the applied route of exposure based on first-pass
metabolism. However, regardless of route, the main type of DNA adducts caused by
PAH exposure are generally expected to be consistent with CYP metabolism to diol-
epoxides as supported by this finding (Amin et al., 1982, 1985; Yang, 1988).

BbF administration over the time course of 28 days for this project aligns with
OECD Test Guideline 488 (OECD, 2022), which is considered the “gold standard” for
regulatory mutagenicity assessment. Our study confirms that this short-term exposure
is also sufficient to produce a robust DS dose-response in endogenous mouse loci in
both of the tissues studied. This study and others support that DS mutagenicity
assessment can be integrated with MN frequency assessment in 28-day studies to
comprehensively characterize chromosome damage and mutagenic responses in vivo
(LeBlanc et al., 2022; OECD, 2016a; Valentine et al., 2020). Our results also suggest
that DS could be integrated with other conventional toxicology studies such as the
OECD Test Guideline 407 (OECD, 2025a). Such integration would enable an
evaluation of mutagenicity and clastogenicity within the standard 28-day repeated dose
studies in rodents to significantly reduce animal use in toxicity testing, aligning with the
3Rs principles (Kroeger, 2006; Russell & Burch, 1959).

In conclusion, our study provides detailed insight into the mutagenic and
clastogenic characteristics of BbF and its underlying mechanisms of action in the
mammalian genome. In addition to dose-dependent increases in MN and MF in tissues
with different metabolic activity and mitotic indices, we showed that C:G>A:T mutations
are the drivers for BbF’s mutational signature. We observed enrichment of mutational
signatures found in human PAH-associated cancers in both tissues after a 28-day BbF
exposure. This finding underscores the significant role of BbF in environmental
carcinogenesis. Finally, our findings highlight the high value of DS in mutagenicity

assessment of chemical exposures and its potential utility for regulatory testing.
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2.7 Figures and Tables
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Figure 1: Frequencies of induced micronuclei in peripheral blood of MutaMouse males after vehicle or
BbF exposure for 28 days. Mean micronucleus (MN) frequencies (black bar) with indication of standard
errors of the mean (SEM). MN frequencies per 1000 cells are shown for both reticulocytes (MN RET)
(A) and red blood cells (MN—RBC) (B). Dots represent individual animal data. *p < 0.05 and **p < 0.01
relative to vehicle control.
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Figure 2: Mean minimum mutation frequency (MFmin £+ SEM) per bp measured by Duplex Sequencing
in mouse bone marrow (A) and liver (B) after exposure to increasing doses of BbF (n = 4 per dose
group). Asterisks indicate * p < 0.05 and ** p < 0.01 relative to vehicle control. Dots represent
individual animal MFmin.
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Figure 3: Mean mutation frequency per bp measured by Duplex Sequencing in bone marrow (A) and
liver (B) for individual mice within each BbF dose group. The mutation frequency of unique mutations is
indicated as MFmin (black). The mutation frequency including clonally expanded mutations is shown as
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Figure 4: Mean minimum mutation frequency (MFmin) £ SEM per locus for BbF—exposed mouse bone
marrow (A) and liver (B) alongside vehicle controls. Loci are sorted from the highest top dose response
to the lowest (left to right). Intergenic and genic loci are show in red and black, respectively. Statistical
testing was done for the top dose with respect to the vehicle control using a generalized linear mixed
model; *p < 0.05 and ** p < 0.01; n = 4 per dose group.
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Figure 5: Mutation spectrum for vehicle controls and BbF dose groups observed in mouse bone marrow
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using a pyrimidine reference. Statistical testing was done using a generalized linear mixed model; * p <
0.05 and ** p < 0.01; n = 4 per dose group.
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Figure 6: Mutation signature analyses for top BbF dose (100 mg/kg/day) in bone marrow (A) and liver
(B). The original trinucleotide mutation profile is shown on the top left. SigProfilerAssignment used the
single base substitution (SBS) signatures of the Catalogue of Somatic Mutations in Cancer (COSMIC)
database to reconstruct the signatures. The SBS signatures and their relative contributions are shown
on the right. The reconstructed mutation pattern, number of substitutions used for the assignment, and
cosine similarity between reconstructed and observed trinucleotide mutation profile are shown on left
below the original profile. The total number of mutations in the original signature are indicated on the
left.
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Figure 7: Logio benchmark dose (BMD) for a 50% increase in micronucleus (MN) or mutation frequency
(MFmin). 90% confidence intervals based on BMD model averaging analyses using PROAST are
shown. Confidence intervals are organized from lowest (fop) to highest (bottom) potency. Labels indicate
micronuclei in reticulocytes (MN—RET) and red blood cells (MN-RBC), and mutation frequency in liver
(MF liver) and bone marrow (MF BM).
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Chapter 3: Prolonged Benzo[b]fluoranthene Exposure

Increases Tissue-Specific Mutational Burden, Expansion of

Mutant Cells, and Mutagenic Potency

Modified from: David M. Schuster, Danielle P. M. LeBlanc, Gu Zhou, Matthew J.
Meier, Annette E. Dodge, Paul A. White, Andreas Zeller, Andrew Williams, David
Eickmeyer, Sabrina Kehm, Juergen Funk, Francesco Marchetti and Carole L. Yauk.
Prolonged Benzo[b]fluoranthene Exposure Increases Tissue-Specific Mutational
Burden, Expansion of Mutant Cells, and Mutagenic Potency. In review at Environment

International.

3.1 Abstract

Chronic exposure to polycyclic aromatic hydrocarbons (PAHs) is associated with
increased risk of cancer through a mutagenic mode of action. We investigated how
exposure duration influences mutagenicity in bone marrow (BM) and liver of
MutaMouse males orally exposed to increasing doses of benzo[b]fluoranthene (BbF),
a priority PAH, for 28, 90, or 180 days. We applied Duplex Sequencing (DS) across 20
endogenous loci to assess dose- and time-dependent effects on mutation frequency,
clonal expansion of mutant cells, mutation distribution, and spectra. Mutation
frequencies increased with BbF dose and exposure duration in both tissues. After 90
and 180 days of exposure to 25 mg/kg/day BbF, mutation frequency was 1.7x and 2.1x
higherin BM, and 3.8x and 8.6x higher in liver, than 28-day exposures. Clonally derived
mutations increased significantly with exposure duration in BM but not liver. Intergenic
loci incurred more mutations than genic regions in both tissues across all exposure
durations. Mutation spectra were dominated by C:G>A:T transversions and was
enriched in SBS4, the mutation signature associated with tobacco-induced human lung
cancer. Benchmark dose (BMD50) modeling showed increasing BbF potency with
longer exposures. BMD50 decreased from 8.2 (28d) to 3.7 (90d) and 3.0 (180d)
mg/kg/day in BM; in liver, BMD50 shifted from 14.3 (28d) to 4.3 (90d) and 3.9 (180d)
mg/kg/day. The observed tissue-specific responses may be attributed to differences in
proliferation rate, metabolic activity, and cellular lifespan. Our findings provide insights
into the mutagenic impacts of prolonged PAH exposure and highlight tissue-specific

differences in mutation susceptibility.
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3.2 Introduction

Chronic exposure to diverse environmental pollutants raises concerns about
cumulative health consequences and their associated economic impact (Hou et al.,
2012; R. Singh et al., 2007; Sgrensen et al., 2003). Air pollution alone is associated
with over 15,300 premature deaths and $120 billion in health care costs per year in
Canada (Health Canada, 2021). Despite the key role of environmental mutagenicity in
human diseases such as cancer and heritable genetic disorders, our understanding of
how prolonged exposure to genotoxicants influences mutational burden and landscape
over time remains limited. Understanding how mutations accumulate over sustained

exposures is crucial to inform risk assessment and disease prevention strategies.

Among the diverse array of environmental pollutants, polycyclic aromatic hydrocarbons
(PAHSs) are of particular interest due to their pervasive presence and well-documented
genotoxic and carcinogenic properties (Bostrom et al., 2002; IARC Working Group on
the Evaluation of Carcinogenic Risks to Humans, 2010; International Agency for
Research on Cancer, 1985, 2023; Long et al., 2016). Most PAHs originate from the
incomplete combustion of organic materials and are found in vehicle exhaust, industrial
emissions, wildfire emissions, tobacco smoke, and char-broiled foods (Bostrom et al.,
2002; IARC Working Group on the Evaluation of Carcinogenic Risks to Humans, 2010).
Consequently, humans are chronically exposed to PAHs predominantly via ingestion
and inhalation (Luo et al., 2021; Ramesh et al., 2004). Current in vivo genetic
toxicology test guidelines have been instrumental in identifying PAH hazards; however,
these tests primarily rely on acute and subchronic exposures (OECD, 2016a, 2025c,
2025d, 2025a). Thus, the dynamics of PAH-induced mutagenesis over extended
exposure durations are not well characterized, limiting our understanding of the health

risks associated with chronic PAH exposure.

Benzo[b]fluoranthene (BbF) is one of 16 priority PAHs identified by the U.S.
Environmental Protection Agency because of its DNA-damaging, mutagenic, and
carcinogenic potential (Keith & Telliard, 1979; Mass et al., 1996). Structurally similar to
other prominent PAHSs, such as benzo[a]pyrene, BbF is classified by the International
Agency for Research on Cancer (IARC) as a Group 2B possible human carcinogen
(IARC Working Group on the Evaluation of Carcinogenic Risks to Humans, 2010;
International Agency for Research on Cancer, 1985, 2023). BbF’s lipophilicity and
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physicochemical properties enable its systemic distribution and preferential partitioning
into lipid rich tissues (Pastor-Belda et al., 2019). Toxicokinetic studies indicate that BbF
undergoes biotransformation by Cytochrome P450 (CYP) enzymes, leading to the
formation of reactive intermediates, including dihydrodiolepoxides and hydroquinones,
that can induce DNA damage (Alexandrov et al., 2020; Harrigan, 2004; Liu et al., 2025;
Yang et al., 2018; Yang et al., 2021). Our previous work demonstrated that oral
exposure to BbF induces robust, dose-dependent increases in chromosome damage
and mutation frequency (MF) in mouse somatic tissues after 28 days of exposure (Long
et al., 2016; Schuster et al., 2024). However, it has not been determined if the mutation
frequencies observed following standard 28 days of dosing are predictive of the

mutagenesis induced by prolonged BbF exposure.

We hypothesize that prolonged exposure to BbF increases the mutational burden
without changing the mutagenic mode of action. This assumption is based on the
increased likelihood that induced DNA damage escapes repair mechanisms, resulting
in progressive mutation accumulation and increased mutagenic potency over time
(Cosentino & Heddle, 1999; Hashimoto et al., 2007; Krolewski et al., 1988). Moreover,
we posit that tissue-specific biological characteristics such as proliferation rate,
metabolic activity, and DNA repair capacity are key drivers that modulate MFs and
expansion of mutant cells, contributing to tissue-specific responses (Hanahan &
Weinberg, 2011; Schneider et al., 2017; Tomasetti & Vogelstein, 2015).

To test these hypotheses, we used Duplex Sequencing (DS), a sensitive error-
corrected sequencing technology (LeBlanc et al.,, 2022; Schmitt et al., 2012), to
evaluate the mutagenic impact and potency of BbF exposure in MutaMouse bone
marrow (BM) and liver over increasing exposure durations (i.e., 28, 90, and 180 days).
Our primary objectives were to: (1) quantify the dose- and time-dependent effects of
BbF exposure on MF using DS; (2) assess the contribution of clonally derived
mutations on the mutational burden over time; (3) evaluate changes in mutation types
and localization within the 20 endogenous loci; (4) characterize the BbF trinucleotide
mutation spectrum and identify similarities to known human cancer signatures from the
Catalogue of Somatic Mutations in Cancer (COSMIC); and (5) apply benchmark dose
(BMD) modeling to evaluate time-dependent changes in chemical potency. Together,
these analyses provide critical insights into how exposure to a ubiquitous PAH

reshapes the somatic mutational landscape in a tissue-specific manner over time.
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3.3 Methods

3.3.1 Animal Exposure and Tissue Collection

MutaMouse animals were maintained and exposed at Health Canada. The Health
Canada Ottawa Animal Care Committee approved the study (No: 2023-011), and all
procedures adhered to the Canadian Council on Animal Care guidelines. Ten to
fourteen-week-old males received daily oral gavage doses of BbF (CAS 205-99-2;
Sigma-Aldrich, Oakville, ON, Canada) dissolved in olive oil. Concurrent vehicle
controls received olive oil only. We exposed 48 animals with eight animals per dose
group for each exposure duration resulting in a total of 144 mice for this study. The top
dose for the 28-day exposure duration was chosen as 100 mg/kg body weight/day
(hereafter mg/kg/day) based on a previous study (Long et al., 2016), while a dose-
range finding study was conducted over 180 days to identify sustainable top doses for
90- and 180-day exposure durations. We used five dose groups alongside vehicle

controls for each exposure duration. These dose groups were:

28 days of exposure: 0, 6.25, 12.5, 25, 50, or 100 mg/kg/day.

90 days of exposure: 0, 3.125, 6.25, 12.5, 25 or 50 mg/kg/day.

180 days of exposure: 0, 1.56, 3.125, 6.25, 12.5 or 25 mg/kg/day.

BM and livers were harvested from euthanized animals 3 days after the end of the 28
days of exposure, following OECD Test Guideline 488 (OECD, 2025d) and within 24
hours after the last exposure for the 90- (OECD, 2025b) and 180-day (OECD, 2018b)
exposure durations. BM was collected by centrifuging the femurs after removing the
distal ends, and the resulting cell pellet was resuspended in phosphate-buffered saline
(Corning cellgro, Manassas, VA, USA), while livers were separated into right posterior,
right anterior, median, caudate, and left lobes. Both BM and liver samples of each

exposure duration were flash-frozen and stored at —80°C for further processing.

Animal body weights were measured daily throughout the exposure, and liver weights
were collected during the necropsy. The percentage change in body weight (initial to
final exposure day) was used as an indicator of systemic toxicity. Additionally, we
analysed changes in absolute liver weight and the ratio of liver weight to body weight

as indicators for BbF-induced hepatotoxicity.
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Statistical analysis of changes in weight gain, absolute and relative liver weights
assumed homogeneity of variance, and was confirmed using a Levene's test. The data
were analysed using a one-way analysis of variance followed by a pairwise comparison
using a Dunnett’s test to determine statistically significant changes (defined as *p <

0.05 and **p < 0.01) of exposed cohorts compared to their respective control groups.

3.3.2 Histopathological Analysis

During the necropsy, left liver lobes were immediately fixed in 10% neutral buffered
formalin for 24 to 48 hours. Fixed tissues were trimmed, dehydrated, cleared in xylene,
and embedded in paraffin. Histological sections were cut at a nominal thickness of 3
Mm and mounted on glass slides. The sections were deparaffinized and stained with
hematoxylin and eosin (for routine microscopic examination). Non-blinded
histopathological evaluation (with the knowledge of the treatment group) of all slides
was evaluated by a board-certified veterinary pathologist via brightfield/light
microscopy. Histopathological findings were graded on a semi-quantitative severity
scale (e.g., 1 = minimal, 2 = mild, 3 = moderate, 4 = marked, 5 = severe). The
assessment focused on the identification of test item-related hepatocellular changes,
including hypertrophy, necrosis, cytoplasmic rarefaction (glycogen accumulation), and
foci of cellular alteration. Animals with no observable microscopic lesions were

recorded as within normal limits (WNL).

3.3.3 DNA Extraction from Bone Marrow and Liver Tissue

DNA was extracted from BM and the anterior liver lobe of four randomly selected
animals per dose group using the QIAGEN DNeasy® blood and tissue kit protocol (Cat.
#69504, QIAGEN, Hilden, Germany) with minor modifications: (a) tissue disruption by
bead beating was performed twice at 4000 rpm for 30 s prior to DNA extraction; and
(b) proteinase K digestion was prolonged with an incubation duration of 180 minutes
at 37°C. DNA concentrations were measured using the Qubit 1x dsDNA Broad Range
Assay Kit (Thermo Fisher Scientific Inc., Waltham, MA, USA), and DNA integrity was
evaluated via Agilent TapeStation Genomic DNA ScreenTape assay (Agilent
Technologies Inc., Santa Clara, CA, USA). All samples met the requirements for DS
library preparation, exhibiting DNA integrity numbers above 7.0 and concentrations

greater than 25 ng/pL.
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3.3.4 Library Preparation and Sequencing

Library preparations were performed using the TwinStrand Duplex SequencingTM
Mutagenesis Panel (Mouse-50) v1.0, following the DuplexSeqTM Kit Manual provided
by TwinStrand Biosciences Inc. (Seattle, Washington, USA). In short, 500 ng of DNA
per sample were enzymatically fragmented to a size of approximately 400 bp. The
fragmented DNA was end-polished, adenylated, and ligated to DS adapters containing
12-nucleotide unique molecular identifiers (TwinStrand Biosciences Inc., Seattle, WA,
USA). Library concentrations were measured using QubitTM 1x dsDNA High
Sensitivity Assay Kits (Thermo Fisher, Waltham, MA, USA) and average fragment sizes
determined using an Agilent TapeStation High Sensitivity D1000 Screen Tape assay
(Agilent Technologies Inc., Santa Clara, CA, USA).

The Mouse Mutagenesis Panel comprises 20 endogenous loci (2.4 kb each)
distributed across all mouse autosomes (with two loci on chromosome 1). These loci
were selected to broadly represent the nucleotide composition, GC content,
heterochromatin state, and transcriptional properties of the mouse genome, while
excluding repetitive regions, pseudogenes, and selected genes (LeBlanc et al., 2022).
This rigorous selection process ensures both efficient hybrid capture and an unbiased
assessment of mutagenesis. The panel includes nine genic and eleven intergenic loci
(as identified in Mouse GenCode v.M25) that were captured using 120-mer biotinylated
oligo probes following the protocol described in the DuplexSeqTM Kit Manual by

TwinStrand Biosciences.

Library sequencing was performed at Psomagen (Rockville, MD, USA) on NovaSeq
6000 S4 flow cells (lllumina, San Diego, CA, USA), targeting a minimum of 600 million
raw reads passing filters per sample with a mean on-target sequencing depth greater
than 10,000x. The raw sequencing data are accessible in the Sequence Read Archive

under accession number PRJNA1131313 for the 28-, 90- and 180-exposure durations.

3.3.5 Data Processing and Error Correction

FASTQ files were processed using the TwinStrand DuplexSeq™ Mutagenesis
App v3.4.2 (TwinStrand Biosciences). Data processing involved initial extraction of the
12-nucleotide unique molecular identifiers sequence and adapter trimming. The

sequence was then parsed to create a duplex tag header. Following paired-end read
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alignment and sorting, a single-strand consensus sequence was generated. The
single-strand consensus sequences were subsequently grouped and analysed to yield
the double-strand consensus sequences. This procedure, which leverages unique
molecular identifiers, eliminates technical errors and false mutation discoveries,
reducing the error rate to below one error per 108 nucleotides (Schmitt et al., 2012;

Valentine et al., 2020), enabling highly sensitive rare event detection.

3.3.6 Tissue-Specific Mutation Frequency Calculation

MF was calculated from the DS data by aligning sequencing reads to the mouse
reference genome (M. musculus mm10, GRCm38.p6) and identifying substitutions.
Accounting for clonal expansion, where identical mutations may arise from a single
event in a mutant cell, MFs were calculated under two assumptions (Dodge et al.,
2023):

1. Mutation frequency minimum (MFmin): Identical mutations in a sample are counted

as a single event.

2. Mutation frequency maximum (MFmax): All mutations in a sample are counted as

independent events.

Mutations present in more than one consensus read per sample were categorized as
clonal events. A variant allele fraction cutoff of 0.01 was applied to exclude potential

germline mutations and low-level mosaicism.

Statistical analyses and mutation spectrum characterizations were performed
using the MutSeqR software (github.com/EHSRB-BSRSE-Bioinformatics/MutSeqR)
(Dodge et al., 2025). Dose-dependent MFmin and MFmax were estimated through
generalized linear models with an over-dispersed binomial error distribution. MutSeqR
utilizes the doBy R package for pairwise comparisons, calculating back-transformed
standard errors via the delta method and adjusting p-values with a Sidak correction.
For locus-specific MFs, the software uses generalized linear mixed models
incorporated in the glmer function from the Ime4 package, with pairwise comparisons
similarly handled via doBy. Single-base substitution (SBS) spectra were derived by
sequence comparison against the mm10 reference genome. The 28-day exposure
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data from Schuster et al. (Schuster et al., 2024) were included as a baseline for

comprehensive time-course comparisons.

3.3.7 Mutational Signature Analysis

Mutations were quantified in the 96-base context format, accounting for the
immediate 5" and 3' flanking bases relative to the mutated nucleotide. A de novo
mutational signature was extracted from the aggregated trinucleotide mutation data
across all samples within each dose group. Signature assignment involved cross-
referencing the extracted de novo signature against the COSMIC mouse SBS
signatures catalog version 3.5 (https://cancer.sanger.ac.uk/signatures/sbs/). Signature
extraction and reconstruction were performed on all dose groups and exposure
durations of each tissue using the SigProfilerExtractor python package (Islam et al.,
2022). Combining the four samples by dose group and exposure duration within each
tissue makes the dataset more informative, while avoiding confounding effects from
differences in BbF’s mutagenic action between tissues. While we considered
reconstructions with cosine values above 0.9 to be strong, we applied greater scrutiny
to those below 0.8 due to lower confidence in their signature assignments (Islam et al.,
2022).

3.3.8 Benchmark Dose Modeling

Benchmark dose (BMD) modeling was performed to determine the mutagenic potency
of BbF. The BMD represents the dose at which a predefined change relative to
background MF is expected. We used the PROAST v70.1 software package to analyse
the MFmin and MFmax values for liver and BM, using the Akaike Information Criterion
(AIC) to identify the best-fit models. As recommended by the European Food Safety
Authority, an AIC difference of 2 units indicated a superior fit (EFSA Scientific
Committee et al., 2017). The models applied during the BMD analyses included the 3-
and 5-parameter Hill and Exponential, the Inverse Exponential, and the Log-Normal.
The most probable BbF dose-response curve for the various endpoints was
determined by averaging 200 bootstrap runs. AIC was calculated throughout all
bootstrap runs, and models that failed to converge were excluded from the model
averaging. A 50% increase compared to the vehicle control was used as the

benchmark response (BMR) as recommended for mutagenicity (White et al., 2025).
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The respective BMD lower and upper confidence limit values (BMDL and BMDU) were

derived from the 90% confidence intervals.

3.4 Results

3.4.1 Assessment of Systemic and Hepatic Toxicity

Animal health and body weight gain were monitored throughout the study for signs of
systemic toxicity (Figure 8 and Appendix D2 Table 1). With the exception of two dead
animals at the 90-day exposure (3.125 and 6.25 mg/kg/day group) and a single
mortality in the 180-day cohort (3.125 mg/kg/day group), unrelated to the exposure, all
animals remained in good health. Short-term exposure to BbF did not cause notable
effects on the well-being of the mice. In contrast, prolonged BbF exposure caused
systemic toxicity, as evidenced by significant dose-dependent decreases in body
weight gain compared to the vehicle controls after 90 and 180 days. Specifically, the
two highest doses at 90 days and the highest dose at 180 days impaired the weight
gain of the cohort (Figure 8 and Appendix D2 Table 1).

In addition, we analyzed both absolute liver weight and the liver weight to body weight
ratio (relative liver weight) as indicators of hepatotoxicity (Figure 8). Absolute liver
weights remained largely consistent across exposure doses within each time point.
However, we observed significant increases in relative liver weights. After 28 days of
exposure, relative liver weight increased at the two highest doses (50 and 100
mg/kg/day). In contrast, 90 and 180 days of exposure caused a statistically significant
increase in relative liver weight only at the respective top doses of 50 and 25
mg/kg/day. We note that prolonged exposure to high BbF doses caused systemic
toxicity that manifested in reduced body weight gain and adaptive increases in relative
liver weight, while absolute liver mass remained constant, which is consistent with
other studies (Liu et al., 2025).

3.4.2 Absence of Dose- or Time-Dependent Histopathological Changes

Histopathological examination of liver tissues revealed no evidence of overt test item-
related toxicity following exposure to BbF for 28, 90, or 180 days. Except for a few
cases, animals across all dose groups were classified as WNL without

histopathological findings (Appendix D2 Table 2).
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In the 28- and 90-day cohorts, lesions were sporadic and did not follow a dose-
dependent pattern. Minimal (Grade 1) focal necrosis and mild (Grade 2) cytoplasmic
rarefaction were noted in a few animals, but these findings appeared with similar
frequency in control and low-dose groups (Appendix D2 Table 2). Importantly, the
highest dose groups at both timepoints showed no increase in lesion severity or

incidence compared to controls.

Following 180 days of chronic exposure, rare events of foci of cellular alteration (Grade
1; including one animal from the untreated control group) and cytoplasmic rarefaction
(Grade 2-3) were observed in lower-dose animals (Appendix D2 Table 2); however, no
histopathological abnormalities were observed in the highest dose group (25
mg/kg/day). The absence of such lesions at the maximum dose confirms that the

findings at lower doses were incidental events unrelated to BbF treatment.

Collectively, these results confirm that the BbF treatment did not induce dose-
dependent histopathological effects in the liver, even after extended exposure

durations.

3.4.3 BbF Induces Non-Linear, Dose- and Time-Dependent Increases in MFmin

We used DS to quantify the effects of BbF dose and exposure duration on mutation
induction in MutaMouse liver and BM, two tissues with distinct metabolic and
proliferation profiles. Sequencing performance analysis confirmed that all samples met
minimum quality thresholds, including at least 700 million informative duplex bases,
mean on-target sequencing depth greater than 10,000x, and sufficient peak tag family
size (Appendix D2 Table 3).

We first established MFmin in liver and BM across time points in vehicle controls. In
BM, MFmin (x10-8) + SEM were 4.1 £ 0.4, 3.9 £ 0.7, and 4.2 £ 0.3 after 28, 90, and
180 days of vehicle exposure, respectively (Supporting Figure 1). In liver, MFmin
values were 5.3 £ 1.0, 5.0 £ 0.7, and 5.9 + 0.7 after 28, 90, and 180 days, respectively
(Appendix D2 Figure 1). MFmin in vehicle control animals did not differ significantly
across exposure durations. Nonetheless, BbF-induced effects within an exposure

duration were evaluated only against their concurrent control animals.
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We observed significant BbF-induced dose-responses in MFmin in both tissues that
increased with prolonged exposure durations (Figure 9). After 28 days of exposure,
MFmin (x10-8) £ SEM reached 14.8 £ 0.1 in BM and 36.3 £ 2.5 in liver at the top dose
(100 mg/kg/day) (Appendix D2 Table 4). After 90 days, MFmin was 18.4 + 0.1 in BM
and 87.4 = 1.9 in liver at the top dose (60 mg/kg/day) (Appendix D2 Table 5). Finally,
after 180 days (top dose of 25 mg/kg/day), MFmin reached 19.5 £ 1.1 in BM and 94.6
1+ 7.1 inliver (Appendix D2 Table 6). The dose-response was non-linear, with significant
increases in MFmin observed only above a dose- and time-dependent threshold.
Specifically, the lowest statistically significant dose shifted from 12.5 to 6.25 and then
to 3.125 mg/kg/day in BM, and from 25 to 12.5 and then 6.25 mg/kg/day in liver, for 28,
90, and 180 days of exposure respectively. The shift in lowest observable genotoxic
effect levels over time demonstrates that the threshold for significant mutation induction

is not static but rather decreases as BbF exposure is prolonged.

We next explored the mutagenic effects at 25 mg/kg/day, the highest dose group in
common across all three exposure durations, to determine whether the observed
increases in MFmin scaled with cumulative dose. Over 90 and 180 days of exposure,
the cumulative dose increased by approximately 3.2- and 6.4-fold, respectively, relative
to the 28-day study. However, we observed a statistically significant lower increase
(Welch’s t-test, p < 0.05) in MFmin in BM of only 1.7-fold from 28 days to 90 days and
2.1-fold from 28 days to 180 days at 25 mg/kg/day. In contrast, a more pronounced
increase than expected based on cumulative dose was observed in liver, where MFmin
increased 3.8-fold and 8.6-fold (Welch’s t-test, p < 0.05) from 28 days to 90 and 180
days, respectively. Together, these findings demonstrate that the fold-change increase
in MFmin does not align with the prediction according to the cumulative dose in either

tissue.

In summary, BbF exposure caused tissue-specific, non-linear increases in MFmin, with
prolonged exposure lowering the dose required for mutation induction and increasing
maximal mutational burden, particularly in liver. These findings demonstrate a
pronounced time dependence of BbF-induced mutagenesis beyond a simple

cumulative dose effect.
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3.4.4 Prolonged Exposure Promotes Clonal Expansion in BM

To understand the impact of the accumulation of mutant cell lineages on the total
mutation burden over time following BbF exposure, we calculated MFmax. Unlike
MFmin, MFmax does not collapse identical mutations; instead, it sums the total mutant
read depth, counting every observation of a mutation as a contributor to the total
burden. In BM, MFmax exceeded MFmin at all doses after 28 (Appendix D2 Table 4),
90 (Appendix D2 Table 5) and 180 days (Appendix D2 Table 6), consistent with the
presence of clonally derived mutations, whereas the difference was mostly absent in
liver (Appendix D2 Figure 2). After 90 days, MFmax (x10-8 + SEM) reached 28.1 + 2.8
in BM and 89.8 £ 12.3 in liver at 50 mg/kg/day. After 180 days, the highest MFmax was
40.1£3.1inBM and 98.8 + 7.2 in liver at 25 mg/kg/day. In BM, the difference between
MFmin and MFmax increased with prolonged exposure; for example, at 180 days,
MFmax was approximately 2.1-fold higher than MFmin at the top dose. This divergence
indicates that the physiological propagation of mutant cells is a major contributor to the
total mutation burden in BM. Conversely, the majority of mutations across all exposure
durations were unique in liver, indicating a minimal presence of clonally derived
mutations in this tissue. This likely reflects differences in cellular turnover, where the
rapid proliferation of bone marrow cells amplifies existing mutations, a phenomenon

largely absent in liver.

Since MFmax reflects both the number of clonal mutations and the extent of expansion
of individual mutations, we next quantified the alternate read depth (alt depth)
supporting each mutant allele at individual genomic positions as a proxy for clonal size
(Figure 10). In BM, the proportion of total mutations present as multiplets (exhibiting
an alt depth greater than one) increased with longer exposure durations, whereas the
maximum alt depth (i.e., number of multiples) was similar across durations, with 47
after 28 days (Appendix D2 Figure 3), 55 after 90 days (Appendix D2 Figure 4), and
46 after 180 days (Appendix D2 Figure 5). Although the number of recurring mutations
increased with exposure duration in BM, no dominant mutation subtype was identified,
as all subtypes were similarly affected by clonal expansion. Sporadic individual
multiplets were also detected in liver, with maximum alt depths of 93 after 28 days
(Appendix D2 Figure 3), 74 after 90 days (Appendix D2 Figure 4), and 33 after 180
days; however, these rare instances of individual larger clonal mutants were not dose-

dependent (Appendix D2 Figure 5). These findings indicate that prolonged exposure
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primarily increased the number of clonally derived mutations rather than the size of the

largest individual clone.

In summary, the results demonstrate that clonally derived mutations accumulate over
time and contribute to the total mutational burden only in BM. Consequently, the BbF’s
mutational landscape in BM reflects both the induction of new mutations and their
persistence across cell lineages, whereas the mutational landscape in liver is driven

predominantly by new mutation events.

3.4.5 Consistent Mutation Spectrum

To assess potential mechanistic differences, we characterized induced mutation
subtypes. BbF-induced mutations remained highly consistent with the 28-day spectrum
but were detectable at progressively lower doses with increasing exposure duration. In
both BM and liver, BbF predominantly induced dose-dependent increases in C:G>A:T
and C:G>T:A mutations across all exposure durations (Appendix D2 Table 7, Appendix
D2 Table 8 and Appendix D2 Table 9). As for the overall MFs, the dose required to elicit
statistically significant increases in these primary mutation subtypes decreased with
exposure duration, indicating a time-dependent increase in mutagenic sensitivity. After
28 days, a significant increase in C:G>A:T transversions was first observed at 12.5
mg/kg/day in BM and 25 mg/kg/day in liver, whereas C:G>T:A transitions required a
higher dose of 50 mg/kg/day to reach significance in both tissues (Appendix D2 Figure
6). After 90 days, C:G>A:T transversions were detected at 6.25 mg/kg/day in BM and
12.5 mg/kg/day in liver, whereas C:G>T:A transitions were first detected at 12.5
mg/kg/day in both tissues (Appendix D2 Figure 7). At 180 days, significant increases
in C:G>A:T transversions were first observed at 3.125 mg/kg/day in BM and 6.25
mg/kg/day in liver, while C:G>T:A transitions occurred at 6.25 mg/kg/day in BM and
12.5 mg/kg/day in liver (Figure 11).

Dose-dependent increases in other mutation subtypes were also observed, although
the range of the induced response differed between tissues and over time. Although
the top dose at 28-days (100 mg/kg/day) induced significant increases in most single
base substitution subtypes in BM, this profile narrowed over time. At 90 days, T:A>G:C
transversions were no longer significantly increased at the adjusted top dose, and after
180 days, neither T:A>C:G nor T:A>G:C mutations were significantly elevated. No

significant increases in insertions and deletions were detected in BM after any
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exposure duration. In contrast, liver exhibited a broader mutational profile, with all six
subtypes showing a significant increase at the top dose across all exposure durations.
Additionally, after 180-days of BbF exposure, a significant increase in deletions was
observed in liver. However, despite some tissue-specific differences in subtype
diversity, the overall mutation spectrum remained dominated by C:G>A:T transversions
across exposure durations, indicating a consistent BbF-associated mutational

signature in both tissues.

3.4.6 BbF Induces Mutations Predominantly in Intergenic Loci

We then investigated whether BbF-induced mutations preferentially occur in specific
genomic regions by analyzing MFs across the 20 endogenous loci. Although the
magnitude of the response varied, BbF induced an increase in MFmin across all 20
loci in both tissues at the 180-day exposure duration. Furthermore, the rank order of
the most responsive loci at the top dose remained largely consistent across all
exposure durations in both tissues (Figure 12, Appendix D2 Table 10, Appendix D2
Table 11 and Appendix D2 Table 12).

Notably, the five most sensitive loci in both tissues at all exposure durations were
intergenic. In BM, the mean MFmin (x108+ SEM) were 21.8 + 3.8, 25.7 + 4.4 and 27.9
+ 4.6 in intergenic lociand 6.7 £ 1.2, 10.2 £ 1.7 and 11.0 = 2.0 in genic loci after 28, 90
and 180 days, respectively. In liver, we calculated the MFmin in intergenic loci as 40.5
+2.8,102.3£10.3,122.5 £+ 10.9 and in genic loci as 31.2+2.9,69.8 + 9.3 and 64.9 £
8.9 after 28, 90 and 180 days, respectively. Intergenic loci exhibited significantly higher
MFs than genic loci across both tissues and all exposure durations (Welch’s t-test, p <
0.05). Specifically, the fold changes of intergenic versus genic MFmin were: 3.3 and
1.3 after 28 days; 2.5 and 1.5 after 90 days; and 2.5 and 1.9 after 180 days, in BM and
liver, respectively. This trend indicates heightened susceptibility of intergenic regions

to BbF-induced mutagenesis.

3.4.7 Similarity between BbF Trinucleotide Mutation Pattern and Tobacco

Smoke-Associated Mutation Signature

To identify the mutational processes driving BbF-induced mutagenesis, we

quantified mutations in the trinucleotide context format and reconstructed the extracted
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signature per dose for all 72 BM and 72 liver samples using the SigProfilerExtractor
Python package and the COSMIC (v3.5) signatures (Appendix D2 Table 13).

The signature extraction and reconstruction of the trinucleotide mutation pattern
found in BM revealed the contribution of SBS1, SBS4, SBS5, SBS17a/b and SBS18
(Figure 13). As expected, we detected the clock-like signatures SBS1, associated with
deamination of 5-methylcysteine (Nik-Zainal et al., 2015), and SBSS5 (Alexandrov et
al., 2013) in treated and untreated samples independently. Additionally, we found a
dose- and time-dependent increase in the contribution of SBS4, a tobacco-smoke
associated signature (Alexandrov et al.,, 2013; Nik-Zainal et al., 2015). SBS4
contributed up to 62.1%, 65.0% and 69.6% of the signature reconstruction at the top
dose after 28, 90 and 180 days, respectively (Appendix D2 Table 13). Notably, the
lowest dose with contribution of SBS4 shifted from 25 to 12.5 to 6.25 mg/kg/day after
28, 90 and 180 days, respectively.

Minor, dose-independent contributions of SBS18, associated with reactive
oxygen species (Alexandrov et al., 2013; Kucab et al., 2019, 2026), were detected in
a majority of signature reconstructions. The reconstructions for BM at the top dose
after 90 days and the two highest doses after 180 days reached a robust cosine
similarity greater than 0.9. Eleven samples reached a cosine similarity greater than

0.8, and only 4 reconstructions were unreliable with a cosine similarity below 0.8.

Conversely, in liver, the higher number of mutations per sample enabled a more
robust signature extraction and reconstruction with contributions of SBS1, SBS4, SBS5
and SBS40a (Figure 13). The clock-like signatures, SBS1 and SBS5, were detectable
independent of dosing or exposure duration. With increasing doses and exposure
duration, signature reconstruction revealed major contributions of the tobacco-smoke
associated SBS4 (Alexandrov et al., 2013; Nik-Zainal et al., 2015). SBS4 contributed
up to 70.3%, 86.5% and 84.4% at the top dose after 28, 90 and 180 days, respectively
(Appendix D2 Table 13). Prolonged exposure enabled the detection of similarities to
SBS4 even at lower doses. Additionally, the contribution of SBS40a, of unknown
etiology (Senkin et al., 2024 ), was detected at all doses after 28 days and sporadically
after prolonged exposure. The top two doses and the third highest dose after 90 and

180 days yielded reconstructions with cosine similarities exceeding 0.9. Only the
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control and lowest exposure dose groups after 28 and 90 days did not reach the cosine

similarity threshold of 0.8.

Together, these findings reveal the contribution of clock-like signatures in all
reconstructions and a dose- and time-dependent contribution of the tobacco-smoke
associated mutational signatures in both tissues, with confident reconstructions at

higher doses and after prolonged exposure durations.

3.4.8 Benchmark Dose Modeling Reveals Increased BbF Mutagenic Potency

We applied BMD modeling to quantitatively assess how the mutagenic potency
of BbF changes with exposure duration and tissue type. Using MFmin as the primary
endpoint, BbF potency increased with exposure duration in both tissues, as reflected
by declining BMD50 values from 28 to 180 days (Figure 14 and Appendix D2 Table
14).

In BM, the BMD50 confidence interval (Cl; from lower [BMDL] to upper [BMDU])
shifted from 3.6 - 12.8 mg/kg/day at 28 days to 1.6 - 5.8 mg/kg/day at 90 days and to
2.3 - 3.8 mg/kg/day at 180 days. Although this pattern indicates increasing potency

with exposure duration, the Cls between the three exposure durations overlapped.

In liver, the BMD CI decreased from 10.1 - 18.4 mg/kg/day at 28 days to 2.3 -
6.3 mg/kg/day at 90 days to 3.1 - 4.6 mg/kg/day at 180 days. Potency increased
between 28 and 90 days, as indicated by non-overlapping Cls; however, no further
shift was observed from 90 to 180 days of exposure, suggesting a plateau in potency
in liver after 90 days of exposure. Despite the liver showing a higher maximum
mutagenic response, the BMD50 confidence intervals for BM and liver overlapped at
each exposure duration, indicating comparable mutagenic potency across these
tissues at low doses. Lastly, we observed that the width of the Cls narrowed with
increasing exposure duration, consistent with improved precision of potency estimates

over longer exposure durations.

We next calculated BMD50 for MFmax to determine the influence of clonal
expansion on potency estimates. While precision in potency estimation is influenced
by various experimental factors, the generally wider confidence intervals observed for

MFmin compared to MFmax could additionally be influenced by the greater inter-
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animal variability associated with animal specific clonal expansion. In addition, the
broader Cl at 28 days overlaps with the Cls of prolonged exposures, indicating that

inclusion of clonally derived multiplets reduces the power to detect potency increases.

Finally, we applied BMD modeling to MFmin for C:G>A:T transversions, the
main mutation subtype induced by BbF, to assess the sensitivity of a mechanism-based
endpoint (Appendix D2 Table 14). This approach yielded the lowest BMD50 values. At
90 days, the BMD50 Cls for C:G>A:T transversions were 0.2 - 2.1 mg/kg/day in BM
and 1.0 - 2.4 mg/kg/day in liver. After 180 days of exposure, the Cls ranged from 0.9 -
2.2 mg/kg/day in BM and 2.1 - 3.7 mg/kg/day in liver.

Collectively, BMD modeling shows that BbF potency increases with exposure duration
and that mechanism-specific mutational endpoints can provide more sensitive

estimates of genotoxic potency.

3.5 Discussion

We demonstrate that prolonged oral exposure to BbF leads to pronounced
dose-, time- and tissue-dependent effects on mutagenesis in mouse somatic tissues.
Using DS, we show that mutation burden increases with exposure duration in both BM
and liver, but through distinct biological mechanisms. In liver, a primary site of PAH
metabolism, the occurrence of new mutations is much greater than in BM. In contrast,
in the highly proliferative BM, mutation burden is shaped by the accumulation of
clonally derived mutations, driving an approximate doubling in MFmax over MFmin at
high doses and longer exposure durations. Despite these differences in mutational
dynamics, mutation spectra and responding genomic loci are similar across tissues
and exposure durations. Increasing mutation counts with prolonged exposures is
associated with a higher contribution of COSMIC signature SBS4 to the mutation
pattern in both tissues but being more prevalent in liver. This signature is associated
with tobacco smoke-induced cancers and correlates with PAH exposure (Alexandrov
et al., 2013; Nik-Zainal et al., 2015). BMD modeling revealed a time-dependent
increase in BbF mutagenic potency from 28 to 90 days, but with no further declines in
BMDs beyond 90 days suggesting maximum potency had been achieved. Despite
differences in maximum responses, BMD50 in BM and liver are similar. Collectively,
our work demonstrates that both biological context (e.g., tissue-specific proliferation,

metabolism, and DNA repair characteristics) and exposure duration critically influence
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the mutational consequences of BbF exposure. The study provides crucial data for
refining human health risk assessment frameworks for chronic exposure to

environmental mutagens.

The rate and magnitude of mutation accumulation differed between tissues, with
liver consistently exhibiting enhanced mutagenicity relative to BM. These tissue-
specific differences likely arise from differences in metabolic activity, cellular
proliferation, and DNA repair capacities (Hoch, 2023). The liver expresses high levels
of CYP450 enzymes and is a primary PAH-metabolizing organ, leading to more
reactive BbF metabolites such as dihydrodiol epoxides and hydroquinones, that can
induce DNA adducts and oxidative DNA damage (Amin et al., 1982, 1985; Yang, 1988).
At the same time, the inherently high proliferation rate of BM makes it particularly
susceptible to the fixation of mutations during DNA replication despite its lower
metabolic activity for xenobiotics (Long et al., 2016; Pellegrini et al., 1995; Yeh et al.,
2024). This balance between metabolic activation, DNA damage, and cell proliferation
is likely driving the tissue-specific differences in susceptibility to BbF induced

mutagenicity.

The use of long exposure durations allowed us to investigate the cumulative
nature of mutagenicity and whether this differs between tissues. We observed duration-
and tissue-dependent increases in MFmin, revealing the cumulative nature of
mutagenicity; however, the magnitude of accumulation deviated from simple
cumulative dose predictions. In the BM, MFmin increases were lower than the 3.6- and
6.4-fold elevations predicted by cumulative dose at 25 mg/kg/day for the prolonged
exposure durations. This discrepancy likely stems from the continuous turnover and
release of hematopoietic cells into the bloodstream (Wilson et al., 2008). In contrast,
the liver exhibited an increased response, where the 8.6-fold increase at 25 mg/kg/day
in MFmin at 180 days significantly exceeded cumulative dose expectations. This
increased response in the liver is likely driven by physiological mechanisms such as
saturation of DNA repair pathways by persistent damage (Klapacz et al., 2016),
metabolic adaptation and enzyme upregulation caused by prolonged AhR activation (
Liu et al., 2025; Stoddard et al., 2021), and/or potential underestimation of the MFmin
after 28 days of exposure due to insufficient mutation fixation time in this slowly
proliferating tissue (Marchetti et al., 2021; OECD, 2025d). These findings highlight that
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short-term studies may significantly underestimate mutagenic risk in the metabolically

active liver where accumulation dynamics are non-linear.

Overall, our study demonstrates that the combined influence of repeated DNA
damage, metabolic adaptation, and mutation fixation kinetics must be considered when
interpreting mutagenicity data. It also highlights the value of integrating mutagenicity
testing into longer exposure duration studies and the importance of ensuring

appropriate fixation periods when assessing environmental mutagens.

One of the most striking tissue-specific differences was the presence of
pronounced numbers of clonally derived mutations in BM that was largely absent in
liver. This pattern is consistent with the inherently high proliferation rate of BM.
Because hematopoietic stem and progenitor cells undergo extensive cell division to
maintain blood cell production (Fliedner, 2002; Jaiswal et al., 2014; Xie et al., 2014),
mutations arising in progenitor cells have a high probability of appearing as recurring
mutations, thereby elevating MFmax. Clonal expansion in BM was not limited to a few
dominant clones but involved multiple independently expanded mutations. This pattern
suggests ongoing mutagenesis and clonal drift over time rather than early-arising
mutant cells that expanded by positive selection. Thus, the results are consistent with
the interpretation that increasing mutation burden with exposure duration in BM is

driven in part by numerous, temporally distinct clonal events.

In contrast, liver tissue showed minimal evidence of clonally derived mutations,
even after 180 days of exposure. The relative absence of recurrent mutations in liver
despite the higher overall mutation burden, indicates that increases in MFmax are more
likely driven by clonal propagation of induced mutations rather than repeated
independent mutations at specific genomic sites. Previous studies have demonstrated
that clonal dynamics are limited in healthy liver tissues, whereas proliferation and
subsequent clonal expansion increases in diseased liver (Brunner et al., 2019).
Despite the observed increases in relative liver weight, we did not detect
histopathological indications of morphological changes or increases in absolute liver
weights between vehicle controls and exposed tissues. These findings suggest that,
while the exposures induced mutations in the liver, they did not cause gross
pathological changes at any doses or durations. The lower proliferation rate likely limits
the opportunity for clonal expansion, leading to the absence of significant differences
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between MFmin and MFmax. Our findings suggest that mitotic activity and the
proliferative kinetics of the resident stem cells and respective descendant cells are
central determinants of the occurrence and extent of clonal expansion, emphasizing
their importance when selecting tissues for error-corrected sequencing-based

mutagenicity studies.

The observed tissue-specific dynamics of clonal expansion may also point
toward different tissue-specific mechanisms of carcinogenesis following chronic
mutagen exposure. In a relatively quiescent tissue like the liver, cancer risk may be
driven primarily by the accumulation of de novo mutations in target genes. In contrast,
in a high-turnover tissue like BM, cancer risk may be driven by the clonal propagation
of an early-arising mutation, resulting in a large pool of pre-mutated cells susceptible
to additional mutational events. This aligns with the hypothesis that cancer risk is
correlated with the total number of stem cell divisions (Tomasetti & Vogelstein, 2015),
suggesting a mechanistic link between high turnover and clonal expansion. This
accumulation of genetically distinct clones following persistent mutagen exposure is a
defining feature of high-turnover tissues (Attolini et al., 2010; Parsons, 2018; Tan &
Lynch, 2013). However, as our study focused on genomic loci with no known influences
on cell growth, it remains unclear how these clonal dynamics would be influenced by
mutations occurring in cancer driver genes, which could lead to positive selective
pressure. Investigating this interaction will be an important focus of future work.
Overall, the MFmax approach provides valuable insight into the biological processes
and the dynamics of clonal expansion of mutations, although its potential use for risk

assessment and chemical evaluation remains largely unexplored.

The mutational spectrum induced by BbF remained remarkably consistent
across tissues and exposure durations, dominated by C:G>A:T transversions with a
secondary contribution of C:G>T:A transitions. The prevalence of C:G>A:T mutations
aligns with the expected formation of bulky DNA adducts at guanine bases, a well-
established outcome of PAH metabolism through reactive dihydrodiol epoxide
intermediates (Amin et al., 1982). We also observed modest, yet consistent, increases
in all single base substitution mutation subtypes over time, suggesting the formation of
various types of DNA adducts and damage. This pattern is consistent with the three
main metabolic pathways through which BbF can induce DNA damage: formation of

dihydrodiol epoxides catalyzed by CYP450 enzymes and epoxide hydrolase;
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generation of PAH radical cations through CYP450 peroxidase-mediated oxidation;
and formation of ortho-quinones through oxidation of catechols via dihydrodiol
dehydrogenases (Amin et al., 1982; Guengerich, 2008; Shimada, 2006). The
production of radical cations and redox cycling of quinones leads to an increase in
reactive oxygen species, causing oxidative DNA damage that may manifest in C:G>T:A
mutations (Moorthy et al., 2015). Although BbF metabolites cause C:G>T:A transitions,
these substitutions also arise from spontaneous deamination of 5-methylcytosine, an
endogenous process that may increase with age or inflammation, which may be
promoted by BbF (Cagan et al., 2022; Liu et al., 2025; Wiebauer et al., 1993). Overall,
the consistency in mutation spectrum observed across all exposure durations indicates
that the underlying mutational mechanism of BbF remains stable over time, even as
the total mutation burden increases, reinforcing previous findings on BbF's genotoxic
profile (Schuster et al., 2024).

We extended our analyses on induced mutation subtypes by determining the
trinucleotide mutation pattern and identifying similarities to COSMIC SBS signatures.
The BbF-induced mutation pattern exhibited a strong similarity to SBS4, a signature
linked to tobacco smoke exposure and characterized by a subset of C:G>A:T
mutations (Alexandrov et al., 2013; LeBlanc et al., 2022; Meier et al., 2017; Nik-Zainal
et al., 2015).

In BM, we detected a dose- and time-dependent increase in the contribution of
SBS4 and a dose-independent similarity to SBS18. However, at 28 days of exposure,
the reconstruction analysis was limited to a maximum of 456 mutations at the top dose
and did not reach a cosine similarity exceeding 0.9. Consequently, while SBS4 may be
present at lower doses, no reliable conclusion can be derived. Generally, the extraction
of chemically induced signatures and their reconstruction via SigProfilerExtractor are
strongly dependent on total mutation counts, which increase confidence in the
estimated contribution of cancer signatures (Islam et al., 2022). Nevertheless, the
detection of SBS4 and SBS18 aligns with the presence of BbF in tobacco smoke and
its proposed metabolic activation (Amin et al., 1982).The formation of reactive epoxide
metabolites that induce DNA damage in the form of bulky DNA adducts is a known
origin of cancers with SBS4 signatures (Nik-Zainal et al., 2015), and hydroquinones
that create reactive oxygen species align with the etiology of SBS18 (Kucab et al.,

2019). Based on the biological plausibility and the robust reconstruction at prolonged
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exposure durations, even cosine similarities greater than 0.8 but below 0.9 can provide

insight into the possible carcinogenic properties of BbF.

In contrast, we sequenced more than 3000 mutations at the top dose in liver.
This resulted in robust signature extraction and reconstruction, identifying great
similarities between SBS4 and the BbF-induced trinucleotide pattern. With multiple
cosine similarities greater than 0.9, we are confident in the association between BbF
exposure and the detection similarities to SBS4 in liver. The notable difference between
BM and liver suggest that studies relying solely on short-term exposures may fail to
identify relevant mutational mechanisms, particularly when weaker mutagens or lower
doses do not generate sufficient mutations for robust signature analysis. The similarity
between the BbF-induced mutation pattern and the tobacco-smoke-associated
signature SBS4 in both tissues corresponds with BbF’s categorization as a possible
human carcinogen (IARC Working Group on the Evaluation of Carcinogenic Risks to
Humans, 2010; International Agency for Research on Cancer, 1985, 2023) and aligns
with tobacco smoke being a major source of BbF exposure (Hearn et al., 2018).
Collectively, these results support the relevance of BbF-induced mutations for human

carcinogenesis associated with PAH exposure.

Analysis of locus-specific MFs revealed that BbF induces mutations across all
20 endogenous loci, maintaining a relatively consistent rank order of susceptibility to
mutagenesis in both BM and liver. Intergenic regions accumulated more mutations
than genic regions in both tissues, despite their distinct metabolic and proliferative
profiles. This divergence, which increased over time, is likely attributable to
transcription-coupled nucleotide excision repair preferentially clearing DNA damage

from actively transcribed genes (Hanawalt & Spivak, 2008).

These findings underscore that mutational responses to BbF vary across loci
and genomic contexts, highlighting a critical limitation of current in vivo gold-standard
assays, such as the Transgenic Rodent Somatic and Germ Cell Gene Mutation Assays
(OECD, 2025d) and the Pig-a Gene Mutation Assay (OECD, 2025c). These assays
rely on quantifying mutagenesis in single reporter genes that are either heavily
methylated prokaryotic transgenes integrated into the genome e.g. lacZ or restricted
to a single hemizygous gene e.g. Pig-a on the X chromosome (Guengerich, 2008;
Olsen et al., 2017). Consequently, reliance on single-locus measurements may either
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under- or over-estimate the genome-wide mutational burden, depending on the
genomic context of the reporter gene. Assessing mutagenicity across a broader and
more diverse cross-section of the genome provides a more representative and

biologically informative evaluation of genotoxic potential.

Finally, BMD modeling revealed that the mutagenic potency of BbF is influenced
by both exposure duration and the mutagenic endpoint analysed. As expected, lower
doses were required to induce a 50% increase in MFmin and MFmax after extended
exposure durations. These findings suggest that prolonged exposure increases the
sensitivity of tissues to BbF-induced mutagenesis, potentially due to cumulative DNA
damage, physiological effects, or declining DNA repair efficiency over time (Gorbunova
et al., 2007).

Although modeling MFmax generally produced wider Cls than MFmin, likely due
to greater variability introduced by clonal dynamics, both endpoints consistently
supported a time-dependent increase in BbF potency. For regulatory applications,
BMD modeling of MFmin may provide the most robust approach, as it yields narrower
Cls and improved precision in potency estimation. Importantly, MFmin modeling is not

influenced by stochastic clonal events that could inflate potency estimates.

Although BMD modeling of the predominant C:G>A:T subtype yielded the
lowest BMD values, providing a conservative and mechanism-based estimate of
potency, modeling specific subtypes or individual genomic loci remains exploratory.
Focusing on hotspot regions, such as cancer driver genes, or transcriptionally active
genes may reveal differential susceptibility within the genome and may be useful
particularly when the response is weak. Nevertheless, modeling the overall MFmin
provides an integrated, pragmatic approach to potency estimation and a biologically
comprehensive measure of chemical potency that considers all mutation subtypes
while maintaining higher confidence in the derived BMD. MFmin based BMD estimates
offer a relevant and robust measure of mutagenic potency for subchronic and chronic
exposure studies, consistent with emerging applications of error-corrected sequencing
(Ashford et al., 2025; Bercu et al., 2023; Cho et al., 2023; Dodge et al., 2023; LeBlanc
et al.,, 2022; Schuster et al., 2024). Overall, our findings align with the recent
recommendation of the International Workshop on Genotoxicity Testing on the use of
MFmin for potency estimation (Yauk et al., 2026).
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3.6 Conclusion

In summary, we show that prolonged exposure to a mutagenic PAH leads to
pronounced tissue-specific increases in somatic mutation burden, driven by both
increased mutagenesis and time-dependent accumulation of mutations, and in BM but
not liver, clonal expansion. These effects are shaped by tissue-specific biological
characteristics, including metabolic activity and proliferation rate. Clonal mutation
burden is highly dependent on tissue context and increases with exposure duration in
rapidly proliferating tissues like BM, whereas mutation accumulation in liver is driven

primarily by de novo mutagenesis.

Although the mutation spectrum of BbF remains remarkably consistent over time,
progressive mutation accumulation with prolonged exposure enables more refined
trinucleotide spectrum analyses, revealing an increasing similarity towards the
tobacco-smoke-associated signature SBS4. Furthermore, BMD modeling shows that
BbF mutagenic potency estimates are influenced by exposure duration, with lower
points of departure derived from longer-term exposures compared with short-term
exposure. This highlights the limitations of short-term study designs for predicting long-

term mutagenic risk.

Together, our findings underscore the value of long-term, high-resolution mutagenicity
studies using advanced sequencing-based tools such as DS, which can be readily
integrated into existing 90- or 180-day studies to improve mechanistic understanding
and regulatory assessment of environmental carcinogens under more realistic

exposure scenarios.
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Figure 8: Body weight per animal was measured at the beginning and end of the BbF exposure and
used to calculate the average weight gain + SEM (green) over time for each dose group after 28, 90
and 180 days. The liver weight (blue) per animal (absolute liver weight) was measured and used to
calculate the relative liver weight compared to the final body weight per dose + SEM over time for each
dose group after 28, 90 and 180 days. Significant differences compared to respective vehicle control
at each exposure duration were identified using a Dunnett’s test and are indicated as * p < 0.05 and **

p <0.01
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Figure 9: Estimated vehicle control and BbF-induced mutation frequency minimum (MFmin £ SEM) in
bone marrow (red) and liver (blue) of MutaMouse males after BbF exposure for 28, 90, and 180 days.
Statistical testing was done using a generalized linear mixed model of each dose against their respective
vehicle control; *p < 0.05 and **p < 0.01; n = 4 per dose group.
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Figure 10: Bubble plots indicating the alt depth (size) of unique mutations (bubble) at the top dose after
28-, 90- and 180-days of exposure to BbF in bone marrow and liver. Colours are indicative of the

normalized subtype of mutations according to the legend on the right.
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Figure 12: Mean mutation frequency minimum (MFmin) (x10-8) per dose of each 20 loci captured within
the Mouse Mutagenesis panel using Duplex Sequencing after 28, 90 and 180 days in bone marrow and
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Figure 13: Overview of the C>A (blue), C>G (black), C>T (red), T>A (grey), T>C (green) and T>G (pink)
mutation profiles of the mouse single base substitutions (SBS) SBS5, SBS4, SBS18 and SBS40a (top)
and the trinucleotide mutation pattern (middle) of the bone marrow and liver top dose after 180 days of
exposure to 25 mg/kg/day of BbF. The bottom panels display the results of the signature reconstruction
of each bone marrow (left) and liver (right) dose, with indication of the total mutation count and the
contribution of SBS1 (yellow), SBS4 (red), SBS5 (green), SBS17b (blue), SBS18 (orange), and SBS40a
(purple). Cosine similarities are highlighted as T = greater than 0.8 and 1 = greater than 0.9
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Chapter 4: Comparative In Vivo Mutagenicity Assessment of

Benzo[blfluoranthene: Concordance of Error-Corrected

Sequencing and OECD Mutation Assays
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Comparative In Vivo Mutagenicity Assessment of Benzo[b]fluoranthene: Concordance
of Error-Corrected Sequencing and OECD Mutation Assays. In preparation for

submission to Archives of Toxicology.

4.1 Abstract

Conventional in vivo mutation assays are central to genetic toxicology, but their
reliance on specialized transgenic models or phenotype-based endpoints can limit their
integration into standard toxicology studies and their ability to provide mechanistic
information. Error-corrected sequencing (ECS) has emerged as a powerful approach
to detect in vivo mutagenesis while generating mechanistic information. We
characterized the in vivo mutagenicity of benzo[b]fluoranthene (BbF) in MutaMouse
males using ECS alongside established OECD test guideline methodologies.
Specifically, we applied: the transgenic rodent (TGR) assay and Duplex Sequencing
(DS) targeting the Mouse Mutagenesis Panel (MMP) or the lacZ transgene in bone
marrow (BM) and liver to quantify mutagenic effects. We also performed DS on the
Pig-a locus in BM and the phenotypic Pig-a assay in peripheral blood. BbF induced
dose-related increases in the TGR in both BM and liver. Similarly, DS revealed dose-
related increases in mutation frequency (MF) in the MMP and /acZ loci in both tissues.
DS-derived MF at the MMP and /acZ loci strongly correlated with TGR mutant
frequency, indicating close concordance between sequencing- and plaque-based
endpoints. Benchmark dose confidence intervals overlapped across TGR and DS
endpoints within each tissue, indicating similar points-of-departure and potency
estimates. BbF-induced mutation spectra were heavily dominated by C:G>A:T
substitutions, alongside smaller increases in C:G>T:A substitutions in both the MMP
and /acZ locus, consistent with the expected profile of a metabolically activated
polycyclic aromatic hydrocarbons. In contrast, neither the phenotypic Pig-a assay nor

DS at the Pig-a locus exhibited a robust dose-related response indicating that Pig-a is
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less informative within this study design. Ultimately, these findings show that DS
reproduces the biological and quantitative hazard conclusions of conventional
methodologies while providing sequence-resolved mechanistic information. These
data robustly support the use of DS as an alternative approach for in vivo mutagenicity

assessment in standard repeat-dose studies.

4.2 Introduction

4.2.1 Importance of In Vivo Mutagenicity Assessment

The accurate assessment of in vivo somatic mutagenicity is central to genetic
toxicology and human health risk assessment (Albertini et al., 1993; Heflich et al.,
2020). Mutations are permanent DNA sequence changes that arise when DNA damage
escapes repair and becomes fixed (Chatterjee & Walker, 2017). Because somatic
mutation accumulation is an initiating event in carcinogenesis (Parsons et al., 2025),
robust in vivo methods are needed to measure mutation induction under
physiologically realistic conditions and in relevant tissues (EFSA Scientific Committee,
2011). Mutagenic responses vary across tissues due to differences in exposure,
metabolic activation, DNA repair, and cell proliferation. These biological variables can
alter both the magnitude of the mutation burden and the tissue-specific potency of a
chemical (Douglas et al., 2022; Long et al., 2016, 2018; Lynch et al., 2024).
Accordingly, quantitative dose-response analysis of mutagenicity in target organs can
support carcinogenic hazard identification, mode-of-action analysis, and point-of-
departure estimation to inform human health risk assessment (Chepelev et al., 2023;
Long et al., 2018; Parsons et al., 2025; Schuster et al., 2024; Vogelstein et al., 2013;
White et al., 2025).

4.2.2 Conventional Approaches of In Vivo Mutagenicity Assessment

Conventional in vivo somatic mutagenicity assessment relies on well-
established assays described in the Organisation for Economic Co-operation and
Development (OECD) test guidelines (OECD, 2017, 2018a, 2025d, 2025c). These
standardized assays are widely used for regulatory decision-making (EFSA Scientific
Committee, 2011). The primary approaches for measuring in vivo gene mutations are
the transgenic rodent (TGR) assay, OECD TG 488 (OECD, 2025d), and the erythrocyte
phosphatidylinositol glycan class A (Pig-a) gene mutation assay, OECD TG 470
(OECD, 2025c).
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The TGR assay quantifies mutations in recoverable reporter transgenes, such
as lacZ or cll, that are integrated into the rodent genome (OECD, 2025d). Following
chemical exposure, transgenes are recovered from genomic DNA isolated from target
tissues and scored using phenotypic selection systems (Gingerich et al., 2014; OECD,
2025d). While effective for hazard identification, the TGR assay has inherent
methodological constraints (Lambert et al., 2005). The assay measures an exogenous
bacterial sequence with limited genomic context providing insufficient insight into
genome-wide variability driven by transcriptional status, chromatin environment, and
local sequence composition (Beal et al., 2015; Gingerich et al., 2014; Lambert et al.,
2005). Furthermore, reliance on phenotypic selection obscures silent mutations (Beal
et al., 2020; Lambert et al., 2005; OECD, 2025d). Finally, TGR mutant frequencies can
be confounded by clonal expansion unless subsequent sequencing is performed to
identify non-independent mutants (Beal et al., 2015; Lambert et al., 2005; Meier et al.,
2019).

Conversely, the Pig-a assay measures mutagenesis in an endogenous X-linked
locus (OECD, 2025c). This assay detects mutant erythrocytes based on the loss of
glycosylphosphatidylinositol (GPl)-anchored surface markers using flow cytometry
(Bryce et al., 2008; Dertinger et al., 2011; OECD, 2025c). However, the Pig-a assay is
largely confined to the hematopoietic compartment and detects primarily
loss-of-function mutations without providing inherent mutation-spectrum information
(Dobrovolsky et al., 2010; Heflich et al., 2019). Additionally, mutant frequencies can be
influenced by the expansion of viable Pig-a—mutant progenitors, particularly when
mutations arise in self-renewing hematopoietic stem cells (Dertinger et al., 2021,
Miura, 2014; Phonethepswath et al., 2010).

Together, the limitations of the TGR and Pig-a assays highlight the need for
approaches that can directly measure mutations in endogenous DNA with higher
sequence-level resolution (Menon & Brash, 2023; Salk & Kennedy, 2020; Yauk et al.,
2026). Ideally, these new approaches should improve the capacity for quantitative
comparisons across diverse tissues and endpoints while providing additional

mechanistic information.
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4.2.3 Mutagenicity Assessment Based on Error-Corrected Sequencing

Technologies and Quantitative Modeling

Recent advances in error-corrected sequencing (ECS) provide a powerful
alternative to conventional phenotype-based mutation assays. ECS enables the direct,
high-resolution quantification of in vivo somatic mutation frequencies (MF) and spectra
across diverse tissues (Maslov et al., 2022; Matsumura et al., 2019; Salk & Kennedy,
2020; Schmitt et al., 2012; Yauk et al., 2026; You et al., 2023). These approaches
improve upon standard next-generation sequencing by incorporating molecular error
correction strategies and to distinguish true biological mutations from technical artifacts
(Valentine et al., 2020; Yauk et al., 2026). Consequently, background error rates are
reduced to levels comparable to spontaneous MF (Kennedy et al., 2014; Schmitt et al.,
2012). ECS therefore allows for the direct quantification of mutations in endogenous
DNA without reliance on transgenic constructs or phenotypic selection (Marchetti et al.,
2023b, 2023a; Yauk et al., 2026).

In addition to quantifying overall MF, ECS provides simultaneous data on
mutation spectra and the frequency of clonally derived mutations (Dodge et al., 2023;
Schuster et al., 2024; Smith-Roe et al., 2023). This sequence-resolved context enables
the detection of a broad range of mutation subtypes across diverse genomic contexts
and supports mechanistic interpretation of mutagenic processes (Kucab et al., 2026;
Yauk et al., 2026).

ECS can also be applied to extracted DNA from essentially any tissue (Kennedy
et al., 2014; Marchetti et al., 2023b). Thus, ECS-based mutation assessment can be
readily integrated into standard repeat-dose toxicity studies, reducing the need for

separate, standalone mutagenicity tests using transgenic models.

4.2 .4 Validation Studies and Performance Evaluation

Substantial progress has been made in evaluating the performance of ECS for
in vivo mutagenicity assessment. This progress is driven largely by empirical studies
conducted alongside established regulatory assays (Ashford et al., 2025; Schuster et
al., 2024; Yauk et al., 2026). To date, the majority of validation efforts have been
generated using Duplex Sequencing (DS) (Esina et al., 2024; Valentine et al., 2020;

Zhang et al., 2025). DS has been successfully applied across multiple rodent models,

80



tissues, exposure durations, and classes of mutagens (Ashford et al., 2025; Bercu et
al., 2023; Dodge et al., 2023; LeBlanc et al., 2022; Schuster et al., 2024; Smith-Roe et
al.,, 2023; Sun et al., 2026). These studies consistently demonstrate strong
concordance between DS-derived MF and phenotypic TGR assay results (Ashford et
al., 2025; Bercu et al., 2023). Furthermore, DS produces tissue-specific responses,
dose—-response relationships, and BMD estimates comparable to those derived from
conventional endpoints (Ashford et al., 2025; Bercu et al., 2023; Long et al., 2016;
Schuster et al., 2024). Collectively, these findings provide compelling evidence that DS
reliably detects chemically induced somatic mutations in vivo with high sensitivity and

reproducibility.

4.2.5 Existing Knowledge Gap for DS Validation

Most DS studies have used the Rat Mutagenesis or Mouse Mutagenesis Panel
(MMP), a distributed set of endogenous loci designed to sample mutagenesis across
the rodent genome (Bercu et al., 2023; Dodge et al., 2023; LeBlanc et al., 2022;
Schuster et al., 2024; Smith-Roe et al., 2023).

Although recent studies have compared DS-derived MFs with conventional
TGR endpoints, direct comparisons at identical reporter-gene targets remain limited
(Ashford et al., 2025; Bercu et al., 2023; Sun et al., 2026). This distinction is important
because regulatory decisions based on endogenous DS targets, such as the MMP,
must be evaluated relative to the exogenous reporter transgenes used in established
TGR assays. Moreover, available comparative datasets remain weighted toward
alkylating agents and N-nitrosamines, highlighting the need to evaluate concordance
across chemicals with diverse mutagenic mechanisms (Ashford et al., 2025; Bercu et
al., 2023; Smith-Roe et al., 2023; Sun et al., 2026). Additional comparative studies are
needed to bridge the biological and quantitative conclusions of established in vivo
reporter-gene assays and DS, including their implications for hazard identification,

potency ranking, point-of-departure determination, and mechanistic interpretation.

4.2.6 Benzo[b]fluoranthene as Model Compound for Comparative Evaluations

Polycyclic aromatic hydrocarbons (PAHSs), including benzo[a]pyrene (BaP) and
benzo[b]fluoranthene (BbF), have been used as model mutagens in DS validation
studies (LeBlanc et al., 2022; Schuster et al., 2024). BbF is a ubiquitous PAH formed

81



by the incomplete combustion of organic material and environmental regulatory
agencies designate BbF as a priority pollutant due to its widespread prevalence and
significant toxicological concern (Keith, 2015; Zhang et al., 2020). Furthermore, the
International Agency for Research on Cancer classifies BbF as a Group 2B possible
human carcinogen (IARC Working Group on the Evaluation of Carcinogenic Risks to
Humans, 2010). BbF requires biotransformation by CYP450 enzymes to induce DNA
damage. This metabolic activation generates highly reactive intermediates that form
bulky covalent DNA adducts (Amin et al., 1982; Moorthy et al., 2015; Smith et al.,
2022). Previous in vivo studies demonstrate that oral exposure to BbF induces robust,
tissue-specific DNA damage and mutagenic responses in rodent models (Long et al.,
2016; Schuster et al., 2024). Thus, BbF serves as model chemical for comparing the
quantitative and biological performance of ECS against established phenotypic

endpoints.

4.2.7 Study Objectives

In this study, we used a TG 488-compliant repeat-dose exposure design
(OECD, 2025d) to evaluate BbF-induced somatic mutagenicity across conventional
and sequence-based endpoints. We measured tissue-specific mutant frequency using
the TGR assay in BM and liver and Pig-a mutant frequency in peripheral blood. We
then compared these outcomes to DS-derived MF generated in endogenous MMP and
in the Pig-a and lacZ loci. This design enabled direct comparison of DS with
established reporter-gene and Pig-a-based endpoints, including comparisons at

identical or conceptually matched loci.

The primary objectives of this study were to: (1) evaluate the concordance
between conventional in vivo gene mutation assays and DS-derived mutation
frequencies; (2) determine whether TGR and DS yield comparable quantitative
potency estimates and points of departure using benchmark dose modeling; (3) assess
how endogenous and exogenous target selection influences mutation detection and
interpretation; and (4) characterize the predominant mutation types to determine if DS-
derived mutation spectra support the expected BbF mutagenic mechanism and clarify
locus-specific difference in mutagenic response. By integrating the two principal OECD

guideline in vivo gene mutation assays with sequence-resolved mutation analyses
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within a single experimental framework, our study provides empirical data to evaluate

ECS as a valid alternative to conventional assays.

4.3 Methods

4.3.1 Animal Exposure and Tissue Collection

Male MutaMouse (Mus musculus, CD2F1 background) animals were handled
and exposed at Health Canada. The study was approved by the Health Canada Ottawa
Animal Care Committee (No: 2021-008). All procedures strictly adhered to Canadian
Council on Animal Care guidelines. Mice were maintained under standard conditions
(approximately 21 °C, ~50% humidity, 12h light/12h dark cycle) with food and water
provided ad libitum. Eight- to ten-week-old males were exposed to BbF (CAS 205-99-
2) dissolved in olive oil. The compound was administered once daily by oral gavage
for 28 consecutive days. Animals (n = 8) were randomly assigned to receive 0, 6.25,
12.5, 25, 50, or 100 mg/kg body weight/day BbF based on previously established dose-
response data (Long et al., 2016). In accordance with OECD TG 488 sampling
recommendations, animals were euthanized three days after the final administration.
Bone marrow (BM) and liver tissues were immediately collected, flash-frozen and

stored for downstream analyses.

Peripheral blood for the Pig-a assay was collected from an independent, parallel
cohort of MutaMouse males. These mice were exposed to BbF under an identical 28-
day daily oral gavage study design. Due to adjusted dose group selection for prolonged
exposure durations, this cohort included an additional 10 mg/kg/day dose group.
Peripheral blood was collected from the facial vein on day 29 and shipped to Litron

Laboratories for downstream analysis (Schuster et al., 2026, in preparation).

4.3.2 Transgenic Rodent Gene Mutation Assay
We used the TGR assay to quantify mutant frequencies, mutants per Plaque
Forming Unit (pfu), in the lacZ transgene in accordance with OECD Test Guideline 488
(OECD, 2025d). Genomic DNA was isolated from flash-frozen BM and liver tissues by
phenol-chloroform extraction (Gingerich et al., 2014). The bacteriophage shuttle vector
carrying the lacZ reporter was rescued from the genomic DNA using packaging
extracts from Agilent Technologies (Transpack Packaging Extract Catalog #200220).
The resulting phages were used to infect selective E. coli host cells. Mutant plaques
were identified using the phenyl-B-D-galactoside (P-Gal) positive selection system, as
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described for the MutaMouse TGR assay (Douglas et al., 1997; Gingerich et al., 2014).
For each sample, total plaque-forming units (pfu) were enumerated on non-selective
titer plates. Concurrently, mutant plaques were enumerated on P-Gal selection plates.
Mutant frequency was subsequently calculated as the ratio of mutant pfu to total pfu.
Assay outputs are reported per tissue and dose group as mutant frequency with
standard error of the mean (SEM), alongside plaque counts. To assess treatment-
related effects, dose groups were compared with the concurrent vehicle control using
one-way ANOVA followed by a Dunnett’'s post hoc test to control for multiple

comparisons.

4.3.3 Phosphatidylinositol Glycan-Class A Gene Assay

Pig-a mutant frequencies were measured in peripheral blood using flow
cytometry (Dertinger et al., 2011). This assay detects mutant erythrocytes based on
the loss of glycosylphosphatidylinositol (GPI)-anchored surface markers, specifically
CD24 in mice (OECD, 2025a). Flow cytometric analysis was conducted at Litron
Laboratories (Rochester, NY) using MutaFlow® reagents. Briefly, peripheral blood
samples were processed using immunomagnetic enrichment to concentrate
reticulocytes and mutant cells prior to analysis (Dertinger et al., 2021). This enrichment
facilitated the interrogation of at least 1 x 106 RET and RBC per animal, conforming to
established statistical power recommendations for this assay (Bryce et al., 2008;
Dertinger et al., 2021). Assay outputs included the percentage of reticulocytes (%RET),
mutants per reticulocyte (mut/RET), and mutants per mature red blood cell (mut/RBC).
Pig-a results were Box—Cox transformed to better satisfy homogeneity assumptions,
and treatment groups were then compared with the concurrent vehicle control using
one-way ANOVA followed by Dunnett’s post hoc test to control for multiple comparisons
(Dertinger et al., 2021; Igl et al., 2018).

4.3.4 Duplex Sequencing Library Preparation and Sequencing Metrics

DS was used to quantify MF in genomic DNA extracted from BM and liver
tissues. This approach relies on error-corrected, double-strand consensus reads.
Libraries were prepared from high-integrity genomic DNA with DNA integrity numbers
greater than 8.0 and concentrations greater than 50 ng/uL.

Samples were ligated with DS adapters containing unique molecular identifiers.

Adapter-ligated DNA subsequently underwent PCR indexing. Finally, target regions
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were enriched via hybrid-capture using predefined DS mutagenesis panels (Dodge et
al., 2023; LeBlanc et al., 2022; Schuster et al., 2024). DS was performed using three

distinct target capture designs to facilitate direct method-to-method comparisons

1. Liver DS libraries were constructed using 500 ng of genomic DNA and the
standard MMP. The MMP targets 20 endogenous loci (on chr1—chr19; 48kb of
target DNA in total) to provide a distributed sampling of the mouse genome
(LeBlanc et al., 2022).

2. 30 ng of either BM or liver genomic DNA was used to build libraries using a
custom JlacZ panel (pan00335). This panel targets the integrated Agt10
transgene locus, encompassing the cll region, flanking sequences, and the lacZ
coding sequence. This specific design supports direct comparisons between
phenotypic mutant frequencies and sequencing-based MF at the identical
transgenic locus.

3. 500 ng of BM genomic DNA was used to build libraries on a custom MMP+Pig-
a panel (pan00354). This panel captures the 20 endogenous MMP loci
alongside the endogenous Pig-a locus on the X chromosome. This multiplexed
approach enabled simultaneous DS-based MF estimation for both Pig-a and the
MMP from the same DNA extract.

Libraries were sequenced on an lllumina NovaSeq S4 platform. Sequencing aimed
to achieve sufficient depth across all targets to enable the robust detection of rare de
novo mutations. Samples were required to meet established DS minimum performance
criteria consistent with prior in vivo mutagenicity assessments (LeBlanc et al., 2022;
Schuster et al., 2024; Valentine et al., 2020). These thresholds required at least 700
million informative duplex bases per sample and a mean on-target duplex depth
greater than 10,000x (LeBlanc et al., 2022; Schuster et al., 2024).

4.3.5 Processing of Error-Corrected Sequencing Data using MutSeqR
Demultiplexed FASTQ files were processed using the DS bioinformatics
workflow hosted on the DNAnexus platform. This pipeline computationally removed
sequencing and amplification artifacts through double-strand consensus building.
Following this error correction, variant calling was performed on the duplex consensus
reads using standard pipeline settings. This workflow generated duplex consensus

alignments and per-sample variant calls (Kennedy et al., 2014; Salk & Kennedy, 2020;
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Schmitt et al., 2012). The resulting mutation output files were imported into the R
statistical computing environment for downstream processing. This analysis used
MutSeqgR, an open-source package designed for the standardized analysis of ECS
mutation data (Dodge et al., 2025).

Within MutSeqR, variants were first annotated based on the reference genome.
These variants were categorized by mutation class (e.g., SNVs, insertions, deletions)
to facilitate spectrum analyses. Variants were subsequently filtered to remove putative
germline events and technical artifacts using criteria aligned with established
workflows that employ variant allele frequency (VAF) thresholds and panel-specific
filtering parameters (Dodge et al., 2025). Following filtration, MF were calculated as
the number of mutations divided by the total number of informative duplex bases. To
account for clonal expansion, two complementary metrics were reported. First, MFmin
was calculated by collapsing identical mutations observed more than once within a
single sample into one independent count. Second, MFmax was calculated by counting
all repeated observations of a mutation within a sample as independent events (Dodge
et al., 2023, 2025; LeBlanc et al., 2022; Schuster et al., 2024).

Dose effects on MF were evaluated using a generalized linear mixed model
(Dodge et al., 2025). This model used a quasibinomial framework to account for
overdispersion in the mutation count data. Pairwise comparisons against concurrent
vehicle controls were conducted using appropriate multiple-testing adjustments.
Mutation spectra were assessed using MutSeqR utilities. Specifically, subtype
proportions were compared using modified contingency-table approaches designed for
rare-event data and independent mutation counting (Dodge et al., 2025; Schuster et
al., 2024).

4.3.6 Comparative Quantitative Analyses: Pearson Correlation and Benchmark
Dose Modeling

Pearson correlation coefficients were calculated to assess the quantitative
association between DS MF and TGR mutant frequencies (De Siqueira Santos et al.,
2014; Mughal et al., 2010). Statistical significance was evaluated using a two-sided t-
test. Analyses were performed on both raw and log10-transformed data. The
logarithmic transformation was applied to specifically address heteroscedasticity and

non-linearity within the datasets. Additionally, Spearman rank correlation was
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calculated as a non-parametric measure of association independent of distributional
assumptions. Confidence intervals for the correlations were derived using the Fisher

z-transformation.

These statistical analyses used individual-animal data across the complete BbF
dose range for both BM and liver. Correlations were calculated between the phenotypic
TGR mutant frequencies and DS MF for both the MMP and /acZ loci. For DS, MFmin
served as the primary metric for cross-method comparisons. We selected MFmin for
our primary approach to mathematically reduce the confounding influence of clonally
expanded events (Dodge et al., 2025; Schuster et al., 2024). To thoroughly evaluate
the impact of clonal expansion on assay concordance, parallel correlation analyses
were also performed using the MFmax metric. Concordance analyses involving the
Pig-a endpoints were not performed because neither the phenotypic Pig-a assay nor
DS at the endogenous Pig-a locus exhibited a robust dose-related response under the

applied study conditions.

4.4 Results
4.4.1 Increase in Mutant Frequency Detectable using the TGR Assay

We quantified BbF-induced mutant frequencies in BM and liver using the
phenotypic TGR assay following 28+3 days of oral exposure. This analysis established
the primary regulatory reference endpoint against which DS-derived data were

subsequently compared.

In BM, the vehicle control mutant frequency was 3.63 + 0.6 x 10-°. A statistically
significant increase to 10.0 + 0.4 x 107 occurred by 12.5 mg/kg/day (p < 0.05). All
higher dose groups exhibited significant increases (p < 0.01). At the maximum dose of
100 mg/kg/day, the mutant frequency reached 37.7 £ 2.1 x 10. This represents a

10.4-fold increase relative to the vehicle control (Figure 15 and Appendix D3 Table 1).

In liver, mutant frequency increased significantly from 6.20 + 0.6 x 10-° in vehicle
controls to 22.9 + 2.0 x 10 at 25 mg/kg/day (p < 0.05). All subsequent higher doses
were statistically significant (p < 0.01). At 100 mg/kg/day, the mutant frequency
increased to 86.8 + 14.2 x 10, representing a 14.0-fold increase over the vehicle
control (Figure 15 and Appendix D3 Table 1).These data confirm dose-dependent

increases in lacZ mutant frequencies in BM and liver following oral exposure to BbF.
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4.4.2 Absence of Mutant Frequency Induction in the Pig-a Assay

We next evaluated BbF-induced mutagenicity using the conventional Pig-a
assay in peripheral blood, providing a second OECD gene mutation endpoint focused
on the hematopoietic compartment. For this analysis, we assessed the percentage of
reticulocytes (%RET), mutants per reticulocyte (mut/RET), and mutants per mature red

blood cell (mut/RBC) with each dose group comprised of eight animals (n = 8).

The vehicle control %RET of 3.92 + 0.275 increased to 5.25 + 0.25 following
treatment with 25 mg/kg/day of BbF (p < 0.01). Significant increases (p < 0.01) to 5.56
+ 0.35 and 5.73 + 0.36 were also observed at 50 mg/kg/day and 100 mg/kg/day,
respectively. At the maximum dose, %RET was 1.46-fold higher than the vehicle

control (Appendix D3 Figure 1 and Appendix D3 Table 2).

For mut/RET, a significant increase only occurred at the maximum dose of 100
mg/kg/day. At this dose, mut/RET increased from 3.8 + 1.7 x 107 in vehicle controls to
82.8 + 50.0 x 1077. However, we observed inter-animal variability, and statistical
significance was primarily driven by a single elevated sample. Similarly, the vehicle
control for mut/RBC increased significantly from 4.0 + 2.3 x 107 in controls to 18.3 +
5.0 x 107 at 100 mg/kg/day (Figure 16 and Appendix D3 Table 2). This response was

also strongly influenced by the identical elevated sample.

Overall, BbF significantly increased %RET at doses 225 mg/kg/day. This
indicates biologically meaningful exposure and toxicity to the hematopoietic
compartment. Nevertheless, Pig-a mutant cell frequencies did not exhibit a robust,

dose-related response under these study conditions.

4.4.3 Duplex Sequencing based Mutagenicity Assessment

We next used DS to examine whether BbF-induced mutagenicity was
consistently detected across tissues and genomic targets, and whether the
conventional TGR and Pig-a phenotypic responses were consistent with mutagenesis
measured by DS at the endogenous MMP and Pig-a loci and the /lacZ transgene.
Libraries targeting the MMP and /acZ were analyzed in both BM and liver. The Pig-a
locus was additionally analyzed in BM. Across all DS endpoints, four animals (n = 4)

were analyzed per dose group.
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In BM, DS-derived MF at endogenous MMP targets increased with BbF dose.
The MMP MFmin in the vehicle control was 4.13 + 0.13 x 108, A statistically significant
increase first occurred at 12.5 mg/kg/day (p < 0.05), with an MFmin of 7.54 + 0.67 x
10-8. All higher doses were statistically significant (p < 0.01). At the maximum dose of
100 mg/kg/day, MMP MFmin reached 14.8 + 0.87 x 10, This corresponds to a 3.6-
fold increase relative to the vehicle control. MMP MFmax increased from 4.50 £ 0.26
x 108 in vehicle controls to 17.6 + 1.3 x 10-® at 100 mg/kg/day, with an increase of 3.9-
fold at the top dose (Figure 17 and Appendix D3 Table 3).

MFmin at the /acZ locus also increased with dose in BM. The vehicle control
lacZ MFmin was 18.7 + 2.5 x 108. A statistically significant increase first occurred at
50 mg/kg/day (p < 0.01), rising to 47.3 = 5.8 x 108. At 100 mg/kg/day, lacZ MFmin
reached 82.0 + 20.8 x 108, corresponding to a 4.4-fold increase over the vehicle
control. LacZ MFmax exhibited greater between-animal variability. MFmax reached
statistical significance only at the 100 mg/kg/day dose, where it increased from 22.1 +
3.2 x 10 in vehicle controls to 89.6 + 23.9 x 108 (Figure 17 and Appendix D3 Table
4).

In contrast to the dose-dependent effects observed at MMP and /acZ targets,
DS analysis of the endogenous Pig-a locus in BM showed no statistically significant
increase in MF at any dose. Pig-a MFmin was 8.2 + 1.0 x 10 in vehicle controls. At
100 mg/kg/day, it was 10.0 + 1.7 x 108, a 1.2-fold increase that was not statistically
significant. Similarly, Pig-a MFmax was 130 * 23.4 x 108 in vehicle controls and 123 +
22.0 x 108 at the top dose (Figure 18 and Appendix D3 Table 5).

In liver, DS-derived MF in MMP targets showed a strong dose-related increase
in BbF-treated mice. A statistically significant increase first occurred at 25 mg/kg/day
(p < 0.05), where MFmin increased from 5.3 £ 0.74 x 10 in vehicles controls to 11.1
+ 0.43 x 108. All higher doses showed significant increases (p < 0.01). At 100
mg/kg/day, liver MMP MFmin reached 36.3 + 4.1 x 108, corresponding to a 6.8-fold
increase over the vehicle control. MMP MFmax increased from 6.97 + 1.8 x 108 in
vehicle controls to 39.8 + 6.1 x 10-® at 100 mg/kg/day (5.7-fold change) and followed
the same significance pattern (Figure 17 and Appendix D3 Table 3).
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Liver lacZ MFmin also increased with BbF dose, rising from 17.1 + 1.6 x 10 in
controls to 43.9 + 3.3 x 10 at 50 mg/kg/day, the first dose with a significant increase
(p < 0.01). At 100 mg/kg/day, lacZ MFmin reached 73.1 + 10.5 x 108, corresponding
to a 4.3-fold increase. As observed in BM, lacZ MFmax exhibited greater variability.
MFmax reached statistical significance only at the 100 mg/kg/day dose, where it
increased from 19.0 + 1.8 x 108 in vehicle controls to 76.1 + 11.8 x 10 (Figure 17 and
Appendix D3 Table 4).

Overall, DS MF measured at the MMP and /acZ loci exhibited clear, dose-related
increases in both BM and liver. Conversely, the endogenous Pig-a locus in BM failed

to show a dose-related mutational response.

4.4.4 BbF Mutation Spectrum Driven by C:G>A:T and C:G>T:A Mutations

We next examined DS-derived mutation spectra to determine whether BbF
induced the expected PAH-associated mutation profile and whether this profile was
consistent across tissues and genomic targets. Mutation subtype analyses were
performed for the MMP and /acZ panels in BM and liver, and for the Pig-a locus in BM
(n = 4 per group). Subtype analyses are reported using MFmin to inform unique
chemically induced mutation for MMP and /acZ. Both MFmin and MFmax are reported
for the Pig-a locus because the data showed a high contribution of indels, especially

when repeated mutation calls were retained.

In BM, the BbF-induced mutation spectrum at the MMP targets was dominated
by increases in C:G>A:T transversions, with a smaller increase in C:G>T:A transitions.
In the vehicle control C:G>A:T MFmin was 2.1 + 0.4 x 108, rising significantly to 5.5 +
0.8 x 10® at 12.5 mg/kg/day (p < 0.05). At the maximum dose of 100 mg/kg/day,
C:G>A:T MFmin reached 12.8 + 1.4 x 108, corresponding to a 6.1-fold increase.
C:G>T:A MFmin increased from 2.4 + 0.2 x 10 in vehicle controls to 7.8 + 0.8 x 10
at 100 mg/kg/day (3.3-fold increase). More broadly, all substitution subtypes were
significantly increased across the MMP targets in BM, with the exception of insertions
and deletions (Figure 19 and Appendix D3 Table 6).

C:G>A:T was also the dominant induced subtype in the /acZ locus of BM. This
subtype increased significantly from the vehicle control C:G>A:T MFmin baseline of
59+22x10%t0 15.7 £ 1.9 x 10 at 12.5 mg/kg/day (p < 0.05). At 100 mg/kg/day;, it
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reached 43.3 +4.2 x 108, corresponding to a 7.3-fold increase over the vehicle control.
The secondary subtype was C:G>T:A. The C:G>T.:A MFmin increased from 21.9 + 2.7
x 10 in vehicle controls to 44.9 + 11.2 x 108 at 100 mg/kg/day (p < 0.05). The BM
lacZ panel showed significant increases in all substitution subtypes except C:G>G:C,

insertions, and deletions (Figure 19 and Appendix D3 Table 7).

In contrast, the Pig-a mutation profiles in BM did not show dose-related
increases for any subtype under either MFmin or MFmax assumptions. For MFmin, no
single mutation subtype dominated the spectrum, while insertions and deletions had
elevated MFmin even in vehicle controls. For example, insertions MFmin was 3.2 £ 0.4
x 108 in vehicle controls and 2.9 + 0.7 x 10-® at 100 mg/kg/day, while C:G>A:T MFmin
was 1.8 £ 0.8 x 10 in vehicle controls and 3.0 + 1.2 x 108 at the top dose (Figure 20
Appendix D3 Table 8). MFmax indels were more abundant than any other substitution
classes across all doses. Insertion MFmax was 52.6 + 9.2 x 108 and 54.5 + 9.3 x 10"
8 and deletion MFmax was 75.3 + 19.0 x 108 and 64.3 + 13.8 x 1078, in vehicle controls

and at 100 mg/kg/day, respectively (Appendix D3 Figure 4).

The MMP liver spectrum was dominated by C:G>A:T and C:G>T:A substitutions.
C:G>A:T MFmin significantly increased from 1.2 £ 0.3 x 108 in vehicle controls to was
9.0 £ 0.8 x 108 at 25 mg/kg/day (p < 0.05), the lowest dose showing an effect. At 100
mg/kg/day, C:G>A:T MFmin reached 35.5 + 5.6 x 108, corresponding to a 29.3-fold
increase over the vehicle control. The C:G>T:A MFmin increased from 4.8 + 0.6 x 108
in vehicle controls to 16.5 + 1.3 x 108 at 100 mg/kg/day (3.5-fold increase). As
observed with the BM MMP, all substitution subtypes were significantly increased,
whereas insertions and deletions were not increased (Figure 19 and Appendix D3
Table 6).

C:G>A:T was again the dominant induced subtype in the liver lacZ locus. The
vehicle control C:G>A:T MFmin was 1.6 + 0.2 x 108, A statistically significant increase
first occurred at 25 mg/kg/day (p < 0.05). At this dose, the C:G>A:T MFmin was 15.6 +
1.7 x 108, At 100 mg/kg/day, it reached 70.3 + 9.9 x 108, This corresponds to a 44.6-
fold increase over the vehicle control. In contrast to the other responsive endpoints,
liver lacZ did not show a statistically significant increase in the C:G>T:A subtype.
Significant responses in these loci were limited to C:G>A:T, C:G>G:C and T:A>A:T
substitutions (Figure 19 and Appendix D3 Table 7).
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Overall, BbF-induced DS spectra in BM and liver were characterized by a dominant
induction of C:G>A:T substitutions, with secondary induction of C:G>T:A substitutions.
These patterns remained consistent across the MMP or /lacZ panels. In contrast, the
endogenous Pig-a locus in BM showed no significant subtype response. Furthermore,
the Pig-a locus exhibited a comparatively stronger contribution of indels within the

spectrum analysis.

4.4.5 Quantitative concordance between TGR and DS endpoints

We next evaluated quantitative concordance between DS-derived MF on the
MMP and /lacZ loci and the phenotypic TGR assay mutant frequencies. Correlation
analyses were performed for DS at the MMP and lacZ targets, which showed dose-
related responses suitable for quantitative comparison with TGR. Because neither the
phenotypic Pig-a assay nor DS at the Pig-a locus exhibited a robust dose-related

increase in MF, Pig-a-based endpoints were not included in this analysis.

In BM, the DS MFmin for the MMP was strongly correlated with TGR mutant
frequencies (Pearson correlation r = 0.89; 95% CI: 0.77-0.95; p < 0.001) (Figure 21).
This robust association was maintained after log10 transformation (r = 0.84, 95% CI:
0.67-0.93, p < 0.001). Furthermore, Spearman rank analysis confirmed a strong
monotonic relationship (p = 0.88). A positive association was also observed between
the DS lacZ panel and the TGR endpoint. The linear Pearson correlation was r = 0.70
(95% CI: 0.43-0.85, p < 0.001) (Figure 21). Log10 transformation increased this
correlation to r = 0.82 (95% ClI: 0.63-0.92, p < 0.001). Spearman correlation similarly
confirmed a strong monotonic relationship for this target (p = 0.89) (Appendix D3 Table
9).

Parallel analyses using the MFmax approach revealed reduced concordance in
BM. For the MMP, the MFmax Pearson correlation fell to r = 0.46 (95% CI: 0.06-0.73,
p = 0.025) on the linear scale and r = 0.59 (95% CI: 0.24—-0.80, p = 0.003) after log10
transformation. The Spearman coefficient indicated a moderate monotonic relationship
(p =0.70). For the DS /acZ target, the MFmax approach demonstrated weak or absent
linear associations. The Pearson correlation was r = 0.09 (95% CI: -0.32-0.48, p =
0.67) on the linear scale (Supporting Figure 3) and r = 0.44 (95% CI: 0.05-0.72, p =
0.031) after log10 transformation. Nevertheless, a monotonic relationship was
preserved (p = 0.58) (Appendix D3 Table 9).
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In the liver, correlations between the two methodologies were similarly strong.
The Pearson correlation for the DS MMP MFmin versus the TGR mutant frequency
was r = 0.91 (95% CI: 0.80-0.96, p < 0.001) on the linear scale (Figure 21). Log10
transformation slightly increased this correlation (r = 0.93, 95% CI: 0.84-0.97,
p < 0.001). Spearman analysis confirmed a strong monotonic association (p = 0.90).
The DS /acZ loci also exhibited excellent agreement with the TGR endpoint. The
Pearson correlation was r = 0.87 (95% CI: 0.70-0.94, p < 0.001) on the linear scale
(Figure 21) and r = 0.93 (95% CI: 0.84-0.97, p < 0.001) after log10 transformation.
Spearman analysis confirmed this strong relationship (p = 0.93) (Appendix D3 Table
9).

In the liver, concordance was maintained when evaluated under the MFmax
approach for the MMP. The MFmax Pearson correlations were r = 0.88 (95% CI: 0.73—
0.95, p < 0.001) on the linear scale and r = 0.87 (95% CI: 0.71-0.94, p < 0.001) after
log10 transformation. The Spearman coefficient confirmed a strong relationship (p =
0.82). However, the DS /acZ loci evaluated under MFmax assumption showed a loss
of linearity. The Pearson correlation dropped to r = 0.07 (95% CI: -0.34—-0.46, p = 0.74)
on the linear scale and r = 0.49 (95% CI: 0.10-0.74, p = 0.016) after log10
transformation. Despite this loss of linearity, a significant Spearman correlation
remained (p = 0.74) (Appendix D3 Table 9).

4.4.6 Benchmark Dose Modeling to Compare Mutagenic Potency Across

Endpoints

We next used benchmark dose (BMD) modeling to determine whether
responsive DS and TGR endpoints produced comparable point-of-departure estimates
within each tissue. Models were fit using a benchmark response (BMR) of 50%.
Results are reported as 90% confidence intervals representing the lower and upper
bounds (BMDL-BMDU) in mg/kg/day. As above, BMD modeling was not applied to the
phenotypic Pig-a assay or the DS Pig-a target because neither exhibited a robust,

dose-related increase in MF.

Within each tissue, the BMD confidence intervals overlapped across all
modeled endpoints. In BM, the BMD confidence interval for the DS MMP endpoint was
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3.60 to 12.8 mg/kg/day. For the DS /acZ loci, the interval was 7.62 to 32.5 mg/kg/day.
For the phenotypic TGR assay, the interval was 1.11 to 7.79 mg/kg/day (Figure 22 and
Appendix D3 Table 10). In liver, the BMD confidence interval for the DS MMP endpoint
was 10.1 to 18.4 mg/kg/day. For the DS lacZ loci, the interval was 10.6 to 29.7
mg/kg/day. For the phenotypic TGR assay, the interval was 5.08 to 15.4 mg/kg/day
(Figure 22 and Appendix D3 Table 10). This overlap indicates similar quantitative
potency estimates for both the DS and TGR methodologies under this modeling

framework.

4.5 Discussion

Our study shows that the mutagenic activity of BbF is robustly captured by
sequence-resolved mutation analysis and that the responses observed carry a clear
biological signature. Across BM and liver, DS detected dose-related increases in MF
at both endogenous MMP targets and the /acZ transgene, closely matching changes
measured using the conventional TGR assay. Importantly, the mutation spectra were
highly consistent across responsive tissues and target classes, with BbF inducing a
profile dominated by C>A transversions and smaller increases in C>T transitions. This
spectrum is consistent with the expected mutagenic activity of a metabolically activated
PAH and demonstrates the added value of DS for linkihg MF measurements to
mutational mechanism. Quantitative modeling showed overlapping BMD confidence
intervals within tissues for DS and TGR, indicating that they produce concordant
estimates of mutagenic potency and points of departure. However, the Pig-a endpoints
told a different biological story: the phenotypic Pig-a assay produced only a weak and
variable response, while DS at the endogenous Pig-a locus failed to recover the
characteristic BbF mutation spectrum and instead showed a high contribution of
insertion and deletion calls. Together, these findings show that DS can reproduce the
biological and quantitative conclusions of established in vivo mutation assays while
also revealing how mutagenic responses vary by tissue, target, and locus-specific

sequence context.

Oral exposure to BbF induced robust, dose-related increases in somatic
mutation burdens in both BM and liver tissues. This mutagenic response was
consistently captured across multiple analytical platforms, including the conventional
TGR assay and error-corrected DS targeting both the exogenous /lacZ locus and the
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endogenous MMP loci. The magnitude of mutagenesis directly reflected the distinct
biological characteristics of the target tissues. In the highly proliferative BM, significant
increases in mutation frequency occurred at lower administered doses, consistent with
the rapid fixation of DNA damage during frequent cell division (Dertinger et al., 2012;
Douglas et al.,, 2022; Yeh et al., 2024). Conversely, the liver exhibited a greater
maximal fold-increase at the highest administered doses. This pronounced hepatic
response aligns with the liver's capacity for xenobiotic biotransformation, which
generates reactive intermediates required for PAH mutagenesis (Amin et al., 1982;
Long et al., 2016; Mass et al., 1996; Moorthy et al., 2015; Schuster et al., 2024). These
findings confirm that BbF is a potent in vivo mutagen and demonstrate that the
observed inter-tissue variation is driven by physiological differences such as metabolic
activation, DNA repair, and cellular proliferation kinetics rather than a lack of mutagenic
potential (Chatterjee & Walker, 2017; Douglas et al., 2022; Marchetti et al., 2021).

Sequence-based analysis directly reproduced the phenotypic hazard
identification, with DS yielding biological conclusions identical to the conventional TGR
assay. To enable a direct cross-platform comparison and mitigate the confounding
influence of localized clonal expansion, DS data were evaluated MFmin, an approach
formally recommended for the interpretation of error-corrected sequencing data, in
comparable endpoints (Yauk et al., 2026). Both the endogenous MMP and the lacZ
locus exhibited stable dose-response relationships that aligned directly with the
plaque-based TGR mutant frequencies. This strong correlation between the
phenotypic reporter readout and direct sequence-resolved analysis confirms that DS

reliably captures in vivo mutagenicity.

Despite the strong concordance between the assays, target sequence selection
influenced the sensitivity of the mutational response. The endogenous MMP exhibited
less inter-animal variability and detected statistically significant increases at lower
doses compared to the DS /acZ panel. This variance is attributable to the fundamental
biological composition of the lacZ transgene (OECD, 2022; Shwed et al., 2010). As a
heavily methylated, transcriptionally silent multi-copy array located within
heterochromatin (Shwed et al., 2010), the /acZ locus is not subjected to endogenous
transcription-coupled DNA repair (Lefkofsky et al., 2015). This reduced activity of
targeted repair increases the accumulation of both spontaneous and chemically

induced mutations in the transgene compared to actively transcribed endogenous loci
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(Meier et al., 2019; Skopek et al., 1996). However, the lacZ transgene contains a
sufficient representation of the specific sequence contexts targeted by BbF (Beal et al.,
2015, 2023; Schuster et al., 2024). Consequently, the robust agreement between DS
and TGR assay demonstrates that locus-specific biological biases or differing
sequence compositions do not distort the overall qualitative hazard identification of
BbF.

Sequence-resolved mutation analysis of the MMP and /acZ locus provided
direct mechanistic insights into BbF-induced mutagenicity. Across both targeted panels
and tissues, the mutation spectrum was dominated by C:G>A:T transversions,
accompanied by smaller but consistent increases in C:G>T:A transitions. Crucially, this
specific mutational profile was identical between the distributed endogenous MMP and
the localized exogenous lacZ transgene. This reproducibility confirms that the
observed mutational signal is determined by the specific mode of action of the exposed
chemical rather than an endpoint-specific artifact or locus-specific bias. However, the
magnitude of C:G>A:T substitution induction was greater in liver compared to BM
(Amin et al., 1982; Moorthy et al., 2015; Wu et al., 2025). Nevertheless, the detection
of this identical mutation spectrum in BM hints towards a systemic exposure of BbF or
the reactive BbF metabolites (Ginsberg & Atherholt, 1989; LaVole et al., 1982).

The observed predominance of C:G>A:T substitutions aligns with established
PAH mutagenesis (LeBlanc et al., 2022; Schuster et al., 2024). Similar to other PAHs,
BbF undergoes metabolic activation to form reactive intermediates that subsequently
form bulky covalent DNA adducts, preferentially at guanine bases. During DNA
replication, these specific bulky lesions drive the formation of C:G>A:T transversions.
The secondary induction of C:G>T:A transitions is also a characteristic signature of
PAH exposure, which may reflect the formation of alternative DNA lesion classes or
the secondary cellular processing of existing DNA damage (Amin et al., 1982; Long et
al., 2016; Zhang et al., 2020). Therefore, the distinct mutational profile detected by DS
provides direct molecular evidence that the measured response reflects canonical BbF

mutagenesis.

This high mechanistic resolution highlights a fundamental advantage of error-
corrected sequencing over conventional phenotypic mutation assays. While traditional
assays are restricted to measuring overall phenotypic mutant frequencies, DS directly
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characterizes mutation spectra and specific sequence contexts. By confirming that BbF
induces the expected PAH-like mutational signature across both endogenous and
transgenic loci, DS provides essential spectral evidence that strengthens the biological

interpretation of the quantitative hazard identification

Quantitative modeling showed that DS and TGR produced comparable point-of-
departure estimates within tissues, supporting DS as a quantitative as well as
mechanistic alternative. BMD modeling demonstrated that the enhanced mechanistic
resolution of sequence-based endpoints does not alter the overall interpretation of
mutagenic potency. Within both bone marrow and liver tissues, the BMD confidence
intervals derived from the sequence-resolved endogenous MMP and /acZ loci
consistently overlapped with the intervals derived from the conventional phenotypic
TGR assay. This overlapping response confirms that the two distinct analytical
platforms yield highly comparable quantitative point-of-departure (PoD) estimates for

BbF-induced mutagenicity.

This quantitative concordance aligns directly with previous comparative
evaluations that have consistently demonstrated close agreement between DS- and
TGR-derived potency estimates across different chemical classes(Ashford et al., 2025;
Bercu et al., 2023; Dodge et al., 2023; Valentine et al., 2020). Crucially, the concordant
BMD intervals were consistently maintained despite fundamental differences in target
sequence composition and the observation that DS often exhibited lower within-group

variability and greater sensitivity at lower administered doses.

These findings establish that DS serves as a robust quantitative alternative to
conventional "gold-standard" reporter-gene assays. By yielding identical quantitative
PoD estimates while simultaneously providing direct molecular evidence of the
mutation spectrum, this approach increases the utility of in vivo mutagenicity data.
Ultimately, these data support the integration of error-corrected sequencing endpoints
into quantitative dose-response frameworks to refine human health risk assessment

and regulatory decision-making

In contrast to the robust mutagenicity detected at the MMP and /acZ loci, neither
the phenotypic Pig-a assay nor sequence-resolved analysis at the endogenous Pig-a

locus exhibited a clear dose-related mutational response. The phenotypic Pig-a assay
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revealed significant increases in the percentage of reticulocytes (%RET) at doses 225
mg/kg/day, confirming that BbF reached the erythropoietic compartment and induced
systemic bone marrow toxicity (Bemis et al., 2019; Chikura et al., 2019; Dertinger et
al., 2021; Dobrovolsky et al., 2010; Phonethepswath et al., 2010). However, this toxicity
did not translate into a concomitant increase in mutant cell frequencies. The absence
of a phenotypic response is constrained by the biological requirements of the assay,
which exclusively captures mutations resulting in a loss-of-function phenotype (Heflich
et al., 2019; OECD, 2025a) and strictly depends on the survival, maturation, and
persistence of mutant erythroid cells in peripheral blood (Dertinger et al., 2021; Heflich
et al.,, 2019; Hu et al., 2005; Ohtani et al., 2012).

Direct sequence analysis of the endogenous Pig-a locus from bone marrow
DNA similarly failed to detect a BbF-induced dose response. Because identical tissue
extracts yielded robust dose-dependent mutation increases at the distributed MMP and
exogenous lacZ loci, the negative Pig-a findings do not reflect an absence of BbF
mutagenicity in the bone marrow overall. Instead, sequence-resolved data revealed
locus-specific constraints. The mutation spectrum at the Pig-a target lacked the
characteristic C:G>A:T transversions indicative of PAH exposure observed in the other
loci (LeBlanc et al., 2022; Schuster et al., 2024). Instead, the Pig-a locus exhibited a
high background contribution of insertions and deletions. This elevated indel
background is likely driven by the presence of homopolymeric sequence tracts within
the Pig-a region (Liu et al., 2015; Yang et al., 2018), which are highly prone to alignment

and variant-calling artifacts during sequencing (Dunn et al., 2023; Feng et al., 2016).

Consequently, the lack of a detectable mutational signal at the Pig-a locus is
attributable to a combination of phenotypic assay limitations and locus-specific
sequence constraints rather than an absence of bone marrow mutagenicity. Under
these study conditions, Pig-a-based methodologies served primarily as an informative
contrast, proving significantly less reliable for hazard identification and mechanistic
characterization compared to the robust responses captured by the distributed
endogenous MMP and exogenous /acZ locus.

4.6 Conclusion

BbF induced clear in vivo mutagenicity in MutaMouse BM and liver. These

mutagenic responses were consistently and concordantly detected by both the TGR
98



assay and DS. DS at the endogenous MMP and exogenous /acZ loci reproduced the
overall biological conclusions of the conventional TGR mutation assay. Furthermore,
DS identified a distinct mutation spectrum heavily dominated by C:G>A:T substitutions,
alongside secondary increases in C:G>T:A substitutions. This spectrum is highly
consistent with the expected mutational profile of a metabolically activated PAH.
Conversely, Pig-a-based endpoints were less informative under the specific conditions
of this study. This lack of response reflects endpoint-specific biological constraints
rather than a contradiction of the positive TGR and DS findings. Taken together, these
data robustly support the implementation of DS as an alternative approach for in vivo
mutagenicity assessment in repeat-dose studies. This is particularly true when
mechanistic interpretation and flexible tissue selection are critical for human health risk

assessment.
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4.9 Tables and Figures
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Figure 15: Mutant frequency (mut/pfu) £+ SEM measured using the TGR assay in BM (left) and liver
(right) from MutaMouse males exposed to increasing doses of BbF or olive oil for 28+3 days via oral
gavage (n = 8 per dose group). Statistically significant increases relative to the vehicle control were
determined by one-way ANOVA with post-hoc Dunnett test and are indicated as *p < 0.05 and **p <
0.01.

100



5x10-9 5x10-5 *
*k

4%10-5+ 4%10-44

3%10-54 Ix10-54

2¢10-% 2x105 ‘
%105 { 12105 1 {
L T T T
0

0 3125 625 125 25 50 100 3125 625 125 25 50 100
BbF dose (mg/kg/day) BbF dose (mg/kg/day)

Mutant frequency per RET
Mutant frequency per RBC

Figure 16: Mutant frequency per reticulocyte (RET; left) and per red blood cell (RBC; right) + SEM
measured using the Pig-a assay on male MutaMouse blood extracted after 28-days of exposure to
increasing doses of BbF or olive oil via oral gavage. Statistically significant increases compared to the
respective vehicle controls were determined after Box-Cox transformation of the mutant frequencies
followed by ANOVA with post-hoc Dunnett test and are indicated as *p < 0.05 and ** p < 0.01.
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Figure 17: Mutation frequency minimum (MFmin; filled bar) and maximum (MFmax; striped bar) + SEM
estimates measured by duplex sequencing in MutaMouse males exposed to increasing doses of BbF
or olive oil for 28+3 days via oral gavage. Results are shown for the mouse mutagenesis panel (MMP)
(left) and lacZ locus (right), in bone marrow (BM: top) and Liver (bottom) with n = 4 per group. Statistically
significant increases compared to respective vehicle controls were determined using generalized linear
mixed models and are indicated as *p < 0.05 and ** p < 0.01.
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Figure 18: Mutation frequency minimum (MFmin; left) and maximum (MFmax; right) + SEM measured
by Duplex Sequencing in MutaMouse males exposed to increasing doses of BbF or olive oil for 28+3
days via oral gavage. Results are shown for the Pig-a locus with n = 4 per group. No dose showed a
statistically significant increase relative to respective vehicle controls, as determined using generalized
linear mixed models.
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Figure 19: Mutation frequency minimum (MFmin) + SEM estimates per mutation subtype measured by
duplex sequencing in MutaMouse males exposed to increasing doses of BbF or olive oil for 28+3 days
via oral gavage. Results are shown for the mouse mutagenesis panel (MMP) (left) and lacZ locus (right),
in bone marrow (BM: top) and Liver (bottom) with n = 4 per group. Statistically significant increases
compared to respective vehicle controls were determined using generalized linear mixed models and
are indicated as *p < 0.05 and **p < 0.01.
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Figure 20: Mutation frequency minimum (MFmin) + SEM estimates per mutation subtype measured by
duplex sequencing in MutaMouse males exposed to increasing doses of BbF or olive oil for 28+3 days
via oral gavage. Results are shown for the Pig-a locus in bone marrow (BM: top) with n = 4 per group.
Statistically significant increases compared to respective vehicle controls were determined using
generalized linear mixed models and are indicated as * p < 0.05 and **p < 0.01.
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Figure 21: Pearson correlation analysis between mutation frequency minimum of duplex sequencing
using the MMP (left) or the lacZ-transgene (right) versus the mutant frequencies obtained through the
phenotypic TGR assay. The dose groups are indicated by colour for 0 (olive), 6.25 (blue), 12.5 (green),
25 (yellow), 50 (orange) and 100 (red) mg/kg/day. The 95% confidence level is visualized in grey.
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Figure 22: Log1o confidence intervals (BMDL to BMDU) of benchmark dose (BMD) modeling using a
50% benchmark response on the mutation frequency minimum for the MMP (top) and lacZ loci (middle)
and mutant frequency of the TGR assay (bottom) measured in MutaMouse males exposed to increasing
doses of BbF or olive oil for 28+3 days via oral gavage. BMD modeling on bone marrow is indicated in
red, and liver is indicated in grey.

107



Chapter 5: Discussion

5.1 Summary of Thesis Outcomes

My thesis was designed around four overarching goals: (1) characterize the genotoxic
capacities of the priority pollutant BbF, (2) advancing fundamental knowledge of
chemically induced mutagenesis, (3) validate DS as a modern tool for mutagenicity
assessment, and (4) advancing in vivo mutagenicity assessment based on quantitative

and mechanistic data. The three main objectives supported these goals:

1. Apply DS to deeply characterize the dose-dependent mutagenic effects of short-
term BbF oral exposure in MutaMouse males.

2. Determine how prolonged exposure durations and tissue-specific
characteristics influence the accumulation of mutations, clonal expansion, and
shifts in mutagenic potency.

3. Evaluate the qualitative and quantitative concordance of DS against established
conventional in vivo mutation assays and inform on endpoint-specific drivers of

mutagenesis.

5.1.1 Objectives and Outcomes of Chapter 2

In Chapter 2, my specific objectives were to:

1. Quantify the dose-dependent effects of BbF on chromosome damage and MF.

2. Determine the mutation spectra in control and BbF-treated animals.

3. Characterize variations in the mutagenic response between somatic tissues and
across 20 endogenous genomic regions.

4. Extract the BbF trinucleotide signature and identify similarities to human cancer
signatures.

5. Compare tissue- and endpoint-specific BbF mutagenic potency.

My hypothesis was that BbF induces dose-dependent mutagenicity in the liver and BM,
with mutation spectral shifts consistent with polycyclic aromatic hydrocarbon exposure
and enhanced mutagenicity in intergenic regions. My objectives were met, establishing
a comprehensive in vivo mutagenic profile of BbF under a standard 28-day repeat-
dose design. | demonstrated that BbF caused clear, dose-dependent increases in

micronucleus frequency in peripheral blood and MF in both BM and liver. By applying
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DS, | revealed that the mutation spectrum was predominantly driven by C:G>A:T
transversions. Furthermore, | found that mutagenicity was significantly higher in
intergenic regions relative to genic regions, supporting a protective role for
transcription-coupled repair. Mutational signature analysis directly linked the BbF-
induced trinucleotide patterns to tobacco-associated human cancer signatures,
specifically SBS4. Finally, while the maximum mutagenic response was higher in the
highly metabolic liver compared to the BM, BMD modeling revealed that the overall
mutagenic potency was comparable between the two tissues and endpoints.
Ultimately, Chapter 2 not only defined the baseline hazard and potency of BbF but also
proved that DS is highly informative under standard 28-day regulatory study designs.

5.1.2 Objectives and Outcomes of Chapter 3

In Chapter 3, my specific objectives were to:

1. Quantify the dose- and time-dependent effects of BbF exposure on MF using
DS.

2. Assess the contribution of clonally derived mutations to the mutational burden
over time.

3. Evaluate time-dependent changes in mutation types and localization within 20
endogenous loci.

4. Characterize shifts in the BbF trinucleotide mutation spectrum and identify

similarities to known human cancer signatures from COSMIC over time.

| hypothesized that prolonged exposure to BbF increases the overall mutational burden
without changing the underlying mutagenic mechanism. Furthermore, | posited that
tissue-specific biological characteristics, such as proliferation rate, metabolic activity,
and DNA repair capacity, act as key drivers that modulate MF and the expansion of
mutant cells. | successfully met the chapter’s objectives, demonstrating that mutational
burden increased with exposure duration in a tissue- and time dependent manner. The
underlying accumulation dynamics fundamentally differed: in the BM, prolonged
exposure heavily drove the clonal expansion of mutant cell lineages, whereas in the
liver, prolonged exposure produced a much larger increase in unique de novo
mutations. Despite these quantitative differences, | found that the dominant C:G>A:T
mutation spectrum remained consistent over time and that mutations were

preferentially induced in intergenic regions across all exposure durations. Furthermore,
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trinucleotide spectrum analysis revealed a dose- and time-dependent increase in
similarities to the tobacco smoke-associated human cancer signature SBS4 in both
tissues. Finally, BMD modeling demonstrated that the mutagenic potency of BbF
increased with prolonged exposure, yielding lower point-of-departure estimates over
time. Ultimately, | conclude that in vivo MF is a complex endpoint, and that prolonged
exposure fundamentally alters both the composition of mutational response and its

mutagenic potency estimates.

5.1.3 Objectives and Outcomes of Chapter 4

In Chapter 4, my specific objectives were to:

1. Directly evaluate concordance between conventional in vivo gene mutation
assays and DS approaches for BbF-induced somatic mutagenicity.

2. Determine whether these methods yield comparable mutagenic potency
estimates and points of departure using BMD modeling.

3. Inform how sequence context affects mutagenesis.

4. Identify predominant mutation types that drive endpoint-specific mutagenicity.

| hypothesized that ECS produces qualitative and quantitative mutagenicity
conclusions that are concordant with established phenotypic in vivo assays.
Furthermore, | posited that it simultaneously provides superior mechanistic resolution
regarding mutation spectra and genomic context. | met my objectives by demonstrating
that DS vyields qualitative hazard conclusions. Additionally, mutagenic potency
estimates directly overlapped between DS and the TGR assay. Specifically, BMD
modeling revealed overlapping confidence intervals across the TGR and DS endpoints
in both the BM and liver. By applying sequence-resolved analysis, | identified that the
BbF-induced mutagenicity was driven by C:G>A:T and C:G>T:A substitutions.
Crucially, this predominant mutation spectrum was identical across both the
endogenous MMP and the exogenous lacZ loci, confirming that target-specific
sequence contexts did not distort hazard identification. Conversely, | found that neither
the phenotypic Pig-a assay nor DS at the endogenous Pig-a locus exhibited a robust
dose-response. DS revealed that this lack of concordance was driven by endpoint-
specific sequence constraints, as the Pig-a locus accumulated insertion and deletion
artifacts that obscured the characteristic BbF mutational signature. Ultimately, |

conclude that DS matches the qualitative and quantitative hazard conclusions of the
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"gold-standard" TGR assay in responsive tissues, bypassing the need for phenotypic

selection while informing on mutation spectra, location, and clonal expansion

5.2 Contributions to Scientific Knowledge

5.2.1 Characterization of the Genotoxic Capacities of BbF

Prior to this work, the mutagenic mechanisms of BbF on endogenous
mammalian DNA were largely uncharacterized. My thesis provides the first
comprehensive, sequence-resolved in vivo genotoxic profile for this priority PAH. |
demonstrated that oral BbF exposure induces clear, dose-dependent increases in
chromosome damage, measured via the micronucleus assay. | detected dose- and
exposure duration-dependent increases in somatic MF following 28-, 90-, and 180-day
exposures. Despite an absence of overt histopathological changes, the metabolically
active liver accumulated a greater mutational burden than the BM. Crucially, sequence-
level resolution revealed distinct tissue-specific mutation accumulation dynamics.
Prolonged exposure drove the clonal expansion of mutant cell lineages in the BM.
Conversely, the mutational burden in the liver was driven almost entirely by unique de
novo mutations. These findings establish that mutagenicity cannot be characterized
solely from external dose, total MF, or a single tissue; rather, mutational burden reflects
complex tissue-specific biology, including metabolic activation, cellular proliferation,

and clonal expansion, alongside the critical consideration of exposure duration.

Furthermore, | found that mutations were preferentially localized within
intergenic loci across all exposure durations. This observation supports a protective
role for TC-NER in actively clearing bulky DNA lesions from transcribed genic regions
(Hess et al., 1997; Shuck et al., 2008). This implies that mutagenicity results must be
interpreted within their genomic context, as overall mutation frequencies can mask
localized regional susceptibilities and the targeted protective effects of DNA repair

mechanisms.

The BbF mutation spectrum was dominated by C:G>A:T transversions, which
reflects the expected formation of bulky DNA adducts. | also observed secondary
increases in C:G>T:A transitions, that are predominantly caused by oxidative DNA
damage and partially by bulky DNA adducts. This mutational pattern exhibited a dose-
dependent increase in similarity to the human cancer signature SBS4. This
demonstrates that this mouse exposure model, combined with error-corrected
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sequencing, can be utilized to experimentally identify characteristic mutational
fingerprints of PAHs that correspond directly to those found in human cancers resulting

from tobacco smoke exposure.

Finally, | integrated these sequence datasets with BMD modeling to estimate
BbF’s mutagenic potency in different tissues and loci, across different endpoints and
over varying exposure durations. This modeling revealed that BbF potency increases
is affected by exposure duration. Consequently, point-of-departure estimates decrease
with prolonged exposure. Both the BMD modeling and the induced mutations types
showed strong similarities to well-studied PAH BaP mutation spectra (LeBlanc et al.,
2022; Long et al., 2016). These similarities imply that BbF acts through a comparable
mutagenic mechanism to BaP, demonstrating how high-resolution profiling and
potency data can be used to validate the grouping of PAHs and complex PAH mixtures

for human health risk assessments.

Overall, this work provides an in-depth understanding of PAH mutagenesis that
can be used to help evaluate their mutagenic potential across species, tissues, loci,
and exposure duration. By transitioning BbF into a well-characterized priority pollutant,
this thesis provides a robust framework to inform the potential mutagenic hazards and,

ultimately, the carcinogenic mechanisms of environmental contaminants.

5.2.2 Advancing Knowledge on Chemically Induced Mutagenesis

My research demonstrates that in vivo MF is not a direct reflection of external
dose; rather, it is a complex composite endpoint. Mutagenesis is shaped by exposure
duration and tissue-specific biology including biological factors such as metabolic
capacity and cellular lifespan. By tracking mutagenesis over 180 days, representing
the longest sequence-resolved in vivo mutagenicity study conducted to date, |
identified a distinct contrast in how different tissues accumulate mutations. In the highly
proliferative BM, prolonged exposure drove the mutational burden primarily through
the clonal expansion of mutant cell lineages. In the metabolically active liver, this
burden was driven almost entirely by the continuous accumulation of unique de novo
mutations. As shown, the physiological propagation of mutant cells contributes
fundamentally differently to the overall mutation burden depending on the target
tissue's turnover rate, which must be critically evaluated when selecting tissues for

mutagenicity risk assessments (Nangalia et al., 2019; Parsons et al., 2025).
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Furthermore, the untreated control cohorts provided critical baseline data for a
collaborative study characterizing age-related increases in spontaneous MF. We found
that significant increases in background MF only occur in the liver and BM of geriatric
MutaMouse males (e.g., >75 weeks of age), with no spontaneous mutation
accumulation occurring during the shorter study durations (Esina, manuscript in
preparation). For standard subchronic or chronic exposure protocols, the natural aging
process does not significantly confound chemical mutagenicity assessments, implying
that age does not need to be mathematically modeled as a confounding variable when

assessing chemical risk.

Addressing a critical regulatory challenge, | generated concurrent DS and TGR
data across 28-, 90-, and 180-day timepoints to enable the mathematical modeling of
exposure duration-dependent shifts in chemical potency. Currently, human risk
assessment heavily relies on fixed, default uncertainty factors, such as a standard 10-
fold adjustment, to extrapolate risk from short-term assays to chronic, life-long
exposures because empirical data on long-term mutation accumulation are lacking
(Escher et al., 2020; Pieters et al., 1998). By explicitly modeling shifts in BMD over
time, my work provides the rare empirical data required to verify existing assumptions
with precise, data-derived extrapolation factors, significantly strengthening the

robustness and accuracy of human health risk assessments.

Ultimately, elucidating the underlying biological processes required the high
sensitivity of ECS. ECS provided the necessary single-nucleotide resolution to
decipher the mutation profiles and investigate cofounding factors of mutagenesis.
Consequently, this work moves genetic toxicology beyond basic hazard identification
and directly supports the transition toward mechanistic, quantitative decision-making

frameworks.

5.2.3 Validation of DS as Reproducible and Robust Tool for In Vivo Mutagenicity
Assessment

| began the validation of DS by establishing the required statistical power and
optimized study design (Appendix A: Power Analyses to Inform Duplex Sequencing
Study Designs for MutaMouse Liver and Bone Marrow). | provided foundational in vivo
sequencing data and performed statistical calculations for a power analysis to

mathematically formalize the statistical efficiency of DS. This study demonstrated that
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DS detects biologically meaningful changes in MF using smaller group sizes.
Specifically, a sample size of four animals per dose group provides greater than 80%
power to detect a two-fold change in MF when paired with sufficient sequencing depth.
| applied this optimized study design to execute my primary thesis experiments and
successfully detected dose-related increases in MF using four animals per group. In
contrast, the concurrent conventional MN and TGR assays required eight animals. This
confirms that DS can significantly reduce animal use in genetic toxicology testing,
directly supporting 3R-aligned study designs (Kroeger, 2006; Russell & Burch, 1959)
while providing the foundational statistical framework necessary to execute all

subsequent inter-laboratory validation and empirical experiments.

| continued supporting the validation of DS by participating in a multi-laboratory
reconstruction study to establish the technical reproducibility of the assay (Appendix
B: Transferability, Reproducibility and Sensitivity of Mutation Quantification by Duplex
Sequencing). This collaborative study distributed rat liver DNA samples with predefined
mutation frequencies across eight independent laboratories. The samples included
DNA mixtures from BaP and N-ethyl-N-nitrosourea exposed animals, which were
formulated to represent 1.2-, 1.5-, and 2.0-fold increases in mutation frequency relative
to untreated controls. | contributed directly as the operator for one participating
laboratory and supported the collective data analysis. The study demonstrated that DS
generates nearly identical mutation frequencies and mutational spectra across
different facilities, regardless of prior operator experience. This robust inter-laboratory
concordance proves that DS is a highly transferable and standardized tool, providing
the technical reliability required for regulatory agencies to confidently accept its data

for human health risk assessments.

Directly comparing DS performance against established methodologies using
matched genomic endpoints, including the endogenous MMP, the exogenous lacZ
transgene, and the endogenous Pig-a locus further confirmed DS as a promising tool
for in vivo mutagenicity assessment. This sequence-resolved comparison confirms that
DS produces identical qualitative hazard calls to the OECD-approved TGR and Pig-a
assays in both responsive and non-responsive targets. | observed strong Pearson
correlations between the DS MFs and the conventional plaque-based mutant
frequencies. BMD modeling confirmed this quantitative alignment. The modeling

yielded overlapping confidence intervals and comparable potency estimates between
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DS and the TGR assay across tissues. This direct quantitative and qualitative
concordance validates DS as a robust alternative to current gold-standard methods,
proving that regulatory agencies can confidently rely on sequence-derived potency
estimates for human health risk assessments without requiring specialized transgenic

animal models.

| established the mechanistic validity of DS by identifying the mutational
subtypes driving the BbF response. DS successfully identified the expected BbF-
associated mutation spectrum, which was dominated primarily by C:G>A:T
transversions and secondary C:G>T:A transitions. In addition, DS enabled the precise
differentiation between unique de novo mutations and recurring events, ensuring that
clonal expansion does not bias the spectrum analysis or hazard conclusions. The
recent International Workshops on Genotoxicity Testing consensus statement
highlights the regulatory value of this sequence-level resolution, noting that dose-
dependent changes in a single mutation subtype can be sufficient for a positive
mutagenicity call even if the overall MF does not meet positivity criteria (Yauk et al.,
2026). By providing biologically interpretable mutation spectra rather than a simple
aggregated MF, DS delivers the mechanistic evidence required to confidently link
chemical exposures directly to specific mutagenic mechanisms for regulatory risk

assessments.

Therefore, by demonstrating statistical power, reproducibility, concordance, and
mechanistic validity, my independent work establishes a modern approach for ECS

based mutagenicity assessment.

5.2.4 Contributing to Modern, Mechanistic In Vivo Assessment.

My work establishes an empirical foundation for modernizing in vivo
mutagenicity assessment. Currently, regulatory in vivo mutagenicity testing often relies
on specialized transgenic models in standalone studies (OECD, 2025d, 2025c). In my
data chapters, | demonstrated that ECS seamlessly integrates into existing standard
toxicity studies, including prolonged 90- and 180-day exposure protocols. ECS uses
endogenous DNA and eliminates the need for independent transgenic animal cohorts.
This integration directly supports the 3R principles of animal testing by significantly
reducing overall animal use while maximizing the mutagenicity data obtained from

standard safety evaluations.
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This thesis demonstrates the value of ECS-based approaches that quantify
mutagenicity while simultaneously informing on underlying mechanisms of
mutagenesis. My chapters heavily relied on quantitative data rather than binary
qualitative hazard calls. | used benchmark dose modeling to estimate the dose at which
a 50% increase in MF occurs (White et al., 2025), rather than providing a simple yes
or no answer regarding hazard. This quantitative approach identifies the specific dose
at which mutagenic effects occur, providing the exact metric required to accurately

understand and calculate human health risk.

Specifically, the benchmark dose lower confidence limits derived from the
sequence-resolved datasets serve as robust PoDs for quantitative human health risk
assessment. For example, the standard 28-day BM BMDL50 of 3.6 mg/kg/day can be
integrated with traditional uncertainty factors (UFs) to calculate a permissible daily
intake, while the chronic 90- and 180-day exposure datasets provide the first empirical
evidence to refine the default 10-fold subchronic-to-chronic duration UF by modeling
actual time-dependent mutation plateauing. The PoDs can also be used to calculate
the margin of exposure against human exposure levels, such as the typical dietary BbF
intake of approximately 0.09 ug/day (Martorell et al., 2010), to evaluate whether current
environmental exposures present a significant mutagenic concern. Furthermore,
because humans are exposed to PAHs as complex environmental mixtures, these
quantitative data offer a powerful framework for refining toxic equivalency factors.
Direct comparison of our 28-day bone marrow BbF BMD50 (3.6 to 12.8 mg/kg/day)
with the bone marrow BaP BMD50 (4.5 to 7.5 mg/kg/day) from (LeBlanc et al. 2022)
reveals overlapping confidence intervals and comparable in vivo mutagenic potencies.
This equivalent potency (~1:1 ratio) directly challenges conventional regulatory toxic
equivalency factors that assume BbF is tenfold less toxic than BaP (i.e., a toxic
equivalency factors of 0.1), demonstrating that current frameworks may underestimate

the cumulative mutagenic risk of BbF within complex environmental PAH mixtures.

Transparent and standardized data processing is required to ensure regulatory
agencies can utilize complex sequence datasets. The lack of bioinformatic workflows
previously posed a major barrier to regulatory adoption and data comparison. |
promoted essential standardization by contributing to the development of MutSegR
(Appendix C: MutSeqR: An Open-Source R Package for Standardized Analysis of

Error-Corrected Next-Generation Sequencing Data in Genetic Toxicology), an open-
116



source data processing R package (Dodge et al., 2025). MutSeqR addresses this
bioinformatic barrier and provides a reproducible pipeline for variant filtering, mutation
spectrum analysis, and BMD modeling across different sequencing technologies. My
specific contributions included providing in vivo test datasets, writing and testing the
code, designing data visualization strategies, and co-authoring the software manual.
By establishing a transparent and harmonized analytical pipeline, this collaborative
software development directly removes a critical technical barrier preventing the global

regulatory adoption of sequence-resolved methodologies.

The empirical data generated in my primary data chapters and collaborative
support ongoing efforts to amend OECD Test Guideline 488 to formally include error-
corrected sequencing as an alternative to the TGR assay for in vivo mutagenicity
assessment (OECD, 2025d). By demonstrating reproducibility, providing open-source
analytical tools, and generating high-resolution empirical data, this thesis delivers the
evidence required to transition genetic toxicology towards a modernized, animal-

sparing regulatory framework.

5.3 Scientific Questions Resulting from my Thesis

5.3.1 Linking Endpoints to Upstream Biological Determinants
How do specific BbF DNA lesions and targeted DNA repair mechanisms quantitatively

translate into the mutation burdens detected by DS?

Across my data chapters, | demonstrated that BbF induces dose-dependent
increases in mutagenicity. | consistently observed significantly higher MF in intergenic
loci compared to genic loci, suggesting that transcription-coupled repair actively
protects transcribed genes. However, sequence data alone cannot establish the

precise relationship between the initial DNA damage and the resulting mutations.

Future work could integrate sequence-resolved mutation data with direct
measurements of upstream key events. Mass spectrometry can be used to quantify
bulky DNA adducts and identify the exact BbF metabolites that bind to endogenous
DNA. An Enzyme-Linked Immunosorbent Assay (e.g. 8-OHdG ELISA) or a modified
Comet assay could quantify oxidative DNA damage (AbuArrah, 2021; Cordelli et al.,
2021). These targeted analyses cover both reactive metabolites created during the

metabolism of BbF and provide a direct in vivo follow-up to previous metabolite
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characterization efforts (Amin et al., 1982; Yang et al., 2023). The direct comparison
between DNA damage and resulting mutagenicity would provide crucial information on
DNA damage repair, mutation fixation and dose relationships between the two
endpoints. Additionally, transcriptomic analyses on biological samples of this project
could measure the activation of targeted DNA repair pathways, such as genes involved
in TC-NER (Adimoolam & Ford, 2002; Lefkofsky et al., 2015).

This proposed work expands on two main contributions of this thesis. First, it
strengthens the toxicological profile of BbF by defining its specific in vivo metabolites
and induced DNA damage. Second, it advances fundamental knowledge on
mutagenesis by elucidating how specific DNA lesions translate into mutations through

targeted DNA repair pathways.

5.3.2 Selection of Suitable Sequencing Targets
How does the endogenous mutational profile established for BbF compare to mutation
accumulation under positive selective pressure and what is the most suitable

sequencing target?

This thesis established a high-resolution profile of BbF-induced mutagenicity by
targeting endogenous loci captured in the MMP. Additionally, | used custom panels to
evaluate induced mutagenicity in the exogenous /acZ transgene and the endogenous
Pig-a gene. The lacZ panel yielded identical qualitative hazard calls and mutation
spectra to the MMP. Thus, targeting the /lacZ transgene in ECS studies provides no
substantial benefit over assessing the twenty endogenous loci captured by the MMP.
DS on the Pig-a locus failed to produce a positive mutagenicity call in this study design.
This failure highlights the limitations of relying on a single gene endpoint for hazard
identification and mutagenicity assessment. The reported data in Chapter 4 directly
triggered a follow-up study applying the Pig-a assay and DS Pig-a sequencing in the
rat model using allometrically scaled BbF doses. The Pig-a assay is more extensively
optimized for rats; thus, this follow-up study was able to detect a dose-dependent
increase in MF and mutant frequencies in the Pig-a gene. Nevertheless, this
discrepancy highlights the importance of a target selection that is applicable to various
model systems. Assessing a diverse cross-section of the endogenous genome

provides a more robust and biologically representative evaluation of genotoxic
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potential, protecting against locus-specific artifacts or species-specific assay

limitations.

The loci captured within the MMP are not under selective pressure. Contrarily,
carcinogenesis relies on selective pressure and promotion of clonal expansion of cells
harboring mutations in specific cancer driver genes. This work encouraged the Health
and Environmental Sciences Institute to conduct a study comparing the endogenous
data presented in this thesis against mutation accumulation within cancer driver genes.
Applying DS to a customizable cancer driver gene panel will evaluate how selective

pressure and sequence context influence clonal expansion and mutagenicity.

Exploring customizable panels raises the question of optimal target size. A multi-
locus endogenous panel provides a comprehensive representation of physiological
conditions. It captures diverse sequence characteristics and avoids single-locus biases
while eliminating the need for specialized transgenic animal models. Expanding the
panel beyond 48 kilobases, or applying whole genome sequencing, could determine if
a wider sequence analysis provides more mechanistic information without diminishing
returns. Conversely, reducing the panel size could optimize efficiency by decreasing
sequencing costs. Exploring this balance will identify the optimal target size for routine,
cost-effective mutagenicity assessment. Defining this optimal balance is critical to
standardize sequencing workflows, ensuring they are both economically viable for

routine industrial screening and scientifically rigorous for regulatory safety evaluations.

5.3.3 Informing Uncertainty Factors for Risk Assessment
Are existing default uncertainty factors for short-term to life-long and in vitro to in vivo

extrapolations applicable to quantitative, sequence-resolved mutation data?

Current regulatory frameworks rely heavily on default uncertainty factors. A 10-
fold adjustment is typically used to extrapolate risk from short-term tests to chronic,
life-long human exposures (Dankovic et al., 2015; Dourson et al., 1996; Nessel et al.,
1995). | observed fold-change increases in MF at identical exposure doses across the
28-, 90-, and 180-day time points. However, these increases did not align proportionally
with the cumulative administered dose. This suggests that mutagenic potency
increases non-linearly with prolonged exposure and is influenced by tissue
characteristics. Consequently, assuming static mutation rates over a life-long exposure
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period introduces uncertainty into human health risk assessments. Additionally, to the
DS MF data after prolonged BbF exposure, | generated TGR data for the 90- and 180-
day time points. These extended-duration datasets can be used to explicitly model
shifts in BMD over time. Defining the quantitative relationship between short-term
mutation induction and prolonged accumulation provides the empirical data necessary
to derive precise uncertainty factors for exposure duration. Future work could expand
this approach. Time-dependent BMD shifts could be mathematically modeled to derive

broadly applicable uncertainty factors.

With prolonged exposure, mutation accumulation does not scale predictably
with cumulative dose. Therefore, selecting the appropriate tissue is essential for
accurate risk assessment. International regulatory agencies aim to eliminate
mammalian animal testing by 2035 in favor of non-animal alternatives. Thus, default
uncertainty factors routinely applied for animal-to-human and in vitro to in vivo
extrapolation need to be validated for quantitative mutation data (Bell et al., 2018).
Future studies could apply DS to established human cell models, such as HepaRG,
HepG2, and TK6 (with S9) cells (Chepelev et al., 2023; Cho et al., 2023; Conway et
al., 2025). DS could also be applied to emerging in vitro platforms like organ-on-a-chip
systems (D. Singh et al., 2022). This approach aligns directly with the 3Rs principles
of replacement, reduction, and refinement of animal use (Kroeger, 2006; Russell &
Burch, 1959). Using human-derived in vitro models allows for the mechanistic
investigation of mutagenesis under highly controlled metabolic and proliferative
conditions (Conway et al., 2025). Ultimately, integrating extended-duration data with
human-relevant in vitro models will allow regulators to replace default assumptions with
data-driven models. This integration ensures the accurate extrapolation of testing data

to protect human health against chronic, life-long exposures.

5.3.4 Constraints of ECS Acceptance for Regulatory Decision-Making
What additional empirical and methodological milestones are required to facilitate the

regulatory adoption of ECS for routine mutagenicity assessment?

This thesis provides data supporting the regulatory application of DS. The global
uptake of the technology remains gradual. Recent simulation analyses using vehicle
control data demonstrate that DS maintains appropriate type 1 error rates and
successfully identifies true negative responses (Williams et al., 2026). These findings
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establish the specificity of the assay and alleviate concerns regarding false-positive
rates. Confirming a low false-positive rate ensures that regulatory agencies can rely
on ECS to correctly identify non-mutagenic compounds, preventing the unwarranted

elimination of safe chemicals from development pipelines (Williams et al., 2026).

Regulatory acceptance of OECD assays previously relied heavily on
establishing stringent historical control distributions. Building robust historical
databases for commonly targeted tissues and models would be beneficial for a broader
adoption of ECS platforms but would require global efforts. The International
Workshops on Genotoxicity Testing consensus dictates that data interpretation should
be based on comparing overall MF directly to concurrent vehicle controls (Yauk et al.,
2026). Historical control data can provide valuable context for interpreting borderline
results when available. Thus, standardized reference DNA samples with predefined
MF should be established. These reference materials allow new laboratories to
establish technical proficiency and ensure inter-laboratory reproducibility before
conducting official regulatory studies. By prioritizing concurrent controls and
standardized reference materials over exhaustive historical databases, the field can

accelerate the global implementation of ECS across diverse toxicological models.

The field should systematically compare DS against other emerging ECS
technologies. Alternative platforms include single-molecule mutation sequencing
(SMM-seq), PacBio HiFi sequencing, and Concatenating Original Duplex for Error
Correction (CODEC). Collaborative studies could compare these methods using the
shared reference DNA samples mentioned above. These comparisons would evaluate
differences in error-correction strategies, genomic coverage, and sequencing costs.
This direct comparison will define the specific technical limitations and advantages of
each platform. Clarifying these distinctions will allow researchers and regulators to
apply different ECS technologies in a fit-for-purpose manner for specific safety
evaluation contexts. Fulfilling these methodological milestones will support the
transition of ECS from a promising research methodology into a fully adopted,
standardized regulatory tool.

5.4 Concluding Remarks

This thesis addressed the three main objectives established at the beginning of

this chapter. First, | characterized the genotoxic effects of short-term BbF exposure.
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Second, | determined how prolonged exposure durations and tissue-specific
characteristics influence mutagenesis. Third, | evaluated the concordance of DS

against established conventional in vivo mutation assays.

These empirical data extend beyond the hazard identification of a priority
pollutant. | demonstrated that somatic mutagenesis is shaped by tissue-specific
biology, clonal expansion, and prolonged exposure durations. Consequently, standard
short-term testing protocols may underestimate the mutagenic risk of chronic chemical
exposures. This empirical evidence addresses a gap in current regulatory frameworks.
Specifically, it provides the biological foundation required to integrate prolonged
exposure metrics and empirically derived uncertainty factors into human health risk

extrapolation.

Furthermore, this thesis advances the methodological approach to in vivo
genetic toxicology. Historically, the field relied on specialized transgenic animal models
to generate binary hazard calls. | demonstrated that DS addresses these limitations by
directly quantifying mutations within the endogenous mammalian genome. |
demonstrated that DS matches the qualitative hazard calls and quantitative potency
conclusions of established OECD assays. This ECS-based approach utilizes
endogenous DNA and can be integrated directly into standard repeat-dose toxicity
studies. This capability supports the 3R principles and maximizes mechanistic data

acquisition while reducing overall animal use.

Ultimately, this work supports the transition in genetic toxicology toward
quantitative, mechanism-based risk assessment. By combining ECS with BMD
modeling, | demonstrated a modern approach for chemical evaluation. This framework
provides quantitative potency estimates and identifies specific mechanisms through
mutational spectra analysis. It also characterizes clonal expansion dynamics from a
single sequencing endpoint. Equipping regulatory agencies with these sequence-
resolved testing strategies will accelerate the evaluation of priority chemicals.
Consequently, this thesis provides the empirical foundation required to modernize

chemical safety guidelines and protect human health from mutagenic hazards.
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Appendix A: Power Analyses to Inform Duplex Seguencing

Study Designs for MutaMouse Liver and Bone Marrow

Modified from: Elena Esina, Annette E Dodge , Andrew Williams , David M Schuster,
Danielle P M LeBlanc, Francesco Marchetti, Carole L Yauk*. Power analyses to inform
Duplex Sequencing study designs for MutaMouse liver and bone marrow. Environ Mol
Mutagen. 2024 Oct;65(8):234-242. doi: 10.1002/em.22619.

A.1 Abstract

Regulatory genetic toxicology testing is essential for identifying potentially mutagenic
hazards. Duplex sequencing (DS) is an error-corrected next-generation sequencing
technology that provides advantages for mutation analysis over conventional
mutagenicity assays including improved accuracy of mutation detection, ability to
measure changes in mutation spectrum, and applicability across diverse biological
models. To apply DS for regulatory toxicology testing, power analyses are required to
determine suitable sample sizes and study designs. In this study, we explored study
designs to achieve sufficient power for various effect sizes in chemical mutagenicity
assessment. We collected data from MutaMouse bone marrow and liver samples that
were analyzed by DS using TwinStrand’s Mouse Mutagenesis Panel. Average duplex
reads achieved in two separate studies on liver and bone marrow were 8.4 x 108 (+ 7.4
x 107) and 9.5 x 108 (+ 1.0 x 108), respectively. Baseline mean mutation frequencies
(MF) were 4.6 x 108 (£ 6.7 x 10°) and 4.6 x 108 (£ 1.1 x 10°8), with estimated standard
deviations for the animal-to-animal random effect of 0.15 and 0.20, for liver and bone
marrow, respectively. We conducted simulation analyses based on these empirically
derived parameters. We found that a sample size of four animals per group is sufficient
to obtain over 80% power to detect a two-fold change in MF relative to baseline. In
addition, we estimated the minimal total number of informative duplex bases
sequenced with different sample sizes required to retain power for various effect sizes.
Our work provides foundational data for establishing suitable study designs for

mutagenicity testing using DS.

A.2 Introduction

Conventional in vivo mutagenicity tests rely on individual reporter genes for

mutation quantification. The most widely used mutagenicity test is the transgenic
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rodent (TGR) assay (OECD, 2022). This assay relies on bacterial reporter genes for
mutation quantification by using viral phages to encapsulate these genes and infect
bacteria; mutations are identified by plaque formation in bacterial lawns grown under
selective conditions (Lambert et al., 2005). These reporter-based assays have several
important limitations: (a) they quantify mutations in single bacterial genes that do not
accurately represent the entirety of the mammalian genome; (b) they are impractical
for the analysis of mutation spectra and thus cannot effectively inform on mutagenic
mechanism (Beal et al., 2020); and (c) they rely on specific rodent strains and cannot
be integrated with test methods using other model organisms. Development of
methods to circumvent these limitations would allow for better quantification and

understanding of mutagenesis to protect human health.

Duplex Sequencing (DS), an error-corrected next-generation DNA sequencing
technology, provides an alternative method to quantify mutations that addresses the
limitations of reporter-based assays (Valentine et al., 2020). DS quantifies mutation
frequency (MF; mutations per bp) with an extremely low error rate of less than 1 in 107
sequenced nucleotides (Kennedy et al., 2014) in any tissue type and model organism,
while simultaneously informing mutagenic mechanisms (Marchetti et al., 2023a) . DS
evaluates mutagenicity across custom panels that capture different endogenous
genomic loci to reflect genome-wide changes. These panels are composed of twenty
2.4 kb genic and intergenic loci spread across the autosomes and are commercially
available for mutagenesis studies in mouse (LeBlanc et al., 2022), rat (Smith-Roe et
al., 2023), and human (Cho et al., 2023) tissues. Overall, DS has emerged as a
transformative tool for mutation analysis with potential to revolutionize the way

mutagenicity assessments are conducted (Marchetti et al., 2023b).

DS accurately detects and characterizes mutations by creating consensus
sequences from both strands of DNA (Kennedy et al., 2014). Briefly, DS labels
fragmented DNA molecules with unique molecular identifiers so that, following PCR
amplification and sequencing, reads from both strands may be assembled and
grouped into tag families. Each read in a tag family is compared to create single strand
consensus sequences (SSCS), which are then grouped for a second round of error
correction to produce duplex consensus sequences (DCS). True mutations are scored
if they are present at the same position in all reads of a tag family and on both strands

of the DNA, as it is unlikely that a sequencing or PCR error would occur at the exact
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same location on the sister strand. Thus, DS eliminates almost all sequencing errors,

increasing sensitivity for de novo mutation detection.

DS has been effective at measuring dose-dependent increases in MF following
exposure to well-established mutagens. Prior research has analyzed benzo[a]pyrene
(LeBlanc et al., 2022), procarbazine hydrochloride (Dodge et al., 2023), N-
nitrosodiethylamine (Bercu et al., 2023), and N-ethyl-N-nitrosourea (Smith-Roe et al.,
2023) exposures in transgenic rodent models. These studies demonstrate the potential
for DS in regulatory testing. However, every new assay must be evaluated to determine
the minimum detectable 'signal' and the optimal approach to achieving it. Power
analyses are necessary to establish acceptable study design parameters to advance

the use of DS in mutagenicity assessment.

We conducted simulation studies to evaluate sample size and required number
of informative duplex bases sequenced per sample for different effect sizes in bone
marrow (BM) and liver. These tissues are widely used in regulatory mutagenicity testing
and have very different characteristics. BM is highly proliferative, allowing DNA
damage to be quickly converted into mutations and fixed in the genome. In contrast,
liver is only moderately proliferative but is the most metabolically active tissue and the
first pass organ for detoxication. We simulated different study designs to evaluate how
power changes with different parameters and draw conclusions on feasible sample

size and depth of sequencing.

A.3 Methods
A.3.1 Baseline Data

The DS data utilised in this study are from two studies on the livers and BM of
MutaMouse males exposed daily for 28 days by oral gavage to olive oil (vehicle control:
VC) or toxicants of interest (LeBlanc et al., 2022; Schuster et al., 2024)). These studies
will henceforth be referred to as “Study A” and “Study B.” The methodology for DNA
extraction, DS library preparation, and DS data analysis was as described previously
(Dodge et al., 2023), except that DNA was enzymatically fragmented, not ultrasonically
sheared, during library preparation. The data from these studies were used to identify
a reasonable estimate of baseline MF and the number of informative duplex bases
retrieved for mouse BM and liver DNA analyzed with a 500ng DNA input by DS. The

standard deviations used for the power analysis cover a range of values observed in
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the literature and in our own studies (Schuster et al., 2024). These estimates served

as parameters that could be varied in simulation experiments for power analyses.

A.3.2 DS Data Interpretation

Mutation scoring in the studies used was done under the assumption that all identical
mutations within a sample are the result of clonal expansion from a single mutational
event and so are counted once (Dodge et al., 2023). Germline mutations (with variant
allele frequency (VAF) > 0.01) were filtered out and only true de novo mutations were

retained.

Sequencing results also give a measurement for the total number of informative
duplex bases sequenced for each sample. These values can be converted into a target
number of required raw reads. The number of unprocessed reads roughly making up
one duplex read was empirically derived by Kennedy et al. (Kennedy et al., 2014). In
optimal conditions, six raw reads are needed to make one SSCS for DS, and an
average of six SSCS make one DCS. Therefore, ideally, we need thirty-six raw reads
to make one DCS. Four more SSCSs were added to account for error and low-quality
reads that fail to form duplex sequences, making a total of forty raw reads to make a
DCS. Thus, the following formula can be used to convert duplex bases into the number /7!
of raw reads needed to achieve a certain power:

400G
R
Where n is the number of raw paired-end reads per sample, D is the average depth of
coverage, G is the genome target size in base pairs, and R is the post-analysis read
length in bases (300 bp for all of the datasets). The multiplication of DG is the number

of informative duplex bases sequenced. Thus, this formula can be simplified to:
(2)

Where S is the total number of informative duplex bases sequenced per sample.
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A.3.3 Power Analysis

The first step of simulation-based power analysis is to simulate a large number
of data sets. When simulating responses from a generalized linear mixed model
(GLMM), we must assume values for the intercept and the regression coefficients (the
fixed effects) and the variances and covariances of the random effects. Estimates for
these parameters, or a range of plausible values, are often available from previous
studies or from a pilot study. If no data are available, a plausible range of parameter

values could be justified based on prior knowledge of the study system.

To generate random samples from an over-dispersed binomial distribution in R
(R: The R Project for Statistical Computing, n.d.) using the rbinom() function, three
arguments are needed: the individual p;, the number of informative duplex bases (or
trials), and n, the number of random samples (which would be set to 1 for each i). The /?

individual p/s are obtained using the following model:

. bi
logit(p;) = log (ﬁ) =p+Z
l

where Z;~N (0, c2). This formula can be re-written such that:

exp(:u + Zl) (4)

As 1+ exp(u + Z;) = 1 for small MF. To simulate mutation data for the treatment group,

the p’'s are multiplied by a specified fold change.

We performed a power analysis at varying sample sizes and total number of
informative duplex bases and degree of animal-to-animal variation. Simulated data for
hypothetical treatment groups were randomly generated to produce defined increases
in MF (e.g., 1.2-fold, 1.5-fold, and 2-fold). A general linear model (GLM) was used to
calculate significance using the Wald statistic estimated using the doBy R library
(Halekoh & Hgjsgaard, 2024 ). Experiments were simulated at least 1000 times for each
scenario and the power was estimated as the frequency of experiments resulting in a
significant difference between simulated treated and control groups at a significance
level of 0.05.
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A.4 Results and Discussion

The experimental DS data used for the power analysis is summarised in Table 1.

The four datasets are described by the following parameters:

The number of test animals used (sample size) per dose group. Study A
and Study B used 4 animals per dose group. The data from these experiments
were combined and simulated to produce different sample sizes for the power

analysis (described below).

Background MF. The VC MF was 5.33 x 108 (+ 7.35 x 10°) and 3.79 x 108 (+
3.35 x 10-%) mutations per bp for liver in Study A and Study B, respectively, and
4.13 x 108 (£ 1.35 x 10°) and 5.02 x 10 (x 1.69 x 10-%) mutations per bp for
BM in Study A and Study B, respectively. The average pooled VC MF (i.e.,
combining both studies; n =8 per tissue) for liver and BM was 4.56 x 108 (+
6.75 x 10-%) and 4.58 x 108 (+ 1.14 x 108) mutations per bp, respectively. As
the averages for both tissues are very similar, an overall average of 4.57 x 10-

8 mutations per bp was used in the subsequent power analyses.

Informative duplex bases sequenced per sample. The number of raw reads
for each dataset was 3.57 x 108, 2.47 x 108, 3.48 x 108, and 3.36 x 108 for liver
and BM in Study A and B, respectively. The average total number of informative
duplex bases achieved for each sample was 8.34 x 108 (+ 9.21 x 107) and 8.51
x 108 (£ 6.05 x 107) duplex bases in the liver studies, and 8.32 x 108 (+ 7.51 x
107) and 1.12 x 10° (+ 7.39 x 107) duplex bases in the BM studies. Note that
these numbers are lower than what is expected based on the conversion
formula (equation 2) because the studies achieved peak tag family sizes that
were larger than the optimal study described therein; peak tag family sizes in

these experiments was a minimum of 9.

These empirical parameters were used to generate a range of hypothetical

characteristics for potentially feasible DS experiments: sample sizes of 3-8 per dose

group; a background MF of 4.57 x 10" mutations per bp consistent across liver and

BM; an average total informative duplex bases sequenced per animal of up to 2 x 10°

duplex bases; a fold change of 1.5 from the VC group; and sample standard deviations

of 0.1, 0.15, 0.2, and 0.3. The standard deviation in this context represents the sample
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variability of MF on the In (natural logarithm) scale as the logit link function was used
in the GLMM to model the probability of observing a mutation. For instance, a MF of
4.57 x 10 is -16.90 on the In scale; a standard deviation of 0.3 would then create a
95% confidence interval ranging from -16.39 to -17.41. This interval translates back to
a MF range of 2.75 x 10 to 7.59 x 108. Appendix Figure A1 represents the distribution
of the animal-to-animal random effect for the other standard deviation values. As the
chosen test parameters are based on empirical data, they enhance the biological

relevance of the analysis.

We first simulated data to determine power to detect a 1.5-fold change in MF
between control and exposed groups as the test parameters vary (Appendix Figure
A2). We found that when the sample standard deviation is 0.1, 3 animals per dose
group is insufficient to achieve 80% power with 2 x 10° informative duplex bases
sequenced per animal — the maximum investigated in this study. However, increasing
sample size to 4 achieves over 95% power with this number of informative duplex
bases and 80% power with only 1 x 10° informative duplex bases. Increasing the
sample size further decreases the required number of duplex bases for any given
power value. When the sample standard deviation is 0.15, 80% power is achieved with
a minimum sample size of 5 animals per dose group and 1 x 10° informative duplex
bases. With a standard deviation of 0.2, 80% power is achieved with a minimum
sample size of 6 animals per dose group and 1.5 x 109 informative duplex bases; lower
samples sizes yield < 71% power. When the sample standard deviation is 0.3, 80%
power could not be achieved with any combination of sample size and required number
of duplex bases investigated here. Overall, increasing either the sample size or the
number of informative duplex bases sequenced per animal increases the power of the
study design. However, while larger sample sizes notably enhance power, increasing
the number of informative duplex bases beyond about 1.2 x 10° duplex bases yields
minimal additional power. This convergence occurs when you have sequenced deeply
enough to have an accurate measure of changes in MF. Thus, increasing the number
of samples has more impact on power than duplex depth by this point. Our analysis
sheds light on the dynamics of statistical power as sample size and sequencing depth

were varied.

We ran additional modeling experiments to determine the minimum sequencing

depth and sample size needed to observe a significant increase in MF with a power of
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80% and a p-value of <0.05 for different effect sizes and variances. For this analysis,
the investigated parameter range was expanded: sample sizes were varied from 2 to
20 animals per dose group; background MF was kept constant at 4.57 x 108 mutations
per bp; the average total number of informative duplex bases sequenced per animal
was modeled up to 2 x 10° duplex bases; sample standard deviations ranged from 0.05
to 0.3, with increments of 0.05; and expected fold changes of 1.2, 1.5, and 2 were
considered from the VC group to cover a wide range of responses. For each
combination of sample size, variance, and expected fold change, we varied the number
of informative duplex bases sequenced per animal until we found the minimum value
needed to observe a significant increase in MF with a power of 80% (+ 0.01%). This
analysis provides a foundation to establish study designs required to achieve

statistically significant results in diverse mutagenicity studies.

Our results demonstrate that several feasible study designs are suitable across
the above range of parameters (Appendix Figure A3). A 1.2-fold change is only
detectible with a minimum of 8 animals per dose group and an average of 1.6 x 10°
informative duplex bases sequenced per sample if the sample standard deviation is
extremely low — 0.05. Further sample size increases lower this required number of
informative duplex bases; however, even with as many as 20 animals per dose group,
study designs with sample standard deviation >0.15 cannot detect 1.2-fold changes,
given that the required number of duplex bases modeled did not exceed 2 x 10°
informative duplex bases. Detecting a 1.5-fold change is more feasible. Studies with a
sample standard deviation of 0.05 are sufficiently powered with at least 3 animals per
dose group, requiring a corresponding 1.2 x 10° informative duplex bases per sample.
Studies where the sample standard deviation is 0.3 — the highest investigated variance
— are only sufficiently powered with 12 animals per dose group and 8.9 x 108
informative duplex bases. Lastly, detecting a 2-fold change requires a sample size of
2 and 1.2 x 10° informative duplex bases when the sample standard deviation is 0.05,
and a sample size of 5 and 7.0 x 108 informative duplex bases when the sample
standard deviation is 0.3. Overall, our analysis reveals study designs that are
amenable to detecting different fold changes using different sample sizes and

sequencing depths.

Achieving a balance between the various study parameters is essential to

effectively design sufficiently-powered studies. Some designs require more samples
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per dose group than ethically permissible to achieve sufficient power. One way to
reduce sample size requirements is to increase the number of informative duplex
bases sequenced per sample. However, with a fixed sample size, power tends to
plateau with an increasing number of informative duplex bases (Appendix Figure A2).
Where this happens depends on the characteristics of the dataset. Therefore,
increasing the number of informative duplex bases to use smaller sample sizes might
not always be possible. Thus, trade-off between increasing sample size or the number
of informative duplex bases must be carefully considered when designing studies to

accommodate high sample deviations and small effect sizes.

Another consideration when increasing the number of informative duplex bases
is the biological limit of how deeply we can sequence our samples. There is a limited
availability of unique DNA molecules in a given amount of input DNA — known as DNA
library complexity. Complexity must be balanced against the number of informative
duplex bases achieved. Starting with a more complex sample (i.e., with a larger amount
of input DNA) would allow us to increase the number of informative duplex bases. This
area presents an opportunity for future research exploration to determine optimal DNA

inputs and the number of informative duplex bases for specific DS applications.

Our analysis enabled us to consider acceptable study designs based on two
main factors: the minimum sample size per dose group and the most feasible number
of informative duplex bases sequenced per sample. In our laboratory, we typically
sequence to a depth of 1.2 x 10° informative duplex bases per sample, which is
economically feasible at present. Since the required number of informative duplex
bases per sample and sample size are inversely correlated, several study designs that
minimize sample size are outside the scope of what we can realistically sequence.
Given this restriction, we considered study designs for DS that require <2.0 x 10°
informative duplex bases (Appendix Figure A3). Using this restriction, detecting a 1.2-
fold change in MF is challenging; large sample sizes are required to compensate for
power loss due the lower number of informative duplex bases per sample and the low
expected fold change in MF. In contrast, the detection of a 2-fold change is well within
our scope. With a sample size of 4, we achieve sufficient power to analyze samples
across most variances and at an easily attainable number of informative duplex bases.
Increasing the sample size to 5 extends this capability to include samples with a

standard deviation of 0.3. Overall, our results suggest that samples sizes of 4-5 are
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sufficient to detect at least a 1.5-fold change with a feasible number of informative
duplex bases even with high sample deviation using the present enzymatic
fragmentation protocol in MutaMouse liver and BM samples. The TGR test guideline
indicates that a minimum of 5 mice per dose group should be used to ensure sufficient
statistical power to detect at least a 2-fold change (OECD, 2022). Thus, DS has a
higher power to detect the required effect sizes recommended in mutation analyses
than the TGR assay.

Given that the parameter range investigated in this study did not encompass all
possible values, study parameters in other experiments may differ, potentially altering
the recommended study designs. Sample deviation, background MF, and effect size
are not under control of the researcher; they are determined by the study compound
characteristics and the biology of the organism. However, researchers can adjust
sample size and sequencing depth to optimize the power of the study design. Our
results provide a foundation for strategic optimization of study designs for mutation

analysis.

A.5 Conclusions

Study designs should be based on the biological characteristics of the test
system and the objective of the mutagenicity assessment. With DS, ethical
considerations about animal use must be balanced against sequencing (cost)
feasibility, anticipated effect size, and group variances; there is no singular option that
would work for everything. Our power analysis provides a basis for study design
selection for liver and BM tissues in MutaMouse animals. We show that a variety of
study designs can work to detect fold changes of 1.5 and 2. However, the routine
detection of a 1.2-fold change is likely beyond our present capabilities. Curation of
historical controls will be critical for DS analyses across different tissues. This will
enable us to achieve greater accuracy in our estimates of background MF and sample
deviation. Once enough data are collected, a similar power analysis could be done for
mutation spectra. Overall, our study informs sample size and the required number of
informative duplex bases needed per sample for DS study designs in MutaMouse BM

and liver tissue to promote regulatory testing using this powerful new technology.
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A.7 Figures and Tables

Supplementary data A of Appendix A are available at Environmental and Molecular Mutagenesis online.

Table A1 Overview of the four DS datasets that served as the foundation for the simulation studies.

Sample size per Average background MF P Average informative duplex

Tissue Study
dose group ? mutations per bp (* SE) bases per sample ¢ (* SE) H
A 4 5.33x 108 (£ 7.35x 109 8.51 x 108 (£ 6.05 x 107)
Liver
B 4 3.79x 108 (£ 3.53 x 109) 8.34 x 108 (£ 9.21 x 107)
Bone A 4 4.13x108(x 1.35x 109 8.32x 108 (£ 7.51 x 107)
marrow B 4 5.02x 108 (£ 1.69 x 10°%) 1.12x10° (2 7.39 x 107)

@ Male mice were exposed for 28 days by oral gavage to olive oil (vehicle control) or toxicants of interest (Study A and Study B).

b MF of the vehicle controls in each study.

¢ Number of informative duplex bases is averaged across all samples used in the experiments (i.e., both exposed and vehicle controls).
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Appendix Figure A1: The distribution of the animal-to-animal variability for standard deviations 0.1 (black), 0.2 (blue) and 0.3 (red), or N(0,0.12), N(0,0.2%), and
N(0,0.3%) (A), adjusted to the individual MFs (i.e. MF X exp(Z;) (B).
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Appendix Figure A2: The estimated power to detect a 1.5-fold change in MF between control and exposed groups, with sample sizes of 3-8 animals per group, and
sample standard deviations of 0.1 (A), 0.15 (B), 0.2 (C), and 0.3 (D). The grey highlighted zone shows the typical number of informative duplex bases sequenced
per sample for our laboratory (between 8.0 x 108 and 1.2 x 10° duplex bases).
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Appendix Figure A3 Minimum sequencing depth needed to detect a fold change of 1.2 (A), 1.5 (B), or 2 (C) given a background mutation frequency of 4.57 x 10-8
mutations per bp and a range of sample standard deviation. The grey highlighted zone shows the typical number of informative duplex bases sequenced per sample
for our laboratory (between 8.0 x 108 and 1.2 x 109 duplex bases). x Value of required sequencing depth exceeds 2 x 109 duplex bases per sample.
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Appendix B: Transferability, Reproducibility and Sensitivity

of Mutation Quantification by Duplex Sequencing

Modified from Shaofei Zhang, Barbara L. Parsons, Devon Fitzgerald; Anne Ashford ,
James Todd Auman, Tao Chen, Annette Dodge, Azeddine Elhajouji, Lena Pfaller,
Shawn Harris, Jake Higgins, Cheryl A. Hobbs, Francesco Marchetti, Matthew J. Meier,
Meagan B. Myers, Jesse Salk, Rebecca Sahroui, David M. Schuster, Raja Settivari,
Stephanie L. Smith-Roe, Carole L. Yauk, Jian Yan, Andrew Williams, Connie L. Chen.
Transferability, Reproducibility and Sensitivity of Mutation Quantification by Duplex
Sequencing. Environ Mol Mutagen. 2025 Aug;66(6-7):311-326.  doi:
10.1002/em.70020.

B.1 Abstract

Duplex Sequencing (DS) is an ultra-accurate, error-corrected next generation
sequencing technology that provides a powerful tool for mutation analysis. A working
group (WG) within the Health and Environmental Sciences Institute’s Genetic
Toxicology Technical Committee is investigating the suitability of DS for regulatory
mutagenicity testing. Initial steps to promote acceptance require demonstrating
technical reproducibility across DS-experienced and inexperienced laboratories and
establishing the method’s sensitivity relative to conventional tests. Thus, the WG
conducted a ‘reconstruction experiment’ to evaluate the transferability, reproducibility,
and sensitivity of DS. TwinStrand Biosciences first applied DS to establish mutation
frequency (MF) in DNA samples extracted from the livers of an untreated Sprague
Dawley rat, or rats treated with either 100 mg/kg/day benzo[a]pyrene (BaP) for ten
days or 40 mg/kg/day N-ethyl-N-nitrosourea (ENU) for three days. Using the measured
MF in these original samples, mixtures were then constructed using the BaP- and ENU-
treated samples to create “MF standards” with target MFs 1.2-, 1.5-, and 2-fold greater
than the untreated control. Aliquots of these standards were distributed to seven
laboratories in North America and Europe. DS libraries were prepared by each
laboratory and TwinStrand. All eight laboratories met library preparation and assay
performance metrics to yield high quality sequencing data with MF in the expected ‘MF
standard’ range. The measured MF and mutation spectra were nearly identical across
the laboratories and a 2-fold increase in MF could readily be identified in all labs relative
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to the untreated controls. The results confirm the high reproducibility and sensitivity of

DS for mutagenicity assessment.

B.2 Introduction

Next-generation DNA sequencing (NGS) has made it possible to analyze
genetic alterations in millions of nucleotides of DNA at a time, but limitations in
accuracy (error-rates on the order of one-in-one-hundred to one-in-one-thousand)
preclude measurement of the much lower mutation frequencies (MFs) required for
genetic toxicology applications. Duplex Sequencing (DS) is a double-stranded tag-
based error correction technology that improves the accuracy of NGS by more than
10,000-fold and allows for sensitive detection of extremely rare mutations (Salk et al.,
2018), such as those induced by chemical mutagens (Salk & Kennedy, 2020). Multiple
studies provide evidence of DS utility in the detection of induced mutation (Cho et al.,
2023; Seo et al., 2024; Smith-Roe et al., 2023; Wang et al., 2021), while others have
evaluated DS equivalence with the transgenic rodent (TGR) mutation assays currently
used in regulatory genetic safety assessment (Bercu et al., 2023; Cheung et al., 2024;
Dodge et al., 2025; Valentine et al., 2020). In aggregate, these studies identified
mutation induction by at least eight known mutagens in at least six tissues across four
strains of rodents, as well as in human cells in culture and organoids. Additionally, this
body of work collectively demonstrates that mutational sensitivities vary by genomic
locus and DNA strand, based on contributing factors that may include transcription,
methylation and chromatin state(Dodge et al., 2023; LeBlanc et al., 2022; Valentine et
al., 2020). Given the apparent success of these early studies, an error-corrected NGS
workgroup (ecNGS WG) under the auspices of the Health and Environmental Sciences
Institute's (HESI) Genetic Toxicology Technical Committee (GTTC) enumerated the
potential advantages of DS over current genetic toxicology testing methods and
described opportunities for DS to advance other areas of mutation research (Marchetti
et al., 2023b, 2023a).

The DS approach has a number of advantages over other conventional
technologies with OECD test guidelines in terms of the richness of data generated and
the broad applicability across species and tissues. Due to the very low rate at which
even mutagen-exposed cells accumulate mutations, nearly all conventional OECD
assays to date have relied on biological selection systems. Specifically, mutations in
defined reporter genes that alter a phenotype to promote preferential growth over non-
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mutated cells can be quantified using various assay methods. These include the
bacterial reverse mutation (Ames) test (bacteria invitro) (OECD, 2020b),
HPRT/APRT/HGPRT (mammalian in vitro) (OECD, 2016b), and transgenic reporter
systems like Big Blue and MutaMouse (rodent in vivo) (OECD, 2025d). However,
several limitations to these conventional tests exist. Bacteria are convenient and
inexpensive to work with but are far from perfect surrogates for mammals. Transgenic
rodent models make it possible to test mutagenicity in vivo (Lambert et al., 2005);
however, the availability of transgenic rodents can be an issue, a complex ex vivo
laboratory component is required for its readout, and overall, the approach is
expensive. Moreover, determining the spectra of mutations induced is very labor-
intensive and impractical outside a research setting (Beal et al., 2020; Besaratinia et
al., 2012). HPRT and related assays rely on genes natively present in immortalized
mammalian cells and make it possible to directly detect mutation induction in human
cells, yet the selective growth condition required to obtain single cell-derived colonies
is not amenable to the majority of human cell types, and the very small reporter locus
limits the generalizability of spectral determination and ability to extrapolate to the rest
of the genome. Because DS measures chemically induced mutations directly and
identifies the resultant mutational signatures using native DNA without the need for
phenotypic selection, it enables analysis in any cell type from any organism with a

reference genome, be it cells in culture or tissues from rodents or humans.

Recognizing the promise of DS, the ecNGS WG considered the data needed for
adoption by regulatory agencies. Before a technology can be formally investigated
using appropriate procedures (i.e., ring trial as per OECD), its methodology must first
be demonstrated to be robust, sufficiently detailed, and validated (OECD, 2002).
Although groups of investigators have used DS successfully for mutational analyses,
a large inter-laboratory study demonstrating successful technology transfer and
reproducibility had not been performed. Goals of this study, therefore, were to
demonstrate the transferability and reproducibility of DS among laboratories with and
without previous DS experience. Additional goals were to establish consensus on
critical methodological parameters and gather information on technical sensitivity; this
information is necessary to evaluate its equivalence with TGR methods. To accomplish
this, a set of rat DNA samples with defined MFs was prepared and shared among
investigators, who independently prepared libraries, submitted their libraries for

sequencing, and jointly evaluated the study results.
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While the DS validation study underscores the promising potential of ecNGS
approaches in genetic toxicology, the discontinuation of DS kits presents a significant
hurdle for this particular technology. Promptly addressing this issue and exploring
alternative ecNGS methodologies will be crucial for the continued advancement of
these technologies. The current work offers a potential model for assessing
transferability, reproducibility, and sensitivity of other ecNGS technologies, aligning
with the WG's broader efforts to promote the adoption of ecNGS methods in regulatory

testing.

B.3 Material and Methods

B.3.1 Chemicals
N-Ethyl-N-nitrosourea (ENU; CAS #759-73-9) and BaP (CAS #50-32-8) were

obtained from Sigma-Aldrich (St. Louis, MO). Formulations of ENU were prepared
daily in phosphate buffered saline (Nova-Tech, Kingwood, TX) at a concentration of
8 mg/mL. BaP formulations were prepared weekly in sesame oil (Spectrum Chemical,

New Brunswick, NJ) at a concentration of 20 mg/mL.

B.3.2 Ethics Statement
The in-life portion of this study was conducted by Integrated Laboratory Systems

(ILS; Research Triangle Park, NC) with prior approval by the ILS Institutional Animal
Care and Use Committee. All procedures complied with the Animal Welfare Act
Regulations, 9 CFR 1-4 and animals were handled and treated according to the Guide

for the Care and Use of Laboratory Animals (National Research Council 2011).

B.3.3 Animal Treatment and Tissue Collection
Male Sprague Dawley rats (Hsd:Sprague Dawley; Envigo Laboratories,

Frederick, MD) were maintained in a Specific Pathogen-Free facility in constant
temperature rooms (20°C-25°C) with a relative humidity of 30%—70% on a 12-h
light/12-h dark cycle. Animals were housed in polycarbonate cages with micro-isolator
tops containing absorbent heat-treated hardwood bedding (Northeastern Products
Corp., Warrensburg, NY). Certified Purina Pico Chow No. 5001 (Ralston Purina Co.,
St. Louis, MO) and reverse osmosis treated tap water were provided ad libitum. The
animals were assigned to a dose group such that the mean body weight of each group
was not statistically different from any other group. At 8—10 weeks of age, three animals
per group were left untreated or administered 40 mg/kg/day ENU or 100 mg/kg/day
BaP by oral gavage daily for 3 or 10 consecutive weekdays, respectively. The dose

levels were selected to maximize the mutational load under this dosing regimen. To be
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consistent with the TG 488 tissue harvest protocol, animals were humanely euthanized
at Day 31 following initiation of dosing using carbon dioxide asphyxiation, and death

was confirmed by exsanguination.

All lobes of the liver were harvested and rinsed in cold mincing solution (Mg*?
and Ca*? free Hanks Balanced Salt Solution, 10% v/v DMSO, and 20 mM EDTA
pH 7.4-7.7) to remove residual blood. Tissue was cut into ~5 x 5 x 5 mm sections and
placed into tubes embedded in dry ice. Tubes were transferred to a — 80°C freezer until
shipped on dry ice to TwinStrand Biosciences (Seattle, WA). Care was taken to avoid
cross-contamination of cells between different organ types within each animal and

between animals. Clean instruments and gloves were used for each animal.

B.3.4 DNA Extraction and Mixture Preparation
DNA was extracted using a modified “salting out” method (DNA Extraction Kit,

Agilent Technologies, Santa Clara, CA), according to the manufacturer's protocol for
extraction from whole tissue. Extractions were performed with approximately 250 mg
of liver tissue and overnight proteinase digestion at 37°C. Final DNA pellets were
resuspended in IDTE (10mM Tris, 0.1 mM EDTA) (Integrated DNA Technologies,
Coralville, 1A). To yield sufficient DNA, between 4 and 12 tissue sections were extracted
per rat, and the resulting DNA was pooled together after initial quality assessment.
Pooled DNA was concentrated using AMPure XP beads (Beckman Coulter, Brea, CA)
at a 1:1 ratio. DNA samples were quantified using a Qubit dsDNA HS Assay Kit
(Thermo Fisher Scientific, Waltham, MA) and quality was assessed using a Genomic
DNA ScreenTape Assay (Agilent Technologies, Santa Clara, CA). All pooled DNA
samples had concentrations > 50 ng/pL and DNA integrity numbers (DIN) > 7.

For each of the three pure DNA samples, DS libraries were prepared according
to the standard protocol (see below). For each sample, three replicate libraries were
prepared with 1000 ng of DNA input mass per library. MFs from replicate libraries were
averaged to estimate the true MF for each pure sample. Average MFs were as follows:
8.12 x 1078 for untreated, 4.36 x 1077 for BaP-treated, and 1.82 x 1076 for ENU-treated

rats.

DNA extractions and mixture preparations were performed at TwinStrand
Biosciences, and aliquots of pure and mixed DNA samples were distributed to seven
other laboratories for DS library preparation (Appendix Figure B1A).
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Mixtures of DNA from untreated and mutagenized rats were made to simulate samples
with MFs 1.2x (120%), 1.5% (150%), and 2x (200%) higher than the pure untreated
sample. These will be referred to as BaP (or ENU) 1.2x mixture, 1.5% mixture, and 2x
mixture. One series of mixtures was made by combining DNA from untreated and BaP-
treated rats and another by combining DNA from untreated and ENU-treated rats
(Appendix Figure B1B). The quantities of control DNA, BaP pure DNA, and ENU pure
DNA used in mixtures to achieve the desired MFmin are detailed in Supplementary
Data B: Table S1.

B.3.5 Library Preparation and Sequencing
DS libraries were prepared by seven participating labs independently using

TwinStrand DuplexSeq Mutagenesis kits according to the manufacturer's protocol.
Briefly, 1000 ng or 500 ng of genomic DNA were digested to DNA fragments with a
median size of about 250 to 300 base pairs using TwinStrand DuplexSeq Kit-Enzymatic
Fragmentation Module, followed by end repair, A-tailing and DuplexSeq Adapters
ligation reactions. A unique set of indexing primers used in the indexing reaction were
pre-assigned to each participating lab. The rat mutagenesis hybrid capture panel
(TwinStrand product #06—1007-02) includes 20 genomic targets (Table S2), each
2.4 kb (48 kb total), spread across the rat genome. The panel was designed to provide
a representative sampling of the rat genome regarding GC% and trinucleotide content,
genic/intergenic regions, and excluding repetitive elements and loci known to drive
positive or negative selection. The size of final libraries was checked using the Agilent
TapeStation system and libraries were quantified with the Qubit fluorometer. The set of
libraries generated by the first three participating labs (A, B, and C) were pooled and
sequenced on site at TwinStrand on an lllumina (San Diego, CA) NovaSeq 6000
system using an S4 flow cell with 2 x 150 bp read length. Libraries from the remaining
four labs (D, E, F, and G) were pooled and sequenced at Psomagen on another S4
flow cell with 2 x 150 bp read length. The DS libraries prepared from each lab included
one set of duplicate libraries made from the untreated rat DNA sample (DNA 01). The
eighth set of libraries previously prepared and sequenced by TwinStrand (TS) were

used as a reference for comparison with results from the seven other labs.

B.3.6 Duplex Consensus Making and Variant Calling
Raw sequencing data for all libraries were processed simultaneously using the

TwinStrand DuplexSeq FASTQ to VCF Parallel App (version 3.21.0) in the DNAnexus
cloud platform. The app performed consensus making, consensus read
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postprocessing, and variant calling according to previously described methods
(Kennedy et al., 2014; LeBlanc et al., 2022). When a clear duplex consensus base call
could not be made, an N was called at that base in that molecule's duplex consensus

sequence.

B.3.7 Calculation of MF and Spectrum
Total and subtype MF calculations, hierarchical clustering of base substitution

spectra, and trinucleotide spectra generation were performed for all libraries
simultaneously using the TwinStrand DuplexSeq Mutagenesis Report App (version
4.3.0) on DNAnexus. Only somatic variants with variant allele fraction (VAF)<0.01
were included in the analysis. Analysis was further restricted to a custom reportable
region, which excluded the following loci. First, any position with an apparent germline
variant (VAF >0.3) in one or more of the pure samples was excluded from analysis in
all samples. This was done so that germline variants diluted to low frequency during
DNA mixture preparation would not impact MFs and spectra. Additionally, an
approximately 100 bp region within the target locus on chromosome 20 was excluded
due to a previous observation of a very high number of artifactual variant calls flanking

a cluster of closely spaced germline variants.

Unless otherwise noted, MFs were calculated using the minimum method
(MFmin) with the assumption that multiple observations of the same mutation result
from cell division rather than multiple independent mutation events, as described
previously (Dodge et al., 2023; Valentine et al., 2020). Briefly, each unique rare variant
was counted once, regardless of how many consensus reads supported the variant,
and the total number of unique variants was divided by total duplex bases (excluding
Ns). Subtype MFmin values were calculated similarly, but within context-specific total
duplex bases. Alternatively, MFmax was calculated by counting all occurrences of each
unique rare variant. Wilson binomial confidence intervals (95%) were calculated for all
MFs.

For hierarchical clustering by base substitution spectra, simple base substitution
variants were converted into pyrimidine context, and the proportion of each substitution
type was calculated for each library. A cosine similarity matrix was calculated on
substitution type proportions and unsupervised hierarchical clustering was performed
using the Ward clustering algorithm.
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To generate trinucleotide spectra, the frequency of each base substitution type
in each trinucleotide context was derived by dividing the count of each substitution type
by the relative abundance (total duplex depth, excluding Ns) of that context in the
reportable region. Frequencies were normalized by the sum of the total single base
substitution frequency, so that the proportions for each sample sum to one. Wilson
binomial confidence intervals (95%) were calculated for context-specific substitution
frequencies and were normalized by the sum of the total single base substitution

frequencies.

B.3.8 Generalized Linear Modeling for Analyses of MFs
MFs were analyzed using a generalized linear model (GLM) with extra-binomial

dispersion, assuming sample independence. All analyses were performed in the R
statistical environment. The GLM included main effects of laboratory and treatment,
along with a laboratory-by-treatment interaction, using the quasibinomial family of
models. Mean estimates and pairwise comparisons were conducted using the utility R
library for groupwise statistics, LSmeans, and linear estimates were called with doBy
(Halekoh & Hgjsgaard, 2006). As this family of models employs a log link function, the
estimates from the model parameters obtained through the esticon() function were
exponentiated (i.e., back-transformed). Estimates of the back-transformed standard
errors were approximated using the delta method. The p-values for the fold change
estimates were adjusted for multiple comparisons using the Sidak method (Sidak,
1967; Wright, 1992). Fold changes between treatment and controls were calculated

independently within each laboratory.

For group-based analysis of MFmin, libraries prepared from the same DNA
samples were treated as replicates. A quasi-Poisson generalized linear model was
used to perform all possible pairwise comparisons between sample groups, and
Benjamini-Hochberg false-discovery rate adjustment (Benjamini & Hochberg, 1995)

was used to correct for multiple comparisons.

B.3.9 Sampling-Based Replicate Analysis
To assess whether a ~ 1.2-fold increase in MFmin could be detected using fewer

than eight technical replicates, we randomly selected replicates to make smaller
groups and repeated the group-based analysis. We tested group sizes between 2 and
7 and took 100 random samples of replicates at each group size. Libraries generated
with 500 ng of input DNA (Lab B) were excluded from this analysis because of the lower
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data yield of these libraries. Sampling and pairwise statistical tests were performed
separately for the BaP 1.2x, ENU 1.2x, BaP 1.5%, and ENU 1.5% mixtures compared
to the untreated control sample, without correction for multiple comparisons. A similar

analysis was repeated for each of the six single base substitution (SBS) subtype MFs.

B.3.10 Mutation Spectra
The trinucleotide spectra were analyzed using the likelihood ratio test as

described in Piegorsch and Bailer (Piegorsch & Bailer, 1994). Pairwise comparisons
were conducted on 2 x 96 contingency tables of counts for each trinucleotide as well
as on 2 x 10 contingency tables of counts for each variant type and SNV (single-
nucleotide variant) subtypes normalized to its pyrimidine context. These comparisons
included treatments to controls and comparisons across laboratories for each
treatment. Adjusted p-values were obtained using the Sidak method (Sidak, 1967)
which was applied independently to each family of tests. This family of tests were
defined as within laboratories and across laboratories for each treatment

independently.

B.3.11 Power Analysis
A power analysis was conducted to determine the minimum sample size and

informative duplex bases required to observe a significant increase in MF. Random
samples were generated repeatedly to simulate experiments using estimates from this
study. Over-dispersed binomial samples were randomly generated using the rbinom()
function with an MF of 2 x 10~° and overdispersion assuming a normal distribution with
a mean of zero and standard deviations ranging from 0.05 to 0.15. A GLM was
employed to calculate the significance between the control and treated samples. The
bisection method was used to estimate the minimum detectable fold change of the
simulated experiment, yielding a power of 80%. For each iteration of the bisection
method, the power was estimated by simulating 2000 data sets and calculating the
proportion of times a significant result was achieved at the 0.05 significance level. The
sample size, sample variance, and number of informative duplex bases were varied,

and the results from these analyses were used to produce power curves.

B.4 Results

B.4.1 Mortalities, Clinical Signs, and Body Weights
All animals survived to the scheduled termination; clinical observations indicated

no signs of toxicity during the study. Lower terminal body weight as compared to
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untreated control animals was exhibited in rats administered the test articles (-10.3%
and - 7.8% for ENU and BaP, respectively).

B.4.2 QC Metrics Overview of Sequencing Data from Eight Participating Labs
Eight labs each constructed ten libraries from the nine DNA samples provided,

with the untreated control prepared in duplicate by each lab. Libraries were sequenced
across three different flow cells with each library allocated ~700 million raw paired-end
reads (696,136,363 + 26%) or ~350 million sequencing clusters (Appendix D2 Table 3:
DNA Sequencing Metrics). Most libraries were prepared using 1000 ng of input DNA
per library, but Lab B used 500 ng of input DNA per library. Because DS data yield
depends greatly on the input DNA mass, with a roughly linear relationship, performance
of the 500 ng and 1000 ng libraries were considered separately. Libraries prepared with
500ng of input DNA vyielded ~1.2 billion informative duplex bases each
(1,222,407,630 £ 11%, Appendix Figure B2A, left) and libraries prepared with 1000 ng
of input DNA yielded ~2.2 billion informative duplex bases each (2,233,908,655 + 14%,
Appendix Figure B2A, right). These total data yields equate to ~20,000x or ~37,000%
average duplex molecular depth across the target regions for 500 ng and 1000 ng
inputs, respectively (19,646% + 10%, 36,810% + 13%,Appendix Figure B2B). Peak tag
family size (PTFS) is the modal number of reads representing each strand in duplex
consensus families, with PTFS of 10 representing a balance between optimizing data
yield and sequencing cost. All libraries had PTFS > 8 indicating sufficient sequencing
and libraries prepared with 500ng of input DNA had higher PTFS values
(48.30% £ 9%) than the 1000 ng libraries (16.36% +26%), as expected (Appendix
Figure B2C). Additional assay performance metrics are summarized in Table S3.
Overall, all eight labs generated high quality DS libraries from the provided DNA
samples. Data yields per library were relatively consistent within and between labs and

scaled with input DNA mass, as expected.

B.4.3 Reproducibility Measured by MFs (MFmin )
Rigorous evaluation of DS sensitivity and reproducibility is needed to support its

use as a regulatory test for mutagenicity. To evaluate reproducibility, eight labs
analyzed the same set of DNA samples. Technical sensitivity of DS was analyzed
concurrently by assessing the lowest quantity of treated rat DNA, when spiked into
untreated rat DNA, could be detected as significantly increased MFmin relative to the
untreated control. The DS MFmin measurements from the analysis of the set of 10
samples by each of the eight labs are shown in Appendix Figure B3. It is apparent that
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the results from the different labs are highly reproducible. Importantly, the results from
each lab showed comparable and expected increases in MF based on the amounts of
pure DNA from mutagenized rats spiked into the different samples. MFmin is the
preferred endpoint for the DS analysis of mutagenesis because it eliminates possible
confounding due to clonal expansion of individual mutants. However, high
interlaboratory reproducibility was also observed based on quantitation using MFmax

(Supplementary Data B: Figure S1).

Some participating laboratories had considerable previous experience using
DS. Other laboratories were trained immediately preceding library preparation of study
samples. Given that reproducible results were obtained irrespective of extent of
laboratory experience, it is concluded that the DS technology (including kit design,

instruction, and support) has great across-laboratory transferability.

B.4.4 Reproducibility Measured by MF
A generalized linear model was used to estimate the effects of laboratory and

treatment on MFmin. Mean estimates (Appendix Figure B4A) did not differ significantly
between any of the eight laboratories for any of the treatment groups (p > 0.05). Fold
changes from control were consistent with the expected fold increases in MFmin based
on the amount of treated DNA in each sample across all labs (Appendix Figure B4B).
Fold changes across laboratories ranged from 1.1-1.3%, 1.4-2.3x, 1.8-2.8%, and 5.3—
7.2x for BaP 1.2x mixture, 1.5% mixture, 2x mixture, and pure BaP treated samples,
respectively. For the ENU treated samples or mixtures, fold changes ranged from 1.1—
1.4%, 1.4-2.1%, 1.9-3.0%, and 22-33x for ENU 1.2x mixture, 1.5x mixture, 2x mixture,
and pure ENU treated samples, respectively. Significant increases from control
(p <0.05) were detected for most individual laboratories (two control replicates vs. one
mixture replicate) starting at the 1.5x mixtures for both BaP and ENU. Laboratory D
was able to detect significant increases from control at the 1.2x mixtures for both
chemicals. All laboratories detected significant increases in MF at 2x mixtures and pure

BaP and ENU treated samples.

B.4.5 Technical Sensitivity of DS
To further examine the technical sensitivity of DS, we treated all libraries

prepared from the same DNA sample as technical replicates and performed group-
based analysis (Appendix Figure B5). Considering libraries from all labs, both 1.2x
mixtures had significantly increased MFmin relative to the untreated control (FDR-
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adjusted p values, BaP 1.2x mixture p=1.82x10"3, ENU 1.2 xmixture
p=6.63x10"%). The 1.5x and 2x mixtures were significantly increased as well
(p<1x1078).

To assess whether a ~ 1.2-fold increase in MFmin could be detected using fewer than
8 replicates, we randomly selected replicates to make smaller groups and repeated
the group-based analysis (Appendix Figure BSB and C). For the BaP 1.2x mixture,
97% of randomly sampled groups of n =6 yielded a significant test result (p <0.05) and
for the ENU 1.2x mixture, 98% of randomly sampled groups of n=5 yielded a
significant test result (p <0.05). This analysis suggests that five to six 1000 ng libraries
provide enough statistical power to detect an ~1.2-fold change with high confidence,
assuming a similar baseline MF and that the variability between replicates is similar to
what is observed in inter-lab technical replicates in this study. The analysis was
repeated for the 1.5% mixtures, with the results suggesting that 2—-3 replicates per
group provides sufficient power to detect an ~1.5-fold increase in MFmin

(Supplementary Data B: Figure S2).

B.4.6 Single Base Substitution Spectra Analyses
Unsupervised hierarchical clustering was performed to classify libraries based

on SBS spectra (Appendix Figure B6). Libraries prepared with pure DNA samples from
untreated, BaP-treated, and ENU-treated rats showed distinct SBS spectra and formed
discrete clusters. Libraries prepared with DNA mixture samples also resolved into near-
perfect clusters by DNA sample, with the lower fold-change mixtures being more similar
to the pure untreated rat libraries and the higher fold-change mixtures being more
similar to the pure BaP- or ENU-treated rat samples. While the clustering analysis does
not directly measure reproducibility across different labs, it shows that the variation
within a specific mix rate (such as 1.2x or 1.5x%) is less than the variation observed

between different mix rates or treatments.

B.4.7 Subtype MF Analysis
Next, we assessed whether focusing on mutagen-specific mutation subtypes

could boost sensitivity of DS. We repeated the replicate-sampling analysis using sub-
type MFmin instead of total MFmin for the BaP and ENU 1.2x mixtures (Appendix
Figure B7). For the BaP 1.2x mixture, 92% of randomly sampled groups of n=3
showed a significant increase in C>A MF (Appendix Figure B7A) and 99% of randomly
sampled groups of n=5 showed a significant increase in C>G MF (Appendix Figure
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B7B), compared to n =6 needed to see a significant increase in total MFmin (Appendix
Figure B5B). For the ENU 1.2x mixture, 100% of randomly sampled groups of n=4
showed a significant increase in T>A MF (Appendix Figure B7C) and 100% of randomly
sampled groups of n=3 showed a significant increase in T>C MF (Appendix Figure
B7D), compared to n =5 needed to see a significant increase in total MFmin (Appendix
Figure B5C). For all other mutation subtypes, either no significant change was
detectable with any number of replicates or more replicates were needed than for total

MFmin (Supplementary Data B: Figure S3).

B.4.8 Simple and Trinucleotide Spectra Analysis
Normalized proportions of mutation subtypes were compared across treatment

groups and across laboratories using the likelihood ratio test within contingency tables
of mutation counts (min). Comparisons were first made based on the simple mutation
spectra (Appendix Figure B8A), including all variant types and SNV subtypes.
Categories included MNV (multiple-nucleotide variants), insertions, deletions, complex
variants, symbolic/structural variants, and the six SNV subtypes. Proportions for each
mutation subtype were normalized to the sequencing depth. There was no significant
difference (p>0.05) between laboratories for any of the mixtures or pure samples
except for laboratory C, pure ENU treated samples which was significantly different
from all other laboratories. The small relative increase in C>A mutation found in sample
from laboratory C is not fully understood but may arise from the process of sample
preparation or library constructions. Expected differences in mutation proportions were
observed between mixtures (or pure samples) and controls within each laboratory.
Significant shifts in the mutation spectra were detected starting at BaP 1.5% mixture for
six out of the eight labs. Labs B and E detected significant shifts in the spectrum starting
at BaP 2x mixture. Significant differences in the mutation spectra were detected
starting at ENU 1.5x mixture for all laboratories. Labs A and F were further able to
detect significant differences in the mutation spectra for the ENU 1.2x mixture
(Table S4).

Similar results were found when the 96-base trinucleotide spectrum was
compared across treatment groups and laboratories (Appendix Figure B8B). The
trinucleotide spectrum consists of the normalized proportions of the six SNV subtypes
(pyrimidine notation) within the context of their two flanking nucleotides. Again, the
proportions of mutation subtypes did not differ across laboratories for any treatment

groups except pure ENU, which differed between lab C and all other laboratories. The
202



pure ENU treatment groups had many more mutations than any other group; therefore,
it is possible that only small differences in the spectra are being detected in this case.
Shifts in the mutation spectra between the treatment groups and the control were
consistent across labs. Four out of the eight laboratories detected a significant shift in
the trinucleotide spectrum starting at BaP 2x mixture. Lab A was able to detect a
significant difference in BaP 1.5x mixture. Labs B, G, and TS were only able to detect
a significant difference in trinucleotide spectra at pure BaP treated samples. Five out
of eight laboratories detected a significant shift in the trinucleotide spectrum starting at
ENU 2x mixture. Labs A and D detected a significant difference at ENU 1.5x mixture.

Finally, lab B only detected a significant difference at pure ENU treated samples.

B.4.9 Power Analysis
The issue with empirical evaluations is that the underlying distributions of the

data may not reflect true experimental conditions such as only evaluating technical
variability. Simulation is a tool often used to test new methodologies based on
estimates from the empirical evaluation. Simulating data from known distributions

allows us to measure the performance of the test system under different scenarios.

Using the binomial variation observed in this study, a MF of 6.7 x 1078 and an
average number of informative bases (1.71 x 10°), our simulation shows that DS can
detect a 1.5-fold increase with an n of four with 80% power (the red line in Appendix
Figure B9A). As n increases, DS can detect a 1.2-fold change with an n of 8 with a
Bonferroni adjusted significance level of 0.05 with eight comparisons (i.e., eight labs).
As the number of informative bases decreases from 100% to 80% (orange), 60%
(green), 40% (blue) and 20% (purple), the minimal detectable fold change increases.
With only 3.42 x 108 informative duplex bases, to detect a 1.5-fold change would

require an n of 8 per group.

Panels B, C and D in Appendix Figure B9 illustrate the minimal detectable fold
change of DS as over dispersion or additional binomial variation is present. These
analyzes attempt to simulate biological variability using estimates of standard
deviations that have been previously published or cover a range of values observed in
unpublished in-house data. As the additional binomial variation increases the minimal
detectable fold change also increases. For example, with a standard deviation of 0.15,
the sample size to detect a 1.5-fold change would be seven per group, the point at

which the red line crosses the gray line in panel D of Appendix Figure B9.
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B.5 Discussion

Recognition that ecNGS approaches bring improved precision and a broader
range of applicability to the characterization of genomic change created enthusiasm
for their further development and validation. Indeed, practitioners have described the
potential for ecNGS methods to revolutionize the fields of genetic toxicology and
cancer risk assessment (Marchetti et al., 2023b, 2023a).Establishing the robustness
of ecNGS methods is a critical step toward regulatory adoption. As noted in the
roadmap by Marchetti et al. (Marchetti et al., 2023a), essential steps toward the
regulatory adoption of ecNGS test methods must include favorable demonstration of
assay sensitivity, transferability, and inter-laboratory reproducibility through a ring trial
(OECD series on testing and assessment —number 34,
https://ntp.niehs.nih.gov/sites/default/files/iccvam/suppdocs/feddocs/oecd/oecd-
gd34.pdf).

DS is one type of ecNGS that has been used in various studies to assess low-
frequency mutations, both in vitro and in vivo (Armijo et al., 2023; Cho et al., 2023;
Smith-Roe et al., 2023; Wang et al., 2021; S. Zhang et al., 2024). Given that the
number of laboratories investigating ecNGS for genetic toxicology applications was
greater for DS than for other ecNGS approaches (e.g., PacBio Hifi sequencing
(Miranda et al., 2023), SMM-seq (Maslov et al., 2022), and Hawk-Seq (Matsumura et
al., 2019; Otsubo et al., 2021)), investigating the technical sensitivity, transferability,

and reproducibility of DS was the goal of this international collaboration.

The results from the eight laboratories participating in this study demonstrate
the outstanding reproducibility of DS in the measurement of MF and mutation spectra.
Indeed, the results of the current study robustly meet the criteria for OECD pre-
validation of a test method. Further, the interlaboratory reproducibility (Appendix Figure
B3 and Appendix Figure B6) supports the conclusion that the methods employed in the

current study are sufficiently robust to be considered as a ring trial.

Importantly, several of the laboratories entered this study with minimal or no
prior experience building libraries for DS. With appropriate training by TwinStrand
personnel, these laboratories were able to produce results, both MF and mutation
spectrum, nearly identical to those generated by laboratories with more experience.
Thus, the DS method was established as having high transferability. Our observations
regarding DS reproducibility and transferability support the conclusion that
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interlaboratory variability is unlikely to limit the regulatory use of this method for MF

determination.

One of the interesting observations of this study is that the use of 500 ng input
DNA by lab B generated results very similar to the seven other labs that used 1000 ng
of input DNA. Thus, the method appears to have good tolerance regarding variation in
the quantity of input DNA. Both quantities of input DNA yielded large numbers of total
informative duplex bases. Comparison of the performance metrics shows that libraries
prepared using 500 ng of input DNA had a mean PTFS of 48, as compared to a mean
PTFS of 16 for libraries prepared using 1000 ng input DNA. However, 500 ng input
DNA generated only about half of the total informative duplex bases generated using
1000 ng input DNA with the same sequencing settings. Generally, a PTFS of 10 to 15
is considered ideal for high quality DS data. Although there are no negative impacts on
the mutational analysis, greater PTFS values may signal the creation of unnecessary
raw reads (and sequencing cost), without a proportional increase in informative duplex
bases. Therefore, this study documented the relationship between the input DNA and
raw reads as critical parameters of DS study design that must be considered to achieve
optimal PTFS.

MF data can be expressed as MFmin (mutations recovered more than once
within the same sample are counted only once) or as MFmax (all mutations are
counted). Sequencing of mutants is sometimes performed as part of a TGR assay,
particularly when high inter-individual variability is observed because “sequencing can
be used to rule out the possibility of jackpots or clonal events by identifying the
proportion of unique mutants from a particular tissue” (OECD, 2025d). In assessment
of mutagenesis, this conveys a recognized preference for the analysis of unique
mutations as compared to mutation data confounded by clonal events. The current
study investigated MFs calculated as MFmin and MFmax. Initially some variation in
MFmax was observed across replicated samples. Some of this variation was due to a
few variants with germline frequencies in the pure samples erroneously left out of the
initial list intended to mask these positions from analysis. This resulted in apparent
large clones in some mixture samples. Furthermore, in mixtures where those variants
were present at about ~1%, they fell below the threshold in some samples, so
contributed 100 s of variant counts to the MFmax calculation and fell above the
threshold in others so were excluded from MFmax calculations. When the reportable
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region was updated to exclude these germline variants, the variability in MFmax greatly
decreased. This demonstrates that in samples with true clones, that both the presence
of clones and the exact size of the clones (barely above or below the somewhat
arbitrary threshold of 1%) can have a dramatic impact on MFmax. Specifically, the
dilution necessary for the construction of the DNA mixtures caused germline mutations
to appear as large clones in some but not all samples. This example highlights the
need to carefully scrutinize DS data. After addressing the artifactual variant calls, the
MFmin and MFmax metrics both yielded reproducible results across the eight
participating laboratories. Nevertheless, based on this experience and existing TGR
guidance, MFmin is recommended as the appropriate metric to use for ecNGS
assessment of mutagenicity, whereas MFmax may be a more relevant metric for

carcinogenicity testing.

It is well known that different mutagens and DNA repair defects may leave
unique signatures in the mutational spectra (Boysen et al., 2025; Kucab et al., 2019;
Poon et al., 2014). In addition to the measurement of MF, DS yields a comprehensive
view of mutation types, thereby providing insights into mutagenesis mechanisms.
Identification of changes in mutational spectra could also provide additional confidence
in the mutagenic effects observed from a specific treatment. In this study, significant
changes in the simple mutation spectra were observed between control and the BaP
1.5% mixture (six out of eight laboratories) and between control and ENU 1.5% mixture
(eight out of eight laboratories). The sensitivity to detect a shift based on the
trinucleotide spectra was not as great as that observed using the simple mutation
spectra. In comparisons with control, it was possible to detect a significant shift in the
trinucleotide spectra for the BaP 2x mixture (four out of eight laboratories) and the ENU
2x mixture (five out of eight laboratories). Although regulatory applications do not
mandate assessment of a shift in the mutation spectrum caused by a test article,
detecting significant changes in simple and/or trinucleotide spectrum may help identify

a positive response in conjunction with the MF analysis.

As a first step toward systematically evaluating DS sensitivity, this study
developed data on the technical sensitivity of DS. Technical sensitivity was evaluated
using replicate analyses of constructed and shared DNA mixtures (n=1, without
biological variability) designed to represent a range of MFs. Using the library
preparations and sequencing approaches described, the results indicate a MF 1.5x
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greater than control was statistically distinguishable from control MF. When data from
different laboratories were pooled, a MF 1.2x greater than control was statistically
distinguishable from control MF. This sensitivity was augmented by focusing on
mutagen-specific mutation subtypes. For example, three samples were sufficient to
demonstrate a statistically significant increase in C>A MF in the BaP 1.2x mixture
versus control in 92% of randomly selected sets of samples whereas six samples were
needed to detect a significant increase based on total MF. Similarly, in the comparison
of control and the ENU 1.2x mixture three samples were sufficient to detect a
significant increase in T>C MF in 100% of randomly selected set of samples, whereas
five samples were required to observe a significant increase based on total MF. This
demonstration of the ability of DS to detect subtle elevations in the induced total or
subtype MF over the background level with relatively small number of replicates should
not be construed as a recommendation that a 1.2-fold increase should be used as a
cutoff for positive/negative calling in mutation testing because such a small increase
may not be biologically relevant. Instead, this result means that the technical sensitivity

of DS is unlikely to hinder its ability to detect biologically relevant changes in MF.

The simulation conducted in this paper provides further evidence to support the
findings of the empirical evaluation and to explore the sensitivity of the method when
incorporating different levels of biological variability, overdispersion, or additional
binomial variation. The power analysis shows that it is possible to detect a 2-fold
change using only three samples per group, 1.71 x10° informative bases, and
assuming a standard deviation of 0.1. Currently, a minimum of five animals per group
is required for the TGR assay according to OECD Test Guideline 488 (OECD, 2025d).
The requirement for five animals is largely due to the relatively high inter-animal
variability observed with TGR assays. A recent study, which included a power analysis,
supported the use of as few as three animals to detect a 1.5-fold increase in MF due
to the very low inter-animal variability observed using DS (Dodge et al., 2023). If the
possibility that fewer animals can be used in DS studies than TGR studies is confirmed,
mutagenicity testing by DS would be consistent with the 3R principles of reducing,
refining, and replacing animal use in experimentation (Kroeger, 2006).

One potential limitation of our study design is that it would have been possible
to sequence each lab's libraries as discrete pools in separate lanes or on separate
days. However, practical/real world sequencing analyses are expected to involve
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pooling of libraries for sequencing on a given flow cell or “lane”. While theoretically, it
cannot be ruled out that concurrent sequencing of the libraries prepared as in this study
minimized potential variation, it is generally understood that library quality rather than
competently performed input of samples for sequencing is the primary driver of

sequence quality.

Recent studies have compared the performance of DS and TGR assays in
transgenic animals and proven the equivalency of the two methods in mutagenicity
testing (Bercu et al., 2023; Dodge et al., 2023; LeBlanc et al., 2022). Notably, the
current study demonstrates the applicability of DS to wild-type animals, laying the
groundwork for its application as an alternative to the conventional TGR assay. Overall,
our data from eight participating laboratories demonstrated that DS has high technical
sensitivity, as well as great reproducibility and transferability. The data shown in this
study will be useful in the design and interpretation of future interlaboratory studies that
examine DS reproducibility and sensitivity in the context of test-article exposed and
unexposed rodents. As an intermediate step, however, additional studies are needed
to establish the acceptability criteria for DS studies, i.e., the minimal number of animals
required per group for in vivo studies, sufficiency in terms of target sequences

analyzed, PTFS range, and/or number of informative duplex bases.

In summary, this DS validation study was undertaken with the view that ecNGS
approaches may yield improved precision and greater flexibility in the characterization
of genomic changes. A significant advantage of DS over TGR assays is its flexibility to
be performed using DNA isolated from any tissue of any model organism. This study's
results expand existing evidence indicating DS may improve the precision of the
mutational analyses used in regulatory testing and the perception that ecNGS
methods, in general, may revolutionize the field of genetic toxicology. However, to the
authors' knowledge at the time of manuscript submission, DS kits and onsite trainings
are not currently commercially available, and it is unclear when they will be once again.
Long-term unavailability of DS kits would impose obvious limitations on future
validation studies and widespread adoption of this particular ecNGS technology. This
will become a significant roadblock for analysis of in vivo mutation by DS if the current
situation is not resolved. Further, it highlights the need to characterize/validate multiple
ecNGS methodologies. The present paper presents a possible model of how
transferability, reproducibility, and sensitivity could be assessed for other ecNGS
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methods. Independent replication of this study using alternative sequencing providers,

reagents, and bioinformatic tools would be beneficial for further validation.
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B.9 Figure and Tables

Supplementary data B of Appendix B are available at Environmental and Molecular
Mutagenesis online.
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Appendix Figure B1: Study site locations and sample descriptions. A. Locations of eight study sites
spanning four countries and two continents. B. Pure and mixture samples used in study and previously
measured or expected mutation frequencies (MFmin). Expected MFmin values targeted by the DNA
mixtures are italicized. Colored boxes at left of table indicate sample color coding used in subsequent
figures. See Methods for details regarding preparation of mixtures.
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Appendix Figure B2: Assay performance matrix across eight laboratories. Per-library informative duplex
bases (A), mean duplex depth (B), and peak tag family size (C) are plotted as points, grouped by lab
along the x-axis and color-coded by sample type. Each plot is divided into sub-panels for libraries
prepared with 500 ng (left) or 1000 ng (right) of input mass.
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Appendix Figure B3: High interlaboratory reproducibility demonstrated in DS analyses of shared DNA
samples. MFmin was calculated as the unique mutation count divided by the total duplex bases
(excluding no-calls). Error bars represent 95% binomial proportion Wilson score intervals calculated
from the mutation frequency data.
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Appendix Figure B4: Highly reproducible results across labs for both Bfa]P and ENU mixtures as
measured by mutation frequencies. A. MFs for each sample estimated using a generalized linear model.
Error bars represent the standard error. B. Fold change in MFs from control for each mixture or pure
sample across labs. Error bars represent the standard error. Asterisks indicate significance at 0.05 level.
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Appendix Figure B5: Group and replicate analysis of mutation frequencies. (A). MFs plotted by sample
type, treating libraries prepared by different labs as technical replicates. Each dot represents one library,
with horizontal lines representing the group mean. Asterisks indicate FDR-adjusted p-values less than
1x10-2 (*), 1x10-3 (**), and 1x10-4 (***). Replicate libraries of the untreated control and 1.2x mixtures
were randomly selected to make smaller groups and statistical testing was performed on the sampled
groups. Independent pairwise comparisons were performed for untreated and the B[a]P 1.2x mixture
(B) and for untreated and the ENU 1.2x mixture (C). For each group size, indicated by the x-axis, 100
independent samplings were performed and the p-value for each comparison is plotted on the y-axis.
Points indicate individual iterations of sampling and “violin” shapes represent the density distribution of
the resulting p-values for each group size. Number above each set of points indicates the number of p-
values < 0.05 out of the 100 sampling iterations.
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Appendix Figure B6 Unsupervised hierarchical clustering by SBS spectra. For each library, the
normalized proportions of simple base substitution types (pyrimidine notation) are plotted as a stacked
bar (middle panel). The dendrogram (top) reflects the results of unsupervised hierarchical clustering.

The sample identity for each library is indicated along the x-axis by color-coded boxes.
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Appendix Figure B7: Replicate analysis of subtype mutation frequencies. Similar to the replicate
sampling analysis performed for total MF, replicates were randomly selected into smaller groups and
pairwise testing was performed to determine if a significant increase in subtype MF could be detected.
For each subtype in each sample pairing, 100 iterations of sampling and statistical testing were
performed, represented by individual points. Larger shapes show the density distribution of p -values for
each group size and numbers represent the number of iterations that yielded a p-value < 0.05. For each
mutagen, the most dominant mutation subtypes are shown C>A (A) and C>G (B) mutations for the B[a]P
1.2x mixture and T>A (C) and T>C (D) mutations for the ENU 1.2x mixture
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Appendix Figure B8: Comparison of mutation spectra between treatment groups and across labs. (A)
The normalized proportions of simple base substitution (SNV) types (pyrimidine notation) and non-SNV
variant types are plotted as a stacked bar for each library. The treatment for each library is indicated
along the x-axis by color-coded boxes. Samples are organized by lab, which are denoted at the top of
the plot. Asterisks indicate significant differences between a sample and its within-lab control. Daggers
represent comparisons of a treatment group between labs; samples with the same dagger are not
significantly different from one another. All comparisons were made at a significance level of 0.05. B.
The normalized proportions of SNV subtypes (pyrimidine notation) in their trinucleotide context are
plotted in a heatmap for each library. The treatment for each library is indicated along the y-axis by color-
coded boxes. Samples are faceted by lab (right) and include the total mutation count for all samples per
lab. Trinucleotide subtypes are faceted by SNV subtype and include the total mutation count for each
subtype across all samples. Asterisks indicate significant differences between a sample and its within -
lab control. Daggers represent comparisons of a treatment group between labs; samples with the same
dagger are not significantly different from one another. All comparisons were made at a significance
level of 0.05.
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Appendix Figure B9: Power analysis of minimum detectable fold-change using different sample size.
The calculation was based on MF of 6.7x10-8 with total number of informative duplex bases of: 1.71x109
(Red), 1.34x109 (Orange), 1.03x109 (Green), 6.84x108 (Blue), and 3.42x108 (Purple). The grey line
represents the minimum detectable fold change of 1.5-fold. Power analysis was conducted assuming
no additional binomial variation or three different sample variances (sigma = 0.05, 0.10, and 0.15) with
a desired power of 80%.
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Appendix C: MutSeqR: An Open-Source R Package for

Standardized Analysis of Error-Corrected Next-Generation

Seguencing Data in Genetic Toxicology

Modified from Annette E. Dodge, Andrew Williams, Danielle P.M. LeBlanc, David M.
Schuster, Elena Esina, Clint C. Valentine, Jesse J. Salk, Alex Maslov, Chris Bradley,
Carole L. Yauk, Francesco Marchetti, Matthew Meier. MutSegR: an open-source R
package for standardized analysis of error-corrected next-generation sequencing data
in genetic toxicology. Bioinform Adv. 2025 Oct 23;5(1):vbaf265. doi:
10.1093/bioadv/vbaf265

C.1 Abstract

Motivation: Error-corrected next-generation sequencing (ECS) methods are
increasingly used to assess mutagenicity and other genetic toxicology endpoints. The
lack of open and standardized bioinformatic workflows and tools poses challenges to
data reproducibility, comparability, and consistency in interpretation for its application

in genetic toxicity assessment.

Results: We present MutSeqR, an open-source R package to analyze ECS
mutation data for genetic toxicology studies. MutSeqR offers practical variant filtering,
comparative analysis of mutation frequency between experimental conditions, dose-
response assessment via benchmark dose calculations, mutation spectrum analysis,
and clonality analyses. We demonstrate MutSeqR’s application using published
datasets on mice treated with benzo[a]pyrene or benzo[b]fluoranthene, analyzed using
Duplex Sequencing and SMM-seq, respectively. MutSeqR’s flexible functions enable
reproducible analyses across ECS platforms, facilitating research and regulatory

applications in mutagenicity testing.

Availability and Implementation: MutSeqR is freely available under an open-
source license at https://github.com/EHSRB-BSRSE-Bioinformatics/MutSeqR.
Implemented in R (version 3.4.0 or greater), it supports all major operating systems.
Sequencing data for Project 1 has been deposited in the Sequence Read Archive
under accession number PRJNA803048. Variant call files for Project 2 are available
on Mendeley Data (doi:10.17632/65dnysxym8.1).
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C.2 Introduction

Assessing xenobiotics for mutagenicity is vital to human health, as somatic
mutagenesis contributes to many diseases(Erickson, 2003; Godschalk et al., 2020;
Jackson et al., 2018), including cancer, and germline mutations can cause hereditary
diseases (Beal, et al., 2017; Marchetti, et al., 2020; Nguengang Wakap et al. 2020).
Thus, human and environmental risk assessments require mutagenicity testing of
existing and new substances (Krewski et al., 2010). Error-corrected next-generation
sequencing (ECS) is an emerging, high-throughput method for direct measurement of
mutations in any DNA-based model system (Marchetti et al., 2023b; Menon & Brash,
2023). ECS quantifies spontaneous and genotoxicant-induced mutations and provides
in-depth characterization of mutational spectra (Cho et al., 2023; Dodge et al., 2023;
LeBlanc et al., 2022; Schuster et al., 2024; Valentine et al., 2020). ECS enables
mechanistic insights and accurate quantification of mutation frequency and holds
potential to advance the translation of mutagenicity testing on xenobiotics (using cell

culture and animal models) to human health risk assessment.

ECS improves sequencing accuracy by grouping sequence reads derived from
the same DNA molecule to subtract artifacts introduced during library preparation and
sequencing (Salk & Kennedy, 2020). This enables the detection of ultra-low frequency
mutations within large populations of non-mutant DNA molecules. ECS technologies
are being developed for a broad range of applications, including cancer biology (Abbasi
& Alexandrov, 2021; Kennedy et al., 2019; Kostecka et al., 2022; Valentine et al., 2020)
and genetic toxicology (Bercu et al.,, 2023; Cho et al., 2023; Dodge et al., 2023;
LeBlanc et al., 2022; Schuster et al., 2024; Smith-Roe et al., 2023). ECS strategies
include single-strand (e.g. Safe-SeqS, SiMSen-Seq), tandem-strand (e.g., 02n-Seq,
SMM-Seq) and double-strand (e.g. Duplex Sequencing (DS), PECC-Seq, Jade-Seq,
PacBio HiFi, CODEC, etc.) consensus sequence methods. Researchers are
advocating for the regulatory adoption of ECS for genetic toxicology and cancer risk

assessment of xenobiotics (Marchetti et al., 2023b).

The absence of standardized, transparent methods for ECS data analysis
remains a barrier to regulatory implementation, as current studies often use proprietary
or inconsistent approaches (Marchetti et al., 2023b). Before ECS can be used in

regulatory risk assessment, steps must be taken to establish standard guidance for
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analyzing ECS data that will unite the many ECS technologies into a single analytical
workflow. To address this, we present MutSegR, an open-source R package for
downstream mutation analysis of ECS data (). While MutSegR does not handle pre-
processing of raw sequences or variant calling, it provides robust tools for statistical
analysis, integrates tools for characterizing mutational signatures, and generates
informative figures. This package aims to enable open-source analyses of ECS data,
empowering users with flexibility during exploratory analyses while ensuring
compatibility across technologies. We demonstrate its utility on two mouse datasets:
1) mouse bone marrow samples sequenced using TwinStrand’s DS, and 2) mouse liver
samples using MutagenTech’s SMM-Seq (single-molecule mutation sequencing). DS
sequenced a panel of 48kb at > 10,000X depth. Alternatively, SMM-Seq randomly
sequenced genome-wide, trading read depth for breadth, spanning ~200Mb. Our
analyses highlight how MutSeqR enables detailed, reproducible, and platform-

independent assessment of mutagenicity.

C.3 Methods
C.3.1 Datasets

Mutation data generated using two ECS technologies were analyzed using
MutSeqgR to demonstrate its compatibility across platforms. Project 1 included 24 bone
marrow DNA samples of MutaMouse males exposed to one of three doses of
benzo[a]pyrene (BaP) or a vehicle control for 28 days (LeBlanc et al., 2022). DNA
samples were sequenced at 210,000X depth using DS on the Mouse Mutagenesis
Panel (https://github.com/twinstrandbio/twinstrandbio-reference-data/), which consists
of twenty 2.4kb target regions (Appendix Figure C2A). Pre-processing of sequencing
data was done using TwinStrand’s Mutagenesis App (v. 3.20.1) as described in
Valentine et al., 2020 to produce tabular mutation data files. Briefly, pre-processing
included: raw read alignment, grouping reads by their unique molecular identifiers
(UMI) and strand-defining element, quality trimming, error correction of read groups by
duplex consensus calling, consensus post-processing, realignment, and variant calling
via VarDictJava (Lai et al., 2016).

Project 2 comprised 24 liver DNA samples from MutaMouse males following 28-
day exposure to one of five doses of benzo[b]fluoranthene (BbF) or a vehicle

control(Schuster et al., 2024). Samples were subjected to random genome-wide
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sequencing (~200Mb per sample) using SMM-Seq as described (Maslov et al., 2022)
(Appendix Figure C2B) resulting in VCF files of single-nucleotide variants. Briefly, raw
reads were quality trimmed and aligned to the reference genome. Next, reads were
grouped by UMI, then collapsed into a single consensus sequence. Variants were

identified from the consensus sequences, and germline mutations were removed.

C.3.2 Data import

Mutation data is imported into R as VCF files or tabular data using the functions
import_vcf_data() and import_mut_data(), respectively. The functions load all files from
a user-provided file path and parse them into a unified data frame. VCF files (or block-
compressed VCFs) must be single-sample and should conform to the VCF
specification (version 4.5; see required fields in Table 1). We recommend providing a
record for every sequenced position (which should include the total _depth column), to
enable site-specific depth frequency calculations (e.g. subtype frequencies). If non-
variant sites are unavailable, users may supply a separate data frame to specify

precalculated depths for the desired level of granularity.

Upon import, records are categorized as: 1) no_variant; 2) snv: single-
nucleotide variant; 3) mnv: multi-nucleotide variant; 4) insertion; 5) deletion; 6)
complex: REF and ALT are of different lengths and compositions; 7) sv: structural
variants; 8) ambiguous: IUPAC ambiguity; and, 9) uncategorized: the variant does not
fall into any of the preceding categories (Supp. Table 1). The trinucleotide context for
each site is retrieved using BSgenome. This includes the reference base plus its two
flanking nucleotides. Additional columns are appended to characterize variants (e.g.
variant length, variant allele fraction (VAF), GC content). Lastly, SNV subtypes are
stratified by pyrimidine reference (C/T) in conjunction with their trinucleotide context,
enabling flexible calculation of subtype frequencies. Mutation data can be output as a

data frame or a GRange object for downstream analysis (Lawrence et al., 2013).

Project 1: Data for each sample was provided as tabular files containing records
for all 48,000 positions on the Mouse Mutagenesis Panel, including alt_depth and

total_depth values. Data was imported using import_mut_data().

Project 2: Data for each sample was provided as compressed VCF files, listing

only variant sites. No-variant positions were not included; instead, per-sample total
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depths were provided separately for mutation frequency calculations. The data was

imported using import_vcf_data().

C.3.3 Variant Filtering

Following import, mutation data is filtered using filter_mut(), which flags variants

according to user-specified parameters in the filter_mut column. Variants flagged as

TRUE in filter_mut are automatically excluded from mutation counts in downstream

analyses (e.g. in calculate_mf()), but are retained in the dataset so their fotal_depth

values remain available for frequency calculations. Optionally, filtered records can be

removed entirely.

Project 1. Filters were applied per TwinStrand’s recommendations:

1.

vaf_cutoff = 0.01. Variants exceeding this VAF were flagged as putative

germline variants.

. snv_in_germ_mnv = TRUE. SNVs overlapping germline MNVs were flagged as

probable artifacts from variant calling. No-calls in reads supporting the germline
MNV will create false minor haplotypes from the original MNV that can appear
as sub-clonal SNVs.

custom_filter = filter, custom filter val = ‘EndRepairFillinArtifact”. A
customizable filter was applied to TwinStrand’s column “filter”. Variants reported
as an End-Repair Fill-in Artifact by TwinStrand’s pipeline were flagged.

regions = TSpanel_mouse”. Records outside target regions were removed. The
regions for TwinStrand’s Mouse Mutagenesis Panel are stored in the package
files. Upon specification, records that are >1bp must start and end within the
target region or be removed.

rm_filtered_mut_from_depth = TRUE. For flagged variants (other than putative
germline), alt depth was subtracted from total_depth, treating these as No-

calls.

Project 2. Variant filtering was performed by MutagenTech. Variants were filtered

against the single-nucleotide polymorphisms database (dbSNP) to remove known

mouse variants, and additional germline variants were removed based on matched

whole-genome sequencing at 20X depth.
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C.3.4 Calculating Mutation Frequencies

Mutation frequency (MF) is calculated by dividing the sum of mutations by the
sum of the total depth (mutations/bp) using the function calculate_mf(). Users can
supply grouping variables (e.g. by sample, experimental group, genomic region,
subtype), allowing MF to be computed across various categories. To prevent double-
counting read depth when multiple variants are called at the sample position in a
sample, only the first record retains its total depth, while subsequent records are set
to zero. For datasets lacking per-site depth, precalculated depths can be provided via

the precalc_depth_data parameter.
Two mutation counting methods are implemented (Dodge et al., 2023):

1. The Minimum Independent Mutation Counting Method (Min): Each mutation
is counted once, regardless of the number of reads supporting the non-
reference allele. This method assumes that multiple instances of the same
mutation within a sample are the result of a single mutational event that
underwent subsequent clonal expansion.

2. The Maximum Independent Mutation Counting Method (Max): Multiple
identical mutations at the same position within a sample are counted as
independent mutational events. All reads with the non-reference allele are

included in the count.

MutSeqgR automatically calculates both Min and Max mutation frequencies (MFmin and
MFmax).

C.3.5 Mutation Subtypes: Frequencies and Proportions

calculate_mf() can also group mutations by their subtype at various resolutions.
All mutations can be resolved to their variation type, and SNVs can be further resolved
into: 1) 6-base: SNV substitution types (subtypes) reported in their pyrimidine
reference; 2) 12-base: SNV subtypes; 3) 96-base: 6-base SNV subtypes reported
within their trinucleotide context; and, 4) 192-base: 12-base SNV subtypes reported
within their trinucleotide context. Mutations for each subtype are summed across
groups. The total _depth is summed across groups for positions at which the subtype
can occur. In the simplest example, for the 6-base SNV subtypes, the two possible

reference bases are C or T; hence, the depth is calculated separately for C:G positions
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and T:A positions. The function also calculates the proportion of mutations for each
subtype, normalized to read depth and coverage of those reads. The normalized
proportion of a subtype is calculated by dividing the MF of the given subtype by the

sum of all subtype frequencies in a group.

M,
Dy

Ps Mutation proportion for subtype s, normalized to the read depth. Ms Mutation count

for the subtype s. Ds read depth for s context.

If per-site depth is unavailable, users can supply precalculated depth at the
chosen subtype resolution. Per our previous example, users would supply
precalculated depth for all C:G positions and T:A positions in each group. When this is
not possible, (non-normalized) subtype proportions (P’s) are reported by dividing

subtype mutation counts (Ms) by the total number of mutations in the group (Mtotal).

M;
Mtotal

P’

Project 1: Per-site total_depth values were summed to calculate MF and normalized

subtype proportions.

Project 2: Precalculated total_depth values provided by MutagenTech were used for

MF calculation.

C.4 Statistical Approaches
C.4.1 Mutation Frequency Modeling

The model_mf() function quantitatively assesses how MF varies with
experimental factors. It models the proportion of mutated reads as a function of user-
defined fixed and/or random effects and interaction parameters. Depending on the
supplied effects, model_mf() will automatically choose to fit either a generalized linear
model (GLM) or a generalized linear mixed model (GLMM). Mutation counts are treated
as binomially distributed, given (a) there is a finite number of sequenced bases, (b) a

mutation at any given base is equally probable (acknowledging this does not fully

226



reflect biological reality), and (c) mutations occur independently of other mutations. To
handle over-dispersion, GLM fits use a quasibinomial distribution, unless dispersion
<1, in which case a binomial distribution is used; GLMMs employ a binomial distribution

throughout.

model_mf() provides estimates of the mean for each level of the fixed effects.
Furthermore, pairwise comparisons can be performed based on a user-supplied table.
Mean estimates and comparisons are conducted using the doBy R library (Halekoh &
Hgjsgaard, 2006). The esticon() function is used to generate estimates for specified
linear combinations of the model parameters based on the fitted model:

9(u) = logit(u) = log(+2) = x,p
Hi

Where y; is the expected value of the response for group i/, X; is the i!" column of the
design matrix for the fixed effects and g is the vector of coefficients associated with the

fixed effects.

This formula can be re-written such that:

exp(X;B)

= PP X.B8) = MF.

Since the mutation frequencies (MF,) are assumed to be small (~10%), 1 + exp(X;5) =
1.

The linear combination of the model parameters would then be:

0=c"p

Where c¢T"would represent the contrast vector specifying the weights, for example, if
the model includes two treatment groups with estimated coefficients f,and 3,, the

contrast or linear combination to estimate the difference would be:
c=(0,1,-1,0,..,0)

resulting in
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9=CTB=.[?1—,32

Since the mutation frequencies are small, exponentiating 8 would approximate the fold
change of group 1 to group 2. In the case of a log-link (common for rare event models
like Poisson or binomial GLMs with small probabilities), this provides a direct estimate

of the relative risk or the rate ratio between groups.

Estimates of the back-transformed standard errors are approximated using the
delta method. The p-values are adjusted for multiple comparisons using the Sidak
method. These methods are based on approaches developed for the Transgenic Gene
Mutation Reporter (TGR) assay (Fung et al. 1998).

We used model_mf() to assess the effect of BaP (Project 1) and BbF (Project 2) dose
on MFmin using a GLM with quasibinomial dispersion. For Project 1, we extended this
model to a GLMM using effects of dose and sequencing target with the sample as a

random effect.

C.4.2 Benchmark Dose (BMD) Modeling

Dose-response models are essential for quantitative risk assessment of
mutagenicity, as they provide a framework to evaluate the levels at which exposure to
a substance might cause an adverse effect. The BMD is a dose that produces a
predetermined change in the measured response, defined as the benchmark response
(BMR). The BMD is used as a point of departure to derive human health-based
guidance values to inform regulatory risk assessment. Our package provides two
functions for BMD modoling, each employing a widely used software designed to be

consistent with methods used by regulatory authorities.

1. bmd_proast(): Runs a parameterized version of the proast71.1 R package
(www.rivm.nl/en/proast). This function will analyze continuous, individual MF
data following a log transformation using exponential, Hill, inverse exponential,
and log-normal models, selecting the best fit by AIC. Confidence intervals are
computed via profile likelihood or bootstrap model averaging (recommended).
MutSegR calculates the model-averaged BMD as the median BMD of all
bootstraps. BMR values may be specified as a relative increase or as one

standard deviation from the control. Covariates are supported.
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2. bmd_toxicr(): Utilizes the ToxicR package (Wheeler et al., 2023) to analyze
continuous/individual or continuous/summary MF data, assuming either a
normal (default) or log-normal distribution. This function employs Bayesian
estimation using either the Laplace Maximum a posteriori approach (default) or
Markov chain Monte Carlo (MCMC) simulation. The default model parameters’
prior distributions are specified in (Wheeler et al., 2020), but they are user-
modifiable. The default models are described in the European Food Safety
Authority’s 2022 Guidance on the use of the benchmark dose approach in risk
assessment (EFSA Scientific Committee et al., 2022). Model averaging may be
applied using described methodologies (Wheeler et al., 2020, 2022). Finally, the
BMR can be specified as an absolute or relative increase, or as a specified

number of standard deviations from control.

We used both functions to perform BMD analysis with model averaging to
calculate the BaP/BbF dose that produces a 50% relative increase in MFmin compared

to control with 90% confidence intervals (White et al., 2020).

C.4.3 Comparing Mutation Spectra

A mutation spectrum is the pattern of mutation subtypes within a sample or
group, which can reveal mutagenic mechanisms associated with endogenous
processes or chemical exposure. spectra_comparison() constructs an RxT
contingency table of mutation counts where R is the number of subtypes and T
represents the two groups being compared (Piegorsch & Bailer, 1994). It then tests for
differences in subtype proportions between groups using the the G2 likelihood ratio

statistic.

where Yi; is the observed mutation count and E;; the expected counts under the null
hypothesis of no difference. For large sample sizes, G? is referred to a x? distribution
with (R-1)(T-1) degrees of freedom. However, when N/(R-1) < 20 (where N is the total
mutation count across groups), an F-distribution is used for greater reliability, reducing

false positives when sample sizes are small.
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Spectrum analysis assumes independence among the observations. This is
appropriate for mutations from mixed populations, but not for those derived from a
single progenitor cell. Accordingly, the MFmin method is used here to ensure counts

are independent.

Mutation spectra were compared between BaP/BbF dose groups and controls

at multiple subtype resolutions.

C.4.4 Hierarchical Clustering of Mutation Spectra

Hierarchical clustering groups similar data points into nested clusters based on
pairwise similarities. cluster_spectra() clusters samples (or user-defined groups)
according to their mutation spectra, which may be represented as subtype counts,
frequencies, or proportions. MutSegR computes distance using dist() from the stats
library (default Euclidean). The resulting distance matrix is then passed to hclust() to
cluster samples using the specified linkage method (default Ward). Optimal leaf
ordering is performed with the dendsort library, producing a dendrogram of sample

relationships.

For each Project, samples were clustered by the proportions of their 6-base

SNV subtypes and non-SNV variation types using default parameters.

C.4.5 Mutational Signature Assignment

Mutational processes generate characteristic patterns of mutations, known as
mutational signatures. Distinct mutational signatures have been extracted from various
cancer types and normal tissues using data from the Catalogue of Somatic Mutations
in Cancer (COSMIC) database and compiled into a known collection
(https://cancer.sanger.ac.uk/signatures/). Signatures have also been characterized for
specific environmental chemicals (Kucab et al., 2019)
(https://signal.mutationalsignatures.com/), germline mutations (Seplyarskiy et al.,
2021), and DNA repair deficiencies (Zou et al., 2021). Linking ECS mutational profiles
of specific mutagens to existing mutational signatures provides empirical evidence for
the contribution of environmental mutagens to the mutations found in human cancers

and informs on mutagenic mechanisms.
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MutSeqR’s signature_fitting() utilizes the SigProfiler suite of tools (Diaz-Gay et
al., 2023; Khandekar et al., 2023) to assign SBS signatures from the COSMIC
database to the 96-base SNV subtypes of a given group by creating a virtual
environment to run Python using reticulate. Thus, signature_fitting() function facilitates
interoperability between these tools for users less familiar with Python and assists
users by coercing the mutation data to the necessary structure for the SigProfiler tools.
SNVs in their 96-base trinucleotide context are summed across groups to create a
mutation count matrix by SigProfilerMatrixGeneratorR() (Khandekar et al., 2023).
Analyze.cosmic_fit (SigProfilerAssignment) is then run to assign mutational signatures
to each group using refitting methods (Diaz-Gay et al., 2023), which quantifies the
contribution of a set of signatures to the group's mutational profile. Cosine similarity
values are generated to compare the reconstructed mutational profile to the original

mutational profile of the group, with values > 0.9 indicating a robust reconstruction.
Mutations were grouped by BaP/BbF dose group for signature assignment

C.4.6 Data Visualization

MutSeqgR has several plotting functions for data visualization.

1. plot_mf()/plot_mean_mf() creates a plot of the MF or mean MF from
calculate_mf() output (Appendix Figure C3). Variable plotting aesthetics (bars,
points, lines) are offered. MFmin and MFmax can be displayed individually, side
by side, or stacked. Data can be coloured based on a specified variable and
labelled with mutation count or frequency. The standard error of the mean may
be shown as error bars. Individual samples may be plotted alongside the mean
values.

2. plot_model_mf() plots the point estimates derived using model_mf() (Appendix
Figure C4A and Appendix Figure C7A). Data is presented as either bars or points.
Users can include the estimated standard error as error bars and add
significance labels based on pairwise comparisons.

3. plot_ci() creates a plot of BMD confidence intervals for easy comparison
between responses (Appendix Figure C4B).

4. plot_spectra() creates a transition-transition plot of mutation spectra for user-
defined groups at the desired subtype resolution (Appendix Figure C5A). Data

can represent subtype mutation count, MF, or proportion. This function can call
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upon cluster_spectra() to overlay a dendrogram of the clustered groups
(Appendix Figure C5B).

5. plot_trinucleotide() creates bar plots of the 96-base SNV (trinucleotide)
spectrum for all levels of a user-defined group (Appendix Figure C6). Data can
represent subtype mutation count, MF, or proportion. Aesthetics are consistent
with COSMIC trinucleotide plots.

6. plot_trinucleotide heatmap() creates a heatmap plot of 96-base SNV
proportions. Plots can be facetted by a specified grouping variable in the MF
data.

7. plot _radar() generates a radar/spider plot of MF given a user-defined group
(Appendix Figure C7B). Data may be plotted on a single plot or facetted by
group.

8. plot_bubbles() Creates a bubble plot with circles representing each mutation in
a given group (Appendix Figure C8). Plots are facetted by group. Circle size can
reflect either alt_depth or VAF. Circles may be coloured by a specified variable

in the mutation data (e.g. subtype/loci).

C.5 Results
C.5.1 Variant Filtering

Project 1: filter_mut() flagged or removed 2660 out of 1,152,911 rows of
mutation data. 612 variants were identified as putatively germline, and 20 SNVs were
flagged because they overlapped with germline MNVs. 2021 variants were flagged by
the custom filter. 22 rows were removed because they extended outside of the target

regions. 909 rows had their total_depth corrected.

C.5.2 Quantifying Mutation Frequencies

MutSeqR’s calculate_mf() provided MF per sample for both projects, and results
were visualized as a bar plot using plot_mf{(). Appendix Figure C3A and B display MF
per sample for Projects 1 and 2, respectively. Bars were coloured and ordered by dose.
Optional data labels were added to Appendix Figure C3B, displaying the mutation
count per sample. These plots offer a useful first exploration of the mutation data.
Project 1 shows that BaP causes a dose-dependent increase in MFmin and MFmax,
with low inter-sample variability, and a high number of recurrent mutations at high
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doses. In Project 2, MFmin increases with BbF dose. As SMM-Seq sequenced each

site only once, MFmax could not be assessed.

Mean + SEM. MF per dose was calculated and visualized using
plot_mean_mf(). Appendix Figure C3C displays Project 1 mean MFmin and MFmax as
a bar plot with bars coloured by MF type. Under the Min assumption, we calculated a
mean of 17.4 + 2.26, 34.3 + 1.38, 68.4 + 5.72, and 95.4 + 2.87 (x10-% mutations/bp )
for the control, low, medium, and high doses, respectively. Under MFmax, a mean of
21.7 + 2.26, 51.5 + 3.18, 105 + 5.11, and 263 * 26.7 (x10® mutations/bp) was
calculated, respectively. Appendix Figure C3D displays Project 2 mean MFmin as a
line alongside the individual values for each sample, demonstrating the flexible
aesthetics of the plotting function. Mean MFmin (x10-® mutations/bp ) was 8.70 £ 0.792,
6.82 £ 0.521, 10.2 £ 0.141, 10.3 £ 1.25, 17.5 + 1.24, and 23.1 £ 2.11 for the control,

low, medium-low, medium, medium-high, and high doses, respectively.

C.5.3 Modeling Dose Effects

The dose-dependent effects of BaP/BbF on MFmin were quantified using two
methods. First, a GLM was fit to estimate the dose effect on the MFmin using
model_mf(). This model assumes that the response variable follows a specified
distribution (e.g., an over-dispersed binomial) and uses a link function to relate the
mean response to the predictors. To assess model fit, Pearson residuals were
visualized using a histogram (Supplementary data C: Figure 1A & C) and a Q—-Q plot
(Supplementary data C: Figure 1B & D) to check for deviations from the model
assumptions. These plots were automatically generated by model_mf(). BaP induced
a significant increase in MFmin for all dose groups, reaching a maximum of a 5.5-fold-
increase at the high dose (Appendix Figure C4A). BbF induced a significant increase
in MFmin for the top two dose groups, reaching a maximum of a 2.6-fold-increase at
the high dose (Supplementary data C: Figure 2A). Model results were plotted using
plot_model_mf(), which created a bar plot of the model-estimated mean MF per dose.
Significance labels were added based on the specified comparisons. The output is a
ggplot object that is easily modifiable using ggplot2 functions. In this way, we included
the empirical mean MFmin as dark blue lines. Estimated mean values were almost

identical to empirical values for all BaP and BbF doses.
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Next, BMD models were used to analyze the dose-response (Appendix Figure
C4B). MutSeqR provides two methods for BMD modeling: bmd_toxicr() and
bmd_proast(). We used both methods with model averaging to calculate the lower
(BMDL) and upper (BMDU) 90% BMD confidence intervals. ToxicR estimated that a
BaP dose of 8.06 mg/kg-bw/d (BMDL = 5.58, BMDU = 10.43) induces a 50% relative
increase in MFmin from control (Supp. Table 2). For PROAST (Supp. Table 3), the
model-averaged BMDso was 9.11 mg/kg-bw/d (BMDL = 7.38, BMDU = 10.9). ToxicR
estimated that a BbF dose of 30.9 mg/kg-bw/d (BMDL = 19.0, BMDU = 40.7) induces
a 50% relative increase in MFmin from control (Supp. Table 4). For PROAST (Supp.
Table 5), the model-averaged BMDso was 28.8 mg/kg-bw/d (BMDL = 17.0, BMDU =
39.4). The BMDso and their confidence intervals were plotted using plot_ci() (BaP -
Appendix Figure C4B & BbF - Supplementary data C: Figure 2B).

C.5.4 Mutation Spectra

MutSeqR’s calculate_mf() was used to resolve mutations to their variation
types. SNVs were examined at both the 6-base and 96-base resolutions and visualized
for each dose using plot_spectra(). BaP induced primarily SNVs, followed by small
deletions, small insertions, MNVs, and lastly SVs (Appendix Figure C5A).
spectra_comparison() revealed that the BaP subtype proportions were significantly
different from the controls at all doses (p < 0.001), indicating that BaP induces a unique
pattern of mutation subtypes. Specifically, we observed dose-dependent increases in
the proportions of C:G>A:T mutations. This is consistent with the known mode of action
of BaP, which forms bulky DNA adducts mostly at the N2 of guanine through its
metabolite benzo(a)pyrene-7,8-diol-9,10-epoxide (Beal et al., 2015; LeBlanc et al.,
2022; Liamin et al., 2017). We next used cluster_spectra() to cluster the samples based
on their subtype proportions (Appendix Figure C5B). Samples from the same dose
groups largely clustered together. Clear distinctions were made between the high and
medium doses versus the control and low doses. Finally, we plotted the proportions of
the 96-base spectra for each dose using plot_trinucleotide() (Appendix Figure C6). We
observed that high proportions of C:G>T:A mutations in the control were specific to
CpG sites. These proportions declined with increasing doses of BaP in favour of
C:G>A:T mutations at CpG sites.
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SMM-Seq recorded only SNV mutations for Project 2. BbF induced primarily
C:T>A:G mutations (Supplementary data C: Figure 3A). spectra_comparison()
revealed that the BbF subtype proportions were significantly different from the controls
at the top three doses (p < 0.001) at the 6-base resolution. Thus, despite not inducing
a significant increase in MFmin, BbF causes significant shifts in the mutation spectrum
at the medium dose. Specifically, we observed dose-dependent increases in the
proportions of C:G>A:T mutations. Following clustering, distinct sample groups were
made between the high, medium-high, and medium dose groups versus the control,
low and medium-low dose groups (Supplementary data C: Figure 3B). Finally,
trinucleotide plots increases in the C:G>A:T mutations within the CCA, CCC, and CCT
context at the medium-high and high-dose groups (Supplementary data C: Figure 4

shows control and high dose results).

C.5.5 Signature Assignment

We next compared the 96-base spectra to the SBS signatures of the COSMIC
database using signature_fitting(). The cosine similarity between the reconstructed
profile and the spectra was high (>0.9) for all dose groups with the exception of BbF
medium-low dose (0.855). Within the BaP groups, we observed a dose-dependent
increase in the contribution of SBS4, a signature found in lung cancers attributed to
tobacco smoking. BaP is prevalent in tobacco smoke (Adesina et al., 2022); thus, we
expect its mutation spectra to be associated with tobacco-smoke mutational
signatures. Additional signatures with minor association with our BaP groups were
SBS1 and SBS5, each associated with aging, and SBS94, whose etiology is unknown.
Similarly, SBS 4 was the prevalent signature in the BbF medium-high and high dose
groups at 63% and 66% respectively. BbF is also prevalent in tobacco smoke thus this
result is aligned with expectations. Additional signatures found included SBS 5 and
SBS 1, SBS 58 — a known sequencing artefact, and SBS 3, associated with
Azathioprine treatment. Plots depicting the original mutation spectra, the reconstructed
profile, the contributing signatures and the solution statistics were automatically
generated for each group by signature_fitting() for BaP (Supplementary data C: Figure
5) and BbF (Supplementary data C: Figure 6, Medium-high and High dose groups

shown).
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C.5.6 Region Analysis

Analyzing the individual responses of the 20 DS targets provides clues on inter-
locus variability in mutation susceptibility. These regions were supplied to
import_mut_data(), which annotated sites with their targets based on position.
MutSeqR then calculated the per-sample MF for each target with calculate_mf(). This
was then supplied to model_mf(), which ran a GLMM that evaluated the effects of
target and dose on the MFmin. Residuals were assessed (Supplementary data C:
Figure 7). We specified comparisons between the BaP doses and the control for each
target, revealing a significant increase in MFmin in the high-dose group compared to
the control for all targets. All targets except for those on chr3 and chr15 were
significantly increased at the medium dose, and eight of the 20 targets were
significantly increased at the low dose. The model-estimated mean MFmin was plotted
using plot_model_mf() (Appendix Figure C7A). This function can plot model results
with up to two fixed effects. Here, we used target as the x-axis and dose as the colour.
The x-axis order was defined as targets ascending by the MFmin value at the high
dose. Significance labels were added based on the specified comparisons. Our
visualization of the data revealed that MFmin varied extensively between targets, with
this effect exacerbated by dose. Within the control, there was a 3-fold difference
between the target with the highest MF (chr11) and the one with the lowest (chr19).
Within the high-dose group, there was a 5-fold difference in MFmin between the target
with the highest MF (chr11) and the one with the lowest MF (chr3). Finally, we plotted
the mean MFmin per target for each dose using plot_radar(). Targets were organized
based on their genic context. This showed a trend for higher MFmin in intergenic

targets compared to genic targets at all dose groups (Appendix Figure C7B).

C.5.7 Visualization of Multiplets

In Project 1, we observed considerable inflation of the MFmax compared to the
MFmin. However, from an initial analysis, it was unclear whether the increased MFmax
was a result of a few highly recurrent mutations or several moderately recurrent
mutations. We thus used plot_bubbles() to visualize the alt_depth of every mutation
called for each dose (Appendix Figure C8). Bubble plots allow us to analyze the
distribution and density of multiplet mutations. Each mutation is represented by a
bubble whose size is scaled on the alt_depth. Thus, a large multiplet (i.e. high
alt_depth) has a large bubble. This plot makes it easy to determine if MFmax is largely
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driven by a few large multiplets or several moderate multiplets. Within the control, we
observed a slight difference between MFmin and MFmax, driven by 3 relatively large
multiplets: two C:G>T:A mutations and one deletion. In contrast, within the BaP dose
groups, we observed that multiplets seemed to be evenly distributed, with no single

mutation driving up the MFmax.

C.6 Discussion

Herein, we demonstrate the utility of MutSeqR for analyzing ECS data in the
assessment of chemical mutagenicity. MutSeqR successfully recapitulates published
findings (LeBlanc et al., 2022), replacing previously used ad hoc scripts with a version-
controlled, function-based workflow. Furthermore, we demonstrate that MutSeqR
readily imports data from distinct platforms, illustrating this feature with DS and SMM-

seq data.

MutSeqgR provides a comprehensive, user-friendly, and reproducible framework
for analyzing ECS data in mutagenicity studies, making it a valuable tool to the
regulatory community. It offers practical variant filtering methods to ensure data quality,
providing a strong foundation for downstream analyses. We provide functionality for
statistical testing between experimental groups and BMD derivation for a given
mutagen. In a regulatory use-case, these features deliver quantitative data on a
substance’s mutagenic ability, directly informing risk assessment decisions. The
package also supports mutation spectrum analysis and signature assignment, offering
insight into a mutagen’s mechanism of action and potentially linking mutagen exposure
with established human health effects like cancer. Furthermore, data visualization
facilitates clear communication and transparent reporting, allowing regulators to
interpret complex findings efficiently and justify their decisions to stakeholders with
confidence. Finally, to enhance reproducibility, an RMarkdown vignette guides users
through standard workflows and serves as a template for consistent and verifiable data
analysis. We used preliminary, less formalized versions of this code in our previous
ECS studies (Cho et al., 2023; Dodge et al., 2023; Esina et al., 2024; LeBlanc et al.,
2022; Schuster et al., 2024). MutSeqR formalizes these workflows, making them
accessible, version-controlled, and easily adapted to any ECS project, thereby

strengthening the workflow for regulatory genotoxicity evaluations.
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Outside of the use cases considered here, it is important to recognize that
MutSeqgR’s utility can extend beyond mutagenicity assessment. ECS methods are
rapidly being developed to study a broad range of genetic toxicology endpoints, not
just MF and spectra. For instance, applications in carcinogenesis have begun to rely
on ECS to track the clonal expansion of cells carrying mutated cancer driver genes.
MutSegR provides users with the ability to analyze clonal mutations using the
Maximum Mutation count and the ability to visualize such mutations using
plot_bubbles().

Given the increased use of ECS in genetic toxicology (Dodge et al., 2023;
LeBlanc et al., 2022; Schuster et al., 2024; Smith-Roe et al., 2023; Valentine et al.,
2020), the statistical techniques captured within and simplified by MutSeqR provide a
valuable resource for efficient and reproducible analysis of mutation data. Thanks to
its compatibility across ECS platforms, MutSeqR will help standardize the bioinformatic
workflow involved with characterizing mutations using ECS and act as a guide to help
unite the protocols for data processing of the many different ECS strategies. Ultimately,
our vision is that this package informs a standardized approach to ECS data
processing and analysis that can be applied within a regulatory and research context.
Future development will focus on integrating the fastquorum pipeline for upstream
variant calling (based on fgbio; https://nf-co.re/fastquorum/) and expanding the
available mutational signatures by incorporating databases such as SIGNAL. We also
plan to implement additional exploratory analyses, such as transcriptional strand bias
tests and screening for extra-chromosomal circular DNA. MutSegR will remain openly
available on GitHub and will continue to evolve through transparent collaboration
between maintainers and the broader community to address future challenges in ECS

data analysis.
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C.10 Figures and Tables

Supplementary data C of Appendix C are available at Bioinformatics Advances

online.

Appendix Table C 1: Required fields for mutation data import

Genotype Header

FIELD VCF Specification Definition

contig CHROM The name of the reference sequence.

start POS The start position of the feature. 0-based coordinates are
accepted but will be changed to 1-based during import.

end INFO(END) The half-open end position of the feature in contig.

ref REF The reference allele at this position.

alt ALT The left-aligned, normalized, alternate allele at this position.

sample INFO(sample) | | A unique identifier for the sample library. For VCF files, this

field may be provided in either the INFO field or as the header
to the GENOTYPE field.

Optional Fields (recommended)

alt_depth VD The read depth that supports the alternate allele. If not
included, the function will assume an alt_depth of 1 at variant
sites.

total_depth | depth AD | DP The total read depth at this position. This field is either

“total_depth” which excludes No-calls (Ns), or “depth”, which
includes No-calls, if “total_depth” is not available. For VCF
files, the total_depth is calculated as the sum of AD.
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Appendix Figure C1: Overview of MutSeqR utilities. Created using Biorender.
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Appendix Figure C3: A) Duplex Sequencing mutation frequencies (MF) in the bone marrow of
MutaMouse males at various doses of BaP. Bars represent the MF (mutations per bp) for each animal.
Bars are coloured based on BaP dose group and MF type (Min or Max). Plotted using plot_mf(). B)
SMM-seq MF in MutaMouse males' liver at various BbF doses. Data labels indicate the total mutation
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and are coloured based on BbF dose group. Error bars represent the SEM. Plotted with plot_mean_mf().
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Appendix Figure C6 Normalized proportion of mutation subtypes within their 96-trinucleotide context for
control and BaP dose groups, measured by Duplex Sequencing. Bars are coloured based on the
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spectra relative to the control (spectra_comparison();, modified contingency table, p<0.05). Plotted using
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247



>

*
a .
Q
0w *
=
-2 1.5e-06 1 *
& P
>
g " * *| o
] . T
o 1.0e-06 1 . Dose
[ . * * * *
[ . o
c * % . 0
5 , . A1
:"g . * <8 * 12.5
g . A 4 . |
= 5.0e-074 , N d * I | | . 2
£ N | | I | | | . 50
E I ll | | | |I | l | ' | ' l ' ' l I
£ e L M 1 R0 |
w ® @ 2 N O _ oo o~ o ow o N ® O~ oo T o=
E LT T T T ©T £ E E E EEETLT T T T E T T
6§55 5 £ 5666665555855 5§ 5
Target
B Dose Group Control Dose Group Low
chrz M chr1g chrz " chr1g
chr4 8.5e-07 chr15 chr4 8.5e-07 chr15
6.4e-07 6.4e-07
chr5 chr13 chrb chr13
4.3e-07 4.3e-07
chr8 AT chr12 chr8 P chr12
chr10 chr9 chr10 chr9
chr11 chr7 chr11 chr7
chr14 chré chr14 chré
chr16 chr3 chr16 chr3
chr17 chr18 chr1.2 chr17 chr18 chr1.2 3
Dose Group Medium Dose Group High
chrz 0 chero chrz M chrro
chré 1.7e06 chr15 chr4 1.9e 08 chr15
1.3e06 1.4e-06
chrb chr13 chr5 chr13
8.4e407 9.5e-07
chr8 g chri2 chr@ chr12
400
chr10 chr9 chr10 chr8
chr11 chr7 chr11 chr7
chr14 chré chr14 chrg
chr16 chr3 chr16 chr3
chr17 chri8 chr1.2 chr17 chr18 chr1.2
Intergenic Genic

Appendix Figure C7: A) Spontaneous and BaP-induced MFmin by Duplex Sequencing target, ordered
from lowest MFmin in the high BaP dose group to the highest. Data are estimated mean MFmin £+ SEM
mutation per bp, for each target, separated and coloured by dose group. Asterisks indicate a significant
increase in MFmin compared to the control (model_mf(); GLMM, p<0.05). Plotted using
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248



Control Low

N
~o3)

Medium

112 24 44 120
cee®

Mutation type
B ca

Cc>G

c>T

T>A

L TC
. T>G

mnv

. deletion

insertion

H-

Appendix Figure C8: Multiplet mutations measured by Duplex Sequencing for control and BaP-treated
groups in MutaMouse bone marrow. Each circle represents a mutation, coloured by mutation subtype.
The size of the circle is scaled by the mutation’s alternative depth. Arrows indicate three multiplets as
examples in the Control group. Plotted using plot_bubbles().

249



Appendix D

Appendix D1: Chapter 2

Appendix D1 Table 1: Peripheral blood micronucleus assay conducted 2 days after 28 days of oral

exposure to BbF.

BbF Dose MN-RET'/1000 + Adj. p MN-RBC?/1000 + Adj. p %RET £ Adj. p
(mg/kg/day) SEM value? SEM value? SEM value?
0 8 2.34+0.1 - 1.63+0.1 - 1.60+0.1
6.25 8 416 +0.4 0.0036 2.56 +0.2 0.0014 1.81+0.1 0.5763
12.5 8 5.31+£0.3 <0.0001 3.00+£0.1 <0.0001 1.87+0.1 0.2245
25 8 5.26+0.4 <0.0001 3.00+0.2 <0.0001 2.02+0.1 0.0146
50 8 6.52+0.3 <0.0001 3.90+0.1 <0.0001 2.24+0.1 <0.0001
100 8 8.11+04 <0.0001 4.84+0.2 <0.0001 217 +01 0.0005

"Micronucleated reticulocytes.
2 Pairwise comparison to 0 mg/kg/day BbF using the Bonferroni multiple comparison test, significant if

p <0.05.

3 Micronucleated red blood cells.
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Appendix D1 Table 2: Technical performance metrics of the libraries built on DNA from BM and liver from animals after exposure to BbF

BbF Dose Ani Raw . Peak Tag Informative Raw . Peak Informative
mothaiday) A feads  Medgnet  MewDule pny® Upper  feads  Medgnimen MenDuex a9 Toipie
: Size Bases ; mily Bases
Filter Filter Size
Bone Marrow Liver
0 1 3.12%%8 299 15,550 14 1.17+0° 2.46%0%8 252 16,764 13 1.04%0°
0 2 3.01%%8 269 17,271 11 1.34%09 6.81%%8 267 17,433 40 1.07*%°
0 3 3.25%08 285 15,948 14 1.22%09 2.53*08 276 19,600 11 1.18%0°
0 4 3.73%08 249 18,109 13 1.479 27308 259 19,867 12 1.23%°
6.25 5 3.42+%8 292 13,438 19 1.00%%° 5.19*%8 268 25,014 20 1.53*0°
6.25 6 7.06%%8 425 10,718 63 7.06*08 2.10%08 248 16,886 9 1.05*%°
6.25 7 3.02%%8 311 12,297 19 9.08*08 2.78%08 276 16,524 18 9.60%%8
6.25 8 2.40%% 278 14,593 9 1.1170° 2.43*%8 261 18,443 10 1.13*0°
12.5 9 3.20%%8 271 19,131 10 14770 4.99"%8 261 26,398 19 1.63"0°
12.5 10 5.42+%8 308 14,064 29 1.077% 3.70%% 248 23,489 13 1.49%0°
12.5 11 3.48*%8 276 18,558 12 1.43"0 4.72%% 261 23,011 20 1.44*0°
12.5 12 2.30%%8 284 13,785 10 1.0470° 3.55%0%8 272 21,224 16 1.28"0°
25 13 3.56%%8 276 19,780 11 1.52709 3.14*%8 268 21,397 13 1.30%%°
25 14 2.21%%8 279 14,154 9 1.06%%° 4.34%08 286 22,006 20 1.33*0°
25 15 3.34%%8 319 11,071 22 8.31*%8 3.34*%8 267 17,970 18 1.10%%®
25 16 4.57708 220 19,177 15 1.6270° 2.65%% 202 15,613 9 1.10%%®
50 17 2.40%08 273 14,280 11 1.10" 2.64+08 268 21,146 10 1.28"%°
50 18 3.71%%8 251 19,331 12 1.559 3.12%08 255 22,785 12 1.39"%°
50 19 4.03"08 294 13,726 21 1.049° 3.60%8 254 21,148 16 1.31%%°
50 20 3.02+%8 268 16,705 12 1.2719 4.06%8 275 19,002 21 1.17%°
100 21 3.38"%8 230 16,505 9 1.39"® 3.40%% 286 19,003 17 1.15%0°
100 22 2.38"%8 266 13,861 11 1.06*%° 3.80"%8 253 24,706 14 1.54%°
100 23 4.56"08 282 21,661 14 1.67+0° 2.76%08 236 19,811 11 1.26"0°
100 24 2.85'%8 271 16,844 10 1.30%° 4.81+08 249 21,772 21 1.39*%°
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Appendix D1 Table 3: Minimum mutation frequencies by duplex sequencing using the mouse
mutagenesis panel in bone marrow and liver samples after exposure to increasing doses of BbF.

BbF Dose (mg/kg/day) n MFmin' + SEM (x10°%) Adj. p value? MFmin Fold-change®
Bone Marrow
0 4 4.13+£045 - -
6.25 4 5.65£0.59 0.6271 1.4
12.5 4 7.54£0.58 0.0052 1.8
25 4 7.95+0.60 0.0025 1.9
50 4 11.66+£0.72 <0.0001 2.8
100 4 14.78 £ 0.76 <0.0001 3.6
Liver

0 4 5.33+1.01 - -
6.25 4 5.88£1.05 0.9807 1.1
12.5 4 8.06£1.10 0.3567 1.5
25 4 11.12+1.43 0.0378 2.1
50 4 22.23+1.94 <0.0001 42
100 4 36.27+2.49 <0.0001 6.8

! Minimum mutation frequency considering unique mutations.

2 Pairwise comparison to 0 mg/kg/day BbF by GLM, significant if p < 0.05.
3 Fold-change of minimum mutation frequency versus 0 mg/kg/day BbF.
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Appendix D1 Table 4: Minimum and maximum mutation frequencies in bone marrow and liver samples
from individual animals after exposure to increasing doses of BbF.

BbF Dose (mg/kg/day) Animal l\(/[XFlr(r)usr;l I\E[flrr(;as);z Fold-change® I\(AXFIISIJ;I 1\2[5;1(1;);2 Fold-change®
Bone marrow Liver
0 1 4.51 5.24 1.2 6.32 6.75 1.1
0 2 3.87 4.10 1.1 6.61 12.0 1.8
0 3 4.04 4.16 1.0 5.01 5.75 1.1
0 4 4.09 4.51 1.1 3.39 3.39 1.0
6.25 5 4.51 5.36 1.2 6.72 7.87 1.2
6.25 6 9.29 333 3.6 5.70 8.26 1.4
6.25 7 4.15 4.30 1.0 4.60 4.75 1.0
6.25 8 4.63 5.69 1.2 6.51 6.51 1.0
12.5 9 6.72 7.53 1.1 8.38 8.65 1.0
12.5 10 9.49 16.8 1.8 8.74 10.9 1.2
12.5 11 7.38 8.20 1.1 7.11 7.53 1.1
12.5 12 6.58 7.14 1.1 8.02 8.92 1.1
25 13 6.38 7.06 1.1 9.97 10.5 1.1
25 14 8.20 9.98 1.2 11.1 12.9 1.2
25 15 8.34 8.85 1.1 11.4 11.9 1.0
25 16 8.88 9.77 1.1 12.0 12.0 1.0
50 17 9.63 11.2 1.2 22.1 223 1.0
50 18 12.0 13.3 1.1 29.0 32.0 1.1
50 19 14.4 16.6 1.2 15.4 15.5 1.0
50 20 10.6 11.7 1.1 22.4 23.1 1.0
100 21 16.6 20.5 1.2 31.5 33.9 1.1
100 22 15.9 19.1 1.2 48.5 58.0 1.2
100 23 13.1 15.4 1.2 32.1 33.2 1.0
100 24 13.5 15.5 1.2 33.0 33.9 1.0

! Minimum mutation frequency considering unique mutations.
2 Maximum mutation frequency considering all detected mutations.
3 Fold-change between MFmin and MFmax
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Appendix D1 Table 5: Minimum frequencies per loci detected in bone marrow samples after exposure to increasing doses of BbF.

0 mg/kg/day 6.25 mg/kg/day 12.5 mg/kg/day 25 mg/kg/day 50 mg/kg/day 100 mg/kg/day
Location MFmin' + MFmin' + Fold- Adj. MFmin' + Fold- Adj. MFmin' + Fold- Adj. MFmin' + Fold- Adj. MFmin' + Fold- Adj.
of locus SEM (x 10%) SEM (x 10®)  change?  p value® SEM (x 10®) change* p valué® SEM (x 10®)  change®  p value® SEM (x 10®)  change’  p value® SEM (x 10®%)  change’ p valué®
Chrl 591+ 1.69 15.51 +7.44 2.6 0.9986 9.07+£4.70 1.5 0.9994 5.14+£2.01 0.9 0.7675 7.18 +1.94 1.2 0.3633 9.18+1.77 1.6 0.4251
Chrl.2 294 +1.12 2.31+0.78 0.8 0.1287 246+1.19 0.8 0.9299 5.02+1.21 1.7 1.0000 7.46 +1.98 2.5 0.9920 6.84+0.83 23 0.6902
Chr2 3.77£1.63 5.72+1.86 1.5 0.9564 2.35+1.58 0.6 0.9809 4.16 =148 1.1 0.9983 3.64+1.50 1.0 1.0000 11.54 +1.40 3.1 0.0742
Chr3 2.29+0.98 3,17+ 1.41 1.4 0.9980 5.80+2.70 2.5 0.4562 7.27 £3.49 32 0.4201 6.00 + 1.56 2.6 0.4289 3.80+0.72 1.7 0.9053
Chr4 2.24+0.87 7.07+£1.16 3.2 0.3101 497 +0.45 22 0.7340 5.85+1.50 2.6 0.4198 13.75+4.23 6.1 0.0069 13.28 £3.32 59 0.0090
Chr5 4.53+1.93 445+1.85 1.0 1.0000 13.26 +4.01 2.9 0.0863 7.37+2.46 1.6 0.7349 13.73+1.97 3.0 0.0421 13.21+£2.11 2.9 0.0500
Chr6 1.60 +0.98 3.77+1.55 24 0.7973 2.85+1.22 1.8 0.9495 431+ 1.68 2.7 0.5109 8.06 +3.37 5.0 0.0654 8.29+2.04 5.2 0.0436
Chr7 3.70+1.29 322+1.24 0.9 1.0000 1.51+0.90 0.4 0.7279 5.09+0.86 1.4 0.9386 7.80 £1.21 2.1 0.3573 8.60 +£2.30 23 0.2542
Chr8 591+1.29 10.13+1.20 1.7 0.7182 12.41 £2.23 2.1 0.3124 14.86 £4.91 2.5 0.1643 28.10+4.90 4.8 0.0002 34.73 £10.20 59 <0.0001
Chr9 3.92+1.01 533+1.84 1.4 0.9921 9.76 £ 4.34 2.5 0.1480 10.51 +4.60 2.7 0.2436 16.73 +3.36 43 0.0041 15.30+0.98 39 0.0063
Chrl0 1.09 +0.63 4.89 +1.66 4.5 0.2420 5.63+1.40 52 0.1632 3.93+1.46 3.6 0.4414 5.74+1.33 53 0.1565 5.81+1.68 53 0.1482
Chrll 8.94+2.77 7.46 +£1.25 0.8 0.9979 16.05 +1.77 1.8 0.2784 25.68 £5.33 2.9 0.0052 31.80 +2.76 3.6 0.0001 35.18+6.74 39 <0.0001
Chrl2 3.22+1.01 2.12+1.24 0.7 0.9872 478 £2.07 1.5 0.9858 5.15+1.51 1.6 0.8300 9.50+2.74 3.0 0.0796 7.48 +0.89 23 0.3355
Chrl3 431+194 545+5.45 1.3 1.0000 5.90£1.55 1.4 0.9614 4.61 +0.94 1.1 1.0000 4.18+1.72 1.0 1.0000 4.41+1.92 1.0 1.0000
Chrl4 4.61+134 4.55+0.78 1.0 1.0000 14.40 £ 0.89 3.1 0.0308 17.88 £2.20 3.9 0.0047 20.73 £4.02 4.5 0.0009 37.50 +3.58 8.1 <0.0001
Chrl5 1.57+0.53 1.44+0.85 0.9 1.0000 2.88£0.80 1.8 0.9575 2.02+£0.76 1.3 0.9957 399+1.24 2.5 0.6720 5.12+£1.88 33 0.3162
Chrl6 10.00 + 1.88 7.31+1.70 0.7 0.9444 14.49 +£3.40 1.4 0.7512 18.50 £ 1.54 1.9 0.2331 20.18 £2.70 2.0 0.1190 30.38 £ 6.63 3.0 0.0020
Chrl7 6.23+2.19 12.11+£2.72 1.9 0.4845 1540 +£2.14 2.5 0.0863 6.47+1.40 1.0 1.0000 14.82 + 3.87 2.4 0.1516 34.70 £ 3.78 5.6 <0.0001
Chrl8 3.87+1.68 5.34+0.99 1.4 0.9899 7.78+1.73 2.0 0.6284 6.34 £2.01 1.6 0.8538 5.70 £0.70 1.5 0.9361 14.53 +1.48 3.8 0.0108
Chrl19 3.42+0.70 3.92+1.65 1.1 0.9999 3.16£1.25 0.9 1.0000 3.64 £1.31 1.1 1.0000 9.96 £4.14 2.9 0.1563 9.08 £2.99 2.7 0.2403

' Minimum mutation frequency considering unique mutations within a respective locus.
2Fold-change of minimum mutation frequency versus 0 mg/kg/day BbF.
3 Pairwise comparison to 0 mg/kg/day BbF of the respective locus by GLMM, significant if p < 0.05.
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Appendix D1 Table 6: Minimum frequencies per loci detected in liver samples after exposure to increasing doses of BbF.

0 mg/kg/day 6.25 mg/kg/day 12.5 mg/kg/day 25 mg/kg/day 50 mg/kg/day 100 mg/kg/day
Location MFmin' + MFmin' + Fold- Adj. MFmin' + Fold- Adj. MFmin' + Fold- Adj. MFmin' + Fold- Adj. MFmin' + Fold- Adj.
of locus SEM (x 10%) SEM (x 10®)  change?  p value® SEM (x 10®) change* p valué® SEM (x 10®)  change®  p value® SEM (x 10®)  change’  p value® SEM (x 10®%)  change’ p valué®
Chrl 2.77+1.20 3.96+1.63 1.4 0.9412 8.72+2.22 3.1 0.0679 12.09+2.21 4.4 0.0147 27.15+7.81 9.8 <0.0001 41.48 +4.59 15.0 <0.0001
Chrl.2 9.80+£5.52 8.92+1.54 0.9 1.0000 12.93 +£3.08 1.3 0.7896 23.64+£5.74 24 0.0097 28.18 £ 5.86 29 0.0010 45.28 + 6.47 4.6 <0.0001
Chr2 2.63+£1.03 242+0.84 0.9 0.9996 6.87+1.66 2.6 0.3570 4.78 £1.63 1.8 0.6473 17.62 +4.60 6.7 0.0010 30.70 + 8.09 11.7 <0.0001
Chr3 397+1.79 6.18+1.28 1.6 0.9429 7.04+1.25 1.8 0.9090 8.98 +1.89 2.3 0.5024 15.88+£2.79 4.0 0.0113 3523 £891 8.9 <0.0001
Chr4 5.59+2.76 4.74+2.01 0.8 0.9993 7.01+1.90 1.3 0.9089 15.13 £1.96 2.7 0.0282 26.93 +£2.22 4.8 0.0001 39.43 +7.87 7.1 <0.0001
Chr5 6.49 +1.59 5.46+1.86 0.8 0.9850 4.82+1.66 0.7 0.9964 9.39+0.42 1.4 0.7252 17.43 +£3.19 2.7 0.0153 42.63 £5.68 6.6 <0.0001
Chr6 521+£2.90 2.00+1.30 0.4 0.7553 4.84+1.06 0.9 1.0000 7.86 +£0.52 1.5 0.8318 15.32+4.15 2.9 0.0269 32.38+8.14 6.2 <0.0001
Chr7 2.26 +£0.90 3.15+1.19 1.4 0.9871 921+1.12 4.1 0.0454 1143 +2.15 5.1 0.0125 14.56 +4.26 6.4 0.0016 29.85+7.51 13.2 <0.0001
Chr8 4.52+ 151 430+2.59 1.0 1.0000 7.09+1.11 1.6 0.9638 7.72+1.45 1.7 0.8537 27.38 +3.01 6.1 0.0001 39.25+6.63 8.7 <0.0001
Chr9 6.71+0.73 7.92+3.11 1.2 0.9993 1233 £2.56 1.8 0.2567 11.25+£2.00 1.7 0.4410 29.98 +4.61 4.5 <0.0001 32.43+4.93 4.8 <0.0001
Chrl0 7.10+1.18 5.30+2.78 0.7 0.9913 3.28+0.70 0.5 0.4860 11.61 +£3.75 1.6 0.6971 11.09 +£2.05 1.6 0.7661 2475 +3.71 3.5 0.0014
Chrll 10.46 +4.19 8.65+2.48 0.8 1.0000 6.57+0.99 0.6 0.8447 18.65 +1.62 1.8 0.1140 29.75 + 3.68 2.8 0.0005 37.95+7.50 3.6 <0.0001
Chrl2 2.12+0.72 6.63+1.52 3.1 0.5879 7.94+1.25 3.7 0.2260 9.33+£2.56 4.4 0.0684 23.53+5.03 11.1 0.0001 38.20+4.77 18.0 <0.0001
Chrl3 3.12+1.49 3.07+1.84 1.0 0.9999 3.81+£1.67 1.2 0.9844 8.84 £3.01 2.8 0.1332 9.67+£1.18 3.1 0.0789 17.00 +1.72 5.4 0.0013
Chrl4 10.09 +£2.96 9.40 +3.54 0.9 0.9879 9.59 £2.01 1.0 1.0000 14.90+3.13 1.5 0.5698 29.23 +4.65 2.9 0.0011 63.35+12.50 6.3 <0.0001
Chrl5 3.16 +£2.46 3.51+2.13 1.1 0.9964 3.77+1.00 1.2 0.9938 7.67 £2.81 2.4 0.3084 16.18 £ 1.36 5.1 0.0019 30.10 £ 4.28 9.5 <0.0001
Chrl6 2.02+0.68 6.87 +3.22 34 0.4963 12.29+2.10 6.1 0.0225 12.86 + 6.65 6.4 0.0496 24.50 + 4.35 12.1 0.0001 38.85+3.96 19.2 <0.0001
Chrl7 443+1.85 12.65+2.01 2.9 0.1781 12.27+3.76 2.8 0.1835 5.03£1.85 1.1 0.9972 29.05 +4.35 6.6 <0.0001 42.50 £ 5.09 9.6 <0.0001
Chrl8 7.94 +3.88 8.18+1.92 1.0 1.0000 11.42+2.33 1.4 0.7965 12.58 £ 1.50 1.6 0.5288 33.00 + 7.80 42 <0.0001 44.88 £4.12 5.7 <0.0001
Chrl19 6.78 +0.90 533+1.17 0.8 0.9893 9.62 £2.38 1.4 0.7218 8.28 £2.36 1.2 0.9669 18.98 +3.27 2.8 0.0123 19.98 +1.78 2.9 0.0063

' Minimum mutation frequency considering unique mutations within a respective locus.

2Fold-change of minimum mutation frequency versus 0 mg/kg/day BbF.

3 Pairwise comparison to 0 mg/kg/day BbF of the respective locus by GLMM, significant if p < 0.05.
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Appendix D1 Table 7: Minimum frequencies of single base substitutions detected in bone marrow and liver samples after exposure to increasing doses of BbF.

Mutation
Subtype

C:G>A:T
C:G>G:C
C:G>T:A
T:A>A:T
T:A>C:G
T:A>G:C
Insertion
Deletion

MNV*

C:G>A:T
C:G>G:C
C:G>T:A
T:A>A:T
T:A>C:G
T:A>G:C
Insertion
Deletion

MNV*

0 mg/kg/day 6.25 mg/kg/day 12.5 mg/kg/day 25 mg/kg/day 50 mg/kg/day 100 mg/kg/day
MFmin' + MFmin' + Fold- Adj. MFmin' + Fold- Adj. MFmin' + Fold- Adj. MFmin' + Fold- Adj. MFmin' + Fold- Adj.
SEM (x 10%) SEM (x 10®) change? p value? SEM (x 10®) change? p value® SEM (x 10®) change®* p value® SEM (x 10®)  change?* p value® SEM (x 10®)  change?> p value®
Bone marrow
2.08 +£0.40 3.28+0.89 1.6 0.7761 548 +0.76 2.6 0.0184 4.17+£0.32 2.0 0.0912 8.84+1.32 43 0.0002 12.78 £ 1.41 6.1 <0.0001
0.39+0.23 0.86 +0.45 22 0.0340 1.45+0.16 3.7 0.0340 1.48+0.16 38 0.0523 1.61+0.17 4.1 0.0189 2.50+0.29 6.4 0.0013
2.34+0.24 2.79+0.67 1.2 0.9935 2.59+0.64 1.1 0.9998 3.90 +£0.30 1.7 0.2643 5.63+£091 2.4 0.0037 7.84 +£0.81 34 0.0001
0.26+0.13 0.45+0.10 1.7 0.8744 1.17+0.16 4.5 0.0489 1.76 £ 0.42 6.8 0.0103 2.04+0.16 7.8 0.0044 2.28 +0.56 8.8 0.0027
0.95+0.15 1.44+0.35 1.5 0.9263 1.24+0.33 1.3 0.8778 1.65+0.24 1.7 0.6433 2.15+0.57 23 0.0439 1.75+0.43 1.8 0.2853
0.35+0.05 0.61 +0.15 1.7 0.5553 0.98+0.11 2.8 0.0052 0.62 +0.09 1.8 0.2107 0.81+0.17 23 0.0169 0.81+£0.11 23 0.0168
0.12+0.08 0.10+0.06 0.8 1.0000 0.17+0.07 1.4 0.9570 0.24 +0.09 2.0 0.9409 0.32+0.08 2.7 0.3450 0.21 +£0.07 1.8 0.7503
0.95+0.17 0.70+0.17 0.7 0.8069 0.99 +0.05 1.0 0.9996 1.05+0.08 1.1 0.9949 1.28+£0.22 1.3 0.7746 1.03+£0.26 1.1 0.9999
0.06+0.03 0.28+0.14 4.6 0.5715 0.26+0.18 43 0.6452 0.19+0.08 32 0.5672 0.20+0.05 33 0.6186 0.41+0.04 6.8 0.1553
Liver

1.21+0.29 2.53+0.46 2.1 0.8117 3.85+0.15 32 0.4030 9.03+0.76 7.5 0.0319 21.38 +4.07 17.7 0.0009 3548 +£5.62 29.3 0.0001
0.38+0.20 0.44 +0.20 1.2 1.0000 1.26 £0.33 33 0.4026 2.31+0.69 6.1 0.0541 4.56+0.79 12.0 0.0055 7.77£0.94 20.4 0.0007
4.75+0.57 488 +1.29 1.0 0.9910 5.53+£0.75 1.2 0.9015 5.34+£0.57 1.1 0.9964 10.41 £ 0.85 2.2 0.0043 16.53 +1.37 3.5 <0.0001
0.87+0.18 0.75+0.33 0.9 0.9617 1.36 £0.34 1.6 0.8657 2.47+0.21 2.8 0.1372 4.42 +0.55 5.1 0.0034 7.52+£1.04 8.6 0.0034
1.05+0.30 1.00 +0.38 1.0 0.9935 1.54+£0.11 1.5 0.6879 1.32+£0.09 1.3 0.9461 2.224+0.33 2.1 0.0909 347+0.51 33 0.0016
040+0.17 0.65+0.14 1.6 0.8476 0.62 +0.08 1.6 0.8725 0.80+0.30 2.0 0.6951 0.96 £0.1 2.4 0.3025 1.66 £0.32 42 0.0137
0.24 +£0.07 0.12+0.05 0.5 0.9145 0.36+0.16 1.5 0.8505 0.23+0.04 1.0 1.0000 0.25+0.1 1.0 0.9986 0.45+0.03 1.9 0.5266
0.81+0.27 0.67+0.16 0.8 1.0000 0.76 £ 0.07 0.9 1.0000 0.67+0.23 0.8 0.9999 1.00£0.13 1.2 0.9244 1.65+0.33 2.0 0.0609
0.14+0.14 0.15+0.01 1.1 0.9975 0.20 +0.04 1.4 0.9325 0.39+0.08 2.8 0.2172 0.68 +0.09 4.9 0.0298 1.06 £ 0.09 7.6 0.0039

! Minimum mutation frequency considering unique mutations.

2Fold-change of minimum mutation frequency versus 0 mg/kg/day BbF.

3 Pairwise comparison to 0 mg/kg/day BbF by GLMM, significant if p < 0.05.

4Multi-nucleotide variants.
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Appendix D1 Table 8: Benchmark doses of measured genotoxic endpoints in blood, bone marrow and
liver

Genotoxic n CES' BMDL? BMDU? Log10 BMDL Log10 BMDU Bootstrap
endpoint runs
MN RET 8 0.5 0.408 4.06 -0.3893 0.6085 200
MN RBC 8 0.5 223 9.34 0.3483 0.9703 200
MF BM 4 0.5 3.6 12.8 0.5563 1.1072 200
MF Liver 4 0.5 10.1 18.4 1.0043 1.2648 200

ICritical effect size used to perform benchmark dose modeling.
2Benchmark dose lower confidence limit.
3Benchmark dose upper confidence limit.
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Appendix D1 Figure 1: Trinucleotide mutation pattern of bone marrow (A) and liver (B) samples after
28-day exposure to the vehicle control (A1, B1) and increasing doses of BbF (A2 = 6.25, A3 = 12.5, A4
=25, A5=50, A6 =100, B2 = 6.25, B3 = 12.5, B4 = 25, B5 = 50 and B6 = 100 mg/kg/day). The panels
represent the sum of mutations of each 96-mutational subtypes for n = 4 samples of each dose group.
The sum of all mutation for each single base substitution type; C>A (blue), C>G (black), C>T (red), T>A
(gray), T>C (green) and T>G (pink), are indicated.
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Appendix D1 Figure 2: Mutation signature analyses for vehicle control in bone marrow (A) and liver (B).
The original trinucleotide mutation profile is shown on the top left. SigProfilerAssignment used the single
base substitution (SBS) signatures of the Catalogue of Somatic Mutations in Cancer (COSMIC)
database to reconstruct the signatures. The SBS signatures and their relative contributions are shown
on the right. The reconstructed mutation pattern, number of substitutions used for the assignment and
cosine similarity between reconstructed and observed trinucleotide mutation profile are shown on left
below the original profile. The total amount of mutations of the original signature are indicated on the
left.
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Appendix D2: Chapter 3
Appendix D2 Table 1: Body and liver weight

o pvalde of mean
BbF dose p-value of mean % p-value of mean e ol e
Exposure duration| Initial body weight Final body weight | %change in body weight |Mean % change per dose body weight Liver weightRelative liver weigh| Mean liver weight liver weight Mean relative liver weight| "
(mglkg/day) v . weight
(Dunnett's test ) (Dunnett's test ) 9
(Dunnett’s test )
28-Days 0 33.4 354 5.99 1.40 3.96
28-Days ) 27.8 30.4 9.35 127 419
28-Days 0 27.8 28.6 2.88 1.16 4.04
28-Days ) 31.2 354 13.46 1.44 4.07
28-Days 0 26.2 27.2 3.82 956 1.02 3.75 138 407
28-Days 0 28.4 35.0 23.24 1.46 4.18
28-Days 0 30.0 32.0 6.67 1.45 4.53
28-Days 0 39.8 44.2 11.06 1.71 3.87
28-Days 6.25 328 34.6 5.49 1.49 4.30
28-Days 6.25 32.0 36.8 15.00 1.41 3.83
28-Days 6.25 32.0 36.0 12.50 1.41 3.92
28-Days 6.25 322 354 9.94 1.44 4.06
28-Days 6.25 32.8 354 7.93 7.90 060 1.49 4.20 1.36 1.00 406 093
28-Days 6.25 28.6 29.0 1.40 1.18 4.068
28-Days 6.25 29.4 31.8 8.16 1.33 4.20
26-Days 6.25 20.0 208 276 118 3.9
28-Days 125 34.2 33.0 -3.51 1.55 4.68
28-Days 125 24.0 26.4 10.00 117 4.44
28-Days 125 30.4 316 3.95 1.25 3.95
28-Days 125 38.0 38.2 0.53 1.72 4.50
28-Days 125 31.0 33.2 7.10 368 030 1.41 4.24 141 1.00 4.36 012
28-Days 125 34.8 33.6 -3.45 1.41 4.20
28-Days 125 286 29.8 4.20 1.44 4.84
28-Days 12.5 30.0 33.2 10.67 1.33 4.00
28-Days 25 30.4 30.4 0.00 1.30 4.28
28-Days 25 27.4 31.0 13.14 1.36 4.39
28-Days 25 29.6 32.8 10.81 1.42 4.33
28-Days 25 27.2 27.4 0.74 1.23 4.49
28-Days 25 29.4 32.2 9.52 529 060 1.37 4.25 1.87 1.00 44 002
28-Days 25 36.4 35.2 -3.30 1.56 4.44
28-Days 25 28.8 29.4 2.08 1.27 4.31
28-Days 25 30.0 328 9.33 1.58 4.81
28-Days 50 34.2 35.2 2.92 1.63 4.62
28-Days 50 26.4 26.6 0.76 1.15 4.31
28-Days 50 30.0 344 14.67 1.49 4.34
28-Days 50 28.4 29.8 4.93 1.34 4.49
28-Days 50 200 320 10.34 5.93 0.60 149 4.66 148 1.00 4.49 <001
28-Days 50 336 35.8 6.55 1.69 4.73
28-Days 50 28.8 28.0 -2.78 1.22 4.34
28-Days 50 33.8 37.2 10.06 1.65 4.45
28-Days 100 30.6 30.6 0.00 1.43 4.68
28-Days 100 26.6 27.8 4.51 1.45 5.21
28-Days 100 30.2 28.6 -5.30 1.54 5.38
28-Days 100 288 28.0 278 132 470
28-Days 100 35.0 36.0 2.86 258 015 1.79 4.98 154 098 4.94 <0.01
28-Days 100 36.8 39.0 5.98 1.89 4.85
28-Days 100 27.2 29.4 8.09 1.41 4.81
28-Days 100 27.4 29.4 7.30 1.45 4.93
90-Days 0 30.2 36.4 20.53 1.26 3.47
90-Days 0 30.2 35.8 18.54 1.37 3.83
90-Days 0 266 310 16.54 140 452
90-Days 0 328 39.6 20.73 1.62 4.08
90-Days ) 31.2 38.8 24.36 1826 1.45 3.74 142 402
90-Days 0 28.8 35.2 22.22 1.46 4.15
90-Days 0 33.4 344 2.99 1.50 4.37
90-Days 0 27.8 334 20.14 1.32 3.96
90-Days 3.125 34.2 47.4 38.60 1.89 3.99
90-Days 3.125 27.2 36.0 32.35 1.44 4.01
90-Days 3.125 32.0 35.6 11.25 1.63 4.58
90-Days 3.125 25.0 28.2 12.80 25.01 0.41 1.23 4.37 1.59 1.00 411 0.72
90-Days 3.125 31.8 43.8 37.74 1.70 3.88
90-Days 3.125 29.2 34.0 16.44 1.39 4.09
90-Days 3.125 37.8 47.6 25.93 1.82 3.83
90-Days 6.25 26.2 30.0 14.50 1.20 4.00
90-Days 6.25 322 48.6 50.93 1.88 3.87
90-Days 6.25 324 37.8 16.67 1.41 3.74
90-Days 6.25 346 40.4 16.76 24.58 0.41 1.35 3.33 1.40 1.00 3.82 0.74
90-Days 6.25 26.2 326 24.43 1.28 3.94
90-Days 6.25 276 314 13.77 1.30 4.15
90-Days 6.25 32.6 44.0 34.97 1.65 3.74
90-Days 125 28.6 29.6 3.50 1.27 4.30
90-Days 125 30.8 38.2 24.03 1.57 4.12
90-Days 125 30.8 34.0 10.39 1.51 4.43
90-Days 125 36.2 374 3.31 1.60 4.27
90-Days 125 27.4 28.4 3.65 979 009 1.31 4.60 1.40 099 420 071
90-Days 125 296 33.8 14.19 1.34 3.96
90-Days 125 326 37.2 14.11 1.42 3.82
90-Days 125 27.4 288 5.11 1.19 4.12
90-Days 25 30.8 33.0 7.14 1.46 4.42
90-Days 25 29.2 31.0 6.16 1.53 4.93
90-Days 25 28.0 34.2 2214 1.53 4.47
90-Days 25 30.8 31.6 2.60 1.48 4.68
90-Days 25 30.4 29.0 -4.61 460 001 1.23 4.24 141 1.00 445 005
90-Days 25 28.4 29.0 2.1 1.22 4.20
90-Days 25 326 322 .23 143 445
90-Days 25 32.0 32.8 2.50 1.38 4.21
90-Days 50 33.0 328 -0.61 1.38 4.22
90-Days 50 30.8 29.0 -5.84 1.41 4.86
90-Days 50 28.6 29.6 3.50 1.41 4.76
90-Days 50 32.4 32.8 1.23 1.66 5.07
90-Days 50 34.0 36.6 7.65 214 000 172 4.69 1.52 098 476 <0.01
90-Days 50 300 326 867 165 5.05
90-Days 50 34.0 326 -4.12 1.51 4.63
90-Days 50 27.2 29.0 6.62 1.40 4.82
180-Days 0 322 428 32.92 1.76 4.1
180-Days 0 29.6 46.6 57.43 1.62 3.47
180-Days 0 31.4 50.2 59.87 2.05 4.08
180-Days ) 32.0 47.2 47.50 1.71 3.63
180-Days 0 324 46.4 4321 asr7 172 371 . 379
180-Days ] 34.4 428 24.42 1.55 3.61
180-Days 0 29.8 43.0 44.30 1.73 4.01
180-Days 0 30.6 43.0 40.52 1.58 3.68
180-Days 1.56 30.6 40.6 32.68 1.50 3.69
180-Days 1.56 30.2 47.0 55.63 1.79 3.80
180-Days 1.56 27.6 40.8 47.83 1.58 3.88
180-Days 156 206 498 68.24 178 357
180-Days 1.56 30.2 46.0 52.32 48.04 1.00 1.88 4.09 1 098 408 0.54
180-Days 1.56 29.4 38.4 30.61 1.59 4.13
180-Days 1.56 29.0 47.2 62.76 2.40 5.09
180-Days 1.56 29.8 40.0 34.23 1.68 4.21
180-Days 3.125 34.2 44.0 28.66 1.73 3.94
180-Days 3.125 30.0 442 47.33 1.58 3.56
180-Days 3125 304 404 32:89 157 3.89
180-Days 3.125 326 49.0 50.31 437 1.00 1.89 3.85 179 0.96 3.88 0.69
180-Days 3.125 336 51.0 51.79 2.00 3.92
180-Days 3.125 32.2 48.0 49.07 2.18 4.54
180-Days 3.125 31.4 45.8 45.86 1.58 3.45
180-Days 6.26 31.4 43.0 36.94 1.79 4.15
180-Days 6.26 29.8 50.0 67.79 2.33 4.66
180-Days 6.26 20.4 406 38.10 151 37
180-Days 6.26 316 42.2 33.54 1.43 3.38
180-Days 6.26 29.6 48.0 62.16 41.93 1.00 1.86 3.88 173 099 3.94 068
180-Days 6.26 34.2 428 25.15 1.60 3.73
180-Days 6.26 28.8 38.2 32.64 1.54 4.02
180-Days 6.26 32.2 448 39.13 1.80 4.01
180-Days 125 28.4 37.6 32.39 1.62 4.32
180-Days 125 27.0 33.6 24.44 1.33 3.95
180-Days 125 322 448 39.13 1.66 3.70
180-Days 125 30.0 35.8 19.33 1.52 4.26
180-Days 125 30.2 47.4 56.95 33.78 056 1.87 3.95 1.58 085 407 023
180-Days 125 29.8 44.4 48.99 1.65 3.72
180-Days 125 28.6 36.8 28.67 1.68 4.56
180-Days 12.5 25.6 30.8 20.31 1.27 4.14
180-Days 25 31.8 39.0 22.64 1.67 4.29
180-Days 25 328 46.0 40.24 2.08 4.52
180-Days 25 27.8 34.0 22.30 1.57 4.61
180-Days 25 29.2 38.4 31.51 1.51 3.92
180-Days 25 28.6 354 23.78 26.48 003 1.51 4.27 1.61 092 4:30 <0.01
180-Days 25 29.0 348 20.00 1.35 3.89
180-Days 25 28.0 38.6 37.86 1.64 4.25
180-Days 25 29.6 33.6 13.51 1.56 4.64
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Appendix D2 Table 2: Histopathology of MutaMouse males after exposure to increasing dose of BbF.

BbF dose Observation: Observation: Observation
Exposure duration " rarefaction, cytoplasmic or
(mg/kglday) foous of celllar alteration necrosis, focal plast
glycogen increased
0 28-Days WNL WNL WNL
0 28-Days WNL WNL WNL
0 28-Days WNL WNL WNL
0 28-Days WNL WNL WNL
] 28-Days WNL WNL WNL
0 28-Days 0 1 0
0 28-Days WAL WAL WAL
0 28-Days 0 0 2, diffuse
6.25 28-Days WL WAL
6.25 28-Days 0 1, multfocal with mixed cell infitration 0
6.25 28-Days WAL WAL
6.25 28-Days 0 0 2, diffuse
6.25 28-Days WAL WAL WAL
6.25 28-Days WAL WNL WAL
6.25 28-Days 0 1 0
6.25 26-Days WAL WAL WL
125 28-Days WAL WNL WAL
1255 28-Days WAL WAL WAL
1255 28-Days 0 1, with mixed cell infiiration 0
1255 28-Days WAL WAL WAL
1255 28-Days WAL WAL WAL
1255 28-Days WAL WAL WAL
1255 28-Days WAL WAL WAL
1255 28-Days WAL WL WAL
25 28-Days WAL WAL WAL
25 28-Days 0 0 2, periportal
25 28-Days WNL 'WNL WNL
25 28-Days WNL WNL WNL
25 28-Days WNL WNL WNL
25 28-Days WNL WNL WNL
25 28-Days WNL WNL WNL
25 28-Days 0 0 2, periportal
50 28-Days WNL WNL NL
50 28-Days WNL WNL WNL
50 28-Days 0 0 0
50 28-Days WNL WNL WNL
50 28-Days WNL WNL WNL
50 28-Days WNL WNL WNL
50 28-Days WNL WNL WNL
50 28-Days WNL WNL WNL
100 28-Days 0 1, focal 0
100 28-Days WNL WNL WNL
100 28-Days WAL WAL WAL
100 28-Days WAL WAL WAL
100 28-Days 0 0 2, periportal
100 28-Days WAL WAL WAL
100 28-Days WAL WAL WAL
100 28-Days WAL WAL WL
0 90-Days WAL WAL WAL
0 90-Days WAL WAL WAL
0 90-Days WAL WNL WAL
0 90-Days WAL WAL WAL
0 90-Days WAL WAL WAL
0 90-Days WAL WAL WAL
0 90-Days WAL WAL WAL
0 90-Days WAL WL WL
3125 90-Days WAL WAL WAL
3.125 90-Days WAL WAL WAL
3.125 90-Days WAL WAL WAL
3.125 90-Days WL WAL WAL
3.125 90-Days WL WL WAL
3.125 90-Days WNL WNL WNL
3.125 90-Days ) 0 2, centri
6.25 90-Days WNL WNL WNL
6.25 90-Days WNL WNL WNL
6.25 90-Days WNL WNL WNL
6.25 90-Days WNL WNL WNL
6.25 90-Days WNL WNL WNL
6.25 90-Days WNL WNL WNL
6.25 90-Days WNL WNL WNL
125 90-Days 0 1, mf, two, with inflammtion, neutrophils| 0
125 90-Days WNL WNL
125 90-Days WNL WNL WNL
125 90-Days 0 0 2, centrilobular
125 90-Days 0 0
125 90-Days WNL WNL WNL
12.5 90-Days WNL WNL WNL
125 90-Days WAL WAL WL
25 90-Days WAL WAL WAL
2 90-Days WAL WAL WAL
2 90-Days WAL WAL WAL
2 90-Days WAL WAL WAL
2 90-Days WAL WAL WAL
2 90-Days WAL WNL WL
2 90-Days WAL WAL WAL
2 90-Days WAL WAL WL
50 90-Days WAL WAL WAL
50 90-Days WAL WAL WAL
50 90-Days WAL WAL WAL
50 90-Days 0 1, mf, with inflammtion, neutrophis 0
50 90-Days WAL WAL WAL
50 90-Days WAL WAL WAL
50 90-Days WAL WAL WAL
50 90-Days WL WL WL
0 180-Days 7, single, eosinophiic 0 0
0 180-Days WL WL WAL
] 180-Days WNL WNL WNL
0 180-Days WNL 'WNL WNL
0 180-Days WNL 'WNL WNL
1] 180-Days WNL WNL WNL
0 180-Days WNL WNL WNL
0 180-Days WNL WNL WNL
1.56 180-Days WNL WNL WNL
1.56 180-Days WNL WNL WNL
1.56 180-Days WNL WNL WNL
1.56 180-Days WNL WNL WNL
1.56 180-Days WNL WNL WNL
1.56 180-Days WNL WNL WNL
1.56 180-Days 0 0 2, centrilobular
1.56 180-Days WNL WNL WNL
3.125 180-Days 1, two, eosinophilic 0 0
3.125 180-Days WNI WNL WNL
3.125 180-Days WNL WNL WNL
3125 180-Days WAL WAL WL
3125 180-Days 0 0 2, centrilobular
3125 180-Days 0 0 3, centrilobular
3125 180-Days WL WAL WL
6.25 180-Days WAL WAL WL
6.25 180-Days 0 0 3, centrilobular
6.25 180-Days WAL WAL WAL
6.25 180-Days WAL WAL WAL
6.25 180-Days WAL WNL WAL
6.25 180-Days WAL WNL WAL
6.25 180-Days WAL WNL WAL
6.25 180-Days WAL WAL WL
125 180-Days WAL WL WAL
1255 180-Days 1, single, easinophilic 0 0
1255 180-Days WAL WL WAL
1255 180-Days 1 0
1255 180-Days WL WAL WAL
1255 180-Days WAL WAL WAL
1255 180-Days WAL WL WAL
12.5 180-Days WNL WNL WNL
25 180-Days WNL WNL WNL
25 180-Days WNL 'WNL WNL
25 180-Days WNL WNL WNL
25 180-Days WNL WNL WNL
25 180-Days WNL WNL WNL
25 180-Days WNL WNL WNL
25 180-Days WNL WNL WNL
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Appendix D2 Table 3: DNA Sequencing Metrics

Sample Tissue Exposure Duration [ (f‘;i:;?) ‘ Raw Reads % selected fromraw reads  Median Insert Size  SD Insert Size Mean On-Target Duplex Depth  Maximum On-Target Duplex Depth  Peak Tag Family Size  Informative Duplex Bases
% Bone Marrow 50-Days 0 309222614 78.62% 224 126 et 16,002 % 750856336
2 Bone Marrow 90-Days 0 400,402,098 7881% 194 11 15,323 20,299 17 1046000000
27 Bone Marrow 90-Days 0 420,790,610 78.62% 200 119 14,602 20322 21 953211698
28 Bone Marrow 90-Days 0 421243686 78.55% 204 113 14,484 19,441 20 973783750
29 Bone Marrow 90-Days 3125 546,765,928 78.78% 211 120 17,818 23,598 2 1194000000
30 Bone Marrow 90-Days 3125 478,088,010 78.62% 197 109 16.488 22201 10 1135000000
3t Bone Marrow 90-Days 3125 422,638,308 79.06% 206 113 10.238 13323 30 667931725
32 Bone Marrow 90-Days 3125 468.267.300 78.42% 208 121 21676 28,987 1 1442000000
3 Bone Marrow 90-Days 625 400,737,270 78.56% 206 118 20,502 27,564 73 1385000000
3 Bone Marrow 90-Days 625 552,581,248 7851% 210 119 25900 35,146 14 1697000000
3s Bone Marrow 90-Days 625 449524598 78.60% 195 110 16,048 23011 17 1175000000
36 Bone Marrow 90-Days 625 372,927,830 78.80% 214 114 12.238 16,005 2 804685419
37 Bone Marrow 90-Days 125 389,057,852 76.56% 201 6 15,752 21,057 i6 1085000000
38 Bone Marrow 90-Days 125 356,289,346 78.55% 184 % 16,546 23,786 2 1173000000
39 Bone Marrow 90-Days 125 551,302,676 79.08% 196 % 16,318 22171 2 1106000000
20 Bone Marrow 90-Day 125 424511.050 78.66% 195 108 17.041 23,307 16 1168000000
a Bone Marrow 90-Days 2 363,854,086 79.06% 214 113 16,249 21,728 16 1059000000
a2 Bone Marrow 90-Days 25 388,973,088 78.40% 208 124 20,040 26,922 12 1338000000
43 Bone Man 90-Days 25 413,007,582 78.38% 210 122 20542 27,53 13 1359000000
44 Bone Marrow 90-Da 2 562.767.840 78.63% 214 121 12.73 16423 33 844992742
@5 Bone Marrow 90-Days 50 681,259,794 76.48% 219 124 16,793 22,005 29 1097000000
6 Bone Marrow 90-Days 50 372,100,086 78.80% 192 106 13.795 19250 1 a76868820
a7 Bone Marrow 90-Days 50 424,757,280 78.42% 212 126 20253 26,89 14 1347000000
48 Bone Marrow 0-Da4 50 415.421.856 7861% 207 118 17.228 22734 17 1152000000
25 Liver 90-Days 0 165,211,796 99.30% 228 132 15,620 22,028 7 982894433
2 Liver 90-Days 0 332,408,202 99.35% 233 135 15,056 20,102 20 960642901
27 Liver 90-Days 0 988,209,776 99.54% 222 118 13,073 18,034 69 887912598
2 Liver 90-Da 0 565.787.264 99.46% 227 124 14132 18624 30 920244545
29 Liver 90-Days 3125 562,530,562 99.49% 227 124 16.503 21,172 3 1038000000
30 Liver 90-Days 3125 451,020,442 99.42% 224 130 14,604 16,634 2 930268813
31 Liver 90.Days 3125 304.416,792 99.53% 213 119 17.715 23,101 s 1140000000
32 Liver 90-Days 3125 262,131,080 99.20% 246 141 13,187 17.735 10 83166615
3 Liver 90-Days 625 453,566,682 99.51% 214 122 14.465 19,191 30 936327508
3 Liver 90-Days 625 494,580,504 99.53% 220 123 13,805 18,204 34 912078389
3s Liver 90-Days 625 533611424 98.78% 282 149 10.789 14578 52 666576450
36 Liver 90-Days 625 213,520,156 99.59% 205 108 15,403 20574 12 999512105
37 Liver 90-Days 125 347,610,504 99.50% 210 1o 74,009 18,558 25 908981483
38 Liver 90-Days 125 430,046,956 99.30% 23 135 13,066 17,119 30 851367935
39 Liver 90-Days 125 386,584,000 99.36% 215 123 21,465 27.282 16 1378000000
0 Liver 90-Days 125 290,469,502 99.51% 206 119 15,251 20235 17 992049684
a Liver 90-Days 2 548,620,496 99.45% 216 127 14,010 19,075 3 952000718
a2 Liver 90-Days 25 533,463,110 99.51% 223 122 13,343 17,335 39 851071507
43 Liver 90-Days 2 458,087,918 99.36% 220 136 13,863 16,024 31 884569503
44 Liver 90-Day 25 629.416.404 99.55% 227 122 13.216 18.224 45 886882674
S Liver 90-Days 50 232,749,574 99.49% 216 119 14,402 16,604 14 917636266
5 Liver 90-Days EY 651,101,106 99.41% 23 126 12.416 16,622 49 822106477
a7 Liver 90-Days 50 577.351.704 99.40% 241 135 14,154 18,474 a2 912842634
8 Liver 90.Da 50 324,100,680 99.38% 238 135 12,631 17.388 2 787385149
9 Bone Marrow 180-Days 0 323,163,452 76.82% 221 130 21,735 30,763 s 1396000000
50 Bone Marrow 180-Days 0 466,735,022 79.00% 222 131 25,179 33,071 11 1645000000
51 Bone Marrow 180-Days 0 326,417,210 78.78% 233 144 19,690 26,542 10 1254000000
52 Bone Marrow 180-Days 0 418.176.396 78.28% 251 155 20284 32228 10 1519000000
53 Bone Marrow 180-Days 756 479,469,256 79.08% 204 120 24,762 33,420 1 1679000000
54 Bone Marrow 180-Days 1.56 510,565,138 78.93% 228 136 27373 35,862 11 1768000000
55 Bone Marrow 180-Days 1.56 474,732,908 78.82% 22 129 24504 32,283 2 1602000000
56 Bone Marrow 180-Days 1.56 466,028,754 79.05% 200 124 25335 33708 1 1687000000
57 Bone Marrow 180-Days 3.125 485,097,690 78.87% 214 125 27,815 37,291 10 1824000000
E] Bone Marrow 180-Days 3125 368,960,226 78.96% 247 141 25255 36,010 8 1664000000
59 Bone Marrow 180-Days 3125 470,190,918 78.73% 228 138 27794 37616 o 1800000000
60 Bone Marr 180-Days 3125 508,265,514 7867% 271 150 26873 34,950 2 1667000000
o1 Bone Marrow 180-Days 625 410,580,356 78.76% 250 147 26,129 35,518 o 1631000000
62 Bone Marrow 180-Days 625 454,155,052 78.75% 205 129 23185 30,354 11 1545000000
6 Bone Marrow 180-Days 625 413570910 78.95% 224 135 23571 30,848 1 1620000000
61 Bone Marrow 180-Days 625 520,849,678 78.75% 244 144 20992 39,830 10 1621000000
3 Bone Marrow 760-Days 125 386,066,926 76.95% 230 136 23218 31,204 o 1493000000
66 Bone Marrow 180-Days 125 457,865,142 79.04% 210 124 25026 33,388 1 1664000000
67 Bone Marrow 180-Days 125 413,508,060 78.93% 186 120 23387 32,507 9 1697000000
68 Bone Marrow 180-Days 125 399,262,020 78.86% 219 132 25604 36974 8 1666000000
£ Bone Marrow 180-Days 2 412,788,772 78.87% 226 137 24,713 35,465 10 1692000000
70 Bone Marrow 180-Days 25 597,846,306 78.39% 219 147 26336 34,101 15 1661000000
7 Bone Marrow 180-Days 2 421,850,502 7867% 236 140 25500 34,010 10 1627000000
72 Bone Marrow 180-Days 25 404.924.326 78.60% 25 149 25701 35,181 o 1594000000
g Civer 180-Days 0 568,537,202 99.54% 195 125 27,01 36,292 17 1845000000
50 Liver 180-Days 0 347,602,562 99.35% 220 132 17,043 21,387 7 1149000000
st Liver 180-Days 0 484,774,308 99.41% 217 140 20522 26,043 20 1359000000
52 Liver 180-Days 0 444,578,502 99.47% 208 126 20933 26.767 16 1442000000
53 Liver 180-Days 756 681,366,774 99.35% 226 145 21,367 21,316 2% 1408000000
54 Liver 180-Days 1.56 476,578,924 99.42% 222 136 20558 25,791 20 1379000000
55 Liver 180-Days 1.56 311,903,074 99.50% 200 128 19,259 24,814 2 1319000000
56 Liver 180-Days 1.56 506.777.784 99.45% 215 133 22,880 28,876 18 1645000000
57 Liver 180-Days 3125 602,854,626 99.64% 196 119 25193 32,574 21 1660000000
] Liver 180-Days 3125 416,422,206 99.48% 204 131 20388 25,048 16 1399000000
59 Liver 180-Days 3125 613,332,696 99.42% 199 127 22264 28,032 2 1520000000
60 Liver 180-Days 3125 402,563,334 99.36% 220 140 20485 26276 16 1365000000
61 Liver 180-Days 625 456,990,126 99.44% 206 132 18,024 23,927 1o 1294000000
62 Liver 180-Days 625 517,981,434 99.39% 215 137 18,408 23,205 2 1211000000
6 Liver 180-Days 625 404,336,322 99.28% 227 142 19,047 25,208 7 1302000000
64 Liver 180-Days 625 353,880,678 99.50% 197 123 2039 25901 13 1395000000
5 Liver 180-Days 125 343,950.724 99.20% 210 138 10,167 24,077 15 1274000000
o Liver 180-Days 125 551,044,450 99.49% 208 124 23,964 30,186 20 1623000000
o7 Liver 180-Days 125 525.218.476 99.27% 231 144 10,650 20,974 2 1293000000
68 Liver 180-Days 125 471.308.010 99.14% 251 153 18,704 24,246 2 1178000000
69 Liver 760-Days 2 15,122,678 99.31% 210 126 7,763 10,444 15 514337130
70 Liver 180-Days 25 543,278,296 9951% 212 130 23273 29422 20 1546000000
7 Liver 180-Days 25 285,433,610 99.01% 246 155 16506 21,957 is 1028000000
72 Liver 180-Days 25 433,148,252 99.50% 212 130 24,663 31.685 15 1626000000
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Appendix D2 Table 4: Mutagenicity data of MutaMouse males post exposure to BbF for 28-days

Animal ID | Sample tissue Exposure duration (g;;;;;z/) Mutation count unique Mutation count all Sample depth Mutation frequency minimum Mutation Frequency maximum
1 Bone Marrow 28-Days 0 37 43 820319269 4.51E-08 5.24E-08
2 Bone Marrow 28-Days 0 35 37 903268416 3.87E-08 4.10E-08
3 Bone Marrow 28-Days 0 34 35 841007628 4.04E-08 4.16E-08
4 Bone Marrow 28-days 0 39 43 953865140 4.09E-08 4.51E-08
5 Bone Marrow 28-Days 6.25 32 38 709601657 4.51E-08 5.36E-08
6 Bone Marrow 28-Days 6.25 53 190 570223160 9.29E-08 3.33E-07
7 Bone Marrow 28-Days 6.25 27 28 650976772 4.15E-08 4.30E-08
8 Bone Marrow 28-days 6.25 35 43 755934082 4.63E-08 5.69E-08
9 Bone Marrow 28-Days 12.5 67 75 996552403 6.72E-08 7.53E-08
10 Bone Marrow 28-Days 12.5 7 126 748281155 9.49E-08 1.68E-07
1 Bone Marrow 28-Days 12.5 72 80 975415700 7.38E-08 8.20E-08
12 Bone Marrow 28-days 12.5 47 51 714621726 6.58E-08 7.14E-08
13 Bone Marrow 28-Days 25 66 73 1034555738 6.38E-08 7.06E-08
14 Bone Marrow 28-Days 25 60 73 731411483 8.20E-08 9.98E-08
15 Bone Marrow 28-Days 25 49 52 587263813 8.34E-08 8.85E-08
16 Bone Marrow 28-days 25 90 99 1013524373 8.88E-08 9.77E-08
17 Bone Marrow 28-Days 50 72 84 747503560 9.63E-08 1.12E-07
18 Bone Marrow 28-Days 50 122 135 1015314151 1.20E-07 1.33E-07
19 Bone Marrow 28-Days 50 105 121 727894703 1.44E-07 1.66E-07

20 Bone Marrow 28-days 50 93 103 876901612 1.06E-07 1.17E-07
21 Bone Marrow 28-Days 100 143 176 859890285 1.66E-07 2.05E-07
22 Bone Marrow 28-Days 100 115 138 723027618 1.59E-07 1.91E-07
23 Bone Marrow 28-Days 100 149 176 1141474460 1.31E-07 1.54E-07
24 Bone Marrow 28-days 100 118 136 876503251 1.35E-07 1.55E-07
1 Liver 28-Days 0 44 47 749609387 6.32E-08 6.75E-08
2 Liver 28-Days 0 48 87 722340262 6.61E-08 1.20E-07
3 Liver 28-Days 0 41 47 627025630 5.01E-08 5.75E-08
4 Liver 28-days 0 28 28 677732398 3.39E-08 3.39E-08
5 Liver 28-Days 6.25 70 82 743455407 6.72E-08 7.87E-08
6 Liver 28-Days 6.25 40 58 704928576 5.70E-08 8.26E-08
7 Liver 28-Days 6.25 32 33 849818048 4.60E-08 4.75E-08
8 Liver 28-days 6.25 50 50 632701328 6.51E-08 6.51E-08
9 Liver 28-Days 12.5 92 95 693759043 8.38E-08 8.65E-08
10 Liver 28-Days 12.5 85 106 666531230 8.74E-08 1.09E-07
1 Liver 28-Days 12.5 68 72 517474384 7.11E-08 7.53E-08
12 Liver 28-days 12.5 71 79 738972435 8.02E-08 8.92E-08
13 Liver 28-Days 25 89 94 676238056 9.97E-08 1.05E-07
14 Liver 28-Days 25 102 119 626642186 1.11E-07 1.29E-07
15 Liver 28-Days 25 85 89 1029731981 1.14E-07 1.19E-07
16 Liver 28-days 25 76 76 731701362 1.20E-07 1.20E-07
17 Liver 28-Days 50 195 197 671817466 2.21E-07 2.23E-07
18 Liver 28-Days 50 275 304 639888577 2.90E-07 3.20E-07
19 Liver 28-Days 50 135 136 665939020 1.54E-07 1.55E-07
20 Liver 28-days 50 177 183 633802424 2.24E-07 2.31E-07
21 Liver 28-Days 100 250 269 690876985 3.15E-07 3.39E-07
22 Liver 28-Days 100 498 595 595451784 4.85E-07 5.80E-07
23 Liver 28-Days 100 263 272 678943393 3.21E-07 3.32E-07
24 Liver 28-days 100 297 305 605952416 3.30E-07 3.39E-07
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Appendix D2 Table 5: Mutagenicity data of MutaMouse males post exposure to BbF for 90-days

Animal ID | Sample tissue Exposure duration (FES;T(Q;ZZ?/) Mutation count unique Mutation count all Sample depth Mutation frequency minimum Mutation Frequency maximum
25 Bone Marrow 90-Days 0 16 16 566484337 2.82E-08 2.82E-08
26 Bone Marrow 90-Days 0 42 49 735141570 5.71E-08 6.67E-08
27 Bone Marrow 90-Days 0 18 23 700385118 2.57E-08 3.28E-08
28 Bone Marrow 90-Days 0 30 30 693878407 4.32E-08 4.32E-08
29 Bone Marrow 90-Days 3.125 55 72 854588642 6.44E-08 8.43E-08
30 Bone Marrow 90-Days 3.125 49 62 791006370 6.19E-08 7.84E-08
31 Bone Marrow 90-Days 3.125 21 21 491063562 4.28E-08 4.28E-08
32 Bone Marrow 90-Days 3.125 39 49 1040003431 3.75E-08 4.71E-08
33 Bone Marrow 90-Days 6.25 68 82 983841168 6.91E-08 8.33E-08
34 Bone Marrow 90-Days 6.25 68 89 1242699186 5.47E-08 7.16E-08
35 Bone Marrow 90-Days 6.25 82 119 813103920 1.01E-07 1.46E-07
36 Bone Marrow 90-Days 6.25 43 46 586972650 7.33E-08 7.84E-08
37 Bone Marrow 90-Days 12.5 72 93 755751466 9.53E-08 1.23E-07
38 Bone Marrow 90-Days 12.5 113 214 793953742 1.42E-07 2.70E-07
39 Bone Marrow 90-Days 12.5 78 88 782605930 9.97E-08 1.12E-07
40 Bone Marrow 90-Days 12.5 116 143 817546833 1.42E-07 1.75E-07
41 Bone Marrow 90-Days 25 103 165 779512147 1.32E-07 2.12E-07
42 Bone Marrow 90-Days 25 137 198 961611346 1.42E-07 2.06E-07
43 Bone Marrow 90-Days 25 141 209 985667893 1.43E-07 2.12E-07
44 Bone Marrow 90-Days 25 88 143 610801986 1.44E-07 2.34E-07
45 Bone Marrow 90-Days 50 172 232 805599949 2.14E-07 2.88E-07
46 Bone Marrow 90-Days 50 109 143 661835407 1.65E-07 2.16E-07
47 Bone Marrow 90-Days 50 187 340 971821068 1.92E-07 3.50E-07
48 Bone Marrow 90-Days 50 136 222 826366527 1.65E-07 2.69E-07
25 Liver 90-Days 0 22 25 749609387 2.93E-08 3.34E-08
26 Liver 90-Days 0 41 45 722340262 5.68E-08 6.23E-08
27 Liver 90-Days 0 39 68 627025630 6.22E-08 1.08E-07
28 Liver 90-Days 0 35 48 677732398 5.16E-08 7.08E-08
29 Liver 90-Days 3.125 63 88 743455407 8.47E-08 1.18E-07
30 Liver 90-Days 3.125 35 35 704928576 4.97E-08 4.97E-08
31 Liver 90-Days 3.125 46 49 849818048 5.41E-08 5.77E-08
32 Liver 90-Days 3.125 36 37 632701328 5.69E-08 5.85E-08
33 Liver 90-Days 6.25 58 64 693759043 8.36E-08 9.23E-08
34 Liver 90-Days 6.25 69 75 666531230 1.04E-07 1.13E-07
35 Liver 90-Days 6.25 72 161 517474384 1.39E-07 3.11E-07
36 Liver 90-Days 6.25 56 58 738972435 7.58E-08 7.85E-08
37 Liver 90-Days 12.5 96 195 676238056 1.42E-07 2.88E-07
38 Liver 90-Days 12.5 110 130 626642186 1.76E-07 2.07E-07
39 Liver 90-Days 12.5 130 132 1029731981 1.26E-07 1.28E-07
40 Liver 90-Days 12.5 129 130 731701362 1.76E-07 1.78E-07
41 Liver 90-Days 25 244 260 671817466 3.63E-07 3.87E-07
42 Liver 90-Days 25 238 267 639888577 3.72E-07 4.17E-07
43 Liver 90-Days 25 279 281 665939020 4.19E-07 4.22E-07
44 Liver 90-Days 25 333 360 633802424 5.25E-07 5.68E-07
45 Liver 90-Days 50 844 862 690876985 1.22E-06 1.25E-06
46 Liver 90-Days 50 462 487 595451784 7.76E-07 8.18E-07
47 Liver 90-Days 50 568 581 678943393 8.37E-07 8.56E-07
48 Liver 90-Days 50 401 407 605952416 6.62E-07 6.72E-07
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Appendix D2 Table 6: Mutagenicity data of MutaMouse males post exposure to BbF for 180-days

|Animal ID| ~ Sample tissue Exposure duration (':;/i;/%s:y) Mutation count unique Mutation count all Sample depth Mutation frequency minimum Mutation Frequency maximum
49 Bone Marrow 180-Days 0 43 47 1043357842 4.12E-08 4.50E-08
50 Bone Marrow 180-Days 0 56 71 1208360081 4.63E-08 5.88E-08
51 Bone Marrow 180-Days 0 31 39 944993138 3.28E-08 4.13E-08
52 Bone Marrow 180-Days 0 54 68 1165443482 4.63E-08 5.83E-08
53 Bone Marrow 180-Days 1.56 59 85 1188414445 4.96E-08 7.15E-08
54 Bone Marrow 180-Days 1.56 53 58 1313694711 4.03E-08 4.42E-08
55 Bone Marrow 180-Days 1.56 63 70 1180341418 5.34E-08 5.93E-08
56 Bone Marrow 180-Days 1.56 64 68 1215978919 5.26E-08 5.59E-08
57 Bone Marrow 180-Days 3.125 84 143 1335013466 6.29E-08 1.07E-07
58 Bone Marrow 180-Days 3.125 7 81 1212318653 5.86E-08 6.68E-08
59 Bone Marrow 180-Days 3.125 99 115 1334128426 7.42E-08 8.62E-08
60 Bone Marrow 180-Days 3.125 78 92 1289621996 6.05E-08 7.13E-08
61 Bone Marrow 180-Days 6.25 104 162 1254094598 8.29E-08 1.29E-07
62 Bone Marrow 180-Days 6.25 114 148 1112669546 1.02E-07 1.33E-07
63 Bone Marrow 180-Days 6.25 103 153 1131192554 9.11E-08 1.35E-07
64 Bone Marrow 180-Days 6.25 156 266 1439588653 1.08E-07 1.85E-07
65 Bone Marrow 180-Days 12.5 165 281 1114445535 1.48E-07 2.52E-07
66 Bone Marrow 180-Days 12.5 159 275 1201066020 1.32E-07 2.29E-07
67 Bone Marrow 180-Days 12.5 184 230 1122331889 1.64E-07 2.05E-07
68 Bone Marrow 180-Days 12.5 210 280 1229131410 1.71E-07 2.28E-07
69 Bone Marrow 180-Days 25 248 548 1186149601 2.09E-07 4.62E-07
70 Bone Marrow 180-Days 25 273 491 1263726420 2.16E-07 3.89E-07
71 Bone Marrow 180-Days 25 210 536 1223966951 1.72E-07 4.38E-07
72 Bone Marrow 180-Days 25 224 395 1233512374 1.82E-07 3.20E-07
49 Liver 180-Days 0 81 87 1338528345 6.05E-08 6.50E-08
50 Liver 180-Days 0 39 45 817844502 4.77E-08 5.50E-08
51 Liver 180-Days 0 50 60 984471002 5.08E-08 6.09E-08
52 Liver 180-Days 0 79 83 1004542293 7.86E-08 8.26E-08
53 Liver 180-Days 1.56 76 84 1025217179 7.41E-08 8.19E-08
54 Liver 180-Days 1.56 57 59 986447253 5.78E-08 5.98E-08
55 Liver 180-Days 1.56 64 69 924442350 6.92E-08 7.46E-08
56 Liver 180-Days 1.56 62 66 1098103567 5.65E-08 6.01E-08
57 Liver 180-Days 3.125 73 76 1208627273 6.04E-08 6.29E-08
58 Liver 180-Days 3.125 68 87 978382774 6.95E-08 8.89E-08
59 Liver 180-Days 3.125 85 119 1068256281 7.96E-08 1.11E-07
60 Liver 180-Days 3.125 63 64 983049722 6.41E-08 6.51E-08
61 Liver 180-Days 6.25 135 135 908053521 1.49E-07 1.49E-07
62 Liver 180-Days 6.25 110 129 883228643 1.25E-07 1.46E-07
63 Liver 180-Days 6.25 153 173 957144595 1.60E-07 1.81E-07
64 Liver 180-Days 6.25 137 141 978861139 1.40E-07 1.44E-07
65 Liver 180-Days 125 367 375 919815508 3.99E-07 4.08E-07
66 Liver 180-Days 125 409 417 1149746878 3.56E-07 3.63E-07
67 Liver 180-Days 12,5 472 493 943037743 5.01E-07 5.23E-07
68 Liver 180-Days 12.5 332 334 901595376 3.68E-07 3.70E-07
69 Liver 180-Days 25 404 413 372700610 1.08E-06 1.11E-06
70 Liver 180-Days 25 1200 1252 1116483211 1.07E-06 1.12E-06
71 Liver 180-Days 25 635 650 792068914 8.02E-07 8.21E-07
72 Liver 180-Days 25 1040 1109 1183336314 8.79E-07 9.37E-07
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Appendix D2 Table 7: Subtype specific mutagenicity data of MutaMouse males post exposure to BbF for 28-days

266

Animal IDSample Tissue Exposure Duration‘ BbF dose |C:G>A:T C:G>AT C:G>A:T C:G>AT C:G>G:C C:G>G:.C C:G>G.:C C:G>G:C C:G>T:A C:G>T: C:G>T:A C:G>T:A T:A>AT T:A>A: T:A>A.:T T:A>AT T:A>C:G T:A>C: T:A>Cv:G T:A>C:G T:A>G:C T:A>G: T:A>Q:C T:A>G:C Inserli(‘:\n Insertion Inserti.on Insertion Deletion Deletio De\e(\?n Deletion
)| Count CountAll MFmin __MFmax _ Count CountAll MFmin__MFmax__ Count A MFmin__MFmax__ Count T MFmin__MFmax___Count G MFmin__MFmax__ Count [0} MFmin__MFmax__Count Unique Count All_ MFmin _ MFmax__ Count n MFmin__ MFmax

1 Bone Marrow 28-Days 0 9 1 2.53E-08 2.82E-08 3 4 8.45E-09 1.13E-08 7 7 1.97E-08 1.97E-08 1 1 2.15E-09 2.15E-09 4 4 8.60E-09 8.60E-09 2 5 4.30E-09 1.07E-08 0 0 0 0 " 12 1.34E-08 1.46E-08
2 Bone Marrow 28-Days 0 7 7 1.78E-08 1.78E-08 0 0 0 0 12 13  3.05E-08 3.31E-08 1 1 1.96E-09 1.96E-09 3 3 5.88E-09 5.88E-09 2 2 3.92E-09 3.92E-09 1 2 1.11E-09 2.21E-09 9 9 9.96E-09 9.96E-09
3 Bone Marrow 28-Days 0 4 4 1.10E-08 1.10E-08 0 0 0 0 8 8 2.20E-08 2.20E-08 3 3 6.29E-09 6.29E-09 6 6 1.26E-08 1.26E-08 1 1 2.10E-09 2.10E-09 3 4 3.57E-09 4.76E-09 8 8 9.51E-09 9.51E-09
4 Bone Marrow 28-Days 0 12 12 2.90E-08 2.90E-08 3 3 7.25E-09 7.25E-09 9 9 2.17E-08 2.17E-08 0 0 0 0 6 6 1.11E-08 1.11E-08 2 2 3.70E-09 3.70E-09 0 0 0 0 5 8  5.24E-09 8.39E-09
5 Bone Marrow 28-Days 6.25 9 9 2.94E-08 2.94E-08 1 3 3.27E-09 9.81E-09 1" 1" 3.60E-08 3.60E-08 2 2 4.95E-09 4.95E-09 4 4 9.91E-09 9.91E-09 1 2 2.48E-09 4.95E-09 0 0 0 0 3 3 4.23E-09 4.23E-09
6 Bone Marrow 28-Days 6.25 14 14 5.71E-08 5.71E-08 5 30 2.04E-08 1.22E-07 10 50  4.08E-08 2.04E-07 1 1 3.08E-09 3.08E-09 8 14 2.46E-08 4.31E-08 3 3 9.23E-09 9.23E-09 0 0 0 0 6 20  1.05E-08 3.51E-08
7 Bone Marrow 28-Days 6.25 4 5 1.43E-08 1.79E-08 3 3 1.07E-08 1.07E-08 3 3 1.07E-08 1.07E-08 1 1 2.70E-09 2.70E-09 5 5 1.35E-08 1.35E-08 3 3 8.09E-09 8.09E-09 1 1 1.54E-09 1.54E-09 6 6 9.22E-09 9.22E-09
8 Bone Marrow 28-Days 6.25 10 10 3.02E-08 3.02E-08 0 0 0 0 8 9 2.41E-08 2.71E-08 3 8 7.07E-09 1.89E-08 4 4 9.43E-09 9.43E-09 2 2 4.71E-09 4.71E-09 2 2 2.65E-09 2.65E-09 3 3 3.97E-09 3.97E-09
9 Bone Marrow 28-Days 12.5 15 17 3.44E-08 3.90E-08 7 7 1.61E-08 1.61E-08 14 16  3.21E-08 3.67E-08 6 6 1.07E-08 1.07E-08 8 8 1.43E-08 1.43E-08 4 6 7.13E-09 1.07E-08 1 1 1.00E-09 1.00E-09 10 1 1.00E-08 1.10E-08
10 Bone Marrow 28-Days 12.5 21 32 6.54E-08 9.97E-08 5 15 1.56E-08 4.67E-08 13 25  4.05E-08 7.79E-08 6 6 1.40E-08 1.40E-08 7 9 1.64E-08 2.11E-08 4 4 9.36E-09 9.36E-09 2 2 2.67E-09 2.67E-09 7 7 9.35E-09 9.35E-09
1 Bone Marrow 28-Days 12.5 22 25 5.19E-08 5.90E-08 7 7 1.65E-08 1.65E-08 5 7 1.18E-08 1.65E-08 8 9  1.45E-08 1.63E-08 9 10  1.63E-08 1.81E-08 7 7 1.27E-08 1.27E-08 3 4 3.08E-09 4.10E-09 9 9  9.23E-09 9.23E-09
12 Bone Marrow 28-Days 12.5 21 23 6.73E-08 7.37E-08 3 3 9.62E-09 9.62E-09 6 7 1.92E-08 2.24E-08 3 4 7.45E-09 9.93E-09 1 1 2.48E-09 2.48E-09 4 4 9.93E-09 9.93E-09 0 0 0 0 8 8 1.12E-08 1.12E-08
13 Bone Marrow 28-Days 25 17 17 3.77E-08 3.77E-08 6 6 1.33E-08 1.33E-08 17 22 3.77E-08 4.88E-08 4 5 6.86E-09 8.57E-09 6 6 1.03E-08 1.03E-08 3 3 5.14E-09 5.14E-09 1 1 9.67E-10 9.67E-10 9 10  8.70E-09 9.67E-09
14 Bone Marrow 28-Days 25 14 19 4.36E-08 5.92E-08 6 6 1.87E-08 1.87E-08 1 16  3.43E-08 4.98E-08 10 12 2.44E-08 2.92E-08 9 9 2.19E-08 2.19E-08 2 2 4.87E-09 4.87E-09 1 2 1.37E-09 2.73E-09 7 7 9.57E-09 9.57E-09
15 Bone Marrow 28-Days 25 9 10 3.57E-08 3.96E-08 4 4 1.59E-08 1.59E-08 12 12 4.76E-08 4.76E-08 5 5 1.49E-08 1.49E-08 6 7 1.79E-08 2.09E-08 2 2 5.97E-09 5.97E-09 3 4 5.11E-09 6.81E-09 7 7 1.19E-08 1.19E-08
16 Bone Marrow 28-Days 25 22 23 4.99E-08 5.22E-08 5 9 1.14E-08 2.04E-08 16 17 3.63E-08 3.86E-08 14 15 2.44E-08 2.62E-08 9 10  1.57E-08 1.75E-08 5 5  8.73E-09 873E-09 2 2 1.97E-09 1.97E-09 12 12 1.18E-08 1.18E-08
17 Bone Marrow 28-Days 50 32 42 9.84E-08 1.29E-07 4 5 1.23E-08 1.54E-08 10 1" 3.07E-08 3.38E-08 7 7 1.66E-08 1.66E-08 3 3 7.11E-09 7.11E-09 4 4 9.47E-09 9.47E-09 2 2 2.68E-09 2.68E-09 8 8 1.07E-08 1.07E-08
18 Bone Marrow 28-Days 50 28 28 6.34E-08 6.34E-08 9 10 2.04E-08 2.26E-08 28 35  6.34E-08 7.92E-08 " 13 1.92E-08 2.27E-08 20 21 3.49E-08 3.66E-08 7 8 1.22E-08 1.39E-08 5 5 4.92E-09 4.92E-09 10 11 9.85E-09 1.08E-08
19 Bone Marrow 28-Days 50 38 46 1.21E-07 1.47E-07 5 5 1.60E-08 1.60E-08 23 26 7.35E-08 8.31E-08 9 10  2.17E-08 2.41E-08 9 9 2.17E-08 2.17E-08 2 2 4.82E-09 4.82E-09 3 4 4.12E-09 5.50E-09 14 17 1.92E-08 2.34E-08
20 Bone Marrow 28-Days 50 27 28 7.08E-08 7.35E-08 6 6 1.57E-08 1.57E-08 22 27 _ 5.77E-08 7.08E-08 12 16 2.42E-08 3.23E-08 11 11 2.22E-08 2.22E-08 3 3 6.05E-09 6.05E-09 1 1 1.14E-09 1.14E-09 10 10 1.14E-08 1.14E-08
21 Bone Marrow 28-Days 100 43 57 1.14E-07 1.52E-07 1 14 2.93E-08 3.73E-08 32 35 852E-08 9.32E-08 18 20  3.72E-08 4.13E-08 9 9 1.86E-08 1.86E-08 4 9  8.26E-09 1.86E-08 3 4 3.49E-09 4.65E-09 14 15  1.63E-08 1.74E-08
22 Bone Marrow 28-Days 100 54 58 1.70E-07 1.83E-07 7 7 2.21E-08 2.21E-08 31 43  9.79E-08 1.36E-07 9 10  2.22E-08 2.46E-08 3 3 7.38E-09 7.38E-09 2 2 4.92E-09 4.92E-09 0 0 0 0 5 6 6.92E-09 8.30E-09
23 Bone Marrow 28-Days 100 57 il 1.15E-07 1.43E-07 15 17 3.02E-08 3.43E-08 31 33  6.25E-08 6.65E-08 14 16 2.17E-08 2.48E-08 10 14 1.55E-08 2.17E-08 6 7 9.29E-09 1.08E-08 3 3 2.63E-09 2.63E-09 6 7 5.26E-09 6.13E-09
24 Bone Marrow 28-Days 100 43 49 1.12E-07 1.28E-07 7 7 1.83E-08 1.83E-08 26 33 6.79E-08 8.61E-08 5 5 1.01E-08 1.01E-08 14 18  2.84E-08 3.65E-08 5 5 1.01E-08 1.01E-08 2 2 2.28E-09 2.28E-09 1 1 1.26E-08 1.26E-08
1 Liver 28-Days 0 2 2 6.64E-09 6.64E-09 0 0 0 0 19 19  6.31E-08 6.31E-08 5 5 1.26E-08 1.26E-08 4 6 1.01E-08 1.52E-08 0 0 0 0 3 3 4.31E-09 4.31E-09 10 " 1.44E-08 1.58E-08
2 Liver 28-Days 0 6 6 1.93E-08 1.93E-08 3 7 9.63E-09 2.25E-08 15 35 4.81E-08 1.12E-07 2 2 4.83E-09 4.83E-09 6 6 1.45E-08 1.45E-08 3 3 7.24E-09 7.24E-09 2 2 2.76E-09 2.76E-09 7 7 9.64E-09 9.64E-09
3 Liver 28-Days 0 3 3 8.45E-09 8.45E-09 1 1 2.82E-09 2.82E-09 15 21 4.23E-08 5.92E-08 5 5 1.08E-08 1.08E-08 7 7 1.51E-08 1.51E-08 3 3 6.48E-09 6.48E-09 1 1 1.22E-09 1.22E-09 6 6 7.34E-09 7.34E-09
4 Liver 28-Days 0 5 5 1.40E-08 1.40E-08 1 1 2.79E-09 2.79E-09 13 13  3.63E-08 3.63E-08 3 3 6.42E-09 6.42E-09 1 1 2.14E-09 2.14E-09 1 1 2.14E-09 2.14E-09 1 1 1.21E-09 1.21E-09 1 1 1.21E-09 1.21E-09
5 Liver 28-Days 6.25 15 16 3.35E-08 3.57E-08 2 2 4.47E-09 4.47E-09 26 30 5.81E-08 6.70E-08 0 0 0 0 11 12 1.85E-08 2.02E-08 4 4 6.73E-09 6.73E-09 1 1 9.60E-10 9.60E-10 9 12 8.64E-09 1.15E-08
6 Liver 28-Days 6.25 10 19 3.27E-08 6.21E-08 3 3 9.81E-09 9.81E-09 9 15 2.94E-08 4.90E-08 4 4 1.01E-08 1.01E-08 4 4 1.01E-08 1.01E-08 1 1 2.53E-09 2.53E-09 1 2 1.42E-09 2.85E-09 2 2 2.85E-09 2.85E-09
7 Liver 28-Days 6.25 6 6 2.00E-08 2.00E-08 1 1 3.34E-09 3.34E-09 8 8 2.67E-08 2.67E-08 6 6  1.52E-08 1.52E-08 0 0 0 0 3 4  7.58E-09 1.01E-08 0 0 0 0 7 7 1.01E-08 1.01E-08
8 Liver 28-Days 6.25 5 5 1.50E-08 1.50E-08 0 0 0 0 27 27 8.10E-08 8.10E-08 2 2 4.61E-09 4.61E-09 5 5 1.15E-08 1.15E-08 4 4 9.22E-09 9.22E-09 2 2 2.61E-09 2.61E-09 4 4 5.21E-09 5.21E-09
9 Liver 28-Days 12.5 19 19 4.02E-08 4.02E-08 6 7 1.27E-08 1.48E-08 35 36  7.40E-08 7.61E-08 5 5  8.00E-09 8.00E-09 8 8 1.28E-08 1.28E-08 4 4 6.40E-09 6.40E-09 2 2 1.82E-09 1.82E-09 9 9  8.19E-09 8.19E-09
10 Liver 28-Days 12.5 17 17 4.05E-08 4.05E-08 5 5 1.19E-08 1.19E-08 17 19  4.05E-08 4.53E-08 13 13  2.35E-08 2.35E-08 10 26  1.81E-08 4.71E-08 4 4 7.24E-09 7.24E-09 6 8 6.17E-09 8.23E-09 8 8 8.23E-09 8.23E-09
1" Liver 28-Days 12.5 14 14 3.41E-08 3.41E-08 2 2 4.88E-09 4.88E-09 19 19  4.63E-08 4.63E-08 6 6 1.10E-08 1.10E-08 8 8 1.47E-08 1.47E-08 4 4 7.33E-09 7.33E-09 6 6 6.28E-09 6.28E-09 8 8 8.37E-09 8.37E-09
12 Liver 28-Days 12.5 15 15 3.92E-08 3.92E-08 8 8 2.09E-08 2.09E-08 23 31 6.02E-08 8.11E-08 6 6 1.19E-08 1.19E-08 8 8 1.59E-08 1.59E-08 2 2 3.97E-09 3.97E-09 0 0 0 0 5 5 5.65E-09 5.65E-09
13 Liver 28-Days 25 32 32 8.30E-08 8.30E-08 5 6 1.30E-08 1.56E-08 15 17  3.89E-08 4.41E-08 1" 11 2.17E-08 2.17E-08 6 6 1.18E-08 1.18E-08 7 7 1.38E-08 1.38E-08 1 1 1.12E-09 1.12E-09 8 8 8.96E-09 8.96E-09
14 Liver 28-Days 25 35 35 8.84E-08 8.84E-08 16 19 4.04E-08 4.80E-08 20 28  5.05E-08 7.07E-08 12 12 2.29E-08 2.29E-08 8 10  1.53E-08 1.91E-08 0 0 0 0 2 2 2.18E-09 2.18E-09 4 4 4.35E-09 4.35E-09
15 Liver 28-Days 25 25 27 7.77E-08 8.39E-08 9 9 2.80E-08 2.80E-08 19 21 5.91E-08 6.53E-08 10 10  2.34E-08 2.34E-08 5 5 1.17E-08 1.17E-08 3 3 7.02E-09 7.02E-09 2 2 2.67E-09 2.67E-09 9 9 1.20E-08 1.20E-08
16 Liver 28-Days 25 31 31 1.12E-07 1.12E-07 3 3 1.09E-08 1.09E-08 18 18  6.52E-08 6.52E-08 11 11 3.09E-08 3.09E-08 5 5 1.40E-08 1.40E-08 4 4 1.12E-08 1.12E-08 2 2 3.16E-09 3.16E-09 1 1 1.58E-09 1.58E-09
17 Liver 28-Days 50 75 76 1.96E-07 1.98E-07 17 17 4.43E-08 4.43E-08 42 42 1.10E-07 1.10E-07 21 21 4.22E-08 4.22E-08 10 10  2.01E-08 2.01E-08 5 5 1.00E-08 1.00E-08 1 1 1.13E-09 1.13E-09 12 12 1.36E-08 1.36E-08
18 Liver 28-Days 50 136 136  3.31E-07 3.31E-07 24 24 5.84E-08 5.84E-08 45 52 1.09E-07 1.27E-07 30 30 5.58E-08 5.58E-08 14 16 2.60E-08 2.98E-08 4 4 7.44E-09 7.44E-09 5 6 5.27E-09 6.33E-09 7 25  7.38E-09 2.64E-08
19 Liver 28-Days 50 54 54 1.43E-07 1.43E-07 9 9 2.38E-08 2.38E-08 30 30  7.94E-08 7.94E-08 15 15  3.00E-08 3.00E-08 7 7 1.40E-08 1.40E-08 6 7 1.20E-08 1.40E-08 1 1 1.14E-09 1.14E-09 9 9 1.03E-08 1.03E-08
20 Liver 28-Days 50 63 63 1.85E-07 1.85E-07 19 20 5.59E-08 5.89E-08 40 44 _ 1.18E-07 1.30E-07 22 22 _ 4.87E-08 4.87E-08 13 14 _ 2.88E-08 3.10E-08 4 4 8.86E-09 8.86E-09 2 2 2.53E-09 2.53E-09 7 7 8.85E-09 8.85E-09
21 Liver 28-Days 100 107 109  3.13E-07 3.19E-07 28 33 8.20E-08 9.67E-08 56 63  1.64E-07 1.85E-07 28 28  6.19E-08 6.19E-08 9 10  1.99E-08 2.21E-08 5 5 1.11E-08 1.11E-08 3 3 3.78E-09 3.78E-09 6 6 7.56E-09 7.56E-09
22 Liver 28-Days 100 229 232 5.17E-07 5.24E-07 45 45 1.02E-07 1.02E-07 88 181  1.99E-07 4.09E-07 62 63  1.06E-07 1.08E-07 23 23  3.94E-08 3.94E-08 10 10  1.71E-08 1.71E-08 5 5 4.87E-09 4.87E-09 21 21 2.05E-08 2.05E-08
23 Liver 28-Days 100 17 120  3.30E-07 3.38E-07 21 21 5.92E-08 5.92E-08 47 48  1.32E-07 1.35E-07 30 30 6.47E-08 6.47E-08 17 17  3.66E-08 3.66E-08 6 7 1.29E-08 1.51E-08 4 6 4.89E-09 7.33E-09 13 14 1.59E-08 1.71E-08
24 Liver 28-Days 100 100 101 2.59E-07 2.62E-07 26 26 6.74E-08 6.74E-08 64 66 1.66E-07 1.71E-07 35 35 6.81E-08 6.81E-08 22 22 4.28E-08 4.28E-08 13 13 2.53E-08 2.53E-08 4 4 4.45E-09 4.45E-09 20 21 2.22E-08 2.33E-08




Appendix D2 Table 8: Subtype specific mutagenicity data of MutaMouse males post exposure to BbF for 90-days

Animal ID Sample Tissue Exposure Duration ‘ BbF dose | C:G>AT C:G>A: C:G>AT C:G>AT C.G>G:C C:G>G: C:G>Q:C C:G>G:C C:G>T:A C:G>T: CG>T:A CG>T:A  TA>AT TA>AT TA>A:T TA>AT TA>C:G TA>C: T.A>C.G T:AA>C:.G T:A>G:C T:A>G: T:A>G:IC T:A>G:C Insertion Insertion \nserl\‘On Insertion  Deletion  Deletion Deletion Deletion
ount. T MFmin___MFmax Count C MFmin__MFmax Count MFmin MFmax Count Count MFmin __MFmax Count G MFmin__MFmax Count C MFmin___MFmax Count Count  MFmin___MFmax Count Count  MFmin__MFmax
25 Bone Marrow 90-Days 0 2 2 8.28E-09 8.28E-09 1 1 4.14E-09 4.14E-09 3 3 1.24E-08 1.24E-08 0 0 0 0 1 1 3.08E-09 3.08E-09 1 1 3.08E-09 3.08E-09 1 1 1.77E-09 1.77E-09 7 7 1.24E-08 1.24E-08
26 Bone Marrow 90-Days 0 8 8 2.53E-08 2.53E-08 4 4 1.26E-08 1.26E-08 13 20  4.11E-08 6.32E-08 3 3 7.16E-09 7.16E-09 7 7 1.67E-08 1.67E-08 2 2 4.78E-09 4.78E-09 1 1 1.36E-09 1.36E-09 3 3 4.08E-09 4.08E-09
27 Bone Marrow 90-Days 0 3 3 1.00E-08 1.00E-08 0 0 0 0 4 9 1.34E-08 3.00E-08 2 2 4.99E-09 4.99E-09 2 2 4.99E-09 4.99E-09 2 2 4.99E-09 4.99E-09 1 1 1.43E-09 1.43E-09 2 2 2.86E-09 2.86E-09
28 Bone Marrow 90-Days 0 2 2 6.71E-09 6.71E-09 0 0 0 0 14 14 4.70E-08 4.70E-08 2 2 5.05E-09 5.05E-09 3 3 7.58E-09 7.58E-09 4 4 1.01E-08 1.01E-08 1 1 1.44E-09 1.44E-09 4 4 5.76E-09 5.76E-09
29 Bone Marrow 90-Days 3.125 15 16 4.11E-08 4.39E-08 4 12 1.10E-08 3.29E-08 " 17 3.01E-08 4.66E-08 4 4 8.17E-09 8.17E-09 8 8 1.63E-08 1.63E-08 3 3 6.13E-09 6.13E-09 2 4 2.34E-09 4.68E-09 5 5 5.85E-09 5.85E-09
30 Bone Marrow 90-Days 3.125 8 9 2.35E-08 2.64E-08 2 2 5.87E-09 5.87E-09 12 21 3.52E-08 6.17E-08 6 6 1.33E-08 1.33E-08 " 12 2.44E-08 2.66E-08 4 4 8.88E-09 8.88E-09 0 0 0 0 2 2 2.53E-09 2.53E-09
31 Bone Marrow 90-Days 3.125 6 6 2.87E-08 2.87E-08 1 1 4.78E-09 4.78E-09 3 3 1.43E-08 1.43E-08 0 0 0 0 2 2 7.10E-09 7.10E-09 6 6 2.13E-08 2.13E-08 1 1 2.04E-09 2.04E-09 1 1 2.04E-09 2.04E-09
32 Bone Marrow 90-Days 3.125 12 17 2.68E-08 3.79E-08 2 2 4.46E-09 4.46E-09 9 11 2.01E-08 2.45E-08 3 3 5.07E-09 5.07E-09 6 7 1.01E-08 1.18E-08 3 3 5.07E-09 5.07E-09 1 2 9.62E-10 1.92E-09 2 2 1.92E-09 1.92E-09
33 Bone Marrow 90-Days 6.25 26 28  6.11E-08 6.58E-08 4 4 9.41E-09 9.41E-09 15 23 3.53E-08 5.41E-08 4 4 7.16E-09 7.16E-09 5 5 8.95E-09 8.95E-09 2 2 3.58E-09 3.58E-09 3 3 3.05E-09 3.05E-09 5 5 5.08E-09 5.08E-09
34 Bone Marrow 90-Days 6.25 27 30  5.04E-08 5.60E-08 4 4 7.47E-09 7.47E-09 14 27  2.61E-08 5.04E-08 4 4 5.66E-09 5.66E-09 3 3 4.24E-09 4.24E-09 7 7 9.90E-09 9.90E-09 1 1 8.05E-10 8.05E-10 5 7 4.02E-09 5.63E-09
35 Bone Marrow 90-Days 6.25 33 46  9.42E-08 1.31E-07 3 4 8.57E-09 1.14E-08 13 14 3.71E-08 4.00E-08 12 17  2.59E-08 3.67E-08 9 15 1.94E-08 3.24E-08 4 4 8.64E-09 8.64E-09 2 3 2.46E-09 3.69E-09 1 1 1.23E-09 1.23E-09
36 Bone Marrow 90-Days 6.25 13 14 5.19E-08 5.59E-08 2 2 7.98E-09 7.98E-09 9 9 3.59E-08 3.59E-08 4 4 1.19E-08 1.19E-08 5 6 1.49E-08 1.78E-08 3 3 8.92E-09 8.92E-09 2 3 3.41E-09 5.11E-09 4 4 6.81E-09 6.81E-09
37 Bone Marrow 90-Days 125 22 28  6.76E-08 8.60E-08 5 5 1.54E-08 1.54E-08 19 28 5.84E-08 8.60E-08 8 9 1.86E-08 2.09E-08 9 14 2.09E-08 3.25E-08 3 3 6.97E-09 6.97E-09 1 1 1.32E-09 1.32E-09 2 2 2.65E-09 2.65E-09
38 Bone Marrow 90-Days 125 4 112 1.20E-07 3.27E-07 11 12 3.21E-08 3.50E-08 21 43 6.13E-08 1.25E-07 " " 2.44E-08 2.44E-08 8 10 1.77E-08 2.22E-08 5 5 1.11E-08 1.11E-08 4 4 5.04E-09 5.04E-09 9 14 1.13E-08 1.76E-08
39 Bone Marrow 90-Days 12,5 29 29  8.68E-08 8.68E-08 5 5 1.50E-08 1.50E-08 15 21 4.49E-08 6.29E-08 10 12 2.23E-08 2.68E-08 3 3 6.69E-09 6.69E-09 1 1 2.23E-09 2.23E-09 8 9 1.02E-08 1.15E-08 5 5 6.39E-09 6.39E-09
40 Bone Marrow 90-Days 12.5 47 57 1.33E-07 1.62E-07 10 11 2.84E-08 3.12E-08 24 33  6.82E-08 9.37E-08 11 15 2.36E-08 3.22E-08 8 8 1.72E-08 1.72E-08 7 7 1.50E-08 1.50E-08 3 5 3.67E-09 6.12E-09 2 2 2.45E-09 2.45E-09
41 Bone Marrow 90-Days 25 37 59  1.11E-07 1.76E-07 7 7 2.09E-08 2.09E-08 28 56  8.37E-08 1.67E-07 8 19  1.80E-08 4.27E-08 12 13 2.70E-08 2.92E-08 4 4 8.99E-09 8.99E-09 5 5 6.41E-09 6.41E-09 1 1 1.28E-09 1.28E-09
42 Bone Marrow 90-Days 25 56 89 1.35E-07 2.15E-07 12 22  2.89E-08 5.30E-08 30 35  7.23E-08 8.44E-08 13 13 2.38E-08 2.38E-08 " 20 2.01E-08 3.66E-08 0 0 0 0 0 0 0 0 9 13 9.36E-09 1.35E-08
43 Bone Marrow 90-Days 25 48 66 1.13E-07 1.55E-07 17 51 4.00E-08 1.20E-07 27 28  6.35E-08 6.59E-08 14 24  2.50E-08 4.28E-08 12 14 2.14E-08 2.50E-08 4 4 7.14E-09 7.14E-09 3 3 3.04E-09 3.04E-09 13 14 1.32E-08 1.42E-08
44 Bone Marrow 90-Days 25 35 67 1.35E-07 2.58E-07 5 5 1.92E-08 1.92E-08 18 23  6.92E-08 8.85E-08 9 16 2.57E-08 4.56E-08 8 12 2.28E-08 3.42E-08 3 3 8.55E-09 8.55E-09 1 1 1.64E-09 1.64E-09 8 15 1.31E-08 2.46E-08
45 Bone Marrow 90-Days 50 69 97  2.00E-07 2.81E-07 17 19 4.92E-08 5.50E-08 29 39  8.40E-08 1.13E-07 14 14 3.04E-08 3.04E-08 14 18  3.04E-08 3.91E-08 10 10  2.17E-08 2.17E-08 2 2 2.48E-09 2.48E-09 9 20 1.12E-08 2.48E-08
46 Bone Marrow 90-Days 50 37 46 1.30E-07 1.62E-07 18 19  6.32E-08 6.67E-08 20 22 7.02E-08 7.72E-08 " 25  2.92E-08 6.63E-08 8 10 2.12E-08 2.65E-08 5 5 1.33E-08 1.33E-08 2 2 3.02E-09 3.02E-09 7 13 1.06E-08 1.96E-08
47 Bone Marrow 90-Days 50 65 138  1.55E-07 3.30E-07 20 32  4.78E-08 7.64E-08 31 70 7.40E-08 1.67E-07 29 52 5.24E-08 9.40E-08 17 20 3.07E-08 3.62E-08 7 7 1.27E-08 1.27E-08 4 4 4.12E-09 4.12E-09 7 10  7.20E-09 1.03E-08
48 Bone Marrow 90-Days 50 57 71 1.60E-07 2.00E-07 9 11 2.53E-08 3.10E-08 22 64  6.19E-08 1.80E-07 15 31 3.18E-08 6.58E-08 13 16 2.76E-08 3.40E-08 8 9 1.70E-08 1.91E-08 2 3 2.42E-09 3.63E-09 3 7 3.63E-09 8.47E-09
25 Liver 90-Days 0 4 5 1.23E-08 1.53E-08 1 1 3.07E-09 3.07E-09 6 6 1.84E-08 1.84E-08 3 3 7.08E-09 7.08E-09 3 3 7.08E-09 7.08E-09 0 0 0 0 0 0 0 0 3 4 4.00E-09 5.34E-09
26 Liver 90-Days 0 4 4 1.30E-08 1.30E-08 3 3 9.74E-09 9.74E-09 10 13 3.25E-08 4.22E-08 5 5 1.21E-08 1.21E-08 10 10  2.41E-08 2.41E-08 1 1 2.41E-09 2.41E-09 2 2 2.77E-09 2.77E-09 4 4 5.54E-09 5.54E-09
27 Liver 90-Days 0 3 3 1.12E-08 1.12E-08 1 1 3.74E-09 3.74E-09 7 11 2.62E-08 4.12E-08 5 5 1.39E-08 1.39E-08 3 3 8.34E-09 8.34E-09 4 10 1.11E-08 2.78E-08 2 2 3.19E-09 3.19E-09 10 25 1.59E-08 3.99E-08
28 Liver 90-Days 0 5 5 1.73E-08 1.73E-08 1 2 3.47E-09 6.93E-09 7 7 2.43E-08 2.43E-08 3 3 7.71E-09 7.71E-09 9 9 2.31E-08 2.31E-08 2 2 5.14E-09 5.14E-09 1 1 1.48E-09 1.48E-09 5 14 7.38E-09 2.07E-08
29 Liver 90-Days 3.125 12 12 3.78E-08 3.78E-08 3 3 9.46E-09 9.46E-09 13 24  4.10E-08 7.57E-08 10 10  2.35E-08 2.35E-08 9 9 2.11E-08 2.11E-08 4 4 9.38E-09 9.38E-09 4 4 5.38E-09 5.38E-09 5 19  6.73E-09 2.56E-08
30 Liver 90-Days 3.125 5 5 1.66E-08 1.66E-08 2 2 6.65E-09 6.65E-09 13 13 4.32E-08 4.32E-08 4 4 9.90E-09 9.90E-09 4 4 9.90E-09 9.90E-09 1 1 2.47E-09 2.47E-09 0 0 0 0 2 2 2.84E-09 2.84E-09
31 Liver 90-Days 3.125 8 8 2.19E-08 2.19E-08 4 4 1.10E-08 1.10E-08 13 13 3.56E-08 3.56E-08 3 3 6.19E-09 6.19E-09 6 7 1.24E-08 1.44E-08 5 6 1.03E-08 1.24E-08 3 4 3.53E-09 4.71E-09 0 0 0 0
32 Liver 90-Days 3.125 6 6 2.22E-08 2.22E-08 3 3 1.11E-08 1.11E-08 7 7 2.59E-08 _2.59E-08 5 5 1.38E-08 1.38E-08 5 5 1.38E-08 1.38E-08 5 5 1.38E-08 1.38E-08 0 0 0 0 4 4 6.32E-09 6.32E-09
33 Liver 90-Days 6.25 26 26  8.78E-08 8.78E-08 4 4 1.35E-08 1.35E-08 10 13 3.38E-08 4.39E-08 6 6 1.51E-08 1.51E-08 6 6 1.51E-08 1.51E-08 1 1 2.51E-09 2.51E-09 1 1 1.44E-09 1.44E-09 2 3 2.88E-09 4.32E-09
34 Liver 90-Days 6.25 21 21 7.37E-08 7.37E-08 5 5 1.76E-08 1.76E-08 " 11 3.86E-08 3.86E-08 7 7 1.83E-08 1.83E-08 7 7 1.83E-08 1.83E-08 6 6 1.57E-08 1.57E-08 2 2 3.00E-09 3.00E-09 7 13 1.05E-08 1.95E-08
35 Liver 90-Days 6.25 21 21 9.56E-08 9.56E-08 5 8 2.28E-08 3.64E-08 18 20 8.19E-08 9.10E-08 5 5 1.68E-08 1.68E-08 8 8 2.69E-08 2.69E-08 4 4 1.34E-08 1.34E-08 1 1 1.93E-09 1.93E-09 9 93 1.74E-08 1.80E-07
36 Liver 90-Days 6.25 17 17 5.30E-08 5.30E-08 3 3 9.36E-09 9.36E-09 15 16 4.68E-08 4.99E-08 4 4 9.56E-09 9.56E-09 5 5 1.20E-08 1.20E-08 5 6 1.20E-08 1.43E-08 0 0 0 0 7 7 9.47E-09 9.47E-09
37 Liver 90-Days 12,5 39 39 1.35E-07 1.35E-07 9 9 3.11E-08 3.11E-08 18 43 6.22E-08 1.49E-07 8 8 2.07E-08 2.07E-08 9 82 2.33E-08 2.12E-07 6 6 1.55E-08 1.55E-08 0 0 0 0 3 4 4.44E-09 5.92E-09
38 Liver 90-Days 12.5 42 42 1.57E-07 1.57E-07 7 7 2.62E-08 2.62E-08 20 20  7.50E-08 7.50E-08 14 14 3.89E-08 3.89E-08 10 10  2.78E-08 2.78E-08 3 3 8.34E-09 8.34E-09 2 2 3.19E-09 3.19E-09 8 25  1.28E-08 3.99E-08
39 Liver 90-Days 12.5 50 50  1.13E-07 1.13E-07 12 12 2.70E-08 2.70E-08 31 32 6.99E-08 7.21E-08 14 14 2.39E-08 2.39E-08 12 13 2.05E-08 2.22E-08 3 3 5.12E-09 5.12E-09 1 1 9.71E-10 9.71E-10 4 4 3.88E-09 3.88E-09
40 Liver. 90-Days 125 41 42 1.31E-07 1.34E-07 17 17 5.43E-08 5.43E-08 27 27 8.62E-08 8.62E-08 20 20  4.78E-08 4.78E-08 6 6 1.43E-08 1.43E-08 4 4 9.56E-09 9.56E-09 1 1 1.37E-09 1.37E-09 10 10 1.37E-08 1.37E-08
41 Liver 90-Days 25 119 120  4.12E-07 4.16E-07 21 21 7.28E-08 7.28E-08 41 43 1.42E-07 1.49E-07 22 22  5.74E-08 5.74E-08 14 14 3.65E-08 3.65E-08 4 4 1.04E-08 1.04E-08 4 4 5.95E-09 5.95E-09 13 20 1.94E-08 2.98E-08
42 Liver 90-Days 25 113 134  4.14E-07 4.91E-07 22 22  8.06E-08 8.06E-08 42 43 1.54E-07 1.58E-07 33 33  8.99E-08 8.99E-08 12 12 3.27E-08 3.27E-08 6 6 1.64E-08 1.64E-08 2 2 3.13E-09 3.13E-09 5 1" 7.81E-09 1.72E-08
43 Liver 90-Days 25 124 125  4.34E-07 4.37E-07 36 36 1.26E-07 1.26E-07 43 44 1.50E-07 1.54E-07 39 39 1.03E-07 1.03E-07 17 17 4.47E-08 4.47E-08 2 2 5.26E-09 5.26E-09 1 1 1.50E-09 1.50E-09 7 7 1.05E-08 1.05E-08
44 Liver 90-Days 25 165 166  6.05E-07 6.09E-07 34 35 1.25E-07 1.28E-07 49 50 1.80E-07 1.83E-07 32 32  8.86E-08 8.86E-08 1" 11 3.05E-08 3.05E-08 12 12 3.32E-08 3.32E-08 3 4 4.73E-09 6.31E-09 11 31 1.74E-08 4.89E-08
45 Liver 90-Days 50 428 443 1.44E-06 1.49E-06 97 99  3.26E-07 3.33E-07 135 136 4.54E-07 4.57E-07 82 82  2.09E-07 2.09E-07 27 27  6.87E-08 6.87E-08 10 10 2.54E-08 2.54E-08 5 5 7.24E-09 7.24E-09 23 23 3.33E-08 3.33E-08
46 Liver 90-Days 50 224 227  8.82E-07 8.94E-07 41 41 1.61E-07 1.61E-07 74 75  2.91E-07 2.95E-07 53 55 1.55E-07 1.61E-07 24 27  7.03E-08 7.91E-08 10 10  2.93E-08 2.93E-08 1 2 1.68E-09 3.36E-09 25 36  4.20E-08 6.05E-08
47 Liver 90-Days 50 287 297  9.87E-07 1.02E-06 57 57 1.96E-07 1.96E-07 80 80  2.75E-07 2.75E-07 72 73 1.85E-07 1.88E-07 26 27 6.70E-08 6.96E-08 8 8 2.06E-08 2.06E-08 2 2 2.95E-09 2.95E-09 16 17 2.36E-08 2.50E-08
48 Liver 90-Days 50 198 202 7.60E-07 7.76E-07 35 35 1.34E-07 1.34E-07 60 60  2.30E-07 2.30E-07 39 40 1.13E-07 1.16E-07 25 25  7.23E-08 7.23E-08 14 14  4.05E-08 4.05E-08 1 1 1.65E-09 1.65E-09 17 18  2.81E-08 2.97E-08
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Appendix D2 Table 9: Subtype specific mutagenicity data of MutaMouse males post exposure to BbF for 180-days

Animal 1D Sample Tissue  Exposure Duration‘ BbF dose |C:G>A:T C:G>A: C.G>A.T C:G>AT C:G>G:.C C:G>G: C.G>G.C C:G>G:C C:G>T:A C:G>T: C.G>T.A C:G>T:A T:ASATT T.A>A: T.A>A.T TA>AT T:A>C:G T:A>C: T.A>C..G T:A>C:G T:A>G:C T:A>G: T:A>G:C T:A>G:C Insertion Insertio Inserti.on Insertion Deletion Deletio Deleli(.‘m Deletion
)| Count T MFmin__MFmax ___ Count C MFmin__MFmax__ Count A MFmin__MFmax__ Count T MFmin __ MFmax ___ Count G MFmin __MFmax__ Count C MFmin__MFmax__ Count n MFmin__ MFmax__ Count n MFmin __MFmax

49 Bone Marrow 180-Days 0 6 9 1.32E-08 1.98E-08 1 1 2.20E-09 2.20E-09 14 15  3.08E-08 3.30E-08 1 1 1.70E-09 1.70E-09 12 12 2.04E-08 2.04E-08 4 4 6.80E-09 6.80E-09 2 2 1.92E-09 1.92E-09 3 3 2.88E-09 2.88E-09
50 Bone Marrow 180-Days 0 12 12 2.29E-08 2.29E-08 3 3 5.72E-09 5.72E-09 15 18  2.86E-08 3.43E-08 4 4 5.85E-09 5.85E-09 9 9 1.32E-08 1.32E-08 3 5 4.39E-09 7.31E-09 2 2 1.66E-09 1.66E-09 5 11 4.14E-09 9.10E-09
51 Bone Marrow 180-Days 0 3 3 7.30E-09 7.30E-09 2 2 4.87E-09 4.87E-09 7 12 1.70E-08 2.92E-08 7 7 1.31E-08 1.31E-08 5 8 9.36E-09 1.50E-08 3 3 5.62E-09 5.62E-09 1 1 1.06E-09 1.06E-09 1 1 1.06E-09 1.06E-09
52 Bone Marrow 180-Days 0 10 11 1.98E-08 2.18E-08 1 1 1.98E-09 1.98E-09 8 8 1.58E-08 1.58E-08 5 6 7.57E-09 9.09E-09 14 22 2.12E-08 3.33E-08 5 6 7.57E-09 9.09E-09 4 4 3.43E-09 3.43E-09 5 5 4.29E-09 4.29E-09
53 Bone Marrow 180-Days 1.56 13 13 2.51E-08 2.51E-08 0 0 0 0 13 32 2.51E-08 6.19E-08 5 5 7.45E-09 7.45E-09 3 3 4.47E-09 4.47E-09 6 8 8.94E-09 1.19E-08 4 5 3.37E-09 4.21E-09 10 10  8.41E-09 8.41E-09
54 Bone Marrow 180-Days 1.56 9 9 1.58E-08 1.58E-08 3 3 5.26E-09 5.26E-09 1" 1" 1.93E-08 1.93E-08 4 6 5.38E-09 8.07E-09 10 12 1.34E-08 1.61E-08 7 7 9.41E-09 9.41E-09 3 3 2.28E-09 2.28E-09 5 5 3.81E-09 3.81E-09
55 Bone Marrow 180-Days 1.56 13 13  2.54E-08 2.54E-08 0 0 0 0 16 18  3.13E-08 3.52E-08 6 6 8.96E-09 8.96E-09 14 15 2.09E-08 2.24E-08 1 1 1.49E-09 1.49E-09 3 4 2.54E-09 3.39E-09 9 1" 7.62E-09 9.32E-09
56 Bone Marrow 180-Days 1.56 14 14 _ 2.65E-08 2.65E-08 1 1 1.89E-09 1.89E-09 12 12 2.27E-08 2.27E-08 5 5 7.28E-09 7.28E-09 16 16 2.33E-08 2.33E-08 9 9 1.31E-08 1.31E-08 2 2 1.64E-09 1.64E-09 4 7 3.29E-09 5.76E-09
57 Bone Marrow 180-Days 3.125 25 27  4.30E-08 4.65E-08 3 12 5.17E-09 2.07E-08 18 37  3.10E-08 6.37E-08 10 13 1.33E-08 1.72E-08 10 14  1.33E-08 1.86E-08 10 32  1.33E-08 4.24E-08 2 2 1.50E-09 1.50E-09 5 5 3.75E-09 3.75E-09
58 Bone Marrow 180-Days 3.125 18 22  3.40E-08 4.15E-08 2 3 3.78E-09 5.66E-09 17 18  3.21E-08 3.40E-08 9 9 1.32E-08 1.32E-08 7 10  1.03E-08 1.47E-08 6 6 8.79E-09 8.79E-09 1 1 8.25E-10 8.25E-10 7 8 5.77E-09 6.60E-09
59 Bone Marrow 180-Days 3.125 24 27  4.13E-08 4.65E-08 3 3 5.16E-09 5.16E-09 22 29  3.79E-08 4.99E-08 14 16 1.86E-08 2.12E-08 16 17  2.12E-08 2.26E-08 1" " 1.46E-08 1.46E-08 1 1 7.50E-10 7.50E-10 5 5 3.75E-09 3.75E-09
60 Bone Marrow 180-Days 3.125 16 20  2.87E-08 3.58E-08 4 4 7.17E-09 7.17E-09 18 26 3.23E-08 4.66E-08 4 4 5.47E-09 5.47E-09 16 18  2.19E-08 2.46E-08 8 8 1.09E-08 1.09E-08 4 4 3.10E-09 3.10E-09 6 6 4.65E-09 4.65E-09
61 Bone Marrow 180-Days 6.25 39 44  7.15E-08 8.07E-08 8 9 1.47E-08 1.65E-08 18 19  3.30E-08 3.48E-08 10 61 1.41E-08 8.61E-08 12 12 1.69E-08 1.69E-08 5 5 7.06E-09 7.06E-09 0 0 0 0 10 10  7.97E-09 7.97E-09
62 Bone Marrow 180-Days 6.25 47 72 9.73E-08 1.49E-07 8 8 1.66E-08 1.66E-08 20 26  4.14E-08 5.38E-08 16 17  2.54E-08 2.70E-08 6 8 9.53E-09 1.27E-08 5 5 7.94E-09 7.94E-09 4 4 3.59E-09 3.59E-09 7 7 6.29E-09 6.29E-09
63 Bone Marrow 180-Days 6.25 46 68  9.37E-08 1.39E-07 6 9 1.22E-08 1.83E-08 19 24  3.87E-08 4.89E-08 10 16 1.56E-08 2.50E-08 10 20  1.56E-08 3.12E-08 4 5 6.25E-09 7.81E-09 3 5 2.65E-09 4.42E-09 3 3 2.65E-09 2.65E-09
64 Bone Marrow 180-Days 6.25 52 95  8.31E-08 1.52E-07 16 16 2.56E-08 2.56E-08 27 59  4.32E-08 9.43E-08 14 15 1.72E-08 1.84E-08 16 21 1.97E-08 2.58E-08 14 15 1.72E-08 1.84E-08 4 4 2.78E-09 2.78E-09 9 34 6.25E-09 2.36E-08
65 Bone Marrow 180-Days 12.5 70 156  1.45E-07 3.22E-07 8 8 1.65E-08 1.65E-08 27 46  5.57E-08 9.50E-08 21 28  3.33E-08 4.44E-08 16 17  2.54E-08 2.70E-08 1" 13 1.75E-08 2.06E-08 2 2 1.79E-09 1.79E-09 8 8 7.18E-09 7.18E-09
66 Bone Marrow 180-Days 12.5 60 139 1.15E-07 2.66E-07 8 " 1.53E-08 2.11E-08 33 55  6.32E-08 1.05E-07 17 20  2.50E-08 2.95E-08 17 22 2.50E-08 3.24E-08 4 4 5.89E-09 5.89E-09 4 6 3.33E-09 5.00E-09 1 " 9.16E-09 9.16E-09
67 Bone Marrow 180-Days 12.5 64 85  1.31E-07 1.74E-07 13 14 2.65E-08 2.86E-08 41 51 8.37E-08 1.04E-07 22 32 3.48E-08 5.06E-08 19 19  3.00E-08 3.00E-08 7 7 1.11E-08 1.11E-08 6 7 5.35E-09 6.24E-09 5 5 4.46E-09 4.46E-09
68 Bone Marrow 180-Days 12.5 88 128  1.64E-07 2.38E-07 18 20  3.35E-08 3.72E-08 40 49  7.45E-08 9.12E-08 16 17 2.31E-08 2.46E-08 20 32  2.89E-08 4.62E-08 9 10  1.30E-08 1.44E-08 2 3 1.63E-09 2.44E-09 11 13 8.95E-09 1.06E-08
69 Bone Marrow 180-Days 25 105 221  2.03E-07 4.28E-07 15 75  2.90E-08 1.45E-07 39 95  7.55E-08 1.84E-07 26 85  3.88E-08 1.27E-07 17 19  2.54E-08 2.84E-08 21 21 3.14E-08 3.14E-08 1 1 8.43E-10 8.43E-10 16 21  1.35E-08 1.77E-08
70 Bone Marrow 180-Days 25 108 197  1.98E-07 3.61E-07 25 68  4.58E-08 1.25E-07 50 65 9.17E-08 1.19E-07 25 37  3.48E-08 5.15E-08 26 52  3.62E-08 7.24E-08 8 9 1.11E-08 1.25E-08 5 5 3.96E-09 3.96E-09 20 31  1.58E-08 2.45E-08
4l Bone Marrow 180-Days 25 78 255 1.47E-07 4.79E-07 19 60  3.57E-08 1.13E-07 40 104  7.52E-08 1.95E-07 28 47  4.05E-08 6.79E-08 18 21  2.60E-08 3.04E-08 9 12 1.30E-08 1.73E-08 1 1 8.17E-10 8.17E-10 1 29  8.99E-09 2.37E-08
72 Bone Marrow 180-Days 25 102 242  1.90E-07 4.51E-07 22 28  4.10E-08 5.21E-08 34 45 6.33E-08 8.38E-08 27 32 3.88E-08 4.59E-08 17 19  2.44E-08 2.73E-08 3 6  4.31E-09 8.61E-09 3 3 2.43E-09 2.43E-09 10 11 8.11E-09 8.92E-09
49 Liver 180-Days 0 13 13 2.26E-08 2.26E-08 3 3 5.21E-09 5.21E-09 27 29  4.69E-08 5.04E-08 6 6  7.86E-09 7.86E-09 1 11 1.44E-08 1.44E-08 7 7 9.17E-09 9.17E-09 4 4 2.99E-09 2.99E-09 5 5 3.74E-09 3.74E-09
50 Liver 180-Days 0 7 7 1.99E-08 1.99E-08 1 1 2.85E-09 2.85E-09 12 12 3.42E-08 3.42E-08 5 5 1.07E-08 1.07E-08 5 5 1.07E-08 1.07E-08 3 7 6.43E-09 1.50E-08 2 2 2.45E-09 2.45E-09 3 4 3.67E-09 4.89E-09
51 Liver 180-Days 0 10 10  2.37E-08 2.37E-08 2 2 4.74E-09 4.74E-09 8 9 1.89E-08 2.13E-08 9 9  1.60E-08 1.60E-08 9 10  1.60E-08 1.78E-08 3 9 5.34E-09 1.60E-08 2 2 2.03E-09 2.03E-09 4 5  4.06E-09 5.08E-09
52 Liver 180-Days 0 19 20  4.40E-08 4.63E-08 2 2 4.63E-09 4.63E-09 18 18  4.17E-08 4.17E-08 9 9 1.57E-08 1.57E-08 14 15 2.44E-08 2.62E-08 4 5 6.98E-09 8.73E-09 4 5 3.98E-09 4.98E-09 6 6 5.97E-09 5.97E-09
53 Liver 180-Days 1.56 10 13 2.28E-08 2.96E-08 4 4 9.12E-09 9.12E-09 24 26 5.47E-08 5.93E-08 7 8  1.19E-08 1.36E-08 7 7 1.19E-08 1.19E-08 8 8 1.36E-08 1.36E-08 5 6 4.88E-09 5.85E-09 8 8 7.80E-09 7.80E-09
54 Liver 180-Days 1.56 7 7 1.65E-08 1.65E-08 2 2 4.73E-09 4.73E-09 18 18  4.25E-08 4.25E-08 10 10  1.77E-08 1.77E-08 7 7 1.24E-08 1.24E-08 3 3 5.32E-09 5.32E-09 3 4 3.04E-09 4.05E-09 5 5 5.07E-09 5.07E-09
55 Liver 180-Days 1.56 14 14  3.51E-08 3.51E-08 3 3 7.53E-09 7.53E-09 23 24  577E-08 6.02E-08 8 8  1.52E-08 1.52E-08 9 12 1.71E-08 2.28E-08 2 2 3.80E-09 3.80E-09 1 1 1.08E-09 1.08E-09 2 2 2.16E-09 2.16E-09
56 Liver 180-Days 1.56 16 16 3.39E-08 3.39E-08 4 4 8.48E-09 8.48E-09 10 10 2.12E-08 2.12E-08 7 7 1.12E-08 1.12E-08 9 11 1.44E-08 1.76E-08 2 2 3.19E-09 3.19E-09 4 4 3.64E-09 3.64E-09 8 10 7.29E-09 9.11E-09
57 Liver 180-Days 3.125 12 12 2.31E-08 2.31E-08 4 4 7.70E-09 7.70E-09 24 24  4.62E-08 4.62E-08 10 10  1.45E-08 1.45E-08 9 9 1.31E-08 1.31E-08 4 4 5.81E-09 5.81E-09 3 3 2.48E-09 2.48E-09 3 4 2.48E-09 3.31E-09
58 Liver 180-Days 3.125 14 19  3.33E-08 4.51E-08 8 8 1.90E-08 1.90E-08 1" 11 2.61E-08 2.61E-08 10 10  1.79-08 1.79E-08 7 20  1.26E-08 3.59E-08 6 6 1.08E-08 1.08E-08 3 3 3.07E-09 3.07E-09 7 8 7.15E-09 8.18E-09
59 Liver 180-Days 3.125 " 42 2.40E-08 9.17E-08 4 4 8.73E-09 8.73E-09 23 23 5.02E-08 5.02E-08 13 13 2.13E-08 2.13E-08 16 18  2.62E-08 2.95E-08 4 4 6.56E-09 6.56E-09 1 1 9.36E-10 9.36E-10 7 7 6.55E-09 6.55E-09
60 Liver 180-Days 3.125 15 15  3.55E-08 3.55E-08 4 4 9.48E-09 9.48E-09 17 17 4.03E-08 4.03E-08 8 8  1.43E-08 1.43E-08 10 10  1.78E-08 1.78E-08 2 2 3.57E-09 3.57E-09 2 2 2.03E-09 2.03E-09 2 2 2.03E-09 2.03E-09
61 Liver 180-Days 6.25 46 46 1.18E-07 1.18E-07 12 12 3.08E-08 3.08E-08 24 24  6.16E-08 6.16E-08 14 14  2.70E-08 2.70E-08 20 20  3.86E-08 3.86E-08 5 5 9.65E-09 9.65E-09 3 3 3.30E-09 3.30E-09 6 6 6.61E-09 6.61E-09
62 Liver 180-Days 6.25 35 35 9.25E-08 9.25E-08 7 7 1.85E-08 1.85E-08 21 23  5.55E-08 6.08E-08 18 18  3.56E-08 3.56E-08 13 13  2.57E-08 2.57E-08 2 2 3.96E-09 3.96E-09 4 5 4.53E-09 5.66E-09 3 4 3.40E-09 4.53E-09
63 Liver 180-Days 6.25 58 58 1.41E-07 1.41E-07 8 8 1.95E-08 1.95E-08 37 56  9.01E-08 1.36E-07 13 13  2.38E-08 2.38E-08 13 13  2.38E-08 2.38E-08 7 7 1.28E-08 1.28E-08 1 1 1.04E-09 1.04E-09 1 1" 1.15E-08 1.15E-08
64 Liver 180-Days 6.25 61 61 1.45E-07 1.45E-07 1" 1" 2.61E-08 2.61E-08 25 25 5.92E-08 5.92E-08 11 13 1.98E-08 2.33E-08 12 12 2.15E-08 2.15E-08 1 1 1.80E-09 1.80E-09 6 6 6.13E-09 6.13E-09 7 8 7.15E-09 8.17E-09
65 Liver 180-Days 12.5 167 169  4.22E-07 4.28E-07 35 36 8.85E-08 9.11E-08 62 62  1.57E-07 1.57E-07 44 45  8.39E-08 8.58E-08 18 21 3.43E-08 4.00E-08 9 9 1.72E-08 1.72E-08 6 6 6.52E-09 6.52E-09 15 15  1.63E-08 1.63E-08
66 Liver 180-Days 12.5 163 166  3.30E-07 3.36E-07 38 38 7.70E-08 7.70E-08 74 74  1.50E-07 1.50E-07 63 64  9.60E-08 9.76E-08 28 28  4.27E-08 4.27E-08 9 9 1.37E-08 1.37E-08 6 7 5.22E-09 6.09E-09 16 16  1.39E-08 1.39E-08
67 Liver 180-Days 12.5 224 232  5.54E-07 5.74E-07 44 45 1.09E-07 1.11E-07 7 79  1.91E-07 1.96E-07 66 69  1.22E-07 1.28E-07 18 19  3.34E-08 3.52E-08 9 10  1.67E-08 1.86E-08 2 2 2.12E-09 2.12E-09 22 23  2.33E-08 2.44E-08
68 Liver 180-Days 12.5 144 146 3.73E-07 3.79E-07 29 29 7.52E-08 7.52E-08 58 58  1.50E-07 1.50E-07 53 53  1.03E-07 1.03E-07 13 13 2.52E-08 2.52E-08 5 5 9.69E-09 9.69E-09 5 5 5.55E-09 5.55E-09 13 13 1.44E-08 1.44E-08
69 Liver 180-Days 25 197 200 1.22E-06 1.24E-06 40 40  2.48E-07 2.48E-07 62 63  3.84E-07 3.91E-07 54 54  2.55E-07 2.55E-07 17 18  8.04E-08 8.52E-08 6 10  2.84E-08 4.73E-08 4 4 1.07E-08 1.07E-08 12 12 3.22E-08 3.22E-08
70 Liver 180-Days 25 603 644  1.26E-06 1.34E-06 124 125 2.59E-07 2.61E-07 177 181 3.69E-07 3.77E-07 135 138 2.12E-07 2.17E-07 52 52  8.17E-08 8.17E-08 19 20 2.98E-08 3.14E-08 6 6 5.37E-09 5.37E-09 48 49  4.30E-08 4.39E-08
7 Liver 180-Days 25 327 332  9.63E-07 9.78E-07 45 48 1.33E-07 1.41E-07 98 100 2.89E-07 2.95E-07 79 80  1.75E-07 1.77E-07 26 26  5.74E-08 5.74E-08 9 9 1.99E-08 1.99E-08 4 4 5.05E-09 5.05E-09 30 33  3.79E-08 4.17E-08
72 Liver 180-Days 25 521 584  1.02E-06 1.15E-06 94 94 1.85E-07 1.85E-07 141 142 2.77E-07 2.79E-07 119 122 1.76E-07 1.81E-07 49 49  7.26E-08 7.26E-08 27 27 4.00E-08 4.00E-08 7 7 5.92E-09 5.92E-09 42 42 _ 3.55E-08 3.55E-08
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Appendix D2 Table 10: Locus specific mutagenicity data of MutaMouse males post exposure to BbF for 28-days
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Appendix D2 Table 11: Locus specific mutagenicity data of MutaMouse males post exposure to BbF for 90-days

I:w 1 MEmichr. 1 MFmaSh, 1.2 MFmichr. 1.2 MFmaZhr. 2 MFmichr. 2 MFmahr. 3 MEmichr. 3 MFmachr, 4 MFmichr, 4 MFmaSh. 5 MFmichr. 5 MFmaStr. 6 MFmirshr. 6 MFmazhr. 7 MFmichr, 7 MFmaSh. 8 MEmichr. 8 MFmaihr. 9 MFmirshr. 9 MFmach, 10 MEmichr. 10 MFmach. 11 MEmichr. 11 MFmaCh, 12 MFmishr. 12 MFmach, 13 MEmiChr. 13 MFmaCh, 14 MEmiChr. 14 MFmaCh, 15 MEmichr. 15 MFmaCh. 16 MEmichr. 16 MFmaCh, 17 MEmiShr, 17 MFmaCh. 18 MEmishr. 18 MFmaCh. 19 MEmidhr, 19 MFma:

F dose
e sonpe tssoposue dvote] 2 s,
25 BoneMarow  90Days [ 350E08  350E-08 0 0 0 [ 0 [ 671E08 6.71E08 999E08 O.99E-08 0 0 156E-07  1.56E-07 0 [ 0 354E08. [ 0 0
26 BoneMarrow  90-Days 0 2 75& 08 275E-08 B10E-08  BAOE-08 579E-08 5.79E-08 0 0 268E-08 268E-08 530508 530E-08 7.65E-08 T7.65E-08 7.23E:08 723808 145607 115E-07 541E-08 541E-08 0 0 571E:08 271E08  271E08  5.53E-08
27 BoneMarow  90-Days 0 291E08 291E08 289E-08  2.89E-08 [ 0 0 0 296E08 296E-08 137E.07 273E07 545E-08 5.45E-08 244E08  2.44E08 [ [ 0 0 [ 0 2.88E-08 585E-08  5.85E08
28 Bone Marrow. 0 578E-08  578E-08 [ [ [ 0 0 0 B54E-08 B5E-08 0 0 270E-08 270E-08 101E-07 101E-07 Q0BE-08 0.08E-08 285E-08 285E-08 275E-08  275E-08  3.02E-08 291E:08 20108
29 Bone Marrow, 3125  470E08 470E08 939E-08  1176-07 G00E-08 500E-08 7.04E-08 7.04E-08 46GE-08 4.G6E-08 450E-08 679E-08 1.97E-07 197E-07 208E-08 20BE-08 172E-07 172607 229E-08 229E-08 12107 236E:08 212607
30 Bone Marrow, 3125  250E08 254E-08 [ [ 271E08  271E-08 0 0 124607 14BE-07 495608 124E-07 7.40E-08 7.10E-08 4.4BE-0B 4.4BE-08 10BE-07 1.06E-07 252E-08 252E-08  2.38E-08 5.34E-08 101607
31 Bone Marrow, 3125 411E08  4.11E-08 0 0 428E-08 428E-08 B08E-08 BOBE08 0 0 T69E-08  769E-08 779E-08 779E-08 725608 7.25E-08 129E-07 129607 0 0 0
32 Bone Marrow 3125  389E-08 583E08 0 0 206E-08 _2.06E-08 0 0 1.90E08 190E-08 564E08 564E-08 544E-08 544E08 1.70E-08 170E-08  6.23E-08 6.23E-08 Q47E08 1.33E-07 1.81E-08
33 Bone Marrow, 625 412608 195608 1956-08  109E-07 109E-07 802E-08 B32E-08 BOIE-08 1206:07 121E-07 303E-07 571E-08 761E-08 360E-08 360E-08 111E-07 0 0
34 Bone Marrow 625  162E08 37608  634E-08 682E08 682E08 1.62E08 1.62E-08 6.4BE-08 194E07 6.27E-08 627E-08 307E-08 3.07E-08 283E-08 28308 1.25E-07 312608 312E-08 1.53E-08
35 Bone Marrow, 625 TA4E08 485E08 267607 132607 132607 124607 124E07 242E-08 242608 240E-07 240E-07 228E-08 228E-08 215E-08 430E-08  1.56E-07 244E-08  244E-08 0
36 Bone Marrow 625 345608 348E-08 _ 3.48E-08 [ 0 337E-08 0 3.24E-08 [ [ 6.08E-08 6.08E-08 1.44E-07 134607 167E07 _327E08
37 Bone Marrow, 125 26808 523608 523E-08  BAOE-08 BAOE-08 0 1.826:07 0 0 9.35E-08 935608 367E-07 1.04E07 1.04E07 0
38 Bone Marrow, 125 7.67E08 72108 721E08  192E07 4.94E07 0 748E-08 920E08 9.29E08 134E-07 13407 5.12E07 174E07  223E07  459E-08
39 Bone Marrow, 125 512608 104607 104607 110E-07 165607 253E08 253E-08 251E-08 251E-08 7.30E-08 7.30E-08 478E-08 478E-08 451E-08 AS5IE08 1.07E-07
40 Bone Marrow. 125 124607 240E-08  240E-08 7.93E-08 10GE-07 4.96E-08 A49GE-08 477E-08 4.T7E-08 143E-07 143E-07 228E-08 228E-08 65SE-08 1.07E-07  333E-07
41 Bone Marrow, 25 7.87E-08 255608 255E-08  B.1E-08  2166-07 1.03E-07 103E-07 254E-08  254E-08  249E-07 34807 O77E-08 O.77E-08  4.53E08  4.53E-08 28307
42 Bone Marrow, 2 4.19E-08 603E-08  BO4E08  134E-07 134E-07 148607 148E-07 6.17E-08 123E-07 143E-07 164E07 196E-08 196E-08 558E-08 558E-08  500E-07
43 Bone Marrow, 2 2.05E-08 395E-08  158E-07 6.4BE-08 G4BE-08 1.23E-07 123E-07 6.03E08 121E07 159E-07 159E07 211E-07 211E-07 1.08E07 1.08E-07 246E-07 4.01E-08
44 Bone Marrow. 2 3.04E08 100E-07  167E-07  138E-07 7.06E-07 131E-07 204E-07 162E-07 162E-07 344E-07 37TSE07 31E-08 311E-08 586E-08  586E-08 240E-07 0
45 Bone Marrow, 50 9.98E-08 176E07 40307 130E07 130E07 4.96E08 496E08 197E-07 320E07 191E-07 191E07 7.08E08 7.08E08  1.77E-07 287E-07 6.24E-07 7.60E-08
46 Bone Marrow, 50 213607 179607 179E-07 229607 229E-07 9.10E-08 9.10E-08 149E-07 149E-07 1.18E-07 207E-07 BI6E-08 BIE-0B 268E-08 268E08  34SE-07 9.13E-08
47 Bone Marrow, 100E07  100E07 110E07 132E07 1.46E07 1.88E-07 184E07 184E07 121E07 44SEQ7 O7IE08 252E07 912608 O.A2E08 S.SSE07 1.63E.07
48 Bone Marrow. 242608 242608  154E-07 231E-07 120607 147E-07 167E-07 215607 1656-07 188E-07 229E-08 67E-08 1.29E-07 1.50E-07 307E-07 120E-07 120607 230E-08 232608 4.86E-08
25 Liver 460E08  4.60E08 28BE08 28BE08 56308 563E08 0 [ 571E08  5.71E-08 [ 0 0 0 331E08 0 0 X 2.48E-08
2% Liver 580E-08  588E-08  56BE-08 568E-08 273608 273E08 532E-08 532608 0 0 274E08 274E-08 253608 1.11E-07 779E08 779E-08 267E-08  287E-08 8.89E-08
2 Liver 1.65E-07 3.37E-08 635E-08 305E-08 3.05E-08 3.10E-08 6.21E-08 0 0 289E08  3.02E-08 6.13E-08 x 202607
ver 6.09E-08 0 8.75E-08
29 Liver
K Liver
3 Liver 0
32 Liver X 319E-08 3.19E-08 0 3.28E-08
33 Liver 625 0 0 149E-07 17907 B79E-08 B79E-08  285E-08  285E 05 562E-08  562E-08  558E-08 2.86E-08 0
34 Liver 625 1507 1507 9Q15E08  9.15E08 1.26E-07 126607 1.19E-07 1.19E-07 B76E08 B76E-08 5.90E-08 5.91E-08 3.10E-08
3% Liver 625 192607 192E-07  375E07 225606  391E-08 391E08 152607 152E-07 1.90E-07 190E-07 364E08 8.14E:08
36 Liver 625 28308 288E-08 [ [ 560E08 560E-08 280E08 280E-08 544E-08 5.44E-08  5.70E08
37 Liver 125 121607 121E:07 890E-08  148E-07  6.4E-08  6.14E-08  175E-07 1.75E-07 175607 175607 1.16E-07  42E-07
£ Liver 125  127EQ7 127607 3.04E07  AT4EQ7  663E08 66IE8 221E07 221E07 18407 184EQT 1.21E07 1.25E07  5.85E. 247E07
£ Liver 125 20007 203607 131E07  150E-07  100E07 100607 255607 255E-07 145607 115607  1.18E-07 153E-07 350 1.86E-07
40 Liver 125 220E07 223E-07  140E-07  140E-07  169E-07 189E-07 543E-08 543E-08 240E-07 267E-07 185607 217607 9.84E. 342607
a Liver 25 369E-07 369E-07  563E-07  TOE-07 323607 323E07 303E07 303E-07 23607 236E-07 4.00E-07 2.90E-07 3.56E- 391E07
2 Liver 2 41SE07  415E-07  3K1E07  ST4E07  SABE-07 S18E-07 156E07 156E-07 214E-07 2M4E07 213607 215607 252€- 440E-07
a3 Liver 2 S6SE-07 596E-07 318E-07  3ATE-07  348E-07 348E-07 333E07 333E07 TSTEDT 7.5TED7  4B2E07 270807 2.03E- 6.59E-07
4 Liver 2 465E-07 465E-07  730E-07  105E-06  276E-07 276E-07  35TEO7  35TE-07  50BE-07  S.38E07  4.92E-07 537607 3.98€. 8.92E-07
3 Liver 50 155606 158E-06 147E-06  1.49E06  7.28E-07 7.8E-07 1.29E06 138E-06 127E06 127606 1.40E06 143E-06 7.15E-07 7.15E-07 9.82E07 9.82E-07 183E-06 1.83E-06 231E07
% Liver 50 OSME07  9B8E-07  125E-06 150606  SOTE07 SO7E-07 7.02E07 702607 G6B2E-07 G807 689E-07 689E-07 525E-07 525E-07 AT9E07 ATOE-07 Q.26E-07  9.26E-07 461E07
a7 Liver 50 75707 7B8E07  1.A5E06  1.23E-06  SAOE-07 SB0E-07 1.04E06 1.04E-05 BASED7 BASEQ7 822E07 851EQ7 641ED7 GAIED7 489E-07 A4B9E-07 1.08E-06  1.08E-06 8A2E07 30208
8 Liver 50 6.95E-07 6.95E-07  7.30E-07  T64E-07  275E-07 275E-07  6.36E-07  636E-07  BAIE-D7  BAIE07  7.90E-07 823E-07  465E-07  465E-07_ 676E07  676E-07 851E-07  BSIE07  7.99E-07 7.99E.07 QT9E-07 _ 979E-07  6.3IE07_ 633E07 23307

0

7.50E08
165607
0

1.46E-07
7.19E-08
153607
4.16E-08

8.20E:08
1.266.07

2.20E06
1.34E-06
1.58E-06
10906

750E08  3.20E08  320E08 Q92608 3.92E08 0 0 0 0 366E08  3.66E08
165607  251E08 200607 6.ME08  611E-08  284E-08 284608  108E07  10BE-07  570E-08  5.70E-08
0 255E08  255E08  3.16E-08  3.16E08 0 0 285E-08  285E-08 0 0
146E-07  266E-08  266E-08  O67E-08  O67E-08  207E-08  297E-08 0 ] 0 0
7.19E-08 0 0 131607 167607 120607 264E07 232608 232608 0 0
153607 0 0 865E-08  15E-07 1.84E-07  210E-07 99BE-08  1.25E-07 531E08  2.12E-07

377E08

7.46E-08
0
452608
2.82E08
379E-08
445E-08
255E08
533608
9.33E-08

4.07E07

407E07

8.83E-07

9.18E-07

139606
1.08E-06
7.24E:07

1.11E-06
7.24E07

TA9E07  7.83E-07
103606 1.06E-06
9.08E-07__940E-07

3.16E07
433607
181E07
411E07

270



Appendix D2 Table 12: Locus specific mutagenicity data of MutaMouse males post exposure to BbF for 180-days

Animal ID ‘ Sample tisste ‘ Expostre duration ‘ [:‘;/Fk;:s;) Cir.{ MFmin Chr. 1 MFmax Chr.12MFmin Cir.12MFmax Chr.2MFmin Cir.2MFmax Civ.3MFminChr. 3MFmax Cir.d MFmin  Chr. 4 MFmax  Chr. 5MFmin Chr, 5 MFmax Chr. 6 MFminChy. § MFmaxChr, 7 MFminChr. 7 MFmaxChr. 8 MFminChr. 8 MFmaxChr. § MFrinChy. § MFmaxChr. 10 MFmirChy. 10 MFmaxChv, 11 MFmiChr. 11 MFmaChr 12 MFmirChr, 12 MFmasChr, 13 MFmirChr. 13 MFmaxChr. 14 MFminChr. 14 MFmaxChy. 15 MFminChy. 15 MFmaaCh. 16 MFminCh. 16 MFmaaChr. 17 MFminClr. 17 MFmayCr. 18 MFminC. 18 MFmaxChr. 19 MFminChr. 19 MFmax
[ Bone Marrow 180Days 0 395E08 | 39508 168E08 TGBE08  206E08  206E06  SOTEB  JO/EDB  3OIE08 | 394EQB | 202608 | 202608 0 [ 345E08 945608 240E08  240E08  79E08 12907 0 [ 122507 12607 0 [ 0 0 SI0E08  760E08  362E08 36208 | \OTEQ7 | 1G7EA7 | 26E08 | 236E08 | T2/E0B  727E0B | B82E08  382E08
50 Bone Marrow 180-Days 0 0 0 306E08 306E08 520E08  520E08  S0SE08 50508 BA7EQ8  BATES  506E08  506E08  1S8E08 1508 AAEQB  AA4EB  TT4EQ8  OTE08  320E08  320E08  1SE8  QOMEG8 12307 12EQ7  627E08  204EQ7  AGTER  778E08  5(3E08  670E08  1SE08 15408 ATED8  560E08  O4IE0B  941E08  640E0B  6.40E08 0 0
51 Bone Marrow 180-Days 0 220608 200608 0 0 0 0 217608 217E08  221E08  221E08  437E8  437E0B  206E08  206E08  186E08  1SE0B  170E07 1T9E7 207608 207E08  191E08  191E08  443E08  443E08  396E  SGE0B  390E08  OTE08  AE08  1SIEQ7 7708 7HTER  240E08 240608 249608  249E08  204E08  204E8 0 0
5 Bone Marrow 180-Days 0 BTOE08  105E07 160608 160608 355608 3S6E08 17308 173608 56E08  53PEQ  349E08 4OE07  3JTE08  3TE0B  10GE0T  10GET 0 0 665608  QOTE08  31BE08  31BE0  B78E8  10SE07  328E08  QBE.0B  163E08  GSIE0B  625E08 505608 1SGE08  158E0B  O4SE08  O4SE08  SOOE08  S90E08  SOIE0B  G6GE0S  340E0B  QA0E08
5 Bone Marrow 180-Days 156 69E08  69BE0R  7S9E08 91108 35TE08 | 3STE0B | 525608 525608 | 68SE08 | BSOEQS 51908 17907 AT6E08  ATOEOB  A5E08  ASOE08  7BIE0R  TBIEDS 0 0 151608 302608 127607 127E0T | 3MEGS  204E07 31308 31308 0 0 TETES  110EQ7  5BIE0B  SBIE08  S8SE08 975608  ABGE0B  4BGEB  B02E08  A99E08
5 Bone Marrow 180-Days 156 156E08  156E08 283808 28308 159608 1S9E0B  GA9E0B  6M9E08  300E08  3M3E08  TO7E08  TO7E08 146608 292608 135608 135608 1B0E0B 18008 ASIE08  4SIES  421E0B  42E08 128607  10E07  S7BE08  73E0B  287E08  287E08  4G2E08  AGE08  280E08 28608 SASE08  GSTE8  JATEDB  347E8  204E08  294E08  4S2E08  ASED8
55 Bone Marrow 180-Days 156 0 0 478608 4TBE0B 178508 17BE08 0 0 BS0E08 107 BSSE08  BSSE0B  161E08  161E0B  120EQ7 136E07  ATSEQ7  1O4E07  33E0B 3NE0S  1S6E08  AMEGE  TAES  LOTEQT 0 [] 6AE08  649E08  6BOE0B 68308  62BE08  628E08 57208 S72E08  10EB  190E08  A95E0B  ASSE08  BSE0B  BS2ED8
5 Bone Marrow 180-Days 156 0 0 30108 301E-08 348508 34808 GBE08  G73E0B 0 0 6I7EQ8  G7IE08  624E08  624E08  2O4E08  DOAE0B  T70E0B  770E08  1ASET  131EDT 0 0 124607 ATTEQ7 76908 769F0B  76BE08  T68E08  99BE0B  Q.OBEB 0 0 TSIE08  TSE08  3BE0B  3RE08  ATAE0B  ATAE08  4BSE0B  48SE08
57 Bone Marrow 180-Days 3125 4GIE08 | 46IE0B | 544E08 544E08 159E08 | 1S9E08 | 6A4E08  6ME08  461E08 | 4G1ES  S10E08 | SM0E08 142608 1208 539E08 10BEQ7 G0EO7  160EO7  BATED8 1EQT  135EQB  1EGB | 112607 3007 421E08  421E08 556608 361EQ7 | 136EQT  241EQ7  419E0B  6OOE08 | 1SEQ7  187E7 | BAJEDB  BE2E08  S74E0B  186EDT | 205E08  295E08
5 Bone Marrow 180-Days 3125 34308 34E08  S72E08 572E08 BEIEQS  BHIE0R  343E08 JMEQ8  SMSE08  5ASE08 352608 SS2E08  G9E08  LMEQ7  20E08  204E08  BEOE0B  GOE08  7BSE08  16EQ7  268E08  288E08  1OE07  1TEQT  1S0E08  307EB  147E08  295E08  980E08  GBOE08  AGEB  AXE08  AMEQT  1AELT  AATEDT  A47EQT  1S6E0B  1S6EB  320E08 320608
5 Bone Marrow 180-Days 3125 08RO 124EQ7 40308 S37E0B  AT6E08  ATGE08  6ASE0B  618E8  928E08 G208 625E08  1SGEQ7  420E08  572E08  134E0  1ME08 127607 127EA7T  73E8  TIBE08  269E08  260E08  160EQT  160E7  418E08  4TBE08  415E08  415E08  136E07  1B1E7  SSOE08  SS0E08  120E7  120E07  106E0T  LOGE07  LSEQT  1MEDT  SETE0B  BBIEDS
& Bone Marrow 180-Days 3125 150E08  6TE0S 14608 146608 318508 31BE08  OJ7E08  OTE0S  320E08  370E08 155608 1SSE08 150608 1SE0B  GOPE0B  OGBE0  M0E7  1AOE07  7STE08  ASTEQT  1A6E7  NAGE07 14307 175E07  Q00E08  300E0B 55608 S95E08  GIGEDR  66E0S  7TA2E08  BS4E08  AEQT  136E07T  QATEDS  347E8  TROE0B  O12E08  1SIEQ8  154E:08
61 Bone Marrow 180-Days 625 A9IEQS | AGIEQE  287E08 287E08 66808 | G6GE0B  Q26E08  326E08  B27E08 | T26E07  OB9EDS  OB9EDR) 0 [ 142608 142608 1OTE0T A9TE0T 12307 13907  TGE08  TABEQ8 23007 G6TEQ7  ASIES  120E07  73E08 72608  BOEDS  961E08  STEDS  SGTE  1O7E07  19TEQT | 152607 228E07 | T69E08  7.69E08  ATOE0B  A76E0
] Bone Marrow 180-Days 625 557E0B  557E8 502608 6.69E-08 112607 | 149E07 36308 OOVE0S  SS0E08 55308 109E07  128E07  121E07  1SSE07  ATOE08  AT9EB  10SE7 1607 17E07  ATBET  496E0B  19BEQ7 34307 3OEQT  AIEQT  AEQT 509508 S09E08  128E07  219E07  3MEB  IMENS  1GEDT  180EDT 20407 305607  GOIE0R  BETEB  5IE08  5E08
8 Bone Marrow 180-Days 625 109E07  10E07  3.29E8 32908 148507 33T 1B0E0B  180E08  1Z7EQT  7EQ7  143E07  B41E7  170E08  170E0B  A7GE08  AT6EB  1STE7 208607 52208 S2E08 M3 129E07 12907  129E07  169E08  169E0B 502608  SO2E08  160E7  32EQ7  AS4EB  OBTE0S  \TBEDT  198E07  1BIEDT 4237 GB4E0B  6B4EB  529E08  BA2E08
o Bone Marrow 180-Days 625 129E07  220E07  2SE8 254E08 14TEQT_ BOBET  MEOT  1.MEQ7  A28E07 142607 BSAE8  BSAE8  D6SE08  265E0B 0 0 G407 AO9EQT  AEQT  LSOEQ7  GIER  6MEB  249EQ7  TA9ET  520F08 5008 S2E08  AGOEQ7  1OTE07  STEQT  3GTE8  IBTES  285E7  BO1EQT  224E07  3OMEN7  1O0BEQT 1487 410E0B  GHAE08
65 Bone Marrow 180-Days 125 T4BEQT | 240E07  B.6E08 179607 13EDT | 1EDT | SSIED8  SSEG8 | 10EQT | M49EQT  AMEDT | ALMEDT 120607 120E07 64208 64208 SGTEDT  SAOED7 17507 210E07  323E08  32E08 | ASMEDT  O2EQT | 169E08  169E0B  AGOE08  490E0B 235607  BAZEQ7  GGMEB  GE08 | 2BEQ7 | 04D | 20ED7 | B7BEDT | 1907 74307  BOIEQS  B9IEDB
6 Bone Marrow 180-Days 125 BEOEQ8  BGOES  137E07 608E0T 76E07  T6EQT  BSIE0B  BSIEG8 23607 306EQ7 037 03B SA7E08  AATEGB  10SEQ7  10SE7  254E07  204E07  1A2E07  AMEQT  301E8  J01EGB  ST4EQT  69EQT  TBAE08  7TH4EQB 15508 1SSEB 285607  STIEQT  1SSE08  AQTEQ7  10EQ7  286E07  289E07 38567  TOE0B  1M2E07  49EOB  6STE0B
61 Bone Marrow 180-Days 125 296607 208E0T  938E08 1.09E:07 TA6E08  TAGE08  SA9E08  SAOE08  146E0T  146E07  JOEAT  189E7T G108 SME0B  S2E08  324E08  A0BET  GMEDT  247E07  300E0T 110507 LAEO7  4B4EDT  BIEQT  GEOE0S  B2BE0B  ABE08  ABGE0B  B01ET  B0EQT  BTEQT  1ETEQ7  2B4E07  Q0SEO7  298E07  3G1ET  L02E07 102607 17308 173E08
6 Bone Marrow 180-Days 125 675E08  6T5E08 11007 17907 2MEQT  BA6EOT  120E07  3GEQT  AO1E0T  1OIEQT  ASTEAT  ASTET  9J6E08  O6E0B  14BEQ7  148E07  OBIET G107 1MEQ7 1MEQT  140E07  1SSE07  SMEQT  6SOE07  B8SE08  103E07  BT9E08  BTOE0B 200607  AOGEQT  6A3E8  TGOE0S  BSOE0T  AS6EOT  QMBEDT  BISEAT  14E07  1AOET  ATAEQR  ATAEB
69 Bone Marrow 180-Days % 158EQ7  1TSEOT  589E8 589E08 TO0E0T | 3S6E0T | 122607 120607 | ATEOT | A02EQT 20907 | 2G4E0T G407 TG4EQT  OOSE08  10GE7  STOET 126606  Q1BE07  115E06  7S6EQB  OOSEGB | S20E07  TA7E07 | 63IE08  631EB  AGGE08  AGOE0B 445607  219E06  OA4E0B 236607 | B09E0T 12906 SBIEDT | T80T | 12907  14SE0T | LA3E07 25907
il Bone Marrow 180-Days 5 17907 1SEOT 206807 247607 241607 | 27307 142607 299E07  AGEQT  9MEQT  189E07T  221E07  108E07  201E07  98SE08  1M3E0T  GTET  BOGED7 295607 TE0EOT  120E7  121EQ7  BT9E0T  OSEQT 202607 TMEQT  1SEQT  ASEQT  278E07  6JEQT  720E08  T2E08  309E07 30907 J0BEDT  SMEDT  ATIEQT  3MEQT  TME  11EDT
7 Bone Marrow 180-Days 2% 237EQT 25407 5STE08 1.64E07 BO1E0S  BHIE0B  16BE08  16OE08  18GE07  219E07  185E07  G03EA7  1STE8  3ME08 73508 735E08  SGOET 225606 176E07 240E07  589E08  SBOE0B 49907  22E06  J0TE08  307E0B  TS4E08  QOSEB  443E7 19606 150E08 152608 3GBE0T 58907 4SOE07  GGIELT  47SE0B  ATSEDB  4B3E0B  113EOT
7 Bone Marrow 180-Days 2 ISIEQT  1SIEQT  B76E08 102607 IGTEQT_ 267E0T OG0B 629007 1GBE0T  16BEQ7  136EA7 54267 1217 12/E07  101EQ7  1OIET 412607 TOOEO7  2BIE07  4BIEQT  103ET  103E07 42307 QOBEQ7  OAZE0B  O.12F08 74908 B9UF0B  BGOEAT  GSIEQT  14ET  QQBE07  199EOT  DOEA7  BSOE07  SG8EAT  2SOE07  265ET  4T2E08  472E.08
19 Liver 180-Days 0 615E08 | 615E08  4S1E08 60108 452608  45E0B  6BBE0B  735E08 B80S | BBOEOB | 73E08 | 7.3E08  296E08  296E08  4.1EQ8  A1IE0B  Q17EDB  317E08  BSIEDS 8508  60SE08  GOSE08  A41EQB  44IEQ8  450EQB  ASOE0B | 166EQ7 19607 | 7.39E08  BETEQR 0 0 622E08 622608 OA7E0B  107E07 | TAJE08 | T43E08  QATEDB | BATE08
50 Liver 180-Days 0 TSE08  TSES  T3E0 73E0 TSEM  100EQT  244E08  244E08 0 [] 0 0 0 [] 4S5E08  GE2E08  OWE08 OWE(8  ATIEDS  ATIEQS 0 [] THE0  TAEM 0 [] O70E08  196EQ7 24208  247E08  TASE08  TA5EQ8  1MME7  LOEQ7  248E08  248E08  OTRE0B  OTBE08  260E0B 260608
51 Liver 180-Days 0 1GTEOT 2007 AMEDS 414E08 20308 203608 201E08 201E08  996E08  99E0R 0 0 40E08  6OBE0B  560E08  16BE07  210E08 210508  979E08 11807 0 0 401E08  401E0B  628E:08  62BE08 0 0 6OE08  GO4E0S  19BE08  198E0  210B08 210508 14207  142E07  204E08 204608 64BE0B  BMEDS
5 Liver 180-Days 0 BOSE0S  BOSER 396608 B9BE0B  4OTE08  AOTE0B  TBGE08 98308 1M6E07 13SEO7  OBGE0S  OBGE0S  3BSE08  OBSE0B  7A4EQS  7A4E08  BOGEDB  BOGEQB  575E08  5TSC08  BAE0S  BAPEB  OES  1A9EQ7  1G1ET  16EQT  S99E08 5308  NATEQT  AM7EQ7  T76E08  970EB 12607 1.26E07 0 0 TS TOED8  BATER  GATED
5 Liver 180-Days 156 0 0 101E07 14107 TEES | 9TIE0S | T69E08  T6OE08 | 105E07 | 1MEQ7  STIE08 | STIE  SG4E08 117607  18IE0S  1BIEB  9GSE08  OBSE08  168E07 1G0E07  123E07 120607 | TS6E08  TSGE0B  BOSE08  BOSEB 202608  20E08  968E08  116E07  567E08 | S67E08 | AOIE08  AO1E08 | G76E08 576608 Q02E08  39E08 | 126E07  1.26E07
5 Liver 180-Days 156 820E0B  B29E08  B2IE08 821E-08 0 0 599E08  799E08  SE08  5S90E08  601E8  601E0B  BOOEB BOOEQB  750E08  7SIE08  206E0B  206E08  T87E8  TTE0B  41E08 412608  BOIEB  BOIE08  621E08  62E08 412508 4108 202608 202608  S9E08 59308 21308 213508 GA0E0B  610E08 G098 BOSEDS  BGGEB  1.0BEDT
55 Liver 180-Days 156 TMEQT  1MEOT 125807 187E07 225608 225E08  ASE0B 43508 106EQT  10BEQ7  GS4E08  OSMEDR  6MEDS 6EGB  601E08  GOIEB  1SBE7 15607 209E08  209E08  63BE0B  63EGB  AJSE08  4E08  AJIE0S  4BIER  2ME08  AES  149E7  149EQT  4ZEB  AZE08  2E08  230E08  LMEDT  1JEDT  429E08  429E08 45308 ASIEDB
5 Liver 180-Days 156 372E08  3T2E08 18408 1.84E-08 TAOE08 74008 1BIE08  1BE08  178E.08  178E08  181E8  1B1E08  O56E08  SSGE0B  675E.08  67SE08  130E7T  149E07  106E07  10BEQ7  911E08  OQME0B  181E08  181E.0B  SS7TE08  5S7E08  5S0E08  O.7E08  163E7  16OE07  35TE08  OSTE0B  3B4E0B  3B4E8  1BE0B  1BAE  OOE0B  100E07  3B4E08  3BAE.0B
57 Liver 180-Days 3125 S16E08 | 518E08 | 1.00EQ7 TATEQ7  65TEB | 657E0B  BOBEDB  GOBE08  65E08  655EQB | 3J8E08 | 328E08 | A9SE08  4OSE0B | T62E0B  TAJE0B  35ME08  354E08 65608  TOEGB  S0SEQ8  S05E0B | 4G8E0B  4BGE0B  674E08  BAOE0B  331E  G3IEGB | 328E08 32608 795608 795608 | GATEDB  GOTEB  BTEB  BATEB  BATEB  BATEDS  349E0B  B49E08
5 Liver 180-Days 3125 631E08  631E08 204608 20E08  421E08  421E08  GOSE08  609EB  400EQ8  4Q0E0B  AO6E08  406E08  200E08 200EQ8 190E08 1O0E0B 125607 200EQ7 O9BEQB 9BEQ8 120607  142EQ7  AME08  AMIE8  10EQT  124E07  AOEQS  4O7EQ8 202607  200E07  120E07  379EQ7  43E08  AEQS  626E0B  626E08  1OIEQ7  1OIEA7  216E08 216608
5 Liver 180-Days 3125 T6TE08  T67E0S  767E8 767608 TS8E8  TSEE08  TAIE08  T4IE08  362E08  362E08  556E08  556E08  SS0E08  SS0E0B  174E08  174E08  OA6E08  OGE08  SMGE08  5SAGE0B  377EB  Q7TE0B 242607  BAGEQT  LAGE07  1M6E07  OSOE08  OS0E0B  5S6E08  S56E08  3G5E08  S4TE08  OBIE0B  OB1E08  T6ED7  168E7  O7IE08 37 GUE0S  130E07
& Liver 180-Days 3125 10407 1OEQT 0 [} 0 0 60308 G008  179E07  179E07  201E08  201E08  598E08  5UBE0R 18608  1GE0B  AMTE0B  AM7EB  1J7ET  137TE07 415608 415608 403E08  403E08 125607 12507  6A6E08  BIE08  121E07  121E07  JO7E08  3G7EB  127E07  127EQT 41308 413E08  GOOE0B  GO9E08 0 0
61 Liver 180-Days 625 1STEQT | 1STET | TMEDT THEQT TEQT | 10T 198E07  19BEQ7 | B5E08 | BSIEQS  AMBEDT  AMBET 172607 172607  6M6E0B  GAGE0B  179E07 17907 12907 120E07  219E08  219E08  1MEQT  111E07  OOE08  9O0E0B  1MEQT  AMMEQT | 247607 207E07  AREQT 12907 | 23EQT | 202607  220E07  220E07 | 15407 1547 AGSE0B  AG5E08
] Liver 180-Days 625 138E07  13E0T  OMEDS 9HUED 249507 249E07  GGGE0B  66OE0S  AEQT  1IEQT  1IET  1IENT 225608 225608 1OGEQ7  10BE7  LASET  LASE07  109E07  109E07  4G4EQB  ABE0B 200607 200E07  ATZE08  TOBEB 93008 ANTEQT  270E7  3MSEQ7  BBAEB  BBE0S  1A0E07  ABBE0T 20107 201E7  135E07  1S6E7  95E0B  65E08
[ Liver 180-Days 625 23EQT  23TEQT 23307 23E07 105607 LOSET 1G0T ABEQ7 328607 328E07  185EA7  ST6EA7  103EA7  103EQ7  SBIEQB  SBIEB  326E7  326E07 202607 20E07  BASEQB  B4SE0B 226607  226E07 12607 128E7  106EA7  127EQT  208E07  208E7 0 0 ASIEQT  ASIEQ7  2REQT 23607  BNE0B  BIME0S  AAZEDB 44608
o Liver 180-Days 625 190E07  10E07 139647 13907 6REQ8  GE08 2247 QE07  230E07  230F07  BJGES  103E7T  7O5E08  TOSEB  TSGE0B  7TSOE.0B  235E.O7  235EA7 197 1AEQ7  S99E-08  SO9E0B  249E7  26OE07  144EAT  1MEQ7  403E08  4QOE.0B  B0BE0T  343E07  B90E08  BU9E08  1SOEO7  1SIEAT  MJOEO7  ATOEOT  182E0T  1BEQT  214E08  214E0
65 Liver 180-Days 125 6BEQT | TREQT | 36907 369E07 310E07 | SA0E0T | SB9E07  BBGEQT | ABIEQT | AGTEQT | SMEDT | SMEDT | 19607 1SE07  420EQT AEQT  TATEQT  TATET  BBIEQT  AQEQT  AAQEQ7 | TAOEQ7 | 562607  S6EQT | 287E07 | 28767 | 19507  ASEQT | GEBET | 12607  AMEQT | 1S0E07 | SEDT  5UENT | ABGEDT | AG6EDT | BO0ED7  4BEQT | 207E0T | 207ED7
& Liver 180-Days 125 ABEQT  4GIEQT  386EDT 3EEQT  267E07  26TE07  AZEQT  3MEQT  ATEQT  ATIEQT  JMEQT  JMEQT  2TIEQT  27IEQT  4O0EQT  416E07  SB4EDT  SBEQT  3MEQT 3MEQT 12307 10EQT  ASEQ  4SEQT  30EQT  B0IEQ7  70E08  0SEQ7  SOE07  SS9EQT 202607  20EQ7  3GTEQT  AEQT  BBEQT  TOZEDT  JASEQT G207 LAZEDT  1A2E07
61 Liver 180-Days 125 A00E07  4M0E07 372607 3YET 3G0E0T  A24ET  GTEOT  A30EQT  SEEQT  SBIEQT  AMEDT  AMEDT 2047 SMEQT 3QEQT  3GENT  THIEDT  THIEDT  TAGE07  THEQT ATIEQT  ATIEQT 98307 100E06  QOE07  3G3E0T  2MTEA7  3OGMEQT  925EA7  Q4GEQT  BTEDT  NSTEQ7  T2E07  TEEAT  B2EDT  BASELT  TO0EQ7  T2E0T  1B0EO7 200607
6 Liver 180-Days 125 ATEQT AT 28507 255607 285607 285E07  ATBEOT  ATBEQ7  6TSEQT  GTSEQ7  3GTEAT  BGTET 130T 1RE07  266EQ7  260E07  A4ET  AMEQT  SOGEQT  SOBEQT  250E7  QS0EQ7  BEOT  6AEQT  JAEQT 3497 ASTE0R  ASTE0B  5ISET  53E07  BGIES  BGIE0S  SBIEQT  SEENT  SOEQT 5037 OBIEQT  3BIEQT  TASEOR  7A5E08
69 Liver 180-Days % 2106 218506 54307 54307 SG9E07 | 569607 | TISE07 775607 | A76E06 | 1B1E06  137E06 | 137E06  GT6E07  TOEQ7  689EQ7  GEIE7 175606 175606 10906 103E06  54BE7T  SABEQT | 10306 10E06  6BGED7  68BE07  34EDT  346E0T 16906 195606 THEQT | TOOEDT | 146E06 146606 265606 265606  146E06  146E06  16BEQ7  160E07
i) Liver 180-Days % 12306 12506 BSGET 94TE0T 105606 10BE0  TOSE07  B0EQ7  AME06  1M8E06  BESEA7 9737 BAIENT BTEQ7  64GEQT GGIEDT  1SSE06 19506 19E06  141E06  ATOE7  ABBEQ7  154E06  16E06  10BE06  1ME6 216607  216E07  171E6 185606 993E07  OED7  129E06 132606 205606 216E06  LME06  1A7E06  B4IEQ7  341EDT
7 Liver 180-Days 2% 125606 136E06  TOMED T01E07 9S0E07  9S0E0T  BE6E07  66GEQ7  OO1EQT  926EQ7 962607 9BTEAT  SIENT  S36EQT  62EQT  646EDT 10206 10SE06  BAZED7  BSGEQT  AMSEQT  ANSEQ7 943N OGIEQT  TEDT  BAGEQT  254EQ7  25E0T  149E06 15106 4MEQT  ANEDT  ANE06  129E06  LAED6 112606 OISE07  OASEDT  O7EQ7  LOTET
7] Liver 180-Days 5 10BE06  1BE06  T34E7 TSIEQT 63507 BSXE0T  BASEOT  B3SET  119E06 12006 BOGEQT  BOGEDT  46TEQT  4GTEQ7  5TSET  S7SE07  143E06  1S4E05  102E-06  1O7E6  S3E07  S03EQ7  116E.06  180F06  B42E-07  BTIE7  219E.07  236E07  197E06  146E06  GSOEO7  6T6E0T  143E06  16E.06  115E06  1.1E-06  126F.06  126E06  26BE07  286E7
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Appendix D2 Table 13: SigProfiler analysis to determine similairties between induced mutation pattern and COSMIC signatures

Sample tissue | Exposure duration BbF dose SBS1 SBS4 SBS5 SBS17a | SBS17b SBS18 SBS40a |Mutation SBS1 SBS4 SBS5 SBS17a SBS17b SBS18 SBS40a Cosine similarity | KL divergence
(mg/kg/day) Mutations Mutations | Mutations | Mutations | Mutations | Mutations | Mutations | count | % Contribution | % Contribution | % Contribution | % Contribution | % Contribution | % Contribution | % Contribution
Bone Marrow 28 days 0 1" 0 37 11 4 42 0 105 10.5 0.0 35.2 10.5 3.8 40.0 0.0 0.81 0.55
Bone Marrow 28 days 6.25 6 0 71 0 0 38 0 115 5.2 0.0 61.7 0.0 0.0 33.0 0.0 0.80 0.47
Bone Marrow 28 days 12.5 3 0 93 0 0 110 0 206 1.5 0.0 451 0.0 0.0 53.4 0.0 0.86 0.33
Bone Marrow 28 days 25 12 87 115 0 0 0 0 214 5.6 40.7 53.7 0.0 0.0 0.0 0.0 0.79 0.38
Bone Marrow 28 days 50 19 171 140 0 0 0 0 330 5.8 51.8 42.4 0.0 0.0 0.0 0.0 0.86 0.26
Bone Marrow 28 days 100 18 283 155 0 0 0 0 456 3.9 62.1 34.0 0.0 0.0 0.0 0.0 0.90 0.20
Bone Marrow 90 days 0 11 0 72 0 0 0 0 83 13.3 0.0 86.7 0.0 0.0 0.0 0.0 0.70 0.67
Bone Marrow 90 days 3.125 11 0 105 0 0 81 0 197 5.6 0.0 53.3 0.0 0.0 411 0.0 0.90 0.31
Bone Marrow 90 days 6.25 5 0 111 0 0 119 0 235 2.1 0.0 47.2 0.0 0.0 50.6 0.0 0.86 0.29
Bone Marrow 90 days 12.5 0 88 101 0 0 78 0 267 0.0 33.0 37.8 0.0 0.0 29.2 0.0 0.89 0.24
Bone Marrow 90 days 25 2 0 214 0 0 202 0 418 0.5 0.0 51.2 0.0 0.0 48.3 0.0 0.89 0.24
Bone Marrow 90 days 50 20 354 171 0 0 0 0 545 3.7 65.0 314 0.0 0.0 0.0 0.0 0.92 0.16
Bone Marrow 180 days 0 19 0 135 0 0 0 0 154 12.3 0.0 87.7 0.0 0.0 0.0 0.0 0.74 0.52
Bone Marrow 180 days 1.56 3 0 94 24 14 56 0 191 1.6 0.0 49.2 12.6 7.3 29.3 0.0 0.84 0.37
Bone Marrow 180 days 3.125 17 0 160 0 0 114 0 291 5.8 0.0 55.0 0.0 0.0 39.2 0.0 0.87 0.33
Bone Marrow 180 days 6.25 14 143 114 0 0 157 0 428 3.3 33.4 26.6 0.0 0.0 36.7 0.0 0.89 0.21
Bone Marrow 180 days 12.5 11 273 213 0 0 152 0 649 1.7 42.1 32.8 0.0 0.0 234 0.0 0.93 0.13
Bone Marrow 180 days 25 21 600 241 0 0 0 0 862 2.4 69.6 28.0 0.0 0.0 0.0 0.0 0.93 0.13
Liver 28 days 0 9 0 20 0 0 0 94 123 7.3 0.0 16.3 0 0 0 76.4 0.79 0.47
Liver 28 days 6.25 6 0 31 0 0 0 119 156 3.8 0.0 19.9 0 0 0 76.3 0.77 0.53
Liver 28 days 12.5 0 60 0 0 0 0 197 257 0.0 23.3 0.0 0 0 0 76.7 0.88 0.28
Liver 28 days 25 0 179 0 0 0 0 130 309 0.0 57.9 0.0 0 0 0 42.1 0.88 0.24
Liver 28 days 50 0 485 0 0 0 0 219 704 0.0 68.9 0.0 0 0 0 31.1 0.94 0.13
Liver 28 days 100 0 835 0 0 0 0 352 1187 0.0 70.3 0.0 0 0 0 29.7 0.95 0.10
Liver 90 days 0 12 0 88 0 0 0 0 100 12.0 0.0 88.0 0 0 0 0.0 0.72 0.67
Liver 90 days 3.125 10 0 51 0 0 0 89 150 6.7 0.0 34.0 0 0 0 59.3 0.79 0.41
Liver 90 days 6.25 8 122 90 0 0 0 0 220 3.6 55.5 40.9 0 0 0 0.0 0.88 0.27
Liver 90 days 12.5 0 236 0 0 0 0 185 421 0.0 56.1 0.0 0 0 0 43.9 0.90 0.20
Liver 90 days 25 1 825 177 0 0 0 0 1013 1.1 81.4 17.5 0 0 0 0.0 0.97 0.09
Liver 90 days 50 30 1822 254 0 0 0 0 2106 1.4 86.5 121 0 0 0 0.0 0.98 0.06
Liver 180 days 0 15 57 135 0 0 0 0 207 7.2 275 65.2 0 0 0 0.0 0.83 0.36
Liver 180 days 1.56 27 0 57 0 0 0 130 214 12.6 0.0 26.6 0 0 0 60.7 0.82 0.40
Liver 180 days 3.125 15 68 163 0 0 0 0 246 6.1 27.6 66.3 0 0 0 0.0 0.86 0.23
Liver 180 days 6.25 16 287 171 0 0 0 0 474 3.4 60.5 36.1 0 0 0 0.0 0.94 0.12
Liver 180 days 12.5 0 1059 0 0 0 0 390 1449 0.0 73.1 0.0 0 0 0 26.9 0.96 0.08
Liver 180 days 25 28 2549 444 0 0 0 0 3021 0.9 84.4 14.7 0 0 0 0.0 0.98 0.06
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Appendix D2 Table 14: BMD modeling on MFmin, MFmax and MFmin of predominant mutation subtype (C:G>A:T) in BM and liver after prolonged exposure durations

Exposure duration S%?Srgﬁf Endpoint n | CES | Bootstrap | BMDL BMDU E‘K/?SE Log10 BMDU
Bone Marrow MFmin 3.60 12.80 0.56 1.11
Bone Marrow MFmax 24 0.5 200 0.07 26.50 -1.14 1.42
28-Days Bone Marrow MFmin C:G>A:T 0.68 15.90 -0.17 1.20
Liver MFmin 10.10 18.40 1.00 1.26
Liver MFmax 24 0.5 200 6.02 24.00 0.78 1.38
Liver MFmin C:G>A:T 1.36 5.96 0.13 0.78
Bone Marrow MFmin 1.56 5.82 0.19 0.76
Bone Marrow MFmax 24 0.5 200 1.00 5.31 0.00 0.73
90-Days Bone Marrow MFmin C:G>A:T 0.22 2.09 -0.67 0.32
Liver MFmin 2.34 6.31 0.37 0.80
Liver MFmax 24 0.5 200 1.21 7.64 0.08 0.88
Liver MFmin C:G>A:T 0.97 2.44 -0.01 0.39
Bone Marrow MFmin 2.29 3.75 0.36 0.57
Bone Marrow MFmax 24 0.5 200 1.63 3.42 0.21 0.53
Bone Marrow MFmin C:G>A:T 0.94 2.20 -0.03 0.34
180-Days , -
Liver MFmin 3.14 4.61 0.50 0.66
Liver MFmax 24 0.5 200 2.91 4.57 0.46 0.66
Liver MFmin C:G>A:T 2.11 3.73 0.32 0.57
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Appendix D2 Figure 1: Mutation frequency minimum estimates in DNA extracted from the control animals exposed for
28, 90 and 180 days to olive oil. The DNA was extracted from bone marrow (red) or liver (blue). No statistically significant
difference between the three timepoints of each tissue were found
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Appendix D2 Figure 2: Estimated mutation frequency minimum (MFmin) and maximum (MFmax) in bone marrow (red)
or liver (blue) after exposure to olive oil or increasing doses of benzo[b]fluoranthene. MFmin is displayed in solid bars
whereas MFmax is represented by striped bars. Statistically significant changes of exposed cohorts towards the
respective MFmin or MFmax of the vehicle controls are indicated through *=p <0.05 and *=p <0.01
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Appendix D2 Figure 3: Bubble plots indicating the alt_depth (size) of unique mutations (bubble) per dose after 28-days
of exposure to BbF in bone marrow (top) and liver (bottom). Colours are indicative of the normalized subtype of
mutations.
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Appendix D2 Figure 4: Bubble plots indicating the alt_depth (size) of unique mutations (bubble) per dose after 90-days
of exposure to BbF in bone marrow (top) and liver (bottom). Colours are indicative of the normalized subtype of

mutations.

278



0 156 3125 Legend
1 9 19

. CoA
D cG
D T
D T=A

C

>
. TG

mnv
sv

0 156 3125

31 46

normalized_subtype

[ -

deletion
insertion

Legend

1 4 7 15 33

normalized_subtype
. C>A

l:] C>G

D c=T

D T>A

T=C

B e

B compex

deletion
insertion
mnv

sv

Appendix D2 Figure 5: Bubble plots indicating the alt_depth (size) of unique mutations (bubble) per dose after 180-days
of exposure to BbF in bone marrow (top) and liver (bottom). Colours are indicative of the normalized subtype of

mutations.
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Appendix D2 Figure 6: Mean mutation frequency minimum (MFmin) + SEM per subtype in bone marrow (red) and liver
(blue) 28 days of exposure to olive oil or BbF. Statistical testing was done using generalized linear models for each dose
and subtype. Significant differences between each dose and vehicle controls are indicated (* p < 0;05; **p <0.01)
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Appendix D2 Figure 7: Mean mutation frequency minimum (MFmin) + SEM per subtype in bone marrow (red) and liver
(blue) 180 days of exposure to olive oil or BbF. Statistical testing was done using generalized linear models for each
dose and subtype. Significant differences between each dose and vehicle controls are indicated (* p < 0;05; **p <0.01)
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Appendix D3: Chapter 4

Appendix D3 Table 1: Assay metrics of the TGR assay on MutaMouse liver and BM samples after
exposure to BbF.

282



Sample tissue

Exposure duration

BbF dose

Mutant Frequency

(mg/kg/day) Total_Mutants Total_Plaques
Bone Marrow 28-Days 9] 13 222159 5.85E-05
Bone Marrow 28-Days 0 10 294390 3.40E-05
Bone Marrow 28-Days 0 8 275007 2.91E-05
Bone Marrow 28-Days 0 11 244193 4.50E-05
Bone Marrow 28-Days 0 6 224478 2.67E-05
Bone Marrow 28-Days 0 5 404227 1.24E-05
Bone Marrow 28-Days 0 20 332659 6.01E-05
Bone Marrow 28-Days 0 7 281302 2.49E-05
Bone Marrow 28-Days 6.25 29 388654 7.46E-05
Bone Marrow 28-Days 6.25 18 334647 5.38E-05
Bone Marrow 28-Days 6.25 9 257777 3.49E-05
Bone Marrow 28-Days 6.25 25 266723 9.37E-05
Bone Marrow 28-Days 6.25 15 232596 6.45E-05
Bone Marrow 28-Days 6.25 37 413504 8.95E-05
Bone Marrow 28-Days 6.25 39 414167 9.42E-05
Bone Marrow 28-Days 6.25 23 247837 9.28E-05
Bone Marrow 28-Days 12.5 14 162850 8.60E-05
Bone Marrow 28-Days 12.5 44 412841 1.07E-04
Bone Marrow 28-Days 12.5 26 235744 1.10E-04
Bone Marrow 28-Days 12.5 24 212053 1.13E-04
Bone Marrow 28-Days 12.5 15 147112 1.02E-04
Bone Marrow 28-Days 12.5 25 225472 1.11E-04
Bone Marrow 28-Days 12.5 15 166495 9.01E-05
Bone Marrow 28-Days 12.5 16 198634 8.06E-05
Bone Marrow 28-Days 25 55 355852 1.55E-04
Bone Marrow 28-Days 25 41 221662 1.85E-04
Bone Marrow 28-Days 25 41 210397 1.95E-04
Bone Marrow 28-Days 25 51 232099 2.20E-04
Bone Marrow 28-Days 25 23 205427 1.12E-04
Bone Marrow 28-Days 25 30 245187 1.22E-04
Bone Marrow 28-Days 25 45 389311 1.15E-04
Bone Marrow 28-Days 25 29 200954 1.44E-04
Bone Marrow 28-Days 50 64 274344 2.33E-04
Bone Marrow 28-Days 50 22 150757 1.46E-04
Bone Marrow 28-Days 50 45 261753 1.72E-04
Bone Marrow 28-Days 50 58 221662 2.62E-04
Bone Marrow 28-Days 50 44 242370 1.82E-04
Bone Marrow 28-Days 50 74 276332 2.68E-04
Bone Marrow 28-Days 50 68 220502 3.08E-04
Bone Marrow 28-Days 50 93 343593 2.71E-04
Bone Marrow 28-Days 100 65 167158 3.89E-04
Bone Marrow 28-Days 100 91 247672 3.67E-04
Bone Marrow 28-Days 100 56 139823 4.01E-04
Bone Marrow 28-Days 100 60 211722 2.83E-04
Bone Marrow 28-Days 100 96 273019 3.52E-04
Bone Marrow 28-Days 100 93 191014 4.87E-04
Bone Marrow 28-Days 100 186 471156 3.95E-04
Bone Marrow 28-Days 100 100 289585 3.45E-04
Liver 28-Days 0 17 207415 6.27E-05
Liver 28-Days 0 8 168483 4.75E-05
Liver 28-Days 0 14 219011 6.39E-05
Liver 28-Days 0 24 255127 9.41E-05
Liver 28-Days 0 6 174613 3.44E-05
Liver 28-Days 0 9 126735 7.10E-05
Liver 28-Days 0 11 188032 5.85E-05
Liver 28-Days 0 15 234750 6.39E-05
Liver 28-Days 6.25 13 189357 6.87E-05
Liver 28-Days 6.25 9 137503 6.55E-05
Liver 28-Days 6.25 10 182565 5.48E-05
Liver 28-Days 6.25 18 209071 8.61E-05
Liver 28-Days 6.25 17 154733 1.10E-04
Liver 28-Days 6.25 22 186375 1.18E-04
Liver 28-Days 6.25 8 150591 5.31E-05
Liver 28-Days 6.25 9 141811 6.35E-05
Liver 28-Days 12.5 18 173619 1.04E-04
Liver 28-Days 12.5 18 121765 1.48E-04
Liver 28-Days 12.5 25 193830 1.29E-04
Liver 28-Days 12.5 26 152413 1.71E-04
Liver 28-Days 12.5 33 278651 1.18E-04
Liver 28-Days 12.5 16 202942 7.88E-05
Liver 28-Days 12.5 13 134356 9.68E-05
Liver 28-Days 12.5 14 125244 1.12E-04
Liver 28-Days 25 42 214041 1.96E-04
Liver 28-Days 25 38 164010 2.32E-04
Liver 28-Days 25 46 154898 2.97E-04
Liver 28-Days 25 39 135018 2.89E-04
Liver 28-Days 25 29 156721 1.85E-04
Liver 28-Days 25 39 238229 1.64E-04
Liver 28-Days 25 33 187866 1.76E-04
Liver 28-Days 25 51 174613 2.92E-04
Liver 28-Days 50 74 184387 4.01E-04
Liver 28-Days 50 42 136675 3.07E-04
Liver 28-Days 50 94 137835 6.82E-04
Liver 28-Days 50 76 175938 4.32E-04
Liver 28-Days 50 66 148272 4.45E-04
Liver 28-Days 50 124 249494 4.97E-04
Liver 28-Days 50 56 222987 2.51E-04
Liver 28-Days 50 233 447300 5.21E-04
Liver 28-Days 100 127 187535 9.56E-04
Liver 28-Days 100 152 159040 7.30E-04
Liver 28-Days 100 129 176766 5.06E-04
Liver 28-Days 100 75 148272 8.89E-04
Liver 28-Days 100 130 146284 7.43E-04
Liver 28-Days 100 395 147940 1.65E-03
Liver 28-Days 100 207 125078 6.73E-04
Liver 28-Days 100 103 153076 6.73E-04

Appendix D3 Table 2: Assay metrics of the Pig-a assay on MutaMouse blood samples after exposure

to BbF.
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Animal No Exposure BbF Dose No. Counting | RBC to Counting | RET to Counting % RET No. Counting Total RBC Total RET Mutant RBCs per | Mutant RETs per
. duration (mg/kg/day) Beads Bead Ratio Bead Ratio Beads Equivalents Equivalents 10° Total RBCs | 10° Total RETs
1 28 days 0 1593 121.495 3.660 3.01 4858 194,771,547 5,867,434 0.08 0.17
2 28 days 0 1338 251.225 11.671 4.65 3751 310,970,732 14,446,569 0.05 0.07
3 28 days 0 1320 220.520 7.369 3.34 7449 542,070,228 18,114,074 0.01 0.00
4 28 days 0 1267 207.403 8.760 4.22 4254 291,153,568 12,297,340 0.07 0.16
5 28 days 0 1278 183.026 5.480 2.99 3803 229,693,503 6,877,276 0.10 0.15
6 28 days 0 1270 202.718 8.666 4.27 3406 227,848,699 9,740,313 1.94 1.13
7 28 days 0 1276 181.603 6.839 3.77 3673 220,116,979 8,289,401 0.34 1.21
8 28 days 0 1224 228.391 11.687 5.12 4246 320,013,701 16,375,427 0.59 0.12
9 28 days 3.125 1442 178.800 5.626 3.15 4104 242,149,995 7,619,328 0.05 0.00
10 28 days 3.125 1163 281.932 12171 4.32 3877 360,703,013 15,571,543 0.36 1.03
11 28 days 3.125 1296 176.589 6.678 3.78 4449 259,260,080 9,804,341 0.49 0.20
12 28 days 3.125 1186 248.321 11.561 4.66 4074 333,844,380 15,542,684 1.16 0.26
13 28 days 3.125 1292 164.861 6.197 3.76 3832 208,474,541 7,836,400 0.02 0.13
14 28 days 3.125 1234 196.238 9.181 4.68 3650 236,366,307 11,058,404 0.10 1.27
15 28 days 3.125 1218 154.974 7.227 4.66 4238 216,735,171 10,107,148 0.12 0.20
16 28 days 3.125 1216 207.921 9.476 4.56 4133 283,578,537 12,924,092 0.91 0.23
17 28 days 6.25 1379 171.479 7.127 4.16 4228 239,251,967 9,943,776 0.25 3.72
18 28 days 6.25 1288 239.382 11.686 4.88 3916 309,345,478 15,101,433 0.27 0.26
19 28 days 6.25 1384 172.172 5.995 3.48 4508 256,127,393 8,918,313 0.12 0.67
20 28 days 6.25 1174 249.932 11.868 4.75 4221 348,134,299 16,531,128 0.60 1.09
21 28 days 6.25 1277 175.036 7.168 4.09 3602 208,056,211 8,520,230 0.25 0.12
22 28 days 6.25 1120 259.818 11.296 4.35 4000 342,956,330 14,910,571 0.15 0.13
23 28 days 6.25 1426 102.699 4.750 4.63 4197 142,237,720 6,578,732 0.37 0.46
24 28 days 6.25 1379 128.560 6.365 4.95 4141 175,679,340 8,697,876 0.37 0.34
25 28 days 12.5 1336 169.354 7.452 4.40 4594 256,741,484 11,297,268 1.21 0.89
26 28 days 12.5 1175 280.835 14.760 5.26 3566 330,477,707 17,369,099 3.13 4.43
27 28 days 12.5 1273 154.392 6.339 4.11 4317 219,946,188 9,030,512 0.07 0.33
28 28 days 12.5 1255 235.224 9.462 4.02 3785 293,803,599 11,818,393 0.72 0.17
29 28 days 12.5 1385 120.344 6.619 5.50 3673 145,866,300 8,022,743 2.05 15.08
30 28 days 12.5 1176 219.140 12.178 5.56 3742 270,604,514 15,037,975 0.04 0.00
31 28 days 12.5 1306 138.453 5.871 4.24 4083 186,548,322 7,910,448 3.32 27.05
[ 32 28 days 12.5 1443 189.965 10.924 5.75 3967 248,682,594 14,300,575 0.59 0.35
33 28 days 25 1329 173.910 7.543 4.34 4321 247,981,006 10,755,682 0.31 0.46
34 28 days 25 1184 239.831 14.209 5.92 3920 310,242,279 18,380,579 2.39 5.60
35 28 days 25 1379 139.297 7.076 5.08 4457 204,877,372 10,407,347 1.28 9.90
36 28 days 25 1183 223.619 10.990 4.91 3665 270,453,295 13,291,723 1.38 13.09
37 28 days 25 1326 145.719 6.892 4.73 4163 200,185,303 9,468,066 0.07 0.21
38 28 days 25 1331 144.119 9.361 6.50 4083 194,182,558 12,612,792 0.24 0.24
39 28 days 25 1363 133.681 6.707 5.02 4170 183,956,585 9,229,410 0.33 1.73
40 28 days 25 1221 217.269 11.888 5.47 4039 289,588,436 15,845,000 0.06 0.25
41 28 days 50 1316 174.025 8.553 4.91 4514 259,228,528 12,740,592 0.35 0.31
42 28 days 50 1192 235.363 12.588 5.35 4344 337,394,194 18,044,969 3.56 0.67
43 28 days 50 1432 147.866 6.131 4.15 4962 242,122,239 10,039,167 0.40 3.98
44 28 days 50 1414 162.484 9.906 6.10 4351 233,297,069 14,223,190 3.87 6.82
45 28 days 50 1303 145.704 7.480 5.13 3803 182,855,234 9,387,231 0.42 1.17
46 28 days 50 1318 175.334 11.614 6.62 3920 226,809,794 15,023,720 2.89 12.58
47 28 days 50 1252 183.782 9.196 5.00 4162 252,414,702 12,630,212 0.15 0.32
48 28 days 50 1260 177.903 12.856 7.23 4263 250,269,659 18,085,511 0.07 0.28
49 28 days 100 1293 186.343 9.423 5.06 4319 265,586,432 13,430,185 2.55 40.21
50 28 days 100 1333 173.723 9.478 5.46 5644 323,559,326 17,652,788 247 17.62
51 28 days 100 1411 123.702 7.739 6.26 4511 184,144,667 11,520,392 4.71 0.87
52 28 days 100 1270 199.337 8.610 4.32 3795 249,637,196 10,782,626 0.46 0.28
53 28 days 100 1212 173.141 7.753 4.48 4057 231,800,584 10,379,690 1.43 4.24
54 28 days 100 1319 116.453 7.992 6.86 4282 164,553,431 11,293,063 0.34 0.44
55 28 days 100 1269 138.878 9.151 6.59 4242 194,407,813 12,809,991 1.15 0.39
56 28 days 100 1242 168.068 11.422 6.80 4310 239,040,726 16,245,348 1.52 222
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Appendix D3 Table 3: Mutation frequency metrics of DS on the MMP in liver and BM.

Animal ID ‘ Endpoint ‘ Sample tissue ‘ Exposure duration (:g/is/%z) Mutation count unique ‘ Mutation count all ‘ Sample depth ‘ Mutation frequency minimum ‘ Mutation Frequency maximum
1 Bone Marrow 28-Days 0 37 43 820319269 4.51E-08 5.24E-08
2 MMP Bone Marrow 28-Days 0 35 37 903268416 3.87E-08 4.10E-08
3 Bone Marrow 28-Days 0 34 35 841007628 4.04E-08 4.16E-08
4 Bone Marrow 28-days 0 39 43 953865140 4.09E-08 4.51E-08
5 Bone Marrow 28-Days 6.25 32 38 709601657 4.51E-08 5.36E-08
6 MMP Bone Marrow 28-Days 6.25 53 190 570223160 9.29E-08 3.33E-07
7 Bone Marrow 28-Days 6.25 27 28 650976772 4.15E-08 4.30E-08
8 Bone Marrow 28-days 6.25 35 43 755934082 4.63E-08 5.69E-08
9 Bone Marrow 28-Days 12.5 67 75 996552403 6.72E-08 7.53E-08
10 MMP Bone Marrow 28-Days 12.5 71 126 748281155 9.49E-08 1.68E-07
1 Bone Marrow 28-Days 12.5 72 80 975415700 7.38E-08 8.20E-08
12 Bone Marrow 28-days 12.5 47 51 714621726 6.58E-08 7.14E-08
13 Bone Marrow 28-Days 25 66 73 1034555738 6.38E-08 7.06E-08
14 MMP Bone Marrow 28-Days 25 60 73 731411483 8.20E-08 9.98E-08
15 Bone Marrow 28-Days 25 49 52 587263813 8.34E-08 8.85E-08
16 Bone Marrow 28-days 25 90 99 1013524373 8.88E-08 9.77E-08
17 Bone Marrow 28-Days 50 72 84 747503560 9.63E-08 1.12E-07
18 MMP Bone Marrow 28-Days 50 122 135 1015314151 1.20E-07 1.33E-07
19 Bone Marrow 28-Days 50 105 121 727894703 1.44E-07 1.66E-07
20 Bone Marrow 28-days 50 93 103 876901612 1.06E-07 1.17E-07
21 Bone Marrow 28-Days 100 143 176 859890285 1.66E-07 2.05E-07
22 MMP Bone Marrow 28-Days 100 115 138 723027618 1.59E-07 1.91E-07
23 Bone Marrow 28-Days 100 149 176 1141474460 1.31E-07 1.54E-07
24 Bone Marrow 28-days 100 118 136 876503251 1.35E-07 1.55E-07
1 Liver 28-Days 0 44 47 749609387 6.32E-08 6.75E-08
2 MMP Liver 28-Days 0 48 87 722340262 6.61E-08 1.20E-07
3 Liver 28-Days 0 41 47 627025630 5.01E-08 5.75E-08
4 Liver 28-days 0 28 28 677732398 3.39E-08 3.39E-08
5 Liver 28-Days 6.25 70 82 743455407 6.72E-08 7.87E-08
6 MMP Liver 28-Days 6.25 40 58 704928576 5.70E-08 8.26E-08
7 Liver 28-Days 6.25 32 33 849818048 4.60E-08 4.75E-08
8 Liver 28-days 6.25 50 50 632701328 6.51E-08 6.51E-08
9 Liver 28-Days 12.5 92 95 693759043 8.38E-08 8.65E-08
10 MMP Liver 28-Days 12.5 85 106 666531230 8.74E-08 1.09E-07
1 Liver 28-Days 12.5 68 72 517474384 7.11E-08 7.53E-08
12 Liver 28-days 12.5 71 79 738972435 8.02E-08 8.92E-08
13 Liver 28-Days 25 89 94 676238056 9.97E-08 1.05E-07
14 MMP Liver 28-Days 25 102 119 626642186 1.11E-07 1.29E-07
15 Liver 28-Days 25 85 89 1029731981 1.14E-07 1.19E-07
16 Liver 28-days 25 76 76 731701362 1.20E-07 1.20E-07
17 Liver 28-Days 50 195 197 671817466 2.21E-07 2.23E-07
18 MMP Liver 28-Days 50 275 304 639888577 2.90E-07 3.20E-07
19 Liver 28-Days 50 135 136 665939020 1.54E-07 1.55E-07
20 Liver 28-days 50 177 183 633802424 2.24E-07 2.31E-07
21 Liver 28-Days 100 250 269 690876985 3.15E-07 3.39E-07
22 MMP Liver 28-Days 100 498 595 595451784 4.85E-07 5.80E-07
23 Liver 28-Days 100 263 272 678943393 3.21E-07 3.32E-07
24 Liver 28-days 100 297 305 605952416 3.30E-07 3.39E-07
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Appendix D3 Table 4: Mutation frequency metrics of DS on lacZ in liver and BM.

Animal ID ‘ Endpoint ‘ Sample tissue ‘ Exposure duration (:g/i;/?jz) Mutation count unique ‘ Mutation count all ‘ Sample depth ‘ Mutation frequency minimum ‘ Mutation Frequency maximum
1 Bone Marrow 28-Days 0 21 21 161810257 1.30E-07 1.30E-07
2 lacz Bone Marrow 28-Days 0 61 74 290324467 2.10E-07 2.55E-07
3 Bone Marrow 28-Days 0 15 17 61849186 2.43E-07 2.75E-07
4 Bone Marrow 28-days 0 34 46 207008767 1.64E-07 2.22E-07
5 Bone Marrow 28-Days 6.25 25 48 117390158 2.13E-07 4.09E-07
6 lacZ Bone Marrow 28-Days 6.25 41 47 224510942 1.83E-07 2.09E-07
7 Bone Marrow 28-Days 6.25 78 2401 403897853 1.93E-07 5.94E-06
8 Bone Marrow 28-days 6.25 8 36 44180898 1.81E-07 8.15E-07
9 Bone Marrow 28-Days 12.5 35 42 129790694 2.70E-07 3.24E-07
10 lacZ Bone Marrow 28-Days 12.5 57 57 197647948 2.88E-07 2.88E-07
1 Bone Marrow 28-Days 12.5 30 32 129538110 2.32E-07 2.47E-07
12 Bone Marrow 28-days 12.5 27 35 82983382 3.25E-07 4.22E-07
13 Bone Marrow 28-Days 25 15 33 45931880 3.27E-07 7.18E-07
14 lacZ Bone Marrow 28-Days 25 43 47 189999925 2.26E-07 2.47E-07
15 Bone Marrow 28-Days 25 93 109 368394389 2.52E-07 2.96E-07
16 Bone Marrow 28-days 25 50 441 149448380 3.35E-07 2.95E-06
17 Bone Marrow 28-Days 50 42 43 120234448 3.49E-07 3.58E-07
18 lacz Bone Marrow 28-Days 50 15 15 34018897 4.41E-07 4.41E-07
19 Bone Marrow 28-Days 50 64 382 134814238 4.75E-07 2.83E-06
20 Bone Marrow 28-days 50 104 114 165867250 6.27E-07 6.87E-07
21 Bone Marrow 28-Days 100 96 106 148914836 6.45E-07 7.12E-07
22 lacZ Bone Marrow 28-Days 100 52 53 82091426 6.33E-07 6.46E-07
23 Bone Marrow 28-Days 100 120 132 214469159 5.60E-07 6.15E-07
24 Bone Marrow 28-days 100 278 311 193392372 1.44E-06 1.61E-06
1 Liver 28-Days 0 28 29 133089805 2.10E-07 2.18E-07
2 lacZ Liver 28-Days 0 15 16 92685630 1.62E-07 1.73E-07
3 Liver 28-Days 0 88 111 498084122 1.77E-07 2.23E-07
4 Liver 28-days 0 20 22 149226891 1.34E-07 1.47E-07
5 Liver 28-Days 6.25 52 58 217527560 2.39E-07 2.67E-07
6 lacz Liver 28-Days 6.25 31 33 241967798 1.28E-07 1.36E-07
7 Liver 28-Days 6.25 34 1052 179140752 1.90E-07 5.87E-06
8 Liver 28-days 6.25 59 122 276937273 2.13E-07 4.41E-07
9 Liver 28-Days 12.5 50 52 257218068 1.94E-07 2.02E-07
10 lacz Liver 28-Days 12.5 41 41 144832441 2.83E-07 2.83E-07
1 Liver 28-Days 12.5 49 56 220072918 2.23E-07 2.54E-07
12 Liver 28-days 12.5 44 54 220755622 1.99E-07 2.45E-07
13 Liver 28-Days 25 69 101 239689136 2.88E-07 4.21E-07
14 lacz Liver 28-Days 25 40 43 151004525 2.65E-07 2.85E-07
15 Liver 28-Days 25 37 39 154366526 2.40E-07 2.53E-07
16 Liver 28-days 25 70 72 247935103 2.82E-07 2.90E-07
17 Liver 28-Days 50 109 113 230776235 4.72E-07 4.90E-07
18 lacz Liver 28-Days 50 48 56 99194787 4.84E-07 5.65E-07
19 Liver 28-Days 50 82 618 240904562 3.40E-07 2.57E-06
20 Liver 28-days 50 140 836 304059159 4.60E-07 2.75E-06
21 Liver 28-Days 100 109 111 174006148 6.26E-07 6.38E-07
22 lacz Liver 28-Days 100 324 345 310671524 1.04E-06 1.11E-06
23 Liver 28-Days 100 62 63 91393390 6.78E-07 6.89E-07
24 Liver 28-days 100 122 127 209870365 5.81E-07 6.05E-07
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Appendix D3 Table 5: Mutation frequency metrics of DS on Pig-a in BM

Animal ID ‘ Endpoint Sample tissue ’ Exposure duration (r:g/i;?;) Mutation count unique Mutation count all ‘ Sample depth ‘ Mutation frequency minimum Mutation Frequency maximum
1 Bone Marrow 28-Days 0 12 200 131639652 9.12E-08 1.52E-06
2 Pig-a Bone Marrow 28-Days 0 15 264 154609238 9.70E-08 1.71E-06
3 Bone Marrow 28-Days 0 12 86 135456006 8.86E-08 6.35E-07
4 Bone Marrow 28-days 0 8 205 1556111250 5.16E-08 1.32E-06
5 Bone Marrow 28-Days 6.25 15 177 112760484 1.33E-07 1.57E-06
6 Pig-a Bone Marrow 28-Days 6.25 11 113 85344758 1.29E-07 1.32E-06
7 Bone Marrow 28-Days 6.25 " 103 101616480 1.08E-07 1.01E-06
8 Bone Marrow 28-days 6.25 13 203 138257449 9.40E-08 1.47E-06
9 Bone Marrow 28-Days 12.5 13 137 175174353 7.42E-08 7.82E-07
10 Pig-a Bone Marrow 28-Days 12.5 9 254 112201341 8.02E-08 2.26E-06
1 Bone Marrow 28-Days 12.5 14 186 161113118 8.69E-08 1.15E-06
12 Bone Marrow 28-days 12.5 12 123 129479446 9.27E-08 9.50E-07
13 Bone Marrow 28-Days 25 20 285 176808717 1.13E-07 1.61E-06
14 Pig-a Bone Marrow 28-Days 25 8 95 135829900 5.89E-08 6.99E-07
15 Bone Marrow 28-Days 25 10 212 90160387 1.11E-07 2.35E-06
16 Bone Marrow 28-days 25 21 269 160525277 1.31E-07 1.68E-06
17 Bone Marrow 28-Days 50 18 121 127197850 1.42E-07 9.51E-07
18 Pig-a Bone Marrow 28-Days 50 21 180 168699535 1.24E-07 1.07E-06
19 Bone Marrow 28-Days 50 10 161 112030452 8.93E-08 1.44E-06
20 Bone Marrow 28-days 50 22 232 146159434 1.51E-07 1.59E-06
21 Bone Marrow 28-Days 100 15 161 151879545 9.88E-08 1.06E-06
22 Pig-a Bone Marrow 28-Days 100 16 223 125741338 1.27E-07 1.77E-06
23 Bone Marrow 28-Days 100 10 136 184742202 5.41E-08 7.36E-07
24 Bone Marrow 28-days 100 19 211 155379239 1.22E-07 1.36E-06
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Appendix D3 Table 6: Subtype specific mutagenicity data on MMP in liver and bone marrow of MutaMouse males post exposure to BbF for 28-days

Animal ID Endpoi Sample Tissue  Exposure Duration BbF dose |[C:G>AT C:G>A:T C:G>AT C:G>AT C:G>G:C C:G>G:.C C:G>G:C C:G>G:.C C:G>T:A C:G>T: C.G>T:A C:G>T:A T:A>AT T.A>A: T:A>AT TA>AT T:A>C:G T:A>C: T:A>C:G T:A>C:G T:A>G:.C T:A>G: T:A>G:.C T:A>G:C Insertion Insertion Insertion Insertion Deletion Deletio Deletion Deletion
(malka/day)| Count Count All_MFmin __MFmax _ Count Count Al _MFmin__MFmax__ Count A MFmin__MFmax__ Count T MFmin__MFmax__ Count G MFmin__MFmax___ Count C MFmin__ MFmax __Count Unique Count All_ MFmin _ MFmax _ Count n MFmin___ MFmax
1 MMP Bone Marrow 28-Days 0 9 10 2.53E-08 2.82E-08 3 4 8.45E-09 1.13E-08 7 7 1.97E-08 1.97E-08 1 1 2.15E-09 2.15E-09 4 4 8.60E-09 8.60E-09 2 5  4.30E-09 1.07E-08 0 0 0 0 1" 12 1.34E-08 1.46E-08
2 MMP Bone Marrow 28-Days 0 7 7 1.78E-08 1.78E-08 0 0 0 0 12 13  3.05E-08 3.31E-08 1 1 1.96E-09 1.96E-09 3 3 5.88E-09 5.88E-09 2 2 3.92E-09 3.92E-09 1 2 1.11E-09 2.21E-09 9 9 9.96E-09 9.96E-09
3 MMP Bone Marrow 28-Days 0 4 4 1.10E-08 1.10E-08 0 0 0 0 8 8 2.20E-08 2.20E-08 3 3  6.29E-09 6.29E-09 6 6 1.26E-08 1.26E-08 1 1 2.10E-09 2.10E-09 3 4 3.57E-09 4.76E-09 8 8 9.51E-09 9.51E-09
4 MMP Bone Marrow 28-Days 0 12 12 2.90E-08 2.90E-08 3 3 7.25E-09 7.25E-09 9 9 2.17E-08 2.17E-08 0 0 0 0 6 6 1.11E-08 1.11E-08 2 2 3.70E-09 3.70E-09 0 0 0 0 5 8 5.24E-09 8.39E-09
5 MMP Bone Marrow 28-Days 6.25 9 9 2.94E-08 2.94E-08 1 3 3.27E-09 9.81E-09 " 11 3.60E-08 3.60E-08 2 2 4.95E-09 4.95E-09 4 4 9.91E-09 9.91E-09 1 2 2.48E-09 4.95E-09 0 0 0 0 3 3 4.23E-09 4.23E-09
6 MMP Bone Marrow 28-Days 6.25 14 14 5.71E-08 5.71E-08 5 30 2.04E-08 1.22E-07 10 50 4.08E-08 2.04E-07 1 1 3.08E-09 3.08E-09 8 14 2.46E-08 4.31E-08 3 3 9.23E-09 9.23E-09 0 0 0 0 6 20 1.05E-08 3.51E-08
7 MMP Bone Marrow 28-Days 6.25 4 5 1.43E-08 1.79E-08 3 3 1.07E-08 1.07E-08 3 3 1.07E-08 1.07E-08 1 1 2.70E-09 2.70E-09 5 5 1.35E-08 1.35E-08 3 3 8.09E-09 8.09E-09 1 1 1.54E-09 1.54E-09 6 6 9.22E-09 9.22E-09
8 MMP Bone Marrow 28-Days 6.25 10 10 3.02E-08 3.02E-08 0 0 0 0 8 9 2.41E-08 2.71E-08 3 8  7.07E-09 1.89E-08 4 4 9.43E-09 9.43E-09 2 2 4.71E-09 4.71E-09 2 2 2.65E-09 2.65E-09 3 3 3.97E-09 3.97E-09
9 MMP Bone Marrow 28-Days 12.5 15 17 3.44E-08 3.90E-08 7 7 1.61E-08 1.61E-08 14 16  3.21E-08 3.67E-08 6 6  1.07E-08 1.07E-08 8 8  1.43E-08 1.43E-08 4 6  7.13E-09 1.07E-08 1 1 1.00E-09 1.00E-09 10 11 1.00E-08 1.10E-08
10 MMP Bone Marrow 28-Days 12.5 21 32 6.54E-08 9.97E-08 5 15 1.56E-08 4.67E-08 13 25  4.05E-08 7.79E-08 6 6 1.40E-08 1.40E-08 7 9 1.64E-08 2.11E-08 4 4 9.36E-09 9.36E-09 2 2 2.67E-09 2.67E-09 7 7 9.35E-09 9.35E-09
" MMP Bone Marrow 28-Days 12.5 22 25 5.19E-08 5.90E-08 7 7 1.65E-08 1.65E-08 5 7 1.18E-08 1.65E-08 8 9 1.45E-08 1.63E-08 9 10  1.63E-08 1.81E-08 7 7 1.27E-08 1.27E-08 3 4 3.08E-09 4.10E-09 9 9 9.23E-09 9.23E-09
12 MMP Bone Marrow 28-Days 12.5 21 23 6.73E-08 7.37E-08 3 3 9.62E-09 9.62E-09 6 7 1.92E-08 2.24E-08 3 4  7.45E-09 9.93E-09 1 1 2.48E-09 2.48E-09 4 4 9.93E-09 9.93E-09 0 0 0 0 8 8 1.12E-08 1.12E-08
13 MMP Bone Marrow 28-Days 25 17 17 3.77E-08 3.77E-08 6 6 1.33E-08 1.33E-08 17 22 3.77E-08 4.88E-08 4 5  6.86E-09 8.57E-09 6 6 1.03E-08 1.03E-08 3 3 5.14E-09 5.14E-09 1 1 9.67E-10 9.67E-10 9 10  8.70E-09 9.67E-09
14 MMP Bone Marrow 28-Days 25 14 19 4.36E-08 5.92E-08 6 6 1.87E-08 1.87E-08 " 16  3.43E-08 4.98E-08 10 12 2.44E-08 2.92E-08 9 9 2.19E-08 2.19E-08 2 2 4.87E-09 4.87E-09 1 2 1.37E-09 2.73E-09 7 7 9.57E-09 9.57E-09
15 MMP Bone Marrow 28-Days 25 9 10 3.57E-08 3.96E-08 4 4 1.59E-08 1.59E-08 12 12 4.76E-08 4.76E-08 5 5 1.49E-08 1.49E-08 6 7 1.79E-08 2.09E-08 2 2 5.97E-09 5.97E-09 3 4 5.11E-09 6.81E-09 7 7 1.19E-08 1.19E-08
16 MMP Bone Marrow 28-Days 25 22 23 4.99E-08 5.22E-08 5 9 1.14E-08 2.04E-08 16 17 3.63E-08 3.86E-08 14 15 2.44E-08 2.62E-08 9 10 1.57E-08 1.75E-08 5 5 8.73E-09 8.73E-09 2 2 1.97E-09 1.97E-09 12 12 1.18E-08 1.18E-08
17 MMP Bone Marrow 28-Days 50 32 42 9.84E-08 1.29E-07 4 5 1.23E-08 1.54E-08 10 11 3.07E-08 3.38E-08 7 7 1.66E-08 1.66E-08 3 3 7.11E-09 7.11E-09 4 4 9.47E-09 9.47E-09 2 2 2.68E-09 2.68E-09 8 8 1.07E-08 1.07E-08
18 MMP Bone Marrow 28-Days 50 28 28 6.34E-08 6.34E-08 9 10 2.04E-08 2.26E-08 28 35 6.34E-08 7.92E-08 11 13 1.92E-08 2.27E-08 20 21 3.49E-08 3.66E-08 7 8 1.22E-08 1.39E-08 5 5 4.92E-09 4.92E-09 10 11 9.85E-09 1.08E-08
19 MMP Bone Marrow 28-Days 50 38 46 1.21E-07 1.47E-07 5 5 1.60E-08 1.60E-08 23 26 7.35E-08 8.31E-08 9 10  2.17E-08 2.41E-08 9 9 2.17E-08 2.17E-08 2 2 4.82E-09 4.82E-09 3 4 4.12E-09 5.50E-09 14 17 1.92E-08 2.34E-08
20 MMP Bone Marrow 28-Days 50 27 28  7.08E-08 7.35E-08 6 6 1.57E-08 1.57E-08 22 27 5.77E-08 7.08E-08 12 16 242E-08 3.23E-08 11 11 2.22E-08 2.226-08 3 3 6.05E-09 6.05E-09 1 1 1.14E-09 1.14E-09 10 10 1.14E-08 1.14E-08
21 MMP Bone Marrow 28-Days 100 43 57 1.14E-07 1.52E-07 1 14 2.93E-08 3.73E-08 32 35 8.52E-08 9.32E-08 18 20 3.72E-08 4.13E-08 9 9 1.86E-08 1.86E-08 4 9 8.26E-09 1.86E-08 3 4 3.49E-09 4.65E-09 14 15 1.63E-08 1.74E-08
22 MMP Bone Marrow 28-Days 100 54 58 1.70E-07 1.83E-07 7 7 2.21E-08 2.21E-08 31 43 9.79E-08 1.36E-07 9 10  2.22E-08 2.46E-08 3 3 7.38E-09 7.38E-09 2 2 4.92E-09 4.92E-09 0 0 0 0 5 6 6.92E-09 8.30E-09
23 MMP Bone Marrow 28-Days 100 57 l 1.16E-07 1.43E-07 15 17 3.02E-08 3.43E-08 31 33  6.25E-08 6.65E-08 14 16 2.17E-08 2.48E-08 10 14 1.55E-08 2.17E-08 6 7 9.29E-09 1.08E-08 3 3 2.63E-09 2.63E-09 6 7 5.26E-09 6.13E-09
24 MMP Bone Marrow 28-Days 100 43 49 1.12E-07 1.28E-07 7 7 1.83E-08 1.83E-08 26 33 6.79E-08 8.61E-08 5 5 1.01E-08 1.01E-08 14 18  2.84E-08 3.65E-08 5 5 1.01E-08 1.01E-08 2 2 2.28E-09 2.28E-09 11 11 1.26E-08 1.26E-08
1 MMP Liver 28-Days 0 2 2 6.64E-09 6.64E-09 0 0 0 0 19 19  6.31E-08 6.31E-08 5 5 1.26E-08 1.26E-08 4 6 1.01E-08 1.52E-08 0 0 0 0 3 3 4.31E-09 4.31E-09 10 11 1.44E-08 1.58E-08
2 MMP Liver 28-Days 0 6 6 1.93E-08 1.93E-08 3 7 9.63E-09 2.25E-08 15 35 4.81E-08 1.12E-07 2 2  4.83E-09 4.83E-09 6 6 1.45E-08 1.45E-08 3 3 7.24E-09 7.24E-09 2 2 2.76E-09 2.76E-09 7 7 9.64E-09 9.64E-09
3 MMP Liver 28-Days 0 3 3 8.45E-09 8.45E-09 1 1 2.82E-09 2.82E-09 15 21 4.23E-08 5.92E-08 5 5  1.08E-08 1.08E-08 7 7  1.51E-08 1.51E-08 3 3  6.48E-09 6.48E-09 1 1 1.22E-09 1.22E-09 6 6 7.34E-09 7.34E-09
4 MMP Liver 28-Days 0 5 5 1.40E-08 1.40E-08 1 1 2.79E-09 2.79E-09 13 13 3.63E-08 3.63E-08 3 3 6.42E-09 6.42E-09 1 1 2.14E-09 2.14E-09 1 1 2.14E-09 2.14E-09 1 1 1.21E-09 1.21E-09 1 1 1.21E-09 1.21E-09
5 MMP Liver 28-Days 6.25 15 16 3.35E-08 3.57E-08 2 2 4.47E-09 4.47E-09 26 30 5.81E-08 6.70E-08 0 0 0 0 1" 12 1.85E-08 2.02E-08 4 4 6.73E-09 6.73E-09 1 1 9.60E-10 9.60E-10 9 12 8.64E-09 1.15E-08
6 MMP Liver 28-Days 6.25 10 19 3.27E-08 6.21E-08 3 3 9.81E-09 9.81E-09 9 15 2.94E-08 4.90E-08 4 4 1.01E-08 1.01E-08 4 4 1.01E-08 1.01E-08 1 1 2.53E-09 2.53E-09 1 2 1.42E-09 2.85E-09 2 2 2.85E-09 2.85E-09
7 MMP Liver 28-Days 6.25 6 6 2.00E-08 2.00E-08 1 1 3.34E-09 3.34E-09 8 8 2.67E-08 2.67E-08 6 6 1.52E-08 1.52E-08 0 0 0 0 3 4 7.58E-09 1.01E-08 0 0 0 0 7 7 1.01E-08 1.01E-08
8 MMP Liver 28-Days 6.25 5 5 1.50E-08 1.50E-08 0 0 0 0 27 27 8.10E-08 8.10E-08 2 2 461E-09 4.61E-09 5 5 1.15E-08 1.15E-08 4 4 9.22E-09 9.22E-09 2 2 2.61E-09 2.61E-09 4 4 5.21E-09 5.21E-09
9 MMP Liver 28-Days 12.5 19 19 4.02E-08 4.02E-08 6 7 1.27E-08 1.48E-08 35 36  7.40E-08 7.61E-08 5 5  8.00E-09 8.00E-09 8 8 1.28E-08 1.28E-08 4 4 6.40E-09 6.40E-09 2 2 1.82E-09 1.82E-09 9 9 8.19E-09 8.19E-09
10 MMP Liver 28-Days 125 17 17 4.05E-08 4.05E-08 5 5 1.19E-08 1.19E-08 17 19  4.05E-08 4.53E-08 13 13  2.35E-08 2.35E-08 10 26 1.81E-08 4.71E-08 4 4 7.24E-09 7.24E-09 6 8 6.17E-09 8.23E-09 8 8 8.23E-09 8.23E-09
" MMP Liver 28-Days 12.5 14 14 3.41E-08 3.41E-08 2 2 4.88E-09 4.88E-09 19 19  4.63E-08 4.63E-08 6 6 1.10E-08 1.10E-08 8 8 1.47E-08 1.47E-08 4 4 7.33E-09 7.33E-09 6 6 6.28E-09 6.28E-09 8 8 8.37E-09 8.37E-09
12 MMP Liver 28-Days 12.5 15 15 3.92E-08 3.92E-08 8 8 2.09E-08 2.09E-08 23 31 6.02E-08 8.11E-08 6 6 1.19E-08 1.19E-08 8 8 1.59E-08 1.59E-08 2 2 3.97E-09 3.97E-09 0 0 0 0 5 5 5.65E-09 5.65E-09
13 MMP Liver 28-Days 25 32 32 8.30E-08 8.30E-08 5 6 1.30E-08 1.56E-08 15 17  3.89E-08 4.41E-08 " 11 217E-08 2.17E-08 6 6 1.18E-08 1.18E-08 7 7 1.38E-08 1.38E-08 1 1 1.12E-09 1.12E-09 8 8 8.96E-09 8.96E-09
14 MMP Liver 28-Days 25 35 35 8.84E-08 8.84E-08 16 19 4.04E-08 4.80E-08 20 28  5.05E-08 7.07E-08 12 12 2.29E-08 2.29E-08 8 10  1.53E-08 1.91E-08 0 0 0 0 2 2 2.18E-09 2.18E-09 4 4 4.35E-09 4.35E-09
15 MMP Liver 28-Days 25 25 27 7.77E-08 8.39E-08 9 9 2.80E-08 2.80E-08 19 21 5.91E-08 6.53E-08 10 10  2.34E-08 2.34E-08 5 5 1.17E-08 1.17E-08 3 3 7.02E-09 7.02E-09 2 2 2.67E-09 9 9 1.20E-08 1.20E-08
16 MMP Liver. 28-Days 25 31 31 1.12E-07 1.12E-07 3 3 1.09E-08 8 6.52E-08 1 11 3.09E-08 3.09E-08 5 5 1.40E-08 1.40E-08 4 4 1.12E-08 1.12E-08 2 2 3.16E-09 1 1
17 MMP Liver 28-Days 50 75 76 1.96E-07 1.98E-07 17 17 4.43E-08 1.10E-07 21 21 4.22E-08 4.22E-08 10 10  2.01E-08 2.01E-08 5 5 1.00E-08 1.00E-08 1 1 1.13E-09 1.13E-09 12 12 1.36E-08 1.36E-08
18 MMP Liver 28-Days 50 136 136  3.31E-07 3.31E-07 24 24 5.84E-08 1.27E-07 30 30 5.58E-08 5.58E-08 14 16  2.60E-08 2.98E-08 4 4 7.44E-09 7.44E-09 5 6 5.27E-09 6.33E-09 7 25 7.38E-09 2.64E-08
19 MMP Liver 28-Days 50 54 54 1.43E-07 1.43E-07 9 9 2.38E-08 7.94E-08 15 15  3.00E-08 3.00E-08 7 7 1.40E-08 1.40E-08 6 7 1.20E-08 1.40E-08 1 1 1.14E-09 1.14E-09 9 9 1.03E-08 1.03E-08
20 MMP Liver 28-Days 50 63 63 1.85E-07 1.85E-07 19 20 5.59E-08 1.30E-07 22 22 4.87E-08 4.87E-08 13 14  2.88E-08 3.10E-08 4 4 8.86E-09 8.86E-09 2 2 2.53E-09 2.53E-09 7 7 8.85E-09 8.85E-09
21 MMP Liver 28-Days 100 107 109  3.13E-07 3.19E-07 28 33 8.20E-08 1.85E-07 28 28  6.19E-08 6.19E-08 9 10  1.99E-08 2.21E-08 5 5 1.11E-08 1.11E-08 3 3 3.78E-09 3.78E-09 6 6 7.56E-09 7.56E-09
22 MMP Liver 28-Days 100 229 232  5.17E-07 5.24E-07 45 45 1.02E-07 4.09E-07 62 63  1.06E-07 1.08E-07 23 23 3.94E-08 3.94E-08 10 10  1.71E-08 1.71E-08 5 5 4.87E-09 4.87E-09 21 21 2.05E-08 2.05E-08
23 MMP Liver 28-Days 100 17 120  3.30E-07 3.38E-07 21 21 5.92E-08 1.35E-07 30 30 6.47E-08 6.47E-08 17 17  3.66E-08 3.66E-08 6 7 1.29E-08 1.51E-08 4 6 4.89E-09 7.33E-09 13 14 1.59E-08 1.71E-08
24 MMP Liver 28-Days 100 100 101 2.59E-07 2.62E-07 26 26 6.74E-08 6.74E-08 64 66 1.66E-07 1.71E-07 35 35 6.81E-08 6.81E-08 22 22 4.28E-08 4.28E-08 13 13 2.53E-08 2.53E-08 4 4 4.45E-09 4.45E-09 20 21 2.22E-08 2.33E-08
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Appendix D3 Table 7: Subtype specific mutagenicity data on lacZ in liver and bone marrow of MutaMouse males post exposure to BbF for 28-days

bF dose [C:G>AT C:G>AT C:G>AT C:G>AT C:G>G:C C:G>G:C C:G>G:C C:G>G:C C:G>T:A C:G>T: C:G>T:A

Bl
Animal ID Endpoi Sample Tissue Exposure Duration | - *"%
1 lacZ Bone Marrow 28-Days 0
2 lacZ Bone Marrow 28-Days 0
3 lacZ Bone Marrow 28-Days 0
4 lacZ Bone Marrow 28-Days 0
5 lacZ Bone Marrow 28-Days 6.25
6 lacZ Bone Marrow 28-Days 6.25
7 lacZ Bone Marrow 28-Days 6.25
8 lacZ Bone Marrow 28-Days 6.25
9 lacZ Bone Marrow 28-Days 125
10 lacZ Bone Marrow 28-Days 12.5
1" lacZ Bone Marrow 28-Days 125
12 lacZ Bone Marrow 28-Days 12.5
13 lacZ Bone Marrow 28-Days 25
14 lacZ Bone Marrow 28-Days 25
15 lacZ Bone Marrow 28-Days 25
16 lacZ Bone Marrow 28-Days 25
17 lacZ Bone Marrow 28-Days 50
18 lacZ Bone Marrow 28-Days 50
19 lacZ Bone Marrow 28-Days 50
20 lacZ Bone Marrow 28-Days 50
21 lacZ Bone Marrow 28-Days 100
2 lacZ Bone Marrow 28-Days 100
23 lacZ Bone Marrow 28-Days 100
2 lacZ Bone Marrow 28-Days 100
1 lacZ Liver 28-Days 0
2 lacZ Liver 28-Days 0
3 lacZ Liver 28-Days 0
4 lacZ Liver 28-Days 0
5 lacZ Liver 28-Days 6.25
6 lacZ Liver 28-Days 6.25
7 lacZ Liver 28-Days 6.25
8 lacZ Liver 28-Days 6.25
9 lacZ Liver 28-Days 12.5
10 lacZ Liver 28-Days 125
1 lacZ Liver 28-Days 12.5
12 lacZ Liver 28-Days 125
13 lacZ Liver 28-Days 25
14 lacZ Liver 28-Days 25
15 lacZ Liver 28-Days 25
16 lacZ Liver 28-Days 25
17 lacZ Liver 28-Days 50
18 lacZ Liver 28-Days 50
19 lacZ Liver 28-Days 50
20 lacZ Liver 28-Days 50
21 lacZ Liver 28-Days 100
2 lacZ Liver 28-Days 100
23 lacZ Liver 28-Days 100
2 lacZ Liver 28-Days 100

Count  Count All
3 3

6
4
4
2

0
7

6
4
4
20
13
19
1

8
16

MFmin
3.56E-08
3.95E-08
1.24E-07
3.71E-08
3.27E-08
8.54E-08
8.04E-08
4.35E-08
1.18E-07
1.55E-07
1.48E-07
2.08E-07
1.68E-07
1.11E-07
1.19E-07
2.05E-07
2.40E-07
2.82E-07
3.98E-07
4.05E-07
4.64E-07
5.37E-07
3.57E-07
3.76E-07
1.44E-08
2.06E-08
1.53E-08
1.28E-08
9.67E-08
3.95E-08
8.54E-08
2.76E-08
7.41E-08
1.45E-07
8.69E-08
3.47E-08
1.60E-07
1.40E-07
1.24E-07
2.01E-07
3.98E-07
4.05E-07
2.22E-07
3.77E-07
5.95E-07
9.76E-07
7.13E-07
5.29E-07

MFmax
3.56E-08
3.95E-08
1.24E-07
3.71E-08
3.27E-07
1.11E-07
8.98E-08
4.35E-08
1.18E-07
1.56E-07
1.48E-07
2.08E-07
2.09E-07
1.31E-07
1.29E-07
2.05E-07
2.40E-07
2.82E-07
4.13E-07
4.28E-07
4.77E-07
5.37E-07
4.38E-07
4.25E-07
1.44E-08
2.06E-08
1.53E-08
1.28E-08
9.67E-08
3.95E-08
8.54E-08
2.76E-08
8.15E-08
1.45E-07
8.69E-08
5.20E-08
1.84E-07
1.40E-07
1.24E-07
2.09E-07
4.23E-07
4.05E-07
2.22E-07
4.09E-07
6.06E-07
1.06E-06
7.13E-07
5.48E-07
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1.98E-08
3.10E-08
0
4.91E-08
4.27E-08
1.42E-08
0
5.91E-08
3.88E-08
4.45E-08
4.63E-08
4.19E-08
5.05E-08
6.20E-08
1.03E-07
1.60E-08
0
1.42E-07
2.31E-07
1.68E-07
1.87E-07
1.16E-07
2.97E-08
0

0
3.81E-09
0

1.76E-08
7.90E-09
1.07E-08
0
1.48E-08
2.64E-08
1.74E-08
3.47E-08
3.19E-08
3.81E-08
3.73E-08
3.09E-08
4.97E-08
1.35E-07
5.56E-08
8.81E-08
1.76E-07
2.21E-07
1.89E-07
9.13E-08

1.98E-08
3.10E-08
0
4.91E-08
4.27E-08
1.42E-08
0
7.39E-08
3.88E-08
4.45E-08
4.63E-08
4.19E-08
5.05E-08
6.20E-08
1.15E-07
1.60E-08
0
1.42E-07
2.31E-07
1.68E-07
1.87E-07
1.16E-07
2.97E-08
0

0
3.81E-09
0

1.76E-08
7.90E-09
1.07E-08
0
1.48E-08
2.64E-08
1.74E-08
3.47E-08
3.19E-08
3.81E-08
3.73E-08
3.09E-08
4.97E-08
1.35E-07
5.56E-08
8.81E-08
1.76E-07
2.21E-07
1.89E-07
9.13E-08

Count  Count Al MFmin  MFmax  Count
0 0 12

40

A
12
51
10
36
17
20

1581

MFmin
1.42E-07
2.63E-07
2.48E-07
2.23E-07
2.62E-07
1.45E-07
1.70E-07
2.17E-07
2.07E-07
2.23E-07
1.63E-07
2.31E-07
2.93E-07
2.12E-07
2.22E-07
2.31E-07
2.55E-07
3.95E-07
1.71E-07
2.54E-07
3.74E-07
2.57E-07
3.93E-07
7.72E-07
3.02E-07
1.65E-07
2.55E-07
1.67E-07
2.46E-07
1.50E-07
2.24E-07
3.32E-07
2.45E-07
3.04E-07
2.61E-07
2.86E-07
2.87E-07
2.41E-07
2.61E-07
2.40E-07
3.23E-07
3.28E-07
2.86E-07
2.89E-07
2.87E-07
5.22E-07
1.89E-07
3.83E-07

C:G>TAA TASAT T:ASAT TASAT

MFmax
1.42E-07
3.36E-07
3.10E-07
3.34E-07
2.78E-07
1.71E-07
7.48E-06
2.17E-07
2.22E-07
2.23E-07
1.93E-07
2.78E-07
2.93E-07
2.32E-07
2.89E-07
5.23E-06
2.71E-07
3.95E-07
2.28E-07
2.78E-07
4.64E-07
2.80E-07
4.02E-07
8.81E-07
3.17E-07
1.86E-07
3.36E-07
1.67E-07
2.90E-07
1.66E-07
6.93E-06
7.67E-07
2.52E-07
3.04E-07
3.22E-07
3.55E-07
5.19E-07
2.79E-07
2.86E-07
2.48E-07
3.32E-07
4.63E-07
2.94E-07
3.40E-07
2.98E-07
5.53E-07
2.10E-07
4.11E-07

Count
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MFmin
0

1.44E-08
3.37E-08
0
3.55E-08
1.86E-08
1.56E-08
0
4.83E-08
4.23E-08
3.22E-08
2.52E-08
9.07E-08
1.10E-08
5.72E-09
1.40E-08
3.47E-08
1.23E-07
0
1.01E-07
4.21E-08
1.27E-07
3.90E-08
8.23E-07
3.14E-08
2.26E-08
0
0
1.93E-08
2.60E-08
1.17E-08
7.57E-09
8.17E-09
0

2.86E-08
1.90E-08
0
5.54E-08
1.35E-08
8.43E-09
3.63E-08
0
2.61E-08
3.45E-08
7.20E-08
8.80E-08
4.58E-08
1.99E-08

TA>AT T:A>C:G T:ASC:

MFmax
0

1.44E-08
3.37E-08
0
5.33E-08
1.86E-08
1.56E-08
0
4.83E-08
4.23E-08
3.22E-08
2.52E-08
9.07E-08
1.10E-08
5.72E-09
1.40E-08
3.47E-08
1.23E-07
0
1.01E-07
4.21E-08
1.27E-07
3.90E-08
8.99E-07
3.14E-08
2.26E-08
0

0
1.93E-08
2.60E-08
1.17E-08
7.57E-09
8.17E-09

0

2.86E-08
1.90E-08
0
5.54E-08
1.35E-08
8.43E-09
3.63E-08
0
2.61E-08
3.45E-08
7.20E-08
1.01E-07
4.58E-08
1.99E-08

Count
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Appendix D3 Table 8: Subtype specific mutagenicity data on Pig-a in liver and bone marrow of MutaMouse males post exposure to BbF for 28-days

Animal ID| Sample Tissue | Exposure Duration BbF dose [C:G>A:T|C:G>A:T|C:G>AT |C:G>AT |C:G>G:C|C:G>G:C|C: G>Q:C C:G>G:C[C:G>T:A[C:G>T: C:G>T A|C:G>T:A | TA>AT| T:A>A: T:A>A:T T:A>AT [T:A>C:G|T:A>C: | T:A>C:G | T:A>C:G |[T:A>G:C|T:A>G:| T:A>G:C | :A>G:C Insertion Insertion | Insertion | Insertion | Deletion | Deletio | Deletion | Deletion
Count |Count Allf MFmin | MFmax | Count |CountAll| MFmin | MFmax | Count A MFmin | MFmax | Count T MFmin | MFmax | Count G MFmin | MFmax | Count C MFmin | MFmax_| Count Unique | Count All| MFmin | MFmax | Count n MFmin | MFmax

1 Bone Marrow 28-Days 0 2 2 3.67E-08 | 3.67E-08 0 0 0 0 0 0 ) 0 0 ] ] 0 0 0 0 0 0 0 0 0 5 51 3.80E-08 | 3.87E-07 5 147 | 3.80€-08 | 112E-:06
2 Bone Marrow 28-Days 0 0 0 0 0 0 0 0 0 2 2 3.12E-08 | 3.12E-08 0 0 0 0 0 0 0 0 1 1 1.11E-08 | 1.11E-08 5 115 3.23E-08 | 7.44E-07 7 146 4.53E-08 | 9.44E-07
3 Bone Marrow 28-Days 0 1 1 178E-08 | 1.78E-08 1 1 1.78E-08 | 1.78E-08 0 0 0 0 1 1| 1.26E08 | 1.26E-08 1 1| 126E-08 | 1.26E08 0 0 0 0 5 49 3.69E08 | 3.626-07 3 33| 2.21E-08 | 2.44E07
4 Bone Marrow 28-Days 0 1 1 1.55€-08 | 1.55E-08 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 95 1.93€-08 | 6.12E-07 4 109 2.58E-08 | 7.03E-07
5 Bone Marrow 28-Days 6.25 1 1 2.14E-08 | 2.14E-08 0 0 0 0 3 3 | 6.42E-08 | 6.42E-08 0 0 0 0 0 0 0 0 0 0 0 0 4 % 3.55E-08 | 8.78E-07 7 74| 621E-08 | 6.56E-07
6 Bone Marrow 28-Days 6.25 ) 0 0 ) 1 1 281E-08 | 281E-08 1 1| 281E-08 | 281E-08 0 0 0 0 0 0 0 0 0 0 0 0 3 34 3.52E-:08 | 3.986-07 6 77| 7.036:08 | 9.02E:07
7 Bone Marrow 28-Days 6.25 2 2 4.77E-08 | 4.77E-08 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 39 197E-08 | 3.84E-07 7 62 6.89E-08 | 6.10E-07
8 Bone Marrow 28-Days 6.25 0 0 0 0 0 0 o 0 2 2 [ 347608 | 347608 0 0 0 0 0 0 0 0 0 0 0 0 5 85 3.62E-:08 | 6.156-07 6 116 | 4.34E-08 | 8.39E:07
9 Bone Marrow 28-Days 12.5 0 0 0 0 0 0 0 0 1 1 1.376-08 | 1.37E-08 0 0 0 0 3 3 2.93E-08 | 2.93E-08 0 0 0 0 3 84 1.71E-08 | 4.80E-07 6 49 3.43€-08 | 2.80E-07
10 Bone Marrow 28-Days 125 ] o 0 o 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4 120 | 357E08 | 1.07E-06 5 134 | 4.466-08 | 1.19E06
11 Bone Marrow 28-Days 12.5 0 0 0 0 2 2 2.99E-08 | 2.99E-08 0 0 0 0 0 0 0 0 1 5 1.06€-08 | 5.30E-08 1 1 1.06E-08 | 1.06E-08 5 104 3.10E-08 | 6.46E-07 5 74 3.10E-08 | 4.59E-07
12 Bone Marrow 28-Days 125 1 2 1.86E-08 | 3.72E-08 0 0 ) 0 2 2 | 372608 | 372E08 0 0 0 0 0 0 0 0 0 0 0 0 4 74 3.09E08 | 5.726-07 5 45 | 3.86E-08 | 3.48E.07
13 Bone Marrow 28-Days 25 2 2 2.72E-08 | 2.72E-08 1 1 1.36E-08 | 1.36E-08 5 5 6.81E-08 | 6.81E-08 0 0 0 0 0 0 0 0 0 0 0 0 4 105 2.26E-08 | 5.94E-07 8 172 4.52€-08 | 9.73E-07
14 Bone Marrow 28-Days 25 1 1 177€-08 | 1.77€-08 0 0 0 0 1 3 177€-08 | 5.31E-08 0 0 0 0 0 0 0 0 0 0 0 0 3 64 221608 | 4.71E-07 3 27 | 221608 | 1.99E.07
15 Bone Marrow 28-Days 25 ) ) 0 ) 0 [) 0 0 0 0 0 0 0 ] ] 0 0 0 0 0 0 0 0 0 4 114 | 4.44E:08 | 1.266-06 6 98 | 6.656-08 | 109E-06
16 Bone Marrow 28-Days 25 2 3 3.00E-08 | 4.50E-08 1 1 150E-08 | 1.50E-08 2 4| 3.00E-08 | 6.00E-08 2 2 | 213€08 | 2.13E08 1 1| 107608 | 1.07E08 1 1| 107608 | 1.07E-08 9 126 | 561E08 | 7.856-07 3 131 | 1876-08 | 8.16E07
17 Bone Marrow 28-Days 50 3 3 5.70E-08 | 5.70E-08 0 0 ] 0 2 6 | 380E-08 [ 1.14E-07 0 ] ] 0 2 2 | 268608 | 2.68E-08 1 6 | 1.34E-08 | 8.05E-08 4 75 3.14E-08 | 5.90E-07 6 29 | 4726-08 | 2.28E-07
18 Bone Marrow 28-Days 50 2 2 2.86E-08 | 2.86E-08 1 1 143608 | 1.43E-08 5 5 | 7.14E08 | 7.14E-08 2 2 | 203608 | 2.03E-08 0 0 0 0 0 0 0 0 5 83 2.96E-08 | 4.926-07 5 86 | 2.96E-08 | 5.10E-07
19 Bone Marrow 28-Days 50 0 0 0 0 2 2 4.326-08 | 4.32E-08 2 5 | 4.32E08 | 1.08E-07 1 1| 152608 | 1.526-08 0 0 0 0 0 0 0 0 2 97 1.79E-08 | 8.66E-07 3 56| 2.68E08 | 5.00E-07
20 Bone Marrow 28-Days 50 3 3 4.95E-08 | 4.95E-08 1 1 1.65E-08 | 1.65E-08 3 4 4.95E-08 | 6.60E-08 2 3 2.34E-08 | 3.51E-08 2 2 2.34E-08 | 2.34E-08 0 0 0 0 6 99 4.11E-08 | 6.77E-07 5 120 3.42€-08 | 8.21E-07
21 Bone Marrow 28-Days 100 2 2 3.16E-08 | 3.16E-08 0 0 0 0 5 6 | 7.90E-08 | 9.48E-08 0 0 0 0 2 2 | 2.26E:08 | 2.26E-08 0 0 0 0 4 o1 2.63E:08 | 5.99E-07 2 60 | 132608 | 3.95E-07
22 Bone Marrow 28-Days 100 3 4 5.75E-08 | 7.67E-08 0 0 0 0 0 0 0 0 1 3 1.36E-08 | 4.08E-08 0 0 0 0 0 0 0 0 6 92 4.77€-08 | 7.32E-07 6 124 4.77€-08 | 9.86E-07
23 Bone Marrow 28-Days 100 0 0 0 0 0 0 0 0 0 0 0 0 1 1 9.26E-09 | 9.26E-09 0 0 0 0 0 0 0 0 3 53 1.62E-08 | 2.87E-07 6 82 3.25E-08 | 4.44E-07
24 Bone Marrow 28-Days 100 2 2 3.10E-08 | 3.10E-08 2 2 310E-08 | 3.10E-08 1 2 1.556-08 | 3.10E-08 0 ] ] 0 1 1| 1.10e-08 [ 1.10E-08 0 0 0 0 4 87 2.57E-08 | 5.60€-07 8 116 | 515608 | 7.47E-07
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Appendix D3 Table 9: Overview of Pearson correlation analysis between DS on MMP or lacZ vs. TGR
assay

Tissue Endpoint 1 Endpoint 2 |Pearson r (linear)| p (linear) Pearson r (log10), p (log10) Spearman rho p (Spearman) 95% Cl linear |95% Cl log10
TGR
Bone marrow DMSFI'\aA?f Mutant 0.696 0.000159 0.822 0.000000819 0.891 5.17E-09 0.43-0.85 0.63-0.92
frequency
DS laczZ TCR
Bone marrow MFmax Mutant 0.091 0.674 0.441 0.0311 0.58 0.00297 -0.8 0.05-0.72
frequency
DS MMP TGR
Bone marrow MFMin Mutant 0.893 4.29E-09 0.843 0.000000228 0.875 2.27E-08 0.77-0.95 0.67-0.93
frequency
DS MMP TCR
Bone marrow MFmax Mutant 0.455 0.0254 0.587 0.00257 0.702 0.000133 0.06-0.73 0.24-0.80
frequency
. DS lacZ TCR
Liver MFEMin Mutant 0.867 4.37E-08 0.929 5.43E-11 0.926 8.78E-11 0.70-0.94 0.84-0.97
frequency
. DS lacZ TGR
Liver MFmax Mutant 0.071 0.743 0.488 0.0157 0.737 0.0000394 -0.8 0.10-0.74
frequency
DS MMP TOR
Liver MFMin Mutant 0.911 6.66E-10 0.928 6.47E-11 0.904 1.35E-09 0.80-0.96 0.84-0.97
frequency
DS MMP TCR
Liver MFmax Mutant 0.876 2.01E-08 0.868 4.06E-08 0.82 0.000000938 0.73-0.95 0.71-0.94
frequency
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Appendix D3 Table 10: Overview of BMD modeling DS MMP, DS lacZ and TGR assay data in bone
marrow and liver

Exposure duration | Sample Tissue|  Endpoit | n | CES | Bootstrap | BMDL | BMDU [Log10 BMDL] Log10 BMDU
Bone Marrow DS MMP 24 3.60 12.80 0.56 1.11
Bone Marrow DS lacZ 0.5 200 7.62 32.50 0.88 1.51
28-Days Bone Marrow TGR assay 48 1.11 7.79 0.05 0.89
Liver DS MMP o4 10.10 18.40 1.00 1.26
Liver DS lacZ 0.5 200 10.60 29.70 1.03 1.47
Liver TGR assay 48 5.08 15.40 0.71 1.19
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Appendix D3 Figure 1:%RET + SEM measured using the Pig-a assay on male MutaMouse blood
extracted after 28-days of exposure to increasing doses of BbF or olive oil via oral gavage. Statistically
significant increases compared to the respective vehicle controls were determined after Box-Cox
transformation of the mutant frequencies followed by ANOVA with post-hoc Dunnett test and are
indicated as *p < 0.05 and ** p < 0.01.
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Appendix D3 Figure 2: Mutation frequency maximum (MFmax) + SEM estimates per mutation subtype
measured by duplex sequencing in MutaMouse males exposed to increasing doses of BbF or olive oil
for 28+3 days via oral gavage. Results are shown for the lacZ locus, in bone marrow with n = 4 per
group. Statistically significant increases compared to respective vehicle controls were determined using
generalized linear mixed models and are indicated as * p < 0.05 and **p < 0.01.
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Appendix D3 Figure 3: : Mutation frequency maximum (MFmax) + SEM estimates per mutation subtype
measured by duplex sequencing in MutaMouse males exposed to increasing doses of BbF or olive oil
for 28+3 days via oral gavage. Results are shown for the lacZ locus, in liver with n = 4 per group.
Statistically significant increases compared to respective vehicle controls were determined using
generalized linear mixed models and are indicated as *p < 0.05 and ** p < 0.01.
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Appendix D3 Figure 4: Mutation frequency maximum (MFmax) + SEM estimates per mutation subtype
measured by duplex sequencing in MutaMouse males exposed to increasing doses of BbF or olive oil
for 28+3 days via oral gavage. Results are shown for the Pig-a locus, in bone marrow with n = 4 per
group. Statistically significant increases compared to respective vehicle controls were determined using
generalized linear mixed models and are indicated as * p < 0.05 and **p < 0.01.

296




  n =   40 D G  R


  n =   40 S  R


  l o g i t  (   p  i ) = log  (     p  i  1 −   p  i ) = 𝜇 +   Z  i


    Z  i ~ N  ( 0 ,     𝜎 2 )


    p  i =   e x p  ( 𝜇 +   Z  i )  1 + e x p  ( 𝜇 +   Z  i ) ≈ e x p  ( 𝜇 +   Z  i ) = M F × exp ⁡ (   Z  i )


  1 + e x p  ( 𝜇 +   Z  i ) ≈ 1
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    N  ( 0 ,     0 . 3 2 )
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  𝛽
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