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Abstract

The objective of this thesis was tbaracterizehe microbiology of subsurface fracture water at
a location within the Canadian Shield considered as a prospectivesit®$br a geologic
repository. Repository performanca@@ longterm safety predictions for geologic confinement
of radioactive waste rely on understanditige naturalmicrobial processethat occur within a
host formation; however, the inaccessibility of thiystallineterrestrial subsurface means that

this habitat is difficult to explore and as such is largely unknown.

The areacharacterizeds located within the boundary of the Chalk River Laboratories site,
situated within the Central Gneissic Belt of the Grenville province (formed 1.5 and 1.0 ba years
before present); the site is also situated within the Otta®annechere graben (formed 0.5 ba
before present).Fracture water was accessed from one 34 m deep open drill hole and six cased
and sealed drill holes; the Westbay Multilevel Groundwater Monitoriygiesn preserved the

natural fracture flow enabling discrete fracture water sampling at multiple depths via each of

the sealed drill holes.

This thesizombined multiple datasets in an exploratory analysis for drivers of subsurface
microbial assembly withian ecological framework of selection, dispersal, drift and
diversification across two spatial extents: @82 and 1 kni. The outcomes of the multivariate
analyses, null models and generalized linear models identified prospective source waters and
distributional relationships of total and viable cell counts with fracture water sulfate and

manganee.

Random processes (dispersal, drift and diversificatexplainclose to 50% of the variancd
the phylogenetic beta diversitgmongthe component taxa Sekctionassociated with
differential abundance of the 16S rRNA gé&fferegionandspatial and environmental factors
identified sulfate and organic carbon plus ngamese and a spatial coefficient. Selection by
differential abundancevas not a major driverfaccommunity assemblyaccounting for ~4%ach
of the total abundancebnked to sulfate and manganesd@t a spatial scale less than 1 %ri
maybe possible to identifgither greater significance for sulfate and manganese odéntify

additional envionmentalfactorslinked to selection



Demonstrated metabolism included nitrate reduction (common across all sampling locations
and at each sampling campaign) and delf@eduction (observed atne sampling campaign).

The distributions of total and viadblcell counts correspond with the distributions of sulfate and
manganese, respectivelyhefracture water was a source of sulfaa@d manganeseyut not a
source of nitrate Alimited analysis of rock porewater identified sulfate and nitrogen
compoundgammonia, nitrite and nitratein parts per million concentrationsuggestinghat

the rock is a source of these compoundad thisfindingwarrantsan assesment of rock

weathering as a driver of selection at these sampling locations

Phylogenetic reitionshipsacross sampling locatiorshiowed that the component taxa were
more closely related than expected by chanttes patternsuggests thatat thespatial scale of
the analysiscompetitive exclusiomvasnot adriver of subsurface community assembl{e
existence of close relativasay be biologically relevantand thus bea signof diversification

or this patternmayreflect the 16S rRNA gene copy number combined with iggmomic
heterogeneity greater than the 97% sequence similarity thresholdifaning sequencing reads

into organizational taxonomical units (OTUS).

The distribution of genes for energy metaboligras uniform across all sampling locatioAs.
metatranscriptome assessment would help differentiate between the genes present from the
genes expressedTesting for a wider range of demonstrated metabolic capabilities would

support RNAevel gene expression analyses.

Overall,applyingthe ecological framework of four main drivers of community assembly show
that, at the spatial scale of thsampling, up to 50% of the variance among community dynamics
reflect randomness. Approximately ~1% of tb&al abundancevaslinked to measured
metabolism;at smaller spatiascales~8% of the total 16S rRNA gene abundance was linked to
differential ebundancesacross potentially connectedssampling locationsBy sampling at

smaller spatial scaletherefore,it may be possible to discern additional metabolic and

selective processes. These data will inform models for the performance antelongafay of

geological repositories.
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aquiféere fracturé situé sur le socle précambrien, lequel est un site envisagé pour le stockage des

déchets nucléaires.

Lesperformances du stockage et les prédictions a long terme de la stabilité de ces sites de
stockage dépendent cependant de nos connaissances des processus microbiens qui peuvent
exister dans ces sites. Ces sites profonds sont toutefois rarement accessifladimite nos

connaissances.

Le site étudié est situé au Laboratoires Nucléaires de Chalk River, dans la province géologique
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échantillonnée dans un puit foré de 34 metres de profondeur et dans 6 autres puits scellés. Un
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Cette these a combiné plusieurs ensembles de données dans une analyse exploratoire des

facteurs affectant I'assemblage microbien souterrain dans un cadre écologique de sélection, de
disperson, de dérive et de diversification a travers deux étendues spatiales: 26tkirkny.

Les résultats des analyses multivariées, des modeles nuls et des modeéles linéaires généralisés

ont permis d'identifier les sources d'eau potentielles et les relatiaagidutionnelles des
RSY2YoNBYSyi(a OStftdzZ FANBa (G2GFdzE SGi GAlofSa |
le manganése.

Les processus aléatoires (dispersion, dérive et diversification) expliquent prés de 50% de la

variance de la diversité béfzhylogénétique parmi les taxons constitutifs. La sélection associée

a lI'abondance différentielle de la région du géne V4 de I'ARNr 16S et les facteurs spatiaux et
environnementaux ont identifiés le sulfate et le carbone organique plus manganése et un

coefficient spatial. La sélection par lI'abondance différentielle n'était facteur importe

'assemblage communautaire; représentant environ 4% de chacune des abondances totales

liées au sulfate et au manganése. A une échelle spatiale inférieure 3 1 geutétre possible
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d'identifier soit une plus grande signification pour le sulfate et le manganese, soit d'identifier

des facteurs environnementaux supplémentaires liés a la sélection.

Le métabolisme identifié dans cette étude inclut la réduction des nitrat@smhune a tous les
sites d'échantillonnage et & chaque campagne d'échantillonnage) et la réduction des sulfates

(observée lors d'une campagne d'échantillonnage).

Les distributions des comptes de cellules totaux et viables correspondent respectivement aux
distributions de sulfate et de manganése. L'eau de fracture était une source de sulfate et de
manganese, mais non pas une source de nitrate. Une analyse limitée de I'eau interstitielle a
identifié des composés sulfatés et azotés (ammoniac, nitrite et eifqatésents en partie par
million (ppm), suggérant ainsi que la roche est une source de ces composes, et cette
constatation justifie une évaluation de I'altération des roches en tant que facteur de sélection

de ces sites d'échantillonnage.

Les relations pylogénétiques entre les sites d'échantillonnage ont montré que les taxons
étaient plus étroitement liés que prévu par hasard; ce modele suggeéere que, a lI'échelle spatiale
de l'analyse, I'exclusion compétitive n'était pas un moteur de I'assemblage de lawtmig
souterraine. La coexistence de parents proches peut étre biologiguement pertinehtionc

étre un signe de diversificatiorou ce modéle peut refléter le nombre de copies du géene 16S
ARNrcombiné a une hétérogénéité intigénomique supérieure aseuil de similarité de

séquence de 97% pour le séquencage des unités taxonomiques (OTU).

La distribution des génes pour le métabolisme énergétique était uniforme dans tous les sites

d'échantillonnage. Une évaluation du métatranscriptome a permis de diiféer les génes

présents des genes exprimés. Le test d'une plus large gamme de capacités métaboliques

RSY2Y(iNBSa a2dziASYRN}AG t€Sa FLylfeasSa RUSELINBA

Dans I'ensemble, I'application du cadre écologique des quatre principateurs de
'assemblage communautaire, a I'échelle spatiale de I'échantillonnage, jusqu'a 50% de la
variance entre les dynamiques communautaires, reflete un caractere aléatoire.
Approximativement 1% de I'abondance totale était liee au métabolisme meawtés échelles

spatiales plus petites, ~8% de I'abondance totale du géene de 'ARNr 16S était liée a des



abondances différentielles dans des emplacements d'échantillonnage potentiellement
connectés. En échantillonnant a des échelles spatiales plus pdtiéssdonc possible de
discerner des processus meétaboliques et sélectifs supplémentaires. Ces données informeront

les modeles sur la performance et la sécurité a long terme des sites de stockage géologiques.
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FIGURES

Figure 11 Schematic representation of microbial community assembly by the

ecological processes proposed by Vellend (Vellend, 2010; Vellend,

2016) and their influences on observed comntymomposition and

abundances across spatial scales. This Figure was taken from Zhou
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Figure2-1 Fracture water sampling locations, Chalk River Laboratories, Deep River,

ON, Canada. Boreholes-@Rnd CRS8 were drilled into the bedrock

ca. 1980, boreholes CRGhrough CRG were drilled into the

bedrock since 2005. All boreholes exceptXBRvere sealed and

isolated into multiple intervals using Westbay Systems. Borehole CR

18 is an open borehole. The stel area transects the boreholes used

for visualizing the M3 results shown in FIgArB..............coeveviiiiiiiiniiiiiiiee 44
Figure2-2 M3 Principal Component analysis of the major fracture water ions and

ail of S % HBeISyls are shown in relatito the M3

modeling results for source water mixing proportions: glacial melt,

saline and recharge WaterS...........ooiiiiiiiiiiiiieeee e 45
Figure2-3 M3 results for source water end members (left) and a candidate

signature associated with the source tea(right). The results are
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Figure2-4 Spatial autocorrelation by sampling location (borehole and interval listed

in a Westto-East direction stding with borehole CR8 (see

Figure2-1)). (Left): total and viable cell densities. (Middle): soluble
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Figure2-5 Distribution of total and viable cell counts. The boxplots are listed by
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density distributions compared to the distributions for fracture water

manganese, sulfate and bicarbonate............ccccccceeiiiiiiiiiiii 48

Xiv



Figure2-6 Spatial autocorrelation in the model residuals for the total @alint. (A)

Significant environmental explanatory variables from Supplementary

Table S1 (bicarbonate and manganese). (B) Significant spatial

explanatory variables from Supplementary Table S1 (MEM1, MEM2,

MEM4 and MEMDb). (C) Significant environmental aratiap

explanatory variables from Supplementary Table S1 (manganese,

MEML1, MEM2 and MEMB)..........cuuiiiiiiiiiieeiiiieiiiiiie e 49
Figure3-1 Map of the Chalk River Laboratories site located in Eastern Ontario,

Canada showing the approximate locations of borekateluded in

ENE STUAY ..ttt arrraaeeed 85
Figure3-2 Schematic of the Westbay System for migiel groundwater

monitoring (used with permission of Nova Metrix Ground Monitoring

0o 1 PRSP 86
Figure3-3 Diagramlsowing the taxonomic identification of the most abundant

operational taxonomic units (OTUs, >1% average relative abundance)

and their relative abundance in each sample (heatmap). The relative

odzy R yOS 2F |ttt 20KSNJ h¢! Zeror M2 2y | @

he! 3¢ gA0GK GKSANI O2fft SOGABS NBfFGAGBS |

box. The dendrogram above the samples depicts similarity among the

sampling locations based on unweighted UniFrac distances..................... 87
Figure3-4 Observed valuge(black triangles) for phylogenetic diversity (PD, top

panel), mean pairwise distance (MPD, middle panel) and mean

nearest taxon distance (MNTD, bottom panel) of assemblages relative

to the taxa richness. The regression line is shown for the

correspondimgy null mean values (red lines). Assemblages marked

with an open triangle indicate the observed values were within two

standard deviations of the null mean values...............cccccooiiiiiiiiiieeeneeennns 88
Figure3-6 Explanatory power of selected environmental apdtial variables on

taxa abundances. The axes are the first and second coefficients from

the redundancy analysis (RDA). Global adjusted R2 of 29.4%. The

sampling locations are labeled according to the borehole and interval

used to access the grouNdVERL.................euvuuiiiiiiiiiiiiiecer e 90
Figure3-T a2NlyQa L aKz2gAy3d GKS aLI GAFE O2NNBT I A

components; bicarbonate, manganese, sulfate, chloride and iron, but

not for dissolved organic Carbon.................oooviiiiiiieiiiiiieee s 91
Figue 4-1 Surface topography of the Chalk River site and the approximate locations

of boreholes CR, CR& and CR® relative to the site geologic

boundaries: the Mattawa fault, the Maskinonge/Bass Lake faults and

the EastWest trending diabase dykes.............ccoiiiiiiiiiiiiiiiiii e 123
Figure 42 Distribution of OTUs for bacteria (A) and Archaea (B). Abundances are by

Phylum and Class within the fracture water sampling locations. The

abundance data was rarified to a common sequence depth of 2941......124



XVi

Figure4-3 Cooccurrence of related taxaObserved values (black triangles) for
mean pairwise distance (MPD) and the mean nearest taxon distance
(MNTD) of assemblages relative to the taxa richness. The solid red
lines are the egression lines for the null mean + two standard
deviations (dotted lines). Triangles represents the values for each
sampling location (assemblage); a filled triangle inside of an open
triangle represents values that were within two standard deviations
from the null mean; all other data points were more than 2 standard
deviations from the null mean. Values below the red line indicate
phylogenetic clustering. Abundance data were variance stabilized by
the regularized 10g tranSfOrML...........ccciiiiiiiii e 125

Figure4-4 Decay of similarity for Bray CurtisJhiFrac dissimilarity spanning a 1 km
geographic distance between sampling locations. The grey lines show
the maximum distance between the shallowest and deepest sampling
locations within each éwrehole: CF9, ~500m; CR&3, ~390 m; CRG,

22210 1 T PR 126
Figure4-5 Principle coordinate analysis of weighted UniFrac distances. Labels for

sampling locations are by borehole and interval (see Table.S1).............. 127
Figure4-6 Heatmap of the 50 most abundant 16s rRNA genes. Counts were

variance stabilized using the regularized log transformation................... 128

Figure5-1 Compositional comparison between porewater taken from theedil

rock core samples (blue) and fracture water taken from the drill holes

(red) within the crystalline formation at CRL site, Ontario, Canada

(KingSharp et al., 2016; Peterman et al., 2016). The boxplots display

the range (minimum and maximum) and meadli25" and 73"

percentiles of the compositional data....................cooovvviiiiiiiiiiiiiii, 175
Figure5-2 Approximate locations of the three sampled boreholes (shown in red;

borehole CFd, CR& and CR®) relative to major geologic

boundaries--the Mattawa Fult forming the Ottawa River, the

Maskinonge Lake fault and diabase dykes shown as yellow lines

traversing the site. The approximate locations of other boreholes are

shown as yellow dots. A potential repository location is also shown

[abeled 8S GWME..........uuiiiiiiie e 176
Figure5-3 Most probable number for nitrogen metabolism as nitrate reduction to

nitrite (nitrate utilizing, NUB) and to nitrogen gas (nitrate reducing,

NRB) and sulfur metabolism as sulfate reduction (SRB)......................... 177
Figure5-4 Distribution of taxa abundances by sampling location.................ccccceveeeeeenn. 178



XVii

Figure5-5 Differential abundances within the @iome. The variables included in

this analysis are listed in Taldel. The Wald tdsvas used to

evaluate the spatial variable, MEM11, or the environmental variable,
manganese (Mn). Significance in differential abundances were based

on the BenjaminHochberg adjustedpalues. The alpha cuiff

value was 0.01. As variables, MEM11 arahganese display

opposing influences on the differentially abundant taxa. Names of

the taxa are listed in TADER2. ........ovviiiiiiiiiiiie e 179

Figure5-6 Differential abundances within the ClB®iome. The variables included

in this analysis a&rlisted in Tabl®-1. The Wald test was used to

evaluate dissolved organic carbon, sulfate and manganese.

Significance in differential abundances were based on the Benjamini
Hochberg adjusted-alues. The alpha cuff value was 0.01. As

variables, oganic carbon and sulfate displayed complimentary

influences on the differentially abundant taxa; manganese was a
significant variable. Names of the taxa are listed in Tadde...................... 180

Figure5-8 KO Annotate genes for sulfuetabolism. Genes indicated by colors

(blue, red, yellow and green) refer to sampling locations within
DOrenOole CRE@..........cccooeeiieeee e e 182



XViii

Abbreviations

ATP
CNSC
CRG
CRL
DGR
GWMF
KEGG
KO
L/ILW
MEM
MG-RAST
NRB
NUB
NWMO
PCA
PCoA
PCR
QIIME
SRB

Adenosine triphosphate

Canadian Nuclear Safety Commission

Chalk River élogic

Chalk River Laboratories

Deep geologic repository

Geologic waste management facility

Kyoto Encyclopedia of Genes and Genomes

KEGG Orthology

Lowto-intermediate waste

az2NlyQa SAISYy@dSOG2NI YI LI
MetagenomeRapid Annotation using Subsystem Technology
Nitrate reducing bacteria

Nitrate utilizing bacteria

Nuclear Waste Management Office

Principal Component Analysis

Principal Coordinate Analysis

Polymerase chain reaction

Quantitative Insights into Microbial Ecology

Sulfate reducing bacteria



1. INTRODUCTION
1.1 Thesis Rationale

Low and intermediate levehdioactive waste requires loAgrm managemenand
confinementfor approximately a few hundred ti@ns ofthousand o years, depending on
half-lives of the component radionuclideslighlevel fuel waste requires much longer
confinementof hundreds of thousands gfears before the radionuclide inventory decays to the
point when activity leels would be equivalent to theadioactivity fromnaturaluranium oxide
(NWMObackgrounder report, 2006 Within Canadathe fundamental rationale for
responsible longerm management of such wasteprotection of human kalth andthe
environmentfor present and future generationsAs such, geological disposalproposedor
safe longterm confinement locating a repositorytherefore,requires characterizing the
prospectivesubsurfacesolumefor its suitability for confiningnd isolatingvaste over the
respectiveperiod of radioative decay Understandinghe natural processes occurring within a
subsurface volumeincluding microbial processesd weatheringpver geological tinte are
central to responsible lonterm managemenodf geologically confined wastdBefore
attempting topredicthow in situmicrobialprocessesould affectthe performance andong-
term safety of a repositorythis thesisaimed tofirst characterize the subsurface microbiojog
of a prospective host site by analyzing sltga: first by comparingobservediotal abundances
and viabilitywith the observed geochemistry as in indicatompobspective source watend as
the medium for prospective electron donor/acceptor paitisen bycomparing16S rRNA gene
assemblages who is there,in what abundancand howare they related-with the
corresponding geochemical and spatial datas#ten bycomparingthe 16S rRNA gene and
metagenome assemblage$ genes forenergy metabolisnwith the geochemical and spatial
datasets including rock porewaterGrowth on selectig media provided evidence for gene
expression.Comparisons were made Ioyultivariateanalysis null modes and generalized
linear modeling Outcomes from these analyses wéamnterpreted under an ecological
framework with four main drivers of community sembly and ceexistence: selection,

dispersal, drift and diversification.



1.1.1 Geological Confinement of Radioactive Waste

Based on theurrentnuclear generating capacity, an estimate@ million spent CANDU

nuclear fuel bundles will be stored at Canadiaaater sites'. In 1978, Atomic Energy of

Canada Liméd (AECL) received direction from the governments of Canada and Ontario to
develop the concept of deep geological disposal of current and anticipated nuclear fuel wastes
(Seaborn Panel report, 1998hdin 1988, the Canadian government referred the concept for
public review. The outcome of this referraliscumentedthe Seaborn Panel Revigd998)
Included in the review was an independent scientific review group to examine the safety and
scientific aceptability of the concept. Following from this reviewaccordance with the

Nuclear Fuel Waste ¢t | y I R Q& y dzOf S| Nastanlisettiie Whc@dr Waste LINE R dzO
Management Office, NWMO, in 200nder this act, the NWM@andatewasto assess

methods for the management of nuclear fuel waste, of which each of theAfmitpmethods

must be the sole basis of at least one approach:
(a) deep geological disposal in the Canadian Shield;
(b) storage at nuclear reactor sites; and
(c) centralized storagesither above or below ground.

The NWMO is also responsible for designing and implementing Canada'’s plan for the safe, long
term management of used nuclear fuel. Thedtafstive Phased Managemeplan requires used

fuel to be contained and isolated in aefegeological repository. As part of a related

assessment for the management of ldarintermediate level wasteQntario Power Generation
evaluated the Bruce Nuclear site as a location for hosting eédewtermediate level waste

deep geolgic repositoryand thus, addressepart of the NWMQadaptive phased
managementapproach (b). The Bruce Nuclear site is located within a sedimentary formation.

Over the intervening years, NWMO has evaluated numerous prospective host sitestithin

! https://Iwww.nwmo.ca/en/Canada$lan/Canadad)sedNuclearFuel/HowMuch-Is There
2 http://laws-lois.justice.gc.ca/eng/actsAg7.7/



Canadian Shielan the list for further study aréhe Ontario locationsHornepayne,

Manitouage and Ignace

Separate frontheseassessmers in 2007 Natural Resources Canada funded Atomic Energy of
Canada Limited to evaluathe Chalk River Laboratories (CRL) subsurfaeepagspective host
site for managindpw-to-intermediate level waste The microbiologicassessment described

herein wagpart of this assessment.

1.2 Characterizing the Subsurface at Chalk River Laboratories

Chalk River Laboratories in Ontario is a lieehsaste management operatsituatedwithin
the Grenville Province ahe Canadian Shieldhe oldest landmass in North AmericBrom
2007 t02014, an approximately 25 Kmarea within the Chalk River lh@ratories boundaryvas
evaluatedfor its geologicakuitability forhosting a lowto-intermediate level wasteepository.
Characteriation ofthe geology and fracture densityf the rock mass involved drilliryseries
of boreholesto depths of 1.2 knto obtain rock cores Gharacteriation ofthe fracture water
involvedofirst casing theesultingboreholes and sealing them to isolate discrete fracture zenes
-andthusto preserve, as much as possible, natural fracture whtev (Neymark et al., 2013;
KingSharp et al., 2006 Theinstalled? S & (i 0 | level Yralzidwiater monitoring system
enabled sampling of the fracture wattr hydrology, geochemistry and microbiology

description of this sampling system is in the Methods Sections of the following chapters.

1.2.1 Inferring LongTermSubsurfaceMicrobial Processes

Although much has been learned sinmenfirmingthat there are microbial processes occurring
within terrestrial subsurface sediments (Lovley and Chapelle, 1995yartdres withingranitic
rock Pedersen1997), opportunities for accessing tterestrial subsurface are limited; we
therefore lackdataand specific informatiorat prospective host sitesn therelevant
geochemial and microbiological dynamic8Vhereresearchers have studiesibsurface
environments, he application of norculturing techniquesllowed for the identification of a
greater microbial diversity than what was previously possib#at this diversity meanghen

seeking tcsite a repository is a new area of researcBpecific question to address include:



1 What taxa arepresent: wo is there and in what abundance?

o What proportionof the component taxalisplay viabilityand is this viability
correlated with environmental factofs

o What proportionof the component taxalisplay differential abundance and is
this differencecorrelated with environmental factofs

1 At the whole community level,dw dolocal and reginal diversitiesompare and what
do these metris tell usabouthow these communities formed?

o Can local and regional environmentalspatialfactors explain thebserved
diversity?

0 By making diversity themdependent variable, can we gdictdiversity driven
processe®ver the timeframe for the radioactivity within a repository inventory
to decay to backgrourii

1 How do the local and regional diversity compare wiik torresponding diversity of

functional genes?

Non-culturing techniquesuch as those that rely on thmolymerase chain reaction (Mullis et al.,
1986) reveal thathere is moremicrobial diversitypresentwithin environmental samplethan
isrepresentedm culture collections Non-culturingtechniques havéhe advantage o$ide
steppingour inability to culture most microbial taxdut this approach camtroduce biasy

our tendency to infer that theletected butunculturedtaxapossess similastharacterstics as

those of theirknown cultivated relatives.A second bias when applying noualturing

techniques to the study of microbial processes in natural environments is the assumption that
the detected taxa are extant and thus contribute, in some wagdosystem functionsin fact,
many of the identified taxa in an environment are in low abundameel,as discussed in
Sectionl.3.1on drivers of community assembly across spatial scales, the component taxa

detected at a samig location may refleatandormess

Relatedto this bias is the possibility of detecting remnant DMApreserved DN&Aom the
surrounding environmenthat is not associated with intact microbial cells. The presence of
remnant DNA would have more irag on data obtained from, for examplshotgun

metagenome sequencing thamploys random primers to sample the range of genes present



across multiple genomesather than techniques that employ primetargeting specific genes
Given the propensity of baetiato incorporate fragmenteé@nd damagedNAfrom the
environment QverballePetersen 2013)it may be difficult to detect the contribution of

remnant DNA in such datasetBurthermore, bacterial gene transfer, either from lysed
microbial cells or by taral transfer, would suggest that the traits represented within a sampled

communitymightnot be phylogenetically conserved.

Lastly, attempsto make connections between the subsurface geoulstry and thesubsurface
microbial communitiess limited by the geochemistry that wasptedto measure; these choices
can also introduce bias by effectively blinglins toprocesseshat can influencen situredox

conditions and therefore the fate and mobility of introduced radioactive compounds

To address uncedintiesof correlating community patterns with the environmemexplored
the applicationof an ecologicaframeworkof community assemblio evaluatethe observed
patternsobtained from culturing, microscopy and sequencingnidrobial (mainly bacterial)
DNA fromfracture watersampledover a spatial extentithin the Canadian Shielglevant to a
geological repositoryBy targeting the 16S rRNj@&ne, observed patterns include data @axa
identities, their relative abundances antheir sharel history. By employing shotgun
metagenome analysis, observed pattenfgprokaryoticfunctional genesllowed for a
comparison between phylogenetically conserved patteaooss sampling locatiomsd the
abundances of genes for energy metaboligkn assumption inherd in this framework is that
community patterns reflect phylogenetically conserved traiSuch hierarchical relationships

assumegene transfer from parent to the resulting daughter celon cell division

1.3 Everything is Everywhere: but the EnvironmeSelects

Ideas do not arise in a vacuum.

Thefirst part of the 1934tatement by BaaBecking:a S @S NE évérywiieB: buk the

environmentd S f Sa€sérts that, due to unlimited dispersal, no place on the Easgilrface is

devoid of microbial lifeTworS@A Sg & o6& hQaltftS&@ Ay wnannt YR HA
this maxim in the context of nineteenth and twentieth century philosophical concepts of plant

and animal ecology concepts that sought to explain why everything was not everywhere



biogeogaphy-and the influence theseonceptshadon the relativelynew science of
microbiology. Y KSNJ NB@ASg> hQalffSe y2iSa (Kdnt

Amongst these tensions were divine physical forces; ecological determinism e&sntingent
historical events; environmental determinism. vandom dispersalconstant dispersal vs

contingent processes affecting landmasses occurring over gedldigiea

Around this same period, the practicstudy of microbiology motivated byapparent
spontaneous generation leading to fermentation, putrefaction and disedssnsformed into a
science wherRobert Koclpostulatedthe germ theory of diseasansmisson following from
developmens inpure culture techniques, sterilization and-tr@nsmission of disease via

WA Y T dBrokkdr389 These developments enabl&thrtinusBeijerinck to demonstrate
chemolithotrophy of nitrate dependent sulfur oxidation in@®Brock 19@)t prompting him
to proposethat consisent microbial capabilities within environmental samples could be

demonstratedby defining thephysical and nutritional conditions

Also around this period, the tensions betweproponents forconstantdispersal over stable

landmassesind vicarianceor historical contingency by events resali in geographical

iKS S
and animal biogeographiy 2 NY¥ SR FTNRBY Ydzf GALX S aO2y @48 E)bdz f

Iy

separation-g SNE Ay Tt dzSYyOAy 3 51 NivQ§ QR 7TE s2aMis 8% S @antn

keeping with the dispersalist thinking of the @nBeijerinck proposed that the presence or
absence of microbes was predictahilestead of spontaneous generation, microbial life was

everywhere and it was evident wherever there were appropriate conditionsupportof this

statement BaasBecking pulished empirical measurements for the redox and pH conditions at

multiple aqueous environments and plotted the corresponding cultivated microbes from these

locations ontathe stability diagranfor water (Baas Becking et al., 1960yhese diagrams
highligh the second part of this statement, &t abiotic conditions constraithe microbessuch
that only the most abundanphenotypeswould bedetected Yet natural environments display

diverse microbial speciemostwhichat any given timare of low abundane.



1.3.1 Assembly ofSubsurface MicrobiaCommunities

Many processes are involved in determining which species coexist and assemble into
communities. Three major factorsnfluencingcommunity composition and diversity am@che

based biotic and abiotic compatin (Keddy, 1992; Chesson, 2000; Adler et al., 2007; Mayfield
and Levine, 2010), neutral assembly of ecologically equivalent component taxa (Hubbell, 2001),

and prior events such as dispersal (Ricklefs, 1987).

GCompetition and ceexistence driven by nichdifferences areamong the most commonly
studiedoutcomes of these processeBor example, merobial ecology focuses anche
differencedlinked todissimilatory metabolisrbetween electron donor and electraacceptor
pairs; these pairand the resuing free energy differences driv&TP biosynthessndform

much ofthe basis for microbial taxonomic classificatiochcommon concept about the role of
competition on community assembly is that closely related taxa compete more intensaly th
more distantlyrelated taxathus limiting their ability to ceexist. With the application of DNA
sequencebased phylogenetic methods to characterize microbial communities, patterns of
relatedness and cexistence have emerged that are described by ~“environmentalifiier
Although this statement is akithe BassBecking statemenfiltering isinvoked when the
component taxa are found to be more closely related than what would be predicted by either
chance or competitive exclusigalornerDevine and Bohannan, 2006raft et al., 2015;

Cadotte and Tucker, 20L7Toreconcile the roles of multiple mechanisms, a more nuanced
explanation has been proposethat competition alone can explain both dispersion of related
taxa (by competitive exclusion) and clustering déared taxa (by competitive ability of shared
traits that enable ceexistence)lMayfield and Levine2010Q. When applied to microbial
communities, this explanation may provide an alternative hypothesis to competitive exclusion

when testing for thegeneticcharacteristics thiaenable microbes to persist within a subsurface.

Another observed pattern that has emerged with the application of bidged phylogenetic
methodsto microbial communitien natural environmensis ~“decay of similarity with
geographidistance  (Martiny et al., 2011; Hornebevine and Bohannan, 2006ear et al.,

2014) that spans from meters to kilometers. Distance decay of similagt@icept in



biogeographyNekola and White, 199@nd isused to explairboth differencesin spedesalong

geographic gradientsa niche based procesanddifference in dispersal abilities

1.3.1.1 +Stf SYRQa 9 02 foRCBrantihity As€MbtyFoRrdanbidmental
Ecological Processes

Tablel-1 provides a list of key term®lated to community assembly arfeigurel-1from Zhou
and Ning (2017gepicts theecological frameworkroposedby Vellend (Vellend, 2010; Vellend,
2016) This framework draws from thenain processeapplied tothe study ofpopulation
genetics-that of selection, dispersadrift and speciation-or in the case of microbes,
diversification Included in this Figure is a role for priority effects (Zhou and Ning, 2047)
would have nichéased aspects and thus could be a secondanggssunder the main

processes ofelectionand dispersahs defined by Vellend

This ecological framework also falls within the metanmunity framework. A meta
community is defined by set of interacting communitiesonnected bydispersaknd
composedof multiple, potentially interactingaxa. Ameta-communitytherefore definesa
regional pool of taxaepresenting multiple local communities sampled at a place and.tife
goal of the framework, therefore, is the simultaneous consideration of multiphegsses
occurring at multiple scales and on how they influence observed community patterns. By
including patterns of phylogenetic relatedngssornerDevine and Bohannan, 2006; Emerson
and Gillespie, 2008) may be possible to detethe drivers ofselection within a subsurface

extent



Terminology used in this thesis related to community assembly (modified from Zhou and Ning

Tablel-1

(2017))

Term

Definition

Meta-community

Aset of interacting communigisconnected bydispersaknd
composedof multiple, potentially interactingaxa

Taxon
Plural: taxa

A grouping of closely related individuals; in this thesis, a taxor
represented asequence similarity of variable regions within th
16S rRNA gene€Taxa were identified to the level genus.

Community assembly

Processsby which taxa migratevithin a regional pool of
potentially interactingaxa to establisland maintain local
communities.

Selection

Nichebased process that shape community structuteedo
fitness differences among different taxa, includeftects of
abiotic conditionshiotic interactionsand niche based priority
effects.

Homogeneous selection

Selection under homogeneous abiotic and biotic environment
conditionsand that leadto more similaity among communities

Variable selection

Selection under heterogeneous abiotic and biotic environment
conditions leading to more dissimilgramong communities

Dispersal

Movement of taxa from one location to anothand connecting
regional and local spatial scales

Homogenizing dispersal

Dispersalof taxaamong communities having the effect of
homogenizing the communities such that their structusggpear
to besimilar.

Dispersal limitation

Isolation of taxaamong communitieslimiting interactions where
their structuresappear to be disimilar.

Diversification Evolutionary process of generating new genetic variants
balancingoetween speciation and extinction
Drift Variation in community structure with respect to taxa identities

and/or functional traits due to stochastic processes of birth,
death, immigration and emigration, spatiotemporal variation,

and/or historical contingency

Within an environment selection of bacterial taxa can occur under unvarying environmental

conditions; the homogeneous biotic and abiotic conditions of this environmEigyrel-1,

48t 300A2Yy dzy RSNJ |
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consequently, local communities observed within each sampdicgtion would appear to be

highly similar. &ection of bacterial taxa camlsooccurunder variable environmental

conditions The heterogeneous biotic and abiotic conditions of variable environmEigare

1-1, selectionundBld RAFTFSNBY G Sy JANRY Y Srdtésdf comménityt Y R & L L €
turnover, consequently, local communities observed at each sampling location would appear to

be dissimilar If these differences in environment occurred along an environmental or

geagraphic gradient, community turnover may display decay of similarity with distance along

the gradient.
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Figurel-1 Schematiaepresentation ofmicrobial community assemblyy the ecological
processegproposed by Vellend (Vellend, 2010; Vellend, 2058\ their influences on
observedcommunity canposition and abundances acrospatialscales. ThisFigurewas
taken from Zhou and Ning (2017).

Depending on the concomitant dispersal between a pair of commasm{ampling locations),

the influences of a variable environment can be obscyFedurel-1, homogenizing dispersal)
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by the homogenizing effect of a high dispersal rateen whenselection pressure is strong
Conditions of hig dispersahas the effect of lowering compositional differendestween
communities(Vellend, 2010and thuscommunities at each sampling locatiamuld appear to

be similar On the other extreme, conditions when dispersal of taxa between communities is
low or even limitingFigurel-1, limiting dispersal)observed pt&erns may be dissimilar, eveh
the environment is similarLastly, when selection pressure is weak, and the dispersal rate
between communities is limiting, théynamics of turnover within a community are subject to
drift and random variations inommunity composition and abundancdsgurel-1, drift).
Depending on the influences of dispersal and drift, it may be difficult to idethéyrivers of

selection.

Byaccounthg for multiple spatial scale¥elle/ R @ur nain ecological processgsovide a
rational basis for evaluatingpicrobial processes within an extent of the Canadian Shield
subsurface an environment that is difficulta access and therefore microbial community
assembly and drivers of selectiare largely unknownBeing able to model theatural
processesvithin such an extert and over thetimeframe required for radioactivity to decay to
background-can form part of tle modelsfor repository performance (the scalled near field)

and longterm safety (the secalled far field).

1.4 Overviewof the Sample Processingnd Main Findings

Thework described in this thesis was part of a larger project for characterizing thegyaslo
an approximately 2%m? areaat Chalk River Laboratori¢®ntario, Canada)ps such, tls thesis
offersan exploratory analysis of multiple data sets collected between 2007 and 2@pplied
multivariateanalysis null mode$ and generalized lineamodelsto assess correlations between
the fracture water microbiology and its geochemistihalso assessed spat@rrelations

betweensampling locations.
Analyses fofracture watermicrobiology included:

i Total and viable microscope counts usingfescent dyes
1 Viable countdy most probable number and heterotrophic plate counts

1 16S rRNA gene

11



o Performed on amples collected in 2008 and 201dariable regions targeted:
V1-V2usingRoche454 pyrosequencin@enome Sequencer FLX w@ils FLX
Titanium eries reagentsSpatial extent: ~25 kfrarea and ~1 km depth.

o Samples collected in 2013 and 20Mriable region targeted: M4sing Illumina
paired endon the MiSeq technologRE250 V2 chemistr Spatial extent: ~1
kn? area and~0.9km depth.

1 Shotgun metagenome

o Performed on amplescollected in 2013 and 2014: random primers using
lllumina paired end on th&liSeq technology Spatiakxtent: ~1 kriarea and
~0.9km depth.

The area characterized is located within the boundary of the Chalk Riverat@aiies site,

situated within the Central Gneissic Belt of the Grenville province (formed 1.5 and 1.0 ba years
before present); the site is also situated within the OttaB@nnechere grabe(formed 0.5 ba
before present).Fracture watewasaccessed fronone open drill hole and six cased and sealed
drill holesvia theinstalledWestbay™ Multilevel Groundwater Monitoring systenhis system

was installed tgreserved the natural fracture floand to enable sampling fracture water at
depths Tablel-2 lists the boreholes byame and by the interval numberghis table ao lists

the sampling dateghe DNAsequencing technology employed, the interval midpoint elevation
relative to sea level and the distances betwaaterval midpoints within the respective

borehole.

Borehole intervals were samplédr microbiologicabnalysionly after confirming that the
fluorescein dye content addedto the drillingfluid at a nominal concentration of 100fy/Lt

was less than 1% dtie fracture water. The stainless steel Westbdysampling tubes were
sterilized by autoclavealidation of the sampling process involved filling sterilized tubes with
sterile deionized water and performing a mock sampling and tubellvag; afterwardsthe

water from thevalidationwas processetbr DNA extraction and tested for contaminating DNA
by polymerase chain reaction usiagprimer pair targeting bacterial 16S rRNA gand agarose
gel electrophoresisEach sampling campaign occurred over twgsdatwo samples collected

on dayone and another two samples collected on day. Filtering the fracture water for

12



DNA extraction commenced immediately upon receipt within the laboratory. Aliquots were
also tested for total and viable microscope countsl dor aerobic and anaerobic heterotrophic
plate counts. Most probable number was performed by a separate laboratory within Canadian
Nuclear Laboratories. The filters for DNA extraction fromalag were stored at20 C

overnight; DNA from of all samplé®m the campaign were then extracted at the same time

on daytwo. All DNA extracts from the first day were stored2di C; DNA yield and

guantitative PCR if performedt was performed by the laboratory that prepared the libraries

for sequencing. DNA exirts from 2008 and 201 T éblel-2) were sequenced in 2011 by 454
pyrosequencing; DNA extracts from 2013 and 20lablel-2) were sequenced in 2014 by
lllumina paired engequencing. All libraries were prepared by the same individual and

sequencing was performed within the same facility.

The reads for théargeted16S rRIN gene variable regionsere filtered for quality (phred
scores), read length and contaminating segoes from the library preparation. The
conservative clustering algorithms, USEARIEA pyrosequencinggnd UPARSEIumina

paired end sequencingyvere used for read binning into organizational taxonomical units
(OTUs). These algorithms minimize trsk 0f classifying spurious OTUs compared to the
default clustering algorithm used within QIIME 1.9.1, UCLUST. Even so, the single end reads
from 454 pyrosequencing would be more prone to spurious OTUs identification than the
lllumina paired end reads. €tigher number of OTUs identified by 454 pyrosequencing
(Chapter 3) than by lllumina paired end sequencing (Chapter 4 and Chapter 5) could reflect
either the sequencing technology employed or the larger spatial extewered in the earlier
analysis 25 kn?¥ compared to km?. The following sections provide an overview of the main

findingsdocumented in Chapte2 throughto Chapters.
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Tablel-2

Details of sampling loations used for DNA sequenemalysis

] ] . . Distance between | Sequencin
Borehole | Interval: Salgr;)gng Ea.:,tmg Norihlng Elel/ftlon sampling locations teccﬁmologyg
sequential cumulative ok
m m m m
3 05/30/2011 | 313743.6 | 5102838 31 - 0
CRGL 6 05/31/2011 | 313760.8 | 5102857 -68 99 99 454
8 06/01/2011 | 313771.9 | 5102870 -131 63 162
14 06/02/2011 | 313815.2 | 5102917 -356 225 387
CR® 2 09/20/2011 | 314757.5 | 5104142 92 -- 0 454
4 09/21/2011 | 314777 | 5104160 -38 130 130
CRAA 9 08/23/2011 | 312203.4 | 5104452 -440 -- -- 454
6 23/09/2013 | 313344.3 | 5102404 -122 -- 0
CRG3 8 25/09/2013 | 313335.7 | 5102336 -247 125 125 llumina
11 26/09/2013 | 313318.3 | 5102241 -417 170 295
14 27/09/2013 | 313293.2 | 5102122 -617 200 495
3 06/05/2013 | 313391.2 | 5102135 48 -- 0
CRGS 4 12/05/2013 | 313373.8 | 5102116 -4 52 52 llumina
5 14/05/2013 | 313351.6 | 5102092 -68 64 116
11 13/05/2013 | 313234.8 | 5101980 -390 322 438
2 11/04/2008 | 312721.5 | 5102262 29 -- 0 454
3 11/04/2008 | 312691.7 | 5102245 -26 55 55 454
11/06/2008 454
5 05/05/2014 312449.75| 5102130 -154 128 183 llumina
11/06/2008 454
CR9 8 06/05/2014 312466.6 | 5102145 -364 210 393 llumina
11/13/2008 454
11 12/05/2014 312449.75| 5102130 -384 20 413 llumina
11/13/2008 454
12 13/05/2014 312416.14| 5102120 -426 42 455 llumina
CR18 ~ | 092212011 | 3112627 | 5103333| 111 - - 454
(open)

* elevation relative to sea level
** Zone 18 of the Universal Transverse Mercator coordinate system
*** Roche454 pyrogquencing, Genome Sequencer FG$ FLX Titanium series reagentaniha PE, MiSeq,

PE250 V2 chemistry
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1.4.1 Spatial Correlationsn the Abundance andseochemicaData

Chapter Zexplored correlations between the fracture water geochemistry and the total and
viable microscope countssing generalized linear models and multiage analyses|It was

found that, at the spatial scale of the samplingbundances linked with geochemistry were not
unambiguously discerndokecause of spatial autocorrelation in the geochemical compositions.
Whena 2 NI} y Qa SA3ISy @S Oi atdhdené indloded in & gederalivedIifedr maukl S
(GLM) for cell abundances, the distributionneddel residuals was improvedlthough the

GLM identified spatial correlations in both the geochemistry and the abundances, the
distributions of cell abundance&ere normal to the distributions of fracture water sulfate (total
cell count) and fracture manganese (viable cell couamf)nding thatsuggess they may have a

common cause

A secondgoal of the analysis was to assess recharge on the assembly of faglesur
communities. By mitivariate mixingand mass balance (M3) modelindj,feacture water

samples were identified as being of meteasiigin. The geochemical composition of the
fracture water wadounded by three endmembers: modern recharge, glanelt and a saline
sourca a finding that is ensistent with thepost glaciahistory of thesite. From these data,

the bicarbonate content of the fracture water was used as proxy for modern recharge, stable
oxygen isotopic contenvas used as proxy fglacial melt water and the chlor&content was
used as proxy fo€hamplairea. A generalized linear modef total and viable abundances of
the component microbial cellsorrelatedwith the spatially correlated bicarbonatéherefore, it
was not possibléo unambiguously identify réwargeas a driver of microbial total and viable

abundances.

1.4.2 Diversity of the 16S rRNA Gene across &&5 SubsurfaceSpatialExtent
Chapter 3 explored the diversity of the 16S rRNA gengoasdiblecorrelations with the
subsurface geochernstry. Taxa identities, abundances and phylogenetiationshipsfrom the
16S rRNA gene W22 region within each sampling locatias§emblagesf local communities)
were combined into a regional pool of taxas§éemblage®rming a metacommunity). This is
the first timel applied:t St £ SY RQ& S O 2.t NllFnbdels dnd mMuNivaNag arglysks
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were applied tocompositional and phylogenetdiversity metrics for alpha (local) and beta
(among communities)The operational categoriesefined by Stegen (2015) were used to
identify the relative contributions of selection, dispersal and drift on the Chalk River subsurface

communities.

A main findingrom this analysisvas that the component taxa within each community were

more closely riated than expected by chantea sign of selective forcestingon community
assembly A second main finding was that compositional and phylogenetic differences between
sampling locations were classified as dispersal limited aifid ca sign of randomnessn

community assembly. The distance decay of similaeigaledapparent biogeochemistry at
distances up to 1.5 kmit is thought that his decay of similarityeflects fracture water mixing.

It was concluded that the spatial extent of the samplingakions precluded being able to relate
selectiveprocess with environment. dzreasing the spatial extent of sampling locations might
improve resolutiorto reveal environmentahfluences that have shaped the subsurface

communities

It was also found thabacterial taxa were numerically dominant in the groundwatéitthough

these were mainly uncultured, the closest cultivated representatives were from the
phenotypically diverse Betaproteobacteria, Deltaproteobacteria, Bacteroidetes, Actinobacteria,
Nitrosprae, and Firmicutes. Hundreds of taxa were identified but only a few were found in

abundance (>1%) across all assemblages. The remainder of the taxa were low abundance.

1.4.3 Diversity of the 16S rRNA Gene across karf SubsurfaceSpatialExtent

Chapter 4expored the diversity of the 16S rRNA geatea smaller spatial extent1 km?

compared to 2%mq. Taxa identities, abundances and phylogenetic relationships from the 16S
rRNA gene V4 region within each sampling location (assemblages of local communitess) wer
combineal into a regional pool of taxirming a metacommunity. Focusing on phylogenetic
diversity metrics, it was found that the component taxa within each community were more
closely redted than expected by chanc&he random processes of disperbaditation and drift
accounted for up to 50% of the variance in beta diversity; with an associated distance decay of

similarity of up td0.5 km. Procrustes analyses for distance decay of similarity and three
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phylogenic beta diversity metrics were sigrafit for the spatial distances between sampling
locations but not for the environmental distances between sampling locations. These metrics
were sensitive to the tips of the 16S rRNA gene V4 region phylogenetic tree; a phylogenetic
beta diversity metric me sensitive to the basal part of the tree was not significant with either

the spatial or the environmental distances between sampling locations.

Data from the phylogenetic tree edge lengths revealed that 57% ofitified taxa were
phylogeneticsister pairg pairs of taxavhose edge lengthconnected a common nodeithin

the V4 region phylogenetic tregere the same length. Within the ecological framework, this
pattern may indicate diversification and thus-ewristence of related taxa within the sub$ace,
however, given the variable copy number of the 16S rRNA gene, even at a 97% threshold for
sequence similarity, intrgenomic heterogeneity in the V4 region btgene may be higher

than 3%; if this is thease, this finding may reflethe choiceof using the 16S rRNA gene rather

than an ecological process within the subsurface.

Another main findingfrom this analysisvas that compositional and phylogenetic differences
between sampling locations were classified as dispersal limitedlafid a signof randomness
on community assemblgven at the smaller spatial extent of 1 kniThe distance decay of
similarity revealed apparent biegchemistry at distances up to®km suggesting that the

able toidentify selective processes Wih this subsurfee requires aven smaller spatial

extent For this reason, the metaommunity was split into borehole specific biomes having a
maximum distance between sampling locations of close torBO0rhese biomes were assessed

(Chapter 5¥or differential abundaces linked to spatial and environmental factors.

1.4.4 Using the 16S rRNA Gene V4 region, Metagenome Data and Demonstrated
Metabolism to Assess the Role of Selection in the Subsurface Community
Assembly

Chapter 5 expanded on the analysis presented in Chapbgifdcusingon selection as a driver

of subsurface communitgssembly. Since randomnesscounted for 50% of the variance in the
phylogenetideta diversity, sampling lotans that clustered close together in the principle co
ordinate analysis of UniFralistancegChapter 4were combined into separate biomes: these

were the sampling loations accessed by borehole CR9 apbdorehole CR& A BioEnv
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analysigdentified environmental and spatial data that-waried with thetaxa compositional
data within each biome; thesgariableswvere then used as input variald& a generalized
linear model designed to evaluate differential gene expressgiercept in this caset wasused
to evaluatedifferential 16S rRNA gene abundantest. This analysislentified ~8%of the
component taxa displayed differential abundances: within the-Biehe, ~4% of the
component taxa were identified as differentially abundant wiélspect to fracture water
manganese and spatial gradient; within the CRdfiome, ~4% of theamponent taxa were
identified as differentially abundant witfespect tofracture waterorganic carbon andulfate
content. The outcome for the CR@ome analysis was consistent with demonstrated sulfate
reduction by most probable numberan metabolismobservedonly during this sampling

campaign.

A commonmetabolismacross all sampling locatioasd forall sampling campaigngas nitrate
reduction, albeit at 1% or less of the total cell coumitrogen compounds, however, where not
measured within the frature water. Data from rock core porewater did identify ammonia,
nitrite and nitrate, suggesting the rock as a possible source of nitrogen compounds. Rock

weathering as a driver of community assembly warrants further analysis.
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2. SPATIAL AUTOCORRHOAT SOURCE WATERDANHE DISTRIBUTIOR TOTAL AND
VIABLE MICROBIAL ABDANCES WITHIN A GRELLINE FORMATIODI A DEPTH OF
800 M

2.1 Abstract

Proposed radioactive waste repositories require long residence times within deep geological
settings for which we have little knowledge of local or regional subsurface dynamics that could
affect the transport of hazardous species over the period of radioactive decay. Given the role of
microbial processes on element speciation and transport, kadgg and understanding of

local microbial ecology within geological formations being considered as host formations can
aid predictions for long term safety. In this relatively unexplored environment, sampling
opportunities are few and opportunistic. We cbmed the data collected for geochemistry and
microbial abundances from multiple sampling opportunities from within a proposed host
formation and performed multivariate mixing and mass balance (M3) modeling, spatial analysis
and generalized linear modeling address whether recharge can explain how subsurface
communities assemble within fracture water obtained from multiple saturated fractures
accessed by boreholes drilled into the crystalline formation underlying the Chalk River
Laboratories site (Deep\Rir, ON, Canada). We found that three possible source waters, each

of meteoric origin, explained 97% of the samples, these are: modern recharge, recharge from
the period of the Laurentide ice sheet retreat (§42000 years before present) and a putative
saline source assigned as Champlain Sea (also ca. 12000 years before present). The distributed
microbial abundances and geochemistry provide a conceptual model of two distinct regions
within the subsurface assated with bicarbonate; used as a proxy for modern rechargand
manganese; these regions occur at depths relevant to a proposed repository within the
formation. At the scale of sampling, the associated spatial autocorrelation means that
abundances linkedith geochemistry were not unambiguously discerned, although fine scale
az2NlyQa SAISYy@dSO0i2NI YILI 6a9auv O2SFFAOASYyGa ¢S
suggest the action of localized processes possibly associated with the manganese and sulfate
content of the fracture water.

2.2 Introduction

A goal of ecology is to relate population densities from within a region of interest to local or

regional environmental conditions, however, analyses of spatially distributed sampling

3 Adapted from:
E. D. Beaton, Marilyne Stuart, Sim Str@sscoyne, Karen J. KiBbarp, loana Gurban, Amy
Festarini, Hui Q. Chen, 2017, Spatial Autocor@tatsource Water and the Distribution of
Total and Viable Microbial Abundances within a Crystalline Formation to a Depth of 800 m,
Frontiers in Microbiology, 8, 1731, DOI=10.3389/fmicb.2017.01731.
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locations can be complicatday autocorrelation (Dormann et al., 2007; Gilbert and Bennet,

2010) or a lack of independence between nearby sampling locations. This characteristic, if not
recognized, can lead to incorrect conclusions for population and environment

interrelationships. Wkn modeling population densities within a region of interest,

autocorrelation can be caused by, for example, distance relationships in biological processes
such as dispersal, by assuming an incorrect relationship between abundances and environment
within amodel, or by not accounting for an important@ronmental determinant that is, itself,
spatially structured and thus causes spatial structuring in the response (Dormann et al., 2007).
Discovery of distaneeelationships associated with biological proeesgrovides an important

and interesting insight on community patterns while the assumptions made when modeling
population abundances can lead to incorrect conclusions by having model residuals that are not

randomly distributed, and so are themselves autwelated (Dormann et al., 2007).

Within the volume of proposed geologic repositories for hosting waste with inventories of long
lived radionuclides, information on the microbial abundances within an undisturbed setting at
depth can help formulate concepaiimodels for longerm subsurface dynamics over the
expected inventory decay period. A microbial community is defined as an assemblage of
potentially interacting taxa that coccur over space and time (Nemergut et al., 2013).
Differences in abundances avepace and time can occur through a combination of processes
such as by abiotic selection and biotic competition or by speciation and drift between
unconnected communities (Hubbell, 2001; Vellend, 2010). Microbial distributions in natural
water systems ab tend to be dispersed (Bliss and Fisher, 1953hBharawi et al., 1981; Haas

and Heller, 1986; Hilbe, 2011; Harrison, 2014); occurring as clusters of cells or associated with

suspended particles.

In this study, distributions of the total and viable coulata and the geochemistry data were

derived from sampling multiple saturated fractures that were accessed from boreholes drilled
into overlapping bedrock assemblages underlying the Chalk River Laboratories (Deep River, ON,
Canada) site. Data collectioraw/part of a siting assessment for a potential future geologic

waste management facility at the CRL site (Thompson et al., 2011). The locations of these

boreholes are shown iRigure2-1. Previous studies performaalithin this formation (Stroes
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Gascoyne et al., 2011; Beaton et al., 2016) showed that bacterial taxa were numerically
dominant in the fracture water and that these bacteria displayed nitrogen metabolism with
episodes of sulfur metabolism. This findingksn to other crystalline subsurface environments
hosting microbial communities that display metabolic activity such as nitrate, iron and sulfate
reduction (Kieft, 1990; Jain et al., 1997; Haveman et al., 1999; Sahl et al., 2008; Nyyssonen et
al., 2012). ARhough the bacteria were mainly uncultured, the closest cultivated representatives
were from the phenotypically diverdgetaproteobacteriaDeltaproteobacteriaBacteroidetes
ActinobacteriaNitrospirae andFirmicutes Hundreds of taxa were identifiedubonly a few

were found in abundance (>1%) across all 16S rRNA assemblages. A decay of phylogenetic
similarity with distance up 1.5 km was evident within sampling locations separated by up to 5
km of rock (Beaton et al., 2016). We propose that this delistance is related to dispersal

within vertical oriented fractures. To test for the possible influence of recharge and metabolism
on total and viable abundances we extend our findings for nitrogen metabolism and sulfate
reduction (StroesGascoyne et al2011) and for the distance decay of similarity (Beaton et al.,
2016) by analyzing the relative influences of the fracture water on microbial abundances and
viability; an aspect of this subsurface habitat that had not been evaluated previously. Isotopic
andysis of the dilute fracture water indicates it is of meteoric origimith no significant rock

water interactions (Kingharp et al., 2016); Supplementary Figure S1 shows the stable isotope
composition for hydrogen and oxygen in the fracture water rglathe Vienna Standard Mean
Ocean Water (VSMOW). This recharge provides a possible source of soluble species for
microbial processes and is a medium for dispersal. Porewater analysis from rock cores
(Peterman et al., 2016) identified nitrogen compoundshmitthe porewater compaosition that
were not detected within the fracture water, so despite the stable isotope compositions
relative to VSMOW (Supplementary Figure S1),-veater interactions relevant to microbial

abundances may still be occurring.

To gaug interrelationships between subsurface microbial abundances with the geochemistry
we combined the abundance and geochemical data from multiple sampling opportunities and
performed modeling to address whether recharge can explain how subsurface communities

assemble within these fractures. The chemical species within the fracture water were evaluated
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for their significance as explanatory variables by a multivariate approach in which the fracture

water compositions were compared with the compositions of kn@md derived

compositional enédmembers. The explanatory power of the emember compositions provide

insight into probable source waters and, therefore, insight into the history of recharge, mixing

and other geological processes (Laaksoharju et al., 198#&ksoharju et al., 2008) that may

KIS aKFLISR GKS OdzZNNByYyd FNIF OUGdz2NBE g+ GSNJ O2YLXIRa
autocorrelation between sampling locations and the fracture water components were

evaluated by a generalized linear model (G(WBnables and Ripley, 2002) for their significance

Fda LIR2aarotsS YSGFro2tA0 adzoadNFXiGSa Faaz20Al GSR ¢
eigenvector map (MEM) coefficients were included as independent variables in the GLM to

gauge for spatial autocorretian within the model residuals.
2.3 Materials and Methods
2.3.1 Fracture Water Sampling and Analysis

Fracture water was collected using a Westbay Multilevel Groundwater Monitoring System
(Nova Metrix Groundwater Monitoring (Canada) Ltd). Supplementary Figure %2 aho
schematic of a borehole with an installed Westbay System®. This Figure illustrates how the
Westbay tubing and packers isolate multiple zones within the borehole thus preventing
unnatural fracture water flow within the borehole itself. The tubing fligdsolated from the
formation fluid. In this arrangement, ambient formation fluid flow can pass through the
annulus. From inside the tubing, formation fluid can be accessed by lowering a Westbay
sampler and container assembly (also shown) to normalgedwalved ports positioned
between the packers. A larger schematic illustrates a deployed Westbay sampler assembly that
is engaged at a selected port. Once the sampler is positioned and engaged, the remotely
operated control valve in the sampler is opertecallow formation fluid from the zone to flow
into the empty container. The process is monitored by observing changes in fluid pressure
during the sequence of operations (see a typical trace of pressure vs. time in Supplementary
Figure S2). Once the camer is filled, the sampler valve is closed to seal the formation fluid

inside the container at in situ pressure. The assembly is disengaged from the port (the port
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valve automatically closes) and the fluid in the sealed container is retrieved to trecsudr

further handling.

The fracture water sampler consists of four 250 mL stainless steel tubes connected in series by
tubing and Swagelok fittings. Prior to each sampling, the tubes were sterilized by autoclave and
the fittings were sterilized by wastyg them with 70% ethanol. Validation of the sterilization

and transport procedures was performed using sterilized water and PCR with bacterial rRNA
16S primers (Muyzer et al., 1993). Since the tube assemblies contacted only the interior of the
casing surfee, the probability of introducing surface microbes into the sampled volumes was

minimal.

The borehole locations within the study site region of interest, and their names, are shown in
Figure2-1. These sampling locations are sited between the geological boundaries created by
the Maskinonge Lake fault, the Mattawa fault (Ottawa River) and by\last trending

diabase dykes that traverse the study site along the boreholed, CR& and CR®. Fracture
water was collected frorsealed borehole CRG CR&, CR&3, CRGIA, CRG and CF.

Fracture water from an open unsealed borehole;I8Rwas also sampled. Depths of the
sampled fracture water ranged from 35 to 780 m (137800 m elevation, relative to sea

level).

The fracturewater pH [Beckman PHI 265 pH/Temp/mV meter (Beckman Coulter, Inc.)] and
conductivity [YSI Model 30 Conductivity Meter (YSI Inc., Yellow Springs, OH, United States) were
measured andOOmU f Aljdz20& 6SNBE FTA{GSNBSR GKNPndt@K | ndn
Millipore, Billerica, MA, United States) then immediately presetweddding 0.5 mhitric acid
(ultra-trace grade, SeastarTM, Baseline®, Fisher Scientific, Ottawa, ON, Ganalta)ental

analysis. Elemental composition of the fracture water watermined by inductively coupled
plasmamass spectrometry (IEMS, using either a Varian 820S (Agilent Technologies, Inc.) or

an Element XR (Thermo Scientific)) and by inductively coupled plasma atomic emission
spectroscopy (IGRES, Optima 3300, Perlatmer). Anion concentrations were determined

using a Dionex 3000 ICS ion chromatograph (Dionex, Sunnyvale, CA, United States). Dissolved
organic (DOC) and inorganic carbon (DIC) were determined using a Dohrmann, model Phoenix

8000UV Persulfate TOC AnadyZTeledyne Teckmar, Mason, OH, United States).
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Total and viable microbial densities were determined by fluorescence microscopy with a Nikon
E600 microscope and a Zeiss Axiophot microscope after filtering the separate stained samples
onto black polycarbdn 1S FAf 6 SNA 6 CA&aKSNI { OASYGAFTAOZI Hp Y
fields of view and at least 300 cells were counted per filter for a coefficient of variation of 5.8%
per filter. Direct counts for total cell densities were determined in tripkchtmL volumesg

within 4 h of sampling at the formation pressure and within 1 h of opening the sample tubes
including a 30 min incubation time. Total cell densities were determined using the DNA
intercalating dye, Sybr Green Il (Life Technologies); becsezarate aliquots were giped to
another laboratory, total cell counts were also determined within 24 h of opening the sample
tubes, in this case, using Acridine Orange (Sggxitlich) to emulate the procedure employed

at the receiving laboratory; themo dyes and two time points gave similar results. Direct counts
for viable cell densities were determined in triplicate 1 mL volumes, also within 1 h of opening
the sampling tubes, using dyes that are sensitive to different characteristics of viable m@licrob
cells: the soluble &yano2,3-ditolyl tetrazolium chloride (CTC, SigpAddrich) was used to

evaluate respiratory activity within the microbial population as detected by the reduction of
CTC to the insoluble fluorescent Gfo@nazan (Schaule et al., 93); the lipophilic cation,
rhodaminel123 (R123 Sigmaldrich) (McFeters et al., 1998; Fuller et al., 2000) was used to
evaluate cells within the microbial population that display a membrane potential difference;

and carboxyfluorescein diacetate (CFDAM&gAIdrich) was used to evaluate enzymatic

activity (Schaule et al., 1993).
2.3.2 Multivariate Mixing and Mass Balance Analysis

The fracture water components sodium (Yecalcium (Cd), magnesium (M), bicarbonate
(HCQ), chloride (C), sulfate (S&) andthe isotopes tritium, deuterium and stable oxygen,
1180, were used as input data for the multivariate, mixing and mass balance analysis model
(M3, performed by 3D Terra, Montreal, Quebec). The M3 model consists of four steps: a

principal component analysi(PCA); selection of reference waters (@nembers) followed by
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calculations of mixing proportions; and finally mass balance calculations (Laaksoharju et al.,

1999; Laaksoharju et al., 2008).

Three endmembers were found to describe the fracture wateresie are referred to as: (1)
WNBEOKIFNHS>ZQ O0HO WEKIYIRE IobYy S0 042 KN YWEKE IOy S
Gl tdzSa FT2N) GKS YStid 461 GSNI SYyR YSB8nalGeNoms SNE G| ]
Frape and Fritz (1987) and Remenda et al. (1994). The deuterium value was determined by
Rozanski et al. (1993Jhe tritium value, which governs the proportion of recharge, was

considered decayed to zero. TheefdS Y0 SNJ NBEFSNNBR (2 | a W KIF YLX!
from nearby sediment pore water from this period in the site history that had a salinity of 6.1%
(Torrance, 1988). The eathember referred to as modern recharge was calculated as an

average of the chemistry of the upper section of boreholes2RGRE&, CR&IA and CRG-1

and CFO-1. The software, Surfer (Golden Software), was used to create 2D cross seaps.

2.3.3 Generalized Linear Model with a Negative Binomial Distribution

The replicate values for microbial cell densities and geochemistry were averaged for each

borehole interval sampling location. Supplementary Figure S3 shows a comparison of guantile
by-quantile plots for the total cell count distribution against theoretical normal and negative

binomial distributions. The environmental and spatial data were evaluated as explanatory

Bl NAIofSa dzaAy3ad GKS 3IFfYdyool TaaidRipeg J00F.NRY (K
Significant variables were determined by stepwise modeling. Model selection was based on
minimizing the Akaike information criterion (AIC). Analysis of variance was applied to the

reduced model to determine the significance of the iatad variables. Only those values with p

< 0.05 wereconsidered significant. Alhe model results are provided in an Excel file in the
Supplemental Information.

2.3.4 { LI GALE ! dzi202NNBtlFGA2Y YR a2NlryQa 9A.

az2NlyQa SA3Sy agé&dby ptihcle tdordinatbisof neighbor matrices (Borcard

FYR [ SISYRNBZ HanuT 5Nre S fd Hnncd FTNRY 4
matrix of spatial eigenvectors was built from a distance matrix of Easting and Northing, zone 18,
Universal Transverse Mercator coordinates for each borehole interval. The functions used to

create the spatial weightings matrix were nbitri(), that converts the spatial coordinates of the
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sampling locations into a distance neighbors map, and the functiotigtw®) that creates the
gSAIAKGAYIE YIGNRE FNRY (KS ySAIKOZNE YI LD ¢KS
reveal different spatial structures over the entire range of scales encompassed by the

geographical sampling area. The first MEM value®gsed in the analyses represent broader

spatial structures, and the last MEM values represent finer spatial structures. Values for
a2NlyQa L G SFOK al YL Ay3 f20F0A2y 6SNB 02YL)
using the function localntan(). The resulting-zalues were plotted to display locations with

spatial correlations that were more than two standard deviations from the null mean.

2.4 Results
2.4.1 Multivariate Mixing and Mass Balance (M3) Modeling

The results from the PCA are showrfigure2-2. The PCA results are displayed three times to
illustrate modeling results for mixing of the three fracture water compositionateednbers;
these were the percent mixing proportion for glacial melt wateéig(re2-2, upper left panel),

the percent mixing proportion for Champlain S€&g(re2-2, upper right panel), and the

percent mixing proportion for modern rechargéigure2-2, bottom panel). The first and second
principal components accounted for 71% of the variance in the geochemistry. The area
encompassed by the three eadembers Figure2-2, triangle joining thecompositional end
members) explains over 97% of the fracture water samples; most of the individual fracture
water compositions plot between the three reference waters. The fracture water samples that
plot outside the region of theiree end members are listed as open circlagre2-2, all three
panels). The explanatory power of glacial melt, Champlain Sea and modern recharge may
indicate that these waters have affected the present fractwager composition and thus
represent historical events that could have influenced the fracture water microbial populations.
The modeled mixing proportions of the three source waters suggests that fracture water
sampled from boreholes CRIGCR&, CRG&3, CRAAA, CR, and CR.8 contain mainly

modern recharge with a small glacial melt mixing proportion of updi@%. Fracture water
sampled from borehole CRincludes proportions from these source waters and an additional
mixing proportion from a saline water source, referred to here as Champlain Sea. Fracture

water accessed from intervals 11 and 12 from borel@RO have mainly a saline water type
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signature ofy70%. By this model, the fracture water from-@R, CR9-8 and CRL8 is a mixture

of Champlain Sea, melt water and modern water. Distributions of the three possible water
sources is represented in crosgen inFigure2-3 (left panel) for modern recharge (top left
panel), glacial melt (middle left panel) and Champlain Sea (bottom left panel). The depth and
orientation profiles for boreholes GR CR& and CR@ are also shown. These boreholes form
an EastWest transect across the study site (depicted by the shaded areigime2-1); the
sampling locations within these boreholes that were used for microbial abundance
determinations are shown iRigure2-3 as white dots. The visualizations were created Hy 2
kriging interpolating between the sampling locations within each of these boreholes and do not
account for the fractures thtawvould provide the water flow paths throughout the rock matrix.
The lefthand side ofigure2-3 shows the mixing proportion by prospective source water and
the righthand side of thd-igure2-3 shows the distributions of geochemical signatures that
correspond to these water sources: bicarbondtg(re2-3, top right panel) for modern

NBE OK I NH S T 80rallieaRagit&-R, middle right panel) for glacial melt water and
chloride Figure2-3, bottom right panel) for a saline source water. These components of the
fracture water, therefore, may regisent a signature for source water in a GLM.

2.4.2 Spatial Autocorrelation

Spatial autocorrelation refers to similarities in attributes between adjacent locations compared

to the attributes between more distant locations (Miller, 2004). Spatial autocorrelation i

abundance data can be informative of processes that drive community patterns. Spatial
autocorrelation in model residuals, however, can lead to incorrect interpretation of the

processes that drive community patterns. To test for spatial autocorrelatitmmithe sampled

fracture water, MEM coefficients were calculated and those coefficients associated with
L2aAGAGBS a2NlyQa L ¢6SNB RRSR (G2 GKS D[a | a &

represent unknown processes occurring locally within thegutgd area. Local values for

a2NlyQa L ¢gSNB faz2 O2YLI NSR gAGK | ydzZf RAAG
FGGNRAOGdzI S& G4 &l YLXEAYy3 t20FGA2ya o0F2N SEI YLX S
than two standard deviations fromtheriul YSIFy® | f20Ff a2NlyQa L T2

than two standard deviations from the null mean in the positive direction indicates that the
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spatial distribution of that attribute is more clustered than would be expected if underlying

spatial proceses were random; in this case, the null hypothesis of random distribution of a
AABSY WIHGOGNRODzSQ ¢2dzZ R 6S NBX2SOGSR® ! 20!l f
standard deviations from the null mean in the negative direction indicates thigaspa

distribution of high and low values for that attribute were more spatially dispersed than would

be expected if underlying spatial processes were random; in this case, the null hypothesis

would also be rejected.

The zvalues calculated for the distriiuA 2y 2 F (G KS naxiklg thecelBounat G NA 6 dzi ¢
densities, concentrations of soluble compounds, pH and the positive MEM coeffiGiardgs

shown inFigure2-4; the sampling locations are listed by boredaind interval following a

Westto-East direction from borehole €B to borehole CR@ (seeFigure2-1). The dashed

gray lines and the solid gray lines mark where the first and second standard deviations from the
null mean lie. The bars for attributes that extend beyond the mark for the second standard
deviation, in the positive or negative direction, identify the sampling locations with spatially
non-random attributes. From the plots iRigure2-4, the deeper sampling locations within

borehole CF at intervals 8, 11, and 12, display ar@amdom attributes relative to the global
distribution of cell counts, or clustering as lower total cell counts; lower bicarbonate

concentations and higher sulfate and manganese concentrations; and by the MEM coefficients
labeled MEM5, MEM7 and MEM10. These intervals are also the sampling locations with a saline
signature (Figures 2, 3, bottom left panel); even so, the chloride was notfiedras being

spatially autocorrelated.

The total cell counts from the shallow sampling location within the same borehole, located at
interval 2, is dispersed compared to the null mean of spatially distributed counts values; and

the MEM coefficient, MEM1Only two other sampling locations had cell count densities that

were outside the bounds of the null spatial distribution: interval 7 of borehole-@&Rénd

interval 14 of borehole CR& For these locations, interval 7 of borehole &#QGs elevated

with respect to: the CTC positive counts; the concentration of bicarbonate; and the MEM
coefficients, MEM2 and MEMS5. Interval 14 of borehole ®R&reduced with respect to: R123
positive counts; and the MEM coefficient MEM4. These deviations from the glab&llMy Qa L F 2
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all the sampling locations suggest there are local processes that influencing the microbial
abundances.

2.4.3 Distribution of the Count Data

Values for total and viable cell densities in fracture water sampled from each borehole are
provided in Suplementary Table Sdnd Table S2How the cell densities distribute across the
sampling locations is shown lfgure2-5 as histograms and as boxplots by borehole arranged in
a West to East direction (from borehaBR18 to borehole CR@ as shown ifrigure2-1). The

cell densities within boreholes €8, CR9, CRA and CR&@ form the lower density part of the
histograms and the cell densities within boreholes GRGR& and CR&IA form the higher
density part of the histograms. The same data is plotted as scatter plots by sampling location
elevation relative to sea level (Supplementary Figure S4, left panel) and by the Longitude value
for the borehole collar, were the bohele enters the subsurface (Supplementary Figure S4,
right panel; these two figures show that borehole location show a wider range of cell densities
than does elevation.

To help identify possible drivers for the microbial abundances, the distributionrnpatter the

total and viable cell densities were also compared with the distributions of the fracture water
geochemistry (using data taken from Supplementary Tablen8ITable §2and to the rock
porewater components: sulfate, bicarbonate, ammonia, ngrand nitrite (from Peterman et

al., 2016). The resulting quantilg-quantile plots are shown in Supplementary FiguresSE5

and inFigure2-5 beside the histograms for the cell densities. Quarbtyequantile plds allow

for the distribution patterns between two datasets to be compared; if the datasets follow a
similar distribution the data points plot along a straight line; if the datasets do not follow a
similar distribution pattern, the points diverge from aaght line. We find from these
comparisons that the microbial cell densities distribute within the subsurface like that for the
fracture water and porewater sulfate, the porewater ammonia and for the fracture water
manganese, but not for the fracture watbicarbonate or for the porewater bicarbonate.
Supplementary Figure S5 show the cell density distributions with the fracture water and
porewater sulfate. The total cell count data appear to have a distribution like that for the

fracture water sulfate whé the CTC and R123 cell density distributions deviate from the
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straight line (Supplementary Figure S5, top panel). The opposite patterns are seen for
porewater sulfate; the distributions for total cell count and the porewater sulfate deviate from

a straigh line while the CTC and R123 cell densities appears to have distributions like that for
the porewater sulfate (Supplementary Figure S5, bottom panel).

Comparisons with the distributions of fracture water and porewater bicarbonate
(Supplementary Figure Séind of fracture water manganese (Supplementary Figure S7) show
that the count data distributions are not like that for bicarbonate in the lower quantiles
(Supplementary Figure S6, top panel for fracture water, bottom panel for porewater) but they
are distibuted that for like manganese (Supplementary Figure S7).

Supplementary Figure S8 show the quantijequantile plots for the distributions of cell

density the porewater nitrogen compounds: ammonia, nitrite and nitrate. These components of
the porewater vere not detected within the fracture water. The plot shows that the

distributions for total and CTC cell densities are roughly linear with the distribution for
ammonia (Supplementary Figure S8, top panel). The total, CTC and R123 cell densities are also
roughly linear with the distribution of nitrate concentrations but there is flattening in the

middle quantiles for nitrate. The plot comparing the cell densities with porewater nitrite
suggest these datasets follow different distributions across the formai8upplementary

Figure S8, bottom panel).

2.4.4 Generalized Linear Modeling of the Count Data

The geochemical and descriptive data used for the GLNjigen in Supplementary Table.S2

¢CKS yS3AIGABS o0Ay2YAlLfT D[a Fdzy Ol A 2Ripleg, RDRAY GKS
LINE JARSAa | Y2RSt G2 lFaaArdy fAYSIEN LINBRAOG2NA
distribution of the count data. The total and viable count data across all the sampling locations

were each used as response variables. Data for the gaoical and positive MEM coefficients

across all sampling locations were used as the dependent variables. Unmeasured

environmental variables associated with the microbial cell density distribution would form part

of the random component of the resulting &ar model.

The independent variables were evaluated first for model selection then stepwise model fitting

was performed. Metabolically relevant components of the geochemistry were: pH; dissolved
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organic carbon (DOC); bicarbonate; sulfate; iron; mangarsskephosphate. Bicarbonate ion is
also a possible signature for modern rechargigre2-3). Data for chloride ion were included

as an explanatory variable for a saline source water component, and the stablenazgtmpe

0 ¥0) data were included as an explanatory variable for a glacial melt source water
component. The spatial weightings matrix identified 11 positive MEM coefficients; these were
Ffa2 AyOfdzZRSR AYy | Y2RSt & ¢ ¢RfideNdd mtdrfalivalyedforO2 ST F
the significant explanatory variables are listed in Supplementary Table S2 (total counts),
Supplementary Table S3 (CTC counts), Supplementary Table S4 (R123 counts) and
Supplementary Table S5 (CFDA counts). Only those eiqriarariables with a significance of

p < 0.05 or lower are shown.

When the models were run with the geochemistryithout the positive MEM coefficients
bicarbonate and manganese were identified as the predictors of total (Supplementary Table
S2), CTGupplementary Table S3) and R123 (Supplementary Table S4) cell counts. When the
model was run with the positive MEM coefficiemtsvithout the geochemistry, between two

and four coefficients were significant: MEM2 and MEM4 were identified for both toil a

viable cell counts; and either MEM1, MEM5, MEM7 or MEM10 were identified depending on
the count data (Supplementary Table;S8). An analysis of the model residuals for the total
count data are provided iRigure2-6: environmental variabled=(gure2-6A), the positive MEM
coefficients Figure2-6B) and the measured variables and spatial coefficidritpufe2-6C).

These plots show that the distribution of the residuals and fitted total count are more randomly
distributed when the positive MEM coefficients are included in the mdeigiufe2-6B) than

when the model included only environmeriigure2-6A). Combining spatial and environmental
inputs did not improve the distribution of the model residudisgure2-6C).

2.5 Discussion

The concept of geological radioactive waste repositories is to provide secure locations over long
residence times within deep geological settings allowing for the decay ofliked)

radionuclides to background levels. The feasibility of emptpa repository relies on having
knowledge of local and regional subsurface dynamics that would form the basis of predicting

the transport of hazardous species from a repository over the period of radioactive decay.
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Given the role of microbes on elemergegiation and transport and their effect on element
retention by microbiaderived metal oxides (Kennedy et al., 2011), knowledge and
understanding of local microbial ecology within prospective host formations can aid predictions
used for making long terrsafety cases. To gauge interrelationships between subsurface
microbial abundances with the geochemical data we combined the abundance data obtained
from multiple sampling opportunities from within the crystalline formation underlying the

Chalk River Labaw@ries site (Deep River, ON, Canada) and performed multivariate mixing and
mass balance (M3) modeling, spatial analysis and GLM. We considered the dual role of fracture
water ¢ as the medium for transport of soluble species suitable for microbial metabairsd

its role as the medium for dispersal.

In our analyses, we identified possible sources of the fracture water and evaluated the fracture
water composition as predictors of total and viable microbial cell densities within these
fractures including theidistribution patterns. The dilute character of the fracture water (King
Sharp et al., 2016) compared to other sites on the Canadian Shield is thought to reflect
recharge that occurred at the end of the last glaciation followed by a gradual recharge with
meteoric water. The fracture water ages date from 5000 to 10,000 years-Giarp et al.,

2016). Modern recharge does not appear to extend deeper than approximately 100 m (King
Sharp et al., 2016). We therefore performed modeling to address whether reelcargexplain

how subsurface communities assemble within these fractures. The main findings from M3
modeling were that three possible meteoric source waters account for 97% of the samples:
glacial melt water, a saline source and modern recharge. The nurapgrtion for modern
recharge and glacial melt water describe most of the samples; the mixing proportion of a saline
source water is localized to deeper fractures transected by boreholes (EBure2-3).

Although the stable isotope data for oxygen and hydrogen align with the VSMOW
(Supplementary Figure S1), supporting the notion of recharge as a main driver of microbial
assembly, rock water interactions may still be important in explaining the fracture water
microbiology. A porewater analysis of the drilled rock cores identified nitrogen compounds
(Peterman et al., 2016) that were not detected within the fracture water; a finding that

corroborates both the measured nitrogen metabolism within the fracture watep€S-
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Gascoyne et al., 2011) and the identified taxa within the fracture water (Beaton et al., 2016)
whose cultured relatives encompass the complete nitrogen cycle, including nitrogen fixation. In
a study of the component taxa (manuscript in preparationfyogen metabolism was detected
within all sampling locations; sulfate reduction was detected only within borehole8CRG
Recharge into fractures is topology driven. An analysis of the cell density distribution patterns
identified location specific patters and patterns that were generalized across the sampling
locations. The total and viable cell densities fell into two categories: those locations with lower
cell densities (location within boreholes - ©RCR18, CRE, CR&) (Figure2-5 and

Supplementary Figure S4) and those locations with higher cell densities (locations within
boreholes CRG, CR&IA and CR®). The sampling locations with the lowest total cell counts
were those locations that had the highestxamg proportions of a saline source water

(Figure2-2) and the sampling locations with the highest total cell densities were those locations
with higher mixing proportions of modern rechargédure2-2). Variation in the count data
appears to be localized to the region around each of the boreholes and not to the elevation of
the sampling locations (Supplementary Figure S4). If the abundance data can be linked to
recharge, he influences of local conditions on recharge may need to be accounted for by, for
example, overburden thickness and hydraulic conductivity. In a study of modern recharge into
another fractured crystalline aquifer that is overlain by variable thicknestsesesburden

(Gleeson et al., 2009), the authors conclude that overburden thickness and hydraulic
conductivity were major parameters that controlled modern recharge into the underlying
bedrock aquifer and that a thicker overburden meant modern rechargesteager and more
widespread (Gleeson et al., 2009). A slower recharge rate and higher surface area of
unconsolidated overburden would favor higher cell densities.

The distributions of the abundances and the geochemistry were more generalized across the
site. The quantildy-quantile plots show that the total cell count distributions aligned with the
distributions of fracture water sulfate, fracture water manganese, porewater sulfate, porewater
ammonia and porewater nitrate={gure2-5 and Supplementary Figures S5, S7, S8). The viable
cell count distributions also aligned with the distributions of sulfate, manganese, ammonia and

nitrate while their distributions compared with bicarbonate were heavy tailed in the lower
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guantiles¢ namely, those sampling locations within borehole CR region of the subsurface
found to be distinct in the M3 modelingrigure2-3).

Analysis of spatially distributed sampling locations can revistdmterelationships in

abundance data (Dormann et al., 2007). The assumptions made when modeling population
abundances can lead to incorrect conclusions if the model residuals are not randomly
distributed (Dormann et al., 2007). We therefore performespatial analysis to test for a role
for meteoric water recharge on total and viable abundances by comparing a null distribution of
GKS 3f 26t &iguNP-4 ddé by hddighlthle dzSulting eigenvector negefficients
into a GLMFKigure2-6). The GLM identified bicarbonate and manganese as significant
predictors of microbial abundances (Supplementary TableSS2 Both bicarbonate and
manganese also show spatiaitacorrelation at sampling locations within borehole-@Ras

does sulfate Figure2-4). In our analysis, bicarbonate was considered as a proxy for modern
recharge; the proxy for a saline source recharge, chlon@e, not identified as significant
(Supplementary Tables &5) and, despite the M3 modeling showing the localization of this
saline signature (Figures 2, 3), chloride was not spatially clustered with the bicarbonate,
manganese and sulfat&igure2-4).

The GLM also identified positive MEM coefficients of which four coefficients clustered within
borehole CF® and two coefficients, MEM2 and MEM4, were randomly distributed. The
improved GLM residuals with these coeiiéints suggest that the significance of the bicarbonate
and manganese was due to the localized and distinct fracture water conditions that exist within
borehole CF® and further suggests that their significance in the GLM reflects this spatial
correlation.Inclusion of the MEM coefficients within the GLM improved the distribution of the
GLM residuals. The finer scale influences represented by these coefficients may indicate
unmeasured/unknown processes; the distribution pattern similarities observed wih th
guantile-by-quantile plots may help reconcile these processes.

2.6 Conclusion

The main findings of this work are that M3 modeling identified three possible meteoric sources
water for recharge; of these three, modern recharge appears to be the most likelyesaater

to explain, in part, microbial abundances within the projected area of the sampling locations.
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Chloride, as a proxy for a saline source water, was not a significant explanatory variable for the
G2GFt 2N gAl ot S O2 dzy (i'80R bsialgabge{ofigladiat nfelt véaterRvith§ y A & 2
also not a significant explanatory variable of microbial abundance distributions.

Spatial autocorrelation analysis show that low total cell counttocalize with lower

bicarbonate, higher manganese and highelfate. These locations are associated with the

saline source water signatures. The spatial correlation of both the bicarbonate and the
manganese suggest that their significance in the GLM reflects this spatial correlation and not a
direct effect on microkal abundances, per se. Inclusion of positive MEM coefficients into the
GLM improved the distribution of the model residuals. The finer scale influences represented
by the significant MEM coefficients suggest there are unmeasured/unknown processes
occurrirg within these sampling locations.

While the fracture water is dilute, and of mainly meteoric origin (Kaharp et al., 2016), the
prospect of porewater sulfur and porewater nitrogen (Peterman et al., 2016) potentially
leaching from the host rock suggekere may be localized processes that are separate from a
role of source water recharge in explaining microbial abundance distributions within the
projected area of the sampling locations.
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2.12 List of Figures

Figure2-1. Fracture water sampling locations, Chalk River Laboratories, Deep River, ON,
Canada. Boreholes €&Rand CRL8 were drilled into the bedrock ca. 1980, boreholes
CRGL through CR@ were drilled into the bedrock since 2005. All boreholes except
CR18 were seked and isolated into multiple intervals using Westbay Systems.
Borehole CH.S8 is an open borehole. The shaded area transects the boreholes used for
visualizing the M3 results shown kigure2-3.

Figure2-2. M3 Principal Component analysis of the major fracture water ions and stable oxygen
1180, The results are shown in relation to the M3 modeling results for source water
mixing proportions: glacial melt, saline and recleavgaters.

Figure2-3. M3 results for source water end members (left) and a candidate signature
associated with the source water (right). The results are shown in cross section
referenced to the boreholes R CRE, and CR@G.

Figure2-4. Spatial autocorrelation by sampling location [borehole and interval listed in a-West
to-East direction starting with borehole €R (seeFigure2-1)]. (Left): total and viable
cell densities. (Middle): soluble components of the fracture water. (Right): Positive
a2NlyQa SAISYy@gSOG2N YI L) O2-Galaskaaldedbya ® ¢ KS
adzo N OGAy3 GKS 20t a g2aNkah@riormalizing byftdzS T NP
null standard deviation. Those locations with@dues more than two standard
deviations from the null mean are significant. The gray lines mark first (dashed line)
and second (solid line) standard deviations from the nullmea

Figure2-5. Distribution of total and viable cell counts. The boxplots are listed by borehole in a
Westto-East direction starting with borehole R (seeFigure2-1). Also shown are
qguantile-by-quantile plots for cell density distributions compared to the distributions
for fracture water manganese, sulfate and bicarbonate.

Figure2-6. Spatial autocorrelation in the model residsidor the total cell count. (A) Significant
environmental explanatory vaies from Supplementary Table @2carbonate and
manganese). (B) Significant spatial explanatory variables from Supplementary Table S1
(MEM1, MEM2, MEM4 and MEM5). (C) Signifieamvironmental and spatial
explanatory variables from Supplementary Table S1 (manganese, MEM1, MEM2 and
MEMS5).
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Figure2-1 Fracture water sampling locations, Chalk River Laboratories, Deep River, ON,
Canala. Boreholes CR and CRL8 were drilled into the bedrock ca. 1980, boreholes CRG
through CR& were drilled into the bedrock since 2005. All boreholes exceptXBRvere
sealed and isolated into multiple intervals using Westbay Systems. Borehold&R an open
borehole. The shaded area transects the boreholes used for visualizing the M3 results shown
in Figure2-3.
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Figure2-2 M3 Principal Component analysis tdfe major fracture water ions and stable
2 E & 390/ The results are shown in relation to the M3 modeling results for source water
mixing proportions: glacial melt, saline and recharge waters.
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Figure2-3 M3 results for source water end members (left) and a candidate signature

associated with the source water (right). The results are shown in cross section referenced to

the boreholes CP®, CRdA, and CRG.
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Figure2-6 Spatial autocorrelation in the model residuals for the total cell count. (A)
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and manganese). (B) Significant spatial explanatory variables from Supplementary Table S1

(MEM1, MEM2, MEM4 and MEMD5). (C) Significant environmental and spatial expdaya
variables from Supplementary Table S1 (manganese, MEM1, MEM2 and MEM5).
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2.13 Supplemental Information

Table SA. The Cell Count Data Used for Modelling Total and Viable Microbial Cell Densities

Borehole Toctghgte" CTC Count| R123 @unt | CFDA Count
and Interval cells/mL cells/mL cells/mL cells/mL
CRG.1.3 1.60 x 18 4.80 x 10 2.73x160 1.56 x 16
CRG.1.6 2.36x16 4.84 x 10 2.16x 10 4.41 x 10
CRG.1.8 1.47 x 18 5.96 x 10 2.11x160 7.11x 108
CRG.1.14 2.74x16 9.02x 16 6.73x 10 3.43x 10
CRG.2.1 3.32x16 1.61x 16 1.09x 16 2.68 x 108
CRG.2.2 1.03x 168 2.17x 108 6.02 x 16 2.01x 108
CRG.24 252 x16 8.22 x 10 436 x 16 3.68x 108
CRG.34 4.69 x 16 1.32x 16 1.37 x 160 5.18 x 18
CRG.3.6 6.76 x 16 452 x 16 336x106 2.04x 16
CRG.3.8 2.67x 16 7.09 x 16 1.99 x 16 3.08 x 16
CRG.3.11 3.38x 16 1.85x 16 2.20x 16 240 x 16
CRG.3.14 2.95x 16 8.66 x 16 8.76 x 10 1.17 x 16
CRG.4A.3 2.65x 16 2.50 x 16 1.36 x 18 6.23 x 16
CRG.4A.7 3.08 x 16 458 x 16 1.39 x 16 2.66 x 10
CRG.4A.9 7.10x 16 2.15x 16 2.25x 16 2.85x 160
CRG.4A.13 9.74 x 18 2.90x 16 4.28 x 16 1.31x 16
CRG.6.3 3.29x 16 2.90x 16 2.53x 16 1.66 x 10
CRG.6.4 3.87x 16 2.09x 16 2.11x 16 2.74x 10
CRG.6.5 5.32x 18 2.88x 10 1.05x 16 6.97 x 18
CRG.6.9 3.81x 16 2.80x 16 4,22 x 16 577 x 10
CRG.6.11 3.69x 106 9.36 x 10 1.08 x 16 1.79x 16
CRG.6.14 2.90x 16 1.01x 18 3.39x 16 3.60 x 16
CR.9.2 8.62x 10 2.32x 10 4.82x 16 1.91x 16
CR.9.3 1.25x 16 1.64 x 16 3.09x 10 4.18 x 16
CR.9.5 1.37x 16 1.44 x 16 3.04x 10 5.09 x 18
CR.9.8 9.94 x 10 2.18x 10 3.58x 10 8.49 x 18
CR.O.11 5.82x 10 1.05x 16 2.60 x 16 1.03x 16
CR.9.12 4.96 x 16 1.09 x 16 2.18x 16 9.24 x 16
CR.18 1.85x 16 1.83x 16 9.75x 18 2.34x 108

* On each sampling day, three samplings were performed. Total direct counts for each
sampling were performed in triplicate. Viable counts were performed on one of the samplings,
also in triplcate.



Table S2The Geochemical and Cell Count Data Used for Miraigllotal and Viable Microbial

Cell Densities

Number

Dissolved

Borehole and of } Easting Northing Elevation pH Organic Bicarbonate | Sulfate Chloride Iron
Interval Sampling Carbon

Days* m mg/L mg/L mg/L mg/L Ho/L
CRG.1.3 2 313743.6 5102838 31.3 8.5 13.4 133.3 1.3 8.2 42
CRG.1.6 2 313760.8 5102857 -67.7 8.4 12.5 120.1 0.6 34.5 48.5
CRG.1.8 2 313771.9 5102870 -130.7 8.6 12.1 118.1 0.1 9.0 84.5
CRG.1.14 2 313815.2 5102917 -355.7 9.1 6.5 70.8 3.6 58.0 22
CRG.2.1 1 314741 5104127.2 137.9 7.8 1.2 152.4 19.0 1.8 29
CRG.2.2 2 314757.5 5104142 92.2 8.6 23.0 116.8 11.4 0.5 20
CRG.2.4 1 314777 5104160 38.2 9.4 17.4 83.1 10.8 1.0 100
CRG.3.4 1 313346.9 5102436.2 -60.3 9.5 3.0 84.0 21.2 7.5 20
CRG.3.6 1 313344.3 5102404 -122.0 9.2 33.0 90.0 16.0 12.5 49
CRG.3.8 2 313335.7 5102336 -247.0 9.2 1.5 116.6 11.0 56.0 14
CRG.3.11 2 313318.3 5102241 -417.0 9.3 1.6 83.3 9.0 21.5 145.5
CRG.3.14 2 313293.2 5102122 -617.0 9.5 1.2 78.9 2.2 21.9 70.5
CRG.4A.3 1 312209.8 5104600.7 1.8 8.6 24.7 122.5 14.8 2.0 30
CRG.4A.7 1 312208 5104495.3| -310.9 8.8 2.5 147.4 5.2 4.9 0
CRG.4A.9 1 312203.4 5104452 -440.0 7.9 18.4 124.3 2.0 14.0 50
CRG.4A.13 1 312178.3 5104338 -799.2 7.3 51.0 463.2 0.3 398.3 1900
CRG.8 2 313391.2 5102135 48.0 8.4 9.5 110.0 3.6 6.0 47
CRG.6.4 2 313373.8 5102116 -4.0 9.1 9.9 91.0 5.5 15.0 68
CRG.6.5 1 313351.6 5102092 -68.0 9.0 10.4 74.0 4.7 21.0 430
CRG.6.9 1 313294.5 5102036.1| -229.0 8.7 1.9 170.2 7.1 33.0 73
CRG.6.11 1 313234.8 5101980 -390.0 8.0 12.9 116.0 10.4 32.0 178
CRG.6.14 1 313203.3 5101951.7| -469.0 9.0 1.8 131.0 11.4 32.2 20
CR.9.2 2 312721.5 5102262 29.0 9.0 28.5 120.6 6.4 35.0 79
CR.9.3 2 312691.7 5102245.9 -26.2 8.1 19.1 69.0 17.0 137.7 47.7
CR.9.5 4 312617.4 510207 -154.0 9.0 12.7 83.8 9.4 43.3 19.8
CR.9.8 4 312466.6 5102145 -364.0 8.2 5.0 41.6 53.0 152.6 51.5
CR.9.11 4 312449.7 5102130.9| -385.0 7.7 6.4 17.3 79.3 1422.5 21
CR.9.12 2 312416.1 5102120.0f -426.3 7.9 2.1 16.9 82.8 1665.8 3.3
CR.18 4 311262.7 510333 111.0 9.0 1.3 70.4 25.0 95.5 39.5
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Figure S4 Quantiky-quantile plot (ggplot) comparing the distribution of sulfate in fracture
water (top panel) and porewater water (bdbm panel) with the distributions of the total and
viable microbial abundances. The data were log transformed for the comparison. The data
for porewater was taken from Peterman et.al. (2016), and the data for fracture water was
taken from Table S1.
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3. LOCAL AND REGIONAVYHERSITY REVEALSFBERSSAL LIMITATIONIAN
DRIFT AS DRIVERS BBROUNDWATER BACTERIOMMUNITIHERROM A
FRACTURED GRANITRMATION

3.1 Abstract

Microorganisms found in terrestrial subsurface environments make up a large proportion of the
9 NIKQa O0A2Yl&aad . A23S20KSYAOFE O&otsSa OFdlfe
influence the speciabin and transport of radionuclides managed in geological repositories. To
gain insight on factors that constrain microbial processes within a formation with restricted
groundwater flow we performed a meteommunity analysis on groundwater collected from
multiple discrete fractures underlying the Chalk River Laboratories site (located in Ontario,
Canada). Bacterial taxa were numerically dominant in the groundwater. Although these were
mainly uncultured, the closest cultivated representatives were from thenphgpically diverse
Betaproteobacteria, Deltaproteobacteria, Bacteroidetes, Actinobacteria, Nitrospirae, and
Firmicutes. Hundreds of taxa were identified but only a few were found in abundance (>1%)
across all assemblages. The remainder of the taxa waralbmndance. Within an ecological
framework of selection, dispersal and drift, the local and regional diversity revealed fewer taxa
within each assemblage relative to the metammunity, but the taxa that were present were
more related than predicted by emce. The combination of dispersion at one phylogenetic
depth and clustering at another phylogenetic depth suggest both niche (dispersion) and
filtering (clustering) as drivers of local assembly. Distance decay of similarity reveals apparent
biogeography 61.5 km. Beta diversity revealed greater influence of selection at shallow
sampling locations while the influences of dispersal limitation and randomness were greater at
deeper sampling locations. Although selection has shaped each assemblage, thessphdiaf
groundwater sampling favored detection of neutral processes over selective processes.
Dispersal limitation between assemblages combined with local selection means the meta
community is subject to drift, and therefore, likely reflects the diffdérairhistorical events that
have influenced the current bacterial composition. Categorizing the study site into smaller
regions of interest of more closely spaced fractures, or of potentially hydraulically connected
fractures, might improve the resolutioof an analysis to reveal environmental influences that
have shaped these bacterial communities.

4 Adapted from
Beaton E. D., Stevenson Bradley S.,-Bhegp Karen J., Stamps Blake W., Nunn Heather S.,
Stuart Marilyne, 2016, Local and Regional Diversity Reveals Dispersal Limitation and Drift as
Drivers for Groundwater Bacterial Communities from a Fractured Granite Formation,
Frontiers in Microbiology, 7, B3, DOI=10.3389/fmicb.2016.01933
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3.2 Introduction

Biogeochemical cycles of the subsurface have the potential to influence the speciation and
transport of radionuclides managed in geological refoges. There is limited knowledge on

how microbial diversity relates to biogeochemical processes (Griebler and Lueders, 2009) such
as the flow of energy through an ecosystem, and how elements like carbon are recycled. These
processes involve metabolistmé competition, where microorganisms act as catalysts and the
available free energy supports a community sensing and responding to environmental changes
(Lever, 2011; Jorgensen et al., 2012; Flynn et al., 2013; Algora et al., 2015). While these
interactions can connect the supply of electron donor and acceptor compounds to abundant
taxa, when viewed at multiple spatial scales, random factors like dispersal, speciation and
extinction also influence diversity (Hubbell, 2001). Random processes, therefor@|snay

explain community dynamics irrespective of the available free energy. Taxa distributions
between sampling locations, then, can stem from a combination of competition, environmental
constraints, differences in dispersal among a regional pool of tagalaft due to dispersal
limitation.

In the study of subsurface environments, fractured granite formations represent an ecosystem
with circuitous hydraulic flow paths that restrict both the flow direction and flow rate of the
groundwater; these flow pathseflect complex local and regional recharge. Dispersal limitation,
therefore, may obscure the detection of in situ biogeochemical processes except at sufficiently
closely spaced sampling locations relative to recharge and discharge. Diverse microbial
communities within these formations (Jain et al., 1997; Haveman et al., 1999; Sahl et al., 2008;
Itavaara et al., 2011; Thompson et al., 2011; Hallbeck and Pedersen, 2012; Nyyssonen et al.,
2012, 2014) display activities for nitrate, iron and sulfate reductiedersen, 1996; Jain et al.,
1997; Haveman et al., 1999; Hallbeck and Pedersen, 2012). Our aim is to understand how
communities in fractured granite form and what these findings mean in a broader context of a
study site.

Patterns of phylogenetic relatedss within a community enable detection of selection as a
processes governing community assembly (Hoibevine and Bohannan, 2006; Emerson and

Gillespie, 2008). Beta diversity is a measure of differences in taxa identities, abundances and
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phylogenies amontpcations within a region of interest (Graham and Fine, 2008; Cavender
Bares et al., 2009; Anderson et al., 2011). This measure represents the variation among
communities, linking the local community (alpha diversity) to other communities within the
region (gamma diversity). Because both selection and dispersal (amongst other neutral
processes) contribute to beta diversity (Vellend, 2010), these measures can help explain the
organization and functioning of microbial communities within a region of fractgradite.
Understanding how a pool of taxa assemble and are maintained over a region will inform how
active in situ metabolic processes evolve in space and time, how biogeochemical processes
differ across a formation and ultimately how functional and plgglieetic diversity (PD) can

affect the solubility and transport of compounds through the formation.

Recently, a conceptual ecological framework (Vellend, 2010) was transformed into an
operational framework and applied to a metammunity to compare the retave influences of
deterministic and neutral processes on subsurface microbial communities within and across the
Ringold and Hanford geologic formations (Stegen et al., 2015). Under this framework, meta
community dynamics differentiate into a combinatiohselection, dispersion and random
processes; differentiation is through the combined results of the beta diversity metrics for the
i-bSIFNB&lG ¢l E2y LYRSE 6ib¢L0O FYyR GKS wl dzLdJ / NA O
I O2YYdzy A (i & Qcdmpbditiénfinaemn$s yf selatedbess of-cocurring taxa relative to

a metacommunity (Webb et al., 2008). These calculations, therefore, provide a measure of the
phylogenetic relatedness within and between each sampling location.-Rauk beta diversity

is a measure of dissimilarity between communities compared to a null expectation. The
resulting RaugCrick beta diversity, relative to the corresponding alpha and gamma diversity,
provides an indication of whether deterministic or neutral processes h#lgenced overall
community dynamics. It may be that no process dominates and the communities are randomly
assembled (Stegen et al., 2015).

In this study, we evaluated a bacteria metammunity of 16S rRNA gene libraries from

multiple groundwatefilled granite fractures located within the boundary of Chalk River
Laboratories, Ontario, Canada. We accessed groundwater to a depth of 670 m from drill holes

transecting low permeability stacked gneiss assemblages underlying the study site. We
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compared the alphand beta diversity to the measured groundwater variables and to the
spatial locations of the sampled fractures. By comparing different sampling locations, we were
able to relate ecological assembly processes to possible environmental and spatial davers th
govern the structure of the microbial communities.

3.3 Materials and Methods
3.3.1 Sampling Groundwater from Fracture Zones

The locations of boreholes within the study site are showRigure3-1. The Mattawa fault
(Ottawa River) and the Maskinonge Lake fault, also shoviaigare3-1, bound the study site.
Diabase dykes traversing the site form another boundary. These features may isolate
groundwater into different zones acrodset area of study. Underlying the site are gneiss
forming stacked assemblages consisting of an overlying and underlying -gaaret

assemblage, and a central garnreth assemblage. A more detailed description of the site is
provided in the Supplementaryfiormation. Samples were collected for geochemical and
microbiological analysis frofour sealed boreholes (Westb&ultilevel Groundwater

Monitoring SystemNova Metrix Groundwater Monitoring (Canada) JL&chd one open

borehole.

Figure3-2 shows a schematic of a borehole with an installed Westbay System® fodewalti
groundwater monitoring. This Figure illustrates how the Westbay tubing and packers isolate
multiple zones within the borehole thus preventing unnatiwvertical groundwater flow within

the borehole itself. The tubing fluid is isolated from the formation fluid. In this arrangement,
ambient formation fluid flow can pass through the annulus. From inside the tubing, formation
fluid can be accessed by loviegy a Westbay sampler and container assembly (also shown) to
normally closed valved ports positioned between the packers. A larger schematic illustrates a
deployed Westbay sampler assembly that is engaged at a selected port. Once the sampler is
positionedand engaged, the remotely operated control valve in the sampler is opened to allow
formation fluid from the zone to flow into the empty container. The process is monitored by
observing changes in fluid pressure during the sequence of operations (seieal tygce of
pressure vs. time ifigure3-2). Once the container is filled, the sampler valve is closed to seal

the formation fluid inside the container at in situ pressure. The assembly is disengaged from the
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port (the port valve automatically closes at this time) and the fluid in the sealed container is
retrieved to the surface for further handling.

We sampled three fracture locations isolated by boreholeQG@Rd seven fracture locations
isolated by boreholesRG1, CR&, and CR@A (Table3-1). The open borehole, B3, was
accessed by lowering a pump line into the borehole. The groundwater sampling tube assembly
consists of four 250 mL stainless steel tubes conneictagries by tubing and swagelok fittings.
Prior to each sampling, the tubes were sterilized by autoclave and the fittings were sterilized by
washing them with 70% ethanol. Validation of the sterilization and transport procedures was
performed using steriied water and PCR with bacterial rRNA 16S primers (Muyzer et al., 1993).
Since the tube assemblies contacted only the interior of the casing surface, the probability of
introducing surface microbes into the sampled volumes was minimal.

After sampling andransport to the laboratory, opening the filled tubes and dispensing the
sampled groundwater, took place inside of a glove box under an atmosphere of filtered
nitrogen gas. Inside the glovebox, the groundwater pH (Beckman PHI 265 pH/Temp/mV meter
(BeckmartCoulter, Inc.)) and conductivity (YSI Model 30 Conductivity Meter (YSI Inc., Yellow
Springs, OH, USA) were measured#@dml £ Aljdz23&a 6SNBE FAE GSNBR KN
(isopore polycarbonate, Millipore, Billerica, MA, USA) and immediately acitifiadding 0.5

mL nitric acid (ultratrace grade, SeastarTM, Baseline®, Fisher Scientific, Ottawa, ON, Canada)
for elemental amlysis Elemental composition of the groundwater was determined by

inductively coupled plasmmass spectrometry (IGHMS, using either a Varian 8MS (Agilent
Technologies, Inc.) or an Element XR (Thermo Scientific)) and by inductively coupled plasma
atomic emission spectroscopy (KAES, Optima 3300, Perkin EImer). Anion concentrations

were determined using a Dionex 3000 ICS ion chromatograph (Dionex, Sunnyvale, CA, USA).
Dissolved organic (DOC) and inorganic carbon (DIC) were determined using a Dohmodsein,
Phoenix 800UV Persulfate TOC Analyzer (Teledyne Teckmar, Mason, OHThSA).
concentration of the tracer dye, fluorescein, that was added to the drilling fluid during drilling
provided a measure of residual drill wataiter the drill holes werelished(nominal

fluorescein concentratiom the drilling fluid: 1000rg/kg, fluorescein concentration in sampled

fracture water <10/kg.
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3.4 Characterization of the Bacterial Assemblages
3.4.1 Direct Cell Counts

Epifluorescent direct cell counting was used taererate total microbes in the groundwater.

Triplicate 1 mL volumes of the groundwater was incubated with a DNA intercalating dye then
FAEGSNBR 2yG2 o0ftlO1 LRf{eOFINb2yliGS FATheéi SNAE 6n®
dyes were Sybr Gredrand a&ridine orange (Sigma). The microscope whiskan E600

epifluorescent microscope equipped wiiNikon 100x Plan Fluor 100% immersion objective

and filters for blue excitation/green emission-838, ex: 428490 nm, longpass emission filter,

520 nm) and green excitation/red emission {PE/C (ex: 5360 nm, 565 nm dichromatc

mirror, em: 590650 nm)

3.4.2 Nucleic Acid Extraction, Quantitative PCR, and Creation of 16S rRNA Gene

Libraries

Biomass froneachgroundwater sample (0@..0 L) was collectebly filtration onto sterile 47

mm diameter: 1 ® paelyetheXsulfone filtes within a sterile 200 mL filter housing (Millipore

Corp., Billerica, MA, USA) within 2 h of sample collectiime filters were processed for DNA

extraction either immediately oafter storage overnight at203 . Nucleic acids were extracted

from the filters using the UltraClean® microbial DNA isolation kit (Mo Bio Laboratories, Inc)

(CRGL, CR&, CR&IA, CRL8) and the Rapid Water® DNA Isolation Kit (Mo Bio Laboratories,

Inc) (CRB). The two extractions kithiave the same chemistry but differed the volume of the

final extract; therefore, the extracts from borehole ©Rvere concentrated by adding 3M

sodium acetate and precipitation with ethanol.

Quantitative PCR (gPCR) was useenomerate the number of copies of the bacterial ssu rRNA

genes as a proxy for population density (copies/mL). The gspepific primers used for gPCR

were 27F and 338R for bacteria (250 and 125 nM, respectively) and A8F and A44R (500 nM
each)forarchaea b I { I 1addz ' yR al NBEKEZ Haant0® 9FOK ljt/ w O
LINAYSNESE |yR mp >[ 2F HE {.,.wt DNBSy t/w al ai
G2t dzyS 2F on >[® 91 OK SELISNARAYSyGl flefgthssu 61 & | Y
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rRNA gee from the bacterium Thermacetogenium phaeum or archaeon Methanospirillum
hungatei JA, cloned into the pCR4 vector (TOPO TA Cloning, Invitrogen), were used for

triplicate control reactions. Tefold serial dilutions of the control DNA were used for the

standard curve, ranging from 3.42 x310 3.42 x 18 copies per reaction. Thermal cycling and
detection was performed with a 7300 Real Time PCR System (Applied Biosystems). The cycling
conditions for bacterial gPCR included 10 min at 95°C followed bycBsmf 30 s at 96°C, 45 s

at 55°C, and 45 s at 72°C. The cycling conditions for archaeal qPCR were iégngpalior40

cycles of amplification. The amplified product from each reaction was visualized on an agarose
gel (1% w/v in 0.5x TAE, 80 v, Btained with ethidium bromide to confirm the product size

and lack of primer dimer.

The 16S rRNA gene libraries were prepared directly from bacterial gPCR products by pooling
and purifying triplicate reactions using the Wizard PCR Preps DNA PurifigatiemS

(Promega, Madison, WI, USA). The negative gPCR control reactions (no DNA added) were also
included. Triplicate PCRs for each library were pooled and purified as described above, and a
unique barcode (forward primer only) was attached with the primBis8nt-M13F and TiB

M13R, along with the necessary 454 Fusion A and B tags (454 Life Sciences, Branford, CT, USA).
A customized Btep barcoding approach was used similar to that used by Herbold et al. (2015).
Purified libraries were then barcoded withuaique 8 bp barcode, which consisted of a PCR
GAOGK p >[ 2F GSYLXFTGSE M- t/w 0dzFFSNE ndcHp
2 fGKFYZ a!z ! {!0Z I yR8nr2Prand TH38RRIFa tataKvBlumeNA Y S NE&
2F Hp >[ © R weke cdiriedDdutSothen®ise, readtion conditions were identical for
bacterial g°PCR. The tagged PCR products were purified again using the Wizard PCR Preps DNA
Purification System and quantified using the Qubit HS assay (Life Technologies, Carlsbad, CA,
USA). Equimolar amounts of each library were pooled and then sequenced using a Genome
Sequencer FLX instrument with the GS FLX Titanium series reagents (454 Life Sciences).

3.4.3 Analysis of 16S rRNA Gene Libraries

Raw sequence data was quality filtered and deipléxed using QIIME (Caporaso et al.,
2010b). Demultiplexed libraries were denoised to reduce the error profile inherent within 454

pyrosequencing (Reeder and Knight, 2010).
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Sequences were clustered into operational taxonomic units (OTUs) at 97% syrmiigit

USEARCH (Edgar, 2010), and chimeric sequences were removed using de novo and-reference
based searches with UCHIME (Edgar et al., 2011). Representative sequences for each OTU were
aligned using PyNAST against the SILVA reference database [relea€eap@Baso et al.,

2010a; Quast et al., 2013)] and classified using the RDP naive Bayesian classifier with the SILVA
database (release 123).

3.5 Material Availability

The 16S rRNA sequence reads were submitted to the short read archive under accession
numberSRR1261803.

3.6 Selection, Dispersal, and Random Processes
3.6.1 Phylogenetic Measures of Assemblage Diversity

¢KS w LI O1F3aS ow /2NB ¢SIFYX HamMpOI WLAOIYGSQ
richness, PD, mean pairwise distance (MPD), and the meaestdaxon distance (MNTD).

These calculations compare taxa within assemblages from each sampling location with the taxa
from the metacommunity tree. PD is the summed phylogenetic branch length connecting all

taxa in the metacommunity (Faith, 1992). Taxahness was also derived from the PD

calculation by scaling the maximum edge length to one, the resulting PD is the taxa richness. To
account for differences in taxa richness on PD, we evaluated PD by using the standardized

effect size for PD (by the futien ses.pd, abundance.weighted = TRUE). The null model

Wil EFIoft - 6StaQ ola asSid G dbpd NFIYR2YAT FGAZ2Yyaod
The MPD and MNTD calculations provide measures-ekistence and phylogenetic turnover

between the assemblages that make up the metanmunity. MPD compas taxa relatedness

to the average tree edge length while MNTD compares taxa relatedness at closer phylogenetic
depth. To calculate MPD and MNTD, a {é@se distance matrix of the met@ommunity tree

was first calculated using the function cophenetitify assemblages from each sampling

location were compared with the mean of the ndiegonal elements (MPD) and with the

smallest nordiagonal matrix values for each taxon (MNTD). Patterns -a@fxesienceg of

closely related (clustered) or more distantglated (overdispersed) taxawere evaluated

using the standardized effect size for MPD (by the function ses.mpd, abundance.weighted =
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TRUE) and for MNTD (by the function ses.mntd, abundance.weighted = TRUE). For each of
GKSaS OrLtOdA | 1A2p5fEaRSHYVYARESIVIKEDD NI YyR2YAT
3.6.2 Beta Diversity

To evaluate the strength of selection, phylogenetic turnover between communities was

Ol £ Odzt I - $&F NBali KEF E2y AYyRSE 6ibe¢LO 6{iS3Sy Si
performed within the Renvironment using the codes provided by Stegen et al. (2013) and that

are available from Github at

https://github.com/stegen/Stegen_etal ISME_2013/blob/master/bNTI_Local_Machine.r.

Within this code, the standardized effect size for MNTD between samplhg 16 A 2y a> i ab¢5
(abundance.weighted = TRUE) is calculated and then multiplied by minus one to give values for

0K SIFENB&adG (Gl E2y AYRSES ib¢Lo®

C2NJ 6K2aS LI ANBAAS O2YLI NRAZ2Yya GKIFG 6SNB y2i
dispersal on assebfy was evaluated by calculating Ra@pck (Chase and Myers, 2011; Stegen

et al., 2013) that was extended to include comparisons between relative abundances. These
calculations helped to discern between the contributions of limiting and homogenizing

dispeasal. These calculations were performed within the R environment using the codes

provided by Stegen et al. (2013); these are available from Github at
https://github.com/stegen/Stegen_etal ISME_2013/blob/master/Raup_Crick_Abundance.r.

The result of this arlgsis is referred to as RChray. The code was run at 999 repetitions to

generate a distribution of null values.

3.6.3 Distance Decay of Similarity

The distance decay of similarity was determined using@2astis similarity (from the R

LI O1 1 3S WLIA BHIBRSQY AICWR O MY AT I NAGE OFNRBY (GKS
geographic distance between sampling locations was calculated using the function earth.dist

FNRY GKS w LI O1F3AS WF2aaArftQ yR GKS RFEGE FAQ
3.7 Spatial Descriptorsiad Selection of Explanatory Variables

Il a2NlyQa SAISYy@SOG2N)I YILI 6a9avx GKIFG ¢l & ONB
YFEGNROSE o60. 2NOIFINR FYR [ S3ISYRNBE uwunnuT [ STISYRN
FYR WFRSALIN (A famharix oflsgatialozgedrectaisFromdaddistanBe matrix of



Easting and Northing, zone 18, Universal Transverse Mercator coordinates for each borehole
interval (Table3-1). The functions used to create the spatiaightings matrix were nbtri(), that

converts the spatial coordinates of the sampling locations into a distance neighbors map, and

the function nb2listw() that creates the weightings matrix from the neighbors map. The
SAISYy@SOiG2NRE ¢ A Kes el diftederd Spatial BtMldtuyeaver the edtire

range of scales encompassed by the geographical sampling area. The first MEM values

generated in the analyses represent broader spatial structures, and the last MEM values

represent finer spatial strctures. The MEM values were combined and standardized with the
geochemistry for dissolved organic carbon, bicarbonate, sulfate, iron, manganese, and chloride
(Table3-1) using the function decostand() (withinthdl- O1 I 3S W@S3Al yQud ¢KS &
were then used to perform a constrained redundancy analysis (RDA). Standardized taxa

I 6dzy Rl yOSa&a 606& (GKS FTdzyOlAazy RSO2aidlyRoOO 6A0GKA
transformation) was the dependent kiable. The functions ordistep() and ordiR2step() were

then used in forward model selection to define the overall adjusted R2 value.

3.8 Results
3.8.1 Groundwater Geochemistry

Table3-1 shows the groundwater concentration$ dissolved organic carbon, bicarbonate,

sulfate, iron, manganese and major ions from the isolated fractures. The groundwater from

fractures isolated by boreholes @Rand CRL8 displayed higher chloride and sulfate

concentrations than the groundwater frotboreholes CRG, CR&, and CR&A. The

bicarbonate content of the groundwater decreased with borehole interval depth and displayed

a high of 146.5 mg/L (borehole CR¥{and a low of 19.8 mg/L (borehole-GR The soluble iron

content of the groundwaterdnded to increase with depth for groundwater taken from the
CR&2NBK2f S&a>x Nry3IAy3dI FTNBY | t2¢ 2F wn >3Ik[ (2
with depth for groundwater taken from borehole @r> NJ yIAYy 3 FNRBRY | KAIK z
below detecton. The soluble manganese content of the groundwater tended to decrease with

depth in groundwater taken from CRiG2 NEK2f Sa4X NI y3aAy3 FNRBY | KAI|
below detection, and to tended to increase with depth in groundwater taken from boretiBle

~ A s oA = oz

®> NI y3IAy3a FNRBY 06St2¢ RSIUSOGAZ2Y (2 yn >3Ik[ D ¢
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detection across all samples. A principle component analysis of the major ions and stable
oxygen isotope (Supplementary Figure S1) suggested that the groundwateneésemfric

origin. The groundwater pH was slightly alkaline ranging from pH 7.9 to 9.4 and the in situ
temperature ranged from 8.8 to 11.7°C.

3.8.2 Bacterial Composition of the Groundwater

Bacteria were dominant in the groundwater, relative to the Archaea. Egtisnaf the 16S rRNA
gene copy numbers for Archaea were at or below the values of the negative control (0 to <100
cells/mL; data not shown), whereas the estimates of bacterial 16S rRNA genes were between
7.8 x 16and 1.3 x 10copies per mL of groundwatéiitered (Supplementary Table S1). Direct
counts of cells by DNA staining estimated the cell densities to be between 5%ardl0.1 x

10° cells/mL (Supplementary Table S1).

A total of 114,787 sequences were grouped into 780 OTUs; these varied inigheioution

across all libraries. Most of the OTUs were low abundance across theco@taunity as only

19 of all the OTUs were represented >1% of the average relative abundance. The distribution of
these abundant OTUs is presented in a heatnfagure3-3). The most abundant OTUs

identified were a Comamonadaceae (OTU 0), a Desulfovibrio (OTU 1) and a Bacteroidetes
WCHB132 (OTU 2). The other abundant OTUs were uncultured representatives of
Betaproteobacteria [inclding an Azospira (OTU 17), Sulfuritalea (OTU 5) and a Ferribacterium
(OTU 4) from the Rhodocyclales and Simplicispira (OTU 16) and Polarimonas (OTU 8) from the
Burkholderiales; Deltaproteobacteria, Bacteroidetes, Firmicutes, Alphaproteobacteria, and
Nitrospirae. The heatmap iRigure3-3 also shows the proportion of OTUs making up <1% of

the average relative abundance that wezembined- & a2 G KSNJ h¢! adé ¢ KS LINE
abundance OTUs were highest from assemésawithin borehole CGRB (52;63%) and lowest

from assemblages within borehole CR@2;43%).

When viewed at a higher taxonomic level, the most abundant OTUs (Supplementary Table S2)
were members of the class Betaproteobacteriaq20%). The other abunda@TUs
(Supplementary Table S2) were members of the Deltaproteobacter#®9ft), Bacteroidetes
(3¢26%), Alphaproteobacteria19.8%) and Firmicutes (€16%). The assemblages from

within the fracture zone accessed by borehole X8Rhad the highest abundansef
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Acidobacteria (12.6%) and Alphaproteobacteria (19.8%). Abundant Nitrospiracaea (up to 21.5%)
were found in groundwater from boreholes ©Rand CRL8. Notably, 49% of the bacteria
community within the fracture zone accessed by borehole ‘@R@as compsed of a single

taxon, OTU 1 (shown in the heatmapFigure3-3 and identified as Desulfovibrio; this OTU was

also found in the assemblages from boreholes @RiBtervals 3, 6, and 14), CRGinterval 2)

and inCR9 (interval 2).

3.8.3 Influences of Selection and Dispersal
3.8.3.1 Diversity and Ceexistence

By normalizing the difference between observed values and the null mean as multiples of the
standard deviation significant differences from the null expectation are thafiges (zvalues)

that are two or more standard deviations from the mean (Vellend et al., 2010; Cadotte and
Davies, 2016). The observed values for PD, MPD, and MNTD are pldttgdres-4 (black

filled triangle$ as these measures relate to the observed taxa richness (the calculated values
are listed in Supplementary TablexS8, for PD, MPD and MNTD, respectively.) The regression
lines for the corresponding null expectations are shown in red. When the valuas fo
assemblage (sampling locations) displayed observed PD, MPD, or MNTD values that were within
the respective null expectations for the metammunity, these locations are marked in

Figure3-4 with both a filledand an open triangle. Otherwise, the values were outside the null
expectation and were depicted with a single black triangle; these assemblages display either
clustering (located below the regression line for the null expectation) or over dispersion
(located above the regression line for the null expectation). We found that at the phylogenetic
depth for MPD Figure3-4, middle panel), the observed MPD values for all the assemblages
were within null distribution, whih indicates the assemblages were dispersed evenly relative to
the metacommunity. Only one observed PD val&gg(re3-4, top panel) was within two

standard deviations of the null mean values (marked with bothnoged closed triangles); this
assemblage corresponds to borehole-@Rterval 2 that had the highest taxa richness
(Supplementary Table S3). The remainder of the observed PD values, and all of the observed

MNTD valuesHigure3-4, bottom panel), were more than two standard deviations from the
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corresponding null expectations. Since these values were below the regression line for the null
expectation, the assemblages from these locations displayed lower taxa refiPB$ and co
occurrence of phylogenetically related taxa (MNTD). These measures indicate selection as a
driver shaping each of these communities.

3.84 Beta Diversity

To help identify the basis for the lower assemblage level diversity and tbeaarence of

related taxa, beta diversity was also calculated and interpreted according to the ecological

modeling framework of Stegeistegen et al., 2015) for selection, dispersal and drift. A listing of

0KS ydzf £ O2 YLI NA &C2icK éas RCBra) dretpidvided aild3-2. Biiefiyl J
LIKef23SYySGiA0 60Sil RA @& rhAnkwStandarddéviators brdehér K I G
side of the mean (values of +2 or higher, and2obr lower) indicate selection as a driver for
O2YYdzyAGe aasSvyofted LF | ibe¢L @ fdzS -Fand €& oA
+2, observed differencdsetween the paired sampling locations are random. The resulting
RA&AGEFEYOS YIFIGNRE F2NJibe¢eL A& ftA&GSR Ay {dzLlLi SY
F2NJ i b¢L 200dzNJ 6SiG ¢SSy &l YRand gRB3 wheh pdirdd vithy & 6 A U
each other and the other sampling locations. The phylogenetic beta diversity, therefore,

indicates selection as one of the drivers of the community assembly.

¢2 RAAOSNY (KS O2yUNAROdziA2Y 2F RAALISNEIT 2y |
that were within the null expectation were therefore also used to calculate beta diversity based

on taxa identities, Rau@rick. The Rau@rick values were further processed using BGyrtis

dissimilarity, therefore, for RCbray values that were more than +0r9&ss than0.95

corresponded to values that were more than two standard deviations on either side of the

mean.

2 KSY @FtdzSa F2NJibe¢L INB Ffaz eAGKAY (GKS ydz f
range, then either limiting dispersal or homogenizing dispersal, as listeabie3-2, are drivers

of community assenlly, respectively. The resulting distance matrix for RCbray is listed in

{ dzLJLJX SYSYGINE ¢Fo6fS {1Td 2KSY (KS 20aSNIBSR Ol f
null distributions, the bacterial dynamics between paired sampling locations are randoed Bas

2y GKS O2YO0AyldiAz2ya 2F ib¢L YR w/ oNIXe& @I fdsSa
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assemblages from boreholes CRGCR&, and CR&A indicate limiting dispersal and random
processes. The phylogenetic beta diversity, therefore, identifies dispamngalandom
processes as drivers of the community assembly.

3.85 Distance Decay of Similarity

Distance decay refers to the decrease of similarity as the distance between observations
increases. A negative relationship between distance and similarity is imipliaia turnover
occurring along an environmental gradient but can also occur by isolation created by geography
(Nekola and White, 1999). When the decay in similarity occurs along an environmental
gradient, the cause of the decay is attributable to conifp@t and fitness, or environmental

filtering. When the decay in similarity occurs by spatial isolation, the combined influences of
space and time limit movement across landscapes (Nekola and White, 1999). The decay of
BraycCurtis and weighted UniFrac slarities of the metacommunity is shown ifrigure3-5.

Both similarity measures display a rapid decay distance between 0 and 1.5 km and a shallower
decay distance between 1.5 and 5 km.

3.9 Identification of Significant Environmentalrad Spatial Variables

Next, we compared taxa abundances with the geochemical and spatial variables by performing
a constrained RDA followed by forward selection to define a reduced model. The RDA indicated
whether there were significant relationships butidiot identify explanatory variables. The
resulting global adjusted R2 was used as an upper limit for subsequent comparisons to identify
the explanatory variables. The variables included were the prospective electron donor and
electron acceptor compoundsdm the groundwater: dissolved organic carbon, bicarbonate,
sulfate, iron, and manganes&gble3-1), and the signatures for a proposed seawater origin
(Table3-1, Supplemg (4  NB CA3IdzZNBE {mM0OPd ¢KS ALI GAFE OFNKI O
map (MEM) analysis. The details of the modeling are provided in the Supplementary
Information.

The resulting model for taxa abundances accounted for 29.4% of the global adjusted R2
variance, p < 0.01. The contributions of the explanatory variables for each sampling location are
shown inFigure3-6. There is clear separation between boreholes and the accessed intervals.

Also shown irFigure3-6 are the vectors for environmental variables: organic and inorganic
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carbon, iron, manganese, and sulfate, and the first four spatial variables: MEM1, MEM2, MEM3,
and MEM4. Initial model selection identified the twargest spatial scales, MEM1 and MEM2 (p

< 0.05) as the variables associated with taxa abundances. On model reduction, MEM1 was
identified as being the most significant variable accounting for 20.4% of the adjusted R2
variance.

None of the geochemistry ithe model was found to be significant. Spatial correlograms

support these model outcomesbicarbonate, iron, manganese, and sulfate each display spatial
correlation Figure3-7). Other components of the groundwext, the dissolved organic carbon,
chloride and pH were not spatially correlatdelqure3-7). The groundwater metaommunity
appears to be subject to dispersal limitation. Relative to the reaamunity, therefore,

individual assemblages appear to be subject to random variation in population and size caused
by drift.

3.10 Discussion

The microorganisms found in terrestrial subsurface environments are abundant, accounting for
2cMd’: 2F 91 NI KQ&A 0 A 2 Ylaadiontibute fo impdténthidyeSchiemicdl @ H 1
cycles, but their relative inaccessibility means that they are largely unknown. The terrestrial
subsurface environment potentially represents a unique script for ecological function, as
physical separation like limits dispersion, which is highly dependent upon the flow of
groundwater through a formation. Rogkater interactions mean that groundwater within

fracture zones that traverse rock layers can transition to different geochemistry (Swanner and
Templeton,2011). This change, in turn, can affect the composition and diversity of local
microbial assemblages, which can vary considerably across short distances (Pedersen, 1997;
Gihring et al., 2007; Sahl et al., 2008). Furthermore, taxa richness in the subderfds to
decrease with increasing depth, and those few taxa present at greater depths often represent
novel phylogenetic lineages (Gihring et al., 2007; Sahl et al., 2008). The physical separation of
these low abundance microbial assemblages may exfiein apparent evolutionary

divergence and diversification (Papke and Ward, 2004). We posit that the microbial
assemblages within the terrestrial subsurface provide additional evidence that microbial

diversity follows an apparent pattern of biogeographysmales of a few millimeters to
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thousands of kilometers (Martiny et al., 2006), challenging the oncestargding assumption

of unlimited dispersal of microorganisms that are selected by the environment alone. These
patterns in microbial diversity are &ky driven by the combined influences of selection,

dispersion, and drift (Hanson et al., 2012). Whereas, the dynamics of the uncultivated microbial
diversity over space and time can reveal patterns of energy flow and biogeochemical processes
within the terrestrial subsurface.

The region under study at Chalk River Laboratories (located in Ontario, Canada andrshown
Figure3-1) is underlain by granite that is fractured to depths of several hundreds of meters. In
this Shield environment, these fractures provide the pathways for local and regional
groundwater flow. Dispersal limitation of groundwater microbes within these fractures would

be expected to represent a virtual time capsule of extant microbes, relativénistarical

regional pool of taxa continuously being transported to these fractures via recharge. This
phenomenon would date back to the period of glacial retreat approximately 11,000 years
before present; with an exception that, once isolated within th&setures, ongoing dynamic
processes of selection, dispersal and drift continued to influence the community assembly.
Bacterial communities were characterized from groundwater obtained from multiple discrete
fractures isolated by five boreholes drilledarthe rock mass underlying the study site

(Figure3-1). Determinations of biomass and taxa distributions were charactetzgain

insight on likely metabolic reactions prevalent at each sampling location. Wewaddyzed the
meta-community within an ecological framework by calculating bacterial diversity at the local
and regional scale. The resulting diversity, within and between assemblages, provided insight
on the relative contributions of selection, dispersald drift. The contributions of possible
geochemical gradients and distance on the metanmunity was also evaluated by three

I LILINB I OKSaY RA&AGEFYOS RSOFeée 2F AAYAfFNARGET wb5!
The results represent an improved understandingaitisated fractured granite systems. The
microbial community density in our samples was between 104 and 105 cells/mL, which is in line
with densities between 103 and 107 cells/mL reported for other terrestrial granitic subsurface

environments (Pedersen, 199 Unlike other granitic groundwater systems; however,
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methanogenic archaea were not a significant proportion of these communities since Archaea
were below detection based on gPCR (Supplementary Table S1).

The bacterial assemblages across boreholes apthdevere composed of many, mainly low
abundance (<1% relative abundance) taxa or OTUs. This abundance distribution pattern is
commonly seen in microbial ecology (Nemergut et al., 2013) in which only a few taxa are
present in abundancemnosttaxa present ee rare. Higher phylogenetic/taxonomic groups

(phyla, classes) were shared across sites, consisting mainly of members of the phenotypically
diverse Betaproteobacterial famili€@omamonadacea@Villems, 2014) an®hodocyclaceae

(Oren, 2014). The OTUs detedtacross the boreholes were most closely related to

uncultivated taxa; however, the closest cultivated representatives are capable of metabolism as
diverse as oxic, microoxic, and anoxic growth through chemoorganoheterotrophy, oxidation of
iron, sulfur, ad hydrogen, and the reduction of nitrate, iron and manganese, and even N
fixation. Members of thdeltaproteobacteridamily -- Desulfovibrionaceaand

Synthrophaceae were also present in relative abundance, suggesting sulfate reduction and
syntrophy n anoxia as probable metabolic niches across sampling locations. Finally, two OTUs
related to members of the Nitrospiraceae were abundant irRl8Rnd CP® with increasing

depth. These chemolithoautotrophs are capable of nitrite oxidation (Nitrospirajrand

oxidation (Leptospirillum; Licker et al., 2010), or anaerobic hydrogenotrophic sulfate reduction
(Thermodesulfovibrio) (Daims, 2014). Nitrospira were shown to play a key role in the cycling of
nitrogen in a deep terrestrial granitic system in Henderg60, USA (Swanner and Templeton,
2011).

By evaluating the study site as individual sampling locations and as acomataunity across all
sampling locations, we were able to detect probable drivers of the metamunity assembly.
Within each sampling loti@an we detected assemblages with lower PD compared to the meta
community Eigure3-4, top panel). Values for PD change in proportion to the taxa richness
(Cadotte and Davies, 2016). Fewer taxa within an assemfdag®pling location) than whas
represented by the met@ommunity, therefore, would be reflected as lower PD. Lower than
predicted PD was also found in assemblages of suspended marine bacteria (Beunse and

Bohannan, 2006) and of soil bacteria (Gotzeet al., 2014). Within each community we also
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found that ceoccurrence of these fewer taxa spanned the metanmunity phylogeny at the
phylogenetic depth of the mean pairwise distances (MPDure3-4, middle @nel), signifying

even dispersion. However, their-@zcurrence at the phylogenetic depth of the MNTD

(Figure3-4, bottom panel), reveals they are more closely related than predicted by the-meta
community, signifyig clustering. These outcomes support selection as a driver of the local
subsurface bacterial assembly.

One possible selective force is environmental filtering. This filtering refers to the incompatibility
of some taxa to environmental factors, and sohisught to explain the coccurrence of
phylogenetically related taxa that share evolutionarily conserved traits, while more distant taxa,
lacking similar traits, fail to become established (reviewed in Mayfield and Levine, 2010). Co
occurrence of relatedaxa within an assemblage is considered unlikely under the concept of
competition and exclusion (Webb et al., 2002). We have, in our analysis, fewer taxa based on
PD, dispersion at more distant phylogenetic depth (MPD) and clustering at more related
phylogenetic depth. Mayfield and Levine (Mayfield and Levine, 2010) recently proposed that
competition can explain both dispersion and clustering without invoking environmental filtering
as a separate mechanism. Instead, either dispersion (niche) or clustevmgédttive ability)

may be favored, depending on the relative strengths of phylogenetically correlated niche
differences and the competitive ability of shared traits. Similarly, niche differences unrelated to
phylogeny, when combined with competitive atyilthat relates to phylogeny, can also explain
clustering. For example, sulfate reduction is not a phylogenetically distinct trait, since this trait
is shared between some members of the divergent linedggaproteobacteriaand

Firmicutes Abundant membes from these lineages were observed in the study described here
(Figure3-3; Supplementary Table S2). We may need to consider the functional genes
represented at each sampling location as well as the phylogeredtitonships. Further testing
should focus on the roles of niche and traits by comparing 16S rRNA genes and functional genes
within sampling locations.

Dispersal is another mechanism that could be influencing the roetamunity. At the regional
scale, a mata-community represents a regional pool of taxa, whereby interactions between

assemblages rely on dispersal. Under the conceptual framework of Vellend (2010), ecological
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selection of bacterial taxa can occur in unvarying environmental conditions (witespanding

low rates of community turnover), and in variable environmental conditions (with

corresponding high rates of community turnover). Depending on the concomitant rate of taxa
dispersal between a pair of communities (sampling locations), the infeegenf a variable
environment can be obscured, even when selection pressure is strong, by the homogenizing
effect of a high dispersal rate that has the effect of lowering compositional differences (Vellend,
2010). Lastly, when selection pressure is weakl, the dispersal rate between communities is
limiting, the dynamics of turnover within a community are subject to drift and random

variations in population. Under the operational framework devised by Stegen et al. (2015) the
contributions of selection, dersal and drift were evaluated using the phylogenetic and

taxonomic compositions at each sampling location relative to the rsetamunity. Nl model
SELISOGFGA2ya ol &SR 2y ySI NBail -OrickHGhsse dt1RSE 061 b
2011), referred to as RCbray, (Stegen et al., 2015), differentiated between these roles. These
comparisons are based solely on community compositions witheference to environmental

or spatial factors. The resulting matrices, Supplementary Tables S6 and S7, indicate selection as
a driver between sampling locations from within boreholesCihd CRL8 relative to the other
sampling locations. The combinaficic 2F i b¢L |yR w/ oNl & | faz2 AYyR
random processes as drivers governing the neemunity dynamics. The signals for selection
were greater at shallow sampling locations while the influences of dispersal limitation and
randomnessvere greater at deeper sampling locations. This is a trend also seen by Gihring et

al. (2007) in the microbial communities in South African gold mines.

While the beta diversity modeling indicates a role for selection as a driver of community
assembly on aegional scale, the lower taxa richness and dispersal limitation also suggest
regional scale drift. Isolated communities experience a greater degree of ecological drift, and
thus higher beta diversity than more connected communities (reviewed in Chase 20H1). A
distance decay of similarity based on taxonomic (B@aytis) and phylogenetic {dniFrac)
comparisonsKigure3-5) showed that similarity between locations leveled off at idi@ration
distances of p to 1.5 km. The metaommunity may reflect isolation created by the rock mass

and limited connectivity between fractures rather than environmental gradients (Nekola and
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White, 1999). The constrained RDA with forward selection of geochemical and spatibles
relative to the metacommunity taxonomy identified only a spatial component in the model,
accounting for 20.4% of the adjusted R2 variance of the pool of taxa. The environmental

g NAlFofSa fa2 RAALI &SR HEgurdyriirfthie Grbt gpatiallldg. a2 A G A @S
Overall, the spatial structure of the sampled fractures described the dynamics of the meta
community. Although individual assemblages suggest selection, the spatial structure of the
sampling favored detection of limited dispersal as the main driving force governing the meta
community. The beta diversity of the study site also reflects some selection and some drift. To
allow identification of variables associated with in situ processesergy flow and element
cycling, future groundwater studies should consider dividing the study site into smaller regions
of interest with more closely spaced sampling locations or to limit sampling to hydraulically
connected fractures

3.11 Conclusion

The sptial scale of sampling to create a metammunity of suspended subsurface bacteria
favored detection of neutral over selective processes. Most of the taxa identified were low
abundance and represented uncultured lineages from the metabolically diverse
Betaproteobacteria, Deltaproteobacteria, Bacteroidetes, Actinobacteria, Nitrospirae, and
Firmicutes. Each microbial assemblage was composed of fewer taxa relative to the meta
community, but these taxa were more related than would be predicted by chance. The
combination of dispersion, at one phylogenetic depth, and clustering, at another phylogenetic
depth, suggest both niche (dispersion) and filtering (clustering) as drivers of local assembly.
Beta diversity also indicated selection as a driver of the subsgirfaetacommunity; however,
when attempting to relate taxa abundance to the environment, the spatial scale of
groundwater sampling favored detection of neutral over selective processes. Major
geochemical components were also spatially acborelated. Seletion was detected at the

level of themetaO2 YYdzy A& o6& i b¢L GKIFIG YL@ 6S NBflFGSR
within each assemblage by PD, MPD, and MNTD.

Dispersal limitation between assemblages and local selection means that thecor@taunity

issubject to drift, and therefore, likely reflects differential historical events that have influenced
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the current bacterial compositions (Andam et al., 2016). Possible historical events that could
shape a subsurface bacterial community include differempigaiods of surface water recharge,
dynamics of the fractured rock mass that could release trapped pore water and alter the rock
water interactions, new fractures formed by rebound, and fractures that restricted hydraulic
flow paths. A sampling design thatludes more closely spaced fractures, or includes
potentially hydraulically connected fractures, might reveal a contribution of environment and
selection at the level of the meteommunity.
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Geochemistry and descriptive parameters for groundwater from each borehole sampling location.

Table3-1

CRGL CR& CR&AA CR9 CR18
Interval: 3 6 8 14 2 4 9 2 5 12 --
Sampling Date 05/30/ 05/31/ 06/01/ 06/02/ 09/20/ 09/21/ 08/23/ 11/04/ 11/06/ 11/13/ 09/22/
m/dly 2011 2011 2011 2011 2011 2011 2011 2008 2008 2008 2011
Easting* m 313743.6| 313760.8| 313771.9| 313815.2| 314757.5 314777 312203.4| 312721.5| 312449.75 312416.14 311262.7
Northing* m 5102838 | 5102857 | 5102870| 5102917 | 5104142| 5104160| 5104452| 5102262 | 5102130.9 5102120| 5103333
Depth m 145 244 307 532 72 126 604 96 279 672 5
Elevation m** 31 -68 -131 -356 92 38 -440 29 -154 -426 111
Conductivity “mS/C 233 202 220 302 223 210 290 258 317 4225 213
Temperature °C 9.0 8.6 9.1 111 9.6 8.4 11.7 8.6 8.4 117 -
pH 8.5 8.5 8.6 9.1 8.6 9.4 7.9 9.3 9.1 8.5 8.5
DOC mg/L 25.9 235 23.2 7.9 23 17.4 18.4 22 19 1.9 1
HCQ mg/L 146.5 131.1 130.7 76.6 116.8 83.1 124.3 121.9 91.5 19.8 79.5
Ct mg/L 54 31 6 41 0.5 1 14 58 28 1,572 91
SQ? mg/L 1.3 0.5 0.1 0.2 114 10.8 2 7.9 7.3 83 25
NOs mg/L <mdl <mdl <mdl <mdl <mdl <mdl <mdI <mdI <mdI <mdl <mdl
PQ3 mg/L <mdl| <mdl| <mdl| <mdl| <mdl| <mdl| <mdl| <mdl| <mdl| <mdl| <mdl|
Ba? mg/L 0.02 0.04 0.02 0.01 <mdl <mdl 0.01 0.01 0.01 0.14 0.1
Ca? mg/L 10.5 22.9 10.8 4.2 11.2 3.1 13 9 7.8 325 18.1
Mg+2 mg/L 1.5 4.1 1.3 0.4 1.2 0.2 1.2 0.8 0.3 8.1 1.1
Na mg/L 40 31 36 61 39 43 53 47 64 510 80
Fesoluble pa/L 40 60 80 20 20 100 50 80 30 <mdl 50
MnNsoluble pg/L 30 30 20 10 10 <mdl 20 10 <mdI 80 10

Note: na=not available

*%

md| =method detection limit
Universal Transverse Mercator coordinates, zone 18.
elevation relative to sea level
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Table3-2
Beta diversity relationship to ecological process (Stegen et al., 2013).

Ecologial process: I belL RGray

Selection (variable) > +2 --

Selection (homogeneous) <-2 --

Dispersal (limiting), drift null > +0.95

Dispersal (homogenizing) null <-0.95

Random assembly null null
3.18 List of Figures

Figure3-1 Map of the Chalk River Laboratories site located in Eastern Ontario, Canada showing
the approximate locations of boreholes included in the study.

Figure3-2 Schematic of the Westbay System for migtrel groundwéger monitoring (used
with permission of Nova Metrix Ground Monitoring Ltd.)

Figure3-3. Diagram showing the taxonomic identification of the most abundant operational
taxonomic units (OTUs, >1% average relativendbance) and their relative
abundance in each sample (heatmap). The relative abundance of all other OTUs (< 1%
2y F@SNY IS0 Aa 3ANRAzZLISR Fa ahiKSNJ he¢! a¢z
denoted in each box. The dendrogram above the samples deprotkrity among the
sampling locationbased on unweighted UniFrac distances.

Figure3-4 Observed values (black triangles) for phylogenetic diversity (PD, top panel), mean
pairwise distance (MPD, middle panehdamean nearest taxon distance (MNTD,
bottom panel) of assemblages relative to the taxa richness. The regression line is
shown for the corresponding null mean values (red lines). Assemblages marked with
an open triangle indicate the observed values werthin two standard deviations of
the null mean values.

Figure3-5 BrayCurtis and UniFrac distance decay relationships of groundwater bacteria across
the study site

Figure3-6 Explanatory power of selected environmental and spatial variables on taxa
abundances. The axes are the first and second coefficients from the redundancy
analysis (RDA). Global adjusted R2 of 29.4%. The sampling locations are labeled
according ¢ the borehole and interval used to access the groundwater.
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bicarbonate, manganese, sulfate, chloride and iron, but notfssolved organic
carbon.
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Figure3-1 Map of the Chalk River Laboratories site located in Eastern Ontario, Canada
showing the approximate locations of boreholes included in the study.
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Figure3-2 Schematic of the Westbay System for muléivel groundwater monitoring (used
with permission of Nova Metrix Ground Monitoring Ltd.)
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Figure3-4 Observed values (black triangles) for phylogenetic diversity (PD, top panel), mean
pairwise distance (MPD, middle panel) and mean nearest taxon distance (MNTD, bottom
panel) of assemblages relative to the taxa richness. The regression line is showtimefor
corresponding null mean values (red lines). Assemblages marked with an open triangle

indicate the observed values were within two standard deviations of the null mean values.
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Figure3-5 Bray-Curtisand UniFrac distance decay relationships of groundwater bacteria across the study site
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Figure3-6 Explanatory power of selected environmental and spatial variables on taxa
abundances. The axes atfee first and second coefficients from the redundancy analysis
(RDA). Global adjusted Rz of 29.4%. The sampling locations are labeled according to the

borehole and interval used to access the groundwater.
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3.19 Supplemental Information

The Chalk River Laboratories Study Site

The CRL site is located about 200 km northwest of Ottawa, Ontario. It is situated around the northern
margin of the OttaweBonnechere grabefil). Boreholes were drilled into the rock mass to assess the
local geological features and then thevere cased and sealed to isolate discrete fracture zones and faults
to allow an assessment of the hydrogeology of the @i&). The location of the site and the locations of

the boreholes included in the study are shown in Figure 1. The site boundaries are formed in part by the
Mattawa fault (Ottawa River) and the Maskinonge Lake fault, also shown ireBigurhese faults may
isolate groundwater into different zones across the area of stddhe site is underlain by gneisses forming
stacked assemblagesnsisting of an overlying and underlying garpebr assemblage (granitic and
grandioritic gneiss) aha central garnetich assemblage (monzonitic gneiss and quartzfeldspathic gneiss)
(3). Fracture infilling materials consist of magmatic intrusions (including diabase dykes of the Grenville
mafic dyke swarm) and amge of lowtemperature minerals dominated by chlorite and calcite as well
hematite, clays and other minerals, depending upon the host (dtk The groundwater age coincides
with the opening of the North Bay outlet when ovles was diverted into the Ottawa Valley about 10,500

BP (before present]p).
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Table S1. Estimated concentratichsf bacterial 16S rRNA genes and cells ¢&d€r mL) in sampled
groundwater.

Sample Genecopies Direct cell counts
CRG1.3 84.02 | (0.51) 1.30 (0.08)
CRG1.6 38.23 (5.77) 2.44 (0.48)
CRG1.8 65.54 (1.42) 1.77 (0.49)
CRGL.14 69.36 (12.05) 4.78 (1.56)
CRG2.2 9.97 (0.50) 3.68 (0.34)
CRG2.4 10.15 (0.36) 1.14 (0.52)
CRG4A.9 126.11 (9.17) 11.0 (1.71)
CR9.2 2.33 (0.14) 0.55 (0.02)
CR9.5 3.04 (0.29) 0.52 (0.03)
CR9.12 4.27 (0.60) 0.67 (0.10)
CR18 73.25 (88.71) 1.94 (0.34)

2mean values (n = 3), standard deviation in parentheses



Table S3. Taxa Richness and Phylogenetic diversity (RBijpwampling locations.

Sampling Location Taxa Phylogenetic Diversity, PD
Borehole Interval Richness Observed Null + sd z-value p-value
CR18 - 221 14.7 17.5+0.4 6.4 <0.001
2 319 22.5 23.2+0.4 1.7 <0.034
CR9 5 218 16.2 17.4+0.4 -2.5 <0.001
12 223 15.9 17.7+£0.4 4.2 <0.001
3 221 13.5 17.6x0.4 93 <0.001
6 253 15.8 19.5+0.4 -85 <0.001
CRGEL
8 224 13.8 17.8+0.4 9.3 <0.001
14 195 11.8 16.0+0.4 9.8 <0.001
2 262 154 20.0+0.4 11 <0.001
CR&
4 262 15.8 20.0+0.4 9.6 <0.001
CRAA 9 180 11.3 15.0+0.4 9.1 <0.001

Table S4. Mean pairwise distance (MPD) within sampling locations

Sampling Location

Mean Pairwise Distance (MPD

Borehole Interval Observed Null + sd z-value p-value NTI
CR18 -- 0.25 0.26 £ 0.02 -0.5 0.18 0.5
2 0.29 0.28+0.01 1.0 0.81 -1.0
CR9 5 0.24 0.26 + 0.02 -1.0 0.09 1.0
12 0.26 0.27 £0.02 -0.5 0.23 0.5
3 0.22 0.23+0.02 0.5 0.57 -0.5
6 0.25 0.27 £ 0.02 -2.0 0.02 2.0
CRGL
8 0.24 0.26 £ 0.02 -1.0 0.07 1.0
14 0.24 0.24 £0.02 0.0 0.47 0.0
2 0.25 0.24 +0.02 0.5 0.72 -0.5
CR&
4 0.28 0.27 £0.02 0.5 0.73 -0.5
CR®A 9 0.24 0.26 £ 0.02 -1.0 0.19 1.0
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Table S5. Mean nearest taxon distance (MNTD) within sampling locations

Sampling Location

Mean Nearest Taxon Distance, MNTD

Borehole Interval Observed Null + sd z-value p-value NTI
CR18 - 0.09 0.12+0.02 15 0.069 15
2 0.08 0.11+0.01 2.4 0.006 2.4
CR9 5 0.07 0.12+0.02 -2.0 0.005 2.0
12 0.07 0.12+0.01 -3.1 0.001 3.1
3 0.04 0.12+0.03 29 0.001 2.9
6 0.06 0.11+0.01 3.6 0.001 35
CRaGL
8 0.04 0.12+0.02 3.8 0.001 3.8
14 0.04 0.12+0.03 3.1 0.001 3.1
2 0.06 0.12+0.01 4.1 0.001 4.1
CR&
4 0.05 0.11+0.02 -3.2 0.001 3.2
CR&HA 9 0.05 0.12+0.03 2.2 0.001 2.2
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Relative Influences of Ecological Processes on the Metanmunity

¢lLoftS {cd 1 DbSINBaild ¢lE2y LYRSE RA&GlI yOSa o
Borehole | CR18 | CR9 CR9 CR9 | CRG1l| CRG1l| CRG1l| CRG1l| CRG2| CRG2
Interval 2 5 12 14 3 6 8 2 4
CR9.2 3.84
CR9.5 0.65 2.22
CR9.12 241 | -0.06 | 1.06
CRGL1. 14| 0.03 4.90 3.28 1.36
CRG1.3 | 2.62 2.37 3.48 1.2 -1.39
CRG1.6 | 1.67 3.39 2.5 0.64 091 | -1.46
CRG1.8 | 1.67 4.01 2.28 0.58 052 | -239 | 151
CRG2.2 | 1.67 295 | -046 | -0.83 | 0.01 | -196 | 0.03 | -1.57
CRG2.4 | 2.26 352 | -0.06 | -097 | 031 | 095 | 228 | -0.76 | 1.01
CRG4A. 9| 2.09 5.78 0.16 054 | -1.11 | -233 | 128 | -095 | -0.52 | -1.54

Table S7. Raurick BrayCurtis, R&ay, distances between paired sampling locations
Borehole CR18| CR9 CR9 | CR9. | CRG1l| CRG1| CRG1| CRG1| CRG2| CRG2
Interval 2 5 12 14 3 6 8 2 4
CR9.2 1.00
CR9.5 1.00 1.00
CR9.12 1.00 1.00 0.04
CRG1.14 1.00 1.00 1.00 1.00
CRGL1.3 1.00 1.00 1.00 1.00 0.60
CRGL1.6 1.00 1.00 1.00 1.00 0.82 0.87
CRGL1.8 1.00 1.00 1.00 1.00 0.46 0.59 0.56
CRG2.2 1.00 1.00 1.00 1.00 0.98 1.00 1.00 0.96
CRG2.4 1.00 1.00 1.00 1.00 0.99 1.00 1.00 0.99 0.48
CRG4A.9 1.00 1.00 1.00 1.00 0.92 0.74 1.00 1.00 1.00 1.00

I belL RGray
Selection (variable) >+2.0 --
Selection (homogeneous) <-2.0 --
Dispersal (limiting, drift) null > +0.95
Stochastic null null
Dispersal (homogenising) null <-0.95
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Modelling the MetaCommunity to Identify Significant Environmental drSpatial Variables
S1. Spatial variables explain taxa abundances of the mEgenmunity

# standardize the independent variables for modeling ealdulate the scores of the principle
components (PCA) for the environmental and spatial variables.

env.man.stand=decostand(env.mem, method = "standardize")
pca.mem = principal(env.mem.stand, nfactors = 6,rotate = "none", covar = T, scores = TRUE)
scores = pca.mem$scores # axes scores for future use

# perform a redundancy analysis (RDA) comparing the Helliragesformed taxa abundances with the
PCA scores for the environmental and spatial variables.

rda.all.mem = rda(sp.hel, scores)
anova.cca(rda.all. mem¥ to check the overall explanatory power of pca axes

Permutation test for rda under reduced model
Pemutation: free
Number of permutations: 999

Model: rda(X = sp.hel, Y = scores)
Df Variance F Pr(>F)

Model 6 0.43388 1.69520.017 *

Residual4 0.17063

Signif.codesn WrFFQ nodnnamndxM YW Mdnm WYWFrQ ndnp WYWoQ

r2.mem = RsquareAdj(rda.all.mem)
r2.mem

$r.squared

[1] 0.7177373

$adj.r.squared
[1] 0.2943433 ##Global Adjusted R2

#spatial and environmental variables are significant, with a global adjusted R? of 29.4%.
# create a reduced model to identify the sificant explanatory variables.

modO=rda(sp.hel~1,env.memmodel with intercept only
modl=rda(sp.heBOC+HCO3+sulfte+iron+manganese+MEM1+MEM?2+\&BV Bhem)
#model with all explanatory variable

#Forward selection
sp.model.mem=ordistep(mod0, scope = fata(modl), direction="forward", perm.max = 999)
anova(sp.model.mem)

Permutation test for rda under reduced model

Permutation: free
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Number of permutations: 999

Model: rda(formula = sp.hel ~ MEM1 + MEM2, data = env.mem)
Df Variance  F Pr(>F)

Model 2 0.24644 2.753 0.001 ***

Residual 8 0.35807

{A3dYyATP O2RSaAY n YpemQWn@nmm WYWFrFQ ndam WFC
# calculate adjusted Rz for the reduced model

step.res.mem <ordiR2step(mod0, scope = formula(sp.model.medirgction="forward")
step.res.mem$anovat Summary table

R2.adj Df AIC F Pr(>F)
+ MEM1 0.203671-6.2493 3.55770.002 **
<All variables> 0.25959

# the spatial variables, MEM1 and MEM2 account for 25.9% of thetad;&s.

# the spatial variable, MEM1 accounts for 20.4% of the variation. No environmental variables were
identified as significant.
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library(ade4)
library(adegraphics)
library(adespatial)
library(psych)
library(simba)
library(fossil)
library(vega)
library(psych)
library(picante)

#load phy and com or build phy and comm form seq file
#match phy and comm in picante

#perform ses.pd and ses.mntd in picante

#perform bNTI calc and rcbray calc with Stegen's code
#normalize bNTI and RCbraystegen cod

#quantitative ecology distance decay calculation, with long lat
#GuniFrac has code for weighted Unifrac

#comm file tranfored with decostand specifying hellinger transformation == sp.hel
#env.mem file stadnardised by deconstand specifying stand =menv.stand

nbtri <- triznb(as.matrix(x.y[1:12,]))##Long Lat neighbour matrix
IwB < nb2listw(nbtri, style = "B"}##listw object

IWW < nb2listw(nbtri, style = "W"}#listw object, weighted

scB <mem(lwB)

scW <mem(lwW)

moran.bounds(lwB)

moran.randtes(env.mem[,#], listw, nrepet = 999

moranNP.randtest(x, listw, nrepet = 999, alter = c("greater", "less",-4ided"), ...)
scores.listw(lwW, wt = rep(1, length(lwwW$neighbours)), MEM.autocor ="positive")
positivel=scores.listw(lwW, wt = rep(1, length(IwWW#jidours)),MEM.autocor ="positive")
negativel=scores.listw(lwW, wt = rep(1, length(IwwW$neighbours)),MEM.autocor ="negative")

env$MEM1=positiveI SMEM1
env$MEM2=positiveI SMEM?2
env$MEM3=positiveI SMEM3
env.mem=env[,c(1:5,11:15)]

env.men.stand=decostand(env.merd], method = "standardize")
pca.mem = principal(env.mem.stand, nfactors = 6,rotate = "none", covar = T, scores = TRUE)
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scores = pca.mem$scores # axes scores for future use
rda.all.mem = rda(sp.hel, scores)
anova.cca(rda.all. men# to check the overall explanatory power of pca axes

r2.mem = RsquareAdj(rda.all.mem)
r2.mem$r.squared
r2mem$adj.r.squared

modO=rda(sp.hel~1,env.mem) #model with intercept only
modl=rda(sp.hel~.,env.memmodel with all explanatory variables, env and mem
sp.model=ordistep(mod0, scope = formula(mod1), direction="forward", perm.max = 999)
anova(sp.model)

step.res<ordiR2step(mod0, scope = formula(sp.model), direction="forward")
RsquareAdj(step.res)

#repeat with env only, or with mem only

modl.mem=rda(sp.hel~-MEM1+MEM2+MEMS3......etc. ,env.mem),
sp.model.mem=ordistep(mod0, scope = formula(modl.mem), direction="forward", perm.max = 999)
anova(sp.model.mem),

step.res.mem <ordiR2sep(mod0, scope = formula(sp.model.mem), direction="forward", perm.max =
999),

anova(step.res.mem), # Summary table

step.res.mem$anova,

#HH

mod1l.env=rda(sp.hel~envl+env2......etc. ,env.mem)
sp.model.env=ordistep(mod0, scope = formula(modl.env), doastforward", perm.max = 999)
anova(sp.model.env)

step.res.env <ordiR2step(mod0, scope = formula(sp.model.env), direction="forward", perm.max = 999)

anova(step.res.env) # Summary table
step.res.env$anova
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4. THE INFLUENCES OKA BRIVERGENCE, DBBAIAND DRIFT ON
MICROBIAL GOCCURRENCE AND ABANOE PATTERNS WITHIN
SUBSURFACE CRYSN&LERACTURES

4.1 Abstract

Microbes catalyze important biogeochemical cycles that can affect the speciation and transport
of radionuclides. Safety assessments of geolagositories rely on predictions af situ

microbial processes but the inaccessibility of the terrestrial subsurface means that this habitat
is difficult to explore.

An opportunity to study a crystalline subsurface to depths of up to 900 m allowed &ysas
of 16S rRNA gene sequence patterns using an ecological framework of dispersal, drift and
diversification.

Within an extent relevant to a repository, the observed patterns reflect possible connectivity
with the surface and dispersal by fracture flowmransport of taxa between connected
subsurface sampling locations occur at distances of up to 500 m.

Phylogenetic clustering and a high proportion of sister taxa reflect the influence of
diversification on taxa adaptl to the subsurface habitat.

The infuences of limited dispersal and drift would be strongest between unconnected sampling
locations. Drift, therefore, may account for the unique phylogenetic diversity represented
within each assemblage. After colonization, a loss of diversity would bgdacal random
extinction of low abundant taxa.

Under this ecological framework, by knowing the influences of dispersal, drift and
diversification, evaluation of selection on the resulting 16S rRNA gene patterns may be possible.

sAdapted from

Danielle Beaton, Bradley S. Stevenson, Karen JSKiagp, Blake W. Stamps, Heather S. Nunn,
Marilyne Stuart, and Jack Cornett, 2018, The Influences of Taxa Divergence, Dispersal and Drift on
Microbial CeOccurrence and Abundance Patterns within Subsurface Crystalline Fractures, submitted
to ISME J December 22, 2017.
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4.2 Introduction

Microord F yA&aYa YIF1S dzLJ ' f 1 NHS LINRLR2NIA2Yy 2F (KS

including the terrestrial subsurface, and catalyse important biogeochemical cycles. Microbial
communities also possess a range of catalytic activities that can be impéoteoverall

ecosystem functioning; even so, the nature of these functions and the connection between
function and community are limited (Graham et al., 2016; Bier et al., 2015; Griebler and
Lueders, 2009). The biodiversity and function of microorgasithat inhabit the terrestrial
subsurface are less studied than other, more accessible, habitats. Given the adoption of
underground facilities for nuclear waste management in many countries, including Canada, the
catalytic activities that are possible wih a subsurface hosting a repository means that the
microbiology of the formation could influence the speciation and transport of the emplaced
radionuclides over the duration of the geological confinement. Studies performed on fracture
water from the Fenoscandian and Canadian Shields reveal metabolism and taxa with known
relatives associated with nitrogen, iron and sulfur cycling (Jain et al., 1997; Itavaara et al., 2011,
Konno et al., 2013; Pedersen, 2013; Mcmahon and Parnell, 2014; Purkamo et glB2atbh

et al., 2016; Hubalek et al., 2016; Itavaara et al., 2016; Kusel et al., 2016; Purkamo et al., 2016;
Wu et al., 2016). The broad redox range encompassed by these cycles raises a concern that
over long residence times the subsurface microbial psses will enable the transport of

agueous and gaseous hazardous materials by groundwater and gas migrations.

The effect of neutral (Hubbell, 2001) and random ecological proceskies dispersal, drift and
diversification-- on community assembly caromplicate predictions of the selective forces

acting within an ecosystem. The ecological framework proposed by Vellend (Vellend, 2010;
Vellend, 2016) can account for random processes on community patterns by recognizing that
microbial taxa can occur imuarying environmental conditions (with corresponding low rates

of community turnover), and in variable environmental conditions (with corresponding high
rates of community turnover). Depending on the concomitant rate of taxa dispersal between a
pair of @mpling locations, the homogenizing effect of a high dispersal rate can confound
identification of the influences on biodiversity derived from a variable environment, even when

selection pressure is strong (Vellend, 2010). When the dispersal rate bet@egnunities is
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low, or limited by the flow restricted fractures of a crystalline subsurface, the dynamics of
biodiversity turnover between communities can be subject to drift and random variations in
population even when selection pressure is weak (Vell@dd0). This last combination of
influences can result in compositional variation between communities (Adler et al., 2007) and
such a situation would make it difficult to link subsurface assemblages with repesdaly

ecosystem processes.

Empiricaly, microbial communities may be comprised of hundreds or even thousands of taxa,
although most taxa are present in low relative abundances (Nemergut et al., 2013). These
communities also display phylogenetic clustergquy co-occurrence of related taxalprner
Devine and Bohoman, 2006; Goberna et al., 2014; Beaton et al., 2ah@)decay of similarity
with distance (Martiny et al., 2011; HornBrevine et al., 2004; Lear et al., 2014) spanning
meters to kilometers. These community characteristics oegen within a continuous volume

of water lacking barriers to dispersal (Horfi2evine etal., 2004; Lear et al., 2013; Lear et al.,
2014).

Ly GKA&a addzReéxs ¢S LW ASR £SttSyRQa S02ft 23A0!I
16S rRNA gene patins from spatially distributed fracture water accessed by boreholes drilled
into the crystalline subsurface underlying the site at Chalk River Laboratories (CRL), Ontario,
Canada. We compared the relative contributions of the random process of disphiiand

diversification on the resulting 16S rRNA gene patterns.
4.3 Materials and Methods

Figure4-1 shows amap of the borehole locations within the study site. The site is located
within the Central Grenville ii2issic Belt within the Grenville province, the rock dates from
1475 + 14 to 1045 + 6 Ma. Two major faults bound the study site: the Mattawa fault (Ottawa
River) and the Maskinonge Lake fault. Diabase dykes traversing the site form another
boundary. Figure4-1 also shows the three boreholes used for sampling fracture water.
Borehole CR@ traverses one of these dykes, borehole €Rverses two dykes and

borehole CR@ is wholly located between these dykeStacked crystalline rock underlies the
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site and consists of an overlying and underlying gapur region, and a central garneth

region.
43.1 Sampling Fracture Water

FigureS1 shows a schematic of a borehole with an installed Westpsten® We sampld

four locations (depths) per boreholesing a Westbay Multilevel Groundwater Monitoring

System flova Metrix Groundwater Monitoring (Canada) Lad)previously described (Beaton et

al., 2016). Opening the filled tubes and dispensing the sampled fracates took place inside

of a glove box under an atmosphere of filtered nitrogen gas. Inside the glovebox, the
groundwater pH (Beckman PHI 265 pH/Temp/mV meter (Beckman Coulter, Inc.)) and
conductivity (YSI Model 30 Conductivity Meter (YSI Inc., YellongSp®H, USA)) were
measured.For elemental analysisdiquotsof 100 mlg SNBE FAf 6§ SNBR G KNRdAZAK |
(isopore polycarbonate, Merck Millipore, Billerica, MA, USA) and immediately aciolfied

adding 0.5 minitric acid (ultratrace grade, SeastarTM, Baseline®, Fisher Scientific, Ottawa, ON,
Canada). Elemental comptish of the groundwater was determined by inductively coupled
plasmamass spectrometry (IEMS), using either a Varian 8&0S (Agilent Technologies, Inc.)

or an Element XR (Thermo Scientific) and by inductively coupled plasma atomic emission
spectroscopylCRAES, Optima 3300, Perkin Elmer). Anion concentrations were determined
using a Dionex 3000 ICS ion chromatograph (Dionex, Sunnyvale, CA, USA). Dissolved organic
(DOC) and inorganic carbon (DIC) were determined using a Dohrmann, model PhoerAil/8000
Persulfate TOC Analyzer (Teledyne Teckmar, Mason, OH, USA). The excitation/emission of

fluorescein in the groundwater provided a measure of residual drill water.
4.3.2 Characterization of Bacterial Assemblages
4.3.2.1 Nucleic Acid Extraction and Creation of 16S rRNA &lkeibraries

Whole community nucleic acids were extracted usinglititeaClea® DNA Isolation Kit

(Qiagen).Within 2 hrs of sampling, fracturgater samples weréltered eachthrough a sterile
0.22 um, 41mm polyethersulfone filtewithin a sterile 100 ra filter housing (Merck Millipore
Corp., Billerica, MATilters were eitherprocessed immediately or stored overnight-a03 and

processed the next dayrhe volume filteredor DNA extraction was between 0.8 L.
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4.3.2.2 16S rRNA Library Preparation and Segcing

A 16S rRNA gene library was amplified by PCR from each DNA extraction. The primers used in

the initialamplification generated amplicons that spanned the V4 region of the 16S rRNA gene
between position 519 and 80E( colnumbering), and produced PCR amplicon ~300 bp in

length. The forward primer (M8 M dp CGTA AAA CGA CGG CCAGMG CCG CGG TAA

0Q0 O2yiGFAya GKS amo F2NBIF NR LINA ¥spddfico Ay 02t RO
sequence (underlined). The reverse primer (7§5RAMNVG GGT ATC TAA BJ@Was taken
RANBOGE & T NIDBacid#bAMNE KidWdrttr ¢t al. (2018) 91 OK wup >[ t

consisted ofLx Taq buffer (Fermentas, Glen Burnie, Maryland), 1.5 mM M@QImM each
Rb¢t> nouw >a 27T O§ider,DB8B bfNA DNA/pPRlyneiEassd G bidchtas)
and 2 uL of extracted DNAhermal cycling was carried out in a Techné&TIZthermal cycler
(Techne, Burlington, NJ) using the following conditions: initial denaturationrftin&t 96°C;

30 cycles of 38 at 96°C, 45 s at 52°C and 45 s at 72°C; and a final extension for 10 min at 72°C.

DuplicatePCRs for samples were combined and purified using Ar@p(Peparamagnetic beads

6. SOLYlLY [ 2dzZ GSNE ! {!0 I 002 NRA yFcleRGR wisugedzT I O dz
to add a unique 12 bp barcodqelamady et al., 200&p each amplicon library using a unique
F2NBFNR LINAYSNI O2ydFAyAy3a (XN06 HNIORZ RiKsSa mioc { T 286
primer, 785R. The resulting barcoded PCR products were pwigiad Ampure® XP

paramagnetic beads (Beckman Coulter), quantified using the ®Histassay (Life

Technologies, Carlsbad, CA, Ugadled in equimolar amounts, and concentrated to a final

@2t dzvyS 2F Fynx[ dzOAYIIB0OKIGearifugaYRltere (Merck Mifligomd)l The

final pooled library was then submitted to the Oklahoma Medical Research Foundation

Genomics Facility gtahoma City, OK, USA) for sequencing on the MiSeq platfthamiha

Inc., San Diego, CAging PE250 V2 chemistrill sequences have been deposited in the short

read archive of GenBank under Accession No. SRA608335

4.3.2.3 Sequence Analysis

After sequencingieads were merged using P&nd reAd merger (PEA&Zhang et al., 2014)
de-multiplexed in Quantitative Insights Into Microbial Ecology (QlI(@€&poraso et al., 2010b),
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and clustered into operational taxonomic units (OTUs) using UPARSE (Edgar, aG18)p#t

of 97% sequence similarityAfter dereplication in UPARSE, taxonomy was assigned using the
RDP Naive Bayesian classifi#fang et al., 2007gnd the SILVA database (Release {R)esse

et al., 2007) After OTU clustering in UPARSHEUs weraligned with pyNAS{ICaporaso et al.,
2010a)against an aligned version of the SILVA r111 database, and filtered to remove
uninformative bases. Finally, a tree was produced with FasiPeee et al., 2010pr beta
diversity analyses. Beta diversitasvestimated using weighted and unweighted UniFrac index
(Lozupone and Knight, 2005).

4.3.3 Diversity and CeDccurence

The BIOM file produced by QIIME was imported into the Bioconductor package phyloseq 1.14.0
(McMurdie and Holmes, 2013). A plot of taxa abumoks was generated using code provided

within McMurdie and Holmes (2013) sourced within the R global environment (R Core Team,

2015) as plot_abundance(). Heatmaps of the distances between the top 50 most abundant

taxa and of the abundances of taxa sublsgiphylogenetic classification were created to

display the distribution and relatedness of the fracture water taxa. Normalization of

abundances was by the regularized log transformation using functions within the DESeq2 1.10.1
package (Love et al., 2014).

S5AOSNARAGE YSUNRO& oSNB OF f Odz I 0 SR-2¢g@mbglBt F dzy O
Ff®X HAMnO FYR WD! YACNI OQ mModn o/ KSy SiG Ffd un
phylogenetic diversity by the mean pairwise distance (MPD)ogrithe mean nearest taxon

distance (MNTD). To account for phylogenetic diversity scaling with taxa richness, we used the
standardized effect size with abundance.weighted = TRUE. For each metric the null model

Wil EFIoft0StaqQ osla EEAIKQaDhd NICYRAKE] MbipR Y & @ |
total PD and average PD within assemblages)(Re difference between them accounted for

the average PD that was not present within assemblages) (PI® calculate MPD and MNTD, a
pair-wise distancematrix of the metacommunity tree was first calculated using the function

cophenetic().
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Distance decay of similarity was determined by converting the geographic coordinates between
sampling locations to geographic distance using earth.dist() from theRlpa&S W¥23aAf Q@
community diversity metrics were then plotted against geographic distance and the data fit

using the function scatter.smooth(). The significance of the distance decay of similarity were

tested by Procrustes (repetitions = 999)

Sister @irs of taxa were also identified within the phylogeny by using functions within the
RLJIF O1F3Sa WHLISQ ndm YR WISAISND HPadcd ¢ KS I
the default value for the smoothing parameter, lambda, to calculatettbe and node ages.

These age values were then used to estimate the time of divergence between the sister nodes.
4.4 Results

Figure4-2 shows the distributions of taxa by Phylum and Class for each assemblage. Taxa
prevalence and abundances were derived from over 132000 high quality reads that were
retained after processing for quality and removal of chimeric seges. Four hundred and

thirty five OTUs were detected among all samples at a 97% sequence similduiity-tWo

OTUs (7.4%) were designated as unclassified at the rank of Phylum. The abundant bacteria and
Archaea in this study were composed of multiple of OTUs, as shokigure4-2. Prevalent

and abundant OTUsere from theProteobacteriaFirmicutesBacteroidetesChloroflexi
Acidobacterisand Actinobacteria TheNitrospiraewere abundant but less prevalent; the
Planctomyceteand Cyanobacteriavere prevalent but less abundant. The Archaea included
membersfrom the ThermoplasmataHalobacteriaMethanobacterisand theMiscellaneous

Crenoarchaeatoa Group
44.1 Local Patterns of Diversity

Diversity patterns were determined using the mean pairwise phylogenetic distance and the
mean shortest phylogenetic distance fach in the distance matrix. The standardized effect
size compares the measured values to randomly generated null mean values. We were,
therefore, able to separate the egariance of diversity and taxa richness from patterns of
phylogenetic dispersionBoth the mean pairwise distance (MHABgure4-3, top panel) and the

mean nearest taxon distances (MNHigure4-3, bottom panel) show that all but one of the
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assemblagew/iere more than two standard deviations lower than the corresponding null
distribution of the metacommunity (red line irfFigure4-3, top panel for MPD and bottom

panel for MNTD, respectively). The one assembilagewas within 2 standard deviations of

the null distribution for MPD (indicted by an open triangle) had an effect size of 1.97, or only
just within 2 standard deviations of the null mean. The assemblages, therefore, cluster
phylogenetically and displaso-occurrence of related taxa compared to the m&ammunity.

The corresponding-values of the standardized effect size for phylogenetic diversity, PD, are all
negative (Table S2) and all but two of the Palmes are more than two standard deviations
lower than the null mean. Partitioning PD into total PD and average PD per assemblage
indicates the metecommunity represents more diversity than what is represented within each
assemblageRy, Table S3, with approximately half the total PD not represemigidin the
assemblageé&PD), (Table S3).

These differences in local diversity may reflect selection by local conditions (Hdewere and
Bohannan, 2006); however, 124 sister pairs occur within the 403 identified taxa and these pairs
suggest divergenger speciation, which is a regional process withia ecological framework
(Vellend, 2016). Table S5 lists the identitief the first taxon ofeach pair; these included

members for the abundant taxa listed abowérmicutesBacteroidetesProteobacteia,

ChloroflexiAcidobacteria, Actinobacteria, Nitrospirae, Cyanobactand a fewArchaea
4.4.2 Distance Decay of Similarity and BeRiversity

Both taxonomic similarity (Bray-Curtis), and phylogenetic similarity-(niFrac), display similar
decay withincreased distance, when plotted along the geographic distances between sampling
locations up to 0.5 knHgure4-4). A Procrustes analysis shows the decay with distance was
significant based on UniFrac (p = 0.)0sut was not significant based on the abundances (p =
nNd®PoHUL P tiveity lcafcilates dnedmean shortest phylogenetic distances (Lozupone

et al., 2011) detecting uniqueness associated with closest relatives.

Procrustes analyses of additionlylogenetic metrics showedyalues for Dnn (akin to the
mean nearest taxon distance, MNTD) of 0.007 and Dpw (akin to the mean pairwise distance,

MPD) of 0.161, respectively (Table S4). A principle coordinate analysis of weighted UniFrac
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distancesigure4-5) shows that assemblages cluster by borehole and suggests the decay of
similarity, and dispersal, occurs within vertically orientated fractur#dsose fractures

transected by boreholes. The dashed linesvamin Figure4-4 refer to the distances between

the shallowest and deepest sampling locations within each borehole. The decay of similarity

with distance Figure4-4) occus at distances less than 0.5 km.
4.4.3 Cooccurrence Patterns across Sampling Locations

Figure4-6 shows the cenccurrence and distances of the top 50 abundant taxa across
assemblages. The taxa abundances were fasancestabilized by the regularized log
transformation to minimize the influence of a few variable taxa. The heatmap shows that,
among the top 50 taxa, some are common across all sampling locations while others cluster
mainly within one borehole. Theawersity present within borehole CR3Gs not present within
borehole CR@ or borehole CR®.

Heatmaps of taxa abundances provide additional insight into thecooirrence patterns of taxa
from within the same Family (Figures-S@). The distributionsnd regularized abundances of
the Deltaproteobacteriaand Clostridia(FigureS2) and of th&etaproteobacteriand
Nitrospirae(Figure S3) are examples of taxa with known relatives that are involved in sulfur and
nitrogen metabolism, respectively. We foausthese examples because both nitrogen and
sulfur compounds were measured in extracted rock porewater (Peterman et al., 201@, whil
the fracture water had measable sulfate but undetectable ammonia, nitrite or nitrate
(TableS1). The distribution oika associated with sulfate reductiertaxa within the
Clostridiaand theDeltaproteobacteria- have some members within borehole GB@nd other
members within borehole CR&or borehole CRG (Figure S2). The distribution of taxa
associated with thenitrogen metabolisnt, taxa within theBetaproteobacteriaand the
Nitrospirag differ in ceoccurrence patterns in that thBetaproteobacteriare distributed

across each of the sampling locations, while fgospirae are prevalent and diverse within
borehole CRO but are either not detected or are in low abundance within borehole-GR&d
borehole CR@ (Figure S3). In association with these taxa are taxa associated with nitrogen
fixation ¢ such as the prevalent and abunda@lostridia(Figure4-2, Figure4-6) and the

prevalent but low abundanc€yanobacterigFigure4-2). The Archaea also show a distribution
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pattern within frecture water from borehole GR in which several abundant taxa were related
to deepsea hydrothermal vent systems occur within fracture water from borehok® (Rgure
S6).

4.5 Discussion

Our findings suggest that ecologically similar surface taxa invadesuibsurface via fracture

flow. We found that each assemblage is phylogenetically clust&igdre4-3) and that

prevalent and abundant taxa across assemblages are from within the same taxonomic classes
(Figured-2a). The overall phylogenetic diversity of the me@mmunity represents more

diversity than is found within any one of the assemblages (Table S3). Close relatives accounted

for 61% of the identified taxa. Thepairs contribute to both the phylogenetic clustering within
assemblagesfgure4-30 YR G KS WYAAdaAy3dQ LKef23SySGiA0 RA
within individual assemblages that made up the regional comity. The distance decay of

similarity Figure4-4) and the pattern of assemblage clustering seen in the principle coordinate
analysisigure4-5) suggests that disperkento fractures and transport of taxa between

connected sampling locations is an assembly process shaping these communities.

Diversification, as a regional scale ecological process (Vellend, 2016), has also shaped these

communities.

These patterns, thefore, suggest that the observed phylogenetic clustering was the result of
regional processes combined with dispersal into the subsurface, and were not a result of local
selection by abiotic factors such as pH or temperature. This outcome does not natdoctl
processes have not selected for the taxa present, but that the taxa present arrived at the
subsurface locations with the needed adaptive characteristics for this habitat. Similar
co-occurrence of related bacterial taxa is seen in other habitathss in soils with increased
productivity (Goberna et al., 2014B), in habitats successfully invaded by related plants that
share ecological traits prior to invasion (Cadotte et al., 2009) and where there is spatial

heterogeneity within a habitat that aivs related taxa to cexist (Lear, 2014).

For microbial assemblages characterized by sequence similarity of the 16S rRNA gene,

clustering may be seen within assemblages that harbor taxa having multiple 16S rRNA gene
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copies; an artifact created by the pmttial influence of intragenomic heterogeneity within this

gene that could lead to an overestimation of microbial diversity (Suna et al., 2013; Pei et al.,
2010). At the 97% similarity cut off, the-W5 region of the 16S rRNA gene from fully

sequenced beterial and archaeal genomes display the lowest intragenomic heterogeneity, and
thus a lower associated risk of overestimating the number of related taxa (Suna et al., 2013).
Even so, the phyla with greater numbers of gene copies, such & tieobactela and

Firmicutes also had greater degrees of overestimation compared to phyla with fewer or only

one gene copy (Suna et al., 2013). Some of the sister pairs, therefore, may reflect the 16S rRNA

gene copy number of the taxa found within the subsurface.

A separate consideration in detecting-oocurrence of related taxa is that the metrics used to
analyze assemblages can be sensitive to sampling. For example, by the data used to construct
assemblages, and by the spatial grain used to define assemblagezgdlesCaro et al., 2012).

The patterns of caccurrence detected within the fractures, therefore, may reflect the

sampling restricted by the borehole locations and depths. With these limitations in mind, the
assembly of the subsurface communities agp® link to stochastic influences of surface

recharge via vertical fracture flow and by horizontal dispersal limitation combined with

apparent divergence of the regional taxa (Evans et al., 2017).
45.1 Community Structure and Possible Ecosystem Function

Microbial clades constructed from DNA sequence data may represent a compilation of ecotypes
(species) whose members are ecologically similar, and so, genetic diversity within an ecotype is
constrained by selection and drift (Cohan and Koeppel, 2008). Aniaglaputant arising from

within an ecotype outcompetes, potentially to extinction, all other members from within the
same ecotype; while members from other ecotypes are not outcompeted by the new mutant;
and so at the level of genus may appear a®courrence of related taxa. Between periods of
selection, therefore, diversity within an ecotype can increase until such a time when a new
adaptive mutant arises, and ecotype diversity declines. Any lineage divergence occurring
during the intervening period wdd be temporary unless diversification through cladogenesis

had occurred (Koeppel et al., 2013) either through specialization for use of different
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compounds than used by the original ancestral population (dstman et al., 2014; Treves et al.,

1998), or thraugh spatially correlated resource availability (Buckling et al., 2000).

The microbial assemblages from this study occur within fractured crystalline rock (Neymark et
al., 2013). The combination of a lack of measurable nitrogen in the fracture watéhaiparts

per million concentrations of ammonia, nitrite and nitrate in the small volume of extracted
porewater (Peterman et al., 2016) suggest that there is spatial heterogeneity in resource
availability. This heterogeneity further suggests that it meybssible to discern local

selective processes that are separate from the 16S rRNA gene patterns created by dispersal,

drift and diversification.
4.6 Conclusions

The ecological processes of dispersal drift and diversifications play major roles in thesdbserv
patterns of the subsurface community assembly. Patterns of the 16S rRNX4esgion

found in this study reflect possible connectivity with the surface (Hubalek et al., #016)

keeping with the meteoric source waters (Beaton et al., 20I8ansporof taxa between

connected subsurface sampling locations occur at distances up to 500 mappharent

connectivity suggests that is may be possible to discern influences of selection on the 16S rRNA

gene patterns.

The processes of dispersal and diviezation account for the number of lineages found across

the sampling locations for a high percentage of related taxa. Diversification, as a regional scale
process, would mean these taxa were {a@apted to the subsurface habitat. The

co-occurrence of naltiple sister pairs suggest success by invader taxa that share ecological

traits prior to invasion (Cadotte et al., 2009) into the subsurface.

The influences of limited dispersal and drift on 16S rRNA gene patterns would be strongest
between unconnectedampling locations. Drift, therefore, may account for the unique local
phylogenetic diversity resulting from random extinction of low abundant taxa; and thus act to

lower the local phylogenetic diversity.
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4.11 List of Figures

Figure4-1. Surface topography of the Chalk River site and the approximate locations of
boreholes CR, CR& and CR relative to the site geologic boundaries: the
Mattawa fault, the Maskinonge/Bass Lake faults amel EastWest trending diabase
dykes

Figure4-2. Distribution ofOTUs fobacteria (A) and Archaea (BAbundancesre by Phylum
and Class within the fracture water. The abundance data was rarified to a commo
sequence depth of 2941.

Figure4-3. Coeoccurrence of related taxa. Observed values (black triangles) for mean pairwise
distance (MPD) and the mean nearest taxon distance (MNTD) of assemblages relative
to the taxa richness. The solid red lines are the regression lines for the null mean £
two standard deviationgdotted lines). Triangles represents the values for each
sampling location (assemblage); a filled triangle inside of an open triangle represents
valuesthat were within two standard deviations from the null mean; all other data
points were more than 2 standard deviations from the null mean. Values below the
red line indicate phylogenetic clustering. Abundance data were variance stabilized by
the regularzed log transform.
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Figure4-4. Decay of similarity for Bray CurtisJhiFrac dissimilarity spanning a 1 km
geographic distance between sampling locations. The grey lines show the maximum
distance between the shiawest and deepest sampling locations within each
borehole: CF9, ~500m; CR&3, ~390 m; CR6, ~440 m.

Figure4-5. Principle coordinate analysis of weighted UniFrac distances. Labels for sampling
locations areby borehole and interval (see Table S1).

Figure4-6. Heatmap of the 50 most abundant 16s rRNA genes. Counts were variance stabilized
using the regularized log transformation.
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Figure4-1 Surface topography of the Chalk River site and the approximate locations of
boreholes CF, CR& and CR& relative to the site geologic boundaries: the Mattawa fault,
the Maskinonge/Bass Lake faults and the E&8est trendng diabase dykes.
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Figure4-3 Cooccurrence of related taxaObserved values (black triangles) for mean
pairwise distance (MPD) and the mean nearest taxon distance (MNTD) of assentblage
relative to the taxa richness. The solid red lines are the regression lines for the null mean +
two standard deviations (dotted lines). Triangles represents the values for each sampling
location (assemblage); a filled triangle inside of an open triamgepresents values that were
within two standard deviations from the null mean; all other data points were more than 2
standard deviations from the null mean. Values below the red line indicate phylogenetic
clustering. Abundance data were variance stabdd by the regularized log transform.
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Figure4-4 Decay of similarity for Bray Curtis;WniFrac dissimilarity spanning a 1 km
geographic distance between sampling locations. The grey lines shawntaximum distance
between the shallowest and deepest sampling locations within each borehole:9CR500m;
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Figure4-5 Principle coordinate analysis of weighted UniFrac distas. Labels for sampling
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4.12

Supplemental Information

TABLE S1. Groundwater physicochemical and borehole descriptive parameters

Borehole Sampling | Elevation*, m | Easting** Northing
Interval Date collar interval m
6 | 23/9/2013 -122 313344.3 5102404
CRG 8 | 25/9/2013 163 -247 313335.7 5102336
111 26/9/2013 -417 313318.3 5102241
141 27/9/2013 -617 313293.2 5102122
3 | 6/5/2013 48 313391.2 5102135
4 112/5/2013 -4 313373.8 5102116
CR& 5 | 14/5/2013 1t -68 313351.6 5102092
11] 13/5/2013 -390 313234.8 510198
5 | 5/5/2014 -154 312617.4 5102207
8 | 6/5/2014 -364 312466.6 5102145
CR& 11]12/5/2014 124.8 -485 312449.8 5102130
121 13/5/2014 -542 312416.1 5102120

* elevation relative to sea level
** Zone 18 of the Universal Transverse Mercator coordinastesy
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TABLESE I EI NAOKyYy S&aa yR ClFLAGKQa LKeéet23SySGiAd R

assenblages from within sampling lodégons CR&3 intervals 11 and 14

Borehole Interval Number of Phylogenetic Diversity, PD
Taxa Observed Null + sd z-value p-value
6 240 14.8 17.7 £0.33 -8.8 0.001
8 158 10.3 12.7 +£0.34 -7.3 0.001
CR&3 11 71 5.5 6.6 + 0.27 -4.2 0.001
14 41 3.3 4.2 +0.23 -3.8 0.001
3 158 10.8 12.7 +£0.32 -6.0 0.001
CRGS 4 260 17.2 18.9+£0.32 -5.2 0.001
5 225 14.6 16.9 + 033 -7.0 0.001
11 189 12.0 14.7 £ 0.32 -8.3 0.001
5 259 18.3 18.8 £ 0.33 -1.6 0.057
CRGO 8 260 18.5 18.9 +0.33 -1.1 0.143
11 236 16.4 17.5+0.33 -3.2 0.003
12 190 13.1 14.7 £ 0.35 -4.7 0.001

Repetitions =999

TABLE S3 Partitioning phylogenetiwversity across the metawommunity

PD albha PD beta
PD total P PD missing from the
assemblage average
assemblage average
100% 48% 52%
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TABLE S4. Procrustes significance values for four measures of phylogenetidibetsity and

Bray-Curtis testing for environmental and spatial relationships

Significance of Betdiversity Metrics

UniFrac UniFrac .
unweighted | weighted Dnn Dpw Bray-Curtis
Environmental | ) gq 0.128 0.232 0.187 0.763
Distance
Spatial Distance 0.003 0.002 0.007 0.161 0.932
terminal terminal terminal basal

Repetitions =999

Westbay Fluid Sampling

X REra

Figure S1. Schematic of the Westbay System
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Betaproteobacteria
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Figure S3. Heatmap showing the relative abundances of OTUs identifi@ktsproteobacteriaand Nitrospiraeand with known

relative associated with nitrogen metabolism.
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TABLE S5. ldentities of the sister gaobtained from the phylogenetic tree for the meta
community. The OTUs that displayed differential abundance (Chapter 4) are marked by the

name of the bione.

Displayed
O.TU O.TU Kingdom Phylum Class diﬁgreﬁtial
sister A sister B

abundance
OTU_77 OTU_178 | Bacteria Proteobacteria Betaproteobacteria CRG6
OTU_3 OTU_324 | Bacteria Elusimicrobia Elusimicrobia
OTU_244 | OTU 310 | Bacteria Bacteroidetes Sphingobacteriia
OTU_390 | OTU_396 | Bacteria Proteobacteria Betaproteobacteria CRG6
OTU_204 | OTU_ 419 | Bacteria Proteobacteria Alphaproteobacteria
OTU_240 | OTU_65 Bacteria Chloroflexi Anaerolineae
OTU_ 24 OTU_135 | Bacteria Proteobacteria Deltaproteobacteria CRG6
OTU_354 | OTU_173 | Bacteria Cyanobacteria Cyanobacteria
OTU_423 | OTU_375 | Bacteria Proteobacteria Betaproteobacteria
OTU_115 | OTU 384 | Bacteria Cyanobacteria Chloroplat
OTU_15 OTU_156 | Bacteria Bacteroidetes WCHB132
OTU_215 | OTU_ 232 | Bacteria Proteobacteria Alphaproteobacteria
OTU_285 | OTU 332 | Bacteria Chloroflexi Anaerolineae
OTU_205 | OTU 394 | Bacteria Proteobacteria Alphaproteobacteria
OTU_249 | OTU_52 Bacteria Proteobacteria Alphaproteobacteria
OTU_312 | OTU_129 | Bacteria Cyanobacteria MLE112
OTU_23 OTU_259 | Bacteria Proteobacteria Alphaproteobacteria
OTU_262 | OTU 336 | Bacteria Proteobacteria Betaproteobacteria
OTU_81 OTU_157 | Bacteria Cyanobacteria Cyanobacted
OTU 223 | OTU 55 Bacteria Proteobacteria Deltaproteobacteria
OTU_227 | OTU 416 | Bacteria NA NA
OTU_372 | OTU_386 | Bacteria Cyanobacteria Cyanobacteria
OTU_277 | OTU_279 | Bacteria Chlamydiae Chlamydiae
OTU_357 | OTU_95 Bacteria Chloroflexi Anaerolineae CR9
OTU_216 | OTU 318 | Bacteria Chloroflexi NA
OTU_195 | OTU 317 | Bacteria Chloroflexi KD496
OTU_319 | OTU_64 Bacteria Proteobacteria Alphaproteobacteria
OTU_217 | OTU_121 | Bacteria Bacteroidetes Sphingobacteriia
OTU_20 OTU_75 Bacteria Firmicutes Clostridia
OTU_337 | OTU_131 | Bacteria Firmicutes Clostridia
OTU_305 | OTU 148 | Bacteria Proteobacteria Deltaproteobacteria
OTU_25 OTU_ 44 Bacteria Bacteroidetes Bacteroidia
OTU 288 | OTU 63 Bacteria Proteobacteria Gammaproteobacteria
OTU_292 | OTU_ 363 | Bacteria Proteobaceria Alphaproteobacteria
OTU 193 | OTU 143 | Bacteria Firmicutes Clostridia
OTU_42 OTU_18 Bacteria Proteobacteria Deltaproteobacteria
OTU_308 | OTU_162 | Bacteria Proteobacteria Alphaproteobacteria
OTU_283 | OTU 261 | Bacteria Proteobacteria Deltaproteobacter
OTU_380 | OTU_ 160 | Bacteria Acidobacteria Acidobacteria
OTU 180 | OTU 168 | Archaea Euryarchaeota Halobacteria
OTU_190 | OTU 391 | Bacteria Bacteroidetes Sphingobacteriia
OTU 72 OTU_145 | Bacteria Actinobacteria Coriobacteriia
OTU_103 | OTU_164 | Bacteria NA NA
OTU_229 | OTU_427 | Bacteria Planctomycetes Planctomycetacia
OTU_181 | OTU_ 351 | Bacteria Proteobacteria Betaproteobacteria
OTU_251 | OTU_ 266 | Bacteria Proteobacteria Alphaproteobacteria
OTU 270 | OTU 411 | Bacteria Proteobacteria Gammaproteobacteria
OTU_201 | OTU_202 | Bacteria Planctomycetes Planctomycetacia
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OoTU

OoTU

Displayed

sister A sister B Kingdom Phylum Class differential
abundance

OTU_28 OTU_120 | Bacteria Actinobacteria Coriobacteriia CR9

OTU_338 | OTU_238 | Bacteria Nitrospirae Nitrospira

OTU_231 | OTU_281 | Bacteria Proteobacteria Epsilonproteobacteria

OTU_298 | OTU_328 | Bacteria Chlorofexi GIF9

OTU_352 | OTU_99 Bacteria Proteobacteria Gammaproteobacteria

OTU_53 OTU_186 | Bacteria Gemmatimonadetes Gemmatimonadetes

OTU_8 OTU_429 | Bacteria Proteobacteria Betaproteobacteria

OTU_287 | OTU 401 | Bacteria Acidobacteria Acidobacteria

OTU_220 | OTU_152 Bacteria Actinobacteria Actinobacteria

OTU_368 | OTU_151 | Bacteria Cyanobacteria Chloroplast

OTU_260 | OTU_342 | Bacteria Bacteroidetes Cytophagia

OTU_379 | OTU_85 Bacteria Proteobacteria Betaproteobacteria

OTU_276 | OTU_127 | Bacteria Proteobacteria Alphaproteobacteria

OTU_408 | OTU_194 | Bacteria Proteobacteria Alphaproteobacteria

OTU_236 | OTU_69 Bacteria Firmicutes Erysipelotrichi

OTU_101 | OTU_93 Bacteria Proteobacteria Alphaproteobacteria

OTU_ 112 | OTU_14 Bacteria Bacteroidetes Flavobacteria CRG6

0OTU 329 OTU_340 | Bacteria Bacteroidetes Sphingobacteriia

OTU_253 | OTU 45 Bacteria Firmicutes Clostridia CRG6

OTU_356 | OTU 406 | Bacteria Chloroflexi Caldilineae

OTU_33 OTU_381 | Bacteria Proteobacteria Gammaproteobacteria

OTU_2 OTU_214 | Bacteria Firmicutes Clogridia

OTU_359 | OTU_82 Bacteria Proteobacteria Gammaproteobacteria

OTU_415 | OTU_76 Bacteria WCHBI60 c

OTU_361 | OTU_79 Bacteria Proteobacteria Deltaproteobacteria

OTU_200 | OTU 289 | Bacteria NA NA

OTU_255 | OTU 369 | Bacteria GOUTA4 c

OTU_252 | OTU_31 Baceria Acidobacteria Acidobacteria

OTU_280 | OTU_140 | Bacteria Proteobacteria Gammaproteobacteria

OTU_104 | OTU_163 | Archaea Euryarchaeota Thermoplasmata CR9

OTU 1 OTU_315 | Bacteria Firmicutes Clostridia

OTU 365 | OTU_9 Bacteria Proteobacteria Gammaproteobactea

OTU_293 | OTU 425 | Bacteria Planctomycetes Phycisphaerae

OTU_239 | OTU 341 | Bacteria TM6 c

OTU_245 | OTU_334 | Bacteria Planctomycetes Planctomycetacia

OTU_254 | OTU_177 | Unclassified | NA NA

OTU_393 | OTU 212 | Bacteria Bacteroidetes vadinHA17

OTU_256 | OTU 26 Bacteria Proteobacteria Deltaproteobacteria

OTU 395 | OTU 409 | Bacteria Deinococcus hermus Deinococci

OTU_ 199 | OTU 316 | Bacteria Armatimonadetes c

OTU_78 OTU_137 | Bacteria BD15 c CR9

OTU_192 | OTU_225 | Bacteria Planctomycetes OM190

OTU_208 | OTU_300 | Backria Nitrospirae Nitrospira

OTU_26 OTU_59 Bacteria Chlorobi Ignavibacteria CRG6

OTU_398 | OTU_ 182 | Bacteria Proteobacteria Deltaproteobacteria

OTU 203 | OTU_ 29 Bacteria Firmicutes Clostridia

OTU 113 | OTU 142 | Archaea Euryarchaeota Halobacteria

OTU 153 | OTU_420 Bacteria Proteobacteria Deltaproteobacteria

OTU 330 | OTU 282 | Bacteria Verrucomicrobia [

OTU_263 | OTU_73 Bacteria Spirochaetes Spirochaetes

OTU_243 | OTU_105 | Bacteria Aquificae Aquificae

OTU_353 | OTU 399 | Bacteria Chloroflexi Chloroflexi

OTU_32 OTU_149 Bacteria Firmicutes Clostridia
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OoTU

OoTU

Displayed

sister A sister B Kingdom Phylum Class differential
abundance

OTU_119 | OTU_322 | Bacteria Firmicutes Clostridia

OTU_417 | OTU_165 | Bacteria Candidate_division_OP{ ¢

OTU_114 | OTU_136 | Bacteria Elusimicrobia Elusimicrobia

OTU_422 | OTU_432 | Bacteria Proteobacteria Alphaproteobacteria

OTU_290 | OTU 385 | Bacteria Deinococcus hermus Deinococci

OTU_222 | OTU_274 | Bacteria NA NA

OTU_198 | OTU_350 | Bacteria Thermodesulfobacteria | Thermodesulfobacterig

OTU_242 | OTU_49 Bacteria Candidate_division_WS| c

OTU_87 OTU_98 Bacteria Nitrospirae Nitrospra CR9

OTU_219 | OTU_273 | Bacteria TAO06 c

OTU_364 | OTU_335 | Bacteria Candidate_division_OD] ¢

OTU_355 | OTU_70 Bacteria Candidate_division_SR] ¢

OTU_197 | OTU 57 Bacteria Spirochaetes Spirochaetes

OTU_117 | OTU_172 | Bacteria Firmicutes Clostridia

OTU_228 | OTU_275 | Bacteria NA NA

OTU_237 | OTU_106 | Bacteria Proteobacteria Gammaproteobacteria

OTU_309 | OTU_ 175 | Bacteria Firmicutes Clostridia

OTU_295 | OTU 362 | Bacteria NA NA

OTU_ 430 | OTU_ 139 | Bacteria Firmicutes Bacilli

OTU 320 | OTU 37 Bacteria Fibrobacteres Fibrobacteria

OTU_271 | OTU_374 | Bacteria NA NA

OTU_61 OTU_158 | Bacteria Verrucomicrobia Opitutae
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5. SELECTION INFLUENGCEROBIAL GOCCURRENCE AND ABANOE PATTERNS
WITHIN SUBSURFACESRALLINE FRACTURES

51 Abstract

Longterm safety predictions for geofpc confinement of radioactive waste rely on
understandinghe natural microbial processes that ocaumithin a host formation. In addition
to selection, local random influences like dispersal and drift can contribute to observed
patterns of microbial divesity and abundances; in such cases, predictions that are lsdely
on environmental conditions may not be relevant.

A study of a crystalline subsurface at Chalk River Laboratories, located in Chalk River Ontario
allowed forthe analysis opatterns n gene sequencasnderan ecological framework of

selection, dispersal, drift and diversification. Within the extent relevant to a repository,
phylogenetic clustering and decay of similarity witetdnce suggest that assembly may
governed by trafbasedbiotic selection and dispersal. Thedundancy in functional genes for
energy metabolism across sampling locatisnggest common traits enable -existence Only

a few taxa displayed a growth advantage linked to sulfate, organic carbon, manganese and an
unknown but spatially correlated parameter.

The suite of genes for nitrogen metabolism suggest a potential for complete nitrogen cycling
including nitrogen fixation. Demonstrated metabolismryrate reduction was common

across all sampling locationBemonstrated metabolism by sulfate reduction was observed
within a subset of sampling locations.

Theecological framework makes it possible to distinguish between seleatidrrandomness

in subsurface community assembModels for repository performancand safety will be
improved by differentiating between the four main processes: selection, dispersal, drift and
diversification

5.2 Introduction

Underground repositories for nuclear waste management involve-teng geologic

confinement of radioactive wast Predictions ofiatural subsurfac@rocesses over long
residence times within host formations, such as terrestrial crystalline formations, rely on
knowledge of the component taxa, functional genes and demonstrated traits based on growth
in selective met (Jain et al., 1997; Itavaara et al., 2011; Konno et al., 2013; Pedersen, 2013;

Mcmahon and Parnell, 2014; Purkamo et al., 2014; Beaton et al., 2016; Hubalek et al., 2016;

¢ Adapted from
Danielle Beaton, Bradley S. Stevenson, Karen 3SKiaugp, Blake W. Stamps, Heather S.
Nunn, Marilune Stuart, Sim Stre&ascgne, and Jack Cornett, 2018, T+Rdsed Biotic
Selection Influences Microbial €xcurrence and Abundance Patterns within Subsurface
Crystalline Fractures, submitted to ISME J January, 2018.
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Itdvaara et al., 2016; Kusel et al., 2016; Purkamo et al., 2016; Wu et al., Z@t@strial

crystalline formations support microbial communities composed of as few as a single taxon
(Chivian et al., 2008) to hundreds of taxa (Itavaara et al., 2011; Hallbeck and Pedersen, 2012;
Nyyssonen et al., 2014; Stegen et al., 2015; Beatoh,e2@16; Beaton et al., submitted).
Evaluating the role of selection on these community patterns will provide evidence for whether
a subsurface fractured environment represents a structured ecosystem and whether the
corresponding ecosystem processes barnncorporated into long term deterministic models

for repository safety.

Component individuals within an assemblage encompass a range of functional traits for cycling
nutrients; and these traits contribute to ecosystem processes. Apparent biogeographg i
phylogenetic and metabolic patterns of microbial communities (HoiDevine et al., 2004;
HornerDevine and Bohoman, 2006; Martiny et al., 2011; Nemergut et al., 2011; Lear et al.,
2013; Goberna et al., 2014; Lear et al., 2014; Beaton et al., 28agrge the emphasislaced
on selection as beingraain driving force in microbial community assembly and ecosystem
function (BaasBecking, 1934). This further challenges our ability to predict energy flow
through an ecosystem based on community composi(Graham et al., 2016; Bier et al., 2015;
Griebler and Lueders, 2009). A a@mdom phylogenetic pattern would suggest selection as a
governing process on community assembly (HoiDevine and Bohannan, 2006; Emerson and
Gillespie, 2008); however, thiefluence of dispersal can obscure the influence of selection on

the resulting community patterns (Emerson and Gillespie, 2008; Vellend, 2010).

The numerically dominant bacteria detected within the crystalline environment underlying the
Chalk River Laatories (CRL) site in Ontario, Canada, have closest cultivated representatives
from the phenotypically diverse Betaproteobacteria, Deltaproteobacteria, Bacteroidetes,
Actinobacteria, Nitrospirae and Firmicutes (Beaton et al., 2016; Beaton et al., sedmitt

Patterns of the 16S rRNA gene at this site revealed that the ecological processes (Vellend, 2010;
Vellend, 2016) of dispersal, drift and diversification explain much of phylogenetic diversity and
co-occurrence patterns of the component taxa (Beatarak, submitted). Although nitrogen
compounds were not detected within the fracture water, active nitrogen metabolism was

detected within this formation (Stroe&ascoyne et al., 2011). Geochemical analyses of the
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drilled cores revealed that the rock pawater contained ammonia, nitrite and nitrate in parts
per million concentrationsHigure5-1) (KingSharp et al., 2016; Peterman et al., 2016); sulfate
was generally more concentrated within the porewater, and there were comparab

concentrations of organic and inorganic carbon within the porewater and fracture water.

In this study, we extend our analysis of ecological processes on subsurface microbial
community assembly by evaluating the role of selection on the observed coryhpatterns.

To do this we compared multiple subsurface sampling locations for evidence of demonstrated
metabolism, differential abundance of the 16S rRNA gene and differential abundance of

annotated functional genes associated with energy metabolism.
5.3 Materials and Methods
5.3.1 Sampling Groundwater from Fractures

We sampled four locations eadtom three drilled boreholes- CR9 May 2014) CR&
(September 2013and CR&G (May 2013)TableSl). These boreholes are located between two
major faults that bouad the study site; these are the Mattawa fault (Ottawa River) and the
Maskinonge Lake fault; shownkigure5-2. Diabase dykes traversing the site form another
boundary. Borehole CR&traverses one of these dgg, borehole CRG traverses two dykes

and borehole CR is wholly located between these dykes. Underlying the site are stacked
crystalline assemblages consisting of an overlying and underlying gaosoetissemblage, and

a central garnetich assemblageThe study site is located within the Central Grenville Gneissic
Belt within the Grenville province, the rock drilled from these boreholes dates from 1475 + 14
to 1045 + 6 Ma before present (Neymark et al., 2013). The fracture water dates from 12 ka
before present (Kingsharp et al., 2016)

Groundwater was collected using a Westbay Multilevel Groundwater Monitoring System (Nova
Metrix Groundwater Monitoring (Canada) Ltd.), as described previously (Beaton et al., 2016).
FigureS1 shows a schematic of a bbole and an installed Westbay System® that was used to
isolate multiple zones within the boreholes; thpseventing unnatural fracture water flow

within the borehole itself. The groundwater sampler consists of four 250 mL stainless steel

tubes connectedn series by tubing and Swagelok fittings. Prior to each sampling, the tubes
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were sterilized by autoclave and the fittings were sterilized by washing them with 70% ethanol.
Validation of the sterilization and transport procedures was performed usingizéel water
and amplification by polymerase chain reactions (PCR) of the bacterial 16S rRNA gene. Since
the tube assemblies contacted only the interior of the casing surface, the probability of

introducing surface microbes into the sampled volumes wasmal.

Opening the filled tubes and dispensing the sampled groundwater took place inside of a glove
box under an atmosphere of filtered nitrogen gas. Inside the glovebox, the groundwater pH
(Beckman PHI 265 pH/Temp/mV meter (Beckman Coulter, Inc.))oadd ctivity (YSI Model 30
Conductivity Meter (YSI Inc., Yellow Springs, OH, USA) were measure@Dandaliquots

GSNBE FAfGSNBR (GKNRdAAK | nonp >Y FALGSNI 0AazLR
USA) and immediately acidifiey adding 0.5 ranitric acid (ultratrace grade, Seasté,

Baseline®, Fisher Scientific, Ottawa, ON, Cariada)emental analysisElemental composition

of the groundwater was determined by inductively coupled plasnass spectrometry (IGHS,

using either a VarianZ®)-MS (Agilent Technologies, Inc.) or an Element XR (Thermo Scientific))
and by inductively coupled plasma atomic emission spectroscopyAESP Optima 3300, Perkin
Elmer). Anion concentrations were determined using a Dionex 3000 ICS ion chromatograph
(Dionex, Sunnyvale, CA, USA). Dissolved organic carbon (DOC) and dissolved inorganic carbon
(DIC) were determined using a Dohrmann, model Phoenix-800@ersulfate TOC Analyzer
(Teledyne Teckmar, Mason, OH, USHjefluorescentdye, fluoresceir{ex 488 m/ em 530

nm), that had beeradded to the drilling fluid tanko a final concentration of 1006g/L,

provided a measure of residual drill water.
5.3.2 Characterization of Bacterial Assemblages

Fracture water that was collected for microbial analyses was tesresd from the Westbay
sample tubes to a sterile glass container and maintained&¢® till the water was evaluated

for most probable number, direct cell count and nucleic acids extraction.
5.3.2.1 Nucleic Acid Extraction and Creation of 16S rRNA Gene Libraries

Whole community nucleic acids were extracted usingUhieaClea® DNA Isolation Kit

(Qiagen).Within 2 hrs of sampling, fracturgater samples weréltered each througha sterile
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0.22 um, 41mm polyethersulfone filtexithin a sterile 100 mL filter hasing (Merck Millipore
Corp., Billerica, MAfYilters were eitheprocessed immediately or stored overnight-263 and

processed the next dayrhe volume filteredor DNA extraction was between 0.8 L.
5.3.3 16S rRNA Library Preparation and Sequencing

A 16S rRNA gene library was amplified by PCR from each DNA extraction. The primers used in

the initialamplification generated amplicons that spanned the V4 region of the 16S rRNA gene
between position 519 and 80E( colnumbering), and produced a PCR aicguh ~300 bp in

length. The forward primer (M8 M dp EGTA AAA CGA CGG CCAGMG CCG CGG TAA

0Q0 O2yldlFAya GKS amo F2NBF NR LINR ¥spadificoAy o02f RO
sequence (underlined). The reverse primer (7§5AC NVG GGT@TAA TCE) was taken
RANBOGf & T NIDBacid#ZOAMNIE Y 3 NI defah (ZRIP2 NIOK OK wp >[ t

reaction consisted of x Taq buffer (Fermentas, Glen Burnie, Maryland), 1.5 mMMgCl

02Ya SIOK Rb¢t X nodu >a zifmer,DESS UsfTagDNAIRIymedR NI O S
(Fermentaspand 2 pL of extracted DNA.hermal cycling was carried out in a Techne&bTIZ

thermal cycler (Techne, Burlington, NJ) using the following conditions: initial denaturation for

3 min at 96°C; 30 cycles of 8@t 96°C, 45 s at 52°C and 45 s at 72°C; and a final extension for

10 min at 72°C.

DuplicatePCR reactions for samples were combined and purified using Apire

LI N} YIFIySGAO 6SIFRaA 6. SO1YlLyYy [ 2dZ 6SNE ! {!'0 OO
secand, 6cycle PCR was used to add a unique 12 bp barg@daeady et al., 200&p each

amplicon library using a unique forward primer containing the barcode+M13 forward sequence
OpML YR GKS mMc{ NBISNBS LINAYSNE ereypuiiied ¢KS N
using Ampure® XP paramagnetic beads (Beckman Coulter), quantified using ti@&H3ubit

assay (Life Technologies, Carlsbad, CA, g8a&ed in equimolar amounts, and concentrated

G2 | FAYyLFt @2fdzyS 27F FOpmL 30K Cedudfugaf Hiter§s @iarck! YA O2 y' t
Millipore). The final pooled library was then submitted to the Oklahoma Medical Research
Foundation Genomics Facilit9Klahoma City, OK, USA) for sequencing on the MiSeq platform

using PE250 V2 chemistry (lllumina Inc., San Diego, CA). All sequences have been deposited in

the short read archive of GenBank under Accession No. SRA608335.
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5.34 Sequence Analysis
534.1 Sequence Procesgy and Taxon Identification

After sequencing, reads were merged using Paired End reAd mergeR (PEAR) (Zhang et al.,
2014), demultiplexed inQuantitative Insights Into Microbial EcologI(ME) (Caporaso et al.,
2010b) then UPARSE (Edgar, 2013) was uddtetahe sequences by quality ard cluster

them into operational taxonomic units (OTWd)a 97% cubff for sequence similarity. After
clustering in UPARSE, taxonomy was assigned using the Ribosome Database PrgjsetiyRDP
Bayesian classifier @g et al., 2007) and the SILVA database (Release 111) (Pruesse et al.,
2007). OTUs were aligned using pyNAER(est Alignment Space TerminatioGpporaso et

al., 2010a) against an aligned version of the SILVA r111 database, and filtered to remove
uninformative bases. Finally, a tree was produced with FastTree (Price et al., 2010) for beta
diversity analyses. Beta diversity was estimated using weighted and unweighted UniFrac index

(Lozupone and Knight, 2005).
5.3.5 Preparation of Metagenomes

Samples werenepared for metagenome sequencing using the Nextera XT kit from Illlumina.
First, the DNA was tagmented (tagged and fragmented) by the Nextera XT transposome that
simultaneously fragmented the input DNA and added adapter sequences to the ends. In the
nextstep, the tagmented DNA was amplified via a limitgdle PCR program. The PCR step
also added index sequences required for cluster formation. The PCR sample was then cleaned
with AMPureXP beads to purify the library DNA and remove short library fragm&hen,

each library was normalized to ensure more equal library representation in the pooled sample.
Finally, equal volumes of the normalized libraries were combined and then sent to the
Oklahoma Medical Research Foundation Genomics Facility (OklaBiym®K, USA). All
metagenome sequences and annotations are available on theRMST server under project
mgp11978.

Further analyses were performed within the R environment (R Core Team, 2015) using

packages from the Comprehensive R Archive network NCR®d Bioconductor repositories.
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5.3.6 Spatial Descriptors

I YFONRE 2F a2NlyQa SA3ISyodSOG2NI YL 6a9auv 65
18, Universal Transverse Mercator coordinates for each borehole interval sampling location

(TableS2) by the m#hod of principle coordinates of neighbor matrices (Borcard and Legendre,

2002;] SASYRNB S FfdX wnndpd dzaAy3a Fdzy Ol A-23ya TNRY
YR WI RSa&LI (8. TheQundiehs us&d oz ngaterth@ spatial weightinatrix

were nbitri(), that converts the spatial coordinates of the sampling locations into a distance

neighbors map, and the function nb2listw() that creates the weightings matrix from the
YSAIKO2NAE YI LI ¢ KS SAISYy oS Gdalifkentgpatialk L2 aA A D
structures over the entire range of scales encompassed by the geographical sampling area. The

first positive MEM values generated in the analyses represent broader spatial structures, and

the last positive MEM values represent firgatial structures.
5.3.7 Differential Abundance of the 16S rRNA Gene

The Biological Observation Matrix (BIOM) file produced by QIIME was imported into the

. A202YRdzOG2NI LI O3S WLKef2aSIiQ 0OSNEAZ2Y mdwmn
environmental and sg&l data were merged into the phyloseq object as sample data. The

datasets within this object were subset to remove samples with low numbers of 16S rRNA gene
sequences; the data from CRE.1 and CR@3-14, each with fewer than 600 sequences
(FigureS2A)were therefore removed and not included in subsequent analyses. Depending on

the analysis being performed, separate phyloseq objects were created; one containing all
assemblages and three containing borehspeecific assemblages. Comparisons were made

between the environment and spatial variables with the OTU abundances using the function
OA2SY @O0 6/ fFNJS YR ! Ayag2NIKI -3);dheo0 GAGKAY
correlation was set to Spearman, dissimilarity was set to -Brayis.

To evaluag differential abundances across sampling locations, the borehole specific phyloseq
objects were converted into DESeq2 objects using the phyloseq_to_deseq2() function; this
conversion allowed the community abundance data to be processed by a functito ttedl

59{ Sl LALStAYS gAGKAY (GKS LI O113S .A202yRdz00(2
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the function call to the pipeline involves normalization, an estimation of dispersion for each
gene and fitting to a generalized linear model. This paekeas developed to perform

analyses on RNASeq data but has also been applied to microbiome data (McMurdie and
Holmes, 2014). Normalization involves dividing the raw read counts for each taxa by the
median count across the samples (creating a virtual egfee sample) then computing the size
factor as the median of ratios of each sample to the reference sample. The default correction
for the false discovery rate was BenjarAtdochberg (1995). The significance level, alpha, for
differential abundance, waset to 0.01. The variables identified as significant by the bioenv

analysis were tested as variables in the linear model.

¢tKS 59{SIlj FdzyOuAazy OFff Ffaz2 OFftOdAZFIiSa | [ 22
a measure of how much a singlansple is influencing the fitted coefficients; a large value for

/| 221Qa RAaA0GFIYyOS AYRAOIFIGSa Fy 2dzif ASNIJ O2dzy i @
distance above a threshold, the value of which is estimated from the sample size and the

number d parameters being estimated.

The DESeq2 package was also used to normalize the Kyoto Encyclopedia of Genes and Genomes
(KEGG) orthology (KO) annotated genes for energy metabolism that were obtained from the
MG-RAST server (Meyer et al., 2008,). Heatnudpke normalized gene abundances were

created using heatmap.2 from the gplots package.
5.3.8 Direct Cell Count and Most Probable Number

Epifluorescent direct cell counting was used to enumerate total cell densities within the

groundwater. Triplicate 1 mL vahes of the groundwater were incubated with a DNA

intercalating dye then filtered onto black polycarbonate filters (Fisher Scientific, 25 mm,

0.22um pore size) for viewing and counting with either a Nikon E600 microscope or a Zeiss

Axiophot microscope; deast fifteen fields of view and at least 300 cells were counted per filter

for a coefficient of variation of 5.8% per filter. The most probable number method was used to
determine viable counts for sulfate and nitrate reduction. Serial dilutions ofrdmetdre water

were prepared in triplicate and then mixed with selective media for detecting sulfate reduction
ORS3AFaaSR !¢/ / aSRAdzYY mMHnd az2zRAFTASR . Il NRa a
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and full denitrification (nitrate broth, Difca)these ae referred to as sulfate reducing bacteria
(SRB), nitrate utilizing bacteria (NUB) and nitrate reducing bacteria (NRB), respectively. The
presence of SRB were determined by the formation of an iron sulfide precipitate aftereakt
incubation period aembient room temperature, the presence of partial denitrification was
determined by the formation of nitrite as detected by its reaction with zinc and for full
denitrification by the formation of nitrogen gas that had collected inside inverted Durham tubes

throughout the 4week incubation period at 28°C.
5.4 Results
54.1 Abundances and Distributions

Total cell densities amongst sampling locations ranged frord 4(* to 5.73 10° counts/mL

(Table S3). All samples displayed nitrogen metabolism as nitrogen redantion

denitrification, with most probable numbers spanning from 28 # 10° mpn for nitrate

reducing bacteria to form nitrite (NUB, Table S3 &iglre5-3) and from 1 to 150 mpn for
denitrifying bacteria (NRB, e S3 andrigure5-3). Only samples taken from borehole CRG
displayed sulfate reduction to hydrogen sulfide, with most probable numbers spanning from 46
to 460mpn (SRB, Table F3gure5-3); for the samples taken from boreholes GR@nd CH,

sulfate reduction was either undetected or was low abundance at less than 10 mpn.

The sampling location with the highest mpn for nitrate reduction to nitrite was boreholeZRG
interval 6 (Table SFigure5-3). This sampling location was sampled three times in succession;
the first sampling displayed nitrite mpn that was 19% of the total direct cell density for this
sampling (1.2 10° mpn and 5.2 1 cells/mL, respectively). Direct cell counts and mpn
declined with each sampling with the proportion of mpn to total cell density highest for the
second sampling at 0.29 mpn/total cell count and lowest for the third sampling at 2 ntph/to

cell count.

Sequencing of the 16S rRNA gene and processing of these sequences through the QIIME
pipeline identified 435 taxa across all sampling locations. The resulting-vae@mmce
distribution for each taxon is shown in Figure S2B in relatiohéceikpected meaivariance for

a Poisson distributior- where the variance is equal to the mean (solid black line), and in

148



relation to a fitted mearvariance distribution using the relationship for a negative binomial
distribution -- that includes an addibnal variance term (solid red line). The negative binomial
distribution is used within the DESeq2 package to estimate genes that display significant
differential expression (Love et al., 2014). We applied this relationship to assess differential
abundarces of the 16S rRNA gene for taxa within the spatial extent of the sampling locations.
Assemblages from each borehole were subset into separate biomes. The basis for creating
these biomes were by phylogenetic relatedness of the 16S rRNA gene and dsitayaoity

with distance between sampling locations (Beaton et al., submitted) that suggested the
selected locations were connected by dispersal. Of the 435 total taxa across all sampling
locations, 345 were present within the @Riome, 257 were preseiin the CR& biome and

311 were present within the CR&biome (Table S4). The frequency distribution of the
identified taxa Figure5-4) shows that there are more taxa at low abundance within each
assemblage ahonly a few taxa are present at higher abundance. Multiple taxa that are
present within the whole biome are also differently distributed amongst the corresponding
sampling locations with up to 150 taxa at zero frequency, depending on the assemblage
(Figure5-4). The taxa that are unique to each of the three biomes are listed by phylum in
TableS4¢ the CR9 biome displays the most taxa per biome and has the highest proportion of
unigue taxa compared to assemblageithin the other two biomes. The drivers for community

assembly within the GR biome may differ from the drivers within the CR®r CR& biomes.
5.4.2 Differential Taxa Abundances

Bio-Env analysis (Clarke and Ainsworth, 1993) provides a means for cogpauitivariate

community data with the multivariate environmental and spatial data. The analysis output lists

GKS QGFNRAFO6ES O2Yo0AYylGA2ya (GKIFIG LINPOARSR (GKS o
rank correlation coefficient. The environmental asghtial data that cevaried with the CFR®

biome and the CR6 biome are listed in Table S1 and S2, respectively. For tBeb@ihe, the

Bio9y @ lylfeaia ARSYGATASR (62 LRaAaAGADS az2NI yQ:
MEM4 and MEM11, andfractBr ¢ G SNJ YI y 3l ySAST (KS O2NNBaLRy
correlation coefficient was 0.94 éble5-1). For the CRG biome, the BieEnv analysis

identified fracture water DOC, fracture water sulfate and fracture watanganese; and a
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O2NNBaALRYRAY3I {LISIN¥YIyYyQa NITdble51 ZTNNGidblesi A 2y 02 S
identified as being correlated with the whole metammunity biome are listed in Table S5;
thesewerefollJ a2 NI yQa SAISYy@SOG2NI YILI O2STFFAOASYyGax
fracture water inorganiccarbogg A G K I { LISF NX I yQa NIyl O2NNBf I,
full biome included the two assemblages from borehole GR@Ad the four assemblagesach

from boreholes CR and CR@.

Differentialabundances of the 16S rRNA gene within the9@Rd CR® biomes were analyzed
directly from the sequences read counts (McMurdie and Holmes, 2014; Love et al., 2014). The
number of sequences obtained for@asample are provided beside the dispersion plot in

Figure S2A. The taxa within the-Z€Biome that displayed differential abundance are shown by
the OTU number ifrigure5-5 and by taxonomy iTable5-2. The DESeq?2 pipeline identified
3.8%-- 13 out of the 345 taxa as being differentially abundant. Six taxa were linked to
manganese; these wereG@hlorflex(OTU_95), two Nitrospirae (OTU_91 and 58), a
Deltaproteobacteia (OTU_10), a Candidate_division_BRC1 (OUT_58) afhl BDITU_78); one
taxon was linked with the spatial coefficient, MEM11 (OTU_2&amobacteriaTable5-2)).

The remaining taxa were linked to both mangaeend MEM11; the direction of fold changes

were opposed for each variable and the fold change was higher for MEM11.

The spatial coefficient, MEM11, may indicate an unmeasured characteristic of the environment
that influences these abundances. Threehsf taxa increased in abundance with MEM11 and
decreased with manganese: these werlitospirae(OTU_67), a B4 (OTU_137) and a
Euryarchaeotaf the Terrestrial_Miscellaneous_Gp (TMEG) (OTU_104). The remaining three
taxa decreased in abundance withBMI11 and increased with manganese: these were a
Nitrospirae(OTU_87), &irmicuteOTU_88) and BetaproteobacterigOTU_11).

The taxa within the CR&biome that displayed differential abundance are showRigure5-6

by OTU number and ifiable5-3 by taxonomy. For this biome, the DESeq pipeline identified
3.5%- 11 out of the 311 taxa as being differentially abundant. The link between differential
abundance and sudte within this biome corroborates the mpn for sulfate reduction shown in
Figure5-3. Two of the taxa within this biome displayed a fold change with sulfate only, five of

the taxa displayed a fold change with D@y and four of the taxa displayed a fold change
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with both sulfate and DOC; the direction of fold change was the same for each variable and the
magnitude of the fold change was higher for DOC. The taxaBaxteroideteOTU_14 and

21) each decreased thiDOC and sulfate; three of the foBetaproteobacterigOTU_13, 77

and 369, but not the OTU_45), tieltaproteobacterigOTU_135 and 321) and ti&ostridia
(OTU_141 and 268) each increased with DOC and sulfate. TiBetaproteobacteria

(OTU_45) anthe remaining taxon, &hlorobi(OTU_26), decreased with sulfate.

543 Annotated Functional Genes for Energy Metabolism

The metagenomes that were obtained from processing the shotgun sequence data through the
MG-RAST pipeline are available on the RGEST servemder study 11978. Within the

MG-RAST pipeline, the KEGG orthology (KO) annotation database was used to identify those
sequences with similarity to evolutionary conserved genes. The KO annotated read counts for
functional genes involved in energy metdism were normalized using the same DESeq
procedure Love et al 2014) as was used for the 16S rRNA gene amplicons by creating a virtual
reference sample and then computing the size factor as the median of ratios of each sample to
the reference sample. HE resulting data were plotted as a heatmap for genes within the main
KO categories for energy metabolism (Figure S5). The most abundant genes within this
category (Figure S5) were annotated to proteins involved in oxidative phosphorylation then
methane netabolism, nitrogen metabolism, carbon fixation and sulfur metabolism. Annotation
to energy metabolism associated with photosynthesis genes ([PATH:ko00195], [PATH:ko00196]
and [PATH:ko00710]) were <2500 reads (Figure S5); these annotations were nacnalyz

further.

For the remainder of the annotations, separate heatmaps were created for the most abundant
functional gene categories for energy metabolism: Oxidative phosphorylation [PATH:ko00190]
(Figure S6), Methane metabolism [PATH:ko00680] (Figur€&Don fixation pathways in
prokaryotes [PATH:ko00720] (Figure S8), Nitrogen metabolism [PATH:ko(BgLo$%-7) and

Sulfur metabolism [PATH:ko00926]dure5-8). Wefind that each sampling location displays

very similar metabolic capabilities with the most genes annotated to the KO pathway for
methane metabolism [PATH:ko00680] at 118 genes annotated out of a possible 171 (Figure S7).
This pathway includes genes oktlivoods Ljungdahl pathway (Ragsdale and Peirce, 2008)
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[PATH:ko00720] at 11 of a possible 103 genes annotated (Figure S8). The annotations within
these two pathways means that there is a full complement of genes for acetogenesis in which
carbon dioxide andmall organic molecules (Ragsdale and Peirce, 2008; Schuchmann and

Muller, 2014) are combined with hydrogen gas to form acetate.

The next most highly annotated set of genes found within each sampling location were the
genes associated with oxidative pphorylation, [PATH:ko00190] at 79 of a possible 203 genes
annotated (Figure S6). The most abundant genes within this KEGG pathway belong to the
subunits forming the proton translocating NADH oxidoreductase of the nuo genes, EC:1.6.5.3;
the most abundantepresentatives being the nuoF, nuoG, nuoL, nuoM, nuoN, nuoD and nuoH
(Figure S6). The next most abundant annotated genes involved in oxidative phosphorylation
are two Ftype H transporting ATPase subunits, EC:3.6.3.14 and an inorganic pyrophosphatase,
EC:3.6.1.1 (Figure S6). This combination of genes support the capability of proton motive force

generation needed for oxidative phosphorylation coupled to respiration.

Inorganic compounds like nitrate, sulfate and carbon dioxide are reduced by manysingeas
sources of cellular nitrogen, sulfur and carbon, respectively. The metabolic processes can be
assimilatory, where the reduced nitrogen, sulfur or carbon are incorporated into biomolecules
or dissimilatory, where the free energy change of thesaurihn reactions are coupled to
oxidation of more reduced compounds and harnessed in the form of a proton motive force.
Inorganic nitrogen compounds are common electron acceptors in anaerobic respiration. Of the
most highly annotated set of genes that eeassociated with nitrogen metabolism
[PATH:ko00910], at 50 of a possible 60 genes annotated within this KEGG pathway, the most
abundant was a periplasmic nitrate reductase, nab@yfre5-7,EC:1.7.99.4). This®yme
catalyses the conversion of nitrate to nitrite and thus may support respiration (Stewart et al.,
2002). The second most abundant gene associated with nitrogen metabolism was a nitrite
reductase, nirBRigure5-7, EC:1.7.1.4), that catalyzes a-sl&ctron reduction of nitrite to form
ammonia. Both napA and nirB genes form part of the nitrate reduction 1V pathway (Liu and
Peck, 1981; Liu et al., 1988).

Annotated genes for both a hydroxylamine reductaSgre5-7, EC:1.7.99.1) and a

hydroxylamine oxidase, ha&ifure5-7, EC:1.7.3.4) suggest that nitrogen conversion can occur

152



in the direction from nitrate to ammonia and fronmanonia back to nitrite. There are also
genes for the conversion of nitrite to nitrogen gas via nitric oxide and nitrous dxigerés-7),

and multiple annotated genes for nitrogenases, kifjures-7, EC:1.18.6.1) that can fix nitrogen
to form ammonia. The presence and abundance of these genes suggest that there may be a
capability for a complete nitrogen cycle within each of the sampling locations. The measured
formation of nitrite from nitrate within all of the sampling locations by most probable number

(Figure5-3) may therefore represent a subset of thresitunitrogen metabolizing capability.

Inorganic sulfur compounds aeéso common electron acceptors in anaerobic respiration. Of
the most highly annotated set of genes that were associated with sulfur metabolism
[PATH:ko00910], at 11 of a possible 99 genes annotated within this KEGG pathway, the most
abundant were genessaociated with substrate level phosphorylatidghgure5-8) for an
adenylylsulfate reductase gene, aprA, EC:1.8.99.2 and a sulfate adenylyltransferase subunit 2
gene, EC:2.7.7.4. The first step in this reactidhasadenosine monophosphate (AMP)
dependent oxidation of sulfite to form adenosine phosphosulfate (AF§JE5-8); next the

AMP is reacted with a diphosphate to form adenosine triphosphate (ATP) (Peck, h&68); t
reaction can also operate in the reducing direction, consuming ATP to reduce sulfate to form
APS and then sulfite. Two annotated genes for sulfite reduction are also abundant, the
cysL/cysJ geneBifure5-8, EC:1.8.1.2) and the sir gertfaqure5-8, EC:1.8.7.1). The

assimilatory sulfite reductases catalyze aedectron reduction of sulfite to form sulfide, this

sulfide is then used in the biosynthesis of the aminmaysteine (Kredich, 2008).
5.5 Discussion

Three factors that influence community composition and diversity are Aiased biotic and
abiotic competition (Keddy, 1992; Chesson, 2000; Adler et al., 2007; Mayfield and Levine,
2010), neutral assembly of ecglically equivalent component taxa (Hubbell, 2001), and prior
events such as dispersal (Ricklefs, 1987). The phylogenetic information within the 16S rRNA
gene allows for the distributions and-@zcurrences of multiple microbial taxa to be compared
with carresponding environmental and spatial information under an ecological framework of

community dynamics (Vellend, 2010; Vellend, 2016); the four main processes are: selection,
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ecological drift, dispersal and diversificatioit the spatial extent of the nmta-community,

randomness accounts for close to 50% of the variance in the phylogenetic beta diversity.

On large spatial scales, microbial community diversity can correlate with environmental factors
such as salinity, pH and with environments (Lozuponekaright, 2007; Lauber et al., 2009;

Fierer et al., 2012; Stamps et al., 2016). At local scales, ecosystem functions such as the
dynamics of carbon, nitrogen and phosphorous can also vary with community diversity (Wagg
et al., 2014). In our studies, weufied that much of the observed differences in community
diversity across the extent of thes@ling locations underlyinGRL were explained by the
ecological processes of dispersal, drift and diversification (Beaton et al., submitted). The local
clusteringof related taxa suggests th#ie taxathat enterthe subsurface with recharge share
ecological traits and fithess characteristics (Cadotte et al., 2009; Mayfield and Levine, 2010) and
that local spatial heterogeneity could allow related taxa teesist(Lear, 2014). In this study,

we explored the role of selection on community patterns by testing the fracture water for
culturability of the component taxa on selective mediag{ire5-3); by testing for cevariane@ of

the 16S rRNA gene with the environmental and spatial deahle5-1); and by comparing
differential abundances of 16S rRNA gene between sampling locations connected by dispersal
(Figure5-5 and Table5-2, Figure5-6 and Table5-3). We also compared the abundances of
annotated genes from metagemes constructed from the fracture water samples (Figure S5

Figure S8 an#igure5-7and Figure5-8).

Selection associated with differential abundance of the 16S rRNAidentgfied environmental
and spatial factors: sulfate and organic carbon plus manganese and a spatial coefficient.
Selection by differential abundance, howevergs not a major driver of community assembly
as it accounted for only ~8% of the total abamdes. At a spatial scale of less than the ¥ km
from this study, it may be possible to identify either greater significance for sulfate and

manganese or to additional environmental factors.
55.1 Nitrogen Metabolism

Fracture water from all sampling locatiodsplayed nitrogen metabolism; nitrate reduction to

nitrite was the dominant reaction (blue barfsigure5-3). The KO annotated genes further
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suggest that complete nitrogen cycling is possible, including nitréigation by multiple nif

genes Figure5-7). The most abundant gene detected for nitrogen metabolism was a gene for
the catalytic subunit of nitrate reductase that localizes to the periplasfrofeobacteria- the
napA geneKigure5-7); the Proteobacteriavere prevalent and abundant across all sampling
locations. Other abundant nap genes, the ferredeyipe proteins-- napH and napG and the
cytochrome etype protens-- napC and napB would likely form part of an electron transfer

complex with the catalytic subunit.

Periplasmic nitrate reductases are functionally diverse proteins that catalyze the dissimilatory
conversion of nitrate to nitrite within both the dhwtrification pathway and the ammonia
production pathway (Spararacii&atkins et al., 2014); these proteins also help to maintain the
cell redox potential and to scavenge nitrate. The periplasmic location of the nitrate reductase
means that its role in gpiration is limited. Respiration linked nitrate reduction at the sampling
locations appears to be unlikely since the membrane associstadnitrate reductase genes,

that are associated with the cell membrane and therefore is involved in respiratiae, e

among the abundant genes.

The diverse roles of nap proteins can also mean that the presence of a napA gene within a
genome does not necessarily relate to a particular function; for example, the napA gene copy
numbers remained constant along a grali of nitrate and ammonia contaminated sediment
but the gene copies for narG, that is associated with respiration, declined with distance from
the contaminant source (Smith et al., 2007). The proteins coded for by the abundant nitrite
reducing nir geas and nitrogen fixing nif genes consume reducing equivalents by converting
nitrite and nitrogen gas to ammonia, respectivaiygure5-7) (Wang and Gunsalus, 2000). Itis
possible, therefore, that within the subgace of CRL, nitrogen compounds are used by
multiple phyla to dissipate reducing equivalents instead of reducing nitrogen compounds as

part of energy conservation or nitrogen assimilation.
55.2 Sulfur Metabolism

Sulfur is an essential component of microlsra@tabolism. In our tests, sulfur metabolism was

detected within a subset of sampling locatiofsgure5-3). Sulfate is unreactive under
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physiological conditions, and therefore must be activated before entemtiglar metabolism.

The selective medium used for most probable number contains iron that is used to detect
sulfate reduction to sulfide by the formation of a black iron sulfide precipitate; formation of this
precipitate is interpreted as evidence for siimilatory sulfate reduction. At all sampling

locations, the most abundant genes annotated to the sulfur pathway were for genes associated
with sulfur assimilation; the aprA, cys and sir geriggure5-8). Partof this pathway can also
produce ATP by substrate level phosphorylation (Peck, 1968). Genes associated with
dissimilatory sulfite reductase were not represented within the abundant annotated genes,
suggesting that the observed sulfur metabolism within ffaeture water was not linked to a

proton motive force.

The sulfur assimilation pathway is activated by environmental signals that are mediated by
guanosine triphosphate (GTP) binding (G) proteins; these proteins act as molecular switches
regulating genexpression (Caldon et al., 2001; Wittinghofer and Vetter, 2011). The cysN
protein in assimilatory sulfur metabolism is a G protein that, in a complex with a cysD protein,
forms the functional sulfate adenylyltransferase (Leyh, 1988); the activity ofdhiplex

activates sulfate to adenosine phosphosulfate (APS) in the first step of sulfate assimilation. For
example, upregulation of cys proteins is observed when cells are under stress from
fermentation products and from oxidation (Pinto et al., 2004;viateet al., 2006; Wang et al.,

2009; Wang et al., 2013). The episode of observed sulfate reduéiigur€5-3) might reflect a

stress response stimulating cysteine and methionine biosynthesis.
5.5.3 Differential Abundance

A primary role of microbial taxa withthe biosphere is as catalysts of biogeochemical cycles.
The rate of energflow through an ecosystem would depead the size of the microbial
population and their activity.nlthis study, the fracture subswate holds a high degree of
functional redundancyn genes associated with energy metabolism; it also hosts a high
proportion phylogenetically related taxa. Trdoaised biotic selection, thereforejay be a

driver forming these communities
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Ecological dft--from deterministic expectationscauses species abundances to fluctuate
randomly and can result in local extinction, especially for species at low relative abundance.
Microbial communities display distributions in which most of the taxa tend to badan low
relative abundances (Nemergut et al., 2013). Natural communities like these are thought to be
structured by niche differences and competition among taxa; and that these differences are
thought to modulate the effects of drift (Gilbert and Le®jri2017). A study of plant

communities found that competitive differences between taxa created conditions inhvehitt
played a strong rolerather than being lessenedby favoring a subset of species and leaving
most other species at small populatioizes (Gilbert and Levine, 2017). This effect of drift
occurred despite stabilizing niche differences that would favor local low abundant taxa through
greater population growth rates. Density dependent traits, such as quorum sensing in bacteria,

would al® influence the balance between drift and selection.

The abundance distributions observed within the fracture water biomes (Figugieodys that

there arenumerous lower abundant taxa and numerous zero occurrences within the individual
sampling locationghat comprise each biome. A negative binomial distribution was used to
calculate differential abundances of individual taxa within thedQfome Figure5-5) and the
CRG&5 biome Figure5-6); the logratio-average abundance (MA) plot (Figure S3) reveals that
the differentially abundant taxa among each biome were fewith less than 4% of the
componenttaxa displaying significant changes in abundance; this finding &tatwath overall
viability that ranged from 105% based on reduction of theGyane2,3-di-(p-tolyl) tetrazolium
chloride (CTC) (Beaton et al., 2017). The differentially abundant taxa spanned the range of
average abundances across all the taxa, so gragtlantage may be important but was limited

to a few taxa at the time of sampling.

The significant environmental parameters associated with abundance were sulfate and organic
carbon within the CR® biome. Despite the prevalence and abundance ofRfeteobacteria

within this biome, only a few taxa from tHgetaproteobacteriaand theDeltaproteobacteria

were found to be differently abundanE{gure5-5 and Figure5-6); the abundances of taxa from

the Betaproteobacteriavere associated with both sulfate and organic carbon, and the

abundances of taxa from th@eltaproteobacteriavere associated with organic carbon only;
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two taxa from the prevalent and abunda@iostridiawere also differently abundant with
sulfate and organic carbon. Considering the metabolic genes for sulfur metabBlgumeb-8);
these connections between taxa abundance may be due to sulfur assimilation anal not t

dissimilatory sulfate reduction.

The significant environmental parameters associated with abundance within #gebtiRne

were manganese and an unknown but spatially correlated parameter: a Moran eigenvector
map coefficients referred to as MEM11. Tdtmundance fold changes within this biome for taxa
from the Nitrospira(Figure5-5) suggest that an unknown spatially correlated parameter and
soluble manganese may be involved in nitrification reactions withirfréxgure water.

Coupling between manganese and the nitrogen redox cycle has been observed in other
environments; for example, a decrease in the number of gene copies for ammonia oxidation in
soils (Xin et al., 2016), the coupling nitrification and ddigttion in marine sediments (Hulth

et al., 1999) and denitrification of the nitrate produced when ammonia is formed by the
degradation of organic matter (Mogollén et al., 2016). In this study, fracture water manganese
and the CTC viable populations agesmpling locations displayed similar distributions (Beaton
et al., 2017); manganese in the fracture water is either directly involved in microbial processes

or it covaries with, for example, weathering reactions.
554 Conclusions

Given the role of randomrss on subsurface community assembly, long tpredictionsof
natural subsurface microbial procetsgt are based solely on selection risk misititing

ecosystem functions

The functional redundancy of genes for energy metabolism combined with thesdiwand
prevalence of representatives from, for examepteobacteriaClostridia Actinobacteriaand

Acidobacteriasuggest that traibased biotic selection supports multiple related taxa

Nichebased biotic selectioplays a limited role in the derved patterns of subsurface
community assemblyaccounting for 8% of the differential abundance of the 16S rRNA gene V4
regions and 1% or less of the cultivable fractidrhe differentially abundant taxa that were

observed correlated with the fractureater organic carbon and sulfate, and with thradture
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water manganese plus a potentialipknown (unmeasured) environmental parameter

associated with a spatial coefficient

Nitrogen metabolism was prevalent across all sampling locations. The poreseat@osition

of nitrogen compounds and the observed differential abundancesitwbspirasuggest that
nitrogen cyclingnay bea major biogeochemical process within this subsurface. Sulfate
metabolism was detected within one biome, suggesting that suliadkeiction is either localized
within the extent of the study, or its reduction is episodicese data provide a basis for

studying subsurface redox dynamics relevant to proposed geologic repositories.
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5.10 List of Tables

Table5-1 Bio-Env results for GR and CR® biomes. The abundance data from each biome
was variance stabilised using functions from the DESeq2 package (Love et al., 2014).
The results from this analysis were useglinput to the differential abundance
analyses shown iRigure5-5 and Figure5-6.

Table5-2 Taxa identifications of the diffentially abundant 16S rRNA gene displayed in
Figure5-5.

Table5-3 Taxa identifications of the differentially expressed 16S rRNA gene displayed in
Figure5-6.
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Table5-1
Bio-Env results for CR and CR& biomes. The abundance data from each biome was
variance stabilised using functions from the DESeq2 package (Love et al., 2Uhd)results
from this analysis were used as input to the differential abundance analyses shown in

Figure5-5 and Figure5-6.
Sampling Locations | Best Model Parameters Speat’ I'. yQa
Correlation
CR9 biome Manganese, MEM4, MEM11 | 0.94
CRG5 biome Manganese, DOC, Sulfate 1.00
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Table5-2

Taxa identifications of the differentially abundant 16S rRNA gene displayeéigure5-5.

Direction of Fold Change

OTU Kingdom Phylum Class Order Family Genus
Manganese MEM11
OTU_95 Bacteria  Chloroflexi Anaerolineae Anaerolineales Anaerolineaceae g - --
OTU_78 Bacteria BD15 c o] f g - -
OTU_10 Bacteria Proteobacteria Deltaproteobacteria Syntrophobacterales Syntrophaceae NA ® --
. Candidate_division
OTU_51  Bacteria BRC1 c o] f g ® --
OTU_91 Bacteria  Nitrospirae Nitrospira Nitrospirales Nitrospiraceae g ® --
OTU_58 Bacteria  Nitrospirae Nitrospira Nitrospirales Nitrospiraceae g ® --
OTU_28 Bacteria Actinobacteria Coriobacteriia Coriobacteriales Coriobacteriaceae NA -- ®
OTU_137 Bacteria BDZ15 c o} f g ® -
OTU_104 Archaea Euryarchaeota Thermoplasmata Thermoplasmatales '(I'fl\r/lrgséglal_Mlscellaeous_Gp g ® -
OTU_67 Bacteria  Nitrospirae Nitrospira Nitrospirales Nitrospiraceae g ® -
OTU_88 Bacteria Firmicutes Clostridia Clostridiales Syntrophomonadaceae g - ®
OTU_87 Bacteria  Nitrospirae Nitrospira Nitrospirales Nitrospiraceae g - ®
OoTuU_1 Bacteria  Proteobacteria Betaproteobacteria Burkholderiales Comamonadaceae NA - ®
a9a ' az2NlyQa SA3aSydS0dmNied withithe varlabld, c mtRSS, o k @ided fi=lfamily, 3= genus.
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Table5-3

Taxa identifications of the differentially expressed 16S rRNA gene displayétgare5-6.

Direction of Fold Change

OTU# Kingdom  Phylum Class Order Family Genus DOC Sulfaie
OTU_26 Bacteia Chlorobi Ignavibacteria Ignavibacteriales SRFBRL83 g -- ®
OTU_45  Bacteria Proteobacteria  Betaproteobacteria Burkholderiales Comamonadaceae NA -- ®
OTU_21 Bacteria Bacteroidetes Bacteroidia Bacteroidales Rikenellaceae NA ® --
OTU_77 Bacteria  Protedbacteria  Betaproteobacteria Rhodocyclales Rhodocyclaceae NA - -
OTU_321 Bacteria  Proteobacteria  Deltaproteobacteria Desulfuromonadales NA NA - -
OTU_135 Bacteria Proteobacteria  Deltaproteobacteria Desulfuromonadales M20-Pitesti g - -
OTU_268 Bacteria Firmicutes Clostridia Clostridiales Clostridiaceae Caminicella - -
OTU_14  Bacteria Bacteroidetes Flavobacteria Flavobacteriales Flavobacteriaceae  Maritimimonas | ® ®
OTU_396 Bacteria Proteobacteria  Betaproteobacteria Burkholderiales Comamonadaceae NA A A
OTU_13 Bacteria Proteobacteria  Betaproteobacteria NA NA NA A A
OTU_141 Bacteria  Firmicutes Clostridia Clostridiales Veillonellaceae g - -

DOC = dissolved organic carbon, NA = not availalie,effect with the variable, ¢ = class, o = order, f =ligrgi= genus.
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5.11 List of Figures

Figure5-1. Compositional comparison between porewater taken from the drilled rock core
samples (blue) and fracture water taken from the drill holes (red) within the crystalline
formation at CRL site, Ontario, Canada (¥8hgrp et al., 2016; Peterman et al., 2016).
The boxplots display the range (minimum and maximum) and median, 25th and 75th
percentiles of the compositional data.

Figure5-2. Approximate locations of the three sampled boreholes (shown in red; borehole
CR9, CR& and CR®) relative to major geologic boundariegshe Mattawa Fault
forming the Ottawa River, the Maskinonge Lake fault and diabase dykes shown as
yellow linegtraversing the site. The approximate locations of other boreholes are
shown as yellow dots. A potential repository location is also shown labeled as GWMF.

Figure5-3. Most probable number for nitrogen metabatisas nitrate reduction to nitrite
(nitrate utilizing, NUB) and to nitrogen gas (nitrate reducing, NRB) and sulfur
metabolism as sulfate reduction (SRB).

Figure5-4 . Distribution of taxa abundances by samplingtam

Figure5-5. Differential abundances within the @biome. The variables included in this
analysis are listed imable5-1. The Wald test was used to evaluate gpatial
variable, MEM11, or the environmental variable, manganese (Mn). Significance in
differential abundances were based on the Benjarnchberg adjusted-palues.
The alpha cubff value was 0.01. As variables, MEM11 and manganese display
opposinginfluences on the differentially abundant taxa. Names of the taxa are listed
in Table5-2.

Figure5-6. Differential abundances within the ClB®Giome. The variables incled in this
analysis are listed imable5-1. The Wald test was used to evaluate dissolved organic
carbon, sulfate and manganese. Significance in differential abundances were based
on the BenjaminrHochberg adjsted pvalues. The alpha cuiff value was 0.01. As
variables, organic carbon and sulfate displayed complimentary influences on the
differentially abundant taxa; manganese was a significant variable. Names of the taxa
are listed inTable5-3.

Figure5-7 KO Annotate genes for nitrogen metabolism. Genes indicated by colors (blue, red,
yellow and green) refer to sampling locations within borehole GRG

Figure5-8. KO Annotate genes for sulfur metabolism. Genes indicated by colors (blue, red,
yellow and green) refer to sampling locations within borehole GRG
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Figure5-1 Compositional comparisn between porewater taken from the drilled rock core
samples (blue) and fracture water taken from the drill holes (red) within the crystalline
formation at CRL site, Ontario, Canada (KiBharp et al., 2016; Peterman et al., 2016). The
boxplots display he range (minimum and maximum) and median,"2&nd 75" percentiles of
the compositional data.
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Figure5-2 Approximate locations of the three sampled boreholes (shown in red; borehole
CR9, CR& and CR&) relative to major geologic boundaries the Mattawa Fault forming
the Ottawa River, the Maskinonge Lake fault and diabase dykes shown as yellow lines

traversing the site. The approximate locations of other boreholes are shown as yellow dots.

A potential repository location is also shown labeled as GWMF.
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Figure5-3 Most probable number for nitrogen metabolism as nitrate reduction to nitrite
(nitrate utilizing, NUB) and to nitrogen gas (nitrate redag, NRB) and sulfur metabolism as
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Figure5-4 Distribution of taxa abundances by sampling location.
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Figure5-5 Differential doundances within the CR biome. The variables included in this analysis are listedable5-1. The
Wald test was used to evaluate the spatial variable, MEM11, or the environmental variable, manganese (M)ifiGince in
differential abundances were based on the Benjamidochberg adjusted fwalues. The alpha ctadff value was 0.01. As
variables, MEM11 and manganese display opposing influences on the differentially abundant taxa. Names of the taxaeare list
in Table5-2.
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Figure5-6 Differential abundances within the CR&biome. The variables included in this analysis are listedale5-1. The

Wald test was used to evaluate dissolved organic carbon, sulfate and manganese. Significance in differential abundances were

based on the BenjaminHochberg adjusted gvalues. The alpha cutff value was 0.01. As variablestganic carbon and sulfate
displayed complimentary influences on the differentially abundant taxa; manganese was a significant variable. Names akthe t
are listed inTable5-3.
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napB; cytochrome c-type protein NapB

norD; nitric-oxide reductase NorD protein [EC:1.7.99.7]

| NITROGEN METABOLISM : REDUCTION AND FIXATION |
napE; periplasmic nitrate reductase NapE

@ nirA; ferredoxin-nitrite reductase [EC:1.7.7.1]
norC; nitric oxide reductase subunit C
Formamide E1.7.1.1; nitrate reductase (NADH) [EC:1.7.1.1]
@Tl__g} nifHD2, nifl2; nitrogen regulatory protein Pl 2

nirD; nitrite reductase (NAD(P)H) small subunit [EC:1.7.1.4]

napC; cytochrome c-type protein NapC

E1.7.99.1, hep; hydroxylamine reductase [EC:1.7.99.1]

napG; ferredoxin-type protein NapG

cah; carbonic anhydrase [EC:4.2.1.1]

norC; nitric-oxid ining subunit Il [EC:1.7.99.7)

|5 cerEn o) m-

LAsarns,

hao; hydroxylamine oxidase [EC:1.7.3.4]
E1.7.2.1; nitrite reductase (NO-forming) [EC:1.7.2.1]
""" - napH: ferredoxin-type protein NapH
TrarsTiais nifB; nitrogen fixation protein NifB
631 2 [ETEE) CEET] % nifH; nitrogenase iron protein NifH [EC:1.18.6.1]
[ [YET) [ES0)
{32131 nifV; homocitrate synthase NifV
—
1143 } norF; nitric-oxide reductase NorF protein [EC:1.7.99.7]
nifN; nitrogenase molybdenum-iron protein NifN
(114221 nifK; nitrogenase molybdenum-iron protein beta chain [EC:1.18.6.1)
J L cEEEN EXYE) EXTH) nifD; nitrogenase molybdenum-iron protein alpha chain [EC:1.18.6.1]
351 E1.7.99.4C; nitrate reductase catalytic subunit [EC:1.7.99.4]
EETH,
Ty Gyt uidions norB; nitric oxide reductase subunit B [EC:1.7.2.5)
333 cynT, can; carbonic anhydrase [EC:4.2.1.1]

nosZ; nitrous-oxide reductase [EC:1.7.2.4]

ﬁ&nwﬂw E1.13.12.16; nitronate monooxygenase [EC:1.13.12.16]
€) Kanehisa Labontores
nirB; nitrite reductase (NAD(P)H) large subunit [EC:1.7.1.4]
napA,; periplasmic nitrate reductase NapA [EC:1.7.99.4]
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Figure5-7 KO Annotate genes for nitrogen metabolism. Genes indicated by colors (blue, red, yellow and green) refer to samplingriseeititin
borehole CR&.
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SULT2B1; alcohol sulfotransferase [EC:2.8.2.2]

sir; sulfite reductase (ferredoxin) [EC:1.8.7.1]

aprB; adenylylsulfate reductase, subunit B [EC:1.8.99.2]

cysC; adenylylsulfate kinase [EC:2.7.1.25]

cysJ; sulfite reductase (NADPH) flavoprotein alpha-component [EC:1.8.1.2]
cysN; sulfate adenylyltransferase subunit 1 [EC:2.7.7.4]

cysH; phosphoadenosine phosphosulfate reductase [EC:1.8.4.8]

cysNC; bifunctional enzyme CysN/CysC [EC:2.7.7.4 2.7.1.25]

cysl; sulfite reductase (NADPH) hemoprotein beta-component [EC:1.8.1.2]
cysD; sulfate adenylyltransferase subunit 2 [EC:2.7.7 4]

aprA; adenylylsulfate reductase, subunit A [EC:1.8.99.2]
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Figure5-8 KO Annoate genes for sulfur metabolism. Genes indicated by colors (blue, red, yellow and green) refer to sampling
locations within borehole CR®
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5.12

Supplemental Information

TABLE S1. Borehole and interval sampling dates and fracture water chemistry

Borehole Sampling pH HCO3| DOC SO4 Cl Fe(ll) | Mn(ll)
Interval Date mg/L# ug/L
6 23/9/2013 9.2 90 33 16 12.5 49 3
CRG3 8 25/9/2013 9.5 61 2.7 11.3 69 17 3.6
11 | 26/9/2013 9.5 74.6 1.4 3 23 89 27
14 |27/9/2013 9.5 60.5 1.2 2.2 23 45 2.6
3 6/5/2013 8.4 110 9.5 3.6 6 47 14
CRGS 4 12/5/2013 9.1 91 9.9 55 15 68 4
5 14/5/2013 9.0 74 10.4 4.7 21 430 5
11 | 13/5/2013 8.0 116 12.9 10.4 32 178 6
5 5/5/2014 9.4 74.3 1.9 7.3 21.1 13 2.9
CRGO 8 6/5/2014 8.7 39.4 1.1 56 206.3 40 12
11 | 12/5/2014 8.4 14.2 0.8 87.1 1854 32 40
12 | 13/5/2014 8.2 15 1.7 88.3 | 1836.4| 3.9 41

# HCO3 = bicarbonate, DOC = dissolved organic carbon, SO4 = sulfate, Cl = chloride

mdl = minimum detection limit
Ammonia, nitrate and nitrite were not detected in the fracture water
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I yHEnvLI2 aAGA DS

TABLES® . 2NBK2fS YR AYUGSNBIf RSAONALIIAZ2Y A
Borehole Elevatl.on, m* | Easting** Northing vemz | memz | mema | mems | Mem11
Interval collar interval m

6 -122 | 313344.3| 5102404| 0.596 | -1.312 | 1.751 | 0.517 | -1.187
CRG3 8 163 -247 | 313335.7| 5102336 0.753 | -1.458 | 0.623 | -0.163 | 0.159
11 -417 | 313318.3| 5102241| 0.753 | -1.458 | 0.623 | -0.163 | 0.159
14 -617 | 313293.2| 5102122| 0.740 | -0.714 | -1.584 | -0.394 | -0.502
3 48 313391.2| 5102135| 1.278 | -0.525 | -0.614 | -1.550 | 1.227
CRGS 4 171 -4 313373.8| 5102116] 0.991 | 1.276 | -0.576 | 0.416 | 0.344
5 -68 313351.6] 5102092| 0.491 | 1.727 | 0.927 | 0.745 | -0.480
11 -390 | 313234.8| 5101980| -0.678 | 0.982 | 1.530 | -1.296 | 1.602
5 -154 | 312617.4| 5102207| -0.625| -0.786 | 0.273 | 1.876 | 1.034
CRGO 8 124.8 -364 | 312466.6| 5102145| -1.396 | -0.278 | -1.217 | 1.095 | 1.096
11 -485 | 312449.8| 5102130| -1.462 | 0.020 | -0.208 | -0.916 | -1.140
12 -542 | 312416.1| 5102120| -1.462 | 0.020 | -0.208 | -0.916 | -1.140

* elevation relative to sea level

** Zone 18 of the Universal Transverse Mator coordinate system
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