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Abstract

As the global population increases, the productivity of food production systems must also
increase. In Canada, strawberry production has declined significantly over several years,
highlighting the need for strategies that increase fruit yield and production stability. Microbial
inoculants, especially when used in controlled environment agriculture (CEA), present a possible
strategy for increasing strawberry yields by leveraging naturally occurring symbiotic
relationships between rhizosphere microorganisms and host plants. However, research into
developing an effective microbial inoculant for hydroponic strawberries has been unfruitful, in
part because the hydroponic strawberry rhizosphere is poorly understood.

In this study, soil samples were added to hydroponic strawberries as an initial source of
microbial diversity to influence community assembly. The objectives of this research were to
describe community composition, succession, and persistence of bacteria, fungi, and oomycetes
within the hydroponic strawberry rhizosphere using 16S and ITS ribosomal RNA (rRNA)
amplicon sequencing. Microbial succession was evident, with numerous differentially abundant
taxa between initial and final timepoints. However, no microbial taxa were significantly
associated with changes in yield. This study also identifies a candidate core microbiome for
hydroponic strawberries. The commercial implications of these findings are discussed. Overall,
these findings form a foundational understanding of the hydroponic strawberry rhizomicrobiome,
and suggest several novel strategies for development of an effective inoculant for hydroponic
strawberry production.

Key Words: hydroponic, controlled environment agriculture (CEA), strawberry, rhizosphere,
microbiome, microbial succession, plant growth-promoting microorganisms (PGPM), yield, core

microbiome, amplicon sequencing, 16S, ITS
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Chapter 1: Introduction
1.1 Trends and challenges in Canadian strawberry production

The global population is predicted to approach 10 billion by 2050, This 16% increase in
population will place further strain on already-insufficient global food production systems!?. A
2015 study estimated that global food production must increase by at least 0.5% each year to
meet this predicted demand®®’. However, we have already fallen short of that goal; an estimated
2.33 billion people experience moderate to severe food insecurity each year, and 88% of
countries do not have sufficient fresh produce to meet recommended intake per capital®*.
Therefore, there is a growing need for advancements that increase food production.

Traditional, soil-based agriculture alone is unlikely to cover the deficit in food demand
for several reasons. First, at current productivity levels, 50-100% of habitable land not already
used for agriculture would need to be repurposed for agricultural usel. This is unreasonable and
unsustainable, as it leaves no allowance for further population growth. Second, erosion,
acidification, compaction, salinization, and pollution have already decreased the productivity of
more than 50% of existing farmland, and this trend is expected to continue!®. Third, climate
change is increasing weather variability and global temperatures; increases in temperature have
been linked to an increased frequency of phytopathogen infections, resulting in decreased crop
yields!®. Thus, we are in need of novel strategies that increase the production of fresh produce.

Canadian strawberry production decreased by 66% between 1995 and 2023, largely due
to the three reasons outlined abovel™®). Specifically, arable farmland in Canada decreased by
more than 8% between 2001 and 2021 as farmland was developed for urban usel®. The earlier
onset of spring, combined with late-spring frosts, is a serious threat to flowering crops in Canada,

such as strawberries. Early springs coax earlier flowering in many strawberry cultivars, but frost



damage to flowers and developing fruits can significantly decrease yield for the entire

(10111 Finally, changes to the North American climate now permit soil-borne pathogens,

season
such as Verticillium, Fusarium, Phytophthora, and Rhizoctonia, to persist for longer periods!'?.
The recommended crop rotation interval before reusing the same land for strawberry production
is now 5-7 years!'?!. As a result of increased challenges associated with outdoor, soil-based

production, Canadian strawberry production is transitioning toward controlled environment

agriculture!',

1.2 Controlled environment agriculture

Controlled environment agriculture (CEA) is the cultivation of crops under partially or
completely controlled conditions, ranging from “low-tech” options, such as hoop houses, to
“high-tech” options, such as hydroponic greenhouses!'*. Hydroponic agriculture is a type of
CEA that uses water-based nutrient solutions and non-soil substrates to grow crops®’. In general,
hydroponic systems can generate higher crop yields and consume less water and fertilizer'™.
Hydroponic agriculture has several advantages for strawberry production specifically. First,
hydroponic agriculture bypasses the need for lengthy crop rotation schedules and reduces
reliance on chemical pesticides as the hydroponic systems can be sterilized between growing
cycles to significantly reduce microbial and insect pest loads!'?!. Second, hydroponic greenhouses
confer a year-round growing season by maintaining optimal temperature and lighting conditions
inside, despite seasonal changes outside. This is particularly advantageous for Canadian
strawberry production, because Canada’s outdoor growing season is shorter and it’s yields are
lower than those of southern-grown strawberries (e.g., California)!'*. However, hydroponic

greenhouses are expensive to operate, sensitive to technological failure, and conducive to



(15171 Fortunately, plant

phytopathogen accumulation during the growing season
growth-promoting microorganisms can alleviate some of the challenges associated with

hydroponic agriculture.

1.3 The role of microorganisms in the rhizosphere
Microorganisms are naturally abundant in the rhizosphere, which is the area in, on, and

(181 Microorganisms of the rhizosphere, or rhizomicrobes, may be beneficial,

around plant roots
neutral, or harmful. Beneficial rhizomicrobes include plant growth-promoting microorganisms
(PGPM)!"®!, PGPM participate in symbiosis with plants; host plants provide root exudates as a
nutrient source, while PGPM promote plant growth, control phytopathogen populations, and

1819 The term PGPM is an umbrella term that encompasses both bacteria

regulate plant stress!
and fungi that promote plant growth (PGPB and PGPF, respectively)?*?!!. Neutral rhizomicrobes
are also known as commensalists, which theoretically confer neither benefit nor harm to the host
plant??!. However, in practice, it is difficult to prove that a microorganism truly has no effect on
the host plant; thus the classification of commensalists in the rhizomicrobiome is a topic of
debate!®?!. Harmful rhizomicrobes, also known as phytopathogens, colonize plant tissues and
have a negative impact on plant growth!**. Both PGPM and phytopathogens may use a variety of
mechanisms to alter the growth of their host plants.

There exists a wide variety of strategies that microorganisms use to promote plant growth
(Figure 1.1); these strategies can be broadly classified as either direct or indirect mechanisms!'®,
Direct PGPM mechanisms involve the growth-promoting microbe and the host plant and include

increased nutrient acquisition, phytohormone production, and stress regulation!'®!. PGPM may

increase the bioavailability of nitrogen, phosphate, and iron via nitrogen fixation, the production



of phosphate-solubilizing acids and enzymes, and release of iron-sequestering siderophores,
respectively!"®. PGPM may also produce phytohormones (auxins, cytokinins, and gibberellins)
or enzymes, such as ACC deaminase, that regulate phytohormones to enhance growth and reduce
stress!!®243] Growth promotion by direct PGPM mechanisms is well documented in

literature!?6-3¢1,



Direct PGP Strategies Indirect PGP Strategies

D. Immune Induction
B. Phytostimulation

Figure 1.1. Summary of direct and indirect plant growth-promoting mechanisms used by
microorganisms of the rhizosphere. Briefly, nutrient acquisition (A) and phytohormone
production (i.e. phytostimulation) (B) are examples of direct methods; PGPM may produce
and/or deliver nutrients and phytohormones to the host plant. Biocontrol of phytopathogens (C)
and immune induction in the host plant (D) are examples of indirect methods, where PGPM
activity benefits the host plant by preventing or decreasing the magnitude of phytopathogen
infection and symptomology. Figure adapted in BioRender from (Laevens et al., 2024),
originally published under a CC BY license.



Indirect mechanisms involve a PGPM that prevents phytopathogen infection of the host
plant, thereby indirectly promoting plant growth"®, PGPM may produce antimicrobial
compounds, hydrolytic enzymes, quorum-quenching enzymes, or simply outcompete
phytopathogens for resources and space in the rhizosphere, thus preventing phytopathogen
growthl, Alternatively, secretion of certain volatile organic compounds (VOCs) by PGPM can
induce systemic resistance in plants; this primes the host plant defense systems and reduces the
risk of phytopathogen infection!*!!. Growth promotion by indirect PGPM mechanisms is also
well documented in literature®”*!,

Phytopathogens may be biotrophic, necrotrophic, or hemibiotrophic. Biotrophic
phytopathogens infect living plant tissue and siphon off nutrients without killing the host plant

(201 Biotrophic

by secreting effector molecules that inhibit plant defence mechanisms
phytopathogens, such as Podosphaera xanthii, the causative agent of powdery mildew in
strawberries, generally cause milder symptoms and less yield loss than their necrotrophic
counterparts?®’. Necrotrophic phytopathogens infect and kill host tissues, causing necrosis. The
necrotrophic pathway often involves the secretion of cell-wall-degrading enzymes that lyse plant
cells, causing necrosis™®*!!, The exact symptoms of necrosis vary with the phytopathogen and
host plant but can include root, crown, and fruit rot, as well as vascular wilt and blights™™”. Many
phytopathogens exhibit both biotrophic and necrotrophic phases and are known as
hemibiotrophs?*2!. Necrotrophic and hemibiotrophic phytopathogens, such as Botrytis cinerea,
Xanthomonas fragariae, and Neopestalotiopsis, species are particularly devastating in strawberry
production because they can remain undetected and asymptomatic in fruit tissue until ripening

begins, at which point fruit rot causes significant yield loss*2!4>%],



1.4 Trends in the hydroponic rhizosphere

el However,

The soil rhizosphere is well studied relative to the hydroponic rhizospher
the hydroponic rhizosphere is physicochemically different from the soil rhizosphere and
therefore exerts different selective pressures on the rhizomicrobiome; thus, trends observed in the
soil rhizosphere cannot always be applied to the hydroponic rhizosphere!*”!. Hydroponic
rhizospheres experience different pH, dissolved oxygen levels, nutrient concentration and
nutrient bioavailability than soil-based cropping systems!*”. Hydroponic rhizosphere conditions
can also vary with the choice of substrate; inorganic substrates (e.g., stonewool) are
metabolically inert, while organic substrates (e.g., coco coir) act as sources of organic matter for
members of the thizomicrobiome!*”. Additionally, some studies suggest that optimal lighting,
temperature, and CO, levels in CEA systems may increase the production of photosynthetically
fixed carbon by hydroponically grown plants, thereby increasing the exudation of
carbon-containing compounds!*®). Similarly, some studies have observed decreased lipid
exudation by hydroponic plants relative to soil-grown plants; this may be due to the hydrophobic
nature of the hydroponic environment!*®. These differences in physicochemical conditions and
root exudation likely account for some of the observed differences in rhizomicrobiome

community composition in comparative studies of soil and hydroponic systems!*-!1,

1.5 PGPM for hydroponic strawberries

PGPM are frequently formulated into and sold as biological inoculants for use in both
soil-based and hydroponic agricultural operations®*. Often, the first step in designing a microbial
inoculant is to isolate microorganisms from a crop’s rhizosphere®. In some studies, researchers

inoculate hydroponic systems with rhizosphere soil as a diverse initial source of plant-associated



microorganisms and then allow the hydroponic systems to select for microorganisms that can
survive (i.e., persist) in the hydroponic rhizosphere before isolating individual
microorganisms'>¥. Then, isolates are evaluated for plant growth-promoting (PGP) potential
based on in vitro biochemical assays and whole-genome sequencing!®**%. Microorganisms that
demonstrate PGP activity in vitro or possess genes associated with PGP traits are then used in
inoculated plant trials to assess their ability to promote plant growth in planta’®. Single isolates
or consortia that consistently perform well in plant trials can then be considered for
commercialization and must be registered with the Canadian Food Inspection Agency (CFIA) as
an agricultural fertilizer to be used in Canadian greenhouses.

Despite the plethora of commercial inoculants available for use in Canada, there is a lack
of effective options for commercial-scale hydroponic strawberry production due to a
combination of factors. First, many existing microbial inoculants are based on microorganisms
originally isolated from the soil rhizosphere and formulated for use in soil-based agriculture.
Given the numerous physicochemical differences between soil and hydroponic environments,
soil-derived microorganisms cannot always persist in the hydroponic rhizosphere and are often
ineffective in hydroponic systems!*’#%37-%2 Second, the ability of PGPM to colonize the
rhizosphere can be crop- and cultivar-specific, such that inoculants designed for one crop are
frequently ineffective for other crops®®%, Thus, a commercial inoculant intentionally designed
for use in hydroponic strawberries is more likely to persist and function in the hydroponic

strawberry rhizosphere than inoculants that are not.



1.6 Microbial persistence and succession, and their implications for inoculant development

Microbial persistence and microbial succession are two integral concepts in PGPM
inoculant development. Persistence is defined as the ability of a microorganism to colonize and
survive in a given environment over time!*®). Microbial succession is the change in microbial
community composition over time [*”. Microbial persistence and succession in the rhizosphere
are influenced by stochastic and deterministic processes!®”. Stochastic processes, such as
dispersal and ecological drift, are random, while deterministic processes are driven by selective
pressures, such as resource availability!”.. In the rhizosphere, the primary resources are root
exudates produced by the host plant!®®. The composition and quantity of root exudates vary over
time in synchrony with plant development!*’%®!. This trend has previously been observed in
several plant species, including Arabidopsis, Medicago, maize, pea, wheat, and sugar beet,
though not yet been described in hydroponic strawberries®”*!. Root exudates are considered the
primary deterministic driver of rhizomicrobiome assembly!**; changes in root exudation can alter
the ability of each microorganism to persist and thus can influence overall microbial
succession!’®, Therefore, microbial inoculants must be able to colonize and persist in the target
rhizosphere despite microbial succession.

Defining the core rhizosphere microbiome is a reasonable first step in developing a
persistent inoculant for hydroponic strawberries. The collection of rhizosphere microorganisms
that persists across all stages of growth is often referred to as the core microbiome!””. Core
rhizosphere microbiomes are usually composed of relatively few taxa (<50) compared to the
total number of microorganisms in the rhizosphere (often >1,000) and can be used to hypothesize

77-79

the functional effect of rthizomicrobiome composition on plant growth!’”-”). By definition, core

microbiome members of the hydroponic strawberry rhizosphere are capable of persisting in the



hydroponic environment, despite microbial succession. Core microbiome members with in vitro

PGP potential may be particularly promising candidates for use in inoculated plant trials.

1.7 Research objectives

The goal of this project is to form a foundational understanding of the hydroponic
strawberry rhizomicrobiome. Thus, the objectives of this project are to (1) assess the impact of
soil inoculation on hydroponic strawberry rhizomicrobiome community composition, (2)
describe microbial succession in the rhizomicrobiome and identify a core microbiome for the
first time, and (3) identify any associations between microbial abundance and fruit yield. The
results of these analyses will inform future research into the development of a microbial
inoculant that promotes growth in hydroponic strawberries. The development of such an
inoculant would increase Canadian strawberry production and help alleviate global food

insecurity.

Chapter 2: Methodology
2.1 Hydroponic strawberry plant trial design and maintenance

This hydroponic strawberry trial was designed to closely resemble commercial
greenhouse conditions such that the observations in this study are as applicable as possible to the
long-term goal of developing a microbial inoculant for commercial hydroponic strawberry
production. The plant trial took place between June 13th and August 27th, 2024 and contained
three inoculated treatments and one uninoculated “no-soil” control group (Figure 2.1). Prior to
planting, frozen tray plants of the “Lycia” cultivar (NovaFruit, Quebec) were thawed at room

temperature, rinsed in water to remove excess propagation substrate, and treated with Nova©

10



antifungal (Plant Products, #20950) and Floramite© (Plant Products, #40090) antimite solutions
according to manufacturer instructions to minimize risk of phytopathogen and pest infection.
Strawberry Pots (MeteorSystems) were assembled with two plants and two litres of coco coir
substrate. Each hydroponic system contained 12 pots with one drip stake per pot. Supplementary
figure A1 (Appendix A) depicts the drip irrigation hydroponic set up in detail. Plants were
allowed to grow for five days to ensure successful establishment in the hydroponic systems, then
pots were distributed between the four experimental groups according to plant size such that each
system contained 24 plants of similar size distribution. This was done to prevent an unequal
distribution of plant sizes between groups, which could have influenced yield results. Green
lacewings and Aphidoletes (The Bug Lady, #22710 & #23742) were deployed shortly after

planting as a preventative measure against aphids.

Eight-Week Hydroponic Strawberry Trial Sample and Data Processing

Root Sampling at Four

Week 0: Planting

NL Biweekly Time Points .
. /w /,/f
. X6
Ty

l

Irrigation

Field Soil Isolation of Microbial i”

Genomic DNA

] —_—
/g . X6 \ D
J v >
Garden Soil

16S and ITSPCR

and Purification -
b

Y )7
+“_  —— %T/XG %

|

Strawberry Plants

-+

Wetland Soil

Oxford Nanopore
Amplicon Sequencing

v

Hydroponic Strawberries Bioinformatic Analysis

with ALDEx2

Coco Coir

Figure 2.1. Experimental workflow for characterization of the hydroponic strawberry
rhizosphere microbiome via molecular methods. Briefly, the workflow began with an eight-week
hydroponic strawberry plant trial, followed by extensive sample processing and data analysis.
Figure generated with BioRender.
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All four hydroponic systems were housed in the same growth chamber and subjected to
the same growth conditions and maintenance schedule for the duration of the trial. A 16-hour
light, 8-hour dark photoperiod was maintained using ArizeLife2 GE lights (1 BRI, 2 PPF
spectrum per shelf). Growth chamber conditions were maintained at 24 °C during light periods
and 16.5 °C during dark periods, 65% humidity, and ~800 ppm CO,. Flowers were
hand-pollinated (Amazon, #B01D5G88ZE) every 2-3 days®”. Senesced leaves and reproductive
stolons (i.e., runners) were pruned weekly to minimize habitat for phytopathogenic fungi and to
prevent establishment of daughter plants, respectively. Nutrient solution was replenished every
2-3 days, and changed weekly with one of three nutrient solution recipes based on the growth
state and thus nutritional needs of the plants (Supplementary table B1, Appendix B). The coco
coir substrate was flushed every 30 days with 15 L of fresh RO water to maintain electrical
conductivity (EC) below 2.2 dS/m, according to industry standards®").

Mass (g) and count of marketable berries produced per plant were recorded throughout
the trial as a measure of yield. In this trial, ripe berries were classified as “marketable” when they
were uniformly red, with no visible lesions or deformities (i.e., Canadian No. 1 grade
requirements)®?, The growth state of each plant was determined weekly via visual inspection,
based on the following criteria: “vegetative” for plants that had not yet produced a mature
flower, “flowering” began at observation of first mature, receptive flower, “fruiting” began at
observation of first developing marketable berry (i.e., all petals have fallen away and berry is
uniformly green with no visual imperfections), and “post-harvest” when all berries had been
harvested and no new flowers or berries were developing. The trial was concluded after eight
weeks, at which point the majority of developing fruits were ripe and few new flowers were

being produced. Shoot fresh weight (g) and height (cm) were recorded for each plant at the
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conclusion of the trial. Root weight per plant could not be assessed because the root systems
from co-potted plants were too entangled to reliably separate from one another and from the

substrate.

2.2 Addition of soil-based inoculant to hydroponic strawberry systems

Five days after planting, three of the hydroponic systems were inoculated with soil (i.e.,
June 18th, 2024). With permission, soil samples were collected from an agricultural soybean
field (43.56138° N, 80.49062° W) and wetland (43.48356°N, 80.56622° S). A third soil sample
was donated from a residential strawberry garden (Kitchener, Ontario, Canada). Soil samples
were collected from the rhizosphere of dominant plant species at each site using sterile
instruments and containers, then used to inoculate the hydroponic systems later that same day.
One soil sample was added to each of three hydroponic systems in the following manner: (1) the
soil sample was split into equal-weight halves in sterile 500 mL beakers and 100 mL of sterile
RO water was added to each beaker to generate a soil slurry, (2) one soil slurry was added to
each of two nutrient solution reservoirs per hydroponic system and mixed thoroughly with a
sterilized spatula, (3) the drip irrigation system was activated for 30 seconds to immediately
deliver soil to the root zone of each plant in the hydroponic systems. The fourth hydroponic
system received equivalent irrigation with nutrient solution containing no soil to account for
extra nutrient delivery caused by soil inoculation. A subsample of each soil sample was reserved
and stored at -80 °C until subsequent nutrient quantification by a third-party lab (A&L Canada
Laboratories, London, Ontario). Inoculated treatment groups will henceforth be referred to by
their soil sample source (i.e., “Field,” “Garden,” and “Wetland”) and the no-soil negative control

will be referred to as the uninoculated control.
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2.3 Root sample collection and selection for analysis

A small sample of root was collected from each healthy plant each week resulting in a
total of 768 root samples. Briefly, the root samples contained both primary and secondary root
with adherent coco coir substrate and were collected in sterile 1.5 mL microcentrifuge tubes
(BioBasic, #BT620-NS.SIZE.1PK) using ethanol-sterilized forceps. The inclusion of both
primary and secondary root in each sample was done to represent possible differences in
rhizomicrobiome composition within the strawberry root system that may arise due to
differences in root exudation based on root typel®’). Root samples were collected from the no-soil
control treatment before the soil inoculated treatments and the forceps were re-sterilized in
between all samples to minimize cross-contamination within and between treatments. Weekly
root samples were collected at the same time of day to account for potential variation in the
rhizomicrobiome caused by the host plant circadian clock®. Additionally, baseline microbiome
samples were collected from three young strawberry plants prior to planting, coco coir substrate,
irrigation water, and each of the three soil samples to act as source-community reference points
in the downstream microbiome analysis. All samples were stored at -80 °C until processing.

Due to budgetary constraints, only a subset of all 768 root samples were processed. With
a constraint of around 100 samples, the number of timepoints (n = 4) and the number of plants
per timepoint (n = 24, 6/treatment) were optimized to allow the most robust comparisons within
and between timepoints as possible to support the research objectives. Alternatively, processing
root samples from 12 plants per treatment at two timepoints would not have been as informative
regarding microbial succession, while processing three samples per treatment at eight timepoints

would have been insufficient for yield analysis via generalized linear modelling.
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Root samples were selected for analysis based on yield and position of their source plant
in the plant trial. Three high- and three low-yielding plants per treatment were selected for
analysis. This selection was then adjusted to ensure no two plants from the same pot were
analyzed. The rhizomicrobiomes of co-potted plants may be more similar to one another than to
the rhizomicrobiomes of other pots due to close proximity; this could have skewed the analysis if
not accounted for®). Sample selection was further adjusted such that two high-yielding plants
were located on the bottom shelf and one was located on the top shelf of the hydroponic system;
likewise for the selected low-yielding plants. The top shelves received roughly 50% less
irrigation than bottom shelves (data not shown) because the shelves were supplied by identical
pumps, which generated identical maximum pressure, but the pump supplying the top shelf
delivered less nutrient solution due to increased elevation. Thus, this criteria for sample selection
was included to account for differences in irrigation between shelves of the hydroponic systems

which may have caused differences in rhizomicrobiome composition!”*%,

2.4 Sample processing and sequencing

First, microbial genomic DNA was extracted from all samples (n = 104) using the
DNeasy PowerSoil Pro Kit (Qiagen, #47014) according to the manufacturer protocol and stored
at -80 °C prior to PCR. Specifically, 100 mg of sample was used for all root and baseline
microbiome samples, with the exception of root samples collected in week two and RO water
baseline samples. For week two root samples, sample collection was physically constrained by
small plant size, so microbial genomic DNA was isolated from 50 mg of tissue. DNA was

extracted from 15 mL of RO water using a sterile syringe and 0.22 pum filter; the filter paper was
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then used as the starting material for DNA extraction. DNA extraction, PCR, and gel
electrophoresis were performed for an unused filter to confirm sterility of the filter paper.

16S and ITS amplicons were amplified from microbial genomic DNA according to tables
B2 and B3. PCR products were immediately purified to remove remaining enzyme, unused
primers, and dNTPs using the QIAquick PCR Purification Kit (Qiagen, #28106) according to
manufacturer protocol with the following deviations: (1) buffer EB was heated to 60 °C to
increase elution efficiency, (2) 600 uL of buffer PE was used because the recommended 700 puL
exceeded column capacity, (3) columns were dried via centrifugation for an additional 5 minutes
in a fresh 2 mL collection tube to minimize residual ethanol. Successful amplification and
purification were confirmed via gel electrophoresis (5 puL purified PCR product, 1% (w/v)
agarose) and Nanodrop spectrophotometer. Purified PCR products that met yield and quality
thresholds (i.e., yield >20 ng/uL, A260/A280 = 1.6-2.0, and A260/A230 = 2.0-2.2) were stored
at -20 °C prior to sequencing (ONT, 2025). PCR and purification were repeated as necessary
until high quality 16S and ITS PCR products were obtained for all 104 samples.

Amplicon sequencing was performed for all 208 purified PCR samples via Oxford
Nanopore MinlON (ONT, United Kingdom). The Native Barcoding Kit 96 (SQK-NBD114.96)
was used according to manufacturer protocol®” with three deviations: (1) 3.75 uL of
end-prepped DNA was carried forward for barcode ligation instead of the recommended 0.75 pL,
(2) the barcode ligation reaction was incubated for 60 minutes instead of the recommended 20
minutes, (3) 14 uL of prepared library was loaded, instead of the recommended 12 pL. All of
these deviations were optimizations to increase sequencing success for low-yield amplicon
samples. Base-calling was performed with Dorado®®®. Quality-filtering was performed using

Chopper, to exclude reads with a mean Q-score less than 10 or read length less than 800 bp!*..
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SILVA and Unite databases were used with Kraken2 to generate genus- and species-level count

matrices for 16S and ITS amplicons, respectively®*?.

2.5 Bioinformatic analysis of amplicon sequencing data

Downstream bioinformatic and statistical analyses were performed in R using ALDEx2
(v1.42)P*). Before investigating the research objectives, three filtering schemes (strict,
intermediate, and lenient) were applied and assessed via differential abundance analysis in
ALDEX2 to confirm robustness of the data to subsetting®¥. The filtering schemes were based on
both prevalence and mean abundance thresholds, where prevalence was the proportion of
samples the taxa was detected in, and mean abundance was the mean count for a given taxa
across all samples. ITS data were further filtered to include only the following fungal and
oomycete phyla: Ascomycota, Basidiobolomycota, Basidiomycota, Blastocladiomycota,
Calcarisporiellomycota, Chytridiomycota, Entomophthoromycota, Entorrhizomycota,
Glomeromycota, Kickxellomycota, Monoblepharomycota, Mortierellomycota, Mucoromycota,
Neocallimastigomycota, Oomycota, Olpidiomycota, Sanchytriomycota, Zoopagomycota. This
filtering was performed because the ITS primers used in this study (ITS1catta, ITS4ngsuni)
amplify a broad range of eukaryotes, including fungi and oomycetes, but also plants, nematodes,
and protists®®!. Indeed, ITS sequences from strawberry (i.e., Fragaria) and peat-moss substrate
(i.e., Sphagnum) made up significant proportions of each sample. However, the dynamics of
fungi and oomycetes in the hydroponic strawberry rhizosphere are much more relevant to the
long-term goal of this research and thus they were the focus of the analysis.

Large overlap of retained taxa and correlation of effect sizes between filtering schemes

(data not shown) were evidence that trends in the data were stable despite filtering. The
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intermediate filtering scheme (prevalence >10%, mean count >10) was used for subsequent 16S
and ITS analysis, as was fungi/oomycete filtering for the ITS dataset. Filtered counts were then
CLR-transformed in ALDEx2 and CLR-abundance data was used as input data for principal
component analysis (PCA) and effect size calculations. The Benjamini-Hochberg correction of
p-values for false discovery rate (FDR) was used. Both genus- and species-level analyses were
performed and the most statistically supported versions are presented below. Order-level
analyses and above were not performed as conclusions drawn from such results would not be as

applicable to the commercial-nature of the research objectives.

Chapter 3: Results

Sequencing of 16S and ITS amplicons from 96 strawberry root and eight baseline
microbiome samples revealed numerous insights into community composition and dynamics
within the hydroponic strawberry rhizomicrobiome. The results for each of the study objectives
are presented below. Greater-resolution versions of multi-panel figures are presented in

Appendix C.

3.1 Assessing the impact of soil addition on the hydroponic strawberry rhizomicrobiome

Given the variety of microorganisms in the initial soil samples, and the unique selective
pressures within the hydroponic rhizosphere, the first objective of this study is to investigate the
outcome of soil inoculation in the hydroponic strawberry rhizosphere. Figures 3.1 and 3.2
summarize differences in microbial community composition between the no-soil control and
inoculated treatment groups at week eight. Significant overlap on PCAs (Figure 3.1A-C, 3.2A-C)

indicates a lack of statistical support for control and treatment groupings. No significant
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differentially abundant taxa are identified based on effect size and FDR (Figure 1.1D-F, 1.2D-F).
Further, there were few significant differences between genus-level microbiomes in pairwise
combinations of the inoculated treatments and non-soil control at each timepoint (Table 3.1).
Taken together, these results suggest that a single inoculation event was insufficient to
significantly alter bacterial, or fungal/oomycete communities of the hydroponic strawberry
microbiome eight weeks post-treatment.

While we do not observe differences between control and treatment groups, we do
observe numerous significant differences between soil and hydroponic samples. Figures 4.1 and
4.2 summarize differences between the three initial soil samples (field, garden, and
wetland-derived soil) and hydroponic root samples after eight weeks. Clear axes of separation in
PCAs (Figure 4.1A, 4.2A) and numerous significant differentially abundant taxa in effect plots
(Figure 4.1B, 4.2B) indicate substantial difference between soil inoculant and hydroponic root
samples at both community- and genus-levels. The identity of these differentially abundant taxa
and magnitude of difference between groups are summarized in Figures 5.1 and 5.2 for bacterial
and fungal/oomycete communities, respectively, and in Supplementary Tables B4 and BS.

Briefly, sixteen bacterial genera and three fungal genera were detected at relatively high
abundance in both soil and hydroponic samples: Sphingobium, Hyphomicrobium,
Flavobacterium, Chthoniobacter, Rhodoplanes, Ferruginibacter, Chryseolinea, Fimbriiglobus,
Nocardioides, Terrimicrobium, Luteolibacter, Gemmata, Tepidisphaera, Reyranella,
Mycobacterium, Bradyrhizobium, Podospora, Colletotrichum, and Coprinopsis. Twelve bacterial
genera, eleven fungal genera, and one oomycete genus were enriched in soil samples, and
depleted in hydroponic samples: Zavarzinella, Methyloceanibacter, Paenibacillus, Microlunatus,

Gaiella, Vibrio, Stenotrophobacter, Roseimicrobium, Flavisolibacter, Ramlibacter, Patulibacter,
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Candidatus Tremblaya, Cladosporium, Akanthomyces, Syncephalis, Schizothecium,
Neosetophoma, Clonostachys, Mucor, Ganoderma, Psathyrella, Marquandomyces, Betamyces,
and Globisporangium. In contrast, four bacterial and seven fungal genera were depleted in soil
samples and enriched in hydroponic samples: Spirochaeta, Methylphilus, Methylovorus,
Chroococcopsis, Simocybe, Tubeufia, Achroceratosphaeria, Archaeorhizomyces, Hohenbuehelia,

Rhodosporidiobolus, and Neohelicosporium.
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Figure 3.1. Pairwise principal component analysis (PCA) and ALDEX2 effect plots for
genus-level 16S CLR abundance data from control (n = 6) and inoculated treatment ( n = 6)
groups at week eight. In PCAs (A-C), each point represents the bacterial community of one
sample; orange and blue ellipses represent 95% confidence intervals for control (n = 6) and
specified treatment groups (n = 6), respectively. Scree plots are in Supplementary Figure A2. In
effect plots (D-F), each point represents a genus plotted according to between-group difference
and within-group dispersion at week eight. Black points indicate genera with effect size >|1| and
FDR >0.05. Red points, though none are identified in these analyses, indicate genera with effect
size >|1| and FDR <0.05.
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Figure 3.2. Pairwise principal component analysis (PCA) and ALDEx?2 effect plots for
genus-level ITS CLR abundance data from control (n = 6) and inoculated treatment (n = 6)
groups at week eight. In PCAs (A-C), each point represents the bacterial community of one
sample; orange and blue ellipses represent 95% confidence intervals for control and specified
treatment groups, respectively. Associated scree plots are in Supplementary Figure A3. In effect
plots (D-F), each point represents a genus plotted according to between-group difference and
within-group dispersion at week eight. Black points indicate genera with effect size >|1| and FDR
>(0.05. Red points, though none are identified in these analyses, indicate genera with effect size

>|1] and FDR <0.05.
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Table 3.1. Summary of number of significant differentially abundant taxa (effect >|1|, FDR
<0.05) between pairwise treatment and timepoint comparisons. Effect size and FDR were
calculated in ALDEXx?2 as previously described.

Control
Week2 Week4 Week6 Week 8
Week 2 0

Week 4 0
Field
Week 6 24 Field

Week 8 0 Week2 Week4 Week 6 Week 8
Week 2 0 0

Week 4 0 2F
Garden
Week 6 1B 0 Garden

Week 8 0 0 Week2 Week4 Week 6 Week 8
Week 2 0 6P 0

Week 4 0 3F 16
Wetland
Week 6 1¢ 0 0

Week 8 0 0 0

(A) Pui enriched in Field at week six. Rhodotorula enriched in Control at week six.

(B) Olpidium enriched in week six Control relative to week six Garden.

(C) Rhodotorula enriched in week six Control relative to week six Wetland.

(D) Phenylobacterium, Granulicella, Puia, Mucilaginibacter, Terriglobus, and Edaphobacter
enriched in week two Wetland, relative to week two Field.

(E) Cthoniobacter and Nocardioides enriched in week four Garden, relative to week four
Field.

(F) Luteolibacter, Duganella, and Rurimicrobium enriched in week four Wetland, relative to
week four Field.

(G) Luteolibacter enriched in week four Wetland, relative to week four Garden.
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Figure 4.1. Principal component analysis (PCA) and ALDEX2 effect plots for genus-level 16S
CLR abundance data from initial soil sample (n = 3) and week eight inoculated root samples (n
18). In the PCA (A), each point represents the bacterial community of one sample. Week eight

hydroponic samples are coloured in blue. Soil samples are coloured in orange and lack an ellipse
due to small sample size. The associated scree plot is in Supplementary Figure A4. In the effect

plot (B), each point represents a genus plotted according to between-group difference and
within-group dispersion. Location of points outside of the dashed lines indicates enrichment of
that taxon in one group, relative to the other, as labelled on the effect plot. Both black and grey
points indicate statistical insignificance (FDR >0.05). Black points indicate genera with effect
size >|1|, while grey points indicate genera with effect size <|1|. Red points indicate significant
differentially abundant genera, with effect size >|1| and FDR <0.05. Effect size and FDR value
for significant taxa are listed in Supplementary Table B4.
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Figure 4.2. Principal component analysis (PCA) and ALDEXx2 effect plots for genus-level ITS
CLR abundance data from initial soil samples (n = 3) and week eight inoculated root samples (n
= 18). In the PCA (A), each point represents the fungal/oomycete community of one sample.
Week eight hydroponic samples are coloured in blue. Soil samples are coloured in orange and
lack an ellipse due to small sample size. The associated scree plot is in Supplementary Figure
A4. In the effect plot (B), each point represents a genus plotted according to between-group
difference and within-group dispersion. Location of points outside of the dashed lines indicates
enrichment of that taxon in one group, relative to the other, as labelled on the effect plot. Both
black and grey points indicate statistical insignificance (FDR >0.05). Black points indicate
genera with effect size >|1|, while grey points indicate genera with effect size <|1|. Red points
indicate significant differentially abundant genera, with effect size >|1| and FDR <0.05. Effect
size and FDR value for significant taxa are listed in Supplementary Table BS5.
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Figure 5.1.Summarizing magnitude of bacterial differential abundance between initial

Sample Group

M Field

B Garden
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B wetland

CLR abundance
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0

P

Candidatus Tremblaya

Candidatus Anammoximicrobium

soil

samples and week eight hydroponic treatment samples. Each row represents a significant
differentially abundant bacterial genera identified in Figure 4.1B (i.e. effect size >|1|, FDR

<0.05). Each column represents one sample; sample name is listed at the bottom of the

figure,

and sample group is summarized by the coloured bar across the top. Red and blue tile colours
represent high or low CLR abundance, which can be interpreted in relative terms, as higher or

lower than the geometric mean of the dataset, respectively.
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Figure 5.2.Summarizing magnitude of fungal and oomycete differential abundance between
initial soil samples and week eight hydroponic treatment samples. Each row represents a
significant differentially abundant genera identified in Figure 4.2B (i.e. effect size >|1|, FDR
<0.05). Each column represents one sample; sample name is listed at the bottom of the figure,
and sample group is summarized by the coloured bar across the top. Red and blue tile colours
represent high or low CLR abundance, which can be interpreted in relative terms, as higher or
lower than the geometric mean of the dataset, respectively.
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3.2 Examining microbial succession in the hydroponic strawberry rhizomicrobiome
Microbial succession in the rhizomicrobiome has been described for several

70-73.96-1011 ' Therefore, as the

commercially-relevant crops, but not for hydroponic strawberries!
second objective of this study, we assessed change in bacterial and fungal/oomycete
communities over time and in response to growth state of the host plant. Figures 6.1 and 6.2
summarize community composition of the baseline microbiome samples; effectively, these
communities are the starting material for ecological forces to act on in the hydroponic
rhizosphere. Figures 7.1 and 7.2 summarize changes in bacterial and fungal/oomycete
community composition in the hydroponic systems across three growth states (vegetative,
flowering, fruiting). In these PCAs, there is partial differentiation between vegetative and fruiting
groups suggesting a possible shift with growth state while a core microbiome is maintained.
Notably, the flowering group is highly variable in both 16S and ITS datasets. Despite evidence of
change at the community-level, few bacteria and zero fungal/oomycete taxa were identified as
differentially abundant between growth states at the genus-level (Supplementary Table B6).
Given the few significant differences in rhizomicrobiome community composition across
growth states, the next step was to assess similarities in order to identify candidate core
microbiome members for hydroponic strawberries (Figure 8.1, 8.2). Bacterial and
fungal/oomycete community composition is largely consistent across growth states (Figure 8.1A,
8.2A), as expected based on PCA (Figure 7.1, 7.2). This study uses a conservative definition of
core membership; specifically, detection in at least 90% of samples (i.e. prevalence) and mean

relative abundance of at least 1%. The prevalence-abundance plots identify 20 bacterial genera

and 21 fungal/oomycete genera as candidate core microbiome members (Figure 8.1B, 8.2B).
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Core occupancy heat maps elaborate on the distribution of observed relative abundance for each
core candidate (Figure 8.1C, 8.2C).

Majority of bacterial core candidates are detected at varying levels of relative abundance,
while fungal core candidates are most frequently detected at less than 1% relative abundance,
and less frequently detected at levels above 1%. Pseudomonas, Rhizobium, Flavobacterium,
Acinetobacter, Streptomyces, Cadophora, Leucosporidium, Serendipita, Podospora, Penicillium,
Pseudogymnoascus, Cutaneotrichosporon, and Nectria were present in 100% of samples and
mean relative abundance greater than 2%, with Pseudomonas and Cadophora being the most
prevalent and abundant bacterial and fungal genera, respectively. Similarly, Pseudomonas and
Cadophora were both dominant genera in the uninoculated root baseline community prior to
planting (Figures 6.1, 6.2). Pedosphaera, Bradyrhizobium, Mucilaginibacter, Chroococcopsis,
Mesorhizobium, Terrimonas, Apiotrichum, Coniochaeta, Rhodotorula, Mortierella,
Achroceratosphaeria and Pythium were identified in 100% of samples, at greater than 1%
abundance. Burkholderia-Caballeronia-Paraburkholderia (aka. BCP Group), Sphingobium,
Novosphingobium, Devosia, Hyphomicrobium, Asticcacaulis, Simocybe, Olpidium, and
Phytophthora were observed in more than 90% of samples, with a mean relative abundance
between 2-5%. Sphingomonas, Rhodanobacter, Phenylobacterium, Sporothrix, Tubeufia,
Exophiala, and Mycochaetophora were detected in more than 90% of samples, with a mean
relative abundance between 1-2%.

Next, microbial succession was analyzed with respect to time by assessing changes in
bacterial and fungal/oomycete community composition across four biweekly timepoints. Time
point PCA groups (Figure 9.1A, 9.2A) are slightly more statistically supported than their growth

state counterparts (Figure 8.1A, 8.2A). Numerous taxa are identified as differentially abundant
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between week two and week eight samples (Figure 9.1B, 9.2B). Differentially abundant taxa are
listed in Supplementary Table B7. Of these differentially abundant taxa, seven bacterial and two
fungal genera are enriched at both week two and week eight timepoints: Oleiharenicola,
Schlesneria, Acidovorax, Asticcacaulis, Comamonas, Luteolibacter, Methylotenera, Mortierella,
and Aspergillus. No significant differentially abundant taxa appear at both relatively high
abundance in week two then relatively low abundance in week eight. In other words, taxa that
are enriched in week two maintain relatively average abundance or higher in week eight samples.
Two bacterial genera and one fungal genus were depleted in week two, and enriched in week
eight: Zoogloea, Hohenbuehelia, and Rhodosporidiobolus. Time-series stacked bar charts
(Figure 9.1C, 9.2C) capture comparable trends as observed in growth state stacked bar charts
(Figure 8.1A, 8.2A). Overall, this study observes significant change in community composition

over time as evidence of microbial succession in the hydroponic strawberry rhizomicrobiome.
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Figure 6.1. Bacterial community composition of baseline microbiome samples. The stacked bar
chart (A) summarizes relative bacterial abundance for the ten most abundant genera per baseline
sample, with all other genera collapsed into the “Other” category. Note, “BCP Group” is an
acronym for the tri-genus group “Burkholderia- Caballeronia-Paraburkholderia.” In the heat
map (B), each row represents one of the top ten relatively abundant genera identified in A. In the
dot-map, dots indicate which baseline communities each taxa was within the top ten genera for
relative abundance. Tile colours of red and blue indicate high or low CLR abundance per sample,
which can be interpreted in relative terms, as higher or lower than the geometric mean abundance

(white) of the dataset, respectively.
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Figure 6.2. Fungal and oomycete community composition of baseline microbiome samples. The
stacked bar chart (A) summarizes relative fungal/oomycete abundance for the ten most abundant
genera per baseline sample, with all other genera collapsed into the “Other” category. In the heat
map (B), each row represents one of the top ten relatively abundant genera identified in A. In the
dot-map, dots indicate which baseline communities each taxa was within the top ten genera for
relative abundance. Tile colours of red and blue indicate high or low CLR abundance per sample,
which can be interpreted in relative terms, as higher or lower than the geometric mean abundance

(white) of the dataset, respectively.
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Figure 7.1. Principal component analysis (PCA) of genus-level 16S CLR abundance at three
strawberry growth stages. Each point represents the bacterial community of one sample. Sample
points are coloured based on growth stage with a corresponding ellipse representing the 95%
confidence interval: orange for vegetative (n = 34) , blue for flowering (n = 19), and green for
fruiting (n = 41). It is important to note that two hydroponic root samples are excluded from this
analysis because the plants transitioned to a “post-harvest” state in week eight; these two samples
do not meet criteria to be included in the three growth state groups described here, and n =2 is
too small to include post-harvest as a fourth growth state in this analysis. Raw growth state data
is summarized in Supplementary Figures A8-A11. Associated scree plot is in Supplementary
Figure AS.
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Figure 7.2. Principal component analysis (PCA) of genus-level ITS CLR abundance at three
strawberry growth stages. Each point represents the fungal/oomycete community of one sample.
Sample points are coloured based on growth stage with a corresponding ellipse representing the
95% confidence interval: orange for vegetative (n = 34) , blue for flowering (n = 19), and green
for fruiting (n = 41). Again, please note that two hydroponic root samples are excluded from this
analysis because the plants transitioned to a “post-harvest” state in week eight. Raw growth state
data is summarized in Supplementary Figures A8-A11. Associated scree plot is in
Supplementary Figure AS.
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Figure 8.1. Summary of hydroponic strawberry rhizomicrobiome bacterial composition with
respect to assigned growth stage. The stacked bar chart (A) summarizes mean relative abundance
(%) of the top 25 most abundant bacterial genera at three strawberry growth stages. Left to right,
the bars summarize data for all samples collected at vegetative (n = 34), flowering (n = 19), and
fruiting (n = 41) growth stages. The 25 most abundant genera are ordered top to bottom in the
legend and each bar. All other genera are collapsed into the “Other” category. Note, “BCP
Group” is an acronym for the tri-genus group “Burkholderia- Caballeronia-Paraburkholderia.”
In the prevalence-abundance plot (B) each dot represents a bacterial genus plotted according to
prevalence (%) and mean relative abundance (%) across all samples (n = 94). Taxa that surpass
both dashed thresholds are highly prevalent (i.e. detected in > 90% of samples) and highly
abundant (i.e. > 1% mean relative abundance). The core occupancy heat map (C) visualizes the
magnitude of prevalence in each category of mean relative abundance (%) for candidate core
taxa identified in panel B.
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Figure 8.2. Summary of hydroponic strawberry rhizomicrobiome fungal and oomycete
community composition with respect to assigned growth stage. The stacked bar chart (A)
summarizes mean relative abundance (%) of the top 25 most abundant genera at three strawberry
growth stages. Left to right, the bars summarize data for all samples collected at vegetative (n =
34), flowering (n = 19), and fruiting (n = 41) growth stages. The 25 most abundant genera are
ordered top to bottom in the legend and each bar. All other genera are collapsed into the “Other”
category. In the prevalence-abundance plot (B) each dot represents a eukaryotic genus plotted
according to prevalence (%) and mean relative abundance (%) across all samples (n = 94). Taxa
that surpass both dashed thresholds are highly prevalent (i.e. detected in > 90% of samples) and
highly abundant (i.e. > 1% mean relative abundance). The core occupancy heat map (C)
visualizes the magnitude of prevalence in each category of mean relative abundance (%) for
candidate core taxa identified in panel B.
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Figure 9.1. Summary of hydroponic strawberry rhizomicrobiome bacterial community
composition with respect to time in weeks. Principal component analysis (A) summarizes
species-level 16S CLR abundance data grouped by biweekly timepoint (n = 24) for week two
(orange), week four (blue), week six (green), and week eight (purple) with corresponding 95%
confidence interval ellipses. The associated scree plot is in Supplementary figure A6. In the
ALDEX2 effect plot (B), each point represents a bacterial genus, plotted based on median
within-group dispersion (i.e. variance) and median between-group difference of 16S CLR
abundance data between week two and week eight timepoints. Location of points outside of the
dashed lines indicates enrichment of that taxon in one group, relative to the other, as labelled on
the plot. Both black and grey points indicate statistical insignificance (FDR >0.05), with effect
sizes of >|1| and <|1|, respectively. Red points denote significant differentially abundant taxa,
with effect size >|1| and FDR <0.05. The stacked bar chart (C) summarizes mean relative
abundance (%) for the top 25 most abundant genera at the four biweekly timepoints. All other
genera are collapsed into the “Other” category. Note, “BCP Group” is an acronym for the
tri-genus group “Burkholderia- Caballeronia-Paraburkholderia.”
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Figure 9.2. Summary of hydroponic strawberry rhizomicrobiome fungal community
composition with respect to time in weeks. Principal component analysis (A) summarizes
species-level ITS CLR abundance data grouped by biweekly timepoint (n = 24) for week two
(orange), week four (blue), week six (green), and week eight (purple) with corresponding 95%
confidence interval ellipses. The associated scree plot is in Supplementary figure A6. In the
ALDEX2 effect plot (B), each point represents a eukaryotic genus, plotted based on median
within-group dispersion (i.e. variance) and median between-group difference of ITS CLR
abundance data between week two and week eight timepoints. Location of points outside of the
dashed lines indicates enrichment of that taxon in one group, relative to the other, as labelled on
the plot. Both black and grey points indicate statistical insignificance (FDR >0.05), with effect
sizes of >|1| and <|1|, respectively. Red points denote significant differentially abundant taxa,
with effect size >|1| and FDR <0.05. The stacked bar chart (C) summarizes mean relative
abundance (%) for the top 25 most abundant genera at the four biweekly timepoints. All other

genera are collapsed into the “Other” category.
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3.3 Investigating associations between microbial abundances and fruit yield
There are numerous studies that assess the ability of microorganisms to promote plant
growth in a variety of commercially important crops, yet no commercial inoculant for

520211 Therefore, the final objective

hydroponic strawberries is currently available in the market!
of this study is to identify microorganisms associated with high or low strawberry yield. If
identified, taxa associated with high yield may be suitable candidates for development of an
inoculant for hydroponic strawberries. Figures 10.1 and 10.2 describe 16S and ITS CLR
abundance data with respect to berry yield, using microbiome data from the three “high” and
three “low” yielding plants. Recall, cumulative yield was one factor considered during sample
selection. Significant overlap of high- and low-yielding groups in PCAs (Figure 10.1A, 10.2A) is
evidence of similarity in microbial communities at the species-level. Similarly, effect plots
(Figure 10.1B, 10.2B) identify zero significant differentially abundant taxa between groups of
high- and low-yielding strawberry plants. Therefore, it is no surprise that generalized linear

modelling (GLM) identifies no taxa significantly associated with either high or low yield (Figure

10.1C, 10.2C).
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Figure 10.1. Comparison of bacterial community composition between high- and low-yielding
strawberry plants from all experimental groups at week eight. Principal component analysis (A)
summarizes species-level 16S CLR abundance data grouped by yield category; orange and blue
correspond to high- and low-yielding plant samples, respectively. The associated scree data is in
Supplementary figure A7. In the ALDEX2 effect plot (B), each point represents a bacterial
species, plotted based on median within-group dispersion (i.e. variance) and median
between-group difference of 16S CLR abundance data for sample groups of high- and
low-yielding plants. Location of points outside of the dashed lines indicates enrichment of that
taxon in one group, relative to the other, as labelled on the plot. Both black and grey points
indicate statistical insignificance (FDR >0.05), with effect sizes of >|1| and <|1|, respectively.
Red points denote significant differentially abundant taxa, with effect size >|1| and FDR <0.05;
no red points are observed in this figure. The volcano plot (C) summarizes associations between
fruit yield (g) and genus-level 16S CLR abundance at week eight. Each point represents one
bacterial genus, plotted according to Gaussian GLM coefficient on the x-axis and
log-transformed FDR value on the y-axis. The horizontal dashed threshold represents FDR =
0.05. The vertical dashed thresholds represent the GLM coefficients at which a taxon is
associated with a yield increase or decrease of 5 g per 1-unit increase in CLR abundance. Black
and grey points indicate statistical insignificance (FDR >0.05), with GLM coefficients >|5]| or
<|5], respectively. Red points denote significantly associated taxa with FDR <0.05 and GLM
coefficient >|5|; no red points are observed in this figure. Raw yield data is listed in
Supplementary Table BS.
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Figure 10.2. Comparison of fungal/oomycete community composition between high- and
low-yielding strawberry plants from all experimental groups at week eight. Principal component
analysis (A) summarizes species-level ITS CLR abundance data grouped by yield category;
orange and blue correspond to high- and low-yielding plant samples, respectively. The associated
scree data is in Supplementary figure A7. In the ALDEX2 effect plot (B), each point represents a
eukaryotic species, plotted based on median within-group dispersion (i.e. variance) and median
between-group difference of ITS CLR abundance data for sample groups of high- and
low-yielding plants. Location of points outside of the dashed lines indicates enrichment of that
taxon in one group, relative to the other, as labelled on the plot. Both black and grey points
indicate statistical insignificance (FDR >0.05), with effect sizes of >|1| and <|1|, respectively.
Red points denote significant differentially abundant taxa, with effect size >|1| and FDR <0.05;
no red points are observed in this figure. The volcano plot (C) summarizes associations between
fruit yield (g) and genus-level 16S CLR abundance at week eight. Each point represents one
bacterial genus, plotted according to Gaussian GLM coefficient on the x-axis and
log-transformed FDR value on the y-axis. The horizontal dashed threshold represents FDR =
0.05. The vertical dashed thresholds represent the GLM coefficients at which a taxon is
associated with a yield increase or decrease of 5 g per 1-unit increase in CLR abundance. Black
and grey points indicate statistical insignificance (FDR >0.05), with GLM coefficients >|5| or
<|5], respectively. Red points denote significantly associated taxa with FDR <0.05 and GLM
coefficient >|5|; no red points are observed in this figure. Raw yield data is listed in
Supplementary Table BS.
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Chapter 4: Discussion and Conclusions
4.1 Microbial community composition varies between soil samples and hydroponic systems
There were substantial compositional differences between the initial soil samples and
final hydroponic rhizomicrobiome communities, with 94 microbial genera identified as
differentially abundant between soil and hydroponic samples. Thirty-six bacteria and seven
fungal genera were enriched in soil samples relative to hydroponic samples, but were relatively
highly abundant in both groups, just to a lesser degree in hydroponic samples. These taxa may be
slightly better suited to the soil environment than the hydroponic environment, or they simply
may not be recruited to the same abundance in the strawberry rhizosphere specifically.
Contrastingly, 12 bacterial, 11 fungal and one oomycete genera were relatively highly
abundant in the soil samples, but depleted in hydroponic root samples. Of these, “Candidatus
Tremblaya”, Methyloceanibacter, Microlunatus, Patulibacter, Zavarzinella, Betamyces,
Ganoderma, Neosetophoma, Psathyrella, Schizothecium, and Syncephalis have not previously
been reported in the strawberry rhizomicrobiome; depletion of these taxa in hydroponic samples
in this study may indicate that they are unable to colonize the strawberry rhizosphere. Similarly,
“Candidatus Tremblaya”, Roseimicrobium, Zavarzinella, Betamyces, Psathyrella, Schizothecium
and Syncephalis have not previously been detected in any hydroponic root microbiome, while the
remaining hydroponic-depleted taxa have, including Flavisolibacter™, Gaiella®”,
Paenibacillus""™, Ramlibacter'™, Roseimicrobium", Stenotrophobacter'™, Vibriol'%>-1%),
Akanthomyces'""", Cladosporium'®, Clonostachys"", Globisporangium''®, and Mucor"",
These discrepancies indicate that while these taxa may colonize the strawberry rhizosphere, they
may not persist in the hydroponic environment due to differences in environmental

conditions??"#71,
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Finally, numerous taxa were enriched in hydroponic samples, due to relatively low or
intermediate abundance in the soil, and relatively high abundance in hydroponic samples: ten
bacterial genera and ten fungal genera. These hydroponic-enriched taxa may have been
selectively recruited by the strawberry host, and may be well suited to the hydroponic

71213 1t is also highly possible that these taxa were introduced to the hydroponic

rhizosphere!
rhizosphere via irrigation water, coco coir substrate, or on the unsterilized strawberry roots
themselves, not from the soil samples, and thus appear depleted in the soil samples by default.
Indeed, Cutaneotrichon and Tubeufia were dominant genera in the baseline irrigation water
community, 4sticcacaulis were dominant in the microbial community of the roots prior to
planting, and Rhizomicrobium, Rhodoferax, Spirochaeta and Chroococcopsis were dominant
genera in the coco coir baseline community.

Interestingly, Bacillus and Trichoderma were enriched in the soil samples, and do not

appear at relatively high abundance in the hydroponic samples. Roy (2026) and colleagues

reported a similar observation, where Bacillus were abundant in soil-based strawberry roots, but

depleted in the hydroponic counterpartst®”. Bacillus and Trichoderma isolates are frequently
included in commercial inoculants used by hydroponic greenhouse growers, including
RootShield©, RootShield Plus©, Rhapsody©, and Serenade©!''*!">!. Many of the isolates
included in existing commercial inoculants are derived from soil, and we have demonstrated in
the present study that soil-based microorganisms do not always colonize the hydroponic
rhizosphere to the same degree. The results of the present study indicate that these genera may
not be as well suited to the hydroponic strawberry rhizosphere as they are for other crops, whic

calls into question the potential efficacy of Bacillus- and Trichoderma-based products in

h
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hydroponic strawberry production. Therefore, the efficacy of existing commercial inoculants for

promoting hydroponic strawberry growth should be assayed empirically, and not be assumed.

4.2 Soil addition had minimal long-term impact on the hydroponic strawberry rhizomicrobiome
It is well known that soil supports highly diverse communities of bacterial and eukaryotic

16117 Contrastingly, there is a long-standing

microorganisms, especially rhizosphere soil!
misconception that hydroponic crops do not support their own microbiome!''®!. Recent literature
demonstrates that this is not true, yet the hydroponic rhizosphere microbiome differs
considerably from the soil rhizosphere microbiome due to differences in physiochemical
properties such as availability of nutrients and organic matter, pH, temperature, accumulation of

21471 Given the high microbial diversity in soil samples, and the

salts, and dissolved oxygen!
unique selective pressures within the hydroponic rhizosphere, the first objective of this study is
to investigate the effect of soil addition within the hydroponic strawberry rhizosphere. Overall,
there are few statistically significant differences in microbial abundance between inoculated
treatments and the uninoculated control group across all timepoints. There are three possible
biological explanations for this observation.

First, thorough microbial colonization of the rhizosphere prior to soil addition may have
prevented establishment of soil-based microorganisms. Existing studies demonstrate that the
order of arrival of microorganisms into the rhizosphere influences their ability to colonize; this is
known as priority effect!!”). Priority effect occurs as early-arriving taxa consume the available
resources, occupy the available space, or otherwise alter the environment in a way that changes

conditions for later-arriving taxa (i.e. niche preemption and modification)!'*”’, In this study, the

young strawberry plants were not sterilized prior to planting, and thus retained some native root

44



microbiome. Further, treatments were inoculated five days after planting. It is possible that
microorganisms from the native root, coco coir, and water microbiomes colonized the
hydroponic rhizosphere during the five day period between planting and soil-addition, leaving
little remaining space and resources for incoming soil-based microorganisms to utilize.

It is important to note that the decision not to sterilize strawberry tray plants prior to
planting was intentional, not an oversight. A 2024 meta-analysis concluded that PGPM studies
that use sterilized plants and substrates generally report better results than studies that use
non-sterilized plants and substrates, such as greater plant growth-promotion and greater

121 However, the goal of this research is to develop a

persistence of inoculum microorganisms!
microbial inoculant for commercial use. Thus, the experimental plant trial was specifically
designed to resemble common commercial practice where strawberry tray plants and substrates
are not sterilized prior to planting.

Second, the soil samples contained a variety of bacteria, fungi, and oomycetes (Figures
6.1, 6.2). It is possible that differential establishment of soil-based microorganisms in the
hydroponic microbiome inflated within-group variation. This would have been exacerbated by
pre-colonization of the rhizosphere by native microorganisms!'?"), In this study, the threshold for
differential abundance is effect size >|1|, calculated as the ratio of between-group difference and
within-group variation®!. As within-group variation increases, effect size decreases and taxa are
not identified as differentially abundant. Despite its reputation for accuracy, ALDEx2 is known
to be conservative in identifying differentially abundant taxa for this reason!'??,

Third, it is possible that the strawberry plants themselves selectively recruited a similar

rhizomicrobiome community, regardless of soil treatment. Existing research has demonstrated

that many plant species do recruit a functionally similar core microbiome even under different
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77,112,113

environmental conditions! 1. Specifically, this has recently been demonstrated for

strawberries, where soil-based strawberry roots from four regions of Chile possessed a
functionally similar rhizomicrobiome, despite differences in soil type and nutrient conditions!'*),
Indeed, we see a common core microbiome of highly-prevalent, highly-abundant
microorganisms across all treatments and growth stages in the present study (Section 4.3.3).

The important takeaway from these results is that a single perturbation of the
microbiome, in this case addition of a diverse collection of soil-based, plant-associated
microorganisms, did relatively little to alter the hydroponic strawberry rhizomicrobiome in the
long-term. Based on literature, different dosing strategies, such as addition of soil earlier in plant
development or repeated applications of soil, may have conferred different results!'**!*), For
example, de Oliveira and colleagues (2024) demonstrated that biweekly inoculation with
Azospirillum brasilense resulted in greater growth-promotion in strawberry than single and
monthly inoculation treatments over a 10 week plant trial'*). Therefore, timing, frequency, and

size of dose are important considerations for future research in designing a microbial inoculant

for hydroponic strawberries.

4.3 Microbial succession of rare taxa occurs, while a core microbiome remains consistent
Microbial succession has been thoroughly described in the rhizosphere of a variety of
crops including soil-based strawberries, but not yet in hydroponic strawberries!’*7*96-101],
Similarly, the rhizosphere core microbiome is a useful tool for hypothesizing the functional role
of the rhizomicrobiome, but has not previously been described for hydroponic strawberries!’.

Therefore, the second objective of this research is to describe both succession and a candidate
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core microbiome of bacteria, fungi, and oomycete members of the hydroponic rhizomicrobiome

of strawberries.

4.3.1 The role of stochastic and deterministic processes in the strawberry rhizomicrobiome

In the present study, eight bacterial genera and five fungal genera are enriched in the
young strawberry rhizomicrobiome. Early-enrichment may be the result of deterministic
selection acting in a variety of ways. First, these microorganisms may be better suited to utilize
root exudates released by young strawberry plants than mature strawberry plants!®®. This has
been examined in the Arabidopsis rhizomicrobiome, where greater exudation of sugars by young
plants and secondary metabolites by mature plants were each associated with changes in
rhizosphere community composition and metabolism!””. An analogous trend may exist in the
hydroponic strawberry rhizosphere, though this remains undescribed. Second, early-enriched
taxa may be able to colonize quickly, establishing themselves at relatively high abundance before
the microbiome becomes competitive. Indeed, Acidovorax"?”, Comamonas''*® Delftia"*",
Methylobacillus®", Mortierella"®", and Aspergillus''**! have relatively short doubling times,
permitting rapid growth and enrichment early-on. Finally, early-enriched microorganisms may be
transient taxa that aid in community assembly but become outcompeted in later plant growth

B34 Ophiostomal"),

stages!'*¥. For example, early-enriched fungal genera Trechispora
Mortierella® and Aspergillus''®*" are known saprophytes. Saprophytic fungi are common in
organic hydroponic substrates, including coco coir (i.e. ground coconut husk)!'**,
Fungi-mediated degradation of organic matter may be important early-on in rhizomicrobiome
assembly by releasing nutrients that are bioavailable to both host plant and rhizomicrobial

[139

community!*), All thirteen taxa enriched in week two relative to week eight are also relatively
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highly or intermediately abundant in week eight communities, but to a lesser degree; this is
strong evidence of persistence of these taxa in the hydroponic strawberry rhizomicrobiome.

In contrast, fourteen bacterial genera and four fungal genera are enriched in the mature
strawberry rhizomicrobiome. Oleiharenicola and Schlesneria were highly abundant relative to
both week two and week eight communities, but more so in week eight, while the remaining taxa
were relatively low or intermediately abundant in week two communities. Enrichment in week
eight may be the product of deterministic or stochastic processes, or a combination of both.
Deterministic selection may be acting in two ways. Taxa enriched in week eight may be 1) better

adapted to utilize root exudates released by mature strawberry plants, or 2) in possession of traits

[70

that confer a competitive advantage in the hydroponic microbiome specifically!’”. For example,

motility and adhesion are advantageous microbial traits in the hydroponic rhizospherel®®.
Adhesion allows microorganisms to resist displacement by high-flow irrigation and motility

enables microorganisms to relocate to favourable microenvironments when they are displaced by

140,141

irrigation, or when competition becomes intensel I, For non-motile fungi, the production of

mycelium provides similar advantages in the hydroponic environment?”’. Numerous

late-enriched bacterial genera exhibit motility, including Schlesneria'*?, Gimesia'*!,

146 147

Zoogloea'*¥, Chondromyces"*), Polyangium"*", Pseudaminobacter'*"), and Skermanella*®.

The following week eight-enriched taxa exhibit adhesion via specialized appendages or biofilm

149

formation: Gimesia'**!, Schlesneria**’, Amaricoccus'™™", Skermanellal>", Hohenhuehelia** and

153

Rhodosporidiobolus"">). Thus, phenotypes of motility and adhesion may be conferring a selective

advantage in the hydroponic strawberry microbiome. Some of the late-enriched taxa are

considered slow-growing, including Amaricoccus'">", Gimesia>®!, Nectria'>®,

157 [160

Solirubrobacter! t61],

) Hohenbuehelia">®, Chondromyces"®!, Polyangium"*", Mariniblastus
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192l For these taxa, it is possible that enrichment in week eight is the

and Pseudaminobacter!
product of slow but consistent growth and dispersal over time, rather than either deterministic or
stochastic mechanisms.

Stochastic processes are likely also influencing succession in the strawberry
rhizomicrobiome. Dini-Andreote and colleagues (2014) posit that succession is dominated
early-on by stochasticity when a wide variety of microorganisms are capable of surviving in a
given environment!®”!. Indeed, the soil samples contained a wide variety of microorganisms,
many of which have previously demonstrated persistence in hydroponic environments, including

Sphingobium, Hyphomicrobium, Bradyrhizobium"¥, Lysobacter'™’, Gaiella'®,

164 and Paenibacillus™" to name a few. Stochastic succession in the young

Flavisolibacter!
strawberry rhizomicrobiome may have had a cascading effect, impacting the mature strawberry
rhizomicrobiome as well. Therefore, the observed enrichment of taxa in both week two and week
eight rhizomicrobiomes may have been influenced by random chance, in addition to biology.

Truthfully, stochasticity in microbial succession is a confounding variable that may contribute to

the observed reproducibility concerns in plant microbiome research!'®),

4.3.2 Discrepancies between time-series and growth-state succession analyses

Root exudation patterns can vary with plant developmental stage!’®’"). The quantity and
composition of root exudates has a significant impact on the rhizomicrobiome community!®®’>,
Therefore, we expect rhizomicrobiome community composition to vary with strawberry growth
stage. At the genus level, Methylotenera and Edaphobaculum are enriched during vegetative and

flowering growth states, relative to the fruiting stage, while Amaricoccus and Polyangium are

enriched during fruiting relative to the vegetative stage (Supplementary Table B6). At the
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community level, bacterial and fungal/oomycete communities both demonstrate greater variance
in the flowering stage. Similar observations have been noted in literature; Micallef (2009) and
Lundberg (2014) and colleagues both demonstrate that rhizosphere communities converge after

371 Qverall, thizomicrobiome succession in response to strawberry growth

the flowering stage!
state is not statistically well-supported in this hydroponic study.

Interestingly, time-series analysis provides a more statistically-supported analysis than
growth-state analysis does. A potential limitation of this study is that growth stage was
determined via visual inspection, which may not have captured the breadth of variation in
physiological state. Quantitative methods for assessing growth state based on metabolic and
phytohormone profiling exist and may have produced different results!'®*'®”. Regardless, visual
inspection remains the standard in commercial greenhouses, and this study used well-defined
criteria for classification. Briefly, growth state was determined weekly via visual inspection
based on the following criteria: “vegetative” for plants that have not yet produced a mature
flower, “flowering” at observation of first mature flower, “fruiting” at observation of first
developing, marketable berry (i.e. all petals have fallen away and developing berry is uniformly
green with no visual imperfections). Growth state likely contributed to microbiome structure

overall, but the effect may have been obscured by microbiome variation within growth state

groups. Raw growth state data is summarized in Supplementary Figures A8-A11.

4.3.3 Proposing a candidate beneficial core rhizosphere microbiome of hydroponic strawberries
This study identifies 20 bacterial, 19 fungal, and 2 oomycete genera that were present in
at least 90% of all samples with a mean relative abundance greater than 1%. Table 4.1

summarizes the results of relevant literature for observed highly-prevalent, highly-abundant
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microorganisms with respect to hydroponic strawberry production and PGP-ability. High
prevalence and abundance across all samples, regardless of growth stage and treatment, is
evidence that these taxa effectively colonized the hydroponic strawberry rhizosphere in this
experiment. Indeed, members of nearly all of the highly-prevalent, highly-abundant genera have
previously demonstrated persistence in the hydroponic rhizomicrobiome.

Of these, species of 11 genera have demonstrated the ability to promote growth in
strawberries, including seven bacterial genera, Acinetobacter'), Burkholderia®,
Paraburkholderia™, Pseudomonas""'""'" Rhizobium""™, Sphingobium!"®),
Streptomycest'’"'"® and four fungal general, Exophiala™, Penicillium'"®", Rhodotorula"®""**,

1831 In lieu of strawberry-specific literature for the remaining 33 genera,

and Serendipital
literature assessing their PGP-ability in other crops or in vitro can be used to hypothesize
possible PGP-ability in strawberries.

It is not unexpected to see several novel observations in this analysis. Recall, the soil
samples used in this study were specifically selected to introduce microbial diversity with the
intention of identifying unique microorganisms that can colonize the hydroponic strawberry
rhizosphere. For nine highly-prevalent, highly-abundant taxa identified in this study, this is the
first report of persistence in the hydroponic rhizomicrobiome of any plant: Chroococcopsis,
Apiotrichum, Podospora, Sporothrix, Achroceratosphaeria, Leucosporidium, Mycochaetophora,
Simocybe, and Tubeufia. Similarly, nine taxa identified in this study have not previously been
reported in a strawberry rhizomicrobiome, including six saprobic fungal genera: Chroococcopsis,
Hyphomicrobiome, Pedosphaera, Achroceratosphaeria, Cutaneotrichosporon, Leucosporidum,

Mycochaetophora, Simocybe, and Tubeufia. As saprobes, several of these genera likely appear at

relatively high abundance in this study because their members are capable of degrading the coco
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coir substrate as a nutrient source. That is not to say that the presence of these fungi in the
rhizosphere is not beneficial; in fact, the release of nutrients from fungal degradation of coco coir
may have supported the growth of other microorganisms in the rhizosphere as previously
discussed!"**1*], Several of these taxa may also be absent from literature because fungal
communities are understudied relative to bacterial communities in the hydroponic
environment?”!,

Ilyonectria, Olpidium, Phytophthora, and Pythium were among highly-prevalent,
highly-abundant taxa, but will not be considered as members of the beneficial core microbiome.
These taxa are phytopathogens known to cause symptoms of root rot in strawberries?®'#18 The
presence of phytopathogens in this study is unsurprising; hydroponic monocultures with
recirculating nutrient solution, such as in this study, are prone to phytopathogen
accumulation"®”), Interestingly, Olpidium was one of the dominant fungal genera on the
strawberry roots prior to planting, likely causing the high prevalence and abundance of Olpidium
throughout the hydroponic trial (Figure 6.2). Detection of these taxa in the hydroponic
strawberry rhizomicrobiome can indicate potential pathogen infection, certainly so if coupled
with visual symptoms such as black/brown roots and crowns and wilting®”). No symptoms of
root rot were observed in this experiment. This may indicate that the observed relative
abundances were insufficient to cause an active infection, or that beneficial members of the
rhizomicrobiome were exerting biocontrol or inducing resistance in the strawberry plants?”’,
Indeed, members of Flavobacterium and Streptomyces have exhibited biocontrol of

Phytophthora and Pythium species, respectively!'$8!1%%),
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Table 4.1. Summary of relevant literature for highly prevalent, highly abundant taxa with respect
to their ecological role in strawberry production, demonstrated persistence in hydroponic
cropping systems, and evidence of plant growth-promoting (PGP) phenotypes. Hydroponic
studies were preferentially included where possible; non-hydroponic studies are presented where
necessary. Genera of the BCP group are discussed separately, as Burkholderia, Caballerona, and
Paraburkholderia. Similarly, Nectria is an out-dated genera, and literature is presented for
Ilyonectria and Thelonectria instead.

Genera

Bacteria

Acinetobacter
Burkholderia
Paraburkholderia

Pseudomonas

Rhizobium
Sphingobium

Streptomyces

Asticcacaulis

Bradyrhizobium

Caballeronia

Devosia

Flavobacterium

Mesorhizobium

Mucilaginibacter

Ecological Role

in Strawberry

PGPM!'*¥
PGPM!'*”

PGPM!']
PGPM[103,171-

174]

PGPM!!7!
PGPM!!78
PGPML77-178]

Detected, but

undescribed
234]

Detected, but
undescribed”

Detected, but
undescribed?®”

Detected, but
undescribed!'%®

Detected, but
undescribed*”!

Detected, but
undescribed?®”!

Detected, but

undescribed?”

[106,

Persistence in Phytohormone

Hydroponics

Yes!'¥
Yes!4
YeS[ZOZ]

Yegl21.206]

Yeg21:213214]
Yeg[54219-222]

Yegl228-230]

Yes[106,234,235]

Yegl54220234.238)

Yes50:228]

Yes[247]

Yes[54,234,238,250]

Yes¥

Yeg258:259]

Production

[191,192]
[195,196]

[203]
[207]

[215]

[221,223,224]
[178,231,232]

[236]

[169,239,240]

[248]

[251,252]

[254]

[260]

Evidence of PGP Traits

Nutrient

Acquisition Regulation

[39,192]

[195,197,
198]

[204]

[32, 208]

[34,216,
217]

[223,225]
[178]

[236]

[217,241,

242]

[245]

[248]

[252]

[254]

Stress

[191-193]

[195,199,
200]

[202,205]
[32]

[218]

[224,226]
[231]

[243,244]

[246]

[247]

[253]

[255]

[260,261]

Biocontrol &

Immune
Induction

[39,41]

[197,198,
201]

[204]
[209-212]

[217]

[226,227]

[177,178,
233]

[236]

[217]

[108]

[189]

[256]
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Genera

Phenylobacterium

Rhodanobacter

Sphingomonas

Terrimonas

Chroococcopsis

Hyphomicrobium

Pedosphaera

Fungi
Exophiala

Penicillium

Rhodotorula

Serendipita
(formerly
Piriformospora
indica)

Apiotrichum

Cadophora

Coniochaeta

Mortierella

Podospora

Ecological Role
in Strawberry

Detected, but
undescribed?®®

Detected, but
undescribed!'®*

Detected, but

undescribed?*
273]

Detected, but
undescribed?”!

Previously
undetected

Previously
undetected

Previously
undetected

PGPM!'™!
PGPM!]

PGPM[]S],]82]

PGPM!'®!

Detected, but
undescribed!!”®

Detected, but
undescribed”!

Detected, but
undescribed?*®

Detected, but
undescribed?®!!!

Detected, but

undescribed®”
318]

Persistence in

Hydroponics

Yes[238]

Yes[259]

Yeg[54274]

Yeg[50.221]

No Evidence

Yeg![54219220]

YeS[283]

Ye S[284]

Yeg[20.287]

Yes!?2!

Yegl298.299]

No Evidence

Yes[lS()]

Yes!!31:228]

Yes!228284]

No Evidence

Phytohormone

Production

[267]

[269,270]

[275,276]

[279]

[282]

[285,286]
[288,289]

[295,296]
[300]

[304]

[309]

[312]

Evidence of PGP Traits

Nutrient

Acquisition Regulation

[267,268]

[269,270]

[275,276]

[279]

[282]

[288-291]

[297]
[300,301]

[306,307]

[313-315]

Biocontrol &
Stress

Immune
Induction
[269] [271]
[275,276] [276,277,
278]
[280,281]
[285] [179]
[289,292] [37,288,290,2
93,294]
[296] [182]
[302] [303]
[305]
[307,308]
[310]
[312] [316,317]
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Evidence of PGP Traits

Biocontrol &

Genera Ecological Role Persistence in Phytohormone  Nutrient Stress Immune
in Strawb Hyd i Producti Acquisiti Regulati .
in Strawberry ydroponics  Production cquisition Regulation . .
. Detected, but . [322]
Sporothrix undescribed?! No Evidence
Thelonectria
Detected, but
R g [186,228]
(forms:rly within undescribed!2*] Yes
Nectria)
. Previously .
Achroceratosphaeria No Evidence
undetected
. Previously 3
Cutaneotrichosporon YesP?!
undetected
0 Previously )
Leucosporidium No Evidence
undetected
Mycochaetophora Previously No Evidence
v = undetected
Previousl .
Simocybe reviousty No Evidence
undetected
Tubeufia Previously No Evidence
undetected
Ilyonectria (formerly Phytopathogen Vegl1$6226]
within Nectria) (1861
Phytopath
Olpidium Y 08?4] ogen Yes?*4
Oomycetes
Phytopath
Phytophthora Y Or[)za()] o8en Yes!**¥
Phytopath
Pythium yiopathogen
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4.3.4 Applying new insights of succession and core microbiome membership in the hydroponic
strawberry rhizomicrobiome

The observations of succession and core microbiome in this study have several
implications on the development and use of a microbial inoculant for hydroponic strawberries.
For example, defining the core microbiome is a useful first step in investigating the functional
role of the rhizosphere microbiome in hydroponic strawberry production. This understanding can
be applied to choose candidate inoculant microorganisms that fill functional roles and persist in
the hydroponic strawberry rhizomicrobiome!”. Thus, this study presents the following 29 genera
for consideration as beneficial candidate core microbiome members in the hydroponic strawberry
rhizosphere: Acinetobacter, Burkholderia, Paraburkholderia, Pseudomonas, Rhizobium,
Sphingobium, Streptomyces, Asticcacaulis, Bradyrhizobium, Caballeronia, Devosia,
Flavobacterium, Mesorhizobium, Mucilaginibacter, Novosphingobium, Phenylobacterium,
Rhodanobacter, Sphingomonas, Terrimonas, Hyphomicrobium, Exophiala, Penicillium,
Rhodotorula, Serendipita, Apiotrichum, Cadophora, Coniochaeta, Mortierella, and
Pseudogymnoascus. These genera are a subset of all highly-prevalent, highly-abundant taxa
identified in this study for which there is literature evidence of 1) persistence in the hydroponic
rhizosphere and 2) PGP-ability in strawberries, in other crops, or in vitro (Table 4.1), and are
suitable candidates for future inoculated plant trials.

This study describes several changes in hydroponic strawberry microbiome composition
over time. A simple but important takeaway from this is that the microbiome is dynamic, not
static. Changes in rhizosphere community composition may adversely impact the ability of
inoculant microorganisms to colonize. This is not acknowledged by existing commercial

inoculants but future research into developing a microbial inoculant should take this into
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consideration. Molecular methods, such as amplicon sequencing or qPCR, should be used to
confirm presence and quantify abundance of inoculant microorganisms throughout the
strawberry growth cycle. Additionally, it may be fruitful to test multiple dosing strategies (e.g.
inoculation frequency, volume, timing) to optimize persistence and abundance of inoculum
microorganisms in the rhizomicrobiome. And always, when assessing new and existing
literature, keep in mind that the number and timing of sampling events will influence the nature

of the conclusions.

4.4 No genera were significantly associated with changes in yield

There are numerous studies that assess the ability of microorganisms to promote plant
growth?*?!, However, many studies neglect to measure commercially relevant end-points, such
as yield®?**!!, A 2024 meta-analysis found that yield is reported in less than 2% of PGPM

1211 Therefore, the final objective of this research is to identify any associations between

research!
microbial abundance and strawberry yield. Overall, this study finds no individual bacterial,
fungal, or oomycete genera that are significantly associated with increases or decreases in yield.
This observation does not mean that there are truly no microorganisms influencing yield.

Both biological and statistical factors may have acted together to cause this result. First,
this study used entire soil communities to inoculate the hydroponic rhizosphere, rather than a
concentrated dose of a single PGPM or phytopathogenic isolate. Differential establishment of
soil-based microorganisms between strawberry plants within each treatment may have diluted
any associations beyond the significance threshold. Further, week eight samples from all four

experimental groups (one uninoculated control, three inoculated treatments) were collapsed into

one global analysis (n = 24) because within-treatment sample sizes (n = 6) were too small for
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robust analysis via GLM. Since there were no significant differences in microbial community
composition between experimental groups in week eight (Table 3.1), this was statistically valid.
However, as a result, treatment group may be a slight confounding variable in this analysis; if
any taxa associated with yield in only one experimental group, they were not detected. Finally,
this analysis used a linear model that identifies linear associations. Therefore, if any taxa
influenced yield at intermediate abundance, with no effect on yield at either high or low extreme,
they would be undetected by this model.

It is possible that a genus-level analysis was too reductionist in this application. We know
that many host plants selectively recruit a functionally similar core microbiome (i.e. functional
compensation theory), regardless of environmental conditions, and that many soil and

T2 Therefore, if strawberry

rhizomicrobiome communities exhibit functional redundancy!
plants selectively recruit microorganisms to their rhizomicrobiome to fulfill specific functions,
regardless of taxonomy, this may also confuse a genetic analysis. A community-level
transcriptomic analysis may have been a more effective tool to elucidate the impact of the
rhizomicrobiome community on strawberry fruit yield. Azarbad & Junker (2024) found that
consortia promote plant-growth more reliably than single-isolates!'*". Combined with the results

of this study, we can hypothesize that community-level engineering may be a more fruitful

strategy for increasing hydroponic strawberry production.

4.5 Limitations and future directions
This study is subject to some limitations of technical, statistical, and biological nature
that should be noted. First, DNA extraction, PCR, and Oxford Nanopore sequencing each impose

their own biases on the final sequenced datasets. Many DNA extraction methods are known to be
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biased against organisms with cell walls, such as gram-positive bacteria and most fungi, causing
an underrepresentation of these organisms in the extracted DNAP?*3?7], Sequences with high GC
content are harder to denature, and thus less likely to be amplified via PCR, resulting in an

3281 Finally, Oxford Nanopore sequencing has a higher

underrepresentation in the PCR products!
error rate (~ Q20, or 99% accuracy) than other popular sequencing platforms, such as Illumina
MiSeq (~ Q30, or 99.9% accuracy)?**>*3%, In this study, technical limitations were accounted for
by treating all samples identically. We can confidently compare samples within this study, but the
existence of these technical biases should be considered when comparing these results to similar
studies.

Statistically, this study is limited by sample size. Microbiome datasets can be difficult to
analyze statistically due to their high dimensionality and compositional nature!!?>*3!3321 Many
existing and popular tools for microbiome analysis are not compositionally appropriate, and thus
suffer from negative correlation bias, spurious correlation, and inconsistencies when the data are
subset**?333], Nearing and colleagues (2022) described trends for 14 different analysis tools and
found that ALDEx2, which is one of few compositionally-appropriate tools for analyzing
sequencing datasets, can be conservative in the number of significant differences it identifies!'**!.
Thus, a larger sample size (e.g. more samples at more timepoints) may have increased statistical
power in identifying significant differences, especially if soil-derived microorganisms
established differentially between rhizospheres, as suspected. The same study also demonstrated
that different analysis tools may produce wildly different conclusions from the same dataset!'??,

This should be considered when comparing microbiome research across studies that use different

analysis methods.
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Further, there are several biological limitations in this study. First, the soil samples
contained nutrients that may have altered plant growth, and thus rhizomicrobiome composition.
Supplementary table B9 demonstrates that the amount of each nutrient contained in the soil
samples is relatively little compared to the content of the nutrient solution. Thus the impact of
soil-based nutrients was likely minimal. Second, the results of this study may be specific to the
strawberry cultivar used in this study: June-bearing Lycia (NovaFruit, Quebec). Existing research

2631 QOthers posit

has demonstrated that rhizomicrobiome composition can be cultivar-dependent!
that this is due to differences in host plant genotype, causing differences in root exudation
patterns™**. Finally, eight weeks is a comparatively short amount of time, considering many
commercial greenhouses keep their strawberry crop for several months, or up to two years in
some cases. Existing literature demonstrates that trends observed in short-, mid-, and long-term
rhizomicrobiome studies can vary!"?!l. Overall, follow up experiments in this area of research
should include multiple commercially-popular cultivars, such as Jewel and Albion!'?, and assess
a longer growth period to determine if the observations in this study are true trends in the overall
hydroponic strawberry rhizosphere.

Finally, this study cannot confidently draw conclusions about the functional role of
microorganisms in the strawberry rhizosphere based on amplicon sequencing data alone. We can,
and do, use literature to hypothesize the role of core taxa (Table 4.1), but without transcriptomic
analysis it is inappropriate to comment on functional roles with a high degree of certainty.
Numerous studies have demonstrated discrepancies between microbial genotype and phenotype

52334 Thus, gene content and even in vitro

when it comes to plant growth-promoting traits!
biochemical assays are not always accurate predictors of PGP-ability in planta. Further, this

study generally reports genus-level resolution, and genera contain a wide variety of species-level
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variation. PGP-traits detected in some members of a genus are not necessarily common to all
members of that genus. Indeed, some genera contain known PGPM and phytopathogenic species,

[2021.335.336] " A time-series metatranscriptomic

such as Pseudomonas, Fusarium, and Pythium
analysis of rhizomicrobial activity coupled with GC-SM analysis of root exudate content,
analogous to Chaparro and colleagues (2014) research with Arabidopsis, would be a powerful

follow-up experiment to investigate the functional role of microbial members in the hydroponic

strawberry rhizosphere!”!l.

4.6 Concluding remarks

This study reveals numerous novel insights into the nature and complexity of the
hydroponic strawberry rhizomicrobiome in a commercially-relevant way. First, soil addition had
relatively little impact on long-term rhizomicrobiome composition. This suggests that the
rhizomicrobiome may be more difficult to engineer than previously thought. Second, this study
describes, for the first time, microbial succession in the hydroponic strawberry rhizosphere. The
occurrence of succession in the rhizomicrobiome should be considered when designing and
implementing microbial inoculants for use in hydroponic strawberry production. Additionally,
this study presents a candidate core microbiome for hydroponic strawberries. Core microbiome
members demonstrate persistence in the rhizomicrobiome, and isolates of these genera that
demonstrate in vitro PGP-ability are good candidates for future research into inoculant
development. Finally, the lack of significant association between fruit yield and microbial
abundance suggests that genus- and species-level rhizomicrobiome composition may not be as
influential as community composition overall. Taken together, these results suggest that the best

inoculant may not be a single isolate, but rather a series or consortium of microorganisms
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designed to promote growth at each developmental stage of the strawberry plant. The results of
this research should be considered in efforts to develop inoculants for hydroponic strawberries to

ensure future efforts are not “fruitless.”
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Appendix A: Supplementary Figures
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Supplementary Figure Al. Schematic of hydroponic strawberry cropping systems. Each
experimental unit contained two shelves and housed up to 24 plants. Each shelf received
nutrients from a 15 L reservoir. Each reservoir contained a submersible pump to pump nutrient
solution up to the shelf via black vinyl tubing (1/2” inner diameter) (A). Nutrient solution was
administered twice daily to each pot via drip lines and drip stakes inserted into the substrate (B).
Excess nutrient solution flowed out the bottom of each pot, into a collector trough (C). Excess
nutrient solution flows down a collector tube back into the reservoir (D). Each submersible pump
was connected to a programmable timer, which activated the pumps for 30 seconds at 6:00 pm
and 2:00 am, daily (E). Each pot on the top rack received roughly 200 mL of nutrient solution
(mean = 192.1 mL, SD = 8.8 mL), while each pot on the bottom rack received roughly 300 mL
of nutrient solution (mean = 291.9 mL, SD = 8.7 mL). Each shelf contained three grow lights,
equidistant from one another, to provide sufficient light to each plant (F). The grow lights were
connected to a second programmable timer; lights were on for 16 hours, and off for eight hours.
The top rack was lined with an opaque liner to minimize light from the top rack reaching plants
on the bottom rack (G). Both timers received constant power from a power pack on top of the
rack (H).
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Supplementary Figure A2. Scree plots for Figure 3.1 PCAs. Panels A, B, and C correspond to
PCAs A, B and C in Figure 3.1, respectively. Scree plots summarize variance captured by all
computed eigenvectors.
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Supplementary Figure A3. Scree plots for Figure 3.2 PCAs. Panels D, E, and F correspond to

PCAs A, B, and C in Figure 3.2, respectively. Scree plots summarize variance captured by all

computed eigenvectors.
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Supplementary Figure A6. Scree plots for Figure 9.1A (K) and 9.2A (L) PCAs. Scree plots K
and L summarize all eigenvectors that capture more than 1% of variance. Remaining principle
components (up to PC96) capture less than 1% of variance each and are not shown.
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Supplementary Figure A8. Growth state tracking for the no-soil control strawberry plants. Each
bar summarizes the progression through vegetative (blue), flowering (yellow), fruiting (red), and
post-harvest (purple) growth states for one plant over eight weeks. Growth state was determined
weekly via visual inspection based on the following criteria: “vegetative” for plants that have not
yet produced a mature flower, “flowering” began at observation of first mature, pollinatable
flower, “fruiting” began at observation of first developing marketable berry (i.e. all petals have
fallen away and berry is uniformly green with no visual imperfections), and “post-harvest” when
all berries have been harvested and no new flowers or berries are developing. Six plants (denoted
with *) from each treatment were selected for analysis as previously described. Two plants died
during the trial (Control-9 and Control-22), and thus did not contribute any data to this study.
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Supplementary Figure A9. Growth state tracking for Field treatment strawberry plants. Each
bar summarizes the progression through vegetative (blue), flowering (yellow), fruiting (red), and
post-harvest (purple) growth states for one plant over eight weeks. Growth state was determined
weekly via visual inspection based on the criteria described above (Supplementary Figure AS).
Six plants (denoted with *) from each treatment were selected for analysis as previously
described. Two plants died during the trial (Field-13 and Field-23), and thus did not contribute
any data to this study.
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Supplementary Figure A10. Growth state tracking for Garden treatment strawberry plants.
Each bar summarizes the progression through vegetative (blue), flowering (yellow), fruiting
(red), and post-harvest (purple) growth states for one plant over eight weeks. Growth state was
determined weekly via visual inspection based on the criteria described above (Supplementary
Figure A8). Six plants (denoted with *) from each treatment were selected for analysis as
previously described.
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Supplementary Figure A11. Growth state tracking for Wetland treatment strawberry plants.
Each bar summarizes the progression through vegetative (blue), flowering (yellow), fruiting
(red), and post-harvest (purple) growth states for one plant over eight weeks. Growth state was
determined weekly via visual inspection based on the criteria described above (Supplementary
Figure A8). Six plants (denoted with *) from each treatment were selected for analysis as
previously described. Four plants died during the trial (Wetland-8, Wetland-11, Wetland-23, and
Wetland-24), and thus did not contribute any data to this study.
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Appendix B: Supplementary Tables

Supplementary Table B1. Hydroponic strawberry nutrient solutions for three developmental
stages. Separate A/B concentrated stock solutions were prepared in 10 L of sterile RO water,
then diluted in hydroponic reservoirs to generate the final nutrient solution (i.e. 150 mL A stock
and 150 mL B stock in 15 L RO water). Chemical components are separated into A/B
designations to prevent formation of ionic precipitates in the stock solution, which would
sequester essential nutrients out of solution, and thus decrease nutrient availability to the plants.

Nutrient Mass (g) per 10 L stock

Part Name Formula Vegetative Flowering Fruiting

Iron EDDHA Fe EDDHA 15.23 30.79 30.15
Monoammonium Phosphate

A (MAP) 12-61-0 90.97 106.33 107.49

Magnesium Nitrate (Hexahydrate) Mg(NO3)2.6H20 165.33 151.07 333.82

Calcium Nitrate (Ag grade) 5Ca(NO3)2.NH4NO3.10H20 431.83 629.02 45526

Boric Acid H3BO3 0.34 0.67 0.63

Mn EDTA MnEDTA 0.93 2.07 0.00

Zinc Sulfate (Monohydrate) ZnS04.H20 0.85 1.09 1.10

B Potassium Sulfate K2S04 24394  270.08 426.05

Sodium Molybdate (Dihydrate) Na2Mo04.2H20 0.05 0.26 0.25

Copper Sulfate (pentahydrate) CuSO04.5H20 0.08 0.14 0.13

Supplementary Table B2. PCR reagents and primer sequences for separate amplification of 16S
and ITS rRNA amplicons. All primers were obtained from Integrated DNA Technologies Inc
(IDT, USA).

Reagent Volume (puL)
2X Master Mix (FroggaBio, #fFBTAQM) 10
Forward Primers (10 uM): 1

16S-27F: 5’-AGAGTTTGATCCTGGCTCAG-3’
ITS1catta: 5>-~ACCWGCGGARGGATCATTA-3’

Reverse Primers (10 uM): 1
16S 1492R: 5°-TACGGYTACCTTGTTACGACTT-3’
ITS4ngsuni: 5’-CCTSCSCTTANTDATATGC-3°

UltraPure H,O (Invitrogen, #10977015) 7

Template gDNA 1
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Supplementary Table B3. PCR cycling specifications for amplification of 16S and ITS rRNA
amplicons.

Cycle Specifications

1. Initial denaturation: 95 °C, 5 min

2. Denaturation: 95 °C, 45 s

3. Annealing: 57 °C, 45 s for 16S amplicon; 47 °C, 45 s for ITS amplicon
4. Elongation: 72 °C, 1 min

5. Repeat steps 2-4 x 34 (35 cycles total)

6. Final elongation: 72 °C, 5 minutes
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Supplementary Table B4. Summary of bacterial differential abundance between soil and
hydroponic sample groups. Effect size and FDR were calculated in ALDEX2 as previously
described. Positive and negative effect size correspond to enrichment in hydroponic or soil
samples, respectively. Taxa with effect size >|1| and FDR <0.05 are considered significantly
differentially abundant. There are 60 significant differentially abundant bacterial genera between

groups. “BCP Group” represents the tri-genus group Burkholderia-Caballeronia-

Paraburkholderia.

Enriched in Soil Sample Group
Bacterial Genera Effect Size FDR p-value
Terrimicrobium -2.12 0.001
Micrococcus -2.24 0.002
Luteolibacter -2.3 0.002
Gemmata -2.31 0.002
Pedomicrobium -2.12 0.003
Aquihabitans -2.43 0.004
Nocardioides -2.05 0.005
Roseimicrobium -2.13 0.005
Ramlibacter -2.51 0.005
Rhodoplanes -1.69 0.006
Stenotrophobacter -1.96 0.009
Niabella -1.93 0.01
Labilithrix -1.95 0.013
Pseudonocardia -2.05 0.014
Flavisolibacter -2.22 0.014
Bradyrhizobium -1.5 0.016
Chryseolinea -1.7 0.02
Flavobacterium -1.71 0.02
Flavitalea -1.64 0.021
Chthoniobacter -1.69 0.021
Ferruginibacter -1.7 0.024
Vibrio -1.57 0.029
Sandaracinus -2.17 0.03
Sorangium -1.92 0.035
Fimbriiglobus -1.72 0.036
Lysobacter -1.53 0.041
Ancylobacter -1.62 0.047
Aurantisolimonas -1.4 0.053
Micromonospora -1.52 0.059
Oligoflexus -1.44 0.079

Enriched in Hydroponic Sample Group
FDR p-value

Bacterial Genera
Sphingobium
Hyphomicrobium
Asticcacaulis
Rhizomicrobium
Novosphingobium
Shinella
Spirochaeta
Labrys
Methylophilus
Rhodoferax
Mucilaginibacter
Methylovorus
Chroococcopsis
Rhodanobacter
Phenylobacterium
Devosia
Ereboglobus
Granulicella

BCP Group
Schlesneria
Micropepsis
Stanieria PCC-7437
Uliginosibacterium
Acidicapsa
Terriglobus
Solimonas
Oleiharenicola
Rhizobium
Methylobacillus

Cephaloticoccus

Effect Size
2.74
2.56
2.5
2.43
2.31
2.07
1.95
1.84
1.83
1.73
1.69
1.68
1.67
1.54
1.54
1.46
1.42
1.36
1.3
1.3
1.3
1.29
1.28
1.28
1.26
1.22
1.19
1.11
1.06
1.06

0.031
0.031
0.031
0.03
0.06
0.032
0.041
0.044
0.035
0.049
0.052
0.038
0.036
0.109
0.076
0.051
0.046
0.091
0.109
0.182
0.076
0.092
0.099
0.141
0.129
0.197
0.097
0.225
0.175
0.23
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Tundrisphaera

Candidatus Solibacter

Arthrobacter
Pseudarthrobacter
Rhodoblastus
Aetherobacter
Caldilinea
Arboricoccus
Demequina
Blastopirellula
Achromobacter
Bryobacter
Parasegetibacter
Aeromicrobium
Chitinophaga
Ensifer
Conexibacter
Reyranella
Gemmatimonas
Patulibacter
Paenibacillus
Parviterribacter
Tepidisphaera
Candidatus

Anammoximicrobium

Mycobacterium

Candidatus Tremblaya

Pirellula
Zavarzinella
Pseudorhodoplanes
[lumatobacter
Methyloceanibacter
Bacillus
Vicinamibacter
Microlunatus
Microvirga
Solirubrobacter
Gaiella

-1.25
-1.27
-1.29
-1.11
-1.24
-1.17
-1.05
-1.06
-1.09
-1.27
-1.1
-1.08
-1.1
-1.05
-1.15
-1.02
-2.26
-2.67
-2.69
-2.78
-2.84
-2.93
-3.13

-3.14
-3.55
-3.65
-3.72
-3.75
-3.77
-4.11
-4.31
-4.61
-4.75
-4.8
-4.93
-5.99
-6.09

0.087
0.088
0.089
0.095
0.098
0.108
0.111
0.127
0.148
0.152
0.156
0.165
0.167
0.196
0.221
0.28
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

Curvibacter
Oharaeibacter
Acidocella

Flexilinea

1.04
1.03
1.02
1.02

0.183
0.206
0.283
0.281
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Supplementary Table BS. Summary of fungal/oomycete differential abundance between soil
and hydroponic sample groups. Positive and negative effect size correspond to enrichment in
hydroponic or soil samples, respectively. There are 51 differentially abundant fungal genera

between groups.

Enriched in Soil Sample Group

Fungal Genera
Sistotrema
Subulicystidium
Ophiostoma
Cladophialophora
Fusarium
Mucor
Agroathelia
Clonostachys
Dactylonectria
Coprinopsis
Rhizophagus
Ambispora
Chondrogaster
Colletotrichum
Syncephalis
Ganoderma
Akanthomyces
Alternaria
Schizothecium
Betamyces
Trichoderma
Neosetophoma
Psathyrella
Cladosporium
Clavaria
Marquandomyces

Globisporangium

Effect Size
-1.02
-1.08
-1.12
-1.24
-1.35
-1.36
-1.48
-1.49
-1.51
-1.52
-1.6
-1.64
-1.7
-1.95
-2.17
2.3
-2.31
-2.43
2.5
-2.59
-2.69
-3.21
-33
-3.53
-3.65
-4.06
-5.77

FDR p-value
0.074
0.236
0.106
0.094
0.072

<0.001
0.026
0.004
0.04
0.007
0.003
0.102
0.011
0.02
<0.001
0.003
0.016
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

Enriched in Hydroponic Sample Group

Fungal Genera
Simocybe
Achroceratosphaeria
Tubeufia
Rhodosporidiobolus
Archacorhizomyces
Cutaneotrichosporon
Hohenbuehelia
Podospora
Apiotrichum
Atractospora
Neohelicosporium
Nectria

Pascua

Sporothrix
Conlarium
Kirschsteiniothelia
Pseudogymnoascus
Olpidium
Leucosporidium
Cadophora
Savoryella
Cuphophyllus
Phytopythium
Mycochaetophora

Effect Size
3.14
3.09
2.72
2.67
2.55
2.54
2.42
2.34
2.25
2.12

1.9

1.7
1.64
1.63
1.48
1.42
1.36
1.33

1.3
1.28
1.28

1.17
1.05

FDR p-value
0.017
0.017
0.017
0.017
0.026
0.018
0.023
0.017
0.024
0.021
0.025
0.063
0.048
0.025
0.062
0.077
0.069
0.122
0.065
0.178
0.066
0.124
0.155
0.268
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Supplementary Table B6. Summary of effect size and FDR for significant differentially
abundant bacterial genera between growth states. Effect size and FDR calculated in ALDEx2 as
previously described. Taxa with effect size >|1| and FDR <0.05 are considered significantly

differentially abundant.

Taxon Enriched In... Relative To...
Methylotenera Vegetative Fruiting
Edaphobaculum Flowering Fruiting
Amaricoccus Fruiting Vegetative
Polyangium Fruiting Vegetative

|Effect Size|
1.000461657
1.021547712
1.017669565
1.168211688

FDR
3.67E-06
6.56E-04
1.33E-06
2.81E-07

115



Supplementary Table B7. Summary of microbial differential abundance between week two and
week eight sample groups. Effect size and FDR were calculated in ALDEX2 as previously

described. Taxa with effect size >|1| and FDR <0.05 are considered significantly differentially

abundant. Taxa are listed in order of most-positive to most-negative effect size. Positive and
negative effect size correspond to enrichment in week eight or week two, respectively. There are

22 differentially abundant bacterial genera and 9 differentially abundant fungal genera.

Bacterial Genera Effect Size FDR p-value

Polyangium
Amaricoccus
Solirubrobacter
Chondromyces
Candidatus Solibacter

Oleiharenicola

Candidatus Obscuribacter

Schlesneria
Zoogloea
Mariniblastus
Pseudaminobacter
Skermanella
Gimesia
Natronohydrobacter
Acidovorax
Nemorincola
Asticcacaulis
Comamonas
Methylobacillus
Luteolibacter
Delftia

Methylotenera

2.06
1.38
1.28
1.28
1.21
1.21
1.21
1.13
1.12
1.11
1.1
1.1
1.05
1.02
-1.04
-1.1
-1.12
-1.25
-1.25
-1.27
-1.3
-1.33

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

Fungal Genera
Nectria
Hohenbuehelia
Cutaneotrichosporon
Rhodosporidiobolus
Mortierella
Ophiostoma
Aspergillus
Trechispora

Clavaria

1.54
1.48
1.25
1.04

-1.07
-1.17
-1.28

-1.3

-1.42

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

Effect Size FDR p-value
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Supplementary Table B8. Summary of yield and vegetative growth results for plants selected
for analysis. Briefly, six plants per treatment were selected for inclusion in sequencing analysis

according to the following parameters: three high-yielding and three-low yielding plants per
treatment, all from separate pots, with an additional constraint that two plants from each yield

category were located on the bottom-rack of the hydroponic system and one was from the
top-rack to account for possible microbiome differences due to differences in irrigation volume.

Treatment

Control

Field

Garden

Wetland

Plant Total Yield (g) Total Yield (count) Shoot Fresh Weight (g)

8
10
13
18
20
23

2
12
16
17
20
22

1

7
15
19
21
23

2

7
16
18
19
22

123.24
67.20
46.17
65.41
117.66
42.95
38.66
168.83
154.76
0.00
255.52
1.88
50.90
158.37
146.38
74.87
153.56
41.21
69.44
190.24
179.82
97.16
119.29
46.97

16
11

175.5
144.5
124.4
67.2
236.2
146.1
188.9
142.9
138.4
197.2
292.5
132.9
118.2
113.3
97.6
2299
114.4
120.6
144.5
158.3
169.2
30.2
168.0
121.5

Shoot Height (cm)
39.12
34.93
39.37
33.02
40.64
35.31
38.1
34.29
35.56
34.54
40.39
39.37
41.66
39.12
34.29
43.18
33.78
42.16
31.24
39.37
36.07
22.23
33.78
31.75
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Supplementary Table B9. Nutrient content (ppm) in soil samples and hydroponic nutrient
solution. Hydroponic reservoirs contained 15 L of vegetative nutrient solution at time of

inoculation. Soil nutrient quantification was performed by A&L Canada Laboratories (London,
Ontario, Canada).

Sample K P Fe Mg Ca B Mn Zn S Na Cu
Vegetative

Nutrient

Solution 22.86 106.85 0.85 14.64  0.02 0.06 0.13 0.3 4397  0.01 0.02
Field 0.57 0.15 0.23 0.97 7.48  0.004  0.28 0.04 0.05 0.09  0.004
Wetland 0.23 0.05 0.14 0.38 503  0.002 0.12 0.02 0.01 0.03  0.003
Garden 0.13 0.06 0.14 0.42 4.4 0.003  0.08 0.03 0.03 0.04  0.005
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Figure 3.1A. Pairwise principal component analysis (PCA) for genus-level 16S CLR abundance
data from control and Field treatment groups at week eight. Each point represents the bacterial
community of one sample; orange and blue ellipses represent 95% confidence intervals for
control (n = 6) and Field groups (n = 6), respectively.
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Figure 3.1B. Pairwise principal component analysis (PCA) for genus-level 16S CLR abundance
data from control and Garden treatment groups at week eight. Each point represents the bacterial
community of one sample; orange and blue ellipses represent 95% confidence intervals for
control (n = 6) and garden treatment groups (n = 6), respectively.
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Figure 3.1C. Pairwise principal component analysis (PCA) for genus-level 16S CLR abundance
data from control and Wetland treatment treatment groups at week eight. Each point represents
the bacterial community of one sample; orange and blue ellipses represent 95% confidence
intervals for control (n = 6) and Wetland treatment groups (n = 6), respectively.
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Figure 3.1D. ALDEX2 effect plot for genus-level 16S CLR abundance data from control and
Field treatment groups at week eight. Each point represents a genus plotted according to
between-group difference and within-group dispersion. Black points indicate genera with effect
size >|1| and FDR >0.05. Red points, though none are identified in this analysis, indicate genera
with effect size >|1| and FDR <0.05.
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Figure 3.1E. ALDEX2 effect plot for genus-level 16S CLR abundance data from control and
Garden treatment groups at week eight. Each point represents a genus plotted according to
between-group difference and within-group dispersion. Black points indicate genera with effect
size >|1| and FDR >0.05. Red points, though none are identified in this analysis, indicate genera
with effect size >|1| and FDR <0.05.
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Figure 3.1F. ALDEX2 effect plot for genus-level 16S CLR abundance data from control and
Wetland treatment groups at week eight. Each point represents a genus plotted according to
between-group difference and within-group dispersion. Black points indicate genera with effect
size >|1| and FDR >0.05. Red points, though none are identified in this analysis, indicate genera
with effect size >|1| and FDR <0.05.
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Figure 3.2A. Pairwise principal component analysis (PCA) for genus-level ITS CLR abundance
data from control and Field treatment groups at week eight. Each point represents the
fungal/oomycete community of one sample; orange and blue ellipses represent 95% confidence
intervals for control (n = 6) and Field treatment groups (n = 6), respectively.
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Figure 3.2B. Pairwise principal component analysis (PCA) for genus-level ITS CLR abundance
data from control and Garden treatment groups at week eight. Each point represents the
fungal/oomycete community of one sample; orange and blue ellipses represent 95% confidence

intervals for control (n = 6) and Garden treatment groups (n = 6), respectively.
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Figure 3.2C. Pairwise principal component analysis (PCA) for genus-level ITS CLR abundance
data from control and Wetland treatment groups at week eight. Each point represents the
fungal/oomycete community of one sample; orange and blue ellipses represent 95% confidence
intervals for control (n = 6) and Wetland treatment groups (n = 6), respectively.
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Figure 3.2D. ALDEX2 effect plot for genus-level ITS CLR abundance data from control and
Field treatment groups at week eight. Each point represents a genus plotted according to
between-group difference and within-group dispersion. Black points indicate genera with effect
size >|1| and FDR >0.05. Red points, though none are identified in this analysis, indicate genera
with effect size >|1| and FDR <0.05.
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Figure 3.2E. ALDEX2 effect plot for genus-level ITS CLR abundance data from control and
Garden treatment groups at week eight. Each point represents a genus plotted according to
between-group difference and within-group dispersion. Black points indicate genera with effect
size >|1| and FDR >0.05. Red points, though none are identified in this analysis, indicate genera
with effect size >|1| and FDR <0.05.
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Figure 3.2F. ALDEX2 effect plot for genus-level ITS CLR abundance data from control and
Wetland treatment groups at week eight. Each point represents a genus plotted according to
between-group difference and within-group dispersion. Black points indicate genera with effect
size >|1| and FDR >0.05. Red points, though none are identified in this analysis, indicate genera
with effect size >|1| and FDR <0.05.

132



20 1

10 1

Q
- Group
N .
Z 0 -®- Soil Inoculants
S -® Week 8 Hydroponic Microbiomes
= °

-10

[
-20 4

-20 0 20
PC1 (33.9%)
Figure 4.1A. Principal component analysis (PCA) for genus-level 16S CLR abundance data
from initial soil samples and week eight inoculated hydroponic root samples. Each point

represents the bacterial community of one sample. Week eight hydroponic samples are coloured
in blue. Soil samples are coloured in orange and lack an ellipse due to small sample size.
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Figure 4.1B. ALDEx2 effect plot for genus-level 16S CLR abundance data from initial soil
samples and week eight inoculated root samples. Each point represents a genus plotted according
to between-group difference and within-group dispersion. Location of points outside of the
dashed lines indicates enrichment of that taxon in one group, relative to the other, as labelled on
the effect plot. Both black and grey points indicate statistical insignificance (FDR >0.05). Black
points indicate genera with effect size >|1|, while grey points indicate genera with effect size <|1]|.
Red points indicate significant differentially abundant genera, with effect size >|1| and FDR
<0.05.
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Figure 4.2A. Principal component analysis (PCA) for genus-level ITS CLR abundance data
from initial soil samples and week eight inoculated hydroponic root samples. Each point
represents the fungal/oomycete community of one sample. Week eight hydroponic samples are
coloured in blue. Soil samples are coloured in orange and lack an ellipse due to small sample

size.
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Figure 4.2B. ALDEx2 effect plot for genus-level ITS CLR abundance data from initial soil
samples and week eight inoculated root samples. Each point represents a genus plotted according
to between-group difference and within-group dispersion. Location of points outside of the
dashed lines indicates enrichment of that taxon in one group, relative to the other, as labelled on
the effect plot. Both black and grey points indicate statistical insignificance (FDR >0.05). Black
points indicate genera with effect size >|1|, while grey points indicate genera with effect size <|1]|.
Red points indicate significant differentially abundant genera, with effect size >|1| and FDR
<0.05.
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Figure 6.1A. Stacked bar chart of genus-level bacterial relative abundance in each baseline
microbiome sample. Relative abundance (%) is displayed for the 10 most relatively abundant
bacterial genera; all others are collapsed into the “Other” category. Note, “BCP Group” is an
acronym for the tri-genus group “Burkholderia- Caballeronia-Paraburkholderia.”
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Figure 6.1B. Heat map of genus-level bacterial community composition in each baseline
microbiome sample. Each row represents one of the top ten most relatively abundant genera
identified in Figure 6.1A. In the dot-map (left), dot indicates which baseline communities each
taxa was within the top ten genera for relative abundance. Tile colours of red and blue indicate
high or low CLR abundance per sample, which can be interpreted in relative terms, as higher or

lower than the geometric mean abundance (white) of the dataset, respectively.
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Figure 6.2A. Stacked bar chart of genus-level fungal/oomycete relative abundance in each
baseline microbiome sample. Relative abundance (%) is displayed for the 10 most relatively
abundant genera; all others are collapsed into the “Other” category.
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Figure 6.2B. Heat map of genus-level fungal/oomycete community composition in each baseline

microbiome sample. Each row represents one of the top ten most relatively abundant genera

identified in Figure 6.2A. In the dot-map (left), dot indicates which baseline communities each
taxa was within the top ten genera for relative abundance. Tile colours of red and blue indicate
high or low CLR abundance per sample, which can be interpreted in relative terms, as higher or

lower than the geometric mean abundance (white) of the dataset, respectively.
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Figure 8.1A. Stacked bar chart summary of hydroponic strawberry rhizomicrobiome bacterial
composition with respect to growth stage. Each bar summarizes mean relative abundance (%) for
the top 25 most abundant bacterial genera at one of three strawberry growth stages. Left to right,
the bars summarize data for all samples collected at vegetative (n = 34), flowering (n = 19), and
fruiting (n = 41) growth stages. The 25 most abundant genera are ordered top to bottom in the
legend and each bar. All other genera are collapsed into the “Other” category.
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Figure 8.1B. Prevalence-abundance plot of bacterial genera across all growth stages. Each dot
represents a bacterial genus plotted according to prevalence (%) and mean relative abundance
(%) within all samples (n = 94). Taxa that surpass both dashed thresholds are highly prevalent
(i.e. detected in > 90% of samples) and highly abundant (i.e. > 1% mean relative abundance).
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Figure 8.1C. Core occupancy heat map of prevalence and abundance of bacterial genera across
all growth stages. Each row represents a highly prevalent, highly abundant taxon identified in
figure 8.1B. Each column represents a range of mean relative abundance (%). Colour intensity
represents the percent of samples in which that taxon is identified at the given relative abundance
level. Note, “BCP Group” is an acronym for the tri-genus group “Burkholderia-Caballeronia-
Paraburkholderia.”
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Figure 8.2A. Stacked bar chart summary of hydroponic strawberry rhizomicrobiome
fungal/oomycete composition with respect to growth stage. Each bar summarizes mean relative
abundance (%) for the top 25 most abundant fungal/oomycete genera at one of three strawberry
growth stages. Left to right, the bars summarize data for all samples collected at vegetative (n =
34), flowering (n = 19), and fruiting (n = 41) growth stages. The 25 most abundant genera are
ordered top to bottom in the legend and each bar. All other genera are collapsed into the “Other”
category.
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Figure 8.2B. Prevalence-abundance plot of fungal/oomycete genera across all growth stages.
Each dot represents a genus plotted according to prevalence (%) and mean relative abundance
(%) within all samples (n = 94). Taxa that surpass both dashed thresholds are highly prevalent
(i.e. detected in > 90% of samples) and highly abundant (i.e. > 1% mean relative abundance).
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Figure 8.2C. Core occupancy heat map of prevalence and abundance of fungal/oomycete genera
across all growth stages. Each row represents a highly prevalent, highly abundant taxon
identified in Figure 8.2B. Each column represents a range of mean relative abundance (%).
Colour intensity represents the percent of samples in which that taxon is identified at the given

relative abundance level.
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Figure 9.1A. Principal component analysis (PCA) of species-level 16S CLR-abundance at four
biweekly timepoints. Each point represents the bacterial community of one sample. Sample

points are coloured based on timepoint, week two (orange), week four (blue), week six (green),
and week eight (purple), with corresponding 95% confidence interval ellipses (n = 24).
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Figure 9.1B. ALDEX2 effect plot for genus-level 16S CLR abundance data at week two and
week eight. Each point represents a bacterial genus, plotted based on median within-group
dispersion (i.e. variance) and median between-group difference of CLR abundance data between
week two and week eight timepoints. Location of points outside of the dashed lines indicates
enrichment of that taxon in one group, relative to the other, as labelled on the plot. Both black
and grey points indicate statistical insignificance (FDR >0.05), with effect sizes of >|1| and <[1|,
respectively. Red points denote significant differentially abundant taxa, with effect size >|1| and
FDR <0.05.
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Figure 9.1C. Stacked bar chart summary of hydroponic strawberry rhizomicrobiome bacterial
composition with respect to time in weeks. Each bar summarizes mean relative abundance (%)
for the top 25 most abundant genera at one of four biweekly timepoints. All other genera are
collapsed into the “Other” category. Note, “BCP Group” is an acronym for the tri-genus group
“Burkholderia- Caballeronia-Paraburkholderia.”
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Figure 9.2A. Principal component analysis (PCA) of species-level ITS CLR-abundance at four
biweekly timepoints. Each point represents the fungal/oomycete community of one sample.

Sample points are coloured based on timepoint, week two (orange), week four (blue), week six
(green), and week eight (purple), with corresponding 95% confidence interval ellipses (n = 24).
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Figure 9.2B. ALDEX2 effect plot for genus-level ITS CLR abundance data at week two and
week eight. Each point represents a fungal/oomycete genus, plotted based on median
within-group dispersion (i.e. variance) and median between-group difference of CLR abundance
data between week two and week eight timepoints. Location of points outside of the dashed lines
indicates enrichment of that taxon in one group, relative to the other, as labelled on the plot. Both
black and grey points indicate statistical insignificance (FDR >0.05), with effect sizes of >|1| and
<|1], respectively. Red points denote significant differentially abundant taxa, with effect size >|1|
and FDR <0.05.
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Figure 9.2C. Stacked bar chart summary of hydroponic strawberry rhizomicrobiome
fungal/oomycete composition with respect to time in weeks. Each bar summarizes mean relative
abundance (%) for the top 25 most abundant genera at one of four biweekly timepoints. All other
genera are collapsed into the “Other” category.
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Figure 10.1A. Principal component analysis (PCA) of species-level 16S CLR abundance data
for high- and low-yielding groups. Each point represents the bacterial community of one sample.
Sample points are coloured based on yield category; orange and blue for high- and low-yielding
groups, respectively.
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Figure 10.1B. ALDEX2 effect plot for species-level 16S CLR abundance data for high- and
low-yielding groups. Each point represents a bacterial species, plotted based on median
within-group dispersion (i.e. variance) and median between-group difference of 16S CLR
abundance data for sample groups of high- and low-yielding plants. Location of points outside of
the dashed lines indicates enrichment of that taxon in one group, relative to the other, as labelled
on the plot. Both black and grey points indicate statistical insignificance (FDR >0.05), with
effect sizes of >|1] and <|1|, respectively. Red points denote significant differentially abundant
taxa, with effect size >|1| and FDR <0.05; no red points are observed in this figure.
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GLM coefficient for CLR abundance
Figure 10.1C. Volcano plot of associations between yield (g) and 16S CLR abundance. Each
point represents one bacterial genus, plotted according to Gaussian GLM coefficient on the
x-axis and log-transformed FDR value on the y-axis. The horizontal dashed threshold represents
FDR = 0.05. The vertical dashed thresholds represent the GLM coefficients at which a taxon is
associated with a yield increase or decrease of 5 g per 1-unit increase in CLR abundance. Black
and grey points indicate statistical insignificance (FDR >0.05), with GLM coefficients >|5| or
<|5], respectively. Red points denote significantly associated taxa with FDR <0.05 and GLM
coefficient >|5|; no red points are observed in this figure.
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Figure 10.2A. Principal component analysis (PCA) of species-level ITS CLR abundance data for
high- and low-yielding groups. Each point represents the fungal/oomycete community of one
sample. Sample points are coloured based on yield category; orange and blue for high- and

low-yielding groups, respectively.
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Figure 10.2B. ALDEx2 effect plot for species-level ITS CLR abundance data for high- and
low-yielding groups. Each point represents a fungal/oomycete species, plotted based on median
within-group dispersion (i.e. variance) and median between-group difference of 16S CLR
abundance data for sample groups of high- and low-yielding plants. Location of points outside of
the dashed lines indicates enrichment of that taxon in one group, relative to the other, as labelled
on the plot. Both black and grey points indicate statistical insignificance (FDR >0.05), with
effect sizes of >|1| and <|1|, respectively. Red points denote significant differentially abundant
taxa, with effect size >|1| and FDR <0.05; no red points are observed in this figure.
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GLM coefficient for CLR abundance
Figure 10.2C. Volcano plot of associations between yield (g) and ITS CLR abundance. Each
point represents one fungal/oomycete genus, plotted according to Gaussian GLM coefficient on
the x-axis and log-transformed FDR value on the y-axis. The horizontal dashed threshold
represents FDR = 0.05. The vertical dashed thresholds represent the GLM coefficients at which a
taxon is associated with a yield increase or decrease of 5 g per 1-unit increase in CLR
abundance. Black and grey points indicate statistical insignificance (FDR >0.05), with GLM
coefficients >|5| or <|5|, respectively. Red points denote significantly associated taxa with FDR
<0.05 and GLM coefficient >|5|; no red points are observed in this figure.

158



