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Abstract

Plants have evolved intimate partnerships with microorganisms to compensate for their
sessile nature and to respond to changing biotic and abiotic environmental conditions.
The plant-associated microbiome greatly expands plant functions and plasticity via
improved nutrient availability/uptake, enhancing plant abiotic stress tolerance, and
promoting plant defense. Understanding plant microbiome assembly is crucial for
leveraging their versatile benefits to the plant host and advancing the next green
movement in sustainable agriculture. In this study, we comprehensively characterized
soybean root-associated microbiome assembly via the 16S rRNA gene and ITS2
(internal transcribed spacer) region amplicon sequencing. Using this technology, we
examined different factors influencing the soybean rhizosphere and endosphere
microbiome development. Our first study examined the impacts of both plant genotype
and soil type, which revealed a predominant impact of soil background in determining
soybean rhizosphere microbiome assembly, while the soybean genotype plays a minor
but significant role. For the next study, we investigated the role of root exudates in
structuring the microbiome, specifically focusing on strigolactones. Strigolactones are a
recently discovered carotenoid-derived plant hormones that play significant roles in
plant-plant and plant-microbe interactions via both in planta and ex planta activities. In
this study, we built three overexpression constructs targeting one biosynthesis gene and
two signaling genes involving the strigolactone signaling pathway. The overexpression
of these genes in soybean roots significantly impacted rhizosphere bacterial community
composition. Our final study characterized soybean root microbiome assembly at three

different early development stages and evaluated the relative contribution of soil-derived



and seed-carried microbiome for soybean root microbiome assembly. The results
indicated that soil indigenous microbes played a more determinant role for root
microbiome composition in comparison to seed microbiome. During this study, we also
evaluated the impact of fungicide seed treatment for this assembly process, which
turned out to be insignificant for the bacterial community but significant for the fungal
community. Our findings provided a comprehensive understanding of the soybean root
microbiome from a systemic perspective, incorporating plant, soil and seed aspects. It
will help to pave the way for microbe-assisted sustainable agriculture by optimizing and

maximizing the beneficial plant-microbe interactions.
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Chapter 1 Introduction

1.1 Plant holobiont

Plants have evolved with intimate interactions with associated microorganisms, which
may have facilitated the plant terrestrialization process that occurred 450 million years
ago (Pirozynski and Malloch 1975). These organisms together provide mutual benefits
and functions as an ecological entity referred to as a “holobiont” (Hassani, Duran, and
Hacquard 2018; Vandenkoornhuyse et al. 2015; Margulis and Fester 1991). With this
systemic view, plant phenotypes are being examined as a result of the multipartite
interaction between plants, their associated organisms, and the environment (Mdller et
al. 2016). The diverse plant microbial community, collectively referred to as the plant’s
second genome, is involved in diverse plant functions ranging from nutrient uptake to
stress tolerance and disease resistance (Berg et al. 2014b; Berendsen, Pieterse, and
Bakker 2012). Further, plants can actively structure their microbiota to dynamically
adjust to the changing environment (Vandenkoornhuyse et al. 2015). Understanding the
structure and function of plant microbiome assembly in response to changing biotic and
abiotic environmental conditions is crucial to leverage its versatile benefits for

sustainable agriculture.

1.1.1 The study of plant-microbe interactions
The plant-microbe partnership is known to be ancient, with evidence of the initial
colonization of terrestrial environments by plant relying on the assistance of ancestral

arbuscular mycorrhizal (Beerling 2017; Humphreys et al. 2010). This mutualistic


https://paperpile.com/c/F8CNRp/B3r0
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interaction between plants and arbuscular mycorrhizal fungi (AMF) has accompanied
the evolution and diversification of plant phototrophs (Vandenkoornhuyse et al. 2015;
Selosse and Le Tacon 1998). Study of the symbiotic interaction between thalloid
liverwort, one of the most ancient clades of land plants, and ancestral AMF revealed
remarkably improved plant fithess as a consequence of the enhanced acquisition of
phosphorus and nitrogen through expanded AMF colonization, with 100m to 400m
mycelia for each plant (Humphreys et al. 2010). The nitrogen-fixing rhizobia are another
group of bacteria that greatly facilitate plant nitrogen acquisition by forming symbiotic
interactions with legumes (Philippot et al. 2013). Surprisingly, the mycorrhizal fungi and
nitrogen-fixing rhizobia contributed to 80% and 75% of all nitrogen and phosphorus that
respectively acquired by plants annually (Van Der Heijden, Bardgett, and Van Straalen
2008). In addition to symbiotic AMF and rhizobia, plant bacterial and fungal pathogens
are another widely investigated area of plant-microbe interactions. This research has
been spurred by the need to help guide plant disease management and to prevent
agricultural and horticultural losses (Miller et al. 2016).

The study of plant-microbe interactions has a long history, tracing back to 1904
when the rhizosphere was first defined by Lorenz Hiltner (Hilther 1904; Hartmann,
Rothballer, and Schmid 2008). Early studies of plant-microbe interactions were largely
restricted to culturable microbes (Rastogi, Coaker, and Leveau 2013). As more than
99% of the microorganisms are not culturable using standard culturing techniques,
cultivation-based study prevented a comprehensive understanding of plant microbial
communities (Hugenholtz 2002). Advances in next-generation sequencing technology in

the early 2000s and the striking reduction in sequencing cost along with corresponding
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advances in computing algorithms have vastly expanded research avenues in the plant
microbiome research field (Pieterse, de Jonge, and Berendsen 2016; Philippot et al.

2013; Bulgarelli et al. 2013).

1.1.2 Techniques in plant microbiome study

New multidisciplinary approaches have advanced our understanding of the importance
of plant-associated microbiome (Sanchez-Caiiizares et al. 2017). With the advances of
next-generation sequencing, culture-independent sampling enabled in-depth analysis of
plant microbial community composition and structure. Comprehensive characterization
of plant microbial community composition and structure under different environmental
conditions across diverse plant species has revealed some consistently conserved
phylogenetic and functional aspects of plant-associated microbiomes (Shi et al. 2015;
Levy, Conway, et al. 2018). Meanwhile, the rapid accumulation of microbe cultures for
functional assays has provided a new annotation of microbial activities at the organism
and genome levels. These greatly expanded resources for functional comparison
opened new understandings of the functional specificity between plant-associated and
free-living microbes (Levy, Conway, et al. 2018; Levy, Salas Gonzalez, et al. 2018).
Large culture collections have also been used to design synthetic community (SynCom)
experiments, providing a tractable, reduced experimental system to build a systemic
understanding of plant-microbe interactions (Muller et al. 2016; Finkel et al. 2017).
Plant experiments utilizing natural microbial pools, synthetic communities and individual
cultures now also benefit from myriad other technologies, such as multi-omics
techniques, 3D root structure imaging (e.g., X-ray micro-computed tomography

scanning) as well as in situ plant-microbe interaction imaging using the TRIS system


https://paperpile.com/c/FS5CRJ/qT6VN+UsXex+cnPBI
https://paperpile.com/c/FS5CRJ/qT6VN+UsXex+cnPBI
https://paperpile.com/c/FS5CRJ/YLdUy
https://paperpile.com/c/FS5CRJ/ZY07o+4QGex
https://paperpile.com/c/FS5CRJ/vvFZY+AQf1N

(Chaparro, Badri, and Vivanco 2014; Zhalnina et al. 2018; Downie et al. 2015; Massalha

et al. 2017).

1.1.3 The composition, structure, and function of the root microbiome and

seed microbiome

Plant microbiome studies have focused on diverse compartments of specialized
microbial communities, including those inhabiting roots (root endosphere), the whole
above-ground plant (phyllosphere), leaves (leaf endosphere), stems (stem endosphere),
flowers (anthosphere), seeds (spermosphere) and fruits (carposphere) (Berg et al.
2014a). Further compartments of plant-microbe interfaces include the rhizosphere, the
narrow region between plant roots and surrounding soil, and the rhizoplane, which
refers to microbes that inhabit the surface of plant roots. The majority of research has
focused on the rhizosphere compartment due to its ecological and agricultural
importance by functioning as the crucial interface mediating plant water absorption and
nutrient uptake and curating diverse communication between plant and surrounding
organisms (Hartmann, Rothballer, and Schmid 2008; Hilthner 1904; Berg et al. 2014a).
The phyllosphere, as another crucial interface between plant and air, is a well-
investigated microhabitat for plant microbiome research due to its large surface area
and role as the first-line defense against air-borne pathogens (Vorholt 2012; Rastogi,
Coaker, and Leveau 2013; Berg et al. 2014a). In this study, we focused on soybean-
microbe interactions with an emphasis on belowground habitats, including bulk soll (i.e.,
surrounding soil apart from roots), rhizosphere (about 0-2mm radius surrounding roots)
(Zoysa, Loganathan, and Hedley 1997), and root endosphere (inside of roots)

compartments (Lundberg et al. 2012). In addition, we investigated the soybean seed
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microbiome with the purpose to understand the relative contribution of seed-derived
microbes and soil-derived microbes for soybean root endosphere assembly.

The rhizosphere is considered to be one of the most dynamic interfaces on Earth
with high numbers of microorganisms (Philippot et al. 2013). A primary interface
between plant and soil microbes, the rhizosphere microbiome provided the first line of
defense against root infection by soil-borne pathogens (Mendes et al. 2018). The
microbial community in this region is different from that in the bulk soil in both species
composition and density of microbial cells. The microbial population in the rhizosphere
is comparatively higher than that of bulk soil ranging from 108 to 10"9 bacteria per
gram (Weinert et al. 2011; Berendsen, Pieterse, and Bakker 2012). However, the
taxonomic diversity of the rhizosphere microbial community is comparatively low in
comparison to the inhabiting surrounding soil community as a result of the selective
enrichment of specific taxa within the rhizosphere (Roesch et al. 2007).

Large scale characterization of rhizosphere microbiome under the various
conditions and across numerous plant species revealed some conserved adaptions of
the microbes both phylogenetically and functionally. Compared with bulk soil, a subset
of the soil bacteria is typically enriched in rhizospheres, including Proteobacteria,
Bacteroidetes, and Firmicutes, while Acidobacteria and Verrucomicrobia are commonly
decreased in the rhizosphere (Mdiller et al. 2016). However, the rhizosphere microbiome
assembly can also differ between plant species or genotypes, and the degree of
rhizosphere effects (a phylogenetic community composition difference between
rhizosphere and bulk soil microbiome) varies between plant species (Turner et al. 2013;

Muller et al. 2016). Functional characterizations of plant microbiomes is based on many
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different laboratory-based functional assays as well as metagenomic sequencing and
genome sequencing of isolates, in which gene sequences can be used to infer function.
Specialized functional adaptiveness of plant-associated microbes in comparison to that
of free-living bacteria has revealed genes related to secretion system such as T3SS and
T6SS, carbohydrate metabolism and transport-related genes, genes involved in
aromatic compound degradation, siderophore biosynthesis genes, chemotaxis
associated genes, and flagellum biosynthesis-related genes (Levy, Salas Gonzalez, et
al. 2018; Levy, Conway, et al. 2018). Microbial surface structures, such as chitin and
peptidoglycan, are essential for the establishment of plant-microbe interactions by
function as the signal molecules (Sanchez-Cafizares et al. 2017).

The root endosphere harbors less diverse microbial communities in comparison to
the rhizosphere. Comparison of root associated microbiome in rice, maize, Arabidopsis
and 30 other angiosperm species revealed that plant roots assemble distinct microbial
communities between rhizosphere and endosphere microbiome (Lundberg et al. 2012;
Edwards et al. 2015; Fitzpatrick et al. 2018). Endosphere microbes were mainly a
subset of the rhizosphere microbiome, suggesting the endosphere is formed by
discriminative recruitment or exclusion of external microbes into the root (Edwards et al.
2015; Lundberg et al. 2012). Most of the operational taxonomic units (OTUs) depleted
from the rice rhizosphere are also depleted in the rhizoplane and endosphere
communities, which indicate the recruitment of microbes from bulk soil to the
rhizosphere acting as the first step of root microbiome assembly (Bulgarelli et al. 2013;
Edwards et al. 2015). For endophytic microbes, gene functions related to stress

adaptations, biofilm formation, endoglucanase, and plant cell-wall degradation were
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summarized as important factors determining their colonization and interaction with host
plants (Hardoim, van Overbeek, and van Elsas 2008).

The microbial community within and around seeds are also of crucial importance for
plant fitness by functioning as an initial source of inoculum for seedling microbiome
development (Torres-Cortés et al. 2018). In contrast to the deeply investigated
rhizosphere and phyllosphere microbiome via multi-omics technique, our understanding
of the seed microbiome has been mainly investigated by a culture-based approach and
therefore remains largely unknown (Barret et al. 2015; Nelson 2018). According to
diverse surveys conducted across various plant species, the assemblage of the seed
microbiome was revealed to be frequently observed in other plant organs, including
Proteobacteria, Actinobacteria, Firmicutes or Dothideomycetes (Torres-Cortés et al.
2018). In terms of plant microbiome assembly, seed-associated microorganisms are
hypothesized to play a more important role during the early stages of plant
development, affecting germination and seedling survival, but are then outcompeted by
soil indigenous microbes at later stages of plant development (Sanchez-Caifiizares et al.
2017; Truyens, Weyens, and Cuypers 2015). In addition to their potential impact on
plant microbiota assembly, the composition of the seed microbe influences seed
preservation, seed dormancy, germination rate and disease development (Chee-

Sanford et al. 2006; Goggin et al. 2015; Nelson 2018).
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1.2 The importance of the plant microbiome in sustainable
agriculture
Under changing climate regimes, innovative and sustainable agriculture practices
focused on less input and stable yield are crucial to meet the needs of an increasing
human population (Jez, Lee, and Sherp 2016; Challinor et al. 2014; Hansen, Sato, and
Ruedy 2012). Modern intensified agriculture mainly relies on the cultivation of high-yield
cultivars in combination with the heavy application of agrochemicals, including fertilizers
and pesticides (Schlaeppi and Bulgarelli 2015). These modern agricultural practices
help increase yield, however, they may also impose risks for environmental and
ecological safety, including eutrophication caused when excessive nitrogen and
phosphate fertilizer running off into water bodies, intensified water pollution due to
intensive pesticide application, soil quality degradation and the loss of crop genetic
diversity (Schlaeppi and Bulgarelli 2015; Tilman et al. 2002; Jez, Lee, and Sherp 2016).
Plants have evolved with divergent strategies to alleviate biotic and abiotic
environmental stresses, including reliance on their microbial partners to survive and
defend themselves against microbial invaders (Turner, James, and Poole 2013).
Evidence is accumulating that the plant-associated microbiome is a key factor in plant
phenotypic plasticity in response to the changing environment (Goh et al. 2013).
Surprisingly, the utilization of microorganisms to stimulate plant growth in agriculture
can be traced back to around 300BC, with a reference to mixing different soils as a way
of ‘remedying defects and adding heart to the soil’ (Vessey 2003; Bandel and Allan
Bandel 1975; Finkel et al. 2017). Modern research now focuses on characterizing the

various plant growth-promoting rhizobacteria (PGPR), their underlying mechanisms of
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action, and the interaction of PGPR with other microbes (Dutta and Podile 2010).
PGPRs promote plant growth in various ways, directly via nutrient uptake, stimulation of
root growth, rhizoremediation, and alleviation of plant stresses, and, indirectly via
antibiosis, induction of systemic resistance, and nutrient/niches competition with
pathogens (Lugtenberg and Kamilova 2009; Bakker et al. 2018, Carvalhais, Schenk,
and Dennis 2017; Bulgarelli et al. 2013). Findings in the plant microbiome field can
stimulate corresponding advances in sustainable agriculture, including the development
of microbial inoculants as biofertilizers, biocontrol, or stress alleviation products (Berg et
al. 2014a). Crop plant breeding has mainly focused on the genetic variabilities of the
plant itself for the development of more productive, disease tolerant and stress-resistant
varieties, however, plant microbiome functions are usually ignored despite their
indispensable importance for the next green movement (Jez, Lee, and Sherp 2016;
Gopal and Gupta 2016). Methods to translate plant microbiome findings to maximize

their benefits to the host plant is a crucial next step forward for sustainable agriculture.

1.3 Understand the root microbiome assembly process

Despite the tremendous benefits leveraging plant microbiomes could provide, we still
have a long journey to go in terms of translating plant microbiome findings into
sustainable agriculture. From plant engineering perspectives, we first need to discover
crucial plant genes mediating the selective recruitment of beneficial microbes. From
microbe inoculant application perspectives, we need to understand the compatibility
between inoculated microbes and host plant activities, the colonization efficiency of

inoculated microbes and their persistence in the context of the indigenous microbial


https://paperpile.com/c/FS5CRJ/opR6f
https://paperpile.com/c/FS5CRJ/bLnd3
https://paperpile.com/c/FS5CRJ/bLnd3
https://paperpile.com/c/FS5CRJ/rzbOk
https://paperpile.com/c/FS5CRJ/rzbOk
https://paperpile.com/c/FS5CRJ/Z3kCY+T8PxA
https://paperpile.com/c/FS5CRJ/Z3kCY+T8PxA

community and local soil physio-chemical conditions (Finkel et al. 2017; Dutta and
Podile 2010). To further both of those, a comprehensive understanding of plant
microbiome assembly under the systemic perspective of plant-soil-microbe system will
open up avenues for engineering plant microbiota for sustainable agriculture (Sanchez-

Canizares et al. 2017; Huang et al. 2019).

1.3.1 Factors shaping root microbial community

Soil type has been widely characterized as the predominant driving factor for root
microbiome assembly, which is true for both the rhizosphere and endosphere
microbiome (Philippot et al. 2013; Berg and Smalla 2009). For the rhizosphere
microbiome assembly, most microbiota members are acquired from the surrounding soil
environment functioning as the start microbe pool for the plant to recruit from (Sanchez-
Caniizares et al. 2017; Bulgarelli et al. 2013). Soil physio-chemical properties (including
soil nutrients, moisture, and texture) also impact the rhizosphere microbiome assembly
indirectly via their impact on plant activities (Philippot et al. 2013).

Plant species differ in how they mediate rhizosphere microbiome assembly.
However, the influence of plant species is comparatively small in comparison to the
impact of soil type (Pieterse, de Jonge, and Berendsen 2016). Recently, not just the
species but the specific plant genotype or accession has been suggested to alter
microbial community composition in the rhizosphere of Arabidopsis (Micallef et al. 2009;
Lundberg et al. 2012), maize (Peiffer et al. 2013), rice (Edwards et al. 2015), and
soybean (Liu et al. 2019). Generally, the influence of plant genotype on rhizosphere
microbiota composition is detectable but relatively weak and varies depending on soil

type and plant development stage (Bulgarelli et al. 2012; Peiffer et al. 2013; inceoglu et
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al. 2011). Peiffer et al. (2013) showed a small influence of maize genotype on total
variation in rhizosphere bacterial B-diversity and OTU richness across fields, but a
significant fraction of maize genotype effect within each field environment (Peiffer et al.
2013). Similarly, the rhizosphere bacterial community structure showed cultivar-
dependence in potato at the seedling stage, but differences disappeared in later
developmental (inceoglu et al. 2011).

The mechanisms that plants utilize to regulate rhizosphere microbial composition
and activity are not yet well understood. Important factors include photosynthate
allocation strategy, root morphology, rhizodeposits amount and composition, and
specific symbiotic interaction of AMF or nitrogen-fixing rhizobia (Philippot et al. 2013;
Bulgarelli et al. 2013). The regulating role of root exudates has been extensively
highlighted in the rhizosphere microbe assembly (Bais et al. 2006; Sasse, Martinoia,
and Northen 2018; Zhalnina et al. 2018; Shi et al. 2015). By the active release of root
exudates, plants selectively stimulate or inhibit particular soil microorganisms in the
rhizosphere (Hartmann et al. 2009; Zhalnina et al. 2018). The amount and composition
of root exudates vary considerably along developmental stages and plant age
(Chaparro, Badri, and Vivanco 2014). Consequently, the development stage of the plant
is indicated to be another significant factor contributing to rhizosphere microbiota
variation, which has been documented in several species including potato, soybean and
Arabidopsis (Micallef, Shiaris, and Col6n-Carmona 2009; Xu et al. 2009; inceoglu et al.

2011; Chaparro, Badri, and Vivanco 2014).
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1.3.2 The underlying tuning forces by the host during plant microbiome

assembly
Cross-disciplinary study of the plant-soil-microbe interaction system together with
advances in multi-omics technique and improvements in in situ image has dramatically
pushed forward our understanding of plant microbiome assembly (Bakker et al. 2018).
The dynamics of root exudates has been consistently revealed as one of the main
manipulating factors in structuring the discriminant assembly of root associated
microbiomes (Zhalnina et al. 2018; Chaparro, Badri, and Vivanco 2014). This is
attributed to the divergent metabolites preference by individual microbes toward specific
substrates (Zhalnina et al. 2018). Plant root exudates are comprised of many individual
compounds and scientists are now teasing apart the roles of these individual
substances in structuring the microbiome. For example, alteration of a triterpene
biosynthesis-related gene in Arabidopsis resulted in a shifted root microbiota compared
with the wild type (Huang et al. 2019). Isoflavonoids, identified as an essential
modulator for soybean-rhizobium symbiosis, have also been implicated in structuring
the rhizosphere bacterial community in soybean (White et al. 2015). Phenolic
compounds in the root exudates were demonstrated to be essential signals for microbe
assembly in the rhizosphere of Arabidopsis (Badri et al. 2013). Despite this promising
progress, many root exudates have yet to be examined in terms of microbiome
research.

Specific pathways involved in important secondary metabolites synthesis, nutrient
starvation and plant immune system responses have illustrated as the fine-tuning

factors of plant microbiomes (Stringlis et al. 2018; Huang et al. 2019; Castrillo et al.
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2017; Lebeis et al. 2015). The coordinate regulations between host immunity response
and nutrient starvation were demonstrated to be key players in the selection,
proliferation, and interactions of microbes in the rhizosphere. For example, MYB72
transcription factor-dependent root exudation of the antimicrobial coumarin scopoletin
inhibited soil-borne fungal pathogens while beneficial bacteria (involved in induced
systemic resistance and iron-uptake responses) were less repressed (Stringlis et al.
2018). Similarly, the transcriptional regulator PHR1 directly stimulated beneficial
microbe assisted response under phosphate starvation conditions while repressing
plant immune response toward the colonization by beneficial microbes, indicating a
priority of nutrient uptake over plant defense (Castrillo et al. 2017). Lebeis et al.
revealed that plant defense-related hormone salicylic acid mediated the colonization by
specific bacterial families into the root interior (Lebeis et al. 2015). In addition, plant
pathogen resistance toward specific pathogens was revealed to play a crucial role in the
recruitment/enrichment of beneficial microbes capable of antibiotic biosynthesis

(Mendes et al. 2018).

1.3.3 Seed microbiome

In terms of plant microbiome assembly, there are two main pathways: horizontal
transmission and vertical transmission (Torres-Cortés et al. 2018). Horizontal
transmission mediates microbiota recruitment from the surrounding environment refers
to microbe recruitment from the surrounding environment, i.e., from surrounding sol and
aerosols/rainfall fro the rhizosphere and endosphere, respectively (Bulgarelli et al. 2013;
Vacher et al. 2016; Lymperopoulou, Adams, and Lindow 2016). In contrast, vertical

transmission emphasizes the acquisition and passing down of microbes from generation
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to generation, which has been less frequently investigated (Shade, Jacques, and Barret
2017). The seed microbiome, as the main source for microbial vertical transmission in
plants, plays a crucial role in plant microbiome development during germination and
emergence stage,s and has a long term impact during plant later development (Nelson

2018; Truyens, Weyens, and Cuypers 2015).

1.3.4 Microbe-microbe interactions
The functional capacity of the plant microbiome includes the complex interaction
between microbes (van der Heijden and Hartmann 2016). The interactions include
competition for resources, antagonistic repression, mutualism, and exchange of genetic
material, all of which are known to influence microbiome composition and host health
(Layeghifard, Hwang, and Guttman 2017; Hacquard et al. 2015; Stecher et al. 2012).
Some taxa can be considered as “keystone”, in that they drive for microbial structure
and function irrespective of their abundance (Banerjee, Schlaeppi, and van der Heijden
2018). For example, the metabolic activity of one microbe could supply the necessary
substrate for the secondary colonizer, and thus facilitate the growth of other microbes
(Roberts and Lindow 2014). Of Particular interest for agriculture application is the
antagonistic interaction between biocontrol microbes and plant pathogen microbes.
Co-occurrence network models of microbiome provide a new perspective for
understanding the dynamic assembly of plant-associated microbes, and help to guide
hypothesis generations for specific microbe-microbe interactions (Poudel et al. 2016;
Weiss et al. 2016). The networks also highlight hub taxa, the small number of strongly
interconnected taxa. Hub taxa have disproportional importance in shaping the

Arabidopsis phyllosphere microbiome based on the observation that abiotic factors act
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directly on ‘hub’ species, which then cascade/magnify the impact on the whole

community (Agler et al. 2016).

1.4 Challenges and perspectives for plant microbiome study

Our understanding of plant microbiome assembly and function has rapidly expanded
during the last decade, benefiting both from the intensive and broad ecological
characterization and mechanistic understanding derived from reductionistic systems
(Finkel et al. 2017). Systems-wide multi-omics technique together with advanced
computational algorithms provide increasing quantities of data and have accelerated our
understanding of the main driving factors involved in plant microbiome assembly (Muller
et al. 2016). Isolate collections with associated function characterization as well as plant
mutant resources has led to understanding of the underlying mechanism driving the
dynamic plant-microbe interactions in response to the changing environment (Finkel et
al. 2017). Considering the dynamic manipulation by the plant on the associated
microbiome in response to changing nutrient and surrounding pathogen pressure, the
exploration of plant-microbe interactions needs to simultaneously take into account of
the composition of introduced microbial consortia and their compatibility with plant
genotypes and soil types (Bakker et al. 2018). In addition, functional understanding of
plant microbiome from both the individual microbe and community level perspectives is
of great importance, with an emphasis on the underlying microbe-microbe interactions
in structuring robust and stable beneficial plant-microbe interactions.

One of our ultimate goals for plant microbiome study is to exploit the versatile

benefits supplied by PGPRs to maximize crop performance in the field (Finkel et al.
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2017). Mostly, the PGPR effects of individual microbiota were tested in the lab under
gnotobiotic conditions (Forni, Duca, and Glick 2017), and the efficiency of their
beneficial impacts tend to be diminished when applied into field conditions (Finkel et al.
2017). The ultimate benefits that PGPRs could deliver to crop plants depends on a
series of factors, including their invasion and persistence capacity when inoculated in
native soil, their compatibility with the host plant as well as the interactions with
indigenous microbes (Vejan et al. 2016; Dutta and Podile 2010). The effectiveness of
inoculating individual PGPR can be limited due to its limited capacity to maintain high
abundance in natural soil, while bacteria consortia with higher richness usually achieve
better outcomes due to synergistic effects between inocula(Finkel et al. 2017).
Consequently, a systemic understanding of the dynamic interaction between indigenous
microbes and the inoculant’s consortia is an important next step to further plant
microbiome study. With the increasing culture collections, SynCom based ecological
understanding of plant-microbe interactions and microbe-microbe interactions will shine
more light on these questions.

In contrast to the rapid accumulation in root microbiome research, our
understanding of the seed microbiome and spermosphere microbiome is less
developed despite its crucial importance in plant establishment and health as well as its
great potential in inoculant based agricultural application. Large scale characterization
of seed microbiome composition and structure across different plant species growing
under different climate and soil conditions is needed. Similarly, the question of how the

seed microbiome is vertically transmitted from generation to generation, and how seed
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carried pathogens or beneficial microbes influence the seedling establishment and later

growth are critical.

1.5 Research questions and hypotheses

The soybean is one of the most important crops worldwide by serving as a vital source
of protein and vegetable oil. Understanding the overall root microbial community
structure and dynamics is crucial for maximizing the beneficial soybean-microbe
interactions considering the universal co-existence and the diverse interactions between
rhizobia and other microbes. Our overall goal is to profile the taxonomic diversity of the
soybean root microbiome from an integrative perspective encompassing soybean
genotypes, soybean signaling pathways, and soil types at various soybean
development stages. Our three objectives emphasize these different specific aspects of
soybean root microbiome assembly (Fig. 1.1):
Objective #1: How does the soybean genotype and soil microbial pool impact microbial
community assembly in the rhizosphere? (Chapter 2)

(i) Hypothesis 1a: The indigenous microbes in the soil impacts the rhizosphere
microbiome assembly.

(i) Hypothesis 1b: The soybean genotype cooperatively impacts the rhizosphere
microbiome assembly.

(iif) Hypothesis 1c: The indigenous microbes in the soil and the soybean genotype
interact to influence the rhizosphere microbiome assembly, with soil microbes as the

primary driving factor in comparison to soybean genotypes.
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Objective 2: What role do strigolactones play in the soybean rhizosphere microbiome
assembly? (Chapter 3)

(i) Hypothesis 2a: Overexpression of the strigolactone biosynthesis gene Max1
influences the taxonomic composition of the soybean rhizosphere microbiome.

(i) Hypothesis 2b: Overexpression of the strigolactone perception gene Max2
influences the taxonomic composition of the soybean rhizosphere microbiome.

(iif) Hypothesis 2c: Overexpression of the strigolactone perception gene D14
influences the taxonomic composition of the soybean rhizosphere microbiome.
Objective 3: Who is driving soybean root microbiome assembly and development -
microbes from the seed, the soil indigenous community, or both? Does seed fungicide
application disrupt this process? (Chapter 4)

(i) Hypothesis 3a: The soybean rhizosphere microbiome will be assembled from the
surrounding soil microbial pool and not the seed carried microbes.

(i) Hypothesis 3b: The soybean root endosphere microbiome will be assembled
simultaneously from the surrounding soil and seed carried microbes.

(iif) Hypothesis 3c: The relative contribution of seed-borne microbes will gradually
decrease over time during soybean development.

(iv) Hypothesis 3d: Fungicide application to seeds prior to sowing will disrupt
bacterial and fungal communities in the root rhizosphere.

(v) Hypothesis 3e: Fungicide application to seeds prior to sowing will disrupt

bacterial and fungal communities in the root endosphere.

18



1.6 Approaches

For the microcosm experiments, soybeans were grown in the greenhouse under
controlled conditions in pots filled with field soil. At the flowering stages, soybean
rhizosphere soil samples were gently collected together with bulk soil (from pots without
soybean plants). Soil DNA was extracted using the Powersoil extraction kit following the
protocol. To profile the bacteria and fungi communities, sequencing libraries targeting
the 16S rRNA gene V3-V4 and ITS2 (internal transcribed spacer) region were prepared
based on a two-step PCR process and lllumina Miseq 16S metagenomic sequencing
library preparation pipelines. The prepared libraries were sequenced on an lllumina
MiSeq for 300 base paired-end sequencing.

Mothur software was used to pre-process the sequencing data, including contigs
assembly, quality control, chimera detection, and discard, alignment, OTU (operational
taxonomic unit) clustering, and taxonomy classification. The Mothur generated feature
table associated with corresponding taxonomy information were used as input for
community analysis in R. Community analysis included diversity calculations,
dimensional reduction, variance analysis, and visualization using R packages, including
Phyloseq, vegan, ggplot2, pheatmap, reshape2, dplyr, etc. Differential abundance
analysis was conducted using LefSe software, while, Tax4Fun/Tax4Fun2 and
PICRUST?2 were used to predict bacterial meta-function based on taxonomy
information. FUNGuilds software was used to predict the fungal trophic groups based
on corresponding taxonomy information. In terms of data arrangement and file

formatting, both shell and R commands were used.
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1.7 Rationale and importance

A comprehensive understanding of the root microbiome from both plant and soil aspects
is of crucial importance for maximizing the beneficial plant-microbe interaction while
eliminating the deleterious plant-microbe interactions. Our understanding in this field is
accumulating very rapidly but has largely focused on model species instead of
production crops. Mechanistic findings from the model plants, e.g, Arabidopsis, provides
a broad understanding of root microbiome assembly. However, plants are featured with
species-specific manipulation on associated microbe depending on their evolutionary
and ecological differences. Soybean, as an important legume crop, has been well
studied in terms of its symbiotic interaction with nitrogen-fixing rhizobia. However,
rhizobia coexist with a complex microbial community co-exist with rhizobia in the
soybean rhizosphere, endosphere, and even within nodules. These co-inhabitants of
microbes not only dynamically impact the relative abundance of rhizobia but also are
biologically important by functioning as the synergistic partners of rhizobia to enhance
nodulation and by promoting legume survival especially under stressed environmental
conditions (Martinez-Hidalgo and Hirsch 2017). It has been revealed that cultivated
soybeans were domesticated from their wild annual progenitor (Glycine soja Sieb. &
Zucc.) about five thousand years ago in China (Carter et al. 2004). During the soybean
domestication process, 81% of the rare alleles, which may constitute genetic variation
essential for biotic/abiotic resistance, from Glycine soja were lost in the modern elite
cultivars (Hyten et al. 2006; Zhou et al. 2015). Whether the loss of the aforementioned
genetic diversity in modern soybean cultivars deteriorated the capacity for recruiting

beneficial microbes, we still lack information.

20


https://paperpile.com/c/X6Fjde/aL9k
https://paperpile.com/c/FS5CRJ/rli81
https://paperpile.com/c/FS5CRJ/BTJvH+5DWlc

Strigolactones as an important class of hormones playing multi-functions both in
planta and ex planta, including plant morphology to plant-plant and plant-microbe
communications, and plant abiotic tolerance. Strigolactones are actively exuded from
plant roots and were recently found to induce AMF formation and potentially legume
nodulation. As signaling molecules, they may mediate more broad plant-microbe
communication in the rhizosphere and act as the first step of microbe selection, which
may contribute to the enhanced AMF formation or nodulation. An integrative
understanding of strigolactone impacts on soybean root microbiome could help to
dissect their direct and indirect impact on plant performance in association with rhizobia
and AMF, which is important in guiding advanced genetic engineering.

A comprehensive understanding of soybean microbiome assembly must also take
into account early development and the relative contribution of both microbial horizontal
transmission from the soil and vertical transmission from seed. Early development is
important for maximizing the potential benefits of nitrogen-fixing rhizobia and other
PGPRs. Fungicide seed treatment is a common modern agricultural practice to
eliminate yield loss caused by pathogens. It is currently not clear if this practice directly
or indirectly disturbs the beneficial soybean-microbe interaction, and investigations are

rarely conducted in field conditions.
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Appendices 1

How does soybean root microbiome assemble?

« Agricultural practice

W % Plant modulation
(Fungicide seed treatment)

» Soybean genotypes
» Signaling pathways
* Soybean development

« Soil-derived
(Soil types)

Fig. 1.1 A schematic illustration of research questions.
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Chapter 2 Soil indigenous microbiome and plant
genotypes cooperatively modify soybean rhizosphere

microbiome assembly
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Abstract

Plants have evolved intimate interactions with soil microbes for a range of beneficial
functions including nutrient acquisition, pathogen resistance and stress tolerance.
Further understanding of this system is a promising way to advance sustainable
agriculture by exploiting the versatile benefits offered by the plant microbiome. The
rhizosphere is the interface between plant and soil, and functions as the first step of
plant defense and root microbiome recruitment. It features a specialized microbial
community, intensive microbe-plant and microbe-microbe interactions, and complex
signal communication. To decipher the rhizosphere microbiome assembly of soybean
(Glycine max), we comprehensively characterized the soybean rhizosphere microbial
community using 16S rRNA gene sequencing and evaluated the structuring influence
from both host genotype and soil source. Comparison of the soybean rhizosphere to
bulk soil revealed significantly different microbiome compaosition, microbe-microbe
interactions and metabolic capacity. Soil type and soybean genotype cooperatively
modulated microbiome assembly with soil type predominantly shaping rhizosphere
microbiome assembly while host genotype slightly tuned this recruitment process. The
undomesticated progenitor species, Glycine soja, had higher rhizosphere diversity in
both soil types tested in comparison to the domesticated soybean genotypes.
Rhizobium, Novosphingobium, Phenylobacterium, Streptomyces, Nocardioides, etc.
were robustly enriched in soybean rhizosphere irrespective of the soil tested. Co-
occurrence network analysis revealed dominant soil type effects and genotype specific
preferences for key microbe-microbe interactions. Functional prediction results

demonstrated converged metabolic capacity in the soybean rhizosphere between soil
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types and among genotypes, with pathways related to xenobiotic degradation, plant-
microbe interactions and nutrient transport being greatly enriched in the rhizosphere.
This comprehensive comparison of the soybean microbiome between soil types and
genotypes expands our understanding of rhizosphere microbes assembly in general
and provides foundational information for soybean as a legume crop for this assembly
process. The cooperative modulating role of the soil type and host genotype
emphasizes the importance of integrated consideration of soil condition and plant
genetic variability for future development and application of synthetic microbiomes.
Additionally, the detection of the tuning role by soybean genotype in rhizosphere
microbiome assembly provides a promising way for future breeding programs to

integrate host traits participating in beneficial microbiota assembly.
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2.1 Introduction

It has been widely recognized that plants utilize associated microbes for a range of
beneficial functions including nutrient acquisition, pathogen resistance and stress
tolerance (Lucas William Mendes et al. 2018). Recent studies consistently demonstrate
that the plant microbiome greatly extends plants’ adaptations to changing environments
(Bakker et al. 2018; Goh et al. 2013). These results suggest a promising new avenue of
research for sustainable agriculture (Pieterse, de Jonge, and Berendsen 2016). Further,
microbe community assembly is not static or passive; plants can actively modulate the
assembly of their beneficial microbiome in response to stressors (e.g., drought and
pathogen infection). This dynamic response further highlights the possibility of
optimizing crop yields by exploiting beneficial plant-microbe interactions (Bakker et al.

2018; Schlaeppi and Bulgarelli 2015; Berendsen, Pieterse, and Bakker 2012).

The rhizosphere is an interface between plant root and soil characterized by a
dynamic microbial community with intensive microbe-microbe and plant-microbe
communication mediated by plant molecular signals, especially secondary metabolites
(Philippot et al. 2013). At this root-microbe interface, plants and microbes have evolved
intimate interactions. Plants allocate a significant portion of photosynthates as root
exudates that serve as resources for microbes, and in return, microbes help to increase
plant fitness via various plant growth promoting impacts (Pieterse, de Jonge, and
Berendsen 2016; Dutta and Podile 2010). The rhizosphere is also the first line of plant
defense to pathogen infection (Lucas William Mendes et al. 2018) and acts as the initial
filter for the subset of microbes that will colonize the root as endophytes (Lundberg et al.

2012). Understanding the major factors that shape the rhizosphere microbiome
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assembly and the mechanisms of mutual adaptation between microbes and plants in
response to changing environmental conditions will help to identify potential targets for

future crop breeding and management.

Comprehensive characterization and comparison of rhizosphere microbiomes
among numerous plant species under different conditions has consistently revealed the
crucial impacts of soil source (Peiffer et al. 2013; Lundberg et al. 2012) and plant
genetic traits (Fitzpatrick et al. 2018; Lu et al. 2018; Turner et al. 2013) on rhizosphere
microbiome assembly. The pool of microbes available in the soil determines the initial
microbial repertoire for this assembly process (Philippot et al. 2013). In addition, soll
physio-chemical characteristics directly modulate microbial communities and may also
indirectly alter rhizosphere microbiome assembly through impacts on host plant
physiology (Philippot et al. 2013). Plant physiology and genetics also control
rhizosphere composition. Differences in root morphology and in the quantity and quality
of rhizodeposits could greatly diversify the composition and activity of the rhizosphere
microbiome in a species-specific way (Philippot et al. 2013). With the advantage of
nitrogen fixation by rhizobia, the root exudates of legumes differ from non-legumes in
both quantity and quality, with higher exudation amounts and lower carbon-to-nitrogen
ratios (Warembourg, Roumet, and Lafont 2003). This special trait of legumes may
shape the rhizosphere microbiome assembly differently compared with non-legume
plants. Turner et al. (2013) compared rhizosphere microbiomes between wheat, oat,
and pea and found a higher rhizosphere effect (i.e, compositional and functional
difference of microbiome between rhizosphere and nearby soil) in pea compared with

the cereals. In addition to soil source and plant genetic traits, domestication, soil nutrient
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status and abiotic stress mediate rhizosphere microbiome assembly to different degrees

(Bulgarelli et al. 2015; Timm et al. 2018; Fitzpatrick et al. 2018; Castrillo et al. 2017).

The impact of plant genotypes on rhizosphere microbiome composition is usually
reported to be very weak but varies depending on soil context and plant species studied
(Pérez-Jaramillo, Mendes, and Raaijmakers 2016). For example, the composition of rice
root microbiome was significantly influenced by rice genotype when grown under
controlled greenhouse conditions, whereas no impact was detected under field
conditions (Edwards et al. 2015). Peiffer et al. (2013) suggested a small but significant
impact of maize genetic variations on bacterial diversity under field conditions by a
comprehensive comparison across 27 inbred lines. A comparison of the rhizosphere
microbiome between barley genotypes with different domestication histories also
revealed small but significant impacts, and these genotype-dependent impacts were
manifested by differing the abundance of a few specific taxa instead of whole
community-level differences (Bulgarelli et al. 2015). Although genotype level
modification of microbial composition appears to be modest, genes participating in
immune response, nutrient response, and stress response could change the abundance
of specific microbial consortia, which in turn would profoundly alter host performance
(Castrillo et al. 2017; Panke-Buisse et al. 2015; Timm et al. 2018; Lebeis et al. 2015).
One example of this change was reported by Hanley et al. (2015), in which genotype
differences in the ability to associate with Pseudomonas fluorescens between wild

Arabidopsis accessions were found to be related to host fitness (Haney et al. 2015).

Soybean is an important crop worldwide as an essential food resource for protein

and vegetable oil and also is the largest feedstock source for biodiesel production in the
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United States (G. L. Hartman, West, and Herman 2011; Hill et al. 2006; Herridge,
Peoples, and Boddey 2008; “Monthly Biodiesel Production Report - Energy Information
Administration” n.d.). Soybeans form a symbiotic relationship with the nitrogen-fixing
rhizobia. As improvements of the nitrogen-fixing capacity of soybeans is a major
research goal, numerous studies have been conducted to understand the process and
signaling pathways that mediated this symbiotic interaction. Soil physico-chemical
characteristics, including soil moisture, temperature, pH and nutrient status, have
consistently been reported as crucial factors determining the efficiency of nodulation
and nitrogen fixation (Vance 2001; Zahran 1999; Salvagiotti et al. 2008). Due to this
predominant symbiotic interaction between rhizobia and soybean, the microbiome
composition of soybean may differ from non-legume plants. This difference was
observed in the root microbiome of another legume, Trifolium pratense, in which

rhizobia accounted for 70% of the whole root microbiome (K. Hartman et al. 2017).

To evaluate the relative contribution of soil source and host genetic traits in
rhizosphere microbiome assembly, six soybean genotypes with varying traits and two
soil types with distinct microbiome compositions were chosen to compare rhizosphere
microbiome assembly both compositionally and functionally. Considering the distinct
developmental traits of the genotypes and distinguished microbiome differences
between soil types, we hypothesize that both factors will significantly and cooperatively
manipulate the structure and composition of rhizospheric microbiota. It has been
recognized that microbe-microbe interaction is another crucial driving force for
rhizosphere microbiome assembly (Bulgarelli et al. 2015; Hassani, Duran, and

Hacquard 2018). To examine this factor, we also compared the difference of microbial
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network patterns between bulk soil and rhizosphere and among genotypes in terms of
the network complexity, modularities, and key taxa. By integrating the information from
differential abundance analysis, microbial network, and metabolic pathway results, we
aim to establish a foundation of knowledge about how the soybean rhizosphere is

structured.

2.2 Methods and materials

In this study, five soybean genotypes with unique ecological or physiological traits were
selected to evaluate genotype impacts on rhizosphere microbiome assembly (Table 1),
including cv. Williams (WIL), a drought-tolerant cultivar (DRT), a cyst nematode-
resistant line (CNR), a non-nodulating mutant of Williams (NNW), and cv. Williams 82
(W82). An accession of the undomesticated progenitor species of soybeans, Glycine
soja (S0J), was also included. The seeds were provided by the USDA, Agricultural
Research Service, Germplasm Resources Information Network (GRIN). All soybean
seeds were surface sterilized with a 10% sodium hypochlorite solution for 30 mins,
followed by three rinses with deionized distilled water. Seeds were germinated on paper
in a 26°C incubator in darkness for two days. Germinated soybean seeds were
transplanted to autoclaved vermiculite. Just before the soybeans reached trifoliolate
stage (about 11 days after germination), fresh agriculture soil of pH around 7.5 was
collected from a depth of 20cm from the East Tennessee AgResearch and Education
Center Plant Science Unit. Fresh forest soil was obtained from the University of
Tennessee Plateau Research and Education Center, with a soil pH of about 4.8. After

field collection, all fresh soils were transported to the greenhouse the same day after
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collection. After removal of roots and debris, soil was homogenized by mixing, then
allocated to pots (diameter=20cm). The second day after soil collection, soybean
seedlings at the trifoliolate stage were transplanted into the fresh soil and grown in the
greenhouse until flowering stage (30°C day/20°C night, 16h light/8h dark, relative
humidity of 60-80%). Fifteen pots of soil without soybeans were used as bulk soll
control. Each treatment group (genotype by soil) was started with 10 biological
replicates. Both soybean seedlings and control pots were watered as needed every

other day.

At the flowering stage, soybean rhizosphere soil samples were collected according
to Lundberg et al. (2012). Briefly, the root ball of soybeans was gently removed from the
pot and soil loosely attached to the roots was removed by mild shaking. Soybean roots
with tightly attached soil were put into a 50-mL centrifuge tube filled with 30 mL of
autoclaved phosphate buffer (per liter: 6.33 g of NaH2P0O4.H20, 16.5 g of
Na2HPO4.7H20, 200 pL Silwet L-77). The tube was vortexed at maximum speed for 30
s and the slurry was filtered through a 100-um cell strainer into a new 50-mL centrifuge
tube. The soil slurry was then centrifuged to precipitate soil particles. After another
round of resuspension and centrifuging, the soil pellet was collected into 1.5 mL
eppendorf tubes. To eliminate the interference of the soil crust on microbiome
characterization, the surface soil was removed from the control pot and the remaining
soil was well homogenized. A similar amount of soil as that of rhizosphere was collected
from the soil mix and defined as bulk soil. All of the extracted soil samples were flash

frozen in liquid nitrogen and stored at -80°C before DNA extraction.
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Soil DNA was extracted with the MoBio soil DNA extraction kit following the
manufacturer's protocol. Most of the samples yielded concentrations of about 200
ng/uL. 16S rRNA gene based bacteria profiling were accomplished with MiSeq 275 bp
paired-end sequencing targeted V3-V4 regions, with forward primer 341F= 5'-
CCTACGGGNGGCWGCAG-3' and reverse primer 785R = 5'-
GACTACHVGGGTATCTAATCC-3' (Takahashi et al. 2014). Library preparation followed
the lllumina 16S metagenomic sequencing protocol. Briefly, for the first step PCR, 16S
rRNA gene specific primer with adapter overhangs was used to amplify template out of
genomic DNA utilizing 2X KAPA HiFi HotStart ReadyMix with the following PCR cycle:
95°C for 3 minutes; 25 cycles of 95°C for 30 seconds, 55°C for 30 seconds, 72°C for 30
seconds; 72°C for 5 minutes, then hold at 4°C. During the second step of PCR, dual
indices and lllumina sequencing adapters were attached to the template amplified from
step one using the Nextera XT Index Kit with PCR cycle: 95°C for 3 minutes; 8 cycles of
95°C for 30 seconds, 55°C for 30 seconds, 72°C for 30 seconds; 72°C for 5 minutes
and hold at 4°C. To eliminate the amplification of chloroplast and mitochondria
sequences from any plant contamination, peptide nucleic acid (PNA), including anti-
mitochondrial PNA (mPNA) 5'-GGCAAGTGTTCTTCGGA-3' and the anti-plastid PNA
(PPNA) 5-GGCTCAACCCTGGACAG-3' were used to block their elongation during the

first step of PCR (Lundberg et al. 2013).

Mothur software was used to process 16S rRNA gene sequences, including quality
control, assembly, alignment, chimera removal, SILVA-based OTU clustering at 97
percent similarity, and naive Bayesian classifier-based OTU classification against

Ribosomal Database Project (RDP) training set (Kozich et al. 2013). During this
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process, any sequence pairs that have a mismatch within the primer region were
removed before assembly. Chimera sequences were detected and removed using the
mothur-incorporated vsearch tool based on the UCHIME algorithm (Rognes et al. 2016;
Edgar et al. 2011). Sequences that belong to chloroplast, mitochondria, eukaryotes, and
archaea were discarded before OTU clustering. To alleviate the bias introduced by
uneven sequencing depth, rarefaction at the minimum sample sequencing depth
(19023) was used for normalization before subsequent microbial community analysis in

R.

Beta diversity between samples was calculated with the Bray-Curtis weighted
distance, and principal coordinate analysis (PCoA) using this dissimilarity matrix were
applied to visualize the differences between microbial communities between treatments.
Permutational multivariate analysis of variance (PERMANOVA) was used to evaluate
the marginal effects contributed by each factor to the distinct microbial composition
pattern between treatments using 999 permutations. In addition to PERMANOVA,
partial canonical analysis of principal coordinates (CAP) (Clarke 1993) based on Bray-
Curtis distance was used to further evaluate the impacts of genotypes on rhizosphere
microbiome assembly and visualized through a CAP plot. Considering the strong
similarity of bacterial composition between fresh soil samples (before greenhouse
experiment) and bulk samples (after greenhouse experiment), subsequent LefSe,
network and KEGG pathway analysis were performed on combined bulk soil and fresh

soil samples (hereafter were represented as soil treatment).

Differential abundance analysis of bacteria at different taxa levels between

treatments were performed with LefSe under one-against-all mode (i.e., one taxa is
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considered to be significantly different only when it is significantly different against all
remaining treatments) (Segata et al. 2011). The LDA logarithmic score was calculated
with 200 bootstraps iterations, and any taxa with a less than 0.05 were defined to be
significantly different between treatments. For the overall abundance comparison
between soil and rhizosphere across all bacterial taxa levels, the LDA logarithmic score
threshold was set to 4.0. To provide a comprehensive comparison of bacteria
enrichment and depletion in soybean rhizosphere across all treatments, LefSe analysis
between each pair of rhizosphere and soil samples were performed at the genus level.
To improve the accuracy and robustness of the differential abundance analysis, any
genus with a total count smaller than 50 was removed before LefSe analysis. Under
one-against-all comparison mode, each genus with an a less than 0.05 and an LDA
score greater than 2 was defined to be significantly different between rhizosphere and
soil. Significantly enriched and depleted genera together with their LDA scores across
treatments were merged to generate a tree file and an annotation file for GraphlAn
visualization (Asnicar et al. 2015). Any genus that was significantly enriched or depleted
in the rhizosphere were annotated with red or blue colors respectively, while yellow

color indicated no significant difference between rhizosphere and soil.

To infer the difference of microbe-microbe interaction patterns between soil types
and among genotypes, samples were grouped based on treatments, i.e., Ag_Soll,
Ag_WIL, Ag_DRT, Ag_CNR, Ag_NNW, Ag_S0J, Ag_W82, For_Soil, For_WIL,
For_DRT, For_CNR, For_NNW, For_SOJ and For_W82 (Ag for agricultural soil, For for
forest soil, genotype abbreviations as defined in Table 2.1). To infer robust microbe-

microbe interactions, any OTU with a total count smaller than 10 were removed to
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eliminate the confounding impacts introduced by these rare taxa. A co-occurrence
correlation network between OTUs was calculated with SparCC algorithm with 20
interactions (Friedman and Alm 2012). Corresponding p-values for each correlation
were determined based on 200 iterations of the bootstrapping process. During the
bootstrapping process, 200 sets of simulated count matrices were generated from the
original count matrix. By comparing the SparCC correlation matrix generated using
simulated datasets and that of the original dataset, p-values were calculated. For overall
network topological traits comparison, each edge with a p-value less than 0.01 were
kept for visualization. Further simplification of the networks was done by selecting the
top 50 nodes with the largest connection degrees. The integrated network comprising all
treatments was generated by uniting individual networks based on shared nodes, with
different edge colors representing different treatments and different vertex colors
depicting bacterial OTU. The network visualization and topological properties

measurements were done with the R package igraph (Csardi and Nepusz 2006).

To investigate the difference of potential ecological functions between bulk soil and
rhizosphere microbiomes across all treatments, the R package Tax4Fun was used to
predict microbial functional and metabolic capacities by linking 16S rRNA gene-based
taxonomic profiles to pre-calculated KEGG references (ABhauer et al. 2015). The
predicted normalized KEGG pathway output was then used to investigate the
enrichment of microbial pathways between soil and rhizosphere by DESeq2 (Love,
Huber, and Anders 2014). Pathways with an adjusted p-value less than 0.01 and related
to plant microbiome functions were selected for subsequent visualization in a heatmap

using the pheatmap R package (Kolde 2015).
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2.3 Results

A total of 19358039 raw reads fro--m 136 samples were generated after paired-end
sequencing with a read length of 275 bp. Quality analysis with FastQC suggested that
the first 200-250 bp of each read had a quality score higher than 30 (Fig. S2.1), and 88-
95% of the sequences had an exact match in the primer region. After several steps of
stringent trimming and filtering of chimeric and non-bacterial sequences, 9945986 reads
were clustered into 175957 OTUs based on a threshold of 97% sequence similarity.
Most of the samples yielded about 50000 reads, with the minimum sequencing depth of
19023 and the maximum depth of 247930 (Fig. S2.2). The rarefaction curve suggested
consistent bacterial OTU richness across samples, with no obvious outlier samples (Fig.
S2.3). After rarefaction to the minimum sequencing depth, 76864 OTUs remained in the
136 samples, belonging to 25 phyla, 99 classes, 122 orders, 244 families and 642

genera.

2.3.1 Soybean rhizosphere demonstrates different but dependent microbial

community composition compared to bulk soil

Overall, the microbial community of the soybean rhizosphere microbiome is significantly
different from that of the surrounding bulk soil, with some taxa being consistently
recruited to the rhizosphere regardless of the soil type. However, some other bacterial

taxa were specifically enriched in soybean rhizosphere in a soil-dependent way.

2.3.1.1 Phylum, class, order and family level comparison
At the phylum level, bacterial communities were dominated by Proteobacteria,

Acidobacteria, Actinobacteria, and Bacteroidetes in both agricultural and forest soils,
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with the next most abundant phyla being Firmicutes in agriculture soil, and
Verrucomicrobia and Planctomycetes in forest soil (Fig. 2.1). The composition of
microbes immediately after collection (fresh soil) and after 2 months in the greenhouse
(bulk soil) were similar, indicating that the greenhouse environment and the time lapse
did not largely alter microbial communities. Comparison of bulk and fresh soil samples
to rhizosphere samples revealed much greater differences. Differential abundance
analysis results indicated that Proteobacteria, Actinomycetales and Enterobacteriaceae
were significantly enriched from bulk soil to rhizosphere in both soil types across all the
six genotypes, while Acidobacteria and Verrucomicrobia were consistently depleted in
soybean rhizosphere (Fig. 2.2). However, the enrichment/depletion pattern of bacterial
phyla in the soybean rhizosphere was not entirely consistent between soil types;
Firmicutes (especially Bacilli) was preferably enriched in the rhizosphere when grown in
agriculture soil, while Bacteroidetes (specifically Chitinophagaceae) were selectively
accumulated when growing in forest soil. Similarly, Alphaproteobacteria (especially
Rhizobiales) and Betaproteobacteria (specifically Burkholderiales) were discriminantly
enriched in agriculture and forest soil respectively. Although Gammaproteobacteria was
consistently enriched in the rhizosphere across all treatments, the enrichment of
bacteria within the Gammaproteobacteria class also differed between soil types, with
Xanthomonadaceae preferably enriched in forest soil while Pseudomonadaceae were
preferably recruited when grown in agriculture soil. This divergent enrichment/depletion
pattern in soybean rhizosphere between solil types indicates the dominant impacts of

the soil sources and their starting microbial pools on rhizosphere microbiome assembly.
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2.3.1.2 Genus level

To provide a more detailed understanding of bacteria assembly in soybean rhizosphere
under different soil conditions and host genetic background, LefSe analysis was
conducted at the genus level to determine the enrichment/depletion pattern between
each pair of rhizosphere and soil samples (e.g., Ag_WIL rhizosphere vs. soil samples)
with an LDA score threshold of 2. In total, the relative abundances of 299 out of 642
bacterial genera were detected to be significantly different between rhizosphere and soil
samples. Among these 299 genera, 11 were consistently enriched in the soybean
rhizosphere for both soil types across the six genotypes: Rhizobium, Novosphingobium,
Phenylobacterium, Streptomyces, Nocardioides, Nocardia, Amycolatopsis,
Dyadobacter, TM7_genus_incertae_sedis, Sphingobacteriaceae_unclassified, and
Enterobacteriaceae_unclassified. In contrast, 113 out of the 299 genera (Gp15, Gp13,
Gp9, Gp6, Gemmata, Rhodospirillales-unclassified, Betaproteobacteria-unclassified,
Rhodocyclaceae-unclassified, Deltaproteobacteria-unclassified, Planctomycetaceae-
unclassified, and Bacteria-unclassified) were steadily depleted in the rhizosphere (Fig.
2.3).

Consistent with phylum level results, numerous bacterial genera were selectively
enriched/depleted in the rhizosphere when grown in one soil type instead of the other.
For example, Bradyrhizobium, Pseudoxanthomonas, Kribbella, and Agromyces, etc.
were favorably accumulated in the soybean rhizosphere when grown in agriculture soil.
Meanwhile, Burkholderia, Rudaea, Dyella and Mucilaginibacter, etc. were
discriminatively recruited to the soybean rhizosphere when grown in forest soil.

Likewise, Gpl and Pasteruria were significantly decreased in the soybean rhizosphere
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when grown in agriculture soil while Gp2 was selectively depleted when grown in forest
soil. In total, 37 genera were specifically enriched in the rhizosphere when soybeans
were grown in agriculture soil while 13 genera were specifically enriched in forest soil
(Table S2.2). Among the 37 specifically enriched genera, only one genus was absent in
the soybean rhizosphere when growing in forest soil, while none out of the 13 genera
was absent in soybean rhizosphere when grown in agriculture soil. In other words, this
soil-type specific bacteria enrichment may be attributed to differences in rhizosphere
assembly processes instead of absence of a specific taxon in the microbial pool.
Additionally, even among those that were consistently enriched, the degree of
enrichment also varied and depended on the soil type. For example, differential
abundance analysis indicated that Rhizobium, Streptomyces and Novosphingobium
were constantly enriched in soybean rhizosphere across all genotypes and soil types.
However, the degree of this enrichment was more dominant when grown in agriculture
soil compared with that of forest soil (Fig. 2.4). In contrast, the depletion of
Acidobacteria was more distinct in soybean rhizosphere when the plants were grown in
forest soil in comparison with those grown in agriculture soil.

In addition to soil type effects, between-genotype differences in bacteria
enrichment/depletion patterns were also apparent (Fig. 2.3). As visualized in the
bacterial genus abundance boxplots, Pseudomonas and Stenotrophomonas were
enriched in all soybean genotypes except Glycine soja (Fig. 2.4). Similarly, the
recruitment of Rhizobium, Pantoea and Mucilaginibacter in Glycine soja was also limited
compared with the other five genotypes. However, the recruitment of Streptomyces and

Kribbella was more evident in the wild species accession (SOJ) compared with other
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genotypes when grown in agricultural soil. Compared with other genotypes, non-
nodulating soybeans (NND) were less attractive to Novosphingobium as demonstrated

by its lower abundance in soybean rhizosphere.

2.3.2 Dominant impacts of soil indigenous microbe pool and soil

environment on rhizosphere microbial community composition

To quantify the differences in microbial community composition between samples, Bray-
Curtis dissimilarity was calculated and visualized in a PCoA plot. The separation pattern
between samples indicated distinct microbial community composition between the
rhizosphere and bulk soil as well as between soil types (Fig. 2.5). The first two axes
explained more than 70% of microbial community variance between samples, with
samples clearly separated by soil type on the first axis (64.6% explained variance),
while compartment (rhizosphere or bulk soil) was primarily represented along the
second axis (7.1% explained variance).

To evaluate the relative impacts of soil type and compartment on microbial
community composition, a PERMANOVA was used to partition the source of variance.
Here, the compartment impacts were referred to microbiome differences between soil
samples and soybean rhizosphere samples. The results suggested that soil type is the
most dominant explanatory factor for the distinct microbial community structure between
samples, explaining 62% of the overall variance of the microbe composition across all
samples (PERMANOVA marginal effects: Fq,131)= 259.65, p <0.001). Larger soil type
effects for bulk and fresh soil microbial communities (81.37% variance) were detected
compared with the rhizosphere microbiome (70.61%). Compartment effects were the

secondary key factor (explaining 6% of variance) that contributed to the overall
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divergent microbial community (PERMANOVA marginal effects: F2,131)= 12.86, p <
0.001). The compartment effects are in fact mainly contributed by the rhizosphere,
considering the very similar microbiome composition between fresh and bulk soil
samples. Thus, compartment effects will be referred to as rhizosphere effects hereafter.
Within each individual soil type, the rhizosphere effects were more evident, with 28.16%
(PEMANOVA marginal effects: Fe,65= 12.74, p < 0.001) and 38.48% (PERMANOVA
marginal effects: F,65 = 20.33, p < 0.001) variance of microbiome composition being
explained in agriculture and forest soil correspondingly. A significant interaction of soil
type and rhizosphere effects was also detected for the overall microbiome composition
(PERMANOVA marginal effects: Fe,129) = 12.67, p < 0.001). The impact of sequencing
depth on microbe composition results was evaluated and found to be nonsignificant
when soil type and compartment were taken into account altogether (PERMANOVA

marginal effects: F(1,131)= 1.815, p = 0.138).

2.3.3 Soybean genotype slightly tunes soybean rhizosphere microbiome

assembly

To evaluate the impacts of soybean genotype on rhizosphere microbiota assembly, the
dataset was subdivided into two subsets composed of agriculture and forest
rhizosphere samples. A PERMANOVA test indicated significant impacts of the soybean
genotype in both agriculture (PERMANOVA marginal effects, F.45 = 2.70, p<0.01) and
forest (PERMANOVA marginal effects, F.45 = 2.44, p < 0.01) rhizosphere microbe
composition, with 23.08% and 21.32% variance explained respectively. The differences
driven by genotypes were not evident when visualized using an unconstrained

ordination method, i.e., PCoA (Fig. 2.6A and 6B). However, when illustrated using
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canonical analysis of principal coordinates (CAP), the influence of microbe community
compositions due to genotypes is clearer (Fig. 2.6C and D). CAP analysis is a good
option when effects are not easily detected by unconstrained ordination, as it can utilize
treatment information (Anderson and Willis 2003). Genotype impacts were more evident
for soybeans grown in agriculture soil, with the drought-resistant genotype (DRT) and
wild-type genotype (SOJ) more divergent from others (Fig. 2.6C and 6D). In contrast,
the bacterial community structure of Williams (WIL), Williams non-nodulating mutant
(NNW) and Williams 82 (W82), all of which share the Williams genetic background,
were more similar and had no clear separation pattern on the CAP plot. Significant
interactive impacts of soil type and genotype were detected in determining soybean
rhizosphere microbiome composition (PERMANOVA marginal effects: F(,89=2.03,
p=0.04).

Another important aspect of variability worth examining is flowering time. All
rhizosphere samples were taken as soon as plants reached the flowering stage, in order
to mitigate the impact of different developmental stages that might impact the results.
However, as the six genotypes are from different maturity groups (i.e. are adapted to
different climatic zones), the individual soybeans in this study flowered at different times
over the course of six weeks. A PERMANOVA test suggested significant impacts of
flowering time on both agriculture and forest rhizosphere microbe composition. After
partialling out flowering time as a factor, the soybean genotype still explained 3% of the
variance (capscale, F@,39=2.29, p<0.01). Due to the high correlation between flowering
time and genotypes, it is difficult to rule out the pure genotype effects on rhizosphere

microbiome assembly from that of flowering time when tested using all samples. To help
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evaluate the soybean genotype impacts, we grouped samples that flowered on the
same date and visualized their rhizosphere microbiome composition with a PCoA plot
(Fig. S2.4). We observed distinct rhizosphere microbiome composition between
Williams (WIL) and the non-nodulating mutant of Williams (NNW). These two genotypes
are genetically identical other than a mutation of gene Rjs 6, which is a receptor gene of
rhizobia nodulation factor (Hayashi et al. 2012). The divergent rhizosphere microbiomes
between these two genotypes indicate that their genetic difference indeed confers direct

impact on rhizosphere composition independent of flowering time differences.

2.3.4 Significant rhizosphere effects on microbiome diversity and microbe-

microbe interactions
Indigenous microbial community diversity was significantly higher in agriculture soil than
forest soil, which held true for both bulk soil and the soybean rhizosphere
(F1,1300=228.82, p<2.20e-16) (Fig. 2.7). A significant rhizosphere effect was reflected by
reduced microbiome diversity in soybean rhizosphere compared with that of fresh and
bulk soil samples (F2,130=23.96, p=1.39e-09), with no significant difference detected
between the latter two. Rhizosphere microbiome diversity also differed significantly
between genotypes in both agriculture (ANOVA; Fs,45)=9.46, p=3.22e-06) and forest
soil (ANOVA,; F,45) =4.99, p=0.10e-02). The diversity of the drought-tolerant genotype
(DRT) was significantly and consistently smaller than other genotypes in both soil types.
In addition, there was a significant interaction effect of soil type and genotypes on
rhizosphere microbiome diversity (F,90)=4.42, p=0.12e-02).

Beyond the direct modulation by soil and plant host, the interactions between

microbes act as another selective force for root microbiome assembly (Hassani, Duran,
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and Hacquard 2018). To elucidate these interactions in the rhizosphere and infer key
microbial consortia, we characterized co-occurrence correlation networks between
microbes and compared the difference of those interaction patterns between
treatments. Overall, microbe-microbe interactions in soil were denser and more
connected compared with that of rhizosphere as indicated by higher edge density and
average connection degree in soil samples (Table 2.2), which is consistent with the
reduced bacterial diversity in the rhizosphere. The complexity of the microbial network
in WIL was consistently higher than the other five genotypes in both soil types.
However, there were no strong correlations between network complexity and microbial
diversity when fitted using linear regression between average network density and
Shannon diversity (Fig. S2.5).

When all of the significant microbe-microbe interactions were taken into account at
«<0.01, there was no significant separation of the rhizosphere microbiome networks
between soybean genotypes, but the difference between soil types was distinguishable
(Fig. S2.6). The connection degree of each node varied between 1 and 337, with the top
25 most connected OTUs belonging to Mycobacterium, Sphingomonas, Massilia,
Bradyrhizobium, Bacillus, Gp16, Streptomyces, Phenylobacterium, Rhizobium and
TM_genus_incertae_sedis genera. A high percentage of nodes were shared between
soil and rhizosphere networks, with 64-72% of nodes being shared in the two
compartments in agriculture soil, while 71-75% overlap between compartments was
detected in forest soil. The positive correlation ratios (the positive microbe-microbe
correlations out of all significant interactions) were detected to be higher in the soybean

rhizosphere compared with soil samples. To evaluate the correlation of taxa abundance
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and its connection densities, linear regression models were fitted using OTU relative
abundance and corresponding node degree (Fig. S2.7). The results showed weak but
significant correlation between OTU abundance and corresponding node degree.
Several OTUs with high abundance showed limited interactions with other taxa,
including OTUO00004 and OTU000012, belonging to Burkholderia and Rhizobium
respectively. In contrast, several rare taxa such as OTU000159 and OTU000349,
belonging to Mycobacterium and Spartobacteria_genera_incertae_sedis showed a high
degree of connections with other bacteria.

To simplify the network and identify key microbe-microbe interactions, the top 50
OTUs with the highest connection degrees were selected from each treatment for
detailed comparison. Within this subset, the network complexity of soil samples was still
consistently higher than that of the rhizosphere (Table 2.2). The network of WIL was
denser compared with other genotypes in both soil types. However, the network pattern
of the other five genotypes, such as network density and positive correlation ratio,
varied between soil types (Fig. S2.8). When grown in agricultural soil, DRT, SOJ and
W82 had higher positive interactions than other genotypes whereas CNR, NNW and
W82 had with higher positive interactions when growing in forest soils. These results
again confirm the cooperative modulating role of soybean genotypes and indigenous
soil types in microbe-microbe interactions.

To understand the overall network patterns between treatments, the individual top
50 networks were united to a comprehensive network based on shared OTUs between
treatments (Fig. 2.8). After the union process, the number of nodes was reduced from

700 to 566, with most belonging to Proteobacteria (105), Bacteria_unclassified (95),
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Acidobacteria (91), Planctomycetes (55), Actinobacteria (54), Verrucomicrobia (51) and
Bacteroidetes (47). OTUs with the highest number of connections with others belonged
to Bradyrhizobium, Mycobacterium, Sphingomonas, Gp4,
Spartobacteria_genera_incertae_sedis, TM7_genus_incertae_sedis, Massilia and
Gpl6. The differences in microbe-microbe interactions between soil types and among
genotypes were exemplified by the high modularity of subnetworks between soybean
genotypes, which was strikingly different than the analysis that included all significant
correlations. In contrast to the large percentage of shared OTUs between treatments
when all significant OTUs were taken into account, only a few OTUs were shared
between soil and rhizosphere as well as among genotypes when the top 50 key
microbes were concerned. These shared OTUs function as connectors between the
subnetworks (Fig. 2.8) and are classified in the genera Bacillus, Streptomyces,
Bradyrhizobium, Rhizobiales_unclassified, Arthrobacter, Caldilineal, Mycobacterium,
and Gpl as well as several unclassified genera in the phylum of Verrucomicrobia. Such
bacterial consortia may play a dominant and persistent role in modulating microbial
community composition via prevalent interactions with other bacteria.

2.3.5 Specialized microbiome function in soybean rhizosphere

Genotype-specific rhizosphere effects were detected in the soybean rhizosphere
microbiome as reflected by differential microbial community compositions between
rhizosphere and bulk soil as well as among genotypes. To understand the functional
differences of these communities, we predicted the potential metabolic capacities of
both the soil and rhizosphere microbiomes using Tax4Fun. The results indicated

divergent metabolic capacities between soybean rhizosphere microbiota and bulk soil
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community (Fig. 2.9). Of particular interest, the enrichment/depletion of metabolic
pathways was consistent between soil types and across genotypes regardless of the
divergent bacteria composition.

Metabolic pathways related to biodegradation of xenobiotics, including glutathione
metabolism, geraniol degradation, limonene and pinene degradation as well as
naphthalene degradation, were significantly and consistently enriched in the soybean
rhizosphere regardless of soil types. Pathways involved in nutrient transformation and
transport, such as phosphotransferase systems and ABC transporters were also
enriched in soybean rhizosphere. In addition, bacterial functions related to plant-
microbe interactions were also enriched in the rhizosphere, such as flagella assembly,
bacterial secretion system, and biosynthesis of siderophore. In contrast, metabolic
pathways involved in antibiotic production, including streptomycin biosynthesis and
biosynthesis of ansamycins, were enriched in the bulk soil environment. The metabolic
pathways for fructose, mannose, starch and sucrose metabolism were accumulated in
soil as well. Another functional group significantly expanded in soil bacteria involved
DNA repair and recombination including nucleotide excision repair and homologous

recombination.

2.4 Discussion

2.4.1 Soll type-dependent rhizosphere effects
In our study, Proteobacteria, Acidobacteria, Bacteroidetes, and Actinobacteria were the
most dominant bacterial phyla in soybean rhizosphere, which is consistent with previous

reports about the soybean rhizosphere microbiome (Lucas W. Mendes et al. 2014;
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Sugiyama et al. 2014; Xiao et al. 2017). Gammaproteobacteria and Actinomycetales
were consistently enriched in the soybean rhizosphere in both soil types, which is
consistent with the thought that Actinobacteria and Proteobacteria as copiotrophs are
more competitive in a nutrient-enriched environment like rhizosphere, while oligotrophs
like Acidobacteria and Verrucomicrobia are more abundant in soil with poor nutrients
(Pérez-Jaramillo, Mendes, and Raaijmakers 2016). However, at the genus level, this
enrichment exhibited differences for some specific bacteria genera within
Gammaproteobacteria and Actinomycetales, which greatly depended on soil types and
soybean genotypes. This result indicates that analysis based on different taxonomic
levels may achieve inconsistent conclusions about the robustness of rhizosphere
bacteria assembly. Considering the functional redundancy between different bacteria,
functional analysis of rhizosphere microbiome together with compositional
characterization may be more informative for understanding microbiome assembly and

promoting applications for sustainable agriculture.

Rhizosphere effects on bacteria composition have been widely recognized on
numerous plant species, such as maize (Peiffer et al. 2013), rice (Edwards et al. 2015),
Arabidopsis (Lundberg et al. 2012), poplar (Beckers et al. 2017), grapevine (Samad et
al. 2017), alfalfa (Xiao et al. 2017), and sugarcane (de Souza et al. 2016). These
investigations spanned monocotyledons and dicotyledons, annuals and perennials, and
legumes and non-legumes. The results found differing extents of rhizosphere effects
between plant species due to distinct evolution time, plant root physiology and root
exudation profile between species (Fitzpatrick et al. 2018; Sasse, Martinoia, and

Northen 2018). Turner et al. (2013) revealed a stronger rhizosphere effect of microbial
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community on pea (legume) compared with that of oat and wheat (Turner et al. 2013).
Similarly, Lotus japonicus plants assemble a distinct rhizosphere microbial community
that is influenced by root nodule symbiosis (Zgadzaj et al. 2016). In our study, strong
rhizosphere effects were validated in soybean as reflected by the distinct microbial
community composition and structure between rhizosphere and bulk soil. These
rhizosphere effects may be influenced by the specific profile of root exudates with a high
concentration of flavonoids, which are essential components of signal exchange
between soybean and symbiotic rhizobia during nodule formation. The influence of root
exudates was also investigated by While et al. (2015), revealing that isoflavonoids also

significantly alter soybean rhizosphere bacterial diversity (White et al. 2015).

In our study, a number of well-described plant growth promoting rhizobacteria
(PGPR) (Shameer and Prasad 2018), including Rhizobium, Dyadobacter,
Novosphingobium and Streptomyces, were consistently enriched in soybean
rhizosphere. PGPR greatly expanded host adaptations and performance by various
promoting activities, including IAA and siderophore production, phosphate solubilization,
and induced systemic resistance (Shameer and Prasad 2018; Gupta et al. 2015).
Strong enrichment of Streptomyces and Dyadobacter was also detected in the
rhizosphere of pea (Turner et al. 2013). A diverse of Rhizobium colonize soybean root
and form nodules, providing significant benefits to the plant through nitrogen fixation.
The enrichment of Rhizobium in the soybean rhizosphere, even in the non-nodulating
soybean variety, corroborates the idea that rhizosphere recruitment may be an
important first step for further selection to the rhizoplane and endosphere (Bulgarelli et

al. 2013), which facilitates symbiotic interactions between bacteria and host plants.
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Despite the similarities in soybean rhizosphere microbe assembly across soil types,
discriminant enrichment between soil types was also revealed in our study, reflecting
the dominant modulating role of the indigenous microbe pool and local soil conditions.
Bradyrhizobium, Kribbella, and Agromyces were selectively enriched in the soybean
rhizosphere when the plants were grown in agricultural soil with a neutral pH and
diverse bacteria pool. In contrast, Burkholderia and Mucilaginibacter were
discriminatively accumulated in the soybean rhizosphere grown in forest soil with an
acidic pH and less diverse bacterial pool. Burkholderia has been found to be enriched
near roots grown under extremely nutrient-deficient soil and function to metabolize
organic acid exuded by the host to soluble phosphate (Weisskopf, Heller, and Eberl
2011; Neumann and Martinoia 2002). This result is consistent with the selective
enrichment of Burkholderia in forest soil with lower pH. Recent research confirms that
dynamic root exudates from plants can interact with microbial substrate preference to
shape the rhizosphere microbiome community composition (Zhalnina et al. 2018),
providing a promising avenue of research to understand the underlying mechanisms
driving this selective enrichment process. Despite the predominant dependency of the
soybean rhizosphere microbiome assembly on soil type, we found that the impacts of
soil types on rhizosphere microbe composition was smaller in comparison to
corresponding impacts on indigenous soil microbial community. This result indicates
that soybean as a plant host intrinsically exerts some conserved modulating force in
shaping the rhizosphere microbiome assembly. In addition, rhizosphere effects were
exhibited to a higher degree when soybeans were grown in forest soil compared to

those grown in agricultural solil, indicating that the degree of the rhizosphere effect

66


https://paperpile.com/c/UV61J2/p9GLt+dXyVZ
https://paperpile.com/c/UV61J2/p9GLt+dXyVZ
https://paperpile.com/c/UV61J2/E2g4B

differs depending on the environment. This may indicate that the plants exert variable
influence on the rhizosphere microbiome depending on the environment, possibly in

response to how suitable the environment is for the plant growth.

2.4.2 Soybean genotypes mildly tuning rhizosphere microbiome assembly
The modulating role of plant genotypes to rhizosphere microbiome assembly is thought
to be much smaller in modern agriculture systems and domesticated crops compared
with that of natural systems with a long history of coevolution (Pieterse, de Jonge, and
Berendsen 2016; Philippot et al. 2013). In our study, moderate and significant tuning
effects by soybean genotypes on the rhizosphere microbiome composition were
detected from both the overall bacterial community level and the individual genus level.
At the community level, the rhizosphere microbiome composition from Williams (WIL),
Williams 82 (W82) and Williams non-nodulating mutant (NNW) were more similar, while
drought resistant and wild type plants were more distinct. This corresponds to the
genetic differences among the genotypes, with the Williams (WIL), Williams 82 (W82)
and Williams non-nodulating mutant (NNW) all sharing the Williams genetic
background. Intriguingly, this between-genotype difference was detected to be more
evident when soybean genotypes were grown in agriculture soil. This soil type-
dependent genotype effects again indicates the integrated regulatory role from both the

soil and the plant side.

Previous work in various agricultural plant species has revealed domestication to be
a profound shaping force for rhizosphere microbiome recruitment, influenced by both
the reduced genetic diversity of modern genotypes and crop management practices

(Pérez-Jaramillo, Mendes, and Raaijmakers 2016). Several studies revealed distinct
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microbial community composition in wild genotypes compared with that of modern
genotypes (Pérez-Jaramillo et al. 2017; Cardinale et al. 2015; Bulgarelli et al. 2015;
Zachow et al. 2014). This study also found the rhizosphere bacterial community
composition of the wild accession - Glycine soja (SOJ) - to be different from the other
modern agricultural genotypes. Specifically, the enrichment of Rhizobium,
Pseudomonas and Stenotrophomonas in the wild soybean rhizosphere was very limited
compared with the other modern genotypes. In contrast, Streptomyces and Kribbella
from the Actinobacteria phylum were extensively recruited in the wild type. In addition,
the overall bacterial diversity in the wild soybean (SOJ) rhizosphere was consistently
higher in comparison to all genotypes irrespective of the soil type tested. Similarly, the
study by Leff et al. (2017) revealed that wild sugar beet harbors higher bacteria diversity
in its rhizosphere compared with wild type. The distinct rhizosphere microbiome
recruitment of the wild accession could be a reflection of soybean trait selection along
domestication. For example, root morphology changed significantly from the wild
progenitor to the modern agricultural genotypes, with shallow and thick roots being
preferably selected during soybean breeding history in terms of phosphorus efficiency

(Zhao et al. 2004).

Soybeans benefit from a nitrogen supply provided by the nitrogen-fixing process
from the symbiotic relationship with Rhizobium and Bradyrhizobium that results in a
higher quality of root exudates with a lower C/N ratio (Warembourg, Roumet, and Lafont
2003). Additionally, the nitrogen fixing process alters soil physicochemical properties
around root nodules, featuring a high concentration of hydrogen as a by-product of

nitrogen reduction by nitrogenase (Hunt and Layzell 1993). Considering these specific

68


https://paperpile.com/c/UV61J2/yD6Td+y6Cas+H3kj1+WQsrT
https://paperpile.com/c/UV61J2/yD6Td+y6Cas+H3kj1+WQsrT
https://paperpile.com/c/UV61J2/u8CT9
https://paperpile.com/c/UV61J2/6lhE3
https://paperpile.com/c/UV61J2/6lhE3
https://paperpile.com/c/UV61J2/4ivYG

traits conferred by the nitrogen fixing process, it is reasonable to expect that the
bacterial community of non-nodulating genotype (NNW) would significantly differ from
its nodulating isogenic line (WIL). However, no effects were detected in our study. The
non-nodulating Williams mutant (NNW) selected for this study was established by
silencing the Rjs,6 gene coding for GmNFR5a and GmNFR5 (Glycine max Nod factor
receptors), which are orthologs of NFR5 receptor in Lotus japonicus (Hayashi et al.
2012). As a result, this mutant exhibited neither rhizobial infection nor cortical cell
division. This contrasts with previous research in Lotus japonicus, which found that
disruption of the symbiosis pathway significantly altered rhizosphere microbial
communities, even with the addition of supplemental nitrogen to soil (Zgadzaj et al.
2016). These contrasting results warrant further investigation, with possible causes
including the particular genes selected to disrupt nodulation, different soil nitrogen

status, or specific physiologies of the two different plant species.

2.4.3 Specialized network in rhizosphere and genotype specific preference

for key microbe-microbe interactions

As a result of discriminant selection occurring in the soybean rhizosphere, the diversity
of the bacterial community in the rhizosphere was significantly lower than that of soil.
Consistently, microbe-microbe interactions represented by co-occurrence networks
were revealed to be less complicated in the rhizosphere compared to soil, which is
consistent with previous studies using shotgun metagenomics (Lucas W. Mendes et al.
2014). We found that a high abundance of a bacterial taxa is not necessarily required to
be a key species in terms of microbe-microbe interactions. Rare bacteria of

Mycobacterium were found to have a high number of interactions with other taxa, which
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may indicate that some rare but essential species play critical roles for community
structure through dense connections with other groups (Lucas W. Mendes et al. 2014).
Bacterial taxa that are consistently and highly connected with other groups potentially
play key role in community structure and crucial ecological functions (Agler et al. 2016).
The microbiome network identified in this study could help guide future investigations of
plant-microbe interactions by focusing on hub taxa that are highly connected with other
groups as well as connector taxa that provide links between modules (Poudel et al.
2016). When represented using all significant correlations, the microbial networks were
quite similar between rhizosphere and soil community as well as among different
genotypes. However, after reduction of network complexity by selecting the top 50 taxa,
we found that soybean-genotype-featured unique subnetworks were linked together by
crucial connector taxa belonging to Bacillus, Mycobacterium, Streptomyces and
Arthrobacter. This contrasting pattern may indicate that the global microbe-microbe
interactions within the complex bacterial community are similar between soybean

genotypes, but the key microbe-microbe interactions are genotype-specific.

2.4.4 Consistent rhizosphere effects on bacterial metabolic capacities

between soil types and genotype

Functional pathway analysis revealed distinct microbial metabolic capacities in the
soybean rhizosphere, and these rhizosphere effects were consistent between different
soil types and soybean genotypes. Specifically, bacterial functional pathways related to
plant-microbe interactions, biodegradation of xenobiotics, as well as nutrient
transformation and transport were significantly enriched in the soybean rhizosphere,

while antibiotic biosynthesis, DNA repair and recombination related pathways were
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reduced. Many of the enriched pathways in the rhizosphere have previously been
reported to be essential for the various plant growth promoting functions across several
studies (Matilla et al. 2007; Levy et al. 2018; Bulgarelli et al. 2015). For example,
flagellar assembly, siderophores and bacterial secretion system were revealed to be
involved in induced systemic resistance (Shameer and Prasad 2018). Despite the clear
influence of the soil type and soybean genotype on bacterial community composition
and microbe-microbe interactions in the soybean rhizosphere, our study identified much
overlap in the metabolic capacities of the bacterial communities. This convergence may
be due to the functional redundancy of various taxa in the bacterial community (Allison
and Martiny 2008). However, this study is limited to inferring functional annotation
based on taxonomic classification, and further confirmation of actual rhizosphere

microbiome functions is warranted.

Plants are not able to escape from unfavorable conditions, such as being attacked
by herbivores or pathogens, due to their sessile nature. During their evolution, plants
have developed various strategies to directly or indirectly respond to external stressors
by exuding various defense compounds into the rhizosphere for instance (Baetz and
Martinoia 2014). To adapt to this specialized habitat, the rhizosphere microbiome may
have evolved with increased detoxification activity as reflected by the enhanced
degradation pathway of limonene, pinene and naphthalene in our results. This finding is
consistent with a former report about the intensive expression of genes involved in
oxidative stress response and detoxification in the corn rhizosphere (Matilla et al. 2007).
Our functional characterization of the soybean rhizosphere also showed that common

carbon metabolism pathways including starch, sucrose, fructose and mannose
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metabolism were downregulated. As Boris and Jorg stated that most bacteria are
characterized with flexible and dynamic carbon-utilization strategy in response to
available carbon sources (Gorke and Stiilke 2008). This decrease in common carbon
metabolism pathway could reflect the adaption of the rhizospehree microbiome to the
abundant specialized nutrients being supplied by root exudates. This is consistent with
the reports of the carbon utilization capacities of several plant growth promoting
bacteria. For example, a-pinene can be used by Pseudomonas fluorescens as its sole
carbon and energy source. Similarly, naphthalene can be utilized as the sole carbon
and energy source by several bacterial genera including Burkholderia, Mycobacterium,
Streptomyces, Sphingomonas, Pseudomonas, Ralstonia, etc (Seo, Keum, and Li 2009;
Wenke, Kai, and Piechulla 2010). Surprisingly, we found that the antibiotic activity were
reduced in the rhizosphere, which contradicts previous reports that antibiotic activity of
PGPR in rhizosphere are particularly important especially when plants were infected by
pathogens (Mahoney, Yin, and Hulbert 2017; Lucas William Mendes et al. 2018;
Shameer and Prasad 2018). This difference could be due to the different soil nutrient

conditions or lack of pathogen stress in our experiment.

2.5 Conclusions and perspectives

In this study, we provide a detailed characterization of soybean rhizosphere microbiome
composition and functional capacity across a number of soybean genotypes and a wild
accession. The rhizosphere microbiome composition and microbe-microbe interactions
between soybean genotypes and soil types advances our understanding of the

modulating role of both factors in the soybean rhizosphere microbiome assembly. This
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base knowledge primes further studies to use candidate bacteria consortia for synthetic
community-based in vitro testing of this assembly process and the functional roles of the
bacteria. Our results emphasize the importance of comprehensive consideration of
native microbe pool, local soil environment and plant genotypes for future microbiome
study. Additionally, the significant genotype tuning role in the soybean rhizosphere
microbiome assembly indicates that agricultural breeding programs will need to

consider integrating host traits participating in beneficial microbiota assembly.
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Appendices 2
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Fig. 2.1 Bacterial community composition at phylum level.

Phylum

. Verrucomicrobia
. Proteobacteria
- Acidobacteria
. Bacteroidetes
. Actinobacteria

. Bacteria_unclassified
Chloroflexi
Planctomycetes

. Gemmatimonadetes

. Others

Bacterial phyla with relative abundance smaller than 1% across 20% of samples were grouped

together to form the “Others” category. Fresh soil was flash frozen immediately after field

collection, while bulk soil was treated the same as and collected parallel to rhizosphere

samples.
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Fig. 2.2 Differential abundance between soil and rhizosphere by LefSe analysis at

LDA score >4.

In this LefSe analysis, soil samples (including both fresh and bulk samples) were treated as
controls. A negative LDA score represents depletion in soil and enrichment in rhizosphere (red)

and a positive LDA score represents the opposite (green).
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Fig. 2.3 The enrichment and depletion of bacteria by genera in the soybean

rhizosphere.

The inside dendrogram represents the taxonomic tree of all bacterial genera with significantly
different abundance between soil and rhizosphere, with color indicating phylum. Proteobacteria
(green) were subset to class level, with circle, star, pentagon, square and diamond representing
Alpha-, Beta-, Delta-, Gamma- and Unclassified- Proteobacteria respectively. The number at the
end of each branch represents the corresponding bacterial genus as annotated along the list
along each side of the plot. A detailed annotation list could be found in Table S2.1. The
enrichment/depletion of each genus in the soybean rhizosphere is depicted in the external
heatmap ring, with red indicating enrichment, blue representing depletion, and yellow indicating
no significant difference. The darker the color of each block, the stronger the corresponding
enrichment/depletion, which is scaled based on corresponding LDA score.
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Fig. 2.4 Boxplot of bacterial genus abundance between treatments.
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Fig. 2.5 Bacterial community composition between treatment.

Agriculture and forest soil types were represented by triangle and circle correspondingly.

Different colors of the points represent different treatments.
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Principal coordinate analysis (PCoA) plot of soybean rhizosphere microbial community grown in
agriculture soil (A) and forest soil (B) demonstrates little pattern associated with genotype. In
contrast, soybean rhizosphere microbial community difference between genotypes as depicted

by canonical analysis of principal coordinates (CAP) has more clear genotype-specific patterns,

with C and D representing rhizosphere samples grown in agriculture and forest soil,

respectively.
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Fig. 2.8 Modulation of microbial networks by soybean genotypes and soil source.

In the above network, OTUs were represented by individual nodes, with colors indicating
phylum. Edge color denotes the treatment. When one edge was shared between treatment, a
mixed color was used to define that particular edge. OTU numbers are labeled for each node

and their corresponding taxonomic information can be found in Table S2.3.
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Fig. 2.9 Rhizosphere effects on soybean microbiome metabolic capacity.

Metabolic pathways that differed significantly between soil and rhizosphere were used to

generate a heatmap. Both samples and pathways were clustered based on euclidean distance.

The abundance of each pathway was scaled to the same range (-4, 4), with red and blue colors

representing relatively higher and lower abundance respectively.
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Table 2.1 Soybean genotype inventories and specific characters.

genotype Abbr. Plant Inventory Maturity Group Cultivar or distinguishing character
WIL 548631 1] Williams
DRT 416937 VI Drought-tolerant with different root morphology
CNR TNO09-029 v Soybean cyst nematode-resistant
NNW 634765 ] Non-nodulating mutant of Williams
SO0J 407305 \% Glycine soja undomesticated progenitor
w82 518671 ] Williams 82

96



Table 2.2 Network topological characteristics.

Global statistics were calculated based on co-occurrence network comprising all significant
microbe-microbe correlations at a<0.001 while top 50 statistics were calculated based on

simplified network that including only the top 50 nodes with the most connections to other
microbes.

Soil type  Network Network topologies Soil WIL DRT CNR NNW SOJ w82
type
Positive edges?® (%) 54.64 56.69 58.74 57.33 57.68 55.91 57.77
Edge density® (%) 2.35 1.58 0.76 0.81 0.64 0.93 0.73
Global
Ave. degree® 25.68 16.83 8.46 8.93 6.97 9.32 6.11
Betweenness® 1092.03 1294.41  1588.35 1576.23 1691.40 1471.82 1405.33
Agriculture
Positive edges? (%) 48.45 50.66 93.28 48.75 62.26  66.67 90.91
Edge density® (%) 76.49 49.47 11.88 13.61 6.79 15.54 8.42
Top 50
Ave. degree® 37.48 24.24 5.58 6.53 2.65 7.15 4.04
Betweenness* 5.76 12.38 34.02 34.73 29.20 34.47 46.34
Positive edges? (%) 56.25 55.68 56.21 55.42 57.60 54.81 55.70
Edge density® (%) 1.49 0.88 0.73 0.68 0.77 0.75 0.74
Global
Ave. degree® 16.77 9.75 8.38 7.43 8.75 8.54 8.59
Ave. Betweenness!  1273.30 1541.86 1653.03 1626.60 1611.71 1589.82 1626.15
Forest
Positive edges® (%) 58.03 60.66 70.33 94.57 84.72 45.54 77.27
Edge density® (%) 63.02 24.90 7.74 10.69 19.61 9.76 6.67
Top 50
Ave. degree® 30.88 12.20 3.71 4.38 8.83 4.39 2.93
Ave. Betweenness® 9.06 23.30 55.98 56.24 27.04 47.76 62.22

aPositive ratio represents the ratio of positive microbe-microbe correlations out of all interactions
within the network.

bEdge density was calculated as the ratio of detected edge numbers to the theoretical maximum
edge numbers, indicating the connectiveness between nodes.

cAve. degree was defined as the mean connection degree across all nodes within a network.
dAve. Betweenness was defined by the average number of shortest paths going through alll
vertice within a network.

97



Read 1 Read 2

Qualiy scorss across ol barss (Sangse /lumina 12 encosing!

B ® E 8 88 B 8 g
B ¥ E B 8B ® 3 8

> 5 & x5 = 8

@ n » @

T23458760 (518 3034 4549 6084 TETD 0024 (10104 130134 150154 (76174 180184 210214 230204 250254 270274 123458760 1512 3034 4540 8084 7570 BOB4 110-114 130-134 150154 170-174 190-184 210214 230234 250254 270-274
Fosltion in wad fbg} Position in read [bs)

Fig. S2.1 Sequence quality analysis using fastQC.
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Fig. S2.3 Rarefaction curve across all samples.

The sample ID were labeled at the end of each line.
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Fig. S2.4 Genotype effects on soybean rhizosphere microbiome by comparing

samples collected on the same date.

To provide an example of pure genotype effect, rhizosphere samples belongs to William (WIL)
vs non-nodulating William (NNW) mutant growing in agriculture soil that collected on 08-08-
2016 and cyst nematode resistant (CNR) vs drought tolerant (DRT) collected on 08-26-2018

were compared and visualized using PCoA plot.
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Fig. S2.5 Correlation analysis between microbial Shannon diversities and network

edge densities.

The below correlation was calculated based on top50 network in which the first 50 nodes with

the highest connections with other microbes were included.
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Fig. S2.6 Integrated microbial global network including all significant correlations

between OTUs.

Inside of this network, each node represents one OTU and the correlations between OTUs were
illustrated as edges. Nodes color were defined by their corresponding phylum, while edge color
represents the treatment each edge belongs to. Whenever one edge was shared by several
different treatments, the color was redefined by color mixer. Node size was represented by
scaling the degree of connection of each node.
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Correlation between node abundance and node degree
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Fig. S2.7 Correlation analysis between network node degree and corresponding
OTU relative abundance using both global network and Top50 network.

Each node was labeled with OTU_ID, whose taxonomy information could be found in

Supplemental Table 3. Though p-value indicate significant correlation, only 10%-11% variance

could be explained by this linear regression in both networks.
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Fig. S2.8 Individual microbial network constructed using top 50 nodes in terms of

connection degree.

In the below networks, nodes were colored based on phylum name as listed below. Red edge
indicates negative correlation between OTUs while green edge represents positive correlation.

Node size was defined based on connection degree. The bigger the node size, the more

connections it has.
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Table S2.1: GraPhlAn nodes taxonomy.xIsx (attached files).

Table S2.2: The soil type-dependent enrichment of bacterial genus and their
relative abundance.xlIsx (attached files).

Table S2.3: Taxonomic information of the OTU nodes within co-occurrence

network.xIsx (attached files).
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Chapter 3 Strigolactones discriminantly modulate soybean

rhizosphere bacterial and fungal microbiome assembly
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The material presented in this chapter will be used for journal article publication.
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Abstract

Strigolactones are a recently discovered class of carotenoid-derived plant hormones
with a wide variety of functions, including acting as signaling molecules in the
rhizosphere to promote arbuscular mycorrhizal fungi colonization and parasitic seed
germination. To determine if strigolactones influence the recruitment of microbes to the
rhizosphere, we compared both bacteria and fungi communities in response to the
overexpression of genes involved in strigolactone biosynthesis (Max1) and signaling
perception (D14 and Max2) in soybean (Glycine max). Based on amplicon sequencing,
the strigolactone overexpression lines had altered soybean rhizosphere bacteria
composition at both the community level and individual taxa level with genera including
Shinella and Bdellovibrio consistently more abundant across all three gene treatments.
The gene mechanism was also significant, with lines overexpressing genes involved in
strigolactone biosynthesis (Max1) yielding a divergent bacterial community in
comparison to those with altered strigolactone perception genes (D14 and Max2). While
the overexpressed genes did not significantly impact the overall fungal community
distribution, some individual taxa were altered in abundance. Max1 and D14
overexpression lines had significantly enriched levels of Fusarium solani. Co-
occurrence analysis revealed more connected bacteria-bacteria networks but less
connected fungi-fungi networks in the rhizosphere compared to bulk soil. When
considering the most highly connected bacterial taxa in the networks, the
overexpression of strigolactone significantly increased the negative bacteria-bacteria
relationships for those taxa. The functional role of plant strigolactone biosynthesis and

signaling pathways on bacteria and fungi communities in the rhizosphere confirmed
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strigolactone’s importance in rhizosphere communication and microbial community

structure.
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3.1 Introduction

Plants have evolved intimate interactions with their associated microbiome for various
functions, including nutrient uptake, stress tolerance, pathogen defense, and phenotypic
plasticity, all facilitated by diverse plant growth-promoting bacteria (Bakker et al. 2018;
Goh et al. 2013). Comprehensive and mechanistic understanding of plant microbiome
assembly is crucial for optimizing beneficial plant-microbe interactions and maximizing
the benefits offered by the plant microbiome for agricultural applications (Pieterse, de
Jonge, and Berendsen 2016). The rhizosphere, the narrow region between the plant
root and attached soil, is a dynamic and active interface characterized by intensive
communication between the plant and microbes (Philippot et al. 2013). In this zone,
plants actively and dynamically modulate the composition and function of microbes via
root exudates, secondary metabolites or specific signaling pathways in response to
changing soil biotic or abiotic stimuli (Zhalnina et al. 2018; Stringlis et al. 2018; Lebeis et
al. 2015; Castrillo et al. 2017; Xu et al. 2018; Berendsen et al. 2018). For example,
salicylic acid is a foliar defense phytohormone that was also found to influence the root
microbiome by altering the colonization of specific bacteria families (Lebeis et al. 2015).
Similarly, coumarin scopoletin (an iron-mobilizing phenolic compound) mediates
rhizosphere microbiome assembly via its discriminant antimicrobial activity to pathogens

versus growth-promoting rhizobacteria (Stringlis et al. 2018).

Strigolactones are a group of relatively recently discovered carotenoid-derived plant
hormones and signaling molecules involved in plant-microbe interactions (Al-Babili and
Bouwmeester 2015; Cook et al. 1966). The biosynthesis of strigolactones starts with the

sequential action of a 3-carotene isomerase DWARF27 (D27) and two carotenoid
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cleavage dioxygenases (CCD7 and CCDB8) to produce carlactone, which is the last
common precursor for all strigolactones (Waters et al. 2017). Carlactones are catalyzed
by the cytochrome P450 enzyme more axillary growth 1 (Max1) and subsequent
uncharacterized enzymes to produce either canonical or non-canonical strigolactones
(L6pez-Réez, Shirasu, and Foo 2017; Waters et al. 2017). Expression of genes involved
in SLs biosynthesis is highest in plant roots (e.g, rice, Arabidopsis, sorghum and peas)
and low or undetectable in other tissues (Ruyter-Spira et al. 2013; Al-Babili and
Bouwmeester 2015; Yoneyama et al. 2007). The synthesized SLs function as plant
hormones via downstream signaling transduction enabled by a/B-fold hydrolase D14
and F-box protein Max2 (Beveridge and Kyozuka 2010; Arite et al. 2009; Nelson et al.
2011). Simultaneously, strigolactones are exuded into the rhizosphere, however,
transport mechanisms are not yet well understood with the only characterized ABC

transporter (PDR1, first identified in Petunia hybrida) (Kretzschmar et al. 2012).

Strigolactones have multifunctional roles in plant development and plant-biota
communication. Strigolactones act as ex planta signaling molecules after being exuded
into the rhizosphere by modulating plant-plant and plant-microbe communications
(L6pez-Réez, Shirasu, and Foo 2017). The presence of strigolactones in the
rhizosphere acts as a signal for root colonization by symbiotic arbuscular mycorrhizal
fungi. This signaling has been profiled in diverse plant species including Lotus
japonicus, petunia, sorghum, tomato and Fabaceae plants (Akiyama, Matsuzaki, and
Hayashi 2005; Besserer et al. 2006; Yoneyama et al. 2008; Kretzschmar et al. 2012).
Strigolactones in the soil are perceived as germination stimulants for root parasitic

plants of the family Orobanchaceae (Yoneyama et al. 2008). Strigolactones also
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function in planta as phytohormones regulating shoot branching, root morphology and
architecture, secondary growth and leaf senescence across a wide array of plants,
including Arabidopsis, rice, pea, and petunia (Al-Babili and Bouwmeester 2015).
Strigolactones are involved in plant response to unfavorable environmental conditions
including drought, salinity, nutrient deprivation and pathogen infection, with research in
this area emerging from several plant species including Arabidopsis, tomato, lettuce,
sorghum and Lotus japonicus (Lopez-Raez 2016; Van Ha et al. 2014; Visentin et al.
2016; Ruiz-Lozano et al. 2001). However, in terms of how strigolactones mediate plant
stress responses, we still lack consistent conclusions, possibly due to the diverse
chemical structures of molecules in the strigolactone family among investigated plants
and the complex cross-talk between strigolactones and other phytohormones (Waters et

al. 2017).

Strigolactones have recently been suggested as important modulators for legume
nodulation. In both pea and alfalfa, in vitro assays using the synthetic strigolactone
analogue GR24"¢increased the number of nodules per plant (Foo and Davies 2011;
Soto et al. 2010). Further, reduced nodule numbers were detected in strigolactones
synthesis mutants ccd7 and ccd8 in comparison to wild type pea, and this reduction of
nodule formation could be rescued by GR24™ to a similar level as wild type (Foo and
Davies 2011; Foo et al. 2013). The reduction of pea nodules could not be attributed to
changes of root traits or He (Foo et al. 2013). Unlike the impacts of strigolactones on
arbuscular mycorrhizal fungi (AMF) colonization (e.g., inducing hyphae growth,
branching and spore germination) (Akiyama, Matsuzaki, and Hayashi 2005; Besserer et

al. 2008; Waters et al. 2017), the nodulation promotion by strigolactones cannot be
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attributed to their stimulatory effects on rhizobia growth or nod genes expression (Foo
and Davies 2011; Soto et al. 2010; Moscatiello et al. 2010). Pelaez-Vico et al. (2016)
demonstrated that the application of a synthetic strigolactone analog enhances surface
motility of Sinorhizobium meliloti, a Rhizobia of alfalfa (Pelaez-Vico et al. 2016),
providing a possible mechanism for strigolactones to help establish rhizobia in nodules.
However, inconsistent reports regarding the influence of strigolactones on legume
nodulation also exist. For example, the strigolactone response mutant rms4 developed
a similar number of nodules to wild type, which could be attributed to the fact that rms4
is involved in both strigolactone and karrikins signaling pathways (Foo et al. 2013). De
Cuyper et al (2015) reported a dose-dependent regulation of GR?* on Medicago
truncatula nodule numbers, with positive effects when applied at low concentration and

negative effects under high concentration (De Cuyper et al. 2015).

Considering the many functions of strigolactones in regulating plant growth and
mediating plant-microbe interactions, strigolactones have potential agricultural
applications. The most significant translational applications are currently focused on
parasitic weed control by interrupting host strigolactone signaling to prevent parasitic
seed germination (Dor, Yoneyama, et al. 2011) or by finding mimics of strigolactones
that trigger parasitic seed suicidal germination (Kgosi et al. 2012). However, altering
strigolactones to influence parasitic plant germination could have an indirect impact on
plant-microbe interactions. As plant microbiomes function as a community and
strigolactones already have demonstrated impacts on important fungal and bacterial
species, a comprehensive and community-level understanding of the modulating role of

strigolactones on root-associated microbes is needed (Andreo-Jimenez et al. 2015). To
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fill this gap, we built soybean overexpression constructs targeting the Max1, Max2 and
D14 genes using a transient root transformation technique (Kereszt et al. 2007).
Amplicon sequencing of 16S rRNA gene and ITS2 region were used to characterize the
taxonomic composition of bacterial and fungal communities in response to the over-
expression of strigolactone biosynthesis and signaling genes. Our results indicated that
the over-expression of genes involved in strigolactone biosynthesis and signal
perception significantly altered bacterial community composition in the soybean

rhizosphere, while only minor impacts were detected for the fungal community.

3.2 Methods and materials

3.2.1 Candidate gene selection

Genes involved in strigolactone biosynthesis and perception in Arabidopsis were
extracted from the TAIR database (Berardini et al. 2015). Corresponding homologs in
Glycine max were retrieved from Phytozome (Goodstein et al. 2012). (Table 3.1 and
Fig. 3.1). In total, 19 Glycine max genes were collected. The mRNA sequence of each
homolog was downloaded from SoyBase (Grant et al. 2010) and homolog-specific
primer sets were designed for qRT-PCR using Primer3 (Untergasser et al. 2012) online
tools. To ensure primers specificity, we conducted multiple sequence alignments of
gene family members using Clustal Omega, then designed primers in sequence regions
unique to each gene. To quantify the relative expression level for each gene, RNA was
extracted from the root tissue of a Williams 82 plant with Trizol reagent and

subsequently purified using chloroform extraction. After DNase treatment, the DNA-free
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RNA was used for one-step gRT-PCR (Power SYBR® Green RNA-to-CT™ 1-Step Kit)

with ubiquitin as a constitutive reference.

3.2.2 Over-expression clone construction and hairy root transformation

To build Williams 82 overexpression constructs, soybean root cDNA was synthesized
by Moloney Murine Leukemia Virus (M-MLV) reverse transcriptase using an oligo-dT
primer, and the coding sequence of the three target genes was cloned into E. coli
pG2RNAI2 vector using Ascl and BamHI restriction enzymes (Fig. S3.1). Kanamycin-
selected positive clones were picked for colony PCR and sequencing confirmation.
Sequencing-confirmed plasmids were then transferred to competent Agrobacterium
rhizogenes K599 using the freeze-thaw method following the Kereszt et al. (2007)
protocol (Kereszt et al. 2007). Briefly, surface sterilized soybean seeds were paper
germinated in a growth chamber at 26°C in the dark for two days. After germination,
healthy soybean seedlings were transplanted to autoclaved vermiculite medium, and
grown under 16h light/8h dark at 30°C/24°C for another two days. At this stage, an
unfolded green cotyledon emerged. Meanwhile, Agrobacterium suspensions with over-
expression vectors were prepared and inoculated via syringe injection. Suspensions
without overexpression vectors were also prepared to use as an experimental control.
The inoculated soybean seedlings were kept in 12h light/12h dark at 28°C/25°C in a
humid growth chamber for 3-5 days until the development of visible swelling at the
injection site. At this stage, all soybean seedlings with well-developed swelling were
transplanted to bigger pots (with the area of swelling buried by vermiculite) to grow for
another 2 weeks until the formation of hairy roots with length around 10-15cm, which is

long enough to support the growth of the seedlings. At this point, soybean seedlings
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were gently pulled out of the pot and attached vermiculite washed off. The primary roots
were cut off from soybean seedlings while the remaining hairy roots were kept based on
GFP marker screening using a fluorescence microscope. During the screening process,

all non-transgenic roots were removed, leaving only transgenic hairy roots.

3.2.3 Transgenic soybean seedling growth and rhizosphere sample

collection

Fresh soil was collected from the East Tennessee Research and Education Center
Plant Science Unit just before transgenic hairy root screening. After field collection, the
soil was immediately transported to the greenhouse. After removing roots and debris,
the soil was well homogenized and allocated to pots (diameter = 20cm, height = 25cm).
Once the transgenic screening was completed, all of the selected hairy root transgenic
seedlings were transplanted into pots filled with fresh soil, and grown in the greenhouse
until the flowering stage (16h light/8h dark at 30°C/20°C with a relative humidity of 60-
80%). Pots with soil but no plants were also maintained in the same conditions, and the
soil from these is from here on referred to as bulk soil. Each treatment (overexpression
and control vectors) was started with 10 biological replicates. Both soybean seedlings
and control pots were watered as needed, approximately every other day. Due to loss of
plants and low quality of DNA extracts, we got 7 or 8 replicates left and used for

statistically analysis after sequencing and sequences preprocess.

At the flowering stage, soybean rhizosphere soil samples were collected according
to (Lundberg et al. 2012). Briefly, pots with soybean seedlings were put upside down

into a surface sterilized metal tray, and soybean roots were gently separated from the
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soil block. Loosely attached soil was shaken off the soybean roots, and the roots with
adherent soil were placed into phosphate buffer (per liter: 6.33 g of NaH2P0O4.H20,
16.5g of NazHPO4.7H20, 200 pl Silwet L-77). The tubes were vortexed at maximum
speed for 30 s and the slurry was filtered through a 100-um cell strainer. The soil pellet
centrifuged from the slurry was collected as the rhizosphere soil sample. A similar
amount of bulk soil was collected from the pots with no plant, and processed in parallel
with the rhizosphere samples. All of the extracted soil samples were flash-frozen in

liquid nitrogen and stored at -80°C before DNA extraction.

3.2.4 DNA extraction, library preparation and equencing

Soil DNA was extracted using the MoBio soil DNA isolation kit (Qiagen) following the
protocol. We performed 16S rRNA gene-based bacteria profiling with lllumina Miseq
275bp paired-end sequencing, targeting the V3-V4 regions using forward primer 341F=
5-CCTACGGGNGGCWGCAG-3' and reverse primer 785R = 5'-
GACTACHVGGGTATCTAATCC-3' (Takahashi et al. 2014). Library preparation followed
the lllumina 16S rRNA gene amplicon sequencing protocol. Briefly, PCR with a 16S
rRNA gene specific primer with adapter overhangs (compatible with Nextera XT index)
was used to amplify the 16S rRNA V3-V4 region with 2X KAPA HiFi HotStart ReadyMix
with the following PCR cycle: 95°C for 3 minutes; 25 cycles of 95°C for 30 seconds,
55°C for 30 seconds, 72°C for 30 seconds; 72°C for 5 minutes. The PCR product was
then purified with AMPure XP beads. During the second step of PCR, Illlumina dual
indices were ligated to the PCR product from step one using the Nextera XT Index Kit
with PCR cycle: 95°C for 3 minutes; 8 cycles of 95°C for 30 seconds, 55°C for 30

seconds, 72°C for 30 seconds; 72°C for 5 minutes. To eliminate the amplification of
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plant material (chloroplast and mitochondria), peptide nucleic acid (PNA), including anti-
mitochondrial PNA (mPNA) 5'-GGCAAGTGTTCTTCGGA-3' and the anti-plastid PNA
(PPNA) 5-GGCTCAACCCTGGACAG-3' were used to block their elongation during the
first step of PCR (Lundberg et al. 2013). ITS based fungi profiling was accomplished
with MiSeq 250bp paired-end sequencing using 6 forward and 2 reverse primers at an
equal concentration (Cregger et al. 2018), which are designed to allow better detection
of Chytridiomycota, Sebacinales, Glomeromycota, Sordariales, Stramenopila, and
Archaearhizomycetes. Library preparation also followed the lllumina 16S metagenomic

sequencing library preparation protocol.

3.2.5 Sequence analysis

Mothur software was used to process 16S rRNA and ITS2 sequences, including quality
control, assembly, alignment, chimera removal, OTU (operational taxonomic unit)
clustering and taxa classification (Schloss et al. 2009). For 16S rRNA sequences, OTUs
were clustered at 97 percent similarity using aligned sequences and classified against
the SILVA 132 taxonomy reference database using a naive Bayesian classifier (Kozich
et al. 2013; Wang et al. 2007). As sequence variation within the 16S rRNA gene V3-V4
region is not sufficient to distinguish non-Agrobacterium Rhizobium with our vector
carrier, Agrobacterium rhizogenes K599, any sequences classified as Rhizobium were
removed from downward OTU clustering and community analysis (Additional
information on this OTU and its sequence levels in experimental samples is available in
Supplemental File S3.1). For ITS2 sequences, OTUs were clustered at 97 percent
similarity using unaligned sequences, which were taxonomically classified based on the

UNITE v8 reference (Nilsson et al. 2019). For both 16S and ITS2, any sequence pairs
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(forward and reverse reads) with a mismatch within the primer region were removed
before assembly. Chimera sequences were detected and discarded using the vsearch
tool based on the UCHIME algorithm (Rognes et al. 2016; Edgar et al. 2011).
Sequences that belonged to chloroplast, mitochondria, eukaryotes, and archaea were
discarded before OTU clustering for 16S rRNA data. Similarly, non-fungal sequences,
including unknown, Alveolata, Amoebozoa, Apusozoa, Choanoflagellozoa, Chromista,
Cryptista, Euglenozoa, Eukaryota, Incertae_sedis, Filasteriae, Glaucocystoplantae,
Haptista, Heterolobosa, Ichthyosporia, Metazoa, Picozoa, Planomonada, Protista,
Protozoa, Rhizaria, Rhodoplantae, Stramenopila, Viridiplantae were removed before
OTU clustering and classification. To alleviate the bias introduced by uneven
sequencing depth, rarefaction at the minimum sequencing depth of 26,012 (16S rRNA)
and 9,169 (ITS2) was used for normalization. OTUs represented by a single read were
removed before subsequent microbial community analysis in R.

To compare the compositional differences of bacterial and fungal communities
between treatments, beta diversity between samples were calculated based on Bray-
Curtis distance and visualized by PCoA or CAP plot. Shannon alpha diversity metrics
were compared between treatments using a Kruskal-Wallis test, followed by pairwise
comparison using Dunnett’s test at the threshold p value < 0.05. Differential abundance
of bacteria and fungi at the genus level was analyzed using LefSe (Segata et al. 2011).
Tax4Fun2 was used to infer the functional capacity of bacterial communities based on
taxonomic information (Wemheuer et al. 2018). The metabolic pathway profiles
generated from Tax4Fun2 were used as input for DESeq2 to test the treatment effects

on individual metabolic pathways (Love, Huber, and Anders 2014). KEGG pathways
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with differential abundance between treatments were extracted for visualization using
pheatmap (Kolde 2015). Similarly, FUNGuild was used to summarize fungal functions
and guilds between treatments (Nguyen et al. 2016). The relative abundance of
predicted fungi guilds was compared between treatments either using one way ANOVA
or Kruskal-Wallis test depending on the distribution of corresponding dependent
variables. To profile microbe-microbe interactions, we calculated the co-occurrence
network of both the bacterial and fungal communities using the SparCC algorithm and
visualized the network topology using iGraph (Friedman and Alm 2012; Csardi and
Nepusz 2006). The precision of the SparCC approach is sensitive to data sparsity
(Weiss et al. 2016; Friedman and Alm 2012). To handle this, the rarefied OTU count
table was subset to keep only the top 500 most commonly observed OTUs within each
treatment for both bacterial and fungal communities. To eliminate the false positive rate
of predicted correlations, the significance threshold was set to a <0.001 (Weiss et al.
2016). The global network for each treatment was generated based on all significant
connections, while the top 50 most connected nodes from each treatment were selected

for visualization (Timm et al. 2018).

3.3 Results

3.3.1 Soybean over-expression constructs

To select candidate genes for transformation, we targeted highly expressed genes from
the most downstream steps of the strigolactone synthesizing and sensing pathways
(Xie, Yoneyama, and Yoneyama 2010; Ruyter-Spira et al. 2013) (Fig. 3.1). gRT-PCR

results of 19 strigolactone-associated genes detected expression in root tissue for all
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(Fig. 3.2A). The most highly expressed homologs of Max1, D14, and Max2 genes were
selected (i.e., Glyma.14g096900, Glyma.179g235300, and Glyma.12g128600) as targets
for overexpression vector development and then, using the hairy root transformation
method, transformed into the roots of ‘Williams 82’ soybean. As a control, a vector with
only the GFP reporter was also used for transformation. Nine biological replicates were
used for each gene and the control transformations. Screening the roots from
transformed plants for the GFP reporter protein indicated that the overexpression vector
was successfully transferred and expressed in the hairy roots of all individuals (Fig.

3.2B).

3.3.2 Microbial community composition and structure in the soybean

rhizosphere

A total of 1,810,039 16S rRNA and 971,362 ITS2 amplicon sequences were retained
after initial trimming and screening with Mothur software (Schloss et al. 2009). These
sequences were clustered into 42,313 bacterial OTUs and 4,634 fungal OTUs across
36 samples (7 Max1, 7 D14, 7 Max2, 7 empty construct controls, 8 bulk soil). After
rarefaction and removal of singletons, 12,368 bacterial OTUs and 1,607 fungal OTUs
remained, which were classified into 1,048 genera and 750 species respectively (Table
S3.1). Rarefaction plots indicated consistent sampling of taxa across individual libraries
and sufficient sequencing depth for the fungal community, however, species richness

was likely not fully sampled for the bacterial community (Fig. S3.2).

In the soybean rhizosphere and bulk soil, the bacterial community was dominated
by Proteobacteria, Actinobacteria, Bacteroidetes, Acidobacteria, Verrucomicrobia,

Planctomycetes, and Chloroflexi, which altogether accounted for about 90% of total
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bacterial abundance (Fig. 3.3A). Compared with the bulk soil bacterial community,
Alphaproteobacteria, Gammaproteobacteria, Actinobacteria, and Firmicutes were
significantly enriched in the soybean rhizosphere (Fig. 3.3B) while the relative
abundance of Deltaproteobacteria, Acidobacteria, Chloroflexi, and Planctomycetes was
significantly reduced (p < 0.05). The abundance difference of the Bacteroidetes phylum
between bulk soil and soybean rhizosphere was not significant. Regarding the fungal
community, both the bulk soil and the soybean rhizosphere were dominated by
Sordariomycetes, Dothideomycetes, Mortierellomycetes and Agaricomycetes classes
(Fig. 3.4A). In the soybean rhizosphere, Glomeromycetes, Entomophthoromycetes, and
Eurotiomycetes were significantly enriched compared with bulk soil, while
Mucoromycetes and Mortierellomycetes were significantly depleted (p < 0.05) (Fig.

3.4B).

3.3.3 Rhizosphere bacterial composition and diversity across treatments
The taxonomic composition of the bacterial community differs significantly between the
bulk soil and the soybean rhizosphere (Fig. 3.5A). PERMANOVA results showed that
27.38% of the bacteria composition variation could be explained by the compartment
difference (PERMANOVA, F@a,34) = 12.82, p < 0.001). The overexpression impacts of
MAX1, D14 and MAX2 were also significant as reflected by the clear separation of
control and over-expression samples in a CAP plot (Capscale, F,24)= 1.56, p = 0.007)
(Fig. 3.5B). The composition of the bacterial community also differs between the
overexpression gene treatments. Rhizosphere microbial communities from the plants
overexpressing the strigolactone perception genes D14 and MAX2 were very similar to

each other and slightly but significantly diverged in taxonomic composition from the
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rhizosphere communities of plants overexpressing MAX1, a strigolactone biosynthesis
gene (Capscale, Fi2,18) = 1.48, p = 0.039). The impact of sequencing depth was also
evaluated and found to be significant, however, it explained only 6.8% of the community
differences between treatments (PERMANOVA, Fa,34 = 2.50, p = 0.017). The Shannon
index of alpha diversity of the bacterial community in bulk soil was different from that of
rhizosphere microbiome, with a significant reduction of alpha diversity in non-transgenic
control and MAX1 overexpression constructs compared with bulk soil (Kruskal-Wallis
chi-squared = 16.981, df = 4, p = 0.002) (Fig. 3.6A). However, no significant difference
in bacterial diversity was detected between D14, MAX2 and bulk soil.

The Microbacteriaceae family, Rhizobiaceae family (especially Shinella genus) and
Bdellovibrionaceae family (especially Bdellovibrio genus) were consistently enriched
across overexpression constructs compared with the control (Fig. 3.7 and Fig. S3.3 and
Table S3.2). In examining each treatment against the control, we found different
enriched/depleted bacteria taxa: MAX1 (10 enriched/1 depleted), D14 (15 enriched/6
depleted), MAX2 (36 enriched/8 depleted). The overall pattern suggests the
overexpression of strigolactone perception genes impacted the abundance of more taxa
compared to strigolactone biosynthesis genes. For example, Deltaproteobacteria and
Dyadobacter were significantly enriched in D14 and MAX2 overexpression constructs
compared with control soybeans while Gammaproteobacteria (Pseudomonas
specifically) was significantly depleted (Fig. 3.7 and Fig. S3.3). However, none of these

three were detectable for the MAX1 overexpression construct.
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3.3.4 Rhizosphere fungal composition and diversity across treatments
Similarly to the bacterial community, the composition of the fungal community differs
significantly between the bulk soil and soybean rhizosphere, explaining 13.16% of
community variation (F,34) = 5.15, p < 0.001) (Fig. 3.5C). However, detection of a
significant difference between control soybean samples and those with overexpression
constructs was not significant, with the significance statistic meeting a relaxed p-value
cutoff of 0.01, but not a more stringent p < 0.05 cutoff (Capscale, F@24)= 1.22, p = 0.097
) ( Fig. 3.5D). Significant differences were not detected between MAX1, D14 and MAX2
overexpression constructs (Capscale, F2,18y= 1.07, p = 0.306). The sequencing depth
was a significant factor (PERMANOVA, F@,34)= 2.97, p = 0.003), explaining 8% of the

community composition variations between samples.

In terms of fungal community diversity, the Shannon diversity index was similar
between the bulk soil and soybean rhizosphere as well as between the soybean control
construct and over-expression constructs (Kruskal-Wallis chi-squared = 6.53, p = 0.16)
(Fig. 3.6B). Unlike the separation of bacterial community composition between
biosynthesis gene overexpression (Max1) and perception gene overexpression (D14
and Max2), the fungal community composition for MAX1 and D14 were more similar to
each other than to MAX2 (Fig. S3.4). Despite the lack of significant differences in overall
community composition, individual taxa were significantly enriched/depleted by the
overexpression of strigolactones. Specifically, Fusarium solani was consistently
enriched in the soybean rhizosphere with the overexpression construct of MAX1 and
D14 when compared to the control but not for MAX2 in comparison to the control (Fig.

3.7). In contrast, the Rhizophlyctidales order was selectively enriched to a higher
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degree in MAX2 overexpression construct compared to control, while Spizellomycetales
and Sordariales order were less abundant compared with control soybeans.
Surprisingly, the symbiotic arbuscular fungi, Glomeraceae, was not significantly different

in abundance between control and all overexpression constructs.

3.3.5 Microbe-microbe interaction and function difference in soybean

rhizosphere and between treatments

Microbe-microbe interactions are crucial factors structuring plant microbiome assembly
and function (Agler et al. 2016; Hassani et al. 2018). We constructed co-occurrence
networks for both bacterial and fungal communities to infer the changes of microbe-
microbe interactions in response to the overexpression of strigolactone-associated
genes. For the bacterial community, the network was more complex and had higher
edge density in the soybean rhizosphere compared to bulk soil (Table 3.2). To
understand the overlaps of highly connected “hub” OTUs between treatments, the top
50 most connected OTUs from each treatment were selected and merged into a united

network.

The bacterial networks differed between treatments as reflected by the distinct
subnetworks for each treatment (Fig. 3.8A and Table S3.3). The OTU nodes of this
united network mainly belong to Acidobacteria (17.53%), Proteobacteria (15.46%),
Actinobacteria (14.43%), Planctomycetes (13.40%) and Bacteroidetes (12.89%). Taxa
belonging to Acidobacteria Gp6 (i.e., OTU00036, OTU00073, OTU00105, OTU00149,
and OTU00170), Agromyces (i.e., OTU00030), Glycomyces (i.e., OTU00007), Dongia
(i.e., OTUO0051) and RB41 (i.e., OTU00061) were in the top 50 taxa for each treatment

and also function as the connecting nodes between treatment, suggesting they play
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crucial roles in bacterial network structure. The co-occurrence network of bacteria in the
bulk soil was much simpler, as indicated by the lowest average node degree and edge
density compared with that of rhizosphere samples despite the higher bacterial diversity
in bulk soil (Table 3.2 and Fig. S3.5). Interestingly, the ratio of negative bacteria-
bacteria correlations was consistently increased in strigolactone overexpression

constructs in comparison to control treatment.

Compared with the bacterial community network, the fungal co-occurrence networks
were much simpler and featured very sparse interactions between taxa (Fig. 3.8B and
Table S3.4). The taxa in the network were dominated by Ascomycota and
Basidiomycota. The fungal occurrence network from bulk soil was more complex than
the rhizosphere microbiome networks, in a pattern opposite to the bacterial community
(Table 3.2 and Fig. S3.6). Interestingly, the percentage of positive fungi-fungi
interactions also decreased in the rhizosphere of overexpression constructs in
comparison to non-transgenic control. For both fungal and bacterial networks, the
network edge density was consistently higher in D14 overexpression constructs
compared with that of MAX1, MAX2 and control treatments. When we compare the
bacterial network topological features from global perspectives (the network including all
significant interactions), the overall pattern between treatments was similar; however,
the ratio of positive microbe-microbe interactions of global networks differed from Top50
based network. At the global level (before subsetting to the 50 most connected taxa),
SparCC gave a more balanced distribution of positive and negative interactions; when

the most connected taxa were selected, the ratio of positive interactions increased.
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Functional prediction with Tax4Fun revealed distinct functional capacities between
bulk soil and the soybean rhizosphere bacterial communities (Fig. 3.9A). The
phosphotransferase system, fructose, and mannose metabolism, and other glycan
degradation metabolic pathways were significantly enriched in the soybean rhizosphere.
In contrast, xenobiotic degradation related pathways, including polycyclic aromatic
hydrocarbon, furfural degradation, aminobenzoate degradation were significantly
decreased in the soybean rhizosphere. However, we did not see significant differences
between the control and overexpression constructs despite the distinct bacterial

community compositions among them.

FUNGuild was applied to link fungal taxa information with fungi ecological guilds. As
some fungi play different ecological roles depending on their life history and surrounding
environmental conditions, some of the fungal taxa could not be uniquely assigned to the
specific trophic mode or guilds (Nguyen et al. 2016). In our study, 680 out of 750
species were assigned into seven different trophic modes after removing all undefined
taxa data (ie., 15-31%) (Fig 3.9B). As expected from soil samples, the fungal community
included mainly pathotrophs and saprotrophs with fewer being assigned to a
symbiotroph mode. Multi-trophic assignments were common, with a high proportion
(around 50%) of PS (pathotroph-saprotrophs) and PSM (pathotroph-saprotroph-
symbiotrophs) within the fungi community. Overall, the trophic modes composition of the
fungal communities differed only slightly between bulk soil and rhizosphere as well as
among overexpression treatments. Statistically, saprotrophs were significantly
decreased in MAX2 constructs and symbiotrophs were significantly reduced in MAX1

and D14 constructs in comparison with the control treatment (Fig. 3.9B).
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3.4 Discussion

In this study, we modified the expression of soybean (Williams 82) strigolactone
biosynthesis and perception genes using a hairy root transformation approach (Kereszt
et al. 2007) and investigated the differences of soybean rhizosphere bacteria and fungi
communities between overexpression constructs and the soybean control lines. We
chose to utilize the hairy root transformation technique as an efficient method to impact
the expression of target genes specifically in the roots. Our initial results indicate that
altered expression of strigolactone-related genes influences bacterial community
assembly in the rhizosphere of soybean, warranting future studies utilizing stable

transgenics with in planta and ex planta quantification of strigolactone exudate levels.

3.4.1 Bacterial and fungal communities in the soybean rhizosphere versus

bulk soil

The rhizosphere is one of the most dynamic interfaces between the soil and plant roots
with a specialized microbial community that influences plant activities (Philippot et al.
2013). Plants exude numerous compounds, including up to 21% of their fixed carbon,
into the rhizosphere to support the activity of associated microbes in exchange for
growth promoting benefits (Lugtenberg and Kamilova 2009; Marschner and Marschner
1995). The root exudate profile dynamically drives the rhizosphere microbiome
composition through signaling compounds and attracting microbes with specific
substrate preferences (Zhalnina et al. 2018). The experiments reported here agreed
with former reports about the compositional and functional differences of the microbial
community between the soybean rhizosphere and bulk soil (Mendes et al. 2014; Zhang

et al. 2018; Liu et al. 2019) with bacteria belonging to Gammaproteobacteria and

129


https://paperpile.com/c/X6Fjde/vzMZ
https://paperpile.com/c/X6Fjde/vzMZ
https://paperpile.com/c/X6Fjde/X6McE
https://paperpile.com/c/X6Fjde/X6McE
https://paperpile.com/c/X6Fjde/xkEqW+aWHoG
https://paperpile.com/c/X6Fjde/xkEqW+aWHoG
https://paperpile.com/c/X6Fjde/44jt
https://paperpile.com/c/X6Fjde/Dj92+bciQ+Enob
https://paperpile.com/c/X6Fjde/Dj92+bciQ+Enob

Actinobacteria significantly enriched in the soybean rhizosphere while bacteria of
Acidobacteria, Chloroflexi and Planctomycetes were significantly depleted. This
selective enrichment or depletion pattern in the soybean rhizosphere is consistent with
the pattern that enriched nutrients in the plant rhizosphere tend to enhance the growth
of copiotrophs, e.g., Actinobacteria, Betaproteobacteria, Alphaproteobacteria and
Firmicutes, while oligotrophs including Acidobacteria, Verrucomicrobia and Chloroflexi
are less competitive in this labile carbon enriched habitat (Pérez-Jaramillo, Mendes, and
Raaijmakers 2016; Fierer, Bradford, and Jackson 2007; Ho, Di Lonardo, and Bodelier

2017; Eilers et al. 2010).

In terms of the fungal community, the composition of both bulk soil and the soybean
rhizosphere was dominated by Sordariomycetes, Dothideomycetes, Mortierellomycetes,
and Agaricomycetes classes. These fungi have been commonly found in soil and plant
rhizospheres although their relative abundance differs between studies (Urbina et al.
2018; Coleman-Derr et al. 2016; Singer et al. 2019; Han et al. 2017). In this experiment,
the selection of fungal taxa in the soybean rhizosphere was found to be insignificant at
the phylum level but significant at lower taxonomic levels as revealed by the differential
abundance analysis. Rhizosphere versus bulk soil differences was less evident for the
fungi community with 13.16% explained variation compared with the bacteria
community with 27.38% explained variation. This is in accordance with the view that
fungi have more oligotrophic features compared with bacteria which may make fungi, in
general, less responsive to the increased labile carbon resource of rhizodeposits (Ho, Di

Lonardo, and Bodelier 2017).
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Arbuscular mycorrhizal fungi (AMF) are known to colonize 80% terrestrial plants,
including soybean as an important legume crop (Jones 1924; Smith and Read 2010).
The Glomeromycetes class, which include all the AMF species (Lee et al. 2013), was
found to be enriched the soybean rhizosphere. The symbiotic AMF function as natural
fertilizers by expanding the nutrient accessibility and stimulating the decomposition of
recalcitrant organic matter via synergistic interaction with bacteria (Hodge 2001,
Artursson, Finlay, and Jansson 2006; Williams et al. 2017; Smith and Read 2010). The
enrichment of Glomeromycetes in the soybean rhizosphere may reflect the importance
of first recruiting AMF into the rhizosphere in order to establish the symbiotic interaction
between soybean and AMF. AMF may also have a direct role in the rhizosphere; the
hyphae of AMF were revealed to increase soil aggregate stability by excreting glomalin,
which may help maintain good water infiltration rates, good tilth and adequate aeration
for plant growth (Caravaca et al. 2006; Wright and Upadhyaya 1998). The enrichment of
AMF in the soybean rhizosphere could potentially help maintain a stable soil physical

structure for more efficient nutrient and water absorption.

3.4.2 Overexpression of strigolactone-associated genes modified soybean

rhizosphere bacterial community

In this study, overexpression of strigolactone biosynthesis and signaling genes in
soybean plants had significant impacts on rhizosphere bacteria assembly with distinct
bacterial community compositions between the MAX1, D14 and MAX2 overexpression
constructs and the control. Considering the multifaceted functions of strigolactone both
in planta and ex planta (L6pez-Réez, Shirasu, and Foo 2017), this impact on

rhizosphere bacterial community could be elicited directly by acting as a signaling
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molecule after exudation into the rhizosphere or indirectly by its modification on
soybean root morphology or via cross-talk with other plant hormones (Cheng, Ruyter-
Spira, and Bouwmeester 2013). Alternatively, strigolactones could be utilized by
bacteria as a specific preferred carbon source. However, strigolactones are exuded at
the nano and picomolar quantities outside of the plant and tend to decompose rapidly
(Xie, Yoneyama, and Yoneyama 2010), making their primary impact as a carbon source
less likely. More intriguingly, the bacterial composition of MAX2 and D14, both genes
involved in strigolactone perception, were quite similar to each other and differed from
MAX1, a gene involved in strigolactone biosynthesis. Further research is needed to
understand how strigolactone perception within the soybean plant may play a critical
role in mediating soybean rhizosphere bacteria assembly through altering strigolactone
production or exudation levels. It is worth noting that MAX2 participates in both
strigolactones and karrikin (KAR, a water soluble compound discovered in smoke )
signaling pathways, with the latter pathway being revealed to trigger seed germination
after fires/burning event (Smith and Li 2014; Nelson et al. 2011; Flematti et al. 2009).
The distinct differences of rhizosphere bacteria between MAX1 and MAX2
overexpression plants, which is less evident between MAX1 and D14 constructs, may
reflect the dual role of the MAX2 gene in both strigolactones and KAR signaling

pathway (Nelson et al. 2011).

Recent studies applying gene manipulation and GR24 applications suggest
strigolactones impact legume nodulation (Foo and Davies 2011; Foo et al. 2013;
Pelaez-Vico et al. 2016; De Cuyper et al. 2015) A comprehensive investigation of the

strigolactone signaling pathway impacts on the nodulation of pea concluded that
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strigolactone manipulation on nodulation was mediated by its promotion of infection
thread formation (McAdam et al. 2017). However, considering the complex microbe-
microbe interactions in the soybean rhizosphere and within soybean nodules (Martinez-
Hidalgo and Hirsch 2017), the fundamental role of strigolactone on rhizobia-legume
interaction could benefit from an additional investigation from a global bacterial

community perspective.

The differential abundance analysis from this study revealed stronger recruitment of
Rhizobiaceae from bulk soil to the soybean rhizosphere in response to overexpression
of strigolactone biosynthesis and perception genes, suggesting strigolactones as a
mechanism to selectively recruit microbes to the rhizosphere prior to the establishment
in nodules (Bulgarelli et al. 2013). We also detected significant enrichment of the
specific genus Rhizobium in the rhizosphere of overexpression treatment groups in
comparison to the control. However, we were not able to distinguish nitrogen-fixing
rhizobia from Agrobacterium rhizogenes (the delivery agent of the overexpression
constructs) due to the insufficient resolution of 16S rRNA sequencing. Regarding the
potential impacts of strigolactone on rhizobia enrichment in the rhizosphere, no
significant abundance changes between control and treatments were detected for
Bradyrhizobium and Sinorhizobium, the most predominant nodule-formation rhizobia of
soybean (Lindstrom et al. 2010). This is consistent with McAdam et al. (2017), which
found that the deficiency of strigolactone biosynthesis gene CCD8 did not change the
exudation of flavonoids, which function as a chemo-attractant to recruit Bradyrhizobium

japonicum (Graham 1991; Khan and Bauer 1988).
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Our experiment found the bacteria genera Shinella and Bdellovibrio were
significantly enriched across overexpression constructs. One Shinella strain, Shinella
kummerowiae, was isolated from the herbal legume Kummerowia stipulaceae nodules
and found to have nodulation and nitrogen-fixing genes (Lin et al. 2008), while other
Shinella species have been repeatedly found in contaminated or waste water
functioning as nitrogen-reduction or sulfolane assimilating bacteria (Mu et al. 2018; Vaz-
Moreira et al. 2010). The enrichment of the Shinella genus in response to
overexpression of strigolactone could belong to any aforementioned strains, suggesting
total DNA sequencing as the next approach for species-level identification. The
Bdellovibrio genus includes bacteria able to parasitize and kill other bacteria. B.
bacteriovorus has been reported as a predatory bacteria of soybean bacterial blight
disease and has been proposed as a potential biocontrol for other phytopathogens
(Scherff 1973; Olanya and Lakshman 2015). We detected intensive negative microbe-
microbe interaction between Bdellovibrio and other bacteria taxa, further supporting the

role of Bdellovibrio as a pathogen of other bacterial species.

3.4.3 Insignificant impact of strigolactone overexpression on metabolic

functions of rhizosphere bacteria

Plant associated bacteria are adapted to their host plant environment and are enriched
with genes involved in carbohydrate metabolism (Levy et al. 2018). In this study, we
predicted bacterial metabolic pathways based on 16S rRNA data. Our results revealed
a specialized metabolism potential in the soybean rhizosphere compared with that of
bulk soil, with fructose and mannose metabolism enriched across samples in the

soybean rhizosphere. Other glycan degradation pathways were also highly accumulated
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in the soybean rhizosphere. This is consistent with other reports, which found an
enhanced carbohydrate metabolism in plant rhizosphere in response to the abundant
root exudates available in the rhizosphere (Lu et al. 2018; Bulgarelli et al. 2015). The
phosphotransferase system (PTS) is also an important factor for chemotaxis toward
carbohydrates, pathogen virulence, bacterial cellular mobility and bacteria stress
response (Neumann, Grosse, and Sourjik 2012; Deutscher et al. 2008; Barabote and
Saier 2005). The enhanced PTS pathway found in the soybean rhizosphere is in
accordance with the microenvironment, where abundant carbon resources, as well as
antimicrobial secondary metabolites, are supplied by the host plant via root exudates
(Baetz and Martinoia 2014). In this study, we did not observe a significant impact of the
overexpression of strigolactone genes on predicted rhizosphere bacterial metabolic
pathways despite significant alteration of bacteria composition. This inconsistency
between composition and function response could be explained by the functional
redundancy between bacteria taxa. Alternatively, this discrepancy could be caused by a

lack of functional annotation for many soil bacterial species.

3.4.4 Strigolactone overexpression impacts individual fungal taxa but is

insignificant at the community level

After examining the fungi compositional response to strigolactone overexpression, we
did not observe significant changes at the community level. This is in contrast to
Carvalhais et al. (2019), who disrupted CCD8/MAX4 in Arabidopsis and found
significant modulation of the rhizosphere fungi community (Carvalhais et al. 2019).
Strigolactones are widely recognized as a triggering signal for arbuscular mycorrhizal

fungi hyphae growth and activities (Akiyama, Matsuzaki, and Hayashi 2005; Besserer et
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al. 2008), and disrupting gene expression may have a larger community impact than our
approach, to overexpress genes. FUNGuild predicted 4% of fungi in the soybean
rhizosphere as mycorrhizal. The surprisingly low abundance of mycorrhizal fungi was
also reported in a poplar root microbiome study (Cregger et al. 2018). The surprisingly
low abundance of mycorrhizal fungi could be due to some fungal endophytes shifting
their ecological strategy from an endophytic to a saprophytic phenotype (Promputtha et
al. 2007). This possibility is supported by a large percent of fungi in the soybean

rhizosphere being predicted as pathotroph-symbiotroph (PS).

At the individual taxa level, we found significant and consistent enrichment of
Fusarium solani species in MAX1 and D14 but not MAX2 overexpression constructs.
There are numerous reports about strigolactones inhibition to fungal pathogen disease
based on both gene mutation and GR?* assays (Torres-Vera et al. 2014; Dor, Joel, et al.
2011; Belmondo et al. 2017) others declared no impacts of strigolactones on fungal
disease development (Foo et al. 2016; Blake et al. 2016). Fusarium solani (Mart.) Sacc.
f. sp. glycines strain is a fungal pathogen causing sudden death syndrome, which was
ranked as one of the most devastating soybean diseases across the top 10 major
soybean growing areas (Roy 1997; Wrather et al. 2001). Although ITS2 sequencing
based results were not sufficient to claim whether these enriched Fusarium solani are
pathogenic or not, this enrichment of Fusarium solani in response to MAX1 and D14

gene expression warrants future investigation.

3.4.5 Strigolactone impact on bacteria and fungi co-occurrence network
In addition to plant-microbe interactions, microbe-microbe interactions are critical driving

forces during microbial community assembly. Microbial interactions may be more
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important than environmental variables in determining community structure and plant
health (Zhang et al. 2018; Wei et al. 2015). Correlation-based network analysis is a
powerful tool to generate hypotheses and visualize interaction patterns between taxa,
with positive correlations indicating mutualistic interactions and negative correlations
antagonistic interactions (Weiss et al. 2016). In this study, microbial co-occurrence
networks were built with the SparCC algorithm, which was designed to infer correlation
with higher accuracy by considering compositional artifacts from amplicon sequencing

data (Friedman and Alm 2012).

In this study, we observed distinct network structure and topological feature
differences between bulk soil and soybean rhizosphere for both bacterial and fungi
communities. The network density and complexity of the bacterial community
dramatically increased in the soybean rhizosphere, which was consistent with other
studies (Shi et al. 2016; Yan et al. 2017). These topological changes of the bacterial
network may reflect more active interactions between microbes or more convergent
responses to the enriched nutrient in the rhizosphere habitat (Shi et al. 2016; Weiss et
al. 2016). However, the opposite trend was observed for fungal networks, which may
reflect distinct drivers for fungal community structure in comparison to that of bacteria.
Alternatively, this distinct trend potentially indicates divergent physiological and
ecological adaptations of fungi to the rhizosphere niche considering the fact that
correlation-based networks could either indicate direct interaction or mirror consistent

response of taxa to specific environment traits (Weiss et al. 2016).

Intriguingly, when examining the most connected microbes, negative correlations

were highly enriched for both bacteria and fungi community under the overexpression of
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strigolactone compared to the control. This increased negative interactions between
taxa may indicate intensified antagonistic relationships such as competition between
those actively connected taxa in response to overexpression of strigolactone. However,
this network shift was not evident when examined at the global level. Networks are
generally highly sensitive but suffer from low specificity, especially with low sample
numbers, thus giving confidence in the relationships detected but making it difficult to
compare specific co-occurrence relationships between treatments due to likely high

numbers of undetected relationships (Shizuka and Farine 2016).

3.5 Conclusions and perspectives

Plant secondary metabolites, especially those involved in plant defense response, are
increasingly being reported as crucial mechanisms that mediate root microbiome
assembly. While the plant hormones strigolactones are known to influence plant-fungi
interactions, particularly AMF, we demonstrate that the strigolactone signaling and
biosynthesis pathway alters the rhizosphere bacteria community as well. For both fungi
and bacteria, we demonstrate microbial alterations in the rhizosphere in terms of
community composition, structure and potential function. Increased occurrence of taxa
such as Rhizobiaceae, Shinella, Bdevorella, and Fusarium solani indicate this pathway
may be important for signaling of microbes involved in recruit specific taxa for
nodulation and nitrogen fixation as well as influencing microbe-microbe interactions and

pathogens.
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Fig. 3.1 Strigolactone signaling pathway and target genes for generating

overexpression constructs.

Gene highlighted in red color, including Max1, Max2 and D14, are target genes for generating

overexpression constructs.
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Fig. 3.2 Strigolactone candidate gene selection and overexpression confirmation.

(A) The relative expression across 19 homologs involved in strigolactone signaling pathway
using ubiquitin as the housekeeping gene. Gene names listed matched with that illustrated in
Fig 1; (B) Green fluorescent protein (GFP) expression in soybean transgenic hairy roots
mediated by Agrobacterium rhizogenes K599. Figures B-1a and B-1b are the same root

visualized under visable light and GFP specific filter respectively.
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Fig. 3.3 The stacked barplot of bacteria phyla between treatments and
differentially abundant analysis results between bulk soil and soybean
rhizosphere community.

(A) The relative abundance of each bacterial phylum was calculated as the mean between
replicates (7 or 8 reps). Different phyla were annotated as different colors; (B) Differential
abundance analysis of individual bacteria taxa between rhizosphere and bulk soil. All bacteria
taxa exhibited in the plot were all significantly enriched or depleted in the soybean rhizosphere.
LDA score was used to indicate the effect size of each of the differentially abundant bacterial
taxa. The larger this score, the more different of corresponding bacteria abundance between

treatment.
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(A) Fungi composition at class level; (B) Differential abundance analysis of bacteria taxa

between bulk soil and soybean rhizosphere community.
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principle coordinate analysis (CAP) plot for both bacteria and fungi community
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The permutational multivariate analysis of variance (PERMANOVA) and CAP test results were

listed within each subplot.
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Fig. 3.7 Relative abundance barplot for individual bacterial and fungi taxa.

The p_value was calculated based either on one-way ANOVA or non-parametric Kruskal-wallis
test depending on the normality of the data. The different characters on top of each bar
represent the difference between treatments based on a pairwise comparison based either on
TukeyHSD or Dunn’s Test.
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to. Different colors of the edges represent different treatments as illustrated in the legend.
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(A) Bacteria metabolic pathway heatmap based on Tax4Fun2 functional annotation; (B) Stacked
barplot of fungi trophic modes based on FUNGuild mediated functional annotation.
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Table 3.1 Genes participating in strigolactone biosynthesis and perception in

Arabidopsis and Williams 82.

Role Arabidopsis Gene name Protein Soybean Loci qRT-PCR forward primer gRT-PCR reverse primer
Loci identity/function

Strigolactone At1g03055 D27 9-cis/all trans-B- Glyma.02g143300 AGTAATTGGCCACGTTGTGC GGTATCGGGTGTGTTACATGC

biosynthesis Carotene
At1g03055 isomerase Glyma.10g031100 TGACATCACAGGGTTTCAGG TGCATTGGACCACTTAGCTG
At2g44990 CCD7/Max3/Rms5 Carotenoid Glyma.01g073200 TGATGTATGGGAGGTTGCTG CTTCAGCATTGCAAGACACG

cleavage
dioxygenase 7
At2g44990 Glyma.u016700 CCTTCACATGCCAACACAAC TGAATGGGTTTGGCTTGC
At4g32810 CCD8/Max4/Rms1 Carotenoid Glyma.04g084100 CACTCTAAACGACAAGGGCTTC GAAAGCCATGATCGAAGTGG
cleavage
dioxygenase 8

At4g32810 Glyma.06g085800 TGGACTTCCATATGGGTTGC TGCGTCGTTTCTCTAAGCAG
At2g26170 Max1 Cytochrome P450 Glyma.04g052100 TCGTTCTTCGTGCCTTTCAC ACCATGGATTGGTGCTGAAC
At2926170 Glyma.06g052700 AAGGCTTCAGCCTGAGATTG CGAACACGTGCCTCATTTAC
At2g26170 Glyma.17g227500 TGTTCACCACCCTTCTGATG TAAGGGAAGGTGTCCTACCAG
At2926170 Glyma.14g096900 TGGTATGGTTCTCAACTTCAAGC TCCATTGCATCACAGTATTACG

Strigolactone At3g03990 D14/D88/DAD2 a/B-hydrolases Glyma.17g235300 GTTGCTTGCTTGTGTTTCTCC TTCAGTTGTCTGGCCTCATC

perception superfamily protein
/signaling

At3g03990 Glyma.14g089000 AGATTGCGCTTTCCCAGTAG TAGGACCCTGCCTATTCTTCTC
At4g37470 KAI2 Glyma.059102800 GCCTCGACATTGCAACTAGAC CCACACCACACCATCAATC
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Table 3.1 Continued.

Role Arabidopsis ~ Gene name Protein Soybean Loci RT-PCR forward gRT-PCR reverse primer
Loci identity/function primer

Strigolactone At4g37470 Glyma.11g051000  GGTCATTTGCCGCAGTTAAG CCACAAACACACACAGGGATAG

perception/

signaling
At4g37470 Glyma.01g191200 TCGTTATTCCGGTGTTGCTC CATCACGTCGATGTCTACCTTC
At4g37470 Glyma.17g164500  TATTCGTCTGGTCCTTCTCTCC CAATGAGATTGACGCGTAGC
At4g37470 Glyma.17g164400  AGCGAACAAACCCAACAATC TGTGAGCCTCTTCCACGATAC
At2g26170 Max2/D3/Rms4 F-box protein Glyma.12g128600 GGGTGATGGTGGTGAATTG CTTGCCACAGAAACCATTGC
At2g26170 Glyma.06g277000 TGTATGGACCCATCCAATCC CCAAGGGAATGGGTCTAATG
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Table 3.2 Network topological features of bacterial and fungal community.

Network
Community Network topologies Bulk Control MAX1 D14 MAX2
type
Positive ratio® (%) 67.09 87.89 67.24 63.41 49.85
Edge density® (%) 7.63 28.98 28.65 36.82 26.86
Ave. degree® (centralization) 3.43(0.08) 14.2(0.40) 14.04(0.26) 18.04 (0.26) 13.16 (0.24)
Top50
Ave.betweenness?(centralization) 61.41(0.16) 18.86(0.11) 23.52(0.04) 17.4 (0.06) 20.2 (0.05)
Ave.closeness® (centralization) 0.27 (0.12)  0.57(0.40) 0.53(0.28) 0.60 (0.26)  0.56 (0.24)
Modularity’ 0.64 0.25 0.21 0.15 0.13
Bacteri
actenia Positive ratio® (%) 55.66 55.56 54.07 54.9 51.91
Edge density® (%) 0.96 1.73 1.7 3.25 1.52
Ave. degree® (centralization) 4.44 (0.03) 7.16 (0.18) 7.60 (0.07) 15.05 (0.20)  7.08 (0.06)
Global 695.56
Ave.betweennessd(centralization)  819.80 (0.05) 544.34 (0.14) 742.78 (0.04) 505.13 (0.10)
(0.15)
Ave.closeness® (centralization) 0.07 (0.01) 0.05 (0.01) 0.09 (0.02) 0.11 (0.03) 0.06 (0.01)
Modularity’ 0.59 0.36 0.43 0.37 0.45
Positive ratio? (%) 81.95 72.22 63.16 67.65 51.06
Edge density® (%) 14.06 5.98 5.51 6.87 5.73
Ave. degree® (centralization) 6.04 (0.21) 2.51 (0.08) 2.48 (0.08) 3.02 (0.09) 2.29 (0.07)
Fungi Top50
Ave.betweenness® (centralization) ~ 22.75 (0.09) 90.28 (0.37) 24.24(0.11) 79.44 (0.41) 10.78 (0.08)
Ave.closeness® (centralization) 0.11 (0.04) 0.11 (0.08) 0.04 (0.02) 0.14 (0.10) 0.04 (0.02)
Modularity’ 0.17 0.66 0.61 0.6 0.6
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Table 3.2 Continued.

Network
Community Network topologies Bulk Control MAX1 D14 MAX2
type
Global  Positive ratio® (%) 55.63 54.22 51.98 53.36 52.33
Edge density® (%) 0.91 0.72 0.72 0.81 0.75
Ave. degree® (centralization) 4.13 (0.03) 3.34(0.04) 3.19(0.03) 3.56(0.04) 3.26(0.02)
. 1026.44 994.32 984.30 1046.98
Fungi Ave.betweennessd(centralization) 918.11 (0.06)
(0.11) (0.09) (0.14) (0.05)
Ave.closeness® (centralization) 0.08 (0.02) 0.07 (0.03) 0.03 0.07 (0.02) 0.08 (0.02)
(0.007)
Modularity’ 0.57 0.66 0.68 0.65 0.66

aPositive ratio represents the ratio of positive microbe-microbe correlations out of all interactions within
the network.

bEdge density was calculated as the ratio of detected edge numbers to the theoretical maximum edge
numbers, indicating the connectiveness between nodes.

¢Ave. degree was defined as the mean connection degree across all nodes within a network.

dAve. betweenness was defined to quantify how many times a node acts as a bridge along the shortest
path connection the other two nodes, averaged across all nodes.

€Ave.closeness was calculated as the reciprocal of the sum of all the shortest path lengths between one
node and all the remaining nodes.

f Modularity: the strength of division of a network into modules.

Inside the parentheses is the centralization value, which is used to define to what extent there are a small
number of highly centralized nodes. When centralization equals to zero, it indicates that all nodes are

equally central.
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Fig. S3.1 Soybean hairy root transformation paradigm.
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Fig. S3.2 Bacterial and fungal OTU rarefaction plot.

This plot demonstrated how OTU richness increased along with increased sequencing depth.

When this plot reached the plateau, it indicated that the sequencing depth at this point is

sufficient to represent the actual species richness.
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Bacteria differential abundance analysis
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Fig. S3.3 Bacteria differential abundance analysis between overexpression

constructs and control.

The differential abundance analysis was conducted using LefSe software across all taxonomic

levels. All of the listed taxa were either significantly enriched or depleted under the

overexpression of the specific genes. LDA score estimated the effect sized of each differentially

abundant taxon.
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Fungi differential abundance analysis

__Nectriaceac I
g_ Voutel: [ maAx1
g_ Volutelia_unclassified [ enriched
s_Fusarium_soIani_
g__Fusarium I
g_Fusarium_uncIassiﬁed_
s__Bionectriaceae_sp
g__unclassified_Bionectriaceac |

s__Donadinia_seaveri

- D14
s__Chytridiaceae_sp

enriched
f Stephanosporaceae

f__Nectriaceae

s__Fusarium_solani
g__Fusarium_unclassified

g__Fusarium

g__Donadinia s__Bionectriaceae 5_
_ Ustilaginales _ Mortierellaceae_unclassified
I i/=naceae -

Control . Ustlaginomycetes - Feophags

enriched - g h 3; ent _o Sordariales_unclassified

yrenochaetopsis_leptospora Control
_Pyrenochaetopsis enriched a__Penicllim
f__Cucurbitariaceae 7Pseudorobi|larda
-5.0 -25 0.0 25 5.0 -5.0 -2.5 0.0 25 5.0
LDA Score LDA Score
Class

s__Cunninghamella_blakesleeanal
o__Rhizophlyctidales
s__Rhizophlyctis_rosea
s__Scytalidium_sp
- __Mortierellaceae_unclassified
o__Spizellomycetales
f__Spizellomycetaceae
s__Spizellomyces_acuminatus
I ;  Ustilago
s Eutypella_citricola
o sordariales
Control [N Bionectriaceae
enriched [N Clonostachys_rosea

MAX2
enriched

-5.0 -2.5 0.0 25 5.0

LDA Score

. c¢__Dothideomycetes
c__Eurotiomycetes
. c__Sordariomycetes
. ¢__Agaricomycetes
c__Spizellomycetes
. ¢__Mortierellomycetes
. ¢__Mucoromycetes
c__ Pezizomycetes
c__Chytridiomycetes
c__Entomophthoromycetes
. ¢__Glomeromycetes

Fig. S3.4 Fungi differential abundance analysis between overexpression

constructs and control.
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Fig. S3.5 Individual bacteria co-occurrence networks.

Each node represents one OTU, while each edge represents a significant correlation between
two nodes. Different colors of the nodes represent different phyla each nodes belongs to as
illustrated in the bottom of the figure. The color of the edges were assigned based on the

correlations, with red and green color represents negative and positive correlations respectively.
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Fig. S3.6 Individual fungi co-occurrence networks.

Each node represents one OTU, while each edge represents a significant correlation between
two nodes. Different colors of the nodes represent different phyla each node belongs to as
illustrated in the bottom of the figure. The color of the edges was assighed based on the

correlations, with red and green color represents negative and positive correlations respectively.
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Table S3.1: Bacteria and fungi taxonomy and abundance (attached file).

Table S3.2: LefSe analysis results (attached file).

Table S3.3: Bacterial network-shared nodes and edges between treatments
(attached file).

Table S3.4: Fungal network-shared nodes and edges between treatments
(attached file).

File S3.1: Further investigation of enriched Rhizobium genus abundance in the

rhizosphere of strigolactone overexpression constructs (attached file).
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Chapter 4 Who is driving soybean root microbiome
assembly and development - microbes from the seed or

the soil indigenous community?
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Abstract

Plants have developed intimate relationships with microorganisms that promote better
fithess and contribute to responses to changing biotic and abiotic growing conditions.
While profiling of root-associated microbes is becoming more commonplace, more
information is needed to understand the early stages of how these microbial
communities are assembled and what factors may disrupt this assembly. In this study,
we comprehensively characterized the dynamic assembly of the root endosphere and
rhizosphere microbiome during the early development of soybean seedlings (1-4
weeks), emphasizing the relative contributions of seed-borne microbes versus soil
indigenous microbes. Further, we explore the impact of fungicide seed treatment, a
common agricultural practice, during this assembly process. Our results indicated that
fungicide seed treatment impacts were insignificant for the bacterial microbiome, but
caused a minor but significant decrease of the fungal genus Chaetomium in the
soybean rhizosphere at week 3. We observed distinct bacterial and fungal community
composition between bulk, rhizosphere and root endosphere compartments, which was
detectable as early as one week after germination and with further changes in
subsequent weeks. Gammaproteobacteria and Actinobacteria were dramatically
decreased in the soybean rhizosphere and endosphere respectively one week after
germination. The changes of fungal communities were less evident across early time
points and showed higher between plot variation in comparison to bacteria. Dominant
seed microbial taxa, including Pantoea, Pseudomonas, and Methylobacterium, strikingly
decreased within the soybean root one week after germination. However, a few taxa

originating from the seed remained after germination, such as Bacillus with a high
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abundance within the root but not in the rhizosphere. Predicted bacterial metabolic
pathways revealed distinct functional potentials between compartments and
development stages. The bacterial functions involved in the inositol degradation and
seed mucilage (D_galacturonate) degradation pathway were more abundant in the
soybean rhizosphere at week one, while aromatic compound degradation related
pathway were enriched for endosphere bacterial community, which greatly diversified
along with soybean development. Fungicide seed treatment impacts were insignificant
for the bacterial microbiome, but caused a minor but significant decrease of the fungal

genus Chaetomium in the soybean rhizosphere at week 3.
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4.1 Introduction

Plants have evolved intimate partnerships with surrounding microorganisms, a strategy
enabling these sessile organisms to dynamically respond to changing biotic and abiotic
environmental conditions and promote phenotypic/physiological plasticity (Beattie 2018;
Vandenkoornhuyse et al. 2015; Bulgarelli et al. 2013; Muller et al. 2016). Members of
the plant-associated microbiome can benefit plant health by improving nutrient
availability/uptake, enhancing abiotic stress tolerance and promoting biotic defense
(Goh et al. 2013; Schlaeppi and Bulgarelli 2015). Plant-associated microbial
communities show a high degree of consistency in terms of phylogenetic structure
across different plant species, which indicates some conserved mutual adaptation
between plants and their microbial partners (Muller et al. 2016). Functional
characterizations of these plant-associated microbiomes, based on community
(metagenomic) sequencing and isolate genome sequencing, have demonstrated some
functional adaptation to plant habitat of those microbes (Levy et al. 2018; Levy et al.
2018). For example, numerous functions involved in plant-microbe interactions were
enriched and diversified for plant-associated bacteria in comparison to that of free-living
bacteria, including secretion systems such as T3SS and T6SS, carbohydrate
metabolism and transport genes, aromatic compound degradation, siderophore
biosynthesis, chemotaxis, and flagellum biosynthesis (Levy et al. 2018; Levy et al.
2018).

The rhizosphere microbiome was the earliest and most investigated compartment
due to its ecological and agricultural importance, by function as the crucial interface

mediating plant water absorption and nutrient uptake, and curating host-microbe
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communications (Hartmann et al. 2008; Hiltner 1904; Berg et al. 2014). Endosphere
microbes are a more taxonomically restricted subset of microbes capable of inhabiting
roots, developing a more stable and mutualistic relationship with the plant host
(Edwards et al. 2015; Lundberg et al. 2012; Lebeis et al. 2015). Understanding how
rhizosphere and endosphere root microbiomes respond to plant development is crucial
to leverage their versatile benefits for plant host, and to advance our next green
movement in sustainable agriculture (Jez et al. 2016; Bakker et al. 2018; Pieterse et al.
2016). Although the mechanisms underlying root microbiome assembly are not fully
understood, advances in next-generation sequencing technology and associated
computational techniques have greatly accelerated our understanding of the main
orchestrating forces, including soil background (both physio-chemical environmental
condition and indigenous microbe pool), plant genotypes/development/activities, and
microbe-microbe interactions (Miller et al. 2016; Philippot et al. 2013; Bulgarelli et al.
2013). Root exudates profiles, secondary metabolites biosynthesis (e.g, triterpene and
scopoletin), and plant defense signaling (e.g., salicylic acid, ethylene, and jasmonic
pathways) are important mechanisms mediating the selective recruitment of root
microbiome (Huang et al. 2019; Stringlis et al. 2018; Lebeis et al. 2015; Zhalnina et al.
2018).

When a seed germinates, it not only encounters changing soil physio-chemical
conditions but is also confronted with diverse microorganisms ranging from detrimental
to neutral to beneficial (Beattie 2018). Furthermore, germinating seeds and early-stage
seedlings are particularly vulnerable to abiotic and biotic stresses, such as drought and

fungal pathogens (Nelson 2018). Consequently, plants have evolved adaptive strategies
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to ensure their successful transition from seed to seedling. In fact, during the
germination and establishment stages, plant roots utilize physiological/morphological
plasticities in response to favorable or unfavorable soil conditions (Gruber et al. 2013;
Padilla et al. 2007; Robbins and Dinneny 2015). It was recently suggested that the
seed-carried microbiome plays a crucial role during plant germination by acting as the
initial inoculum for the root microbiome (Martinez-Rodriguez et al. 2019; Nelson et al.
2018; Nelson 2018). In addition, the seed microbiome has profound impacts on plant
performance and productivity by functioning as a path for vertical transmission across
plant generations (Nelson 2018; Shade et al. 2017; Truyens et al. 2015). However, we
still lack information in terms of how robustly these seed-carried microbes are kept
within plant roots along with soybean development in comparison to the colonization by
the soil-derived microbe.

Fungicide seed treatment has been a very common practice for modern agriculture
to eliminate early-stage fungal pathogen infection. The efficacy varies depending on the
fungicide type, local climate and pathogen pressure (Solorzano and Malvick 2011;
Munkvold 2009). While numerous research studies evaluate the effectiveness of
fungicide application in reducing disease severity, increasing plant stands, growth and
yield (Solorzano and Malvick 2011; Urrea et al. 2013; Weems et al. 2015), fewer have
examined non-target effects on microbes. In vitro/microcosm assay-based studies
indicated that fungicide seed treatment dramatically inhibited legume nodulation and
AMF formation while other suggested insignificant or minor influences depending on
their mode of action (Cameron et al. 2017; Muthomi et al. 2007; Kyei-Boahen et al.

2001; Buysens et al. 2015). Considering the unintended but possible adverse effects
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that fungicide treatments can exert on diverse plant growth-promoting rhizobacteria
(PGPR), a taxonomically broad field-based evaluation of associated microbiome is of
crucial importance for understanding if there are trade-offs between benefits from
chemical-based fungicide and PGPR-based biocontrol applications (Mubeen et al.
2006).

Plant intrinsic development has been widely demonstrated as a pre-programmed
factor modulating associated root microbiome assembly, with root exudates being
suggested as one of the underlying mechanisms orchestrating the process (Zhalnina et
al. 2018; Chaparro et al. 2013). Despite the increasing number of studies characterizing
the dynamics of plant microbiome assembly along plant development (Edwards et al.
2018; Chaparro et al. 2014; Zhalnina et al. 2018; Chaparro et al. 2013; Xu et al. 2018),
we still lack a comprehensive understanding of this process in the important legume
crop, soybean. The most well investigated developmental stages for root microbiomes
studies are the transition stages from seedling to vegetative, and then to reproductive
maturity. To expand our understanding of plant microbiome dynamics specifically
focusing on the early seedling stages, our study investigated the soybean root
microbiome dynamics between weekl and week4 post sowing. We utilized field-grown
plants, a randomized plot design, and a statistically robust number of biological

replicates to infer robust patterns relevant to soybean agriculture.

4.2 Methods and materials

All samples were collected from a stem canker field trial being conducted at the West

Tennessee Research and Education Center in Milan, Jackson (University of
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Tennessee, Institute of Agriculture). The field plots were arranged as a completely
randomized design (Fig.4.1). In total, 15 plots were selected for this experiment. Plots
were sowed with soybean seeds treated with different fungicide treatments: Cruiser
Maxx (CM), EverGol Energy (EE) or non-fungicide control (CT) with five replicated plots
for each fungicide treatment. The ingredients information was illustrated in Table S4.1.
The soybean seeds (Armor DK 4744 variety) were collected from a former foliar
fungicide treatment trial which got severe stem canker disease, and the seeds were
confirmed being infected with stem canker pathogen. Fungicide treatment were
conducted ‘in house’ using a Hege 11 Liquid Seed Treater. When two or more
fungicides were applied, the fungicides were mixed and used as a single application
(Rothrock et al. 2004). Fungicide treatments were mixed with Color Coat Red (1 oz/cwt)
in a total slurry rate of 30 oz/cwt (i.e. the amount of water added to each treatment was

adjusted to have a 30 oz/cwt slurry).

The day before sowing soybean seeds, fresh soil samples from each of the plots
were collected from six sites per plot using a soil probe. The six fresh samples from a
single plot were homogenized as a composite sample representing that plot. One week,
3 weeks and 4 weeks after sowing soybean seeds, soybean roots and tightly attached
soil were collected from six soybean seedlings within each plot and pooled together as
a composite sample at each time (Fig. 4.1). Briefly, soybean seedlings from the two
edge rows were gently removed from the soil, with loosely attached soil being discarded
and tightly attached soil together with soybean roots removed from the aboveground
part of the plant. The attached soil and roots put into a 50mL centrifuge tube filled with

30mL phosphate buffer (per liter: 6.33 g of NaH2P0O4.H20, 16.5 g of Na2HPO4.7H20,
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200 pL Silwet L-77). At the same time, a bulk soil sample was taken using a soil probe
from the between row area in the adjacent to the soybean roots collection areas. The
soil samples from the same plot were mixed as a composite bulk soil sample. All soil
and root samples were immediately put onto the ice and stored in a cooler before
brought to the lab for further processing. Rhizosphere soil pellet collection and
separation of soybean root samples were processed following the Lundberg et al.
(2012) protocol (Lundberg et al. 2012). To ensure consistent sample processing, soil
from the field prior to sowing and bulk soil samples during the trial were processed in
parallel. A similar amount of bulk soil was collected to approximately match the volume
of rhizosphere soil samples. All samples were placed into the same volume of
phosphate buffer. Collected soil pellets and root tissue were stored at -80°C before

further processing.

DNA extraction from soil samples used the DNeasy PowerSoil kit from QIAGEN.
Root samples were freeze-dried using a Labconco freeze dry system. Those dry root
samples were grounded to a fine powder using a Mixer Mill, and DNA extracted using
the same kit. Extracted DNA was quantified using a Nanodrop with a concentration
around 30ng/uL for soil samples and 100ng/uL for root samples. To characterize the
seed microbiome, DNA was extracted from soybean seeds with CM, EE, and CT
fungicide treatments. No surface sterilization of soybean seeds was performed in order
to ensure treatment consistency between those planted in the field and those used for
seed microbiome examination. Before DNA extraction, seeds were soaked using

phosphate buffer overnight, and mortars and pestles were autoclaved. Then soybean

188


https://paperpile.com/c/nGqiN8/4vQa

seeds were grounded to a fine powder, and the slurry was allocated to DNA extraction

buffer and extracted following the same protocol.

16S rRNA ribosome amplicon sequencing was used profile bacterial community
using the lllumina MiSeq platform and targeting the V3-V4 region with specific primer
sets (forward primer 341F= 5-CCTACGGGNGGCWGCAG-3' and reverse primer 785R
= 5-GACTACHVGGGTATCTAATCC-3') (Klindworth et al. 2013). The library was
prepared with two PCR steps. During the first PCR, amplicon specific primer sets were
appended with adapter overhang sequences compatible with lllumina Nextera XT index
sequence using 2X KAPA HiFi HotStart ReadyMix. The PCR cycle was set up as: 95°C
for 3 minutes; 25 cycles of 95°C for 30 seconds, 55°C for 30 seconds, 72°C for 30
seconds; 72°C for 5 minutes. The PCR product was then purified with AMPure XP
beads. During the second step of PCR, Illlumina dual-index barcodes together with
lllumina sequencing adapters were ligated to the amplicon products from step one using
the Nextera XT Index Kit with PCR cycle: 95°C for 3 minutes; 8 cycles of 95°C for 30
seconds, 55°C for 30 seconds, 72°C for 30 seconds; 72°C for 5 minutes. To eliminate
the amplification of plant chloroplast and mitochondria, peptide nucleic acid (PNA),
including the anti-mitochondrial PNA (mPNA) 5-GGCAAGTGTTCTTCGGA-3' and the
anti-plastid PNA (pPNA) 5-GGCTCAACCCTGGACAG-3' were used to block elongation
during the first step of PCR (Lundberg et al. 2013). The prepared 16S rRNA amplicon

library was sequenced using MiSeq v3 to yield 2X300bp paired reads.

Similarly, the fungal community was characterized by amplicon sequencing using
ITS2 (internal transcribed spacer 2) specific primer sets. ITS based fungi profiling was

accomplished with MiSeq 250bp paired-end sequencing using primers with a mixture of
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6 forward and 2 reverse primers at an equal concentration (Cregger et al. 2018), which
are designed to allow better detection of Chytridiomycota, Sebacinales,
Glomeromycota, Sordariales, Stramenopila and Archaearhizomycetes. Library
preparation followed the same protocol as above. For seed samples and root samples,
a large percentage of reads were classified as soybean ITS2 sequences after a
preliminary test of sequencing. Consequently, an additional PNA blocker
(ATCTGGGTTCATGGCCG) was designed and used to eliminate the amplification of
soybean ITS2 sequences, which could be found in Github
(https://github.com/liufangbaishikele/Soybean_rhizosphere_microbiome/blob/master/20

18 fungicide/Seed_treatment/ITS/PNA_design_doc.md).

The quality of raw reads was evaluated with fastQC
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Mothur software was used
to process the sequencing data. Commands and parameters are documented in GitHub
(https://github.com/liufangbaishikele/Soybean_rhizosphere _microbiome/tree/master/201
8 fungicide/Seed_treatment) (Kozich et al. 2013). The ITS2 read quality was slightly
degraded in the primer region only. To resolve this, ambiguous nucleotides along the
primer regions were allowed for sequencing assembly in mothur using make.contigs;
this is not expected to impact results as the primer sequence is removed prior to
clustering and taxonomic assignment. Briefly, paired reads were assembled and
resulting contigs with low quality were filtered out. Unique sequences were aligned to
each other using SILVA 132 as the reference (Quast et al. 2013). Preclustering was
used as a denoising strategy by accommodating a sequencing error of 1 base pair of

difference along with every 100 base pairs of length. The vsearch tool was used to
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detect and remove chimeras based on the UCHIME algorism (Rognes et al. 2016). A
naive Bayesian classifier was used to classify each sequence against the SILVA
taxonomy reference. After filtering out mitochondria, chloroplast, and Archaea
sequences, remaining sequences were clustered into OTUs (operational taxonomic
unit) at a threshold of 97% of similarity, with corresponding OTUs classified down to
genus level. For ITS2 sequencing data, assembled contigs were clustered using de novo
OTU picking at 97% sequence similarity, and OTUs were taxonomically classified using
UNITE as reference (Nilsson et al. 2019; Almario et al. 2017). Similar to the 16S rRNA

pipeline, all non-fungi sequences were removed before cluttering into OTU.

To eliminate the potential bias caused by the varied sequencing depth between
samples, all samples were rarefied to the minimum sequencing depth of 13,021 for 16S
rRNA sequencing data across all samples (except those of seed) and singletons were
removed before used to downward community analysis. Due to lower sequencing depth
than other samples, seed samples were analyzed independently without rarefaction.
ITS sequences were not rarified due to relatively low depth. Community analysis was
conducted in R using Phyloseq, ggplot2, reshape2, dplyr, vegan, permute and stringr
packages (R Development Core Team and Others 2011). The Shannon diversity index
was calculated and compared between treatments using either ANOVA or Kruskal
Wallis variance analysis, followed by Post-hoc or Dunn test for pairwise comparison (as
specified in results for each test). A Bray-Curtis distance matrix was calculated to infer
community dissimilarity between samples then visualized using a principal coordinate

analysis (PCoA) plot. PERMANOVA (permutational multivariate analysis of variance)
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was used to test treatment impacts based on a permutational test using between

sample distance matrix, with permutation being constrained using the permute package.

To infer differentially enriched or depleted bacteria and fungi between
compartments, Lefse was used to conduct differential abundance analysis under one
against all modes (i.e., one taxon is considered to be significantly different only when it
is significantly different against all remaining treatments) (Segata et al. 2011). A Mothur
command- make.lefse- was used to generate the lefse input file using a phylotype-
clustered OTU table, associated with the taxonomy table and the metadata. Any taxa
with an a less than 0.05 and an LDA score larger than 4 were defined to be significantly
different between treatments based on 200 bootstrap iterations. When comparing seed
microbiomes and endosphere microbiomes, the relative abundance count table before
rarefaction was used as input to generate the lefse input file due to the insufficient
sequencing depth for seed data. Differential abundance between compartments was
conducted for each individual development stage and differential abundance between

development stages was conducted for each compartment.

16S ribosomal RNA sequencing data were mapped to bacterial function and
metabolic pathway databases to predict bacterial function using PICRUST2 (Douglas et
al. 2019). The most updated KEGG pathway database was used for PICRUST2. The
function prediction analysis was done following PICRIST GitHub documentation
(https://github.com/picrust/picrust2). Specifically, the mothur function get.oturep was
used to generate a fasta-formatted sequence file including representative sequences for
each OTU, which were subsequently edited to match with the rarefied OTU table. Then

the PICRUST full pipeline command was used to conduct function prediction. Next,
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metaCyc pathway abundance output was used for differential abundance analysis with
the DESeq2 package. Pairwise comparisons between each pair of the 11 subsets (ie.,
Soil, Bulk_wk1, Bulk_wk3, Bulk_wk4, Rhi_wk1, Rhi_wk3, Rhi_wk4, Endo_wk1,
Endo_wk3, Endo_wk4 and SEED) were conducted to infer pathways that were
significantly enriched or depleted between treatments. Pathways consistently and
significantly enriched/depleted between compartments were subtracted from the original

pathway dataset and used for visualization by the heatmap plot.

4.3 Results

4.3.1 Sequencing data summary

After sequencing, we captured 20,837,263 reads for 16S rRNA gene sequencing and
25,378,396 reads for ITS2 amplicon sequencing across 64 samples. For 16S rRNA
sequencing reads, the median quality score for the first 270bp and 250bp was larger
than 34 for forward and reverse reads respectively. In terms of ITS2 sequencing reads,
most of the bases yield a quality score larger than 34 for both forward and reverse
reads except for the primer region. After filtering low quality reads, chimera and non-
bacteria and non-fungi sequences13,079,622 and 4,849,883 informative reads

remained for 16S rRNA and ITS2 sequencing data.

4.3.2 Fungicide seed treatment impact on root bacterial community was

undetectable
Considering the high heterogeneity of soil indigenous microbial communities within a
field, it is necessary to ensure the randomization of the plot design. For this purpose, we

collected composite fresh soil samples from each plot before sowing seeds, and
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compared the bacteria composition differences between plots assigned with a different
fungicide treatment. The PERMANOVA analysis results suggested a well-randomized
assignment of fungicide treatments across different plots (PERMANOVA, F,12)= 1.03,
p = 0.38). After confirming the randomization of plot design, we tested the impact of
fungicide seed treatment on the taxonomic makeup of the root-associated bacterial
community using soybean development, compartment and read-depth factors.
Fungicide application was insignificant in the overall analysis (PERMANOVA, F,126) =
1.79, p = 0.06) and insignificant within each compartment: bulk (PERMANOVA, F(,39) =
1.30, p = 0.06), rhizosphere (PERMANOVA, F238 = 1.32, p = 0.20), and endosphere
(PERMANOVA, F2,39) = 1.38, p = 0.20). We also tested the fungicide impact within each
combination of compartment and development stage as well as seed bacteria. The only
significant impact was found for the seed bacterial microbiome (Table 4.1). For seed
bacteria, both CM and EE fungicide seed treatments significantly decreased the relative

abundance of Actinobacteria, while Firmicutes relative abundance was increased.

4.3.3 Distinct bacterial microbiome composition between compartments
Bacterial composition was revealed to be significantly different between the
compartments assessed in this experiment: soil prior to sowing, seed, bulk soil,
soybean rhizosphere, and soybean endosphere (PERMANOVA, Fa,159) = 42.85, p <
0.001***). Between compartment differences explained 51.87% of all between sample
variation. The bacterial composition between pre-sowing soil resembled bulk soil, both
of which were evidently divergent from those of rhizosphere, endosphere and seed
microbiomes (Fig. 4.2 and Fig. S4.1). To investigate how compartment-specific

communities changed along soybean development stages, we subset samples based
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on development stages and conducted PERMANOVA analyses. The results revealed
comparable compartment effects between weekl, week3, and week4, explaining 53%
to 64% of between samples variation. Week4 exhibited the highest compartment
impacts in comparison to weekl and week3 (Table 4.2 and Fig. S4.2A-C). The
read_depth impact was significant for week 3 samples when tested as the only factor
(PERMANOVA, F@43) = 6.10, R?2=12.42%, p = 0.001), but this read_depth effect was
no longer significant when its marginal effects were tested together with the
compartment factor. Detailed between sample dissimilarity comparison results
suggested that bacterial community composition was more divergent between bulk soil
and rhizosphere for one-week old soybean seedlings (Fig. 4.3). However, this
dissimilarity greatly decreased at later time points. In contrast, the bacterial community
composition was more similar between the rhizosphere and endosphere at weekl
compared with that of week3 and week4. Endosphere bacterial composition were more
similar across different plots at week3 and week4 in comparison to week1.

At the phylum level, we observed significant between-compartments changes in
bacterial relative abundance (Fig. 4.4A). More specifically, bacterial phyla including
Acidobacteria, Verrucomicrobia, Gemmatinomadetes, and Planctomycetes phyla were
gradually reduced from surrounding soil to rhizosphere and then to endosphere. In
contrast, Proteobacteria, Firmicutes, and Actinobacteria were highly enriched from
surrounding soil toward soybean roots. Inside of soybean seed, the bacterial community
was dominated by Proteobacteria, Actinobacteria, Firmicutes, Bacteroidetes, and
Cyanobacteria. No significant differences were found in alpha diversity between pre-

sowing and bulk soil samples, both of which harbor significantly more diverse bacterial
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communities in comparison to the rhizosphere, endosphere and seed samples (Kruskal-
Wallis chi-squared = 132.36, p < 2.2e-16) (Fig. 4.5A). The lowest diversity
compartments were the root endosphere and soybean seed, which shared a

comparable bacterial Shannon diversity score.

4.3.4 Plant development impacts on bacterial community composition and

diversity
From the aforementioned results, we found that soybean nurtured a very specialized
microbial community across compartments as a result of selective enrichment/depletion
of a subset of microbial consortia. As plant development has been widely recognized as
a crucial factor modulating root bacteria assembly, we further characterized soybean
compartment-specific bacteria dynamics along with soybean development.
Unsurprisingly, bacterial community compositions were significantly different between
weekl, week3 and week4 time points (Fig. S4.2D-F) for all three compartments (i.e.,
bulk soil, soybean rhizosphere, and endosphere). More intriguingly, this between
development differences of the bacterial community increased significantly from bulk
soil to rhizosphere and then to endosphere as indicated by the increasing variation that
could be explained by the time factor (Table 4.3). In contrast, variation in the bacterial
community between plots was significantly reduced from bulk soil to soybean
rhizosphere and endosphere (Table 4.3).

Likewise, the bacterial Bray-Curtis dissimilarity dot plot suggested increasing
development impacts from bulk soil to rhizosphere and endosphere (Fig. 4.6). Between
plots dissimilarities varied within a similar range for pre-sowing soil and bulk soll

community. Bacterial community dissimilarity was comparable between bulk soil
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samples across time. For both the rhizosphere and endosphere bacterial community,
the Bray-Curtis dissimilarities were larger for those between weekl and week3, and
those between weekl and week4 in comparison to those between week3 and week4.
Both of the above findings indicated that an intrinsic selection of bacteria consortia that
occurred in the soybean rhizosphere and endosphere along soybean development
despite the different indigenous microbiome composition in the surrounding soil.

In addition to the compositional differences, we also observed distinct changes in
bacteria alpha diversity. The weekl rhizosphere bacterial community was less diverse
in comparison to week3 and week4 (Fig. 4.5B). In contrast, endosphere bacteria were
more diverse at weekl compared with week3 and week4, and seed bacteria diversity
was very comparable with that of endosphere at week3 and week4. However, we did
not observe significant bacterial diversity difference between collection events when

bulk soil was compared.

4.3.5 Dynamic recruitment of bacteria consortia into each compartment

during soybean development

To dissect the dynamic recruitment of individual bacterial taxa between compartments
and along with developments, we conducted differential abundance analysis across all
taxonomic levels. Between compartments, the recruitment/depletion pattern was
compared separately at each development stage (Fig. S4.3). The results suggested that
some bacterial taxa were consistently enriched into the specific compartment despite
soybean development (Fig. 4.7). Specifically, Acidobacteria, Gemmatimonadetes,
Verrucomicrobia, Planctomycetes, and Deltaproteobacteria were consistently depleted

in both rhizosphere and endosphere compartments. In contrast, Gammaproteobacteria,
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Betaproteobacteriales, and Burkholderiaceae were robustly enriched in the soybean
rhizosphere, while Alphaproteobacteria, Rhizobiales, Actinobacteria, Streptomycetales,
Streptomycetaceae and streptomyces were consistently enriched in soybean
endosphere. In addition to the aforementioned consistent selection on specific bacteria
taxa, some other bacteria were selectively enriched into the rhizosphere or endosphere
at specific developmental stages. For example, Firmicutes (including Bacilliaceae and
Paenibacillaceae) and Solirubrobacteriales were selectively enriched in the soybean
endosphere at week one, while Proteobacteria, Xanthobacteraceae, Bradyrhizobium,
Novosphingobium, and Sphaerisporangium were discriminately enriched in endosphere
at week3 and week4. This development-specific enrichment of bacteria was more
divergent in the soybean rhizosphere. Ralstonia, Acinetobacter, and Moracellaceae
were specifically enriched in the soybean rhizosphere at week one, while
Sphingomonadaceae, Pseudomonadaceae, and Nitrosomonadaceae were selectively
enriched into rhizosphere either at week3 or week4.

To provide a comprehensive picture of the dynamic changes for each bacterial taxa,
we conducted differential abundance analysis between development stages for each
compartment separately (Fig. 4.8 and Fig. S4.4). For bulk soil samples, development
impacts on individual taxa were very limited, within few taxa including
Gammaproteobacteria, Sphingomonas, and Bacteroidetes being exclusively enriched at
week3. In contrast, the dynamics of individual bacteria taxa were very prominent within
the rhizosphere and endosphere compartment. In Endosphere, the relative abundance
of Bradyrhizobium, Sphaerisporangium, Novosphingobium genus were significantly

enriched from week1 to week3 and week4, while, Streptomyces, Ralstonia, Bacillus,
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and Paenibacillus were significantly decreased. In the rhizosphere, Novosphingobium
and Sphingomonas were significantly accumulated at week3 and week4 compared with
weekl, while Burkholderiaceae (especially Ralstonia), Enterobacteriaceae and
Pseudomonadiales (specifically Acinetobacter) were significantly reduced after one
week. In addition, Acidobacteria, Verrucomicrobia, Planctomycetes, and
Gemmatimonadetes phyla were significantly reduced in the rhizosphere in comparison
to bulk soil community at week1, whose abundance then increased at week3 and

week4 resulting more similar composition as bulk soil community.

4.3.6 Early soybean seedling endosphere bacteria were mainly recruited

from the rhizosphere

To infer the potential source for endosphere bacteria assembly, we generated a Venn
plot between rhizosphere, endosphere and seed microbiome using bacteria genera
information (Fig. 4.9). The endosphere microbiome was mainly a subset of bacteria of
the rhizosphere (i.e., week1=85.78%, week3=93.67%, and week4=93.21%), within
which about 78% of the bacteria exclusively overlapped with the rhizosphere
compartment, while the other 22% overlapped with both the rhizosphere and seed
microbiome. In contrast, only about 2% of the endosphere microbiome exclusively
overlapped with the seed community. The seed microbiome was largely represented as
a subset of the endosphere microbiome, with only about 5% - 10% of taxa being unique
to the seed. At the genus level, the seed bacterial community was dominated by
Pantoea, Oxyphotobacteria_unclassified, Methylobacterium, Pseudomonas,
Acinetobacter, which together accounted for 37% of the total bacterial community.

However, these seed dominant bacteria dramatically decreased in one-week-old
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seedling roots, which were dominated by streptomycetes,
Streptomycetaceae_unclassified, Enterobacteriaceae_unclassified, Bacillus,

Enterobacter at weekl (Table S4.2).

4.3.7 Distinct bacterial metabolic pathways between compartments and

along with soybean development

The bacterial function was predicted based on 16S taxonomy and abundance
information, which revealed a very distinct pathway profile between bulk, rhizosphere,
and endosphere as well as seed compartments (Fig. 4.10). Overall, the seed
microbiome featured with limited function potential compared with bulk soil and root-
associated bacterial community. Bacterial functional potentials were revealed to be
comparable between pre-sowing soil and bulk soil, which shared a majority of pathways
with rhizosphere week3 and week4 samples, with pathways involved in fermentation,
nucleoside and nucleotide biosynthesis, sugar nucleotide biosynthesis, autotrophic CO2
fixation and denitrification greatly enriched in comparison to endosphere microbiome
and rhizosphere weekl1 microbiome. In contrast, pathways belonged to aromatic
compound degradation, secondary metabolites degradation and detoxification were
more highly selected for the endosphere microbiome as well as rhizosphere weekl1
microbiome. Specifically, bacterial secondary metabolites degradation pathway (e.qg.,
D_galacturonate, myo-inositol degradation) and toluene degradation were more
abundant in rhizosphere weekl in comparations to week3 and week4. For endosphere
bacteria, the week3 and week4 communities featured more diverse aromatic

degradation pathways in comparison to week1.
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4.3.8 Significant fungicide impact on soybean rhizosphere fungal

community at week3

Randomization of plot design was tested using the pre-sowing fungal community, which
suggested the selection of a well-randomized plot for fungicide seed treatment
(PERMANOVA, F2,12) = 1.04, p = 0.359). The impact of fungicide application on
soybean root-associated fungal community was tested using PERMANOVA analysis.
The fungicide seed treatment only significantly impacted the rhizosphere fungal
community at week3 (Table 4.1). Meanwhile, a marginal (0.05 < p < 0.1) fungicide
impact was detected for rhizosphere week4, endosphere week3, and the seed
community. Differential abundance analysis for fungicide seed treatment was conducted
for the rhizosphere week3 fungal community. The results indicated that the genus
Chaetomium was significantly decreased in fungicide treated soybean rhizosphere
compared with the control soybean (Fig. 4.11). In contrast, Clonostachys rosea species

was more abundant in Energy Evergol treated soybean rhizosphere.

4.3.9 Significant but minor compartment impacts on fungal community

compared with the bacterial community

Fungal community composition differed significantly between soil, seed, rhizosphere
and endosphere compartments (PERMANOVA, F@,159) = 28.55, p < 0.001***), with
41.80% variations being explained by compartment factor (Fig. 4.12). Similar to the
bacteria community, fungi composition was similar between pre-sowing soil and bulk
soil. In addition, the rhizosphere fungal community was less different from the bulk soil
community in comparison to the bacterial community. Between compartment

differences of the fungal community were less evident compared with the bacterial
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community due to the large between-plots variation (Fig. 4.3). We also compared the
compartment impacts within each development stage, which suggested a slightly larger
compartment impact at week3 (Table 4.4 and Fig. S4.6A-C). However, the
compartment's impact on the fungal community was relatively small compared with that
of bacteria (Table 4.1). In contrast, fungal community differences were more explained
by the plot, with about 29-33% of community difference able to be attributed to the
between plots variation.

The fungi Shannon diversity was significantly between compartments (Kruskal-
Wallis chi-squared = 136.17, df = 10, p < 2.2e-16), which gradually but significantly
decreased from the pre-sowing soil and bulk samples to rhizosphere and endosphere
(Fig. 4.13). Again, we did not observe a significant difference between endosphere and
seed fungi diversity. The stacked barplot of fungi classes suggested a gradient increase
of Sordariomycetes and Glomeromycetes classes across the transition from bulk to root
endosphere. Meanwhile, Mortierellomycetes dramatically reduced in the soybean
endosphere. Within soybean seed, the fungal community was dominantly colonized by

Sordariomycetes and Dothideomycetes (Fig. 4.14A).

4.3.10 The impact of soybean development on fungi composition was

similar between different compartments

For the fungal community composition, a relatively large amount of variation was
explained by between-plot differences, while the impact of soybean development (i.e.
time) was relatively small. In addition, we observed a slightly decreasing development
impact on the fungal community from the bulk soil to the rhizosphere, and then to the

endosphere compartment (Table 4.5 and Fig. S4.6D-F). In bulk soil, fungal community
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composition was very different at week3 compared with weekl and 4. Within the
rhizosphere, the fungal community was more similar at week3 and week4 in comparison
to that of week1. Inside of the soybean endosphere, development impacts were less
evident, but the weekl community was still divergent from week3 and 4. The decreasing
development impact on the fungal community was also reflected in the Bray-Curtis
dissimilarity dot plot (Fig. 4.6). On average, the between plot (i.e., within weeks
dissimilarity) dissimilarity of the fungal community increased from bulk to endosphere
compartments. Contrarily, this between plots dissimilarity was dramatically decreased
for bacteria community when moving from bulk soil to endosphere despite a similar
between plots variation for pre-sowing bacterial community and pre-sowing soil fungal
community. For fungal community diversity, we did not find any development impact

(Fig. 4.13).

4.3.11 Differentially enriched/depleted fungi taxa between compartments

and soybean development stages

Despite the high between plots variation for the fungal community, we observed
compartment-specific recruitment on individual fungi taxa (Fig. 4.15, and Fig. S4.7). The
Chaetomium genus was uniquely enriched in the soybean rhizosphere, while the
Fusarium genus (especially Fusarium solani species) was selectively enriched in the
soybean endosphere. In addition to this consistent selection between compartments,
few fungi taxa were selectively enriched into a specific compartment depending on the
specific development stage. For example, the Gigaspora genus (specifically Gigaspora
margarita) was significantly enriched in the soybean rhizosphere at week4 but not

week1/3, while, the Pyxidiophora genus was selectively enriched in the soybean
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rhizosphere at weekl and week3 instead of week4. Similarly, the Branch06 and
Gigasporaceae families were selectively enriched in the endosphere at weekl and
week3, while the Botryosphaeriaceae family was significantly enriched at week4. In
addition to this development specific recruitment of specific fungal taxa, we also
observed some within-compartment dynamics for several fungal taxa (Fig. S4.8). Within
the soybean endosphere, the relative abundance of the Gigaspora genus (specifically
Gigaspora margarita), and Fusarium genus (specifically Fusarium solani) significantly
decreased in soybean roots along with the development of the soybean. Meanwhile, the
relative abundance of the Botryosphaeriaceae family was gradually increased from
weekl to week4 within the soybean endosphere. In the soybean rhizosphere, the
Gigaspora genus was significantly enriched at week4 compared with week1/3. In
contrast, the Bionectriaceae and Chaetomiaceae families were significantly more
abundant in week3/4 in comparison to that of weekl. In bulk soil, both the Fusarium and
Chaetomium genus were more abundant at week4 compared with week1/3. The
abundance of fungal Dothideomycetes class was significantly larger in week3 compared
with week1/4, which is not the case for either the rhizosphere or the endosphere fungal

community.

4.3.12 Seed fungal community composition and its relative contribution to

endosphere fungi assembly versus to that of rhizosphere

Seed fungi taxa were mainly overlapped with that of the rhizosphere and endosphere,
which accounted for 86%-88% of the seed fungi composition (Fig. 4.16). In addition,
more fungi taxa were found to be seed-specific (ranging from 11.73% to 13.68%) in

comparison to that of the bacterial community (ranging from 5.55% to 10.72%). Similar
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to the composition of the bacterial endosphere community, the soybean endosphere
fungal community was also highly overlapped with that of the rhizosphere (i.e.,
week1=88.98%, week3=89.30%, week4=94.96%). Meanwhile, we noticed that there
were about 48.22%-52.96% of the endosphere fungal taxa were exclusively overlapped
with rhizosphere, while only 0.84%-1.47% was exclusively overlapped with seed fungal
composition. The seed fungal community was dominated by unclassified Nectriaceae
taxa, which accounted for 37% of the total abundance (Table S4.2). At weekl, the
endosphere fungal community was also dominantly composed by Nectriaceae (40%),
however, most of them were classified as Fusarium solani. Another two dominant fungi
taxa within the seed community, i.e., Cercospora (10.25%) and unclassified

Diaporthales (18.03%), were dramatically low in soybean endosphere at weekl.

4.4 Discussion

4.4.1 Fungicide impacts on soybean root bacterial and fungal microbiome
Fungicides seed treatment has been widely applied to protect seed from pathogen
infection prior to or during seed germination, with varied improvements on plant growth
or yield depending on the mode of action of the fungicide and local climate conditions
(Jin et al. 2013; Munkvold 2009). This inconsistency may be partially explained by non-
target effects on beneficial partners of the plant, such as rhizobia and arbuscular
mycorrhizal fungi as well as PGPRs (Muthomi et al. 2007; Kyei-Boahen et al. 2001;
Cameron et al. 2017). In this study, we characterized global taxonomic changes of
soybean bulk, rhizosphere and endosphere microbiome compositions in response to the

applications of two seed coated fungicide formula, i.e., Cruser Maxx and EverGol
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Energy. Looking at early development time points, the results suggested that the
fungicide seed treatment effect was insignificant for soybean bacterial root microbiome
assembly. In contrast, significant though minor changes of the fungal community were
observed for the rhizosphere community at week3, with Chaetomiaceae (specifically
Chaetomium) being significantly decreased under both CM and EE fungicide
treatments. Several Chaetomium strains are characterized as biocontrols for pathogens
and thus may be providing benefits to plant health (Tveit and Wood 1955; Soytong et al.
2001). We also found that a potential biocontrol fungi species, Clonostachys rosea,
were significantly enriched under EE fungicide treatment. Consistent with Cameron et
al. study, we found no impact of fungicide seed treatment on AMF abundance
(Cameron et al. 2017). This may be related to the application dosage compared with
former studies. Alternatively, seed fungicide treatment impacts may be more evident
when applied under higher pathogen pressures (Solorzano and Malvick 2011). Overall,
our evaluation of fungicide treatment did not indicate a strong non-target effect on
rhizobia nor AMF. However, conclusions based on one season of results is not sufficient

to draw conclusions in terms of long-terms ecological or agricultural impacts.

4.4.2 Compartment specific recruitment of root-associated microbiome

In general, soybeans develop compartment-specific microbiomes as reflected by the
distinct bacterial and fungal community composition moving from high diversity in the
surrounding soil, to less diversity in the rhizosphere, and least in the endosphere. The
relative abundance of Acidobacteria, Verrucomicrobia, Gemmatimonadetes,
Planctomycetes, and Deltaproteobacteria dramatically decreased in the soybean

rhizosphere while Gammaproteobacteria abundance was significantly increased, which
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is consistent with former reports about the soybean root microbiome (Liu et al. 2019;
Xiao et al. 2017). In comparison to the rhizosphere bacterial microbiome, Actinobacteria
and Firmicutes were enriched within soybean roots and seed microbiome. This dramatic
enrichment of Actinobacteria has been noted in roots from other plant species and may
indicate some metabolic adaption of this bacteria genus within root microenvironment or
attributed by its strong competition capacities as a result of its diverse production of
antimicrobial metabolites (Bulgarelli et al. 2012; Edwards et al. 2015; Lundberg et al.
2012).

The soybean seed bacterial microbiome is a subset of endosphere bacteria, mainly
consisting of Proteobacteria, Actinobacteria, Firmicutes, Bacteroidetes, and
Cyanobacteria. At the genus level, Pantoea, Pseudomonas, Methylobacterium and
Acinetobacter are the most abundant consortia inhabiting either within or on the surface
of soybean seed, with the first two genera being consistently reported as predominant
taxa within seeds across several plant species (Chen et al. 2018; Truyens et al. 2015;
Rezki et al. 2018; Barret et al. 2015). Seed-isolated bacteria including Pantoea strains
featured with high tolerance to high osmotic pressure, which may indicate an adaptive
evolution in response to the increased osmotic pressure during seed maturation (Mano
et al. 2006). In addition, numerous Pantoea strains have probiotic traits, including
nitrogen fixation, mineral phosphate solubilization, auxin production, and chitinase
secretion as well as anti-fungi activities (Ruiza et al. 2011). Similarly, Pseudomonas
strains are recognized for their plant growth-promoting features and widely applied as
biocontrol agents (Weller 2007). Despite the low relatively small contribution of the seed

microbiome to the establishment of the early seedling microbiome, some of the specific
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seed-carried microbes have features that may be beneficial to the germinating plant

(Bewley 1997).

4.4.3 Dynamic root microbiome structure along with soybean development
Despite the compartment-specific recruitment of bacteria taxa from the surrounding soil,
we detected evidently dynamic changes of specific microbial taxa in the soybean
rhizosphere and endosphere along with the soybean development. Although between
collecting times difference were detected for bulk soil bacterial microbiome, this time
effect was little in comparison to that of rhizosphere and endosphere. At weekl,
soybean displayed with evident rhizosphere effects with significantly decreased the
abundance of Acidobacteria and dramatic accumulation of Gammaproteobacteria
(specifically Enterobacteriaceae and Burkholderiacea) together with a significant
reduction of bacterial diversity in comparison to surrounding bulk microbiome.
Consistently, Burkhoderiales are earlier colonizer found in rice research too (Edwards et
al. 2018). However, this rhizosphere effects diminished when the plant grows older to
week3/week4 and the relative abundance Acidobacteria, Verrucomicrobia,
Gemmatimonadates re-enriched, and Gammaproteobacteria reduced to a similar level
alike those of bulk soil. Consequently, when evaluating the degree of rhizosphere
effects among plant species, we may want to make sure the investigated plants were
under similar development stages as chronological age is less consistent compared
with developmental ages (Edwards et al. 2018).

Numerous studies reported dynamic changes of rhizosphere bacterial community
composition along with plant development and associated it with the dynamic changes

of root exudates profiles (Chaparro et al. 2013; Zhalnina et al. 2018; Xu et al. 2018; Shi
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et al. 2015). For example, sugar and sugar alcohol highly accumulated during the early
development of Arabidopsis, while the secretion of phenolics and amino acids were
increased over development, both of which were demonstrated to correlate with the
functional capacity of responding microbe (Chaparro et al. 2013). Similarly, the
dynamics of sorghum rhizosphere microbes were attributed to their divergent metabolic
preference toward the preprogrammed root exudates profile (Zhalnina et al. 2018). Due
to the different stages, each study focused on and the host plant investigated, we did
not find reports about these distinct early seedling development changes of the
rhizosphere bacterial community as revealed in our study. However, Acidobacteria
relative abundance in Arabidopsis rhizosphere bacterial community exhibited similar
dynamics as observed in our study, which presented an increased abundance of
Acidobacteria when plant developed from seedling to vegetative stages, which were
then increased when the plant grew to the bolting and flowering (Chaparro et al. 2014).
To thrive under the continuous attacking from a pathogenic microorganism,
physically vulnerable root tissues have evolved with the intrinsic secretion of diverse
‘underground warfare chemicals’ such as phytoalexins, defense proteins or other
unknow secondary metabolites (Bais et al. 2006). The dramatic enrichment of
Enterobacteriaceae and Burkholderiacea in the rhizosphere at the early seedling stages
may reflect general manipulation strategy during the establishment of seedling which is
a critical transition stage determining whether the seed will finish the transition to the
next generation or not (Nelson 2018). Specifically, before the roots system developed to
be big enough for water, nutrient absorption and pathogen defense, the host plant may

need more facilitations supplied by associated organisms. Actually, Enterobacter
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cloacae were able to eliminate infection by fungal pathogen Pythium ultimum
sporangium via various mechanisms (Windstam and Nelson 2008; van Dijk and Nelson
2000; Kageyama and Nelson 2003). In addition, Enterobacter strains could enhance
plant osmotic stress tolerances during seed germination and seedling growth (Li et al.
2017). Alternatively, the aforementioned specific rhizosphere bacterial community at
weekl may mirror soybean specific developmental needs. As soybean evolved with the
symbiotic interaction with nitrogen-fixing rhizobia, it may need to recruit some assistant
bacteria for more efficient nodule formation during its early development stages.
Ralstonia solanacearum were widely distributed devastating soil-borne pathogen
featured with a wide host range (Salanoubat et al. 2002). Their high abundance in the
soybean rhizosphere at weekl1l may reflect the vulnerability during the early seedling
development stage, which warranted for further detailed examination.

Similarly, soybean endosphere bacterial microbiome featured with distinct
community composition at weekl compared with week3/4, which mainly attributed to
the dramatic enrichment of Bradyrhizobium within soybean roots and distinguished
decrease of Streptomycetes and Firmicutes (specifically Bacillus) in week3/4. Based on
field observation, soybeans usually start to form nodules about 2 weeks after
germination. Consequently, it is not surprising to observe the striking enrichment of
Bradyrhizobium at week3 and week4 as a result of nodule formation. However, it is
interesting when you start to think about the question “why nodulation did not initiate
immediately after seed germination?”. As mentioned before, the successful
establishment of the seedling is crucial for a plant to succeed to the next generation. In

addition, early established seedlings are very vulnerable to abiotic and biotic stresses,
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which make it necessary to set a successful stand as the priority for development. Once
seedlings are well established, soybean started to release symbiotic signals to the
rhizosphere to specifically attract Bradyrhizobium to form nodules. Interestingly, those
highly enriched bacteria taxa including Streptomycetes and Firmicutes were revealed as
the most strongly enriched bacteria when sorghum were grown under drought (Xu et al.
2018). Additionally, numerous Streptomycetes strains was reported with various PGPR
traits ranging from osmotic stress alleviation (e.g., salt and drought stress), fungal
pathogen resistance and phosphate solubilization (Jog et al. 2014; de Vasconcellos and
Cardoso 2009; Palaniyandi et al. 2014; Mendes et al. 2011). Actually, it has been
reported that the co-inoculation of Streptomycetes strains and Bradyrhizobium
japonicum could greatly improve soybean nodulation and growth (Htwe et al. 2019).
Similar synergetic enhancement by Bacillus strains on soybean nodulation were
reported as well (Subramanian et al. 2015). Consequently, the early seedling structuring
of related bacterial microbiome warranted for more systemic and mechanistic

understanding in order to maximize the expanded benefits.

4.4.4 Relative contributions of rhizosphere or seed microbiota for the

establishment of the root microbiome

The undoubted impact of seed microbiome on plant fithess especially during
germination and early seedling development has been widely recognized. However, we
still lack a comprehensive understanding in terms of the relative importance of seed
derived versus soil indigenous microbes during this establishment of early root
microbiome. By comparing the composition of the week1 bacterial community with seed

microbiome, we found that most of the seed dominant bacteria (Pantoea,
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Methylobacteria, Pseudomonas, and Acinetobacter) dramatically decreased in soybean
root microbiome one week after germination. This agreed with former reports showed
that when maize were germinated under xenobiotic conditions Pantoea tended to be
dominant in the rhizosphere, but their abundance decreased dramatically when seeds
were growing under the soil with very diverse indigenous bacteria pool (Johnston-Monje
et al. 2016). Meanwhile, we did observe some seed microbiome legacy effects on root
microbiome at this stage as reflected by the relatively high abundance of Bacillus within
the root microbiome instead of surrounding bulk or rhizosphere soil, which then
distinctly decreased at week3/4. This is consistent with Barret et al. (2015) findings that
Bacillus remained to be abundant in rhizosphere after 96h of emergency, which was
based on in vitro xenobiotic germination assay (Barret et al. 2015). For another
Firmicute (Paenibacillus), we also observed relatively high abundance at week1l instead
of week3/4 although we can not rule out the possibility that those Firmicutes could be
rapidly recruited from surrounding soil as similar pattern were showed for rhizosphere
compartment.

Despite increasing studies demonstrating the capacity of seed microbiome to
colonize seedling during germination (Barret et al. 2015; Johnston-Monje et al. 2016;
Huang et al. 2016), our study demonstrated that after one week of growth, soybean
seed derived bacterial microbiome dramatically reduced in root microbiome. This
consistency between our findings and former reports could be attributed to the fact that
many former reports were concluded based on in vitro/ microcosm study while our
findings are based on field study. In this study, we did not characterize the

spermosphere (ie., the zone surrounding seed and under the influence of seed carbon
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deposition), which could reflect the earliest interaction between soil microbe, seed
microbes during seed germination (Schiltz et al. 2015; Nelson 2004). The conflicts
between out findings and others could be attributed to the different time points being
investigated as root microbiome changes along with seed germination (Liu et al. 2012).
In fact, Yang et al. (2017) research discovered that dominant bacteria of barley seeds
become less abundant within root 8 days after germination, which was more evident
when seeds were germinated in the soil in comparison to xenobiotic systems (Yang et
al. 2017). Understanding of the relative importance of soil and seed microbiome for the
development of root microbiome, and deciphering the dynamics of root and rhizosphere
microbiome assembly along seeds germination under more detailed time scale
warranted for more attention and efforts considering the critical importance of this
development stage and its potential long terms impact on plant performance and

fitness.

4.4.5 Compartment specific dynamics of bacterial functional potentials

The meta function of bacterial community were predicted using PICRUST?2 packages by
linking taxonomy and count information with several function databases including Kyoto
Encyclopedia of Genes and Genomes (KEGG) orthologs, Enzyme Classification
numbers (EC numbers), Clusters of Orthologous Genes (COGSs), Protein families
(Pfam) and The Institute for Genomic Research’s database of protein FAMilies
(TIGRFAM) (Douglas et al. 2019). To make the prediction comparable with shotgun
metagenomics output, we chose to present and analyze MetaCyc pathways results,
which was further predicted based on EC number prediction with HUMANNZ2 algorithms

within PICRUST2. To infer the compartment-specific recruitment of associated bacterial
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function, we conducted differential abundance analysis and generated heatmap based
on compartment and development specific pathways. Similar to the compositional
separation between samples, we found a distinct pattern of bacterial functional
pathways between compartments as well as along with soybean development. Bacterial
functional potentials were very similar for bulk soil and pre-sowing soil community.
Nutrient and carbon cycling related pathways including fermentation, autotrophic CO2
fixation, denitrification were more abundant for soil inhabit bacterial communities
compared with that of endosphere as well as rhizosphere weekl communities. This
diverse carbon and nutrient-cycling related pathway reflected the diverse bacteria
composition within the soil. Benzoate and crotonate fermentation pathways were
formerly discovered involved in syntrophic carbon metabolism, which featured extremely
high energy conservation efficiency as well characterized in Syntrophus aciditrophicus
strain (Mclnerney et al. 2009; Mclnerney et al. 2007). In addition, bacteria functions
involved in nucleoside, nucleotide, and sugar nucleotide biosynthesis were
comparatively richer for the soil bacterial communities. Consistent with bacterial
community composition, corresponding metabolic profiles showed similar patterns for

the soybean rhizosphere community at week3/4.

Rhizosphere bacteria function for the one-week old soybean seedlings were more
like those of the endosphere community. In addition to the dramatic enrichment of
pathways related to aromatic compound degradation, several secondary metabolites
degradation pathways, including myo- chiro- and scyllo- inostitol and D-galacturonate
degradations were highly enriched in week1 rhizosphere in compare to endosphere

community. D_galacturonate is the main monomeric constituent of pectin, which is one
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of the primary components of seed mucilage during germination (Western 2012). This
high degradation pathway for the week1 rhizosphere bacterial community may reflect
some legacy impact remained even one week after seed germination. Myo-inositol as
one type of sugar alcohol were revealed to be highly secreted in Arabidopsis early
development time points (between 7-10 days), this high Myo-inositol degradation
activity may be related to soybean root exudates as well (Chaparro et al. 2014). In
addition, Myo-inositol was indicated to enhance the production of streptomycin by
Streptomycetes, which is in accordance with the high abundance of Streptomycetes
within root at weekl1 (Majumdar and Kutzner 1962). Interestingly, this pathway of myo-
inositol degradation appears to be important in root nodule colonization and competition
in rhizobial symbiotes (Galbraith et al. 1998; Jiang et al. 2001). The high abundance of
toluene degradation in the soybean rhizosphere at weekl agreed with Chaparro et al.
(2014) findings, which revealed significantly enriched expression of bacterial transcripts

involved in toluene degradation (Chaparro et al. 2014).

Obviously, metabolic pathways involved in aromatic compound degradation were
strikingly enriched for soybean endosphere bacterial communities, which were further
enriched and diversified from weekl to week3/4. Zhalnina et al. (2018) study
demonstrated that aromatic compounds (including Nicotinic acid, Cinnamic acid, 1AA,
Shikimic acid, inositol, vanillin, vanillic acid, salicylic acid) were increasingly released
along Avena barbata development, and these increased release of aromatic acid into
rhizosphere correlated with the enrichment of bacterial isolates that preferentially
utilized aromatic compounds (Zhalnina et al. 2018). The diversified and increased

aromatic compound degradation activity within the soybean root bacterial community
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may reflect the metabolic dynamics within soybean roots, which may change in
response to the infection by Bradyrhizobium japonicum. As an example, soybean
flavonoids and isoflavonoids increased significantly within hairy roots in response to the
infection of rhizobia Brayrhizobium japonicum (Brechenmacher et al. 2010).
Accordingly, Arabidopsis were revealed to release more phenolic (aromatic compounds
characterized with a benzene ring) related compounds at the later stages of
development (Chaparro et al. 2014; Bhattacharya et al. 2010). The (iso)flavonoids as
one major type of phenolic acid have widely studied in terms of its function involved in
legume-rhizobia symbiotic interactions. However, other phenolic acid compounds (e.g.,
vanillin, gallate, p-coumaric acid, and other phenylpropanoids) were revealed to be
important signaling molecules mediating plant-microbe interactions and plant pathogen
resistance (Mandal et al. 2010; Bhattacharya et al. 2010; Lanoue et al. 2010).
Consequently, the dynamic changes of soybean root associated bacteria functions
could be attributed to the metabolic changes within soybean root tissue in response to
either the pre-programmed development or Bradyrhizobium japonicum colonization. To
further our understanding, more systemic studies by linking soybean root metabolic
profile changes with associated rhizosphere and root microbiome dynamics with both

normal soybean and non-nodulating mutant could be the next step of the investigation.

4.4.6 Soybean root fungal community composition and plant compartment
impact

Sordariomycetes class predominated in both soil and soybean root associated fungal
community across all compartments, followed by Dothideomycetes, Mortierellomycetes,

Agaricomycetes, and Eurotiomycetes. This fungal community composition is consistent
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with a former soybean field study based on ITS1 amplicon sequencing (Han et al.
2017). However, soybean root associated fungal composition is less comparable with
that reported for wheat, sugarcane, Arabidopsis, poplar, and other woody tree plants
(Cregger et al. 2018; Coleman-Derr et al. 2016; Gdanetz and Trail 2017; Bonito et al.
2014). This between species difference could reflect the importance of plant genetic
information in mediating general or specific fungi-root interactions. In this study, we
found that the compartment-specific recruitment on associated fungi community was
less evident in comparison to that on bacterial community, which may relate to the
oligotrophic features of fungi that making fungi, in general, less responsive to the
increased labile carbon resource of rhizodeposits (Ho et al. 2017). A similar pattern was
found for the Agave root microbiome, which revealed a strong compartment impact on
bacterial community, while the fungal community were more influenced by the

biogeography of investigated plant species (Coleman-Derr et al. 2016).

During the early seedling development stage, the Chaetomium genus was
consistently enriched in the soybean rhizosphere, while Fusarium Solani was selectively
enriched in the soybean endosphere. Chaetomium globosum was revealed with a broad
spectrum of pathogen suppression activity tested among several crop species, including
wheat, rice, and soybean (Aggarwall et al. 2004; Liu et al. 2008; Park et al. 2005;
Dhingra et al. 2003). Additionally, Chaetomium globosum NK102 was revealed with
nematicidal activity against the root-knot nematode (Medoidogyne incognita), which is a
damaging pathogen of soybean throughout the southern United States (Hu et al. 2013;
Kirkpatrick and May 1989). Although the ITS2 amplicon sequencing-based results were

not able to navigate us to species level, the consistent dominance of Chaetomium within
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the soybean rhizosphere may reflect some intrinsic needs of soybean during early

seedling development.

4.4.7 Fungal taxa dynamics along with soybean development

Fusarium solani is a widespread soil-borne fungal pathogen causing soybean sudden
death syndrome disease, which could cause yield loss for severely affected areas
(Rupe 1989). In this field study, we found that the relative abundance of Fusarium solani
species was significantly high within the soybean endosphere one week after the
soybean germination. In contrast, the abundance of Fusarium solani species was
comparatively low in the soybean rhizosphere as well as within soybean seeds. This
high abundance within soybean roots could be attributed to the quick colonization by
surrounding rhizosphere individuals. Alternatively, it could be attributed to seed-derived

fungi species, which rapidly multiplied in response to seedling development.

It has been widely recognized that Actinomycetes (specifically Streptomyces) could
produce and secrete a diverse array of biologically active compounds including
antibiotics, hydrolytic enzymes and enzyme inhibitors, which equipped Streptomycetes
with a wide spectrum of antifungal activity against soil-borne pathogens (Anitha and
Rabeeth 2010). In fact, Streptomycetes species were reported with biocontrol function
against Fusarium solani across couple crops, including sugarbeet, ginseng, and
Chickpea (Moussa and Rizk 2002; Chung et al. 1989; Soltanzadeh et al. 2016).
Similarly, Bacillus was another PGPR widely reported with biocontrol capacity against
Fusarium solani (Sallam et al. 2013). Coincidentally, the relative abundance of soybean
root bacterial taxa of Streptomyces and Bacillus genus were actually strikingly high at

weekl. This may indicate that the beneficial bacteria taxa within soybean roots provided
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the host with antagonism to Fusarium solani. Actually, the dominance of Fusarium
solani indeed gradually decreased within soybean roots along with seedling
development. Consequently, the reduction of Fusarium solani within soybean roots
could be a result of the antagonistic interaction between beneficial bacteria/fungi and

this pathogen species.

Glomeramycota as AMF fungi was significantly enriched in the soybean rhizosphere
at week4 instead of week1/3. Contrarily, within the soybean endosphere, the relative
abundance of Glomeromycota was significantly decreased from week1 to week3/4. It
has been widely recognized that the symbiotic interaction between plant and AMF could
greatly enhance plant drought tolerance, increased available P for plant uptake and
stabilizing soil aggregates (Gianinazzi et al. 2010). The high abundance of AMF within
soybean at weekl1l may be a pre-programmed soybean development strategy for
seedling establishment. Intriguingly, it has been revealed a prior symbiosis with AMF
could greatly facilitate nodule formation considering the high P demand for nodule
formation (Meena et al. 2018). Additionally, it has been reported that AMF symbiosis
could help to alleviate the premature nodule senescence under drought stress (Ruiz-
Lozano et al. 2001). Once soybean seedling was well established, soybean may invest
more photosynthetic products in nodule formation instead of AMF symbiosis.
Alternatively, it could attribute to the expanded extra-root hypha in the soybean
rhizosphere instead of intro-root expansions as reflected by the high AMF fungi
abundance in the soybean rhizosphere at week4, which warranted for further

investigation.
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4.5 Conclusions and perspectives

Our field-based characterization of soybean seed and root associated microbiome along
the early development of soybean seedlings illustrated not only a compartment specific
structuring but also a development specific recruitment of associate microbial
community. Comprehensive characterization and comparison of seed and root
microbiome demonstrated that seed carried dominant bacteria was dramatically
diluted/competed out by soil-derived microbes even one week after germination.
Meantime, we still observed some degree of seed microbiome/ spermosphere legacy
effect during the development of root bacteria, which indicated the necessity for a more
detailed investigation of the development of root microbiome with a purpose to link/track
the trajectory of seed microbiome destiny during the early seedling development stage.
Our functional prediction results also pinpointed that the dramatic changes of bacterial
metabolic activity in response to soybean development potentially related to the
symbiotic interaction between soybean and nodule formation Bradyrhizobium
japonicum, which warranted for more comprehensive understanding via coupling root
metabolomics with root microbiome dynamics. Fungicide seed treatment as a widely
applied modern agriculture practice has brought more attention in terms of their non-
target effects on other plant-associated organisms. Our one season-based investigation
indicated an insignificant non-target impact on associated bacterial community, while,
significant but minor impacts on fungal community overall, with one potentially beneficial
biocontrol fungi (Chaetomium) being reduced by fungicide treatment. In fact, long term
usage of fungicide may cause more tractable/detectable impacts on non-target

organisms, which need more detailed investigation.

220



This study expanded our understanding of root microbiome assembly by
considering of seed microbiome in parallel with soil indigenous microbes. Dynamic
assembly of root microbiome highlighted the importance of temporal sampling when
studying plant and microbe interaction, especially when considering apply microbe-
based products to improve plant performance. Soybean as a legume crop is unique in
terms of its root microbiome assembly, a detailed understanding of the interactions
between rhizobia and other partners may help to improve soybean nodulation especially

under biotic/abiotic stress environments.
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Appendices 4

Control Cruiser Maxx Evergol Energy

Fungicide treatment

Fig. 4.1 Plot design for fungicide seed treatment and sample collection strategy.
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The beta diversity between each pair of samples were indicated by Bray-Curtis dissimilarity, the
larger the value the more different the community between samples were.
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Fungicide seed treatment impact on Rhizosphere week3 fungal community
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Fig. 4.11 Fungicide seed treatment impacts on fungal taxa for rhizosphere

community at week3.

The differential abundance analysis between fungicide treatments were analyzed using LefSe

software with LDA score = 4 as the threshold.
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Fig. 4.15 The relative abundance barplot of fungal taxa between treatments.
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Table 4.1 Fungicide seed treatment impact on bacterial and fungal community

composition.

Bacteria Fungi
Group

F-value pvalue F-value pvalue

Soil, pre_sowing 1.02 0.38 1.04 0.36

Soil, bulk, 1wk 0.67 0.91 0.92 0.7

Soail, bulk, 3wk 0.95 0.53 1.03 0.37

Soil, bulk, 4wk 0.95 0.54 1.06 0.33

Rhizosphere, 1wk 0.79 0.79 1.18 0.16
Rhizosphere, 3wk 1.11 0.27 2.33 0.002**
Rhizosphere, 4wk 1.12 0.22 1.38 0.058

Endosphere,lwk 0.8 0.8 11 0.34
Endosphere, 3wk 0.84 0.64 1.4 0.083

Endosphere, 4wk 0.9 0.52 1.16 0.2
Seed 5.37 0.001*** 1.52 0.079
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Table 4.2 Compartment impacts on bacterial community - PERMANOVA marginal

effects.
Week1 Week3 Week4
Factors df  R2(%) F P(>F) df  R2(®%) F P(>F) df R2 (%) F P(>F)
Compartment 2 58.50 36.1 0.001*** 2 53.20 47.4 0.001*** 2 64.80 55.1 0.001***
Plots 14 18.00 1.59 0.02* 14 15.10 1.92 0.01** 14 17.10 2.08 0.003**
Read_depth 1 0.63 0.78 0.58 1 0.55 0.98 0.34 1 0.76 1.29 0.23
Residual 43 21.00 NA NA 44 15.20 NA NA 44 15.90 NA NA
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Table 4.3 Bacterial community changes along with soybean development-

PERMANOVA marginal effects.

Bulk Rhizosphere Endosphere
Factors Df R2(%) F P(>F) Df R2(%) F P(>F) Df R2(®%) F P(>F)
Time 2 10.95 3.83 0.001*** 2 37.30 17.10 0.001** 2 58.70 36.90 0.001***
Plots 14 46.76 2.34 0.001*** 14 27.50 1.80 0.004** 14 17.60 1.58 0.057
Read_depth | 1 1.29 090 0.563 1 0.81 0.74 0.592 1 1.96 2.46 0.066
Residual 27 38.55 NA NA 26 28.40 NA NA 27 21.50 NA NA
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Table 4.4 Compartment impacts on fungal community - PERMANOVA marginal

effects.
Week1l Week3 Week4
Factors Df R2(%) F P(>F) Df R2(®%) F P(>F) Df R2(%) F P(>F)
Compartments 2 21.40 10.80 0.001*** 2 33.90 17.4 0.001*** 2 27.00 13.60 0.001***
Plots 14 32.30 2.33 0.001*** 14 29.30 2.16  0.001*** 14 32.60 2.36 0.001***
Read_depth 1 1.40 1.40 0.16 1 1.20 1.24 0.23 1 1.07 1.09 0.34
Residual 26 25.80 NA NA 27 26.20 NA NA 27 26.70 NA NA

256




Table 4.5 Fungal community changes along with soybean development-

PERMANOVA marginal effects.

Bulk Rhizosphere Endosphere
Factors Df R2(%) F P(>F) Df R2(%) F P(>F) Df R2(®%) F P(>F)
Time 2 19.40 7.06 0.001*** 2 16.17 5.57 0.001*** 2 13.80 4.32 0.001***
Plots 14 38.50 2.00  0.001** | 14 40.68 2.00 0.001*** 14 38.30 1.70  0.001**
Read_depth 1 1.60 1.16 0.230 1 1.57 1.08 0.360 1 2.42 151 0.065
Residual 27 37.20 NA NA 26 37.74 NA NA 27 43.30 NA NA
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Bacteria Dissimilarity heatmap between all samples
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Fig. S4.1 Bacterial community dissimilarity heatmap across all samples.
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Table S4.1 Fungicide ingredients and composition.

Ingredients contents
Thiamethoxam 22.61%
Mefenoxam 1.70%
Cruiser Maxx
Fludioxonil 1.12%
Other ingredients 74.57%
Prothioconazole 7.18%
Penflufen 3.59%
EverGol Energy
Metalaxyl 5.74%
Other ingredients 83.49%

Table S4.2 Dominant bacteria genus associated with soybean seeds.

Relative
Phylum Class Order Family Genus
abundance (%)
Proteobacteria [Gammaproteobacteria| Enterobacteriales | Enterobacteriaceae Pantoea 10.07
Cyanobacteria| Oxyphotobacteria unclassified unclassified unclassified 7.82
Proteobacteria| Alphaproteobacteria Rhizobiales Beijerinckiaceae |Methylobacterium 7.40
Proteobacteria [Gammaproteobacteria|Pseudomonadales|Pseudomonadaceae| Pseudomonas 6.55
Proteobacteria [Gammaproteobacteria|Pseudomonadales| Moraxellaceae Acinetobacter 5.43
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Chapter 5 Conclusion

Soybean is one of the most important crops worldwide, with a long history of breeding
since domestication. The symbiotic interaction between soybean and nitrogen-fixing
rhizobia has been extensively investigated as a key process that provides nutrition to
the plant and improves soil fertility. However, soybean performance as a crop depends
on a much more extensive plant-soil-microbe system. In this study, both microcosm-
and field-based characterization of the soybean-associated microbial community was
conducted from the integrative perspective of the host plant, soil, and seed, providing an
unprecedented picture of soybean root microbiome assembly and underlying driving
factors. As a community sequence-based characterization of a complex system, this
research provides a broad overview of what microbes associate with soybeans and
illuminates some key factors that drive this association. This data can be mined to
develop specific fundamental hypotheses about the role of individual microbial taxa in
soybean physiology and performance as a crop. This foundational knowledge is building
toward breeding- and biocontrol-assisted sustainable agriculture via maximizing the
potential beneficial soybean-microbe interactions.

Our findings suggest that soybean develops a reproducible set of microbial taxa in
the rhizosphere, derived from the microbes available in the surrounding soil. Based on
our results and previous studies, this subsetting from the soil microbial pool to a
specialized rhizosphere community results from specialized root exudates and
secondary metabolites. This plant process initiates, maintains, and modifies the

symbiotic interaction with nitrogen-fixing rhizobia and arbuscular mycorrhizal fungi as
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well as many other taxa. Specifically, Proteobacteria and Actinobacteria were
consistently enriched in the soybean rhizosphere, while, Acidobacteria Verrucomicrobia
and Planctomycetes were significantly depleted within the rhizosphere in comparison to
bulk soil. By testing different soil types and soybean genotypes, we found the bacterial
community composition in the soybean rhizosphere is predominantly determined by the
soil indigenous microbial pool. The influence of soil microbial pool was reflected by the
selective enrichment of Firmicutes and Bacteroidetes in the soybean rhizosphere
growing in agriculture and forest soil, respectively. We found soybean genotype also
influenced rhizosphere bacterial composition, although to a lesser extent than soil
background. We found comparatively larger differences between the progenitor species
(Glycine soja) and other modern cultivars than among the modern cultivars, suggesting
domestication may have altered or reduced variability in rhizosphere microbiome
assembly.

To understand how soybean influences the rhizosphere microbiome through root
exudates, we examined the role of a plant hormone family known to be exported from
roots to the rhizosphere, strigolactones. Strigolactones are involved in plant physiology,
development, stress tolerance and, plant-microbe communications. While previous
research has highlighted strigolactones’ role in regulation and recruitment of mycorrhizal
fungi and, to some degree, rhizobia, the relationship of strigolactones to other root-
associated taxa has been largely unexamined. To fill this gap, we characterized
soybean rhizosphere microbial community composition in response to the
overexpression of strigolactone synthesis and signaling related genes. Our results

indicate small but significant impacts by altered expression of both strigolactone
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biosynthesis (Max1) and perception genes (D14 and Max2) on rhizosphere bacterial
and fungal communities. The bacterial community was more responsive to the
overexpression of strigolactone related genes in comparison to the fungal community.
Despite the significant results in regard to community composition, we did not observe a
significant change in their functional potentials.

The seed microbiome has been suggested as an important factor for plant
microbiome assembly and plant health by providing the initial inoculum for the root
microbiome during the early germination stage. However, we still lack information in
terms of how robustly these seed-carried microbes are kept within plant roots along with
soybean development in comparison to the colonization by the soil-derived microbe. In
addition, there is very limited information about how fungicide seed treatment, a
common agricultural practice, impacts the root microbiome assembly process. To
answer this question, we comprehensively characterized field soybean root
microbiomes from bulk, rhizosphere, endosphere, and seed compartments along with
the early development of seedlings (1 week to 4 weeks) with and without fungicide
treatment. Our results demonstrated that soybean selectively recruited specific bacterial
and fungal taxa into the rhizosphere and endosphere from surrounding soil in a
development-dependent way. At one week after sowing, soybean seedlings harbored a
unique bacterial community in comparison to that of week three and week four, with
Gammaproteobacteria and Actinobacteria being the most dominant taxa in rhizosphere
and endosphere, respectively, at weekl. Both were strikingly decreased at week three
and four. Most seed dominant bacterial taxa, such as Pantoea, Pseudomonas and

Methylobacterium, were dramatically decreased within soybean roots after one week of
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growth in soil. However, a few taxa originating from the seed remained after
germination, such as Bacillus with a high abundance within the root but not in the
rhizosphere. In contrast to the dynamic and stringent structuring of bacteria within each
compartment, fungal community changes were less evident between compartments or
between time points, while between plot variation was comparatively high. The bacterial
functions of inositol degradation and seed mucilage (D_galacturonate) degradation
pathway were more abundant in the soybean rhizosphere at week one, while aromatic
compound degradation related pathways were enriched for endosphere bacterial
community, which greatly diversified along with soybean development. Fungicide seed
treatment impacts were insignificant for the bacterial microbiome, but caused, a minor
decrease of the fungal genus Chaetomium in the soybean rhizosphere at week 3.
Overall, our studies provide a comprehensive understanding of soybean root
microbiome assembly from the plant, soil and seed perspectives by taking advantage of
the high depth of sequencing data together with high numbers of biological replicates.
Meanwhile, we appreciated some of the limitations of our current studies, which
motivated us to highlight a couple of potential research directions that worth further
investigation. From the soil aspect, more detailed soil physico-chemical measurements,
especially those that are indicative of soil nutrient status and soil structure, will help to
infer the underlying soil factors that drive the divergent root microbiome assembly.
Since root morphology and root exudates composition actively mediate associated
microbial community, advanced in situ root imaging together with targeted/ untargeted
metabolomics along with soybean development between different cultivars grown in

different soil warranted for further study. Considering the multi-function feature of
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strigolactones, a more detailed investigation using stable transgenic lines, with and
without functional destruction in AMF/nodule formation together with strigolactone
guantification, will provide a clearer picture of the direct and indirect impact exerted by
strigolactones. In addition, a more closed examination of root microbiome assembly
dynamics along with seed germination and seedling establishment in both axenic,
synthetic community-based reduced experimental system, and natural soil systems will
help to understand the relative importance of seed-carried microbes versus soil-derived
microbes during soybean root microbiome, which will help to guide microbe inoculant-

based biocontrol application for sustainable agriculture.
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