ABSTRACT

TANG, CLARA VICTORIA. From Culture to Mechanism: Decoding Plaviicrobe
Interactions in Wheat through Reductionist Approac{igsder the directioof Dr. Amy
Grunde).

Feeding a growing global population while minimizing the environmemia&ctsof
food productionin the face of climate changepresents one of the defining challenges of our
generation. Because expansion of agricultural land is unsustainable, improving nutrient use
efficiency and crop resilience is critical to achieving food secuigntassociated microbes
represent a promising avenue toward this goal, as they can enhance nutrient availability and
uptake, promote plant growth, and protect againgidsamd abiotic stresses. Harnessing these
microbial functions offers a path émhancehe sustainability of production systems by
potentially reducindertilizer inputs, loweing production costs, and mitigatiegvironmental
impacts.Realizing the potential of microbe based agiution relies on a deep understanding of
the molecular mechanisms giint microbe interactiongOur ability to gain insight into the
mechanisms of interaction has been limited by the complexity of naturahunities, which
hinders our ability to establish direct links between microbial function and outcomes in the field.
With this in mind we sought out tdevelop the foundational infrastructure needed to study the
moleculamrmechanismef plantmicrobe interactions in wheat, the most widely cultivated crop
worldwide and a cornerstone of global food secuAtydescribed ihis dissertatiopwe
developed the resources to accomplish this gogrbgucinga bacterial collection of wheabot
associated isolates, a reduced caxipy synthetic communityand a plant gnotobiotic growth
system. Using a hoshediated approackve were able to obtain a representative collection of
bacteriaencompassinthe core taxa associated with wheat. Through genome screening for

relevant functional traits associated with plant colonization and nutrient cycling capabilities, we



determined that the functional capabilities of the collection are diverse and widely spread among
isolatesWe furtherdecreasethe complexity of our system by developing a reduced synthetic
community of 15 members. In parallel to these efforts, we developed a plant gnotobiotic growth
system that allows us tovestigateplantmicrobe interactions under controlled condison

beyond the seedling stage and with great potential for adaptability to suit diverse research needs.
To validate this newly developgdiatform to study planinicrobe interactionsve tested the

effect of the SynCom on wheat performance under phosphorus stress. We determined that the
developed synthetic community evoked the same wheat phenotypic resptreteof a natural
community.Using metaproteomic profiling, plant and microbial proteins responsive to P
limitation were identified revealing canonical markers of P strigsboth wheat anthe

synthetic community. In additigmve observed potential modulation of filanthost in reponse

to the presence of microbasd potential mechanisof enhanced microbial competition under

P stressThe results highlight this system as a powerful platform for mechanistic studies in cereal
crops.Finally, a quantitative polymerase chain reaction quantification assay was developed to
providea valuable tool for tracking microbial dynamics in our systogether, this work

delivers a robust and versatile experimental platform to investigate the molecular underpinnings
of plarti microbe interactions wheat By combining a curated bacterial collection, a tractable
synthetic community, a cregpecific gnotobiotic growth system, and complementary
guantificationmolecular tools, this dissertation establishes an integrated fouralatsource

for reductionist planitmicrobe research. The resources developed here are publicly available and
designed to accelerate discovery and innovation toward mityaded solutions that enhance

nutrient efficiency, resilience, and sustainability in moderncagjtire.
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Abstract

The rapid expansion of microlsed agricultural products reflects their great potential
to enhance agricultural sustainability. Ptassociated microbiota can improve nutrient use
efficiency and bolster plant resilience to abiotic stress, thereby redaleemical input use and
improving crop productivity. However, the successful implementation of microbial technologies
depends on identifying the key microbial effectors that confer these benefits and on decoding the
complex plaritmicrobé environment inteactions that occur in natural systems. Controlled,
simplified experimental systems provide an effective framework to disentangle these interactions
andidentify the underlying mechanisntisat govern themrhis review summarizes current
knowledge 6 microbial mechanisms that enhance nitrogen and phosphorus fertilizer use
efficiency. Despite substantial progress, direct causal relationships between proposed microbial
functions and observed plant benefits remain elusive due to the inherent complaaityad
environments. To address this gap, we highlight the use of curated bacterial collections and
synthetic communities as tractable tools for dissectingiptaintobe interactions and
establishing causal links between microbial effectors and plant outc@fegs.opose that
combining reductionist experimental systems witifanm perspectives will bridge the gap
between laboratory discovery and field performance, ultimately enabling the design of microbial

technologies that are both biologically effective agdculturally relevant.



1.1 Introduction

Food productivity will have to increase betweerG®% if we are to feed the projected
growth of the human population by tlgear2050(1). This task becomes more challenging when
we take into consideration the current level of land degradation resulting from agricultural
practices and climate chan@. Even though the green revolution has led to great increases in
food production, we are yet to achieve the 1.9% yield increase per year necessary to sustain
future food demand@). In addition, model estiates show that yield increases of important
commodity crops such as maize, wheat, rice, and soybean have pldted)ettonically, this
slowing down of expected yield increases has been attributed to the loss in soil fertility and land
degradation resulting from agricultural intensification after the green revol@oNloreover,
the heavy reliance on fertilizer use has led to pollution of surface and underground waters.
Nitrogen (N) and phosphorus (P) are the most limiting nutrients to plant gispghoximately
55% of applied N and P is not taken up by crops, and this excess has the potential to be lost and
negatively impact neighboring ecosystems At the current use rate, N and P application would
need to triple to satisfy the future food demanddpstecrease the environmental and financial
cost of increased fertilizer requirements, we must find ways to improve their use effidency
8).

Plantassociated microbes carry out biogeochemical transformations in soils that lead to
the increased bioavailability of maer@nd micronutrients. Therefore, they could serve as
complementary or alternative practices that enhance fertilizer efficientyni8robes have a
direct impact of N availability in soils by mediating the full cycle of this element. In addition,
soil microbes increase P bioavailability by releasing this element from recalcitrant pools of P in
soils. Therefore, microbes may hole tkey to improved fertilizer use efficiency, which can

decrease chemical fertilizer inputs and the potential for environmental detriment. Moreover,

3



plant associated microbes can further improve plant productivity under environmental pressures
by reducing pest and pathogen incidence and enhanced resilience to abioti¢9atigrs
Commercial bieinoculants have been in use for 120 years in agriculitde However, the
efficacy of these products has been inconsistent partly due to poor understanding of their modes
of action and the complexity of soil ecosystems to which they are afpled3).
To improve the efficacy of existing biooculants and develop effective new microbe
based solutions, we need to have a deeper understanding of the molecular mechanisms of
interaction between plants and microkgs$). For this reason, it is necessary that we have the
experimental infrastructure that allows us to dissect these interactions at the molecular level.
Plants associate with soil microbial communities whose complexity hampers our ability to
identify the &act mechanisms of interaction. To overcdins, reduced complexity systems that
are representative of key taxonomic and functional traits can be built to studynptaoibe
interactiong15). The simplest application of this reductionist approach consists of three main
components: a microbial culture collection, simplified synthetic microbial community
(SynCom), and a gnotobiotic growth system. These reduced complexity systems coupled wit
powerful molecular techniques improve reproducibility and facilitates the establishment of
causality betweemicrobial effectors and plant phenotyg&s). However, the plant reductionist
systems in place have been mainly developed for small model plants and are not suitable for
studying plartmicrobial interactions in agricultural crops. This further hinders our ability to
develop new efficient microbleased solutions specific to crops of relevance to food security.
Wheat is the second most consumed cereal in the world; it alone provides approximately
50% of the calories and 20% of the protein consumed, and its production covers most of the

global agricultural langd17). The importance of this cereal to world food security highlights the



need to sustain ifgroductivity in the face of climate change. However, its widespread

production also poses a risk to the environment worldwide if it is not managed adequately. For
this reason, we must find alternative management practices that enhance input efficiency and
increase the resilience of this crop. If we are to apply miebaised agrsolutions specific for

wheat production, we need to focus on dissecting phactobial interactions in this crop

system. Therefore, we sought to develop actduist experimental infrastructure that will

allow us to accomplish this by producing a whgacific bacterial collection and SynCom

which was complemented with a gnotobiotic system suitable to grow wheat up to 17 weeks (late
ripening stage). This imductory chapter will highlight existing evidence of bacterial enhanced

N and P efficiency in wheat production. Then, we will explore the reductionist approach as a tool
to study mechanisms of planticrobe interaction. Finally, we will focus on futureatitions for
research to accelerate the success efrtmoulants in the field for agricultural crops of

relevance.

1.2 Microbes improving N and P fertilizer efficiency in wheat production systems

1.2.1 Nitrogen
Through nitrogen fixation, nitrification, and denitrification, soil microbes are capable of

performing all the N transformation that complete the cycling of this nutrient in terrestrial

ecosystems (Figure1l). Through biological nitrogen fixation (BNF), microbes can convert

dinitrogen gas (B from the air into organic N compounds that become bioavailable for plant

use. This is important since the HalB@rsch process used to produce ammoniasNH
fertilizers i s respons.idepas (GH®) emissionganoublly, thbse wo r

significantly contributing to climate chan@&8). BNF has been estimated to produc&g60g



of N/ year in agricultural field€19). This could supply a portion of the future N demands and
decrease the amount of inorganic fertilizer use, thus decreasing the energetic cost of agricultural
production and potential environmental impacts.

Nitrogen fixing microorganisms (diazotrophs) belong to diverse groups including
Proteobacteria, Actinomycetes, CyanobacteaiadArchaea(mainly methanogengp0).
Diazotrophs produce nitrogenase, the enzyme that catalyzes nitrogen fixation (Iablbdse
N fixing microbescan have two different lifestyles in relation to plants: symbiotic and non
symbiotic (associative and frdiging). The most studied form of BNF is between the members
of Rhizobiumand leguminous plants, where plants and microbdsestiate their communication
and develop a symbiotic relationship where carbon and nitrogen are exchanged between the
partners. This form of BNF has the highest N fixation efficiency because the plant forms
specialized root nodules that house the bacteriger optimum N fixing conditions. However,
this symbiotic relationship is limited to legumes. Neverthelesssgorbiotic diazotrophs such
asAzotobacter, Azospirillum, Bacillus, ClostridialgX0), Kosakonia, Pseudomonas,
Paraburkholderia21), Paenibadlus (22), and Anabaen&23) have been associated with
improved growth under low N conditions in a wide range of crops including cereals such as

wheat.
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Once N has been fixed into organic forms, it is made available to plants through
ammonification, where organic compounds are deaminized and ammonium iofis dNH
released. Once in soil solution, bfttan be transformed into other plant usable forms, nitrite
(NO2) and nitrate (N®@), through the process of nitrification. These forms can either be taken up
by plantsand microbesr return to the atmosphere via volatilization or denitrification thus
completing the cycling of this nutrient. Because BNHesanly microbial process capable of
introducing bioavailable N into the soils from,Nve will mainly focus in this chapter on the

potential use of diazotrophs to improve N use efficiency. Improved growth and yield of wheat



inoculated with norsymbiotic diazotrophs has been observed both in pot and field studies. Table

1-2 summarizes the beneficial effects of diazotrophs on wheat growth and yield

Table 1-1. Microbial enzymes mediating N cycle reactions in s&kf (24 26)

N transformation Microbial enzymes | Genes Microbial groups known to
reaction encoding mediate reaction
the enzymes
Biological Nitrogen | Nitrogenase nifHDK Burkholderiaceae,
fixation Rhizobiaecea, Azotobacter,

Beijerinckia, Pseudomonas,
Enterobacter, Paenibacillus,
Xanthobacter, Azospirillum,
Herbaspirillum, Burkholderia,
Desulfovibrio, Nostoc,
Anabaena, Chromatium

Nitrification: Ammonia amoABC Nitrososphaera,
Ammonia oxidation | monooxygenase and hao Nitrosomonas, Nitrosospira,
hydroxylamine Nitrosococcus
oxidase
Nitrification - Nitrite | Nitrite narG Nitrospira, Nitrobacter,
oxidation oxidoreductase Nitrotoga, Nitrococcus
Denitrification Nitrate reductase, narG, napA | Alcaligenes, Arthrobacter,
nitrite reductase, nirk, nirS, | Clostridium, Bacillus,
nitric oxide norBC, Enterobacter, Erwinia,
reductase, nitrous no<Z Pseudomonas, Azospirillum,
oxide reductase Rhizobium, Nitrosomonas
Anaerobic ammonia | Nitrite reductase nirK, nirS, | Planctomycetes
oxidation (NO-forming), hzs hdh
(Anammox) hydrazine synthase,
hydrazine
dehydrogenase

Overadl, the inoculation of wheat with diverse diazotrophs leads to an increase in yield
when in combinabn with inorganic fertilizersWe should emphasize the fact that there was no
cost to wheat yield or growth when diazotrophs were used in combination with a fraction of the
recommended fertilization rateBhis clearly indicates that nesymbiotic diazotrophs can
supply a portion of the required N without affecting yields, thus potentially decreasing the risk of

losing excess nutrients into the environment.



Table 1-2. Effect of diazotrophs on wheat growth and yields.

Summary of results* observed in the literature for experiments where wheat was inoculated with

diazotrophs.

Inoculant Genus

Inoculation modes

Experimental
conditions

Observed benefit

Achromobacter

Seed inoculation
(27, 28)

Pot study(27,
28)

Increase spike dry weight and N conte
in combination with 100% N fertilizer
(27)

Increase in biomass without fertilizer
(28)

Arthrobacter

Seed inoculation
(29)

Pot study(29)

Increase biomass and chlorophyll
content with no fertilizer. Equivalent
biomass and chlorophyll content
achieved with inoculation and 50% of
fertilizer (29)

Azotobacter

Seed inoculation
(28i 34)

Soil inoculation(30,
34)

Field study(30,
31)

Pot study(28,
34)

Increase biomass, grain weight, and N
uptake without fertilization to levels
comparable to 50% and full fertilizatio
rates(28)

Maintenance of productivity with 25%
reduction of N fertilize30)

Increased yield in combination with
inorganic fertilizer or 25% reduced N
fertilizer augmented with manu(ad1l)
Increased yield in combination with
inorganic fertilizer and manux@4)
Increase biomass and grain nitrogen
uptake and in combination with 100%
inorganic fertilizen32)

Increased biomass and yi€RB)

Azospirillum

Seed inoculation
(27, 31, 3538)
Seedling inoculation
(39)

Field Study(31,
35, 36, 36, 38)
Pot Study(27)

Hydroponic(39)

Increased yield and physiological
nitrogen use efficiency in combination
with inorganic fertilizer or 25% reduce
N fertilizer augmented with manu(@l)
Increase spike dry weight and N conte
in combination with 100% N fertilizer
(27)

Increased recovery of applied(B5i 37)
Increased agronomic efficien¢$7)
Increased grain yield and root and sh
N content(38)

Increased plant N conte(89)

Bacillus

Seed inoculation
(36, 40)

Field application
(41)

Field (36, 40,
41)

Increased nutrient use efficiency in
combination with 100% N fertilizg(36)
Increase yield and photosynthetic inde
in combination with inorganic fertilizer
(41)

Maintained grain yield with 65%
reduction of N fertilize 40)




Tablel-2. Continued.

Enterobacter Seed inoculation Field (42) Increase the grain yield and N uptake
(42) combination with full N fertilize42)
Klebsiella Seed inoculation Pot study40, Increased biomass and total N in plan
(40, 43) 43) in combination with inorganic fertilizer
(43)
Maintained grain yield with 65%
reduction of N fertilize40)
Microbacterium | Seed inoculation Field (42) Increase the grain yield and N uptake
(42) combination with full N fertilize42)
Paenibacillus Seedling inoculation Pot study(44) Increased biomass and total nitrogen

(44)

Field application
(41)

Field study(41)

uptake under low N in comparison wit
uninoculated plants. Estimated N
obtained through BNF between-36%
(44)

Increase yield and photosynthetic inde
in combination with inorganic fertilizer
(41)

Increased biomass and N content in
plant. Increased N in rhizosphere.
Increase nitrogenase expressién)

Paraburkholderia| Seed inoculation Pot and field Increase in grain weight and grain N
(45) study(45) content with 33% reduction in N
fertilizer for pot experiment. In the field
under same conditions, decrease of
grain weight with an increase in grain
content on a drought year(45).
Pseudomonas Seed inoculation Pot study(28) Increased N uptake without fertilizatio
(28, 31) Field Study(31) | (28)
Increased yield and physiological
nitrogen use efficiency in combination
with inorganic fertilizer or 25% reduce
N fertilizer augmented with manu¢g1)
Rhanella Seed inoculation Field (33) Increased biomass and yi€EB)
(33)
Rhizobium Seed inoculation Field Study(31) | Increased yield and physiological

(31)

nitrogen use efficiency in combination
with inorganic fertilizer or 25% reduce
N fertilizer augmented with manu(@l)

Rhodotorula

Seed inoculation
(29)

Pot study(29)

Increase biomass and chlorophyll
content with inoculation with no
fertilizer. Equivalent biomass and
chlorophyll content achieved with
inoculation and 50% reduction of N
fertilizer (29)

Serratia

Seed application
(40, 42)

Field (40, 42)

Maintained grain yield with 65%
reduction of N fertilize 40)

Increase the grain yield and N uptake
combination with full N fertilize 42)

10



Tablel-2. Continued.

Zoogloea Seed inoculation Pot study(27) No benefit observe(®7)
(27)
*Results summarized are taken from single inoculation if multiple species were also inoculated.
In studies where both pot and field studies were conducted, only field benefits are indicated
when the results are consistent with the pot experiments. Supersadicatereference number.

1.2.2 Phosphorus
Phosphorus is the second most limiting nutrient for plant growth. Even though P is found

in soils in large quantitie®nly 0.1% is available to plants; the rest remains unavailable in stable
mineral complexes and organic compou@t) (Figure 12). Approximately 67% of the
agricultural land is P deficieti7), so plant available P is also supplied through fertilization.
Available P exists in solution as orthophosphate anions tHE@ HPO") which quickly

precipitate with FeAl, Ca, and Mn cations téorm insoluble Pminerals, get adsorbed into soil
particles, and are utilized by microbes and converted to organic form@®8f #9) This very

quickly depletes plant available P. Fortunately, soil microbes can release P from these stable
complexes. The three main mechanisms that P mobilizing bacteria (PMB) use to release P are pH
reduction, chelation of-ineral cations, and enzymatnobilization of organic P (orgP). A
summary of microbial genes associatéth these P mobilization mechanisms of actian be

found in Table 13.

P-mineral precipitation and dissolution in soils is a pH dependent process. Through the
metabolism of diverse compounds in soils, microbes can produce organic dciss, FAnd
inorganic acids capable of decreasing the pH in soil solution and locally dissolving
orthophosphate@l6). Chelating moleculesanbind to metalsforming complexes. Microbes
produce and excrete siderophores, organic acids, and exopolysaccharides (EPS) capable of
chelating Fe, Al, Ca, and Mn metals im#nerals and releasing P $oil solution(46, 50)

Moreover, soil microbes secrete enzymes capable of breaking bonds between phosphate

11



functional groups and organic molecules in soils. There are three main classes of microbial
enzymes associated with orgP mineralization: phosphatases, which hydrolyze phosphoester and
phosphoanhydride bonds; phosphonatas€sifaseghatcleave bonds between C and P; and

phytasestesponsible fothe hydrolysis of phosphoester bonds in phytéé 50, 51)

Table 1-3. Microbial genes associated with P mobilization capabilifRes.(46, 51, 52)

Mechanism of action Microbial genes enzyme
Inorganic P Hydrolysis of polyphosphates | ppai Inorganic pyrophosphatase
mobilization ppx Exopolyphosphatase

Production of inorganic acids | gcd Quinoprotein glucose
dehydrogenase

pgqgG Pyrroquinoline quinone
synthase

Organic P Hydrolysis of phosphoester bon| phoADX alkaline phosphatase
mobilization phoN, aphA, olpA acid
phosphatase

Release of P from phytate appA- phytases

Release of P from phosphonatel phnGHIJKLMN C-P lyases

P mobilization activity is widely spread among soil microbes in both bacterial and fungal
taxa. Recent reviews list the following bacterial taxa as commonly associated with tP
mobilization activity:Anabaena, Acinetobacter, Arthrobacter, Bacillus, Burkholderia,
Caulobacterium, Chromobacterium, Chryseobacterium, Enterobacter, Kitasotospora, Klebsiella,
Massilia, Micrococcus, Ochrobactum, Paenibacillus, Pantoea, Paraburkholderia, Priestia,
Pseudomona®ihizobium, Serratia, Staphylococcus, StreptomyaredVibrio; and the following
fungal taxaAlternaria, Aspergillus, Entrosphora, Glomus, Mostierella, Penicillium,
RhizophagusandTrichoderma (46, 50, 51) Even though fungi play a key role in providing P
nutrition to plants, this review will mainly focus on the bacterial effects on wheat P nutrition

status. Table-# summarizes the effects of PMB on wheat growth and yields. Overall, the
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inoculation of wheat with PMB leads to the increase of P availability in soils as well as increased
growth and yields. Moreover, the improved growth and yield were also observed in the absence
of P fertilizers which demonstrates the ability of PMB to r&te@ bound in nelabile forms in

soils to plants. Thisuggestgreat potential to improve P bioavailability in soils and improved

fertilizer used efficiency through PMB application.
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Figure 1-2. Phosphorus pools dynamics in soils. Dash arrows indicated microbial indirect role in

mobilization. Modified from (4B51).
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Table 1-4. Summary of results* observed in the literature for experiments where wheat was
inoculated with phosphorus mobilizing bacteria.

Inoculant Genus

Inoculation modes

Experimental
conditions

Observed benefit

Bacillus

Soil inoculation(53i
55)

Seed inoculatiori56,
57)

Seedling inoculation
(58, 58 60)

Pot and field study
(53)

Pot study(54, 56,
57, 59, 60)

Field study(55,
58)

Increased soil labile P and
decrease more stable P
pools(53, 54)

Increase soil P56)
Increased root volume and
surface areéb3, 57)
Increased root halength
(56)

Increased biomags3, 57,
59, 60)

Increased auxin content in
plants(53)

Increased P content in pla
(56, 58, 59)

Increase P uptak®9, 60)
Increase P use efficiency
(56)

Increased yiel@53, 55, 58)

Enterobacter

Seed inoculatiog6l,
62)

Pot study(61)
Field study(62)

Increased root lengift1)
Increased root volum@1)
Increased biomagé1, 62)
Increased P content in gra
(61)

Increased yiel@61, 62)

Falsibacillum

Soil inoculation(53)

Pot and field study
(53)

Increased soil labile P and
decrease more stable P
pools(53)

Increased root volume and
surface areéb3)

Increased biomag$3)
Increased auxin content in
plants(53)

Increased yield(53)

Paenibacillus

Seedling inoculation
(63)

Pot study(63)

Increase root lengt{63)
Increase biomadq$3)
Increase P conte(®3)
Increase P in rhizosphere
(63)
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Table 1-4. Continued

Paraburkholderia| Soil inoculation(64) | Pot and field study Increase biomaq$4)

(64) Increase P contel®4)
Increase P use efficiency
(64)

Increase yield64)
Pseudomonas | Soil inoculation(53) | Pot and field study Increased soil labile P and

Seedling inoculation | (53, 61) decrease more stable P
(59, 60, 6567) Pot study(59, 60, | pools(53)
Seed inoculatiof6l, | 6567, 69) Increased available soil P
68, 69) Field study(68) (61, 6567, 69)
Increased P acquisition
efficiency (66)
Increase P uptak®9, 60,
69)

Increased root volume and
surface areéb3, 66, 67)
Increased biomags3, 59
61, 66 69)

Increased auxin content in
plants(65)

Increased P concentration
in grains(61, 66, 68)
Decreased P stress
transcripts in whedb5)
Increased yiel@53, 61, 66,
68, 69)

Pantoea Seed inoculatioic6) | Pot study(56) Increase soil P56)
Increase root lengt{b6)
Increase plant P content

(56)
Increase P use efficiency
(56)

Rahnella Seed inoculatioic6) | Pot study(56) Increase soil P56)

Increase root lengt{b6)
Increase plant P content
(56)

Increase P use efficiency
(56)

* Results summarized are taken from single inoculation if multiple species were also inoculated
together. In studies where both pot and field studies were conducted, only field benefits are
shown when the results are consistent with the pot experimentss&upus indicate references.
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1.3 The reductionist approach as an instrument of discovery

In 2016, there were approximately 149 registered microbial inoculants for agricultural
use(70)and the industryods val ue ha(®2)Neeedheless,st i mat e
the wide adoption of alternative microbial inoculants has been limited because of their
inconsistent results across soils, locations, and environmental con@it®r®, 71) A major
constraint to the efficacy of microbial inoculants on the field is the poor establishment into the
native community andhorttermsurvival of tre inoculant strains in soi{32). Even though we
screen microbes for nutrient bioavailability enhancing taitser laboratory and greenhouse
conditionsand have proposed mechanisms for these functions, we do not understand if and how
some of these processes aceurringafter applications in the fiell2, 71) Moreover, the
complexity of planimicrobiomes has hindered our ability to establish direct relationships
between the microbial processes and the beneficial plant responses they may be(&6¢iting
65). If we are to harness microbial functions for agricultural sustainability, we need to start
developing a deep understanding of the molecular mechanisms that govemiptabe
interactions and under what environmental conditions these interactiors [@adt benefi
(731 77). Reducing the complexity of the agricultural ecosystems can help elucidate the direct
mechanisms of plashicrobe interaction. In simplified systems, we have the ability to
manipulate the individual components of the platrobiomeenvironment ecosystem in a
controlled and reproducible fashion, which ultimately facilitates the identification of microbial
molecular effectors and their corresponding effects in p{a®ts75, 77)

The successful implementation of the reductionist approach relies on the availability of
resources to help us reproduce a simplified version of the natural ecosystem in qudéytitme
first requirement is a comprehensive microbial culture collection to be used as the source of

microbes for the development of SynComs. The first phasbciated culture collection
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established was that of the model spegiexbidopsis thalianan 2015(78). Since then, further
microbial isolations fronA. thaliana (79, 80)and other bacterial collections specific to barley
(81), eucalyptug82), grapeving83, 84) Lotusjaponiaus (85), maize(79), oats(86), poplar tree
(79), potato(87), rice (88, 89) and wheat ancesto{80) have been established. Culture
collections should be taxonomically and functionally comprehensive of the natural community
(16, 74) Surveys of natural communities in soils through amplicon sequencing or metagenomics
can inform of the coverage of the culture collections and potential targets for future isolation
efforts to include rare taxa that might be of relevance under certaiitioos (16, 74) Even
though some culture collections include yg&83%) and fungal80, 90)isolates, most collections
available contain only bacterial isolates. Other taxonomic groups such as archaea, fungi, protists,
and other eukaryotes need to be included in the future for a more complete representation of
natural communities associated with p&i6). In addition, culture collections should also
include microbes from different plant structures (roots, leaves, seeds, flowers, etc.) to guarantee
full coverage of relevant microbes and functions in the full plant environf@gntEven though
the wse of model plants such AsthalianaandL. japonicushas led to the discovery of important
plantmicrobial and microbenicrobe interaction mechanisms, there is still a need to develop
culture collections for agricultural crops such as cereals. UAlikkalianaandL japonicus
which are dicots, cereals are monocatgl their fundamental structures and traits differ, which
could mean that some specific interaction mechanisms of these plants cannot be fully studied in
dicot model organism&3). Moreove, better microbial recruitment and retention has been
demonstrated in microbes when inoculated into their corresponding plan{8sts

The functional capabilities covered in the culture collection need to include important

plant colonization traits as well as plant beneficial functions. This ensures that the resources
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available have a comprehensive catalog of functions that are of interesstdetitéic

community for more irdepth study of planamicrobialmechanismsf interactions. Furthermore,
this ensures that microbes have the genetic potential to survive in the rhizosphere and colonize
roots (Table 15). The main microbial adaptations to the root environment are environmental
sensing and signal transduction, chemotaxis and motility, ability to utilize diverse sources of
carbon, production of biocontrol compoundsll surface polysaccharide production, secretion
systems, quorum sensing, and biofilm produc{ih 92) Having genomic information from
strains in the culture collection would be valuable as well, since genomes can be screened for
functions of interest and serve as a tool for microbe selection or for further genome wide
association studies. In additionptbugh metadata documentation is required to guide decisions
regarding further applications of microbes in a collec(iéf). One common use of stna in a

collection is the design of SynComs.
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Table 1-5. Summary of microbial functions associated with rhizosphere and root competence.
Compartment competence Function

Rhizosphere ABC transporterg93, 94)

Amino acid metabolism and transp(®8, 94)
Biofilm production(79)

Carbohydrate metabolism and trans§@8, 79, 93, 94)
Catabolism of aromatic compoun(@s3)

Cell wall biosynthesi$93)

Chemotaxig79, 94)

Exopolysaccharid€r9, 94 96)

Fimbriae/ Pilli(93)

Flagella(79, 93 99)

Nitrogen fixation(79)

Nod factorg79)

Nucleoside metabolisi{®3, 99)

Lipid metabolism and transpq@3)
Lipopolysaccharid€94)

Plant hormone productidi79)

Secretion system§?9, 93)

Transcription regulation facto(g9)

Two component systel®4)

Vitamin and cofactor biosynthegi84)
Rhizoplane ABC transporterg93i 95, 97)

Amino acid metabolism and transp(®8i 97, 99)
Carbohydrate metabolism and transge& 95, 99)
Catabolism of aromatic compoun(®@b, 98)
Cell wall biosynthesi$93, 96, 97, 99)
Chemotaxig94, 97)

Exopolysaccharid€94i 96)

Fimbriae/ Pilli(93)

Flagella(93i 97, 99)

Nucleoside metabolisi{®3, 99)

Lipid metabolism and transpq@3)
Lipopolysaccharid€94i 96, 99)

Quorum sensingd5, 96, 98)

Secondary metabolite producti(®6)
Secretion system@®3, 93, 95, 99)
Siderophore productiof®6)

Signal transductio(®6, 97)

Transcription regulation facto(95i 97, 99)
Vitamin and cofactor biosynthegi84, 95)
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Table 1-5. Continued

Endosphere Amino acid metabolism and transp(t00)
Biofilm production(100)

Catabolism of aromatic compoun(®8)
Nitrogen fixation(98)

Plant hormone productidi®8)

Plant polymer degrading enzym@s, 101)
Quorum sensing98)

Reactive oxygen species detoxificati@®)
Siderophore productiof®8)

Transcription regulation facto(g9, 95 99)

SynComs are low complexity representations of taxonomic and functional traits of a
natural communityand they serve as t@db explore community structure and function and
their effects on h&t phenotype in a controlled wd$5). Careful consideratiomustbe taken
when designing SynComs to ensure that taxa and functions relevant to the research question are
included(74). The challenge lays in finding balance between taxonomic diversity, functionality,
and tractability(74, 102) Several approaches haween used to select SynCom members to
satisfy a good degree of taxonomic and functional diversity. SynCom member selection can be
based on one criterion or more commonly a combination of them. The most common selection
criteria used for SynCom member sdilec are:

i) Phylogeny: members are selected to reflect the composition of a natural community
surveyed using culture independent methods. Often, members can be identified using
other criteria associated with the community strucsuieh as:

(1) Abundance: most abundant taxa of the community are selected
(2) Core: members are selected if considered to be core, a set of shared microbes

across locations, organs and time, that is generally associated with(&0&)st
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i) Co-occurrence network: highly connected taxa in network analysis are selected as
members. These 6hubdé taxa are thought to
the SynCoraresilient to biotic and abiotic stre€s04).

iii) Function: members are selected based on their ability to perform a desired functional
trait that benefits the host.

iv) Hostmediated: members are selected after passage through thedhestion often
occurs using the following criteria:

(1) Phenotype: conducted under biotic or abiotic pressure and SynCom members are
selected based on taxa accompanying improved host phenotypes.

Table 16 provides a few examples of pleadsociated SynComs developed using the
different strategies, for more examples of SynComs in pleafexrto recent reviews on the topic
(102, 105) The strategy used for SynCom development is not as important as ensuring that the
community is well suited for its ultimate use. SynCom member selection must be made with the
specific questions of interest in mind to guarantee that features releviaatstody are present
(106). Another aspect to consider during gm design is size. The number of members in the
community might limit the type of information that can be obtained from them. Large SynComs
are better representations of the natural community and allow for a better understanding of co
occurrence networkgatterns, but with increased number of interactions our ability to track
causality back to a microbial effector decregd€s 100, 102, 105, 106Moreover, the
preparation of large SynCamuan lead to decreased reproducibility across std#&sl02, 16).

In contrast, smaller SynComs have better tractability of causatityexperiments are more
manageable, but there is risk of missing important taxa or functions, key network interactions, or

environmental heterogeneif¥6, 100, 102, 106Nevertheless, the ability to identify
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fundamental mechanisms of interaction and further investigate their molecular principles are the
greatest appeal of smaller sized SynComs. Regardless of size, it is the modularity of SynComs
that makes them a versatile tool for deep discovery of-phéarobe interactions at any scale

(102). In the future, it would be advantagedasthe scientific communityo invest resources

into creating a few model SynCom systems that will allow for more comparability between

studieq73, 74)
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Table 1-6. SynCom member selection approaches used in-planbbiome studies.

lycopersicum

Fungi(111)

Approach Plant host Domain Number of Discoveries
members
Phylogeny Arabidospsis Bacteria(78) 188 and 218 | Microbes are more competitive colonizing their organ of origin
thaliana Shared functionalities in leaf and root microbiota
Bacteria(107) | 62 Early colonizing microbes have some resilience to invading
microbes and keystone species have a more pronounced effe
rare taxa
Interkingdom, | 8, 34, 42, Bacterial taxa have a greater effect on fungal community than
Bacteria, fungi, | 148, 156, fungal taxa on bacterial community. Great redundancy of
oomycete¢80) | 182, 190 antimicrobial compounds in bacterial community
Bacteria(108) | 35 Rol e of microbes regulating
response
Zea mays Bacteria(109) | 17 Enhanced plant growth
Lotus japonicus| Bacteria(85) 16 and 32 Microbes are more competitive colonizing their host of origin
Co-occurrence| Citrus Bacteria(110) | 8 SynCom was capable of controlling pbsirvest fugal growth thai
network individual strains
Solanum Bacteria and 100, 105, 205| Interkingdom SynCom reduced fusarium wilt symptoms more 1

bacterial or fungal SynCom alone
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Table 1-6. Continued

Function Arabidopsis Bacteria(112) | 3,5,0r7 Increased root length of plants grown underdipitrotoluene
thaliana
Nicotiana Bacteria and 2 and 6 Decreased fungal disease incidence on the field
attenuate Fungi* (113)
Oryza sativa Bacteria(114) | 10 Enhanced plant growth
Solanum Bacteria(115) | 25 Enhanced plant growth and provided protection ag&nsarium
lycopersicum disease
Triticum Bacteria(116) | 8 Enhanced plant growth and survival raté-tsarium
aestivum pseudograminarurdisease
Hostmediated | Arabidopsis Bacteria(117) | 8or9 Host phenotype can be predicted from large scale mono
thaliana associations studies for SynCom selection
Hordeum Bacteria(118) | 15 Improved growth under drought condition
vulgare
Enterobacter cloacae/as determined to be a keystone species|
Zea mays Bacteria(119) |7 SynCom has antifungal activity agaifatsarium verticilliodes

*Bacterial and fungal cultures were studied separately
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The final component of the reductionist approach is a platform that allows for the control
of environmental conditions and microbial community. Gnotobiology is the study of organisms
with strictly defined and controlled microbial communit{@20). Gnotobiotic systems provide
us with a chance to explore the impact of the microbiome on host phenotype by comparing germ
free host to one with a specified microbial commu(i®1). Serious efforts to develop animal
gnotobiotic systems started in the middle & 88" century and since therthe importance of
microbial communities in host health has been widely establ{gf28) Decades later, the first
plant gnotobiotic system started to be developed. By the end of the century, small systems were
developed using glass test tulfg£a2 125)and glass jarl26). Since then, test tub€k19, 127)
have continued to be used in plant gnotobiotics systems, but we have seen an explosion of new
systems developed to study plants gnotobiotically. The most common systetn®day
include the use of petri dish€28), magenta boxed 29), closed bagél30), hydroponicg131)
flowpot and gnotoposystemg132), microfluidics systemg§133), and ECoOFAB$134).

Maintaining sterility in gnotobiotics is the biggest challenge while designing these
systems. This limits the design possibilities andr thetential broader use. To mitigate the
constraints of maintaining sterility, design efforts have focused on specific research purposes or
plant system. For example, microfluidics systems have been designed for imaging purposes and
hydroponic systems folasy exudate collection. The remaining systems have been intended for
general plant growth and health metrics bdtesifrom the common limitation of all the
aforementioned systems, which is size. The small size of these systems limits which plants can
be studied or limits studies to early growth stages. Furthermore, the closed nature of some of
these systems limitsuo ability to probe important questions in the temporal scale. This is

particularly restrictive when thinking of plants of greater agricultural and food security
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relevance. Recognizing the need for a system that can accommodate bigger plants and longer
studies, a new system was develdlast year to compensate for the limitations of existing ones.
In this new systenfsorghum bicolowas grown up to 4 weeks and collection of both plant
exudates and growth metrics was posdib85) This study demonstrates the possibility to

extend gnotobiotics to agricultural crops and provides a platform to studynpilenotbiome
interactions that could lead to improved microlalculant success in the fielddowever, it

still only provides six inches of heag@ace thus limiting its widespread use to crops such as

wheat and maize.

1.4 Accelerating transfer from lab to the field

Microbial agricultural products have greatly diversified since their inceti?)yn
Microbial products are now used for plant protection against pathogens, insects, and nematodes
in addition to improved plant nutritiof7 1). However, these products still suffer from low
reproducibility and efficacyhen usedn thefield. The inconsistent results obtained can be
attributed to the product development process. During product development, testing
characterization of microbial beneficial traitgypically performedunder controlled lab
conditions(72). Then, these microbial product®acreened and selected based on the desired
plant responses. Even though this leads to fast product placement in the market, there is still a
lack of understanding of the molecular mechanisms underlying these benefits. Moreover, there is
no understandingf the complex interactions that ocaurderfield conditionsbetween the
products and the native microbial community and environif¥dnt This can lead to poor
establishment and persistence of microbial products and ultimately édfieacy. To improve
efficacy of microbial productsve need to shed light into these molecular mechawém

interaction and the fastest approach to accomplish this is with reduced complexity systems.
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We have made great advances in understandingpianbbial interactions using
reduced complexity systems in model plants. Extending the same principle, we can direct our
efforts to the understanding of such interaction in the agricultural context.sESfartild be
made to develop the resources necessary to implement the reductionist approach in agricultural
crops. Bacterial collections and model SynComséyragricultural crops of relevance should
be establishe(73, 74) Plant gnotobiotic systems netdbe designed with versatility in mind so
different soil susbtrates and different abiotic pressures can be invesbgatdéarger temporal
scal e. Probing into the functional responses
can lead to the discovery of new beneficial microbial effe¢tt86). Transcriptomics and
metaproteomics can be used to understand the changes in the regulation and expression of plant
and microbial genes in response to each other and the environment. Using metabolacs, w
identify active pathways and secondary metabolites that could be involved imitaobe and
microbemicrobe signaling. The differentially abundant features associated with beneficial plant
responses under stress conditions can be selected as targmvel microbial products or as
indicator molecules. Once the targets are identified, more information about the molecular
mechanisms of interaction can be investigated by leveraging the modularity of SynComs.
Microbes, genes, and pathways can beorard from the system to determine the direct effect on
plant responsed4). This information can improve product formulations and application
protocols that can lead to improved efficacy in the field. Furthermore, these effector molecules
could be used as targets for the production of biosensors to monitor the status ofiegricult
systemq137) Constant monitoring and rapid assessment of soil and plant health status can help

make interventions more effective by taking action at the right time and(fi@&g

27



Improving the speed and efficacy at which we can translate discoveries in the lab to
technology in the field will also require a paradigm shift to pfaidrobe studies. We need to
collaborate with growers and extensions agents to understand the cunicrituagl
management practices and their effect on the soil environment. This will allow us to replicate
relevant soil environmental conditions and decipher under what conditions microbes confer plant
benefits. It ign this context that we need to invigstte the principles of community assembly to
identify the key genetic determinants of successful establishment within a natural community
and plant growth promotion. SynComs can serve as proxy of natural communities. Several of the
microbial targets canebintroduced at different time pointnd their establishment success and
beneficial effects can be investigated under relevant field conditions. At the same time, we can
determine important microbmicrobe interactions that determine establishment ssctres
addition, we could discover new ways of micrehi&Erobe cooperation that lead to plant
beneficial responses. Moreover, these sygidield studies can be used to complement lab and
greenhouse studies by assessing microbial traits thought to be responsible for plant beneficial
responsef situ. Ultimately, with the gained understanding of the molecular processes occurring
in the soil environment we will be able to determine when and how we should apply a specific
microbial product for maximum efficgcFinally, it is important that we integrate into our
studies phenotypic and economic measurements that hold value for farmers/growers and
extension agents. This will enhance our communication of results to land managers and will

facilitatethe adoption oéfficaciousmicrobial products.
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Abstract

Understanding the molecular mechanisms underlyingipi@ntobe interactions is
essential for developing innovative microbised agrsolutions However, deciphering these
mechanisms within the complexity of natural microbial communities remains challenging. Such
challenges can be addressed by employing synthetic microbial communities derived from well
characterized culture collections. Despiteit importance, plartssociated bacterial collections
from major agricultural crops remain scarce thus Imgiefforts to produce novel microbial
agrotechnologies with high efficaayfield applications. To bridge this gap, we established
TraesBaC, a taxonomically and functionally representative culture collection of whéat root
associated bacteria. The collection includes {gjgality genome sequences for all isolates,
alongside a detl®d overview of their potential functional capabilities in nutrient cycling and
plant growth promotion. Furthermore, we expanded the experimental toolkit fori wheatbe
reseach by designing a reduced complexity synthetic community that enables controlled
dissection of hostnicrobe interactions. Together, these resources lay the groundwork for
discovering and developing negéneration microbiabased agrsolutionsaimed at enhancing
agricultural productivity and sustainability. The TraesBaC collection is publicly available at

https://bacdive.dsmz.de/collection/whaaicrobiome

52


https://bacdive.dsmz.de/collection/wheat-microbiome

2.1Introduction

Managing agricultural systems to meet the future global food demand calls for novel
solutions that enhance crop resilience under climate change while minimizing the environmental
cost of production. Because plagsociated microbes carry out importardsystem functions
that have the potential to impact plant performance, there has been an increased interest in
developing microbial products for agriculture in the last two decddelslicrobes have the
potential to enhance plant growth by improving nutrient bioavailability, reduce pathogen
incidence, and improve resilience to abiotic st(@s4). Even though microbial products have
been in use for over 100 years in agriculture, their widespread adoption has been low due to their
inconsistent efficacy under field conditiofly. The cause for this inconsistent performance on
the field is partly due to poor understanding of the modes of action of plant beneficial traits
within complex soil systemd, 5) Improving the efficacy of existing and new dmmculants
will require a deeper understanding of the molecular mechanisms ohpilenobe interactions
(6). Progress in this area has been hindered by the complexity of natural ecosystems which
prevent the establishment of direct relationships between beneficial microbial traits and plant
responseg’, 8)

Synthetic microbial communities (SynComs) are reduced complexity systems designed to
emulate natural communiti€8) and have been instrumental for discoveries in the field of-plant
microbiome research. These reduced complexity systems coupled with powerful molecular
techniques improve reproducibility and facilitate the establishment of causality between
microbial effetors and plant phenotyp€g). SynComs are constructed from bacterial collections
that have been isolated from the host of interest to ensure good representation of the natural
community and functional traits toteract with the hogtL0). Currently, the only widely

available plant bacterial collections are Avabidopsis thaliang11), Lotusjaponicus(12), and
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Hordeum vulgarg€13). Using these culture collections to design SynComs has led to improved
understanding of plant host species colonization prefef@2eplant organ selective

colonization(11), microbemicrobe interactions within the planticrobe interfacéll, 14, 15)

and improved plant resilience under abiotic st(@6618). These studies highlight the
advantages of combining SynComs with powerful
plantmicrobe interaction§7). This approach could be implemented in plants of agricultural

relevance for the identification of effector microbes or molecules that improve plant growth to be
used as novel agricultural products. However, theraneed forbacterial collectiongsolated

from the cropghat aremost consumedround the worldrice, wheat, soybean, and maize.

Wheat production covers most of the cultivated Jamdl it is the second most consumed
cereal globally; it alone provides 50% of the calories and 20% of the proteins consumed
worldwide (19). The sustained productivity of this crop is necessary to ensure food sémurity
the growing human population. Moreover, its widespread production could pose a risk to the
environment if chemical inputs are not managed prop&dgnable the application aficrobe
based solutions to wheat productiore need to develop the infrastructure to dissect the specific
molecular mechanisms of wheaaicrobe interactions. For this reason, we sought to lay the
foundationfor this infrastructure bystablishinga bacterial collection of wheabot-associated
bacteriaand using this collection tesign a reduced complexity SynCom. We employed a host
mediated approach for both microbial isolation and SynCom design, leveraging the wheat plant
as a filter for the recruitment of functionally relevant microbes. We hypotheasiatthe host
mediatedapproactcould be used to recover taxonomically and functionally relevant members of
the wheat root bacterial microbiota and to assemble a simplified community suitable for

controlled mechanistic studies of wheaicrobe interactions. We predicted that: st
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mediated isolation would enrich for bacterial taxa previously associated with the wheat
microbiota and that these taxa would carry relevant functions associated with plant environment
colonization and enhanced host fitness; 2) a consortium assembledigarlliection would

not negatively impact plant performance under standard growth conditions, indicating host
compatibility and the absence of overt pathogenic effects; and 3) a reduced complexity SynCom
derived from this collection using a heaediatedapproach would retain key taxonomic

members of the wheat microbiota and functional characteristics relevant tonitaoibe

interaction and enhanced hqarformance.

Using this approach, we generated a collection of 125 isolates encompassing 31 genera
associated with the wheat microbiotaghiquality genomewere obtained for isolates and
screenedor functionaltraits associated with plant colonization, nutrient cycling, and plant
growth promotion.This collection was then used to develop a reduced SynCom representative
of the wheat core microbiota and the functional capabilities of the isolate collection, with
SynCom member selection informed by tracking communitictire changes in a consortium
assembled from the collection. Together, these resources expand the experimental toolkit

available to the scientific community to dissect plamtrobe interactions in wheat and beyond.

2.2 Materials and Methods

2.2.1 Plant growth and root harvest
To isolate bacterial strains fromriticum aestivuni. (wheat) plants were grown dhe

NC StateUniversity PhytotronFour seeds of heat var. Catawbaeregrown in D16H pots
(Stuewe & Sons Inc, Tangent, USA) filled with 222 + 0.5 miwbkatfield agriculturalsoils
(n=10). Pots were thinned out to a single plant after one week of growth. The agricultural soils

werecollected from the Cunningham Research Statibenoir site Kinsgton NC Fifty-five
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gallons of soils were quarantined in the dark at room temperature in plastic boxes for three
months prior to use at the request of the phytotron to prevent introduction of pests into the
facilities. No further handling of the soils was done prior to expant set upPlants were

grown for 10 weeks with a 12 h photoperiod and day/night temperatures of"@2/Aier 2

weeks of growth, plants were vernalized for 3 weeks under an 8 h photoperio@Gnd 4
temperature for day and nighitrigation occurred every 3 days. Roots were harvested and
cleaned by removing rhizosphere soils by shaking big aggregates off the roots and then vortexing
rootsfor 15 s in 40 mL of phosphatauffered saline solution (PBS, Thermo Fisher Scientific,
Waltham, USA)with several rinses until the solutions was clgd)). Clean roots were cut into

0.5 cm pieces, placed in a sterile mortar with 20 mL of sterile PBS, and crushed until a slurry
was obtainedThis initial root slurry was used to either inoculate surface sterilized Catawba
seeds (host mediatg@thting) or to directly inoculate plates (dirgaating) following the two

plating strategies described by Ben Nitial 2017(21). A sample of the initial root slurry was
stored at20 °C for amplicon sequencing analysis of the initial community.

In the hostmediated plating strategwheatseeds were surface sterilized by placing them
in a tea strainer and gently shaken in the folloveng®qguent washes: 95% ethanol for 1 min,
6.0% sodium hypochlorite Clorox® Disinfecting Bleach (Clorox®, Oakland, USA) for 10 min,
95% ethanol for 30 sec, and lastly sterile@®zed water for 30 s twicg2). Strainers were
changed between solutions. Surface sterilized seeds were geminated for 2 days at room
temperature. Once germinated, seeds were soaked in the root slurry for 1 h and sowr into 0.5
Murashige & Skoog media Micro and Macronutrients (MS, RPI, Mount Prospect, USA) with

0.8% agar in a doubtieibe chambef21). Plants were grown for two weeks at 25 °C with a
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photoperiod of 16 h; while covering the roots with aluminum foil. Roots were haryasttd

secondary root slurry asprepared as previously described to inoculate plates.

2.2.2 Isolation, bacterial cultivation and identification
Isolates were obtained by plating the soils slurries produced in the host mediated and

directplatingstrategies. First, the soil slurries were serially diluted using PBS. Diludfdie?

to 10° were plated in triplicate into VXyIG, 1/10 R2A, 1/20 R2A, and 1/100 R2A m@&8a

Plates were incubated in the dark at 25 °C for up to one week. To ensure maximum diversity,
plates were monitored evediay, and colonies were selected based on their morphology and time
of appearance. Isolates were transferred to clean plates at a minimum of three times. Pure
isolates were cultivated in the respective liquid media to a maximum optical density at 600 nm of
0.3.Liquid cultures were used to produce s®akhich werecryopreserved aB0 °C in 17%

glycerol. Identification of 112 selectesbiates was performed via polymerase chain reaction
(PCR) of the full 16S rRNA gene with universal primer pair GM3F/GM4R and Taqg 2X Master
Mix (New England Biolabs). Classification, alignment and tree building of 16S rRNA sequences
was accomplished usingd SILVA alignment, classification, and tree ser\(24). To determine

the successful coverage of the wheat microbiota, we compared our isolate collection to the
results obtained by Kavamueaal (25)in their recent review of the wheat microbiota amthe

community of theoriginal root slurry.

2.2.3Whole genome sequencing
Bacterial biomass for DNA extraction was produced by growing the isolates in five mL

of tryptic soy broth without dextrose (BD) at 25 °C shaking at 165 rpmam@Deoo was at
least 0.3. Aliquots of 1 mof liquid cultures were pelleted at 800@ Xor 7 min at 4 °C. DNA

for short read sequencing was extracted using QIAGEPM&ersoil extraction kit (Qiagen,
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Hilden, Germany). lllumina libraries were prepared using Nextera(R) XT DNA library
Preparation kit (lllumina, San Diego, USA). Libraries were pooled equimolarly and sequenced in
a NextSeq 500 (Illumina Inc, San Diego, USA) as pa@ed reads on a Next SB0/550 Mid
Output kit V2 (2 x 150 bp) flow cell. Raw read quality trimming and filtering was performed
using TrimGalore. Short read assemblies were produced using SPAdes(&5).3After short
read assemblies were completed, 65 isolates representative geeacim the collection were
selected based on phylogeny for long read sequencing (Supplementary Figure 2

DNA for long read sequencing was obtained froml4ahculture harvested as described
above using the MasterPure Complete DNA and RNA Purification Kit (LGC Biosearch
Technologies, Hoddesdon, UK). Nanopore libraries were prepared using the Rapid Barcoding
Kit 96 (Oxford Nanopore Technologies, Oxford, UK)asubsequently sequenced on a Sphsit
Flow cell R9 V 4 (SQKRBK110.96) using a MinlOMequencefOxford Nanopore
Technologies, Oxford, UK). Long read assemblies were produced witl{Z=lye2.6 and error
corrected using NextPolig@8) v1.4. Isolates c137 and c29 were assembled using Unicycler
(29)v0.4.7. Assemblies were evaluated using Che¢&®)v.1.0.7 and BUSC@31)v5.2.2.
Average nucleotide identity (ANI) comparisons anerelglication of the genomesane
performedwith dRep v2.2.3(32). Classification of genomes was determined using the classify
workflow in GTDB-tk (33) 1.7 (Ref v. 202) and the Type (Strain) Genome Server (TY&8)

Genome sequencing data is available from NCBI archives BioProject PRINA1147241.

2.2.4Genome screening for plant adaptation and beneficial functions
To determine the functional capabilities of isolates in the collection, a list of target Kyoto

Encyclopedia of Genes and Genomes (KEG5) ortholog (KO) numbers was compiled for

bacterial genomics features associated with the plant environment which include genes related to
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rhizosphere competency and plant colonizai®) 36 39), plant growth promotio40), and N

and P cyclind41, 42) Our manually curated list containe@96 unique target KO numbers,
comprising 13 functions as described in the KEGG PATHWAY database (Appendix A).

Genomes were annotated with eggNOG mapRel.7(43). KEGG ortholog numbers were

assigned to genes using Diamdnad) at a percent identity of 70 anevalue of 0.001. The

genomes were then screened for the presence of target KOs. For visualization, the KOs identified
were normalized by the total number of KOs into 25 functional categories. In addition,
biosynthetic genelusters (BGC) for secondary metabolite production were identified using

antiSMASH v6.0(45).

2.2.5Consortium preparation, wheat growth under gnotobiotaditions andplant harvest
We produced a consortium representative of our collection by selecting one to two

random isolates from each genus in the collection. Tweswen isolates were selected for the
consortium encompassing 24 genera within the collection. Members of the tonseere

grown in 30 mL of tryptic soy broth without dextrose at’25and shaking at 165 rpm between
16-72 h. Cells were harvested by centrifugation at 8,09@ot 10 min at £C, washed with 5

mL of 0.5 MS, and resuspended in 12 mL of 9MS. Inoculun was produced by diluting cells

of eachbacterial isolatéo a final OQoo between 0.0005.01 (Table 21). A killed consortium
inoculum was prepared by boiling the inoculum at 40@or 1.5 h. Samples of both live and

killed inoculum were saved &0 °C for amplicon sequencing. Seeds were surface sterilized as
previously described and grown gnotobiotically in 42 oz WRak® stanelip bags (Nasco
Sampling, Pleasant Prairie, USA) containing 1
dry, Oil-Dri Corporation of America, Chicago, USA) and 60 mL oPONsS media containing

the corresponding consortium inocul§#®). The live consortium (LC) wassed tanoculate
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four wheat varieties; Catawlja=6), Hilliard (n=6), Shirley(n=5), and USG364(n=6), these
genotypes were also inoculated with a no consortium contrgl iN€ per genotypgeThe killed
consortium (KC) was only applied tbe Catawbecultivar (n=6). The bags were sealed with
AeraSed sealing film (Excel Scientific, Victorville USAPIlants wergrownup to 15 days

post emergence (DPE) with a 12 h photoperiod and day/night temperatures 6i22/16
Destructive sampling of Catawba occurred at 5, 10, and 15 DPE. Destructive sampling only
occurred on DPE 15 for the other varieties. Fresh biomass and chlorophyll fluorescence were
recorded at each harvest. Chlorophyll fluoreseamas measured using a MultispeQ v1.0
(PhotosynQ, USA) and data was processed within the PhotosynQ Software V1.10.59 using the
PhotosynthesiRides 2.0 protocol. Roots were harvested and rhizosphere soils were removed by
shaking big aggregates off the roots and then vortexing for 15 s in 40 mL of PBS until buffer was

clear(20) Clean roots were cut into 0.5 cm pieces and store2DaC until further processing.
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Table 2-1. Growth schedule of selected strains for the preparation of consortiumanocul

Colony ID | Isolate ID Closest typed species Dsgim TSB dilution| Hrsin5ml | Hrsin 30 mi Féngl
CT1x1 Prarl Priestia aryabhattaCM 13839 2 1x 14 16 0.01
CT11-16 Pseuspl16 Pseudomonas jesselmiEM 17150 2 1x 14 16 0.0095
CT11-20 Pseusp20 Arthrobacter liuiiCGMCC1.12778 3 0.1x 14 16 0.0062
CT11-24 Chor24 Chryseobacterium oranimenBsM 19055 3 1x 14 16 0.008
CT11-25 | Dugasp25 Rugamonas aceriSAP-35 3 0.1x 16 30 0.0076
CT11-34 Lutesp34 Luteibacter jiangsuens8GMCC 1.10133 4 0.1x 16 40 0.0105
CT11-41 Varisp41l Variovorax boronicumulansiBRC 103145 4 0.1x 14 40 0.012
CT11-44 | Dugasp44 Duganella vulcani&T81W 3 0.1x 16 30 0.0038
CT11-53 Varisp53 Variovorax gossypibSM 100435 4 1x 16 40 0.0075
CT11-57 Curtsp57 Curtobacterium pusillum\TCC 19096 4 1x 14 14 0.003
CT11-59 Rugasp59 Rugamonas rivulFT103W 3 1x 16 72 0.007
CT11-66 Sphisp66 Sphingomonas kyeonggienBiSM 101806 4 0.1x 24 30 0.0024
CT11-68 Paph68 Paraburkholderia phenoliruptrix MG 22037 3 1x 16 30 0.0009
CT11-81 Flavsp81 Flavobacterium pectinovorumSM 6368 4 0.1x 48 48 0.0013
CT11-82 Rhizsp82 Rhizobium croatiens&3T 4 0.1x 30 48 0.0043
CT11-83 Polasp83 Polaromonas jejuensiBRC 106434 4 0.1x 30 30 0.0014
CT11-86 | Mucisp86 Mucilaginibacter rubeu€GMCC 1.15913 4 0.1x 30 30 0.0005
CT11-90 Panico90 Paenarthrobacter nicotinovorari3SM 420 3 1x 14 14 0.0101
CT11-92 Mace92 Massilia cellulosiltyticaNEAU-DD11 4 0.1x 16 16 0.0023

CT12-105 | Koco105 Kosakonia cowanilCM 10956 3 0.1x 14 14 0.0091

CT11-110 | Ralsspl110 Ralstonia wenshanen$s$D2T 3 0.1x 16 30 0.005

CT11-111 | Paenspll] Paenibacillus zeisolB-5-3 4 1x 30 14 0.0044

CT11-113 | Stgenill3 Stenotrophomonas geniculal&M 13324 3 1x 14 14 0.0101

CT11-119 Hefr119 Herbaspirillum frisingens&SF30 3 0.1x 30 30 0.0016

CT11-120 | Padil20 Pantoea dispers€CUG 25232 3 1x 14 14 0.0099

CT11-132 | Azospl32 Azospirillum oryza€€cOC8T 3 1x 30 30 0.0005

CT11-134 | Mesospl34 Mesorhizobium carmichaelinearulf@MP 18942 4 0.1x 48 72 0.0012
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2.2.6DNA extraction and amplicon sequencing
Microbial DNA was extracted from clean roots, consortium inoculum, and initial soil

slurry with DNeasy Plant Pro Kit (Qiagen, Hilden, Germany). Libraries of 16S rRNA variable
regions V3V4 were prepared using primer pair 34860R(47) by the twestep PCR as

described by Thgrgensen et al. 2029). Libraries were equimolarly pooled and sequenced on

an lllumina MiSeq using the 500 Mieq Reagent Kit V2 (lllumina, San Diego, USA) fok 250

bp pairedend reads. Sequencing yielded a total of 7,544,224 reads with a per sample average of
81,121 reads. Dataesedemultiplexed using QIIME 2 v. 2022(89). Remaining adapter

sequences were removed prior to downstream analysiaverage 37,150 PE reads were

obtained per sampl&or samples without microbgapproximately 99% of the reads belonged to
plants, so these samples were not considered during analysis. In ctmtsestples with

microbes, on average 52% of the reads matched the plaotdifferent strategies were used to
analyze data from the initial root slurry and samples from the consortium inoculated plants.
Reads from the initial soil slyriwere filtered, denoised, curated, and chimera checked with
DADA2 v 1.16(50)and LULU v 0.1.0(51). Taxonomy was assigned using the SILVA v138
database (silva_nr99 v138.1 wSpecies_train_set). For the remaining samples, reads were
quality filtered and merged using bbspliB8.07(52). Merged reads were mapped to a custom
made database to a 99% identity match using bbsplit to obtain the community composition of
consortium inoculated wheat plants. The custoade database contained the 16S rRNA gene

full sequence of all consortium membeand was supplemented with sequences from wheat
mitochondria, chloroplast, and plastids within the SILVA database. These wheat sequences were

clustered at 99% similarity using-tut-est(53) prior to analysis.
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2.2.7SynCom member candidacy selection criteria
Amplicon sequencing results were evaluated to determine which consortium strains

would be selected for the final SynCdrased on colonization ability, changes in abundance

taxonomi¢ and ecological relevance in the wheat microbidtee following criteria were

considered during candidacy selectionttBs t r ai n6s r el ati ve abundance
in comparison teheoriginal inoculum, 2}hestrain ha to be present at an abundance of at least

0.01% within plant roots, 3) the abundance of therstriaanged through time and in between

cultivars, 4)thestrain is identified as temporair cultivar coreassociate@t a prevalence of

90%, and 5})hestrain isidentifiedasa core or keystone species in the wheat microbiome

literature. A strain would be considered for the SynCom if at least three of these criteria were
met.Selection criteria were designed to capture four key attributes: root colonization ability,

dynamic behavior indicative of activity, taxonomic representatiod ecological relevae

within the wheat microbiota.

2.2.8Statistical analysis
All statistical analyses were performed using R statistical software version 4.3.0 (R Core

Team 2023). Independent tvgample ttest were performed to compare the final abundances of
each SynCom membw their respective abundances in the initial inoculuraajue was

adjusted using the Benjamithochberg false discovery rate correction. Effect ofthe

consortium on wheat biomass and chlorophyll fluorescence was evaluated at 15 DPE-in a two
way ANOVA with both treatment and genotype as fixed effectdeated of p <0.05.

Generalized linear mixed models were produced using the gimmTMB function and model
residual diagnostics were evaluated using the DHARMa package. All analysis wereaatrried
usingraw data with the exception of fresh root weight, which was transformed to log +1.

Multiple comparisons were determined from estimated means using the emmeans function with

63



Tukeyp-valueadjustment. Differences in community composition were assessed on CLR
transformed abundances using the following R packages: phyloseq, compositions, and vegan.
The effect of consortium and genotype on the community composigogewaluated using the
randomized residual permutation procedure using the Imrrpp function. Multiple comparisons
were performed using the false discovery rate correction. Differentially abundant strains were
examined using the DE Stengedvithpodecdevalgpmentand dates 0. 0 5 .
curation for statistical analyses was provided by ChatGPT (OpenAl, San Francisco, CA), which

was used to streamline table formatting and prepare scripts for data processing.

2.3 Results

2.3.1Hostmediated isolation resulted the recovery of taxa identified as part of the wheat
core.

The isolation effort yielded 125 pure isolates (Supplementary Table 2.1). To assess the
coverage of our isolation efforts, we determined the community composition of the original root
slurry though 16S rRNA amplicon sequencing and compared it to the NFSsEguences of
isolates in the collection. We obtained 90 amplicon sequence variants)(af8af removal of
plantassociated and low abundant sequences (< 0.01%). These ASVs were assigned into 74
distinct genera, out of whiglnly 47 were identifiableHigure 21A). The most abundant genera
in the root slurry wer&treptomyces, Polaromonas, Chitinophaga, Niastella, Sphingomamas
Kineosporiawhich encompassefi0% of the community with abundances betwedit 5%.
Compared to the bacterial collection, the isolation effort covered 27.5% of the taxa identified by
amplicon sequencing in the original root slurry (FigwEB). Only two of the most abundant
genera were recovergdolaromonasandSphingomonagsvhich covered 15.5% of the
community. Isolates &@m Mesorhizobium, Duganella, Allorhizobiukeorhizobium

PararhizobiumRhizobium andFlavobacteriumwere also captured by the isolation effort, which
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accounedfor 9.2 % of the original root slurry. Four low abundance genera were also isolated,
Mucilaginibacter, Pseudomonas, BacillamdBurkholderiaCaballeroniaParaburkholderia

which accourgdfor an extra 2.8% of coverage of the original community. In addition, 16 genera
were isolated that were not detected by amplicon sequencing of the original roet slurry
Variovorax, Massilia, Kosakonia, Curtobacterium, Ralstonia, Chryseobacterium,
Paenoarthrobacter, Stenotrophomonas, Achromobacter, HerbaspiriRaenibacillus,
Pseudoarthrobacter, Luteibacter, Mitsuaria, PantpaadAzospirillum.

Kavamuraet al 2021(25) identified 256 bacterial genera that were associated with the
wheat microbiota (Supplementary Tabi2) The collection presented here contains bacterial
strains within 23 of these genera, which include genera isolated that were not detected in the
original root slurry Kosakonia, Rugamonas, Polaromonas, Ralstonia, Roseatales, Priestia,
Peribacillus,andGottfriediawere not within the identified taxa associated with wheat. Of the
remaining 233 genera associated with wh8aeptomyces, Chitinophaga, Nialla, Devosia,
Caulobacter, Asticcacaulis, Lysobacter, Rhizobacter, Rhodanobacter, Steroidobacter,
Prosthecobacter, Bosea, Haliangium, Pedobacter, CytopreuiSpirochaetavere also
identified within the original root slurry but not captured by the isolation efforts. Interestingly,
there were some taxa that were only obtained by one isolation strategy and not the other.
Rugamonas, Duganella, Polaromonas, Variovorax, Mitusaria, Luteibacter, Flavobacterium,
Mucilaginibacter, Pseudoarthrobacter, ChryseoteitimandBacilluswere only isolated by
direct isolation, whereddesorhizobium, Azospirillum, Pantoea, Herbaspirillum, Massilia,
Ralstonia, AchromobacteandStenotrophomonasere only isolated by the hestediated

strategy.
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Figure 2-1. Community composition at the genus leg€R) the original root slurry useduring
isolations and B) isolate collection separated by isolation strategy: direct and host mediated.

2.3.2Genes associated with plant growth promotion and plant environment competence are
widespread and redundant within bacterial collection

Isolates were selected for sequencing based on their phylogeny, colony morphology,
isolation medium, and time of colony appearance. Short read sequencing resulted in assemblies
with contig numbers ranging from 16 to 2,759 with N50 betweér&and 69®27. The short
read had an average completeness of 99.1%, and the contamination for all but one genome
assembly was below 10%. Isolate CI30 had 94% contamination and was therefore removed

from the collection. Representative genomes obtained using riggickte function in drep were
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selected from each cluster for subsequent long read sequencing and hybrid genome assembly
(Supplementary Figure-2). Sixty-five isolates were sequenced using loagd sequencing
technologiesresulting in 63 closed genomes. The final assemblies had total lengths between 3.7
to 8.6 Mbp and the GC content ranged between 33 and 71 % (Supplementary -Bbleh2

number of contigs ranged between 1 a8 with N50s betweend5 and 7318753. The

average genome completeness of the final assemblies vBa%3@ith a contamination average

of 0.6%. The average proportion of BUSCOs found was 92% and gene density was 0.9. The
genomes were classified into 31 genera in 15 families and four phyla-digintyisolates were
identified as potential new species aftemoval of redundant genomes (Supplementary Table 2

4). This collection was made available to the public by submission of 88 strains representative of
the isolation recovery of each genus to the German Collection of Microorganisms and Cell
cultures GmbHLeibnizInstitut DSMZ). Additional information on strains can be found in the

DSMZ database BacDivéttps://bacdive.dsmz.de/collection/whaaicrobioms.

Genomes ofhe bacteriaktrains in the submitted collection were screened for the
presence of genes associated with adaptations to the plant environment. The strains within the
collection harbored on average 35% of the genes in the target list (Appenddn8hundred
and thirtyninefunctional categories were identified in the collection. Eiegdyen of these
functions were present in over 50% of the collection. The most prevalent functional categories
included amino acid biosynthesis, secretion systeimemotaxis, P transport, cofactor
biosynthesis, hydrogen cyanide production (HCN), P mobilization, plant hormone production,
flagella, exopolysaccharides (EPS), sugar transport, N cycling, amino acid transport,
carbohydrate transport, taaomponent sysim signaling, N transport, and plant cell wall

degradation (Figure 2.2). In addition to high prevalence in the collection, sugar and carbohydrate
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transport, amino acid biosynthesis and transport, plant hormone production, biofilm, N and P
transport, quorum sensing, secretion systems, chemotaxis, and flagella also presented on average
over 50% pathway completeness.

Focusing on nutrient cycling functions, we observedttiatapacity fomorganic P (P
transport was present in the entire collectio
organic P (Brg) transport was only present at high pathway completeness in three strains from
Rhizobium, AgrobacteriunandMesorhizobiumSimilarly, the potential to mobilizel vas
present in the entire collection at high completeness. In contoagt®bilization was limited
to members in thRhizobialesamily andthe generaPantoea, Peribacillusand one
Pseudomonastrain (Pseusp138). The most prevalent N mobilization functions were the
transport of urea, nitrite (NQ, and nitrate (N®). The transport of either or all compounds was
found at high completeness in most strains, but it was completely absent from strains in the
Bacilli class, in théActinomycetaleandXanttomonadalesrders, and in the genus
Sphingomonadaceae

The potential to carry out important nitrogen cycling reactions was widespread through
the collection with nitrite, nitrate, and nitric oxide reduction being the most prevalent N
transformations in the collection. Ammonia oxidation genes were absenthfeoroltection.
Nitrogen fixingnifHDK genes were only present in three strains inAhespirillum(Azospl132),
Paenibacillug§Paensp38), andseudomona@’seuspl38) genera. The potential to produce plant
hormones indole acetic acid (IAA) and cytokines weesent in all genomes although at low
completeness level (<45%3}enes encodindné enzyme ACEdeaminase on the other hand,
wereonly found in some genera within tBeirkholderiaceadamily, in all strains within the

Pseudomonagenus Azospirillum, Mesorhizobiupand strains within thBacteroidiaclass.
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Twelve functiondrom our target listvere completely absent from the collection. These missing
functions are associated with the transport of hydroxyproline, allose, galactofuranose-glucose
arabinose, and trehalose, exopolysaccharide production of acetan and stewartan, synthesis of

gibberllins, and enzymes arabinofuranosidase and methanol dehydrogenase.
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Figure 2-2. Phylogenetic tree of collection strains submitted to the DSMZ showing pathway
completeness of selected functional categories mined. Color depth represents the proportion of
genes present within functional pathway. Plant hormone production of indole acetic acid (IAA),
cytokinin, aminocyclopropand-carboxylate deaminase (ACC.deamifrogen fixation

(N.Fix), assimilatory nitrate reduction (Ass.Nitra.Red), dissimilatory nitrate reduction
(Diss.Nitra.Red), nitrogen transport (N.tr), inorganic phosphorus mobilization (iP.mob), organic
phosphorus mobilization (orgPmob), phosphorusspart (P.tr), amino acid biosynthesis
(AA.biosyn), L-amino acid transport (ha.transport), negative amino acids transport {Neg
aa.transport), methionine transport (Metnsport), multiple sugar transport (Mult.Sug.tr), ribose
transport (Ribose.tr), xylestransport (Xylose.tr), glycerol transport (Glycerol.tr), polyol

transport (Polyol.tr), riboflavin biosynthesis, hydrogen cyanide production (HCN), quorum
sensing signalling (Signalling.QS), quorum sensing pathways (QS), secretion systems type
(SST), plancell wall degrading enzymes (p.wall.deg)
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In addition to screening for genes associated the plant environment, we assessed the
secondary metabolite production capabilities of the collection by deternfui@sgnthetic gene
clusters BGC9. A total of 568 BGCs were identified in the collection, which were classified
into 60 cluster classes (Appendix C). TaeestBGCs were identified ilPseudarthrobacter
(Pseusp20), which only had three BGCs. In contrast, one strain in theRgemibacillus
(Paensp38) and izospirillum(Azospl132) carried the most BGCs, with 19 and 15 clusters
identified respectively. Based on the total number of clusters identified in the collection per
class, the top ten classes identified were terpenes, unspecified ribosomally synthesized and post
translationally modified peptide products (R##ke), arylpolenes, nonibosomal peptide
synthases (NRPS), redox cofactors, siderophores, betalactones, type Il polyketide synthase
(T3PKS), and homoserine lactones (Figw®) 2The production patterns of different cluster
classes differed based on taxonomy with a few noteywartamples associated with known
metabolites important in plamicrobe interactions. Siderophore production was not identified in
any of the strains in théanthomonadalesrder,Enterobacteriaceaéamily, and in genera
Variovorax, Paenibacillus, Mucilaginibacter, Azospirillum, Pseudarthobacted
SphingomonadVioreover, a single strain within tiRhizobiaceadéamily (Rhizsp130) has the
potential to produce siderophores. Siderophores such as bacillibactin, pyoverdin, crochelin A,
graminibactin, malleobaio, xanthoferrin, ornibactin, and staphilloferrin were identified within
the collection (Supplementary Tablé® Another notable pattern was that Ri@zobiacea
family had the most homoserine lactone BGCs identified. This important function was not
prevalent in the collection with only 14% of the collection being capable of producing this type
of molecule. In addition, the potential to produce specific lineaccgokit lipopeptides,

pigments, antimicrobial and bioactive compounds was also identifiathwine collection.

71



AntiSMASH Class I
W Terpene

[l RiPP-ike I .
[ Aryipotyene - - ,
NRPS.
i * T
[ siderophore . @ Achromobacter
i r
Agrobacteri
W setalactone ’ ‘ e o .. ~ @ Agrobacterium
e g ~ Azospirillum
| REZS 2 2 % B § @ g “:? o . ~ [ ] pirillu
ES s & & g
[ NRPS-like ] % %2 % e E g 2447y () Burkholderia
% By e T teg fFp ‘ (© Chryseobacterium
. Homoserine lactone z i‘h % 4 & & 3 A
[ other 4 G By © g é‘:?' () Curtobacterium
G g, 5 é’ @ Duganelia/Rugamonas
P & &
a“‘l})%”‘ ¥ o & “ @ Flavobacterium
» : s
“, & @ cottriedia

Za, &
“ - ' -
Ceg, Qo v“" @ Herbaspirilum
NCi ‘ () kosakonia
. @ Luteibacter

Jarish®® ‘ - @ VassilaTelluria

Perispsg Varisp® @ Mesorhizobium
« Pl wisuaa
- Golus Lutesp @
Stgenilzs - . @ mucilaginibacter
- Paenspl1l g
Stgenit1z @ Paenarthrobacter
ni
Paensp38 . N - . @ Faenibacilus
"ad,
— wucispT3 . . @ Panoea
¢ .
" e 0105 () Paraburkholderia

— — \
‘ - - /* . Psg,, §
‘ o g - . 'Sngg Q Peribacillus
‘ L ) ) N Uy ' . @ Polaromonas
’ v@“@x = Uiy, . @ Friesta
’ R Sy ~ @ Fseudarthrobacter
’ & ~ @ Fseudomonas
’ \,:fg @ Ralstonia
\ @ Rhizobium
() sphingomonas
@ stenotrophomonas
@ variovorax

Figure 2-3. Phylogenetic tree of collection strains submitted to the DSMZ showing top ten
biosynthetic gene clusters identified by AntiSMASosyntheticgene cluster categories:
Terpenes, Aryl polyene (arylpolyene), aobosomal peptide synthetase (NRPS), redox
cofactors such as PQQ (Redox cofactor), siderophoresldott@me containing protease inhibitor
(Betalactone), type Il polyketide synthase (K¥), NRPSlike fragment (NRPSike),
homoserine lactone.

2.3.3Consortiums compatible with the host and exhibits temporal shifts in community
structure.

To inform SynCom member selection, we first evaluated the behavior of an assembled
27-memberconsortium by assessing its effect on the wheat host and tracking changes in

community composition across time and cultivarfiéat surface sterilized seedsre
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inoculatedwith the consortium, anglant performance and root microbial community
compositionwere monitoredhrough a tweweek periodThere was no significant effect of the
consortium on any of the plant performance metrics measamddhecultivar was the main
driver of differences (Supplementary Figur@)2

When compared to the initial inoculum, most strains had lower abundances within plant
roots (Figure 24). Only four strains had significantly greater relative abundances when
compared to the inoculum. Strains Paph68, Masssp92, Curtsp57, Ralsp110 increased
significantly in abundance by 7000%, 480 %, 227%, and 36&8pectively. Three strains were
undetectable in roots, Flavsp81, Varisp53, Prarl. Differences in the community composition
through time were assessed at 5, 10, and 15 days DPE in cultivar Catamest day had a
significant effect on the community compositigavalue= 0.022 F= 1.9684. There were
significant differences between the community composition at 10 DPE and 15bB8kHd=
0.028). Dispersionptvalue=0.7504) and variance analysps\value > 0.05) confirmed that this
effect is a result of difference in community centroids and not in dispersion and variances.
Cultivar on the other hand, had no effect on the community compogtiaiue= 0.162
F=1.219. There were seven specigegh significant differential abundances through time.
Overall, Koco105, Lutesp34, and Stgenill3 decreased over time, whereas Dugasp44 increased.
Between wheat cultivars, we observed that nine strains had significant differential abundances.
The most diffeentially abundant strains were found between cultivar Catawba and the other
three cultivars; where Mucisp86, Rhisp82, Koco105, Pado120, Dugasp25, Dugasp44, Pseuspl6,
Sphisp66, and Curtsp57 had greater higher abundances in Catawba. Dugasp44 was also
differentially abundant between cultivars USG3640 and Hilliard, where its abundance was

greater in USG3640 than Hilliard. Between Shirley and Hilliard, Mucisp86 and Rhizsp82 had

73



greater and lower abundance respectively in Shirley than in Hilliard. Twelve species were
identified as the temporal core; Ralssp110, Mace92, Hefr119, Rhizsp82, Koco105, Pseusp20,
Padi120, Panico90 Paph68, and Lutesp34 were present in 90% of the sanguagalkt, only

four strains were identified as core between wheat cultivars at the same prevalence rate,

Ralssp110, Mace92, Hefr119, Padi120, Paph68, and Lutesp34.
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Figure 2-4. Community dynamics of consortium members. Relative abundances of 27
consortium members through time and between genotypes.

2.3.4Reduced SynCom contains members of the vdoeatmicrobiota andhasfunctional
redundancy

Theinclusionof strainsin the final SynCom was determined based on five criteria (Table

2-2). Fifteen strains met the specified threshold of a minimum of three criteria met and were
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considered for the SynCom. The candidates belonged to 14 genera, with one species per genus
with the exceptiomuganella This genus yielded two candidates. To reduce potential

competition of these two strains within theganellagenus, Dugasp25 was selected as a single
candidate from this genus due to its potential to produce siderophores and homoserine lactones.
Azospl32 was also included for its ability to fix nitrogen. The proposed final SynCom is
therefore 15 strains from Henera. The final candide include: Kocol105, Ralssp110, Hefr119,
Padil20, Azospl132, Pseuspl6, Dugasp25, Lutesp34, Varisp4l, Curtsp57, Sphisp66, Paph68,

Rhizsp82, Mucisp86, and Mace92.

Table 2-2. SynCom candidacy selection criteria. Isolate ID in bold identify strains meeting the

minimum threshold for SynCom candidacy

Isolate ID Genus >0.01 % ]Icpocrrnease Differentially | Prevalence _Co_re/Keystone
abundance inoculum abundant core at 90%| in literature

Prarl Priestia

Koco105 | Kosakonia Yes Yes Yes

Ralssp110 | Ralstonia Yes Yes Yes

Paenspl11| Paenibacillus Yes

Stgeni113 | Stenotrophomonas Yes Yes

Hefr119 Herbaspirillum Yes Yes Yes

Padi1l20 | Pantoea Yes Yes Yes Yes

Azosp132 | Azospirillum Yes Yes

Mesosp134 Mesorhizobium Yes

Pseuspl6 | Pseudomonas Yes Yes Yes

Pseusp20 | Pseudarthrobacter| yves Yes

Chor24 Chryseobacterium| yes Yes

Dugasp25 | Duganella Yes Yes Yes

Lutesp34 | Luteibacter Yes Yes Yes Yes

Varisp41 | Variovorax Yes Yes Yes

Dugasp44 | Duganella Yes Yes Yes

Varisp53 | Variovorax Yes

Curtsp57 | Curtobacterium | Yes Yes Yes Yes

Rugasp59 | Rugamonas Yes Yes

Sphisp66 | Sphingomonas | Yes Yes Yes

Paph68 Paraburkholderia | yes Yes Yes

Flavsp81 | Flavobacterium Yes
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Table 22. Continued

Rhizsp82 | Rhizobium Yes Yes Yes

Polasp83 | Polaromonas

Mucisp86 | Mucilaginibacter | yes Yes Yes
Panico90 | Paenoathrobacter | ves Yes

Mace92 | Massilia Yes Yes Yes Yes

2.4 Discussion

Harnessing the power of microbes to improve agricultural production requires the
existence of resources that allow us to probe the molecular meck#migmnderlie plant
microbe interactions. Comprehensive microbial culture collections isolated froeohogerest
serve as a source of microbes to study diverse interactions and identify molecular effectors that
can be used as biological amendments on the field. The main purpose of this study was to
develop the infrastructure to dissect whemtrobiotainteractions by producing a culture
collection of wheat roeassociated bacteria abg developing a reduced complexity SynCom
from isolated strains.

Bacterial collections should be good representatives of the taxonomic and functional
diversity of the known microbiota of the plant host of interest and sample of @@in
Because onlabout 1% of known bacterial diversity can be cultyf4), obtaining all the taxa
associated with the wheat microbiota might not be feadibladdition, microbial communities
vary inresponse to different environmental conditions and host factors. Geographic location,
climate, agricultural management practices, soil, plant organ, cultivar, and plant developmental
stage are some of the factors associated with plant microbiota vayigdil. These are all
factors that could have impacted our ability to capture a larger diversity of the wheat microbiota
as described in the literature. Other comragplanationgo low recovery of microbial diversity

include the low abundance oértainspecies, slow growth rates, lack of appropriate methods to
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culture unknown species, inability to grow in monocultures, and the potential of entering non
culturable dormant states under certain condit{ds57) Therefore, isolation strategies should
be geared towards the specific challenges presented by taxa of ifi8)eldbwever, this can be
challenging when targeting diverse microbes, such as the bacterial microbiota associated with
wheat. Using low nutrient media, specialized media, long incubation periods, and sample
dilutions arethe most commostrategiesmplementedo increasenicrobial diversity recovery
during isolation effort$56). Combiningcolony picking, sample dilutions, and long incubation
periods a comprehensive bacterial collectionAsBbidopsis thalianaoot strains was
established aoprising28 families(11). Furthermore, the use of a hosédiated isolation
approach facilitated the culture of dominant strains in the maize micrgBijtaJsing a
combination otheseisolation strategies, we were able to obtain a culture collection that covers
roughly 8% of the known taxa associated with the wheat bacterial microBiotdarly, roughly
11% of a surveyed grassland community was recovered in an effort employing several types of
media(23), thus highlighting the difficultynherent tasolaing all the diversity observed using
cultureindependent methods and the need for a more pragmatic evaluation of microbiota
coverage in hosassociated microbial collections. In this study, we therefore emphasize
representation of the wheat core microbiotd emmplementary functional traits rather than
exhaustive taxonomic recovery.

Core microbiota are the most widespread taxa associated with a host and because it is
assumed that functional traits are taxonomically conseB@focusing on this group of
microbes might represent a good alternative to determining representation of the host microbiota
within a collection(60). The plant core microbiota has been defined as a set of shared microbes

across complex communities from similar habitats forming essential interactions with plants that
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are critical for plant performance which can be leveraged for improved produ(i@i§2).
Because it is unlikg that the same taxa will be present in all communities associated with a
host, prevalence thresholds for the number of communities sharing these nherobégen set
between 50% and 100% in the literattoedentify strainsaassociated witthewheat core
microbiota(25, 63 65). In a recent review of the wheat microbiota, of the 84 genera shared
between one or more sied,only Sphingomonas, Bradyrhizobium, Massilia, Pseudomonas,
Arthrobacter, Chitinophaga, Flavobacterium, Mucilaginibacter, Pantoea, Pedobacter
Variovoraxwere found in over 50% of the studesd proposed as wheat core microb{@&).
The collection presented hareludes72% of the proposed wheat core taxa except for
Bradyrhizobium, ChitinophagandPedobacter

Even though the shared core is the favored method to identify core microbiota, it has its
limitations. Primarily, by focusing on the common ¢ave might be missing rare and highly
specialized taxa that could be of importance for host function under certain conditions.
Generalist microbes might be identified as core because of their metabolic plasticity and ability
to occupy a wide range of nichiesthe plant environmenandthey maynot necessarily
represent close associations with host fundi@). However, this metabolic plasticity might be
an advantage when developing SynComs or bioinoculastgeneralists are able to better adapt
to changing conditions and share resources with other micf6be88) Moreover, adaptations
to the plant environment are important traits to investigiaitee theycould be targets for genetic
engineering to improve colonization and establishment in the field. Furthermore, inoculations
with generalist fungal species has led to the biocontrol of pathogenic species likely through niche
competition(69). This highlights the fact that generalist microbes might still be important to host

function in a contextlependent manner. Nevertheless, it is important to ensure that other
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functionally relevant taxa beyond the core are recovered within collections. To complement the
collection established here, future isolations should be targeted towards reafovery
Streptomyces, Nitrosospira, NitrosovibramdNitrospira strains Streptomyces/asnot onlythe
most abundant taxa in the original root slulwt it has demonstratgubtent biocontrol against
fungal pathogens in whe@tOi 72). Nitrosospira, NitrosovibrioandNitrospira are known
ammonia oxidizer§73i 75), andthusareimportant key players in N cycling in soils.
CoincidentallyStreptomyceand ammonia oxidizing bacteria (AOB) are known to be difficult to
isolate due to their slow and fastidious growgfuirement$76i 78), so extended growth times,
selective media, and sample pretreatment need to be considered during i€eftion
Furthermore, this collection focused only on the recovery of bacterial is@ategiture

isolation efforts should extend beyond the bacterial kingdanthese taxonomic groups are also
part of the wheat microbiota and have the potential to influence plant host perfo(F@rgis.

In addition, this collection includes taxa not mentioned in the most recent wheat
microbiota review(25). TheBacillaceaefamily contains closely related genera such as
Peribacillus, GottfriediaandPriestiawhich might be misassigned Bacillususing the V3v4
region of the rRNA gene as opposed to-feligth or genome analyqi82). Nevertheless,
members oPeribacillus, GottfriediaandPriestiahave been found to have plant growth
promoting capabilitie§83i 85). Even thoughPolaromonasvasnot among the wheat associated
generancludedin the literaturethis taxon washighly abundant in the root slurry and likely
originated from the agricultural soils where wheat plants were grown. Moreover, a sulfur
solubilizingPolaromonadas been isolated from the wheat rhizosphere in th€88K
Ralstonia Kosakonia, and Roseatel@s the other hand, were not in the collection nor in the

original root slurry. Discrepancies are common between community structure assessment based
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on culture and culturendependent methods due to the intrinsic limitations of both methods
such as primer and sequencing depth biases and uncultivability of certain(8faB®) The
genusRalstoniais often associated with pathogenidityseveral plant$89) and animalg90).
However, a nofpathogenidRalstoniastrain with biocontrol capabilities against bacterial wilt in
tomatoes has been isolated from Chinese cl{@/&s92) FurthermoreRalstonia eutroph&2-8
improved wheat growth under cadmium and arsenic st983sMembers of the genus
Kosakoniawith plant growth promoting capabilities have been isolated from the rhizosphere of
other cereals such as ma{@d), rice (95), and sugarcan@®6). FurthermorekKosakonia
inoculation of wheat increased yield under salt stireise field(97). There is no evidence of
Roseatelestrains associated with whehbwever Roseatelesndophytic strains have been
isolated from ric€98) and have been found to regulate its tiller{@8).

Another limitation of taxonomic core approaches is that it does not capture the functional
relevance of the collection to host fithess. Moreover, the comparisons of core taxa and
microbiota between studies are often done at higher taxonomic levels,migithgroup
functionally different species and strains into a single g6} which limits our understanding
of functional diversity in natural ecosystems. Even though the functional core has been proposed
as a more comprehensive approach to determine microbiota impact on host fitness and ecological
relevance of bacterial colleotis, we are still investigating ways to defin€lid0) To evaluate
the functional relevance of this collection in the context of our hypothesis and assess its
applicability asa resource to the scientific community, we characterized the functional
capabilities of the microbiota it contains. Microbes within culture collections sleapless

functional traits that will allow them to successfully colonize and persist in the rhizosphere and
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plant environmentrad provideplant growth promoting functions with potential to enhance
agricultural productivity.

We characterized the functional potential of isolates within the culture collection by
screening for the presence of functions associated with adaptations to the plant environment,
nutrient cycling, plant growth promotion, and secondary metabolite produdtne functional
traits most frequently associated with adaptation to the plant environment are amino acid
metabolism(36i 39, 101 104), carbohydrate metabolis(t1, 18, 36, 38, 39, 101ABC
transporter$36, 38, 39, 101, 102)ranscription regulation and signal transductio®, 36, 37,

39, 101 103), secretion systenm(48, 36 38, 101) chemotaxig18, 38, 39, 102)lagella(18, 36

39, 101, 103)and lipopolysaccharid®7, 39, 101, 103and exopolysaccharide producti(8,

39, 101, 103)We found that over 40 % of these functions were present within the collection.
However, not a single strain had the potential to camktgll the functions. Similarly, Seltest

al. (101)found that none of the isolates within their study had the full set of identified root
enriched KOs, but those with the potential to carry out these functions were enriched in the roots
of Lotus japonicus, Arabidopsis thalianandHordeum vulgareThis not only supports the
importance of these functions in the root environmentitlmatuld also indicate that different
microbes employ diverse strategies to colonize different niches within the plant environment
(102)and the potential cooperation between microbes to collectively colonize the root
environmen{101). In addition to adaptation to plant environments, plant growth promoting traits
are desirable characteristics within the strains in this colle@®they can serve as sources for
new microbebased agricultural solutions.

Plantassociated microbiota cafsoenhance plant growth by increasing nutrient

availability, producing and regulating plant hormones, and protecting against patfid@gns
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106). Microbes mediate all transformations of the N cycle in spitsre importantlysome can
harvest nitrogen gadsom the air and convert it to organic nitrogen that can be later transformed
into plant usable forms. Wheat inoculated in the field with nitrogen fixing strainstfregenera
Azospirillum(107 110), Paenibacillug111, 112) andPseudomona&l07, 113)showed
increased yield under reduced N fertilization regimes. Phosphorus on the other hand, is found in
large inaccessible pools in soils. Microbes help mobilize this nutrient mainly by lowering the pH
of soils and producing enzymes that release P frgamic compounds. Field plants inoculated
with Bacillus (114 116), Enterobactef117), Paenibacillug118), Paraburkholderig119),
Pantoea(120), andPseduomonagl14, 121, 122mproved growth and yield of wheat even in
the absence of P fertilizers. Furthermore, pis#ociated microbes enhance plant growth by
producing and modulating plant hormones. Cytokinins, auxins such as indole acetic acid (IAA),
and ethylene regulate plant growth, differentiation, and stress resgba8gI he enzyme ACC
deaminase can modul ate the plant stress respo
aminocyclopronad-carboxylix acid, in plant§124) Wheat planténoculatedwith 1AA,
cytokinin, and ACC deaminagwoducing bacteria have shown increased biorflé&s 127) and
increased root volum@ 25, 128Junder normal conditions and increased biomass under drought
(129, 130)and sal{(131)stress.

Another important characteristic of plaagsociated bacteriathe secondary metabolites
they can produce. Secondary metabolites mediate-plEnbbe and microbenicrobe
interactions that can determine plant performance under certain con(llt82)<.33) A global
analysis of BGCs of plant associated genomes revealed that terpenes were the most highly
conserved and prevalent class of secondary metabddé$ Similarly to our findings,

Mukherjee et al(134)observed characteristic distribution of BGCs based on taxonomy with
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members oRhizobiaceaencodingthe highest number of homoseriaetones. Nacyh

homoserine lactones (AHL) are the main signaling molecules used by bacteria to regulate
population behavior via quorum sensing. However, these molecules can also be recognized by
plants and evoke specifozitcomesArabidopsisthalianaonly showed increased resistance to
pathogenic bacteria when inoculatetthna longchainAHL producing bacterial strain and not
when inoculated a shechain AHL producing strai(il35) Moreover, some AHL can regulate
pathogen populations by quorum quenching and quorum sensing inh{Bien

Pathogen populations can also be controlled by siderophore producing bacteria.
Siderophores are low molecular weight compounds that bind insoluble iron in the environment
and have the potential to suppress pathogen populations by limiting their accessRaiiified
pyoverdine, desferal, and bacillibactin produced by bacteria were found to inhibit fungal
pathogengl137, 138)andPseudomonas syringg®. Tomato(139) Furthermore, many
antimicrobial and cytotoxic products have been classified as NRPs, polyketides, terpenes, and
ribosomal peptide€l40). Antimicrobial compounds such as bacillomy¢ld1), bottromycin
(142) fengycin(143) formicamycing144), and polymyxin(145)were identified within our
isolates, thus demonstrating the great biocontrol potential of the collection.

Taken together, the taxonomic and functional characteristics of the collection allow us to
evaluate the effectiveness of hostdiatel isolation as a strategy to recover biologically relevant
members of the wheat microbiota. While this collection does not capture the full taxonomical
diversity associated with wheat as described in the literature by eultlependent approaches,
such conprehensive recovery might not be feasible nor necessarily required for mechanistic
studies. Focusing on core and recurtaracould provide a pragmatic framework for assessing

representation within hosissociated microbial collections. Within this context, the collection
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recovered here encompasses a substantial proportion of the wheat core as defined across
independent studies, including taxa that consistently associated with the wheat core microbiota
across environments. Moreover, genome screening revealed that thdsavagaverse and
often redundant traits associated with root colonization, nutrient cycling, and plant growth
promotion. Consistent with our hypothesis, hostdiated isolation resulted in a bacterial
collection of wheat associated taxa carrying funcligmalevant traits for plantmicrobe
interactions. Notablyseveralof these functions were present in a single strain which could
indicate thamultiple modes of plant growth promotion might be occurring simultaneously rather
than one function conferringeverabenefits(126). In addition thedegree of functional
redundancy within and between taxonomic groups in this collectioe inakobust resource for
the plantmicrobiome studie€10). While genomebasedscreening provides valuable insights
into functional potential, experimental validation is necessary to detetmider what
conditionsthese functions are expressedivo.

The most effective way to test plamicrobe interactionthat confebeneficial functions
in vivois through the use of reduced complexity SynComs, which provide the framework to
assess the impact of microbial effectors on plant performance and microbial community
dynamicsBefore developing the SynCom, we confirmed that inoculation with the assembled
consortium did not negatively impact plant performance undestress conditions, indicating
overall host compatibility. However, planticrobe interactiomutcomes can be modulated by
the abiotic and biotic environmental conditiqtig6, 147) Accordingly, the effects of the
consortium, and ultimately SynCom, on plant performance are likely context dependent and may
differ under stress conditions, thus warranting evaluation in future studies. This highlights the

importance of carefully desigmy SynComs to include relevant taxonomic and functional traits
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to enable the dissection of plamicrobe interaction under defined conditi¢a®, 148) By
leveraging the modularity of this reduced complexity systgmasan establish causality
between microbial effectors and plant resporige8, 149)

Our objective was to develop a SynCom that could be used for diverse research purposes.
For this reason, the SynCom would need to have the functional capathiktipsrsistin the
root environment as well as traits associated with nutrient cycling and plant growth promotion
that could be of interest to the scientific communitige loss of microbial diversity in the root
compartment compared bulk soil indicates strong selection by thlantfor microbeghat
arguably favors beneficial interactio(®s 150) Therefore, using a hestediated approach might
be an effectivestrategyto select SynCom members that are both competitive for root
colonization anancode foplant beneficial traitddostmediated approaches to SynCom
building have resulted in SynComs representative of the major taxa in the native community and
capable of suppressing funghseasen maize(21), as well as a SynCom that enhanced
phosphorus accumulation A thalianawhen strains associated with desirable host phenotypes
were selecte¢il51).

Despite these successes, hosdiated selection may also introduce bias toward the
specific environmental conditions under which selection occurs, potentially limiting performance
under alternative contexts. To mitigate this limitation and complementtexiited filtering of
strains, we incorporated community dynamics following consortium inoculation as an additional
layer of selection during SynCom candidate identification. Selection criteria were designed to
capture four key attributes: root colonizatiability, dynamic behavior indicative of activity,
taxonomic representation and ecological relevance within the wheat microbiome. To prioritize

robust colonizers, candidate strains requaethcrease in relative abundance within plant roots
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compared to original consortium inoculum aoexceed a minimum abundance threshold of
0.01%. This approach is supported by studies demonstrating that mutants deferdite in
associated with motility, carbohydrate transport and metabolism, or cell membrane biogenesis
exhibited lower colonization levels than wildtype strgiBi8). Importantly, impaired

colonization also showed decreased biocontrol ability agRursrium oxysporurim tomato,
underscoring the potential importance of adequate root colonization levels for host fithess
benefits(152)

To identify taxa that may be functionally active within the plant environment, we
considered strains whose relative abundance changed between cultivars and across time points.
Differential enrichment of microbial taxa have been associated with diseagantand
susceptible cultivars in both strawbeffyp3)and tomatq154), and such taxa are frequently
associated with plant growth promotion or biocontrol capabilities. Moreover, tracking levels of
and isolated strains from a disease resistance tomato cultivar revealed contrasting temporal
patterns in be presence and absearidbe pathogefil54)While differential abundant taxa alone
does not confirm functional activity, these patterns may highlight taxa responsive to host of
environmental cues relevant to plamicrobe interactions studies.

Candidacy based on the inclusion of relevant taxa associated with the wheat microbiome
was identified based on the shared and temporal core in our analysis. The limitations of the
common core and taxa comparisons at higher taxonomic levels have alreadytessed
here however, the consistent association of wheat taxa at the genus level among studies may be
indicative of taxonomically conserved functions important for host associations. Although these
potential taxonomically conserved functions aretgdie resolved through thorough pangenomic

validation, they should still be considered as reflections of close interactions between these taxa
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and wheat. In addition, the temporal core may identify not only highly stable taxa in the
community but also temporal fluctuations might be indicative of functional releyagge

Finally, we considered taxa previously proposed in the literature as keystone species of the
wheatmicrobiota. Keystone taxa have been suggested to play disproportionate roles in
maintaining community structure, and may confer resilience to Syr6®rEvidence of this

was observed in maize, whdtaterobacter cloacawas identified as a keystone species after its
removal lead to the collapse of a seven member Syn@bnWhile keystone roles remain to be
validated in the present system, inclusion of taxa with putative keystone potential provides a
rational for future perturbatiebased testing within the SynCom.

By applying these criterigand thanclusionof one additional strain with nitrogdixing
capability to ensure maximum functional coverage, we assembled a 15 member SynCom
comprising taxa associated with the wheat microbiota and plant growth pronidticeover,
theSynComds functional capabilities reflect those
redundancy. Such redundancy may enhance the robustness of the SynCom under variable
conditions. Although the stability and functional roles of indigildmembers require further
validation, this SynCom provides a tractable platform to conduct mechanistic studies of wheat
microbe interactions.

Consistent with our second prediction, inoculation with a consortium assembled from the
isolate collection did not negatively impact wheat performance undestress conditions,
indicating overall host compatibility and the absence of overt pathogéaatseMoreover,
leveraging the community dynamics of the consortium after host selection resulted in a reduced
SynCom that retains key taxonomic and functional traits important tomplianbbe interaction

studies in wheaflThereforesupporting that a ls-mediated approach can be used to assemble
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simplified and yet biologically meaningful system to dissect whaatobe interaction under

defined conditions.

2.5Conclusion

We have developed a comprehensive resaoréacilitatethe investigation of wheat
microbiome interactions. This resource is composed of a bacterial collepi@sentativef the
wheat core microbiota with accompanyimgh-quality genomesas well as reduced
complexity SynConderived from this collectiarirhis study demonstrated that a hostdiated
approacttan be effectively used for both microbial isolation and SynCom design, resulting in
the recovery of wheat associated taxa and functional traits relevant of ecosystem functions
carried out by plant asciated microbiota.

The SynCom developed here is intended to serve as a baseline to explore diverse research
topicsregarding planrmicrobe interactiondBy leveraginghe genomic functional screening
from the isolate collection, targeted hypothesis can be formulated and tested by selectively
removing, replacing, or adding microbes or gengse effect of removing specific SynCom
strains or exchanging them with other strains in the collection with contrasting functional
capabilities can be studied to determine the rokgpedific microbe or function on community
assembly and plant performance. Similarly, other bacterial or fungal strains can be added to this
SynCom to determine the effects of invading species on community dynamics and plant health.
Moreover this culture collectiomepresents a source of bioactive compounds with applications
extending beyond agriculture.

Overall,this work expandshe toolkit availabldor mechanistic studiesf wheatmicrobe

interactions. The implementation of this resource will facilitate the deep understanding of
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molecular mechanisms of interaction between wheat and microbiota, mbichltimately
inform the development of novelicrobebasedstrategies to enhanegricultural productivity.
We encourage the wider scientific communityeiplorethe capabilities of this resource and

adapt it to address their owesearchnterests.
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Supplementary Tables

Supplementary Table 21. Isolatemetadata

Colony Morphology

Colony Isolate ID | DSMZ Isolation | Isolation | Shape size surface Color Opacity Elevati | Margin

ID Number Media Strategy surface on

CT1l11 Prarl DSM r2a 1/10 | Direct circular medium creamy opaque flat even
115886 white

CT11-2 Pseusp2 | DSM r2a 1/10 Direct punctate | small creamy translucent | flat even
117406 white

CT11-3 Pseusp3 | DSM r2a 1/10 Direct N/A N/A N/A N/A N/A N/A N/A
117407

CT114 Pseusp4 | DSM r2a 1/10 Direct circular big glistening | white irradescent | flat wavy/corled
115911

CT115 Golub DSM r2a 1/10 Direct rhizoid big smooth creamy transparent| flat lobate
115887 white

CT116 Chrysp6 | Not r2a 1/10 Direct circular medium | rough yellowish transparent| flat even
Submitted

CT117 Prme7 DSM r2a 1/10 Direct circular medium | glistening | creamy opaque flat even
114707 white

CT11-8 Dugasp8 | Not r2a 1/10 Direct circular medium | smooth yellowish translucent | flat irregular
Submitted

CT119 Pseusp9 | DSM r2a 1/10 | Direct irregular | big smooth white translucent | flat wavy/curled
115916

CT11-10 | PseusplO | DSM r2a 1/10 | Direct rhizoid big smooth creamy irradescent | flat lobate
115900 white

CT11-11 | Pseuspll | DSM r2a 1/10 | Direct irregular | big glistening | yellowish | translucent | flat fillamentous
117408

CT11-12 | Pseuspl2Z Not r2a 1/20 | Direct circular small smooth white opaque flat even
Submitted

CT11-13 | Pseuspl3 | Not r2a 1/20 | Direct circular small smooth white translucent | flat even
Submitted

CT11-14 | Pseuspl4d | Not r2a 1/20 | Direct circular small smooth white translucent | convex | even
Submitted

CT11-15 | Pseuspl5 | DSM VxylG Direct circular medium | dull white opaquefirra| flat curled
115901 descent

CT11-16 | Pseuspl6 | DSM VxylG Direct circular big smooth no color irradescent/| flat even
115912 translucent
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Supplementary Table 21. Continued

CT11-17 | Panicol?7 | DSM VxylG Direct circular small shiny creamy opaque flat even
114708 white

CT11-18 | Pseuspl8 | DSM r2a 1/100 | Direct circular small dull creamy opaque convex | even
115914 white

CT11-19 | Pseuspl9 | Not r2a 1/100 | Direct circular small shiny creamy translucent | flat even
Submitted white

CT11-20 | Pseusp20 | DSM VxylG Direct circular medium | shiny white opaque flat even
115894

CT11-21 | Pseusp2l | DSM VxylG Direct circular big zhiny clear transparent| flat even
115913

CT11-22 | Curtsp22 | DSM r2a 1/20 | Direct circular medium | shiny yellowish opaque flat even
115892

CT11-24 | Chor24 DSM r2a 1/20 | Direct circular small shiny yellow opaque flat even
116003

CT11-25 | Dugasp25| DSM r2a 1/20 | Direct circular medium | shiny pink opaque convex | even
116004

CT11-26 | Past26 DSM r2a 1/20 | Direct circular small dull white opaque flat even
115902

CT11-27 | Varisp27 | DSM r2a 1/20 Direct circular small dull yellow opaque flat even
115921

CT11-28 | Prme28 DSM r2a 1/20 Direct circular medium | shiny creamy opaque flat even
117377 pinky

CT11-29 | Agfa29 DSM r2a 1/20 Direct circular big shiny creamy translucent | convex | even
115896 white

CT11-32 | Dugasp32| Not r2a 1/10 Direct circular medium | shiny purple opaque convex | even
Submitted

CT11-34 | Lutesp34 | DSM r2a 1/10 Direct circular small shiny yellow translucent | flat even
115903

CT11-36 | Varisp36 | DSM r2a 1/10 | Direct circular medium | shiny creamy opaque flat even
115904 yellow

CT11-38 | Paensp38| DSM r2a 1/100 | Direct circular small smooth clear translucent | pulvinat | even
115888 e

CT11-39 | Panico39 | DSM r2a 1/100 | Direct circular small shiny white opaque flat even
117385

CT12-40 | Varisp40 | Not r2a 1/100 | Direct circular small smooth creamy translucent | flat irregular
Submitted yellow

CT11-41 | Varisp4l | DSM r2a 1/100 | Direct circular small dull white opaque flat even
106006
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Supplementary Table 21. Continued

CT11-42 | Rhizsp42 | DSM r2a 1/100 | Direct circular big shiny creamy translucent | convex | even
117412 white

CT11-43 | Pseusp43 | DSM r2a 1/100 | Direct circular big shiny white translucent | convex | even
115915

CT11-44 | Dugasp44| DSM r2a 1/20 | Direct circular small shiny purple opaque convex | even
116081

CT11-45 | Curtsp45 | DSM r2a 1/20 | Direct circular medium | shiny yellow opaque flat even
117386

CT11-46 | Varisp46 | DSM VxylG Direct circular small dull white opaque flat even
117460

CT11-47 | Rhizsp47 | DSM VxylG Direct circular big shiny creamy translucent | flat even
115897 white

CT11-48 | Rhpi48 DSM VxylG Direct iregular medium | shiny creamy translucent | imbedd | even
115917 white ed in

the
media

CT11-49 | Pseusp49 | DSM r2a 1/100 | Direct irregular | big shiny creamy translucent | flat even
114827 white

CT11-50 | Varisp50 | Not r2A 1/10 | Direct circular big shiny yellow opaque flat even
Submitted

CT11-51 | Perisp51 | DSM R2A 1/10 | Direct circular big shiny creamy opaque flat even
115889 white

CT11-52 | Polasp52 | DSM R2A 1/10 | Direct irregular | big dull-shiny | white translucentr| flat wavy
116082 margin

CT11-53 | Varisp53 | DSM R2A 1/10 | Direct circular/ha| big shiny yellow opaque flat even
117461 lo

CT11-54 | Chrysp54 | Not R2A 1/10 | Direct circular big shiny creamy translucent | flat curled?
Submitted white

CT11-55 | Polasp55 | DSM R2A 1/10 | Direct circular medium | shiny creamy opaque flat everthalo
116095 white

CT11-56 | Dugasp56| DSM R2A 1/20 | Direct circular medium | shiny creamy opaque pulvinat | even
116096 pink e

CT11-57 | Curtsp57 | DSM R2A 1/20 | Direct circular small shiny yellow opaque convex | even
115891

CT11-59 | Rugasp59| DSM R2A 1/20 | Direct circular big shiny creamy translucent | convex | even
116164 pink/orang

e
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Supplementary Table 21. Continued

CT11:61 | Varisp61 | Not R2A Direct irregular | big shiny creamy translucent | flat wavy
Submitted | 1/100 white

CT11:-62 | Varisp62 | DSM R2A Direct circular medium | dull creamy opaque flat filamentous
117462 1/100 yellowish

CT11:63 | Mitsp63 DSM R2A Direct circular small shiny creamy opaque convex | even
116170 1/100 white

CT11-65 | ANPR65 | Not VxylG Direct irregular | big shiny creamy translucent | flat lobate
Submitted white

CT11-66 | Sphisp66 | DSM VxylG Direct punctifor | medium | shiny clear/yello | translucenn| flat even
115905 m wish t

CT11-68 | Paph68 DSM VxylG Direct circular big shiny white translucent | flat even
115906

CT11-69 | Varisp69 | Not VxylG Direct circular medium | shiny clear/yello | translucent | flat filamentous
Submitted wish

CT11-72 | Dugasp72| DSM R2A 1/20 | Direct filamento | big full pink opaque/glo | flat filamentous
117456 us/circular ssy

CT11-73 | Mucisp73 | DSM R2A 1/20 | Direct circular medium | shiny creamy opaque convex | even
116181 prink

CT11-74 | ANPR74 | Not R2A 1/20 | Direct circular medium | shiny yellow transluscen| convex | even
Submitted t

CT11-75 | ANPR75 | Not R2A 1/20 | Direct circular big shiny creamy transluscen| convex | even
Submitted white t

CT11-76 | Varisp76 | DSM R2A 1/20 | Direct circular big dull creamy opaque flat curled
117382 yellow

CT12-77 | Chrysp77 | Not R2A 1/10 | Direct circular small shiny creamy transluscen| flat halo/even
Submitted white t

CT11-78 | Dugasp78| DSM R2A 1/10 | Direct circular big shiny creamy opaque raised curled/even
116186 white

CT11-79 | Rhpi79 DSM R2A 1/10 | Direct circular big shiny creamy opaque convex | even
115898 white

CT11-81 | Flavsp8l1 | DSM R2A Direct circular medium | shiny yellow translucent | convex | even
114789 1/100

CT11-82 | Rhizsp82 | DSM R2A Direct circular big shiny creamy translucent | convex | even
115899 1/100 pink

CT11-83 | Polasp83 | DSM R2A Direct circular small shiny creamy opaque flat even
116217 1/100 white

CT11-84 Mucisp84 | Not R2A N/A N/A N/A N/A N/A N/A N/A N/A
Submitted | 1/100
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Supplementary Table 21. Continued

CT11-85 | Varisp85 | DSM R2A N/A N/A N/A N/A N/A N/A N/A N/A
115920 1/100

CT11-86 | Mucisp86 | DSM R2A N/A N/A N/A N/A N/A N/A N/A N/A
114748 1/100

CT11-87 | Koco87 Not VxylG Host circular big shiny white opaque flat wavy
Submitted

CT11-88 | Pseusp88 | Not VxylG Host circular small shiny creamy translucent | flat even
Submitted white

CT11-89 | Pseusp89 | DSM VxylG Host circular small dull white opaque flat/ even/halo
115907 embede

d

CT11-90 | Panico90 | DSM VxylG Host circular small shiny white opaque flat even
115893

CT11-91 | Pseusp9l | Not VxylG Host irregular | big shiny clear transparent| flat lobate
Submitted

CT11-92 | Mace92 DSM R2A 1/10 | Host circular small shiny white opaque flat even
115924

CT11-93 | Masssp93| DSM R2A 1/10 | Host circular small shiny creamy translucent | flat even
115922 white

CT11-94 | Masssp94 | DSM R2A 1/10 | Host circular medium | ahiny creamy opaque flat even
115923 white

CT11-95 | Koco95 Not R2A 1/10 | Host circular medium | shiny creamy translucent | flat even
Submitted white

CT11-96 | Kosasp96 | Not R2A 1/10 | Host circular big shiny creamuy translucent | flat wavy/halo
Submitted white

CT11-97 | Pseusp97 | Not R2A 1/10 | Host circular small dull clear transparent| flat curcled
Submitted

CT11-98 | Koco98 Not R2A 1/10 | Host rhizoid big shiny yellowish | translucent | flat wavy
Submitted

CT11-99 | Tellsp99 | DSM R2A 1/10 | Host circular big shiny white translucent | flat curled
117459

CT12-100 | Kosaspl0 | Not R2A 1/10 | Host circular big shiny creamy translucent | flat even

0 Submitted white
CT11-101 | Massspl0| Not R2A 1/20 | Host circular small shiny white opaque flat eve
1 Submitted

CT11-102 | Kosal02 | Not R2A 1/20 | Host circular small shiny white translucent | flat even

Submitted
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Supplementary Table 21. Continued

CT11-103 | Pseuspl03 Not R2A 1/20 | Host circular big dull clear transparent| flat wavy
Submitted
CT11-104 | Tellsp1l04 | DSM R2A Host circular small shiny white opaque flat even
114809 1/100
CT11-105 | Kocol05 | DSM R2A Host circular small shiny creamy translucent | flat even
115944 1/100 white
CT11-107 | Kocol07 | Not R2A Host circular small shiny clear transucent | flat even
Submitted | 1/100
CT11-108 | Massspl10| Not R2A 1/10 | Host circular big dull clear transparent| flat curled
8 Submitted
CT11-109 | Kocol09 | Not R2A 1/10 | Host circular big shiny yellowish opaque flat even
Submitted
CT11-110 | Ralssp110| DSM R2A 1/10 | Host circular medium | shiny creamy opaque flat even/halo
115936 white
CT11-111 | Paenspll | DSM R2A 1/10 | Host circular small shiny clear transluscen| flat even
1 115890 t
CT11-112 | Ralsspl12| DSM R2A 1/10 | Host circular big shiny white translucent/| flat curled
114704 irradecent
CT11-113 | Stgenill3| DSM R2A 1/10 | Host irregular | medium | shiny creamy transllucent| fla wavy
115937 white
CT11-114 | Burkspll | DSM VxylG Host circular big shiny white opaque flat even
4 115947
CT12-115 | Herbspll | Not VxylG Host circular medium | dull clear translucent | flat lobate/curle
5 Submitted d
CT11-116 | ANPR116 | Not VxylG Host circular big shiny clear translucent | flat even
Submitted
CT12-117 | Acanill7 | DSM VxylG Host circular small dull clear translucent | flat curled/even/
115908 halo
CT11-118 | Kosall8 | Not VxylG Host circular big shiny creamy translucent | flat even/curled
Submitted white
CT12-119 | Hefr119 DSM VxylG Host circular medium | dull white transluscen| flat even/halo
116218 t
CT11-120 | Padil20 | DSM VxylG Host ciruclar medium | shiny yellowish | translucent | flat even/halo
115909
CT11-121 | Ralsspl21| DSM R2A 1/20 | Host circular small rough white opaque flat filamentous
115938
CT11-122 | Pseuspl2Z DSM R2A 1/20 | Host circular medium | shiny creamy translucent | flat curled
117409 white
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Supplementary Table 21. Continued

CT11-123 | Acmul23 | DSM R2A 1/20 | Host circular small shiny white opaque flat even
115945
CT11-124 | Rhizspl24| DSM R2A 1/20 | Host circular small shiny creamy opaque flat even
114751 white
CT11-125 | Stgenil25| DSM R2A 1/20 | Host irregular | small rough creamy opaque flat even
114705 white
CT11-127 | Stgenil27 | Not R2A 1/10 | Host circular medium | shiny yellow translucent | flat even
Submitted
CT11-128 | Hefr128 DSM VxylG Host circular medium | shiny creamy opaque flat even
117383 white
CT11-129 | Massspl2| Not R2A 1/10 | Host circular big rough yellow opaque flat wavy/curled
9 Submitted
CT11-130 | Rhizsp130| DSM R2A Host circula medium | shiny pinkish tranlsucent | convex | even
114747 1/100
CT11-131 | Tellsp131 | DSM R2A 1/20 | Host circular medium | roug=h yellow opaque flat wavy
117458
CT11-132 | Azospl32 | DSM R2A 1/20 | Host circular big shiny pinkish translucent | flat even/curled
116219
CT11-133 | Curtspl133| Not VxylG Host circular big shiny yellow translucent | flat even
Submitted
CT11-134 | Mesospl3| DSM VxylG Host circular small shiny clear transparent| flat even
4 115918
CT11-135 | Ralsspl135| DSM VxylG Host circular small dull white opaque flat curled
115939
CT11-136 | Kocol36 | DSM R2A Host circular big shiny yellow translucent | convex | even
117384 1/100
CT11-137 | Massspl13| DSM R2A Host circular medium | dull yellow opaque flat even
7 115925 1/100
CT11-138 | Pseuspl3fq DSM R2A 1/20 | Host filamento | medium | dull white translucent | flat lobate
115910 us
CT11-139 | Spoligl39 | DSM R2A 1/10 | Host circular small shiny creamy translucent | umbona | even
117418 white te
CT11-140 | Sphispl140| DSM R2A 1/10 | Host circular small shiny yellow translucent | flat
117417
CT11-124 | Rhizspl24| DSM Host circular small shiny creamy opaque flat even
114751 white
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Supplementary Table 22. Taxa associated with wheat bacterial microbiota as compiled by
Kavamura et al. (25) Numbers indicate the number of studwkichthe taxa vereidentified in

(n=10). Taxa in bold are present in the presented collection. *Indicates taxa found in the original

root slurry.
Genus Studies| Genus Studies| Genus Studies
Acetomicrobium 1 Formivibrio 1 Pedosphaera 1
Achromobacter 1 Francisella 1 Phaselicystis 2
Acidicaldus 1 Frankia 1 Phenylobacterium | 3
Acidiphilium 1 Friedmanniella 2 Phormidium 2
Acidisphaera 1 Fulvimonas 1 Phycicoccus 1
Acidobacterium 1 Gaiella 1 Phyllobacterium 2
Acidocella 1 Gemmata 1 Pilimelia 2
Acidothermus 1 Gemmatimonas | 4 Pirellula 1
Acinetobacter 2 Geobacter 1 Polycyclovorans 1
Actinophytocola 1 Geodermatophilus| 2 Promicromonosporg 2
Actinopolymornphg 1 Granulicella 1 Propionibacterium | 1
Adhaeribacter 3 Haliangium* 4 Prosthecobacter* | 2
Aeromicrobium 4 Haliea 1 Pseudarthrobacter | 1
Aeromonas 1 Halothiobacillus 1 Pseudofuimonas 1
Afipia 1 Herbaspirillum 2 Pseudolabrys 2
Agrobacterium 1 Herbiconiux 1 Pseudolateromonas| 1
Agromyces 1 Herminiimonas 1 Pseudomonas* 6
Albidiferax 2 Hirschia 1 Pseudonocardia 3
Amaricoccus 1 Humicoccus 1 Pseudoxanthomona| 2
Aminobacter 1 Humihabitans 1 Pyramidobacter 1
Amycolatopsis 3 Hydrotalea 1 Ramlibacter 3
Anaeromyxobacter| 1 Hymenobacter 1 Rathayibacter 1
Andersenialla 1 lamia 1 Reyranella 1
Angustibacter 1 Inquilinus 2 Rheinheimera 1
Aquicella 1 Isosphaera 1 Rhizobacter* 2
Archangium 1 Janthinobacterium| 2 Rhizobium* 4
Armatimonas 1 Kaistobacter 2 Rhizomicrobium 1
Arthrobacter 1 Kineococcus 2 Rhodanobacter* 4
Asticcacaulis* 3 Kitasatospora 1 Rhodobacter 3
Azohydromonas |1 Klebsiella 2 Rhodoblastus 1
Azospirillum 2 Kocuria 1 Rhodococcus 2
Bacillus* 4 Kribbella 1 Rhodocytophaga 2
Bacteriovorax 1 Lacibacter 1 Rhodoferax 1
Beijerinckia 1 Lapillicoccus 1 Rhodomicrobium 1
Belnapia 2 Leptothrix 1 Rhodoplanes 3
1 2 1

Blastocatella

Luteibacter

Rhodovastum
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Supplementary Table 22. Continued

Blastococcus 2 Luteolibacter 1 Rickettsia 1
Bosea* 1 Lysobacter* 3 Roseiflexus 2
Bradyrhizobium 7 Magnetospirillum | 1 Roseomonas 2
Brevundimonas 4 Marmoricola 2 Rubrivivax 1
Bryobacter 1 Massilia 6 Rubrobacter 1
Burkholderia* 4 Mesorhizobium* | 3 Rudaea 1
Byssovorax 1 Methylibium 1 Saccharothrix 2
Caldilinea 1 Methylobacterium | 3 Sandarakinorhabdug 1
Caloramator 1 Methylocella 1 Sanguibacter 2
Catellatospora 1 Methylocystis 1 Sediminibacterium | 3
Caulobater* 4 Methylophilus 1 Segetibacter 4
Cellulosimicrobium| 1 Methylosinus 1 Serratia 2
Cellvidrio 1 Methylotenera 3 Shinella 1
Chelatococcus 1 Methylovirgula 1 Singulisphaera 1
Chitinophaga* 5 Microbacterium 1 Siphonobacter 1
Choncromyces 1 Micrococcus 1 Skermanella 3
Chthoniobacter* 1 Microlunatus 2 Sollrubrobacter 3
Chryseobacterium | 4 Micromonospora | 1 Sorangium 2
Chthonomonas 1 Microvirga 1 Sphaerisporangium | 1
Citrobacter 1 Modestobacter 3 Sphaerobacter 1
Clostridium 2 Mucilaginibacter* | 5 Sphingobacterium | 2
Cohnella 1 Mycobacterium 2 Sphingobium 1
Collimonas 2 Mycoplasma 1 Sphingomonas* 8
Conexibacter 1 Nakamurella 1 Sphingopyxis 1
Corallococcus 1 Nannocystis 1 Spirochaeta* 1
Corynebactenum | 1 Niastella* 3 Spirosoma 1
Coxiella 1 Nitrosospira 2 Sporosarcina 1
Craurococcus 1 Nitrosovibrio 1 Staphylococcus 1
Curtobacterium 2 Nitrospira 3 Stenotrophobacter | 2
Cytophaga* 1 Nocardioides 3 Stenotrophomonas | 4
Desulfothermus 1 Nostoc 1 Steroidobacter* 2
Desulfotomaculum| 1 Noviherbaspirillum| 1 Streptococcus 1
Devosia* 4 Novosphingobium | 2 Streptomyces* 4
Dinghuibacter 1 Oceaniserpeniilla | 1 Suttonella 1
Dokdonella 3 Opitutus 3 Taibaiella 1
Dongia 1 Oryzihumus 1 Telmatospirillum 1
Duganella* 3 Paenarthrobacter | 1 Terrimonas 2
Dyadobacter 4 Paenibacillus 4 Thermodesulfobium| 1
Dyella 1 Paludibacter 1 Thermomonas 1
Enhydrobacter 1 Paludibaculum 1 Udaeobacter 1

123



Supplementary Table 21. Continued

Erwinia 1 Panacagrimonas | 1 Undibacterium 1
Erythrobacter 1 Pantoea 5 Variibacter 3
Euzebya 1 Paraburknolderia* | 1 Variovorax 5
Ferruginibacter 3 Paracoccus 1 Verticia 1
Fibrobacter 2 Parasegetibacter | 1 Vicinamibacter 1
Filimonas 1 Parvibaculum 1 Williamsia 1
Flavisolibacter 1 Paucibacter 1 Xanthomonas 2
Flavitalea 1 Paulibacter 1

Flavobacterium* |5 Pedobacter* 5
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Supplementary Table 23. Quality control metric of final assemblies. Data for both short read and hybrid asseggiipwn.

Isolate NCBI Biosampl| # | Coverage Genom| GC N50 % % rRN | tRNA | CDS | Gene
ID Accession e conti depth esize | (%) Compl | Contami| A density
gs Mbp eteness nation

Prarl | CP168546 | SAMN43 | 2 249 5.15 | 38.14 | 5108032 100 0.05 40 120 | 5260| 1.02
CP168547| 145721

Pseusp2| JBKBEZOO| SAMN43 | 71 173 6.75 59.2 | 271749 | 100 0.63 5 73 | 6037 0.89
0000000 | 145722

Pseusp3| JBGLYVO | SAMN43 | 247 51 6.64 | 59.84 | 57172 100 0.48 6 80 | 6050 0.91
00000000 | 145732

Pseusp4| CP168534 | SAMN43 | 2 94 6.54 59.5 | 6540491 100 0.54 22 76 | 5866| 0.90
CP168535| 145746

Golu5 | CP168532 | SAMN43| 2 166 448 | 33.02 | 4461364 99.14 0.71 36 88 | 4326| 0.97
CP168533| 145754

Prme7 | CP168577 | SAMN43 | 7 58 5.73 | 37.88 | 5129774 100 1.19 43 121 | 5789| 1.01
CP168583| 145764

Pseusp9| CP168500| SAMN43| 1 75 6.57 | 59.64 | 6566193 100 0.7 25 77 | 5906 0.90
145782

Pseusplq CP168528| SAMN43| 1 59 6.34 | 59.71 | 6341052| 100 0.34 22 71 | 5655| 0.89
145689

Pseuspll JBGLZFO0 | SAMN43 | 95 62 6.65 | 59.38 | 150911 | 100 0.65 4 75 | 5955| 0.89
0000000 | 145690

Pseusplq CP168523| SAMN43| 1 51 6.34 | 59.55 | 6340275/ 100 0.43 19 72 | 5614| 0.89
145717

Pseusplq§ CP168522| SAMN43| 1 60 6.97 | 59.59 | 6974647 100 0.4 26 74 | 6284 0.90
145718

Panicol7| CP168548 | SAMN43 | 2 30 451 | 63.13 | 4292797| 100 0.39 15 55 | 4168| 0.92
CP168549| 145719

Pseuspld CP169240 | SAMN43 | 3 55 6.79 | 59.18 | 6785578 100 0.6 19 71 | 6028 0.89
CP169242| 145720

Pseusp2q CP168521| SAMN43| 1 98 452 | 65.97 | 4515054| 100 0.07 15 56 | 4101| 0.91
145723

Pseusp2] CP168520| SAMN43 | 1 35 6.28 | 60.63 | 6277979 100 0.63 19 77 | 5550 0.88
145724

Curtsp22| CP168519| SAMN43| 1 107 3.79 | 71.51|3788949| 100 0.15 9 52 | 3593| 0.95
145725
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Supplementary Table 23. Continued

Chor24 | CP168544 | SAMN43 | 2 149 4.40 37.9 | 4389973| 99.98 0.29 21 82 3981 0.91
CP168545| 145726

Dugasp2| JBKBFDOO | SAMN43 | 2 90 7.34 64.5 | 7318753| 100 1.45 14 89 |6164| 0.84
5 0000000 | 145727

Past26 | CP168542 | SAMN43 | 2 57 7.08 | 62.04 | 3916309| 100 0.19 12 66 | 6244| 0.88
CP168543| 145728

Varisp27 | CP168518| SAMN43 1 54 6.47 | 66.74 | 6474357 100 0.33 6 59 | 5970| 0.92
145729

Prme28 | JBGLYWO | SAMN43 | 57 187 5.54 | 37.67 | 380782 | 100 0.82 11 149 | 5679| 1.03
00000000 | 145730

Agfa29 | JBKBFCOO| SAMN43 | 3 43 5.76 | 58.45| 2104700 100 0.44 15 58 | 5411| 0.94
0000000 | 145731

Lutesp34| CP168517| SAMNA43 1 102 4.22 | 66.07 | 4216035/ 100 0.04 6 50 | 3664| 0.87
145733

Varisp36 | JBGLYUO | SAMN43 | 107 83 598 | 66.89 | 95530 | 99.96 0.21 3 51 | 5516| 0.92
00000000 | 145734

Paensp3§ CP168516| SAMN43 1 156 5.76 | 45.64 | 5755325| 100 0.1 42 105 | 4974| 0.86
145735

Panico39| JBGLYTOO | SAMN43 | 89 191 450 | 63.18 | 101515| 100 0.05 3 59 | 4220| 0.94
0000000 | 145736

Varisp4l | CP168540 | SAMN43 | 2 27 8.60 | 69.49 | 6726824 99.99 3.55 9 73 | 7828| 0.91
CP168541| 145737

Rhizsp42| JBGLYS00| SAMN43 | 118 101 6.58 61.1 | 141516 | 99.99 0.4 3 55 | 6257| 0.95
0000000 | 145738

Pseusp43 CP168538 | SAMN43 | 2 89 6.70 | 59.35| 6692969 100 0.66 19 71 | 5964| 0.89
CP168539| 145739

Dugasp4| CP168536 | SAMN43 | 2 47 7.30 | 64.57 | 7293355 100 0.15 14 92 | 6254| 0.86
4 CP168537| 145740

Varisp46 | CP168515| SAMN43 1 71 6.13 | 66.84 | 6127058 100 0.42 6 55 | 5627| 0.92
145742

Rhizsp47| CP168589 | SAMN43 | 4 77 6.94 | 61.16 | 3891312 100 1.53 12 62 | 6688| 0.96
CP168592| 145743

Rhpi48 | JBGLYRO | SAMN43 | 115 64 6.63 | 61.07 | 142758 | 99.99 0 3 53 | 6359| 0.96
00000000 | 145744
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Supplementary Table 23. Continued

Pseusp4g CP168514| SAMN43 1 85 6.86 | 60.15 | 6862408 100 0.75 22 76 | 6034| 0.88
145745

Perisp51| CP168584 | SAMN43| 5 187 5.83 | 40.36 | 5355886 100 1.73 42 93 | 5631 0.97
CP168588| 145747

Polasp52| CP168513| SAMN43 1 243 5.22 | 64.86 | 5215286 100 0.02 3 47 | 4777| 0.92
145748

Varisp53 | CP168512| SAMN43 1 57 6.42 | 66.74 | 6417738 100 0.32 6 59 | 5927| 0.92
145749

Polasp55| JBKBEXO | SAMN43 | 62 127 5.12 | 64.34 | 152974 | 100 0 3 61 |4687| 0.91
00000000 | 145750

Dugasp5| JBGLYQO | SAMN43 | 116 92 7.24 | 64.36 | 127588 | 99.99 0.65 4 96 | 6238| 0.86
6 00000000 | 145751

Curtsp57| CP168511| SAMNA43 1 78 4.03 | 70.54 | 4034330, 100 0.55 9 56 | 3802 0.94
145752

Rugasp5| CP168510| SAMNA43 1 92 7.28 | 64.36 | 7278472 99.99 0.91 14 87 | 6228| 0.86
9 145753

Varisp62 | JIBGLYPOO| SAMN43 | 665 69 6.35 | 66.65| 19544 | 99.99 0.77 3 58 |6042| 0.95
0000000 | 145755

Mitsp63 | CP168509| SAMN43 1 59 6.15 | 69.53 | 6150204 100 0.29 12 71 | 5194| 0.84
145756

Sphisp66| CP168508| SAMN43 1 66 496 | 67.38 | 4956126| 99.99 1.13 6 56 |4492| 0.91
145757

Paph68 | CP168530 | SAMN43 | 2 120 6.80 | 63.54 | 4115846 100 0 12 70 | 5955| 0.88
CP168531| 145758

Dugasp7| JBKBFEOO| SAMN43 | 5 91 7.33 64.5 | 7318752 100 1.47 14 87 | 6172 0.84
2 0000000 | 145759

Mucisp7 | CP168507| SAMN43 1 126 6.67 | 42.94 | 6672902 99.99 0.79 9 55 | 5592| 0.84
3 145760

Varisp76 | JBKBEWO | SAMN43 | 2038 67 7.87 | 68.88 | 6543 88.91 8.01 5 67 |8041| 1.02
00000000 | 145761

Dugasp7| CP168506| SAMNA43 1 81 7.02 | 64.25| 7016682 100 0.44 16 91 |5984| 0.85
8 145762

Rhpi79 | CP168573 | SAMN43 | 4 81 6.58 | 61.07 | 4496982| 99.92 0 9 54 16289| 0.96
CP168576| 145763
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Supplementary Table 23. Continued

Flavsp81| CP168505| SAMNA43 1 376 5.13 34 | 5129701 100 0.08 12 49 | 4228| 0.82
145765

Rhizsp82| CP168569 | SAMN43 | 4 131 6.62 | 61.27 | 3867013| 100 1.2 12 61 | 6389| 0.96
CP168572| 145766

Polasp83| CP168504| SAMNA43 1 71 4.97 63.9 | 4971746 100 0 3 58 |4632| 0.93
145767

Mucisp8 | JBGLYOO | SAMN43 | 149 62 6.61 | 4293 | 97388 | 99.99 0.78 3 51 | 5546| 0.84
4 00000000 | 145768

Varisp85| JBGLYNO | SAMN43 | 153 50 6.11 | 66.87 | 65480 100 0.07 3 59 | 5600| 0.92
00000000 | 145769

Mucisp8 | CP168503| SAMN43 1 90 7.05 | 42.67 | 7047512 99.99 2.66 9 58 | 5793| 0.82
6 145770

Koco87 | JBKBEVO | SAMN43 | 38 105 4.75 | 56.18 | 197894 | 100 0.63 3 89 |4349| 0.92
00000000 | 145771

Pseusp88 JBGLYMO | SAMN43 | 94 116 7.01 | 59.56 | 156868 | 100 0.51 6 73 | 6348 0.91
00000000 | 145772

Pseusp89 CP168566 | SAMN43 | 3 77 6.49 | 65.52 | 6418619 100 0.03 16 73 | 5766| 0.89
CP168568| 145773

Panico90| CP168564 | SAMN43 | 2 179 4.64 | 63.08 | 4548022| 100 0.08 18 57 | 4324| 0.93
CP168565| 145774

Mace92 | CP168562 | SAMN43 | 2 36 7.29 66.2 | 7279930/ 100 0.81 14 103 | 6224| 0.85
CP168563| 145775

Masssp9| CP168502| SAMNA43 1 140 7.00 | 66.44 | 7002423 100 0.2 21 101 | 5672| 0.81
3 145776

Masssp9| CP168501| SAMN43 1 76 7.10 65.9 | 7104203| 100 0.81 14 95 |6042| 0.85
4 145777

Koco95 | JBGLYLOO | SAMN43 | 47 94 4.75 | 56.18 | 194129 | 100 0.55 3 91 | 4349| 0.92
0000000 | 145778

Pseusp97 JBGLYKO | SAMN43 | 489 114 6.37 | 65.62 | 23267 100 0.11 5 67 | 5691| 0.89
00000000 | 145779

Koco98 | JBGLYJOO | SAMN43 | 39 173 475 | 56.18 | 233817 | 100 0.65 3 91 | 4347| 0.92
0000000 | 145780

Tellsp99 | JBGLYIO0 | SAMN43 | 309 94 7.02 | 65.96 | 45818 100 0.83 3 102 | 6038| 0.86
0000000 | 145781
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Supplementary Table 23. Continued

Tellsp10 | JBGLZIOO | SAMN43 | 216 58 7.16 66.3 | 65562 100 0.36 3 103 | 6161| 0.86
4 0000000 | 145684
Kocol05| CP168529| SAMN43 1 97 4.80 | 56.16 | 4795088 100 0.66 22 83 |4367| 0.91
145685
Kocol107 | JIBGLZHOO | SAMN43 | 37 222 4.75 | 56.18 | 240676 | 100 0.65 4 91 | 4355| 0.92
0000000 | 145686
Massspl| JBKYMOO | SAMN43 | 1211 119 6.76 | 65.61| 11084 100 1.95 3 102 | 6252| 0.93
08 00000000 | 145687
Kocol09 | JIBGLZGO0| SAMN43 | 41 109 4.75 | 56.18 | 233976 | 100 0.74 3 93 |4352| 0.92
0000000 | 145688
Ralsspll| CP168608 | SAMN43 | 3 60 5.63 | 63.62 | 3667044 99.99 0.1 9 55 | 5175| 0.92
0 CP168610| 145691
Paenspll] CP168527| SAMNA43 1 207 442 | 48.71 | 4421279 99.6 0.79 33 89 |4075| 0.92
1 145692
Ralsspll| CP168560 | SAMN43 | 2 100 541 | 63.61| 3572917 100 0.06 9 54 | 4985| 0.92
2 CP168561| 145693
Stgenill| CP168526| SAMN43 1 243 4.49 | 66.49 | 4489887 100 0 13 79 13999| 0.89
3 145694
Burkspll| CP168605 | SAMN43| 3 38 7.98 | 65.85| 3119257 99.99 0 16 78 | 7145| 0.90
4 CP168607| 145695
Acanill7| CP168525| SAMN43 1 a7 6.09 | 65.63 | 6088310 99.99 0.18 13 63 | 5489| 0.90
145696
Hefr119 | CP168558 | SAMN43 | 2 25 540 | 63.14 | 5358361| 100 0.23 6 61 | 4790| 0.89
CP168559| 145697
Padi120 | CP168602 | SAMN43 | 3 108 4.84 57.7 | 4000326| 100 0.15 22 80 |4406| 0.91
CP168604| 145698
Ralssp12| CP168599 | SAMN43 | 3 135 5.62 | 63.52 | 3618331| 99.99 0.04 9 56 | 5161| 0.92
1 CP168601| 145699
Pseuspld JBGLZEOO| SAMN43 | 126 75 7.02 | 59.56 | 136176 | 100 0.51 6 67 |6364| 0.91
2 0000000 | 145700
Acmul2 | CP168556 | SAMN43 | 2 34 595 | 65.79 | 5934433 100 0.23 13 60 | 5438| 0.91
3 CP168557| 145701
Rhizspl2| CP168596 | SAMN43 | 3 77 6.60 | 61.41 | 3995718| 99.99 0.36 12 58 |6398| 0.97
4 CP168598| 145702
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Stgenil2 | JBGLZDOO | SAMN43 | 263 63 447 | 66.65| 26113 100 0 4 83 |3983| 0.89
5 0000000 | 145703
Stgenil2 | JBKBFB0O | SAMN43 | 1400 49 4.23 66.3 4375 92.19 1.23 5 71 | 4021| 0.95
7 0000000 | 145704
Hefrl28 | JBGLZCOO| SAMN43 | 729 52 5.29 | 63.03 | 13524 100 1.68 2 59 14833 0.91
0000000 | 145705
Rhizsp13| CP168593 | SAMN43 | 3 50 6.65 | 61.06 | 3847887 99.99 0.46 12 56 | 6314| 0.95
0 CP168595| 145706
Tellsp13 | JBGLZBOO | SAMN43 | 114 37 7.03 66 154282 | 100 0.71 4 89 |6011| 0.86
1 0000000 | 145707
Azospl3 | JBGLZAOO | SAMN43 | 9 52 761 | 67.44| 911786 | 100 0.35 29 97 | 6720| 0.88
2 0000000 | 145708
Curtspl13| JBKBFAOO | SAMN43 | 437 123 3.75 | 71.62 | 13719 100 1 3 56 | 3610| 0.96
3 0000000 | 145709
Mesospl| CP168554 | SAMN43 | 2 38 6.72 | 63.17 | 6298411 100 0.15 6 54 | 6410| 0.95
34 CP168555| 145710
Ralssp13| JBGLYZ00 | SAMN43 | 88 40 537 | 63.63 | 107989 | 99.99 0.24 3 55 | 5009| 0.93
5 0000000 | 145711
Kocol36| JBGLYYO | SAMN43| 41 187 4.75 | 56.18 | 198624 | 100 0.62 3 94 | 4350| 0.92
00000000 | 145712
Massspl| JBKYMPO | SAMN43 | 3 88 7.40 | 65.79 | 3737470 100 1.96 14 96 | 6377| 0.86
37 00000000 | 145713
Pseuspl3 CP168550 | SAMN43 | 4 54 7.08 | 59.49 | 6978221 100 0.55 19 66 | 6403| 0.90
8 CP168553| 145714
Spoligl3| CP168524| SAMN43 1 150 3.82 | 67.53 | 3819404| 100 0.32 9 58 | 3554| 0.93
9 145715
Sphisp14| JBGLYXO0 | SAMN43 | 297 75 496 | 67.45| 30149 | 99.97 1.15 3 54 | 4487| 091
0 00000000 | 145716
Rhizspl2| CP168596 | SAMN43 | 3 77 6.60 | 61.41 | 3995718| 99.99 0.36 12 58 |6398| 0.97
4 CP168598| 145702
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Supplementary Table 24. Classification of genomes produced by GTEBand TYGSS. Digital DNADNA hybridization (dDDH)

GTDB-tk Classification

TYGSS Classification

Species epithet if

Isolate ID Genus Species Kknown Next related type strain dDDH (dO %) | dDDH (d4 %)
. Massilia Massilia Massilia cellulosiltyticaNEAU-
Tellsp104 Massilia sp001426525 cellulosiltytica DD11 88.7 83.8
Koco105 Kosakonia Kosakonia cowanii | Kosakonia cowanii | Kosakonia cowanidCM 10956 92.5 72.1
Kocol107 Kosakonia Kosakonia cowanii | Kosakonia cowanii | Kosakonia cowanidCM 10956 92.5 72.2
. Massilia . .| Massilia cellulosiltyticaNEAU-
Masssp108 Massilia sp001426525 potential new species DD11 77.6 64.6
Koco109 Kosakonia Kosakonia cowanii | Kosakonia cowanii | Kosakonia cowanidCM 10956 92.2 72.2
Pseudomonas_E . .| Pseudomonas laurylsulfatiphilg
Pseusp10| Pseudomonas_E sp003053605 potential new species AP3 16 68.7 47.5
Pseudomonas_E . - .
Pseuspll| Pseudomonas_E Sp001655615 potential new speciey Pseudomonas farriSWRI79 61.5 43.5
Ralssp110 Ralstonia Ralstonia potential new speciey Ralstonia wenshanen$s$D2T 75.6 48.5
sp900115545 ) ' '
Paensplll Paenibacillus_A NA potential new species Paenibacillus zeisol3-5-3 79.8 34.8
: Ralstonia . . .
Ralssp112 Ralstonia Sp000955795 potential new specieq Ralstonia wenshanen$$D2T 83.3 53.5
. Stenotrophomonas| Stenotrophomonas| Stenotrophomonas geniculatg
Stgenill3 | Stenotrophomona geniculata geniculata JCM 13324 85.1 81
. Burkholderia . . . .

Burksp114 Burkholderia ambifaria A potential new speciey Burkholderia ambifarisAMMD 53.8 50.7
Acanill? Achromobacter Achrqmpbacter Achrqmpbacter Achromobacter animicusMG 94.2 829
animicus animicus 26690
Hefr119 Herbaspirillum Her_bgsplrlllum Herlbgspmllum Herbaspirillum frisingense 91 825
frisingense frisingense GSF30
Padi120 Pantoea Pantoea dispersa Pantoea dispersa | Pantoea dispers€&CUG 25232 88.9 83.9

. Ralstonia . . :
Ralssp121 Ralstonia Sp000955795 potential new speciey Ralstonia wenshanen$&D2T 81.1 53.3
Pseusp122| Pseudomonas_E NA potential new speciey Pseudomonas lijiangendisi2 23.7 24
Acmul23 | Achromobacter Achror_’nobacter Achror_nobacter Achromobacter mucicolens 89.4 79.7
mucicolens mucicolens LMG 26685
Rhizsp124 Rhizobium Rhizobium potential new species Rhizobium croatiens&3T 26.7 24
sp900468685 ) '
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. Stenotrophomonas| Stenotrophomonas| Stenotrophomonas geniculata
Stgenil25 | Stenotrophomona geniculata geniculata JCM 13324 84.4 81
. Stenotrophomonas| Stenotrophomonas| Stenotrophomonas geniculata
Stgenil27 | Stenotrophomona geniculata geniculata JCM 13324 80.8 81.2
Hefr128 Herbaspirillum Her'bjclsplrlllum Her.bfaspmllum Herbaspirillum frisingense 89.8 82 4
frisingense frisingense GSF30
. o Rhizobium . . Rhizobium metalliduranBSM
Rhizsp130 Rhizobium sp000799775 potential new species 26575 51 41.7
. Massilia . .| Massilia cellulosiltyticaNEAU-
Tellsp131 Massilia sp001426525 potential new species DD11 81.9 64.5
. Azospirillum . . -
Azospl32 Azospirillum sp003116065 potential new speciey Azospirillum oryza€OCS8T 63.4 54.8
, Curtobacterium , .| Curtobacterium pusillumATCC
Curtsp133| Curtobacterium sp001806325 potential new species 19096 53.1 34.2
o Mesorhizobium . . Mesorhizobium
Mesospl34| Mesorhizobium loti D potential new species carmichaelinearumiCMP 18942 45.1 40.3
: Ralstonia . . Rhizobium metalliduranBSM
Ralssp135 Ralstonia sp000955795 potential new specie 26575 83.4 53.5
Koco136 Kosakonia Kosakonia cowanii | Kosakonia cowanii | Kosakonia cowanidCM 10956 92.6 72.1
- Massilia . .| Massilia cellulosiltyticaNEAU-
Masssp137| Massilia sp001426525 potential new species DD11 76.3 63
Pseuspl138 Pseudomonas_E NA potential new speciey Pseudomonas lijiangendisl2 23.8 24.1
. . Sphingomonas
Spoligl39 | Sphingomonas_N S_phlngomo_nas_N _Sphlngomonas oligoaromativorandSM 89.8 84.5
oligoaromativorans | oligoaromativorans 102246
. . . .| Sphingomonas kyeonggiensis
Sphisp140| Sphingomonas NA potential new specie DSM 101806 55.4 41.4
Pseudomonas_E . . .
Pseuspl5| Pseudomonas_E sp001655615 potential new specie{ Pseudomonas farriSWRI79 63.9 43.3
Pseudomonas_E : .| Pseudomonas jessenii DSM
Pseuspl16| Pseudomonas_E $p002113025 potential new species 17150 68.6 46.8
Panicol? | Paenarthrobacter Pagnqrthrobacter Pa_ena_rthrobacter . Paenarthrobacter 88.6 88
nicotinovorans nicotinovorans nicotinovoransdDSM 420
Pseudomonas_E : - .
Pseusp18| Pseudomonas_E Sp001655615 potential new speciey Pseudomonas farriSWRI79 61.9 43.2
Prarl Priestia Priestia aryabhattai | Priestia aryabhattai | Priestia aryabhattalCM 13839 86.4 73.6
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Pseudomonas_E

Pseusp2 | Pseudomonas_E| sp001655615 potential new speciey Pseudomonas farriSWRI79 61.5 43.3
Pseudarthrobacter . . Arthrobacter liuii
Pseusp20| Pseudarthrobacte sp000374905 potential new species CGMCC1 12778 52.3 32.1
Pseudomonas_E : ] .
Pseusp21| Pseudomonas_E sp001655595 potential new specie{ Pseudomonas glycinddS586 85.3 58
, Curtobacterium , .| Curtobacterium pusillumATCC
Curtsp22 | Curtobacterium sp001806325 potential new species 19096 56.3 33.6
Chor24 | Chryseobacteriun Chrysec_Jbacterlum Chryseqbacterlum Chryseobacterium oranimense 83 85.8
oranimense oranimense DSM 19055
Dugasp25 Duganella NA potential new specie Rugamonas aceriSAP-35 53.3 35.9
Past26 Paraburkholderia Paraburkho_ldena Paraburkh_oldena Paraburkholderia strydomiana 78.2 82
caledonica strydomiana WKL1.1fT
. . Variovorax . . Variovorax gossypibSM
Varisp27 Variovorax sp000282635 potential new specie 100435 41 37.8
Prme28 Priestia Priestia megaterium| Priestia megaterium| Priestia aryabhattaCM 13839 78.6 64.8
. Agrobacterium Agrobacterium Agrobacterium fabacearum
Agfa29 Agrobacterium sp000192635 fabacearum CNPSo 675 84.1 87.3
Pseudomonas_E . .| Pseudomonas laurylsulfatiphilg
Pseusp3 | Pseudomonas_E| sp002113025 potential new specie AP3 16 65.8 45.6
. . . Luteibacter jiangsuensis
Lutesp34 Luteibacter NA potential new specie CGMCC 1.10133 81.3 46.1
. . Variovorax . . Variovorax gossypibSM
Varisp36 Variovorax $p000282635 potential new specie 100435 40.5 38
. Paenibacillus . .| Paenibacillus jamilae&kAAC
Paensp38 Paenibacillus polymyxa_D potential new specie 10925 75 40.2
Panico39 | Paenarthrobacter Pa_ena_rthrobacter Pa_engrthrobacter _ P_aenarthrobacter 918 89.5
nicotinovorans nicotinovorans nicotinovorandDSM 420
. . Variovorax . . Variovorax boronicumulans
Varisp41l Variovorax sp900115375 potential new specie NBRC 103145 38.2 29.4
. o Rhizobium . .| Rhizobium metalliduran®SM
Rhizsp42 Rhizobium sp000799775 potential new species 26575 50.9 41.7
Pseudomonas_E : - .
Pseusp43| Pseudomonas_E Sp001655615 potential new speciey Pseudomonas farriSWRI79 61.8 43.4
Dugasp44 Duganella NA potential new specie{ Duganella vulcanidT81W 68.8 60.6
. Curtobacterium . .| Curtobacterium pusillumMATCC
Curtsp45 Curtobacterium sp001806325 potential new species 19096 50.6 34.7
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. . Variovorax . . Variovorax gossypibSM
Varisp46 Variovorax sp000282635 potential new species 100435 41.2 37.7
Rhizsp47 Rhizobium Rhizobium potential new species Rhizobium croatiens&3T 26.1 24
sp900468685 ) '
Rhpi48 Rhizobium Rhizobium pisi Rhizobium pisi Rhizobium pisDSM 30132 86.8 81.2
Pseudomonas_E . .| Pseudomonas laurylsulfatiphilg
Pseusp49| Pseudomonas_E laurylsulfatiphila potential new species AP3 16 77 67.4
Pseusp4 | Pseudomonas_E NA potential new species Pseudomolr;altssg)esseBM 68.1 48
. a Peribacillus . .| Peribacillus simpleNBRC
Perisp51 Peribacillus sp002835675 potential new specie 15720 65.1 52.9
Polasp52 Polaromonas NA potential new specie PolaromonlaOsGJféliensNBRC 27.9 25
. . Variovorax . . Variovorax gossypibSM
Varisp53 Variovorax sp000282635 potential new specie 100435 41.2 37.7
Polasp55 Polaromonas NA potential new specie PolaromonlaOsGJféliensNBRC 27.3 24.6
Dugasp56 Duganella Duganella potential new speciey  Rugamonas rivulFT103W 49.9 33.1
sp013375995 ) ' '
, Curtobacterium , .| Curtobacterium pusillumATCC
Curtsp57 Curtobacterium Sp900086645 potential new species 19096 454 26.7
Rugasp59 Duganella Duganella potential new speciey Rugamonas rivulFT103W 49.9 33.1
sp013375995 ) ' )
Golus Gottfriedia thtfrledlz_:l Go_ttfrledlq Gottfriedia luciferensi®SM 96.3 976
luciferensis luciferensis 18845
. . Variovorax . - Variovorax gossypibSM
Varisp62 Variovorax $p000282635 potential new species 100435 39.3 38.2
Mitsp63 Mitsuaria NA potential new species Roseateles cT?mvorane‘.WN- 56.6 32.7
. . . .| Sphingomonas kyeonggiensis
Sphisp66 Sphingomonas NA potential new specie DSM 101806 56 41.2
. Paraburkholderia Paraburkholderia | Paraburkholderia phenoliruptrix
Paph68 | Paraburkholderia phenoliruptrix phenoliruptrix LMG 22037 4.9 8.6
Dugasp72 Duganella NA potential new species Rugamonas aceris SATS 53.3 35.9
. L Mucilaginibacter . - Mucilaginibacter rubeus
Mucisp73 | Mucilaginibacter rubeus potential new species CGMCC 1.15913 85.2 63.2
. . Variovorax . .| Variovorax guangxiensi®&SM
Varisp76 Variovorax $p900115375 potential new species 57352 315 31
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Dugasp78 Duganella NA potential new specie{ Duganella vulcanidT81W 55.5 42.7
Rhpi79 Rhizobium Rhizobium pisi Rhizobium pisi Rhizobium pisDSM 30132 88.3 81.4
Prme7 Priestia Priestia megaterium| Priestia megaterium Priestia mfgsa;ir|UMTCC 89 92.8

, : .| Flavobacterium pectinovorum
Flavsp81 Flavobacterium NA potential new species DSM 6368 26 26.5
. o Rhizobium . . - .

Rhizsp82 Rhizobium Sp900468685 potential new species Rhizobium croatiens&3T 26.3 24.1

Polasp83 Polaromonas NA potential new species Polaromonla;)sg%LiensNBRC 26 24.5
. L Mucilaginibacter . - Mucilaginibacter rubeus

Mucisp84 | Mucilaginibacter rubeus potential new species CGMCC 1.15913 85 63.3
. . Variovorax . - Variovorax gossypibSM

Varisp85 Variovorax $p000282635 potential new species 100435 40.3 375
. L . . Mucilaginibacter rubeus

Mucisp86 | Mucilaginibacter NA potential new species CGMCC 1.15913 50.7 30.1
Koco87 Kosakonia Kosakonia cowanii | Kosakonia cowanii | Kosakonia cowanidCM 10956 92.4 72.2

Pseusp88| Pseudomonas_E NA potential new speciey Pseudomonas lijiangendisl2 23.7 24

. .| Pseudomonas nicosulfuronede
Pseusp89 Pseudomonas NA potential new species LAM1902T 70.4 43.6
Panico90 | Paenarthrobacter Pa_enqrthrobacter Pa_ena_rthrobacter _ P_aenarthrobacter 912 88.8
nicotinovorans nicotinovorans nicotinovorandDSM 420
- Massilia Massilia Massilia cellulosiltyticaNEAU-
Mace92 Massilia sp001426525 cellulosiltytica DD11 89.1 83.4
. Massilia . . . .
Masssp93 Massilia sp001425685 potential new speciey Massilia putidaDSM 27523 52.4 40
- Massilia . .| Massilia cellulosiltyticaNEAU-

Masssp94 Massilia sp001426525 potential new specie DD11 81.7 64.4

Koco95 Kosakonia Kosakonia cowanii Kosakonia cowanii | Kosakonia cowanidCM 10956 92.4 72.2
. . Pseudomonas nitroreducens

Pseusp97 Pseudomonas NA potential new species NBRC 12694 72.4 42.1

Koco98 Kosakonia Kosakonia cowanii | Kosakonia cowanii | Kosakonia cowanidCM 10956 92.5 72.2
. Massilia . .| Massilia cellulosiltyticaNEAU-

Tellsp99 Massilia sp001426525 potential new species DD12 81.3 64.5

Pseusp9 | Pseudomonas_E| NA potential new species Pseudomir;isSgesseBM 63.1 45.6
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Supplementary Table 25. List of identified metabolites that could be produced by the bacterial
collection based on analysis with antismabdtal number of biosynthetic gene clusters
identified (BGCs)

Isolate ID | Genus BGCs | Metabolites

Masssp137| Massilia 9 N—tetra_dec_anoyl_tyro&ne; arylpolyenes;
phenolic_lipids; unknown

Ralssp110 | Ralstonia 8 APE_Vf; putrebactin/avaroferrin; unknown

Koco105 Kosakonia 7 O-antigen; carotenoid; lankacidin; turnebactin; unkng

Tellsp104 | Massilia 12 carotenoid; unknown

Masssp94 | Massilia 9 N-tetra_dec_a_noyl_tyroyne; lankacidin_C,;
phenolic_lipids; unknown

Masssp93 | Massilia 10 N—tetra_d(_acan.oyl_tyr03|ne; delfibactin_A/B;
lankacidin_C; unknown

Mace9g? Massilia 9 N-tetra_d_ecanpyl_tyroane; arylpolyenes; carotenoid;
lankacidin_C; unknown

Panico90 | Paenarthrobacter |5 S\.N'1630; carqt(?nmd; des_fgrrloxamlne_E;
microansamycin; stenothricin
APE_Vf; crochelin_A; formicamycins_M;

Pseusp89 | Pseudomonas ! lankacidin - 13%; pyoverdin; unknown

Mucisp86 | Mucilaginibacter 9 carotenoid; flexirubin; unknown

Varisp85 | Variovorax 11 atratumycin; colanic_acid; crochelin_A; unknown

Polasp83 | Polaromonas 5 APE_Vf; desferrioxamine_E; unknown

Rhizsp82 | Rhizobium 8 ravidomycin; unknown

Flavsps1 Flavobacterium 7 carotenmq; erX|rub|n; monobactam;
putrebactin/avaroferrin; unknown

Rhpi79 Rhizobium 8 exopolysaccharide; lipopolysaccharide; unknown

Dugasp78 | Duganella 8 APE_Vf; FR901228; O_antigen; unknown

Mucisp73 | Mucilaginibacter 6 carotenoid; flexirubin; unknown

Paph68 Paraburkholderia | 10 arylpolyepes; gramlbgctln; malleobactin_A/B/C/D;
unknown; yatakamycin

Sphisp66 | Sphingomonas 3 carotenoid; unknown

Mitsp63 Mitsuaria 6 N-tetradec_anoyl_tyr05|ne; asukamycin; unknown;
xanthoferrin
APE_Vf; O_antigen; lankacidin; lipopolysaccharides;

Rugasp59 | Rugamonas 9 unknown

Curtsp57 | Curtobacterium 7 arginomycin; _bottr_om'ycm_AZ; car_ot.en0|d;
desferrioxamin_E; microansamycin; unknown

Dugasp56 | Duganella 12 APE_Vf; unknown

Polasp55 | Polaromonas 5 unknown

Polasp52 | Polaromonas 4 APE_Vf; putrebactin/avaroferrin_30%; unknown

Perisp51 | Peribacillus 12 bacillibactin; fengycin; paeninodin; unknown

. - 1 0 0 .

Pseusp49 | Pseudomonas 9 APE_Vf,' f_engycm, Ianka_C|d|n-_13 %, 13%);
pyoverdin; safracin_A/B; unknown

Rhpid8 Rhizobium 10 exopolysaccharide; polyhydroxyalkanoate, unknowr
unknown

Rhizsp47 | Rhizobium 9 lipopolysaccharide; unknown
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Supplementary Table 24. Continued

Dugasp44 | Duganella 10 APE_Vf; O_antigen; unknown; violacein
Pseuspd3 | Pseudomonas 14 APE_Vf; b_a.C|IIomyC|n__I.D, fengycin; lankacidin_13%;
nematophin; pyoverdin; unknown
. : WAP-8294A2; crochelin_A; lankacidin_C;
Varisp4l Variovorax 10 . o
lipopolysaccharide; unknown
2 _NRPS/transATPKS-lacunalides; lipopolysaccharide
Paensp38 | Paenibacillus 19 paenibacillin; paenicidin; paeninodin; polymyxin;
unknown
Varisp36 | Variovorax 14 unknown; variobactin_A/B,_delfibactinA/B
Lutesp34 | Luteibacter 7 APE_Vf; capsular_polysaccharide; unknown
Agfa29 Agrobacterium 5 turnebactin; unknown
Varisp27 | Variovorax 7 delftibactin_A/B; lipopolysaccharide; unknown
Past26 Paraburkholderia | 9 arylpolyepes; gramlchtln; malleobactin_A/B/C/D;
unknown; yatakamycin
APE_ Vf; staphyloferrin; unknown;
Dugasp25 | Duganella 12 xenoaminicin_A/_B, Stechlisin_B2/C3/D3/E2/tensin
echlisin
Chor24 Chryseobacterium | 11 carotenoid; flexirubin; putrebactin/avaroferrin; unkno
arginomycin; bottromycin_A2; carotenoid;
Curtsp22 | Curtobacterium 8 desferrioxamin_B; foxicins_A); gobichellinA/B;
unknown
APE_Vf; bacillomycin_D; fengycin; fragin;
Pseusp21 | Pseudomonas 12 lankacidin - 13%; pyoverdin; unknown
Pseusp20 | Pseudarthrobacter | 3 JBIR-06; microansamycin; unknown
APE_Vf; bacillomycin_D; fengycin; fragin;
Pseuspl8 | Pseudomonas 13 lankacidin - 13%; pyoverdin; unknown
Panicol7 | Paenarthrobacter |5 SW'163C; caro_tgnmd; des_fgrrloxamlne_E;
microansamycin; stenothricin
APE_Vf; ambactin; fengycin; lankacidin_
Pseuspl6 | Pseudomonas 11 _13%, 13%,unknown; pyoverdin; unknown
Pseuspl5 | Pseudomonas 13 APE_Vf; b_a(.:lllomycm._'D, fengycin; lankacidin_13%;
nematophin; pyoverdin; unknown
APE_Vf; fengycin; lankacidin-_
Pseuspl0 | Pseudomonas 12 _13%,_thaxferramide_C _7%; nematophin; pyoverdir]
unknown
APE_Vf; fengycin; fragin; lankacidin_
Pseusp9 Pseudomonas 11 ~13%, 13%, 13%; pyoverdin; unknown
Prme7 Priestia 7 carotenoid; unknown
Golu5 Gottfriedia 4 glidobactin; unknown
APE_Vf;, ambactin; bacillomycin_D; fengycin;
Pseusp4 | Pseudomonas 10 lankacidin-_13%,_thaxferramide_C_7%; pyoverdin;
unknown
Prarl Priestia 8 carotenoid; unknown
Spolig139 | Sphingomonas 8 dlutan_po_ly§acchar|de; malleobactin_ A/B/C/D;
paulomycin; unknown
. 1 . Y R H 0 .
Pseusp138| Pseudomonas 7 APE_Vf; crochelin_A; fragin; lankacidin_13%;

merosterol; unknown
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Supplementary Table 24. Continued

Ralsspl135 | Ralstonia 8 unknown
Mesospl134| Mesorhizobium 7 salecan; unknown
. APE_Vf; illomycin; riachelin;

Azospl32 | Azospirillum 15 |ipopBlyé:g:Cha?idZ(;:m’aﬁngzgtiﬁ_A'/B/C/D; unknown

Rhizsp130 | Rhizobium 7 cupriachelin; paulomycin; unknown

Stgenil25 | Stenotrophomonas | 8 2,3-dihydroxybenzoylserine; APE_vf; unknown

Acmul23 | Achromobacter 5 APE_Ec; Oantigen; ectoine; glidobactin; unknown

Ralsspl21 | Ralstonia 9 Aryl_polyenes; unknown

Padil20 Pantoea 6 APE_Ec_; Qantigen; (_:arotenoid; lankacidin3%;
pyoverdin; turnebactin

Hefr119 Herbaspirillum 4 unknown

Acanill7 | Achromobacter 4 ectoine; emulsan; unknown

Burksp114 | Burkholderia 13 API_E_Vf;_ N—acyloxy_acyl__gI_uta.mine_; Qntigen;
ornibactin; phosphinothricintripeptide; unknown

Stgenill3 | Stenotrophomonas | 7 APE_Ec; streptobactin; unknown

Ralsspll12 | Ralstonia 6 unknown

Paensplll| Paenibacillus 7 NRPS/transATPKS; paenilipoheptin; thusin; unknowr
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Supplementary Figure 21. Phylogenetic tree of sequenced isolates. Green arrow indicates
strains selected for long read sequencing. Strains marked by a yellow star indicated consortium
membership
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Abstract

Plantassociated microbial communities play crucial roles in plant nutrition and stress
tolerance, yet the mechanisms governing these interactions in major crops remain poorly
understood. Here, we evaluated a newly developed experimental frameworketiattes a
representative wheat synthetic community (SynCom) with a gnotobiotic plant growth system,
coupled to metaproteomic profiling, to dissect the molecular basis ofiwhieabbe interactions
under phosphorus (P) stress. Wheat grown under contr&tagditions was inoculated with
either the SynCom, a natural soil community, or uninoculated controls. The SynCom elicited
plant phenotypic responses comparable to those induced by the natural community, indicating
that it captures core functional tragthe wheatassociated microbiota. Metaproteomic analysis
revealed differentially abundant wheat proteins across treatments, including canonical markers of
P stress such as purple acid phosphatases, phospholipases, and oxidative stress enzymes, as well
asevidence of modulation of these responses by microbial inoculation. On the microbial side,
compositionallydominant taxa exhibited increased abundance of phospbatenging
enzymes, transporters, and strdsfense proteins under P depletion. In addition, enrichment of
lactonase, pilin, and porin proteins under P stress suggests potential interactivae$iagts
from microbé& microbe competition and adaptive strategies for host colonization under nutrient
limitation. Together, these findings validdte developed SynCdrgnotobiotic system as a
powerful platform to recreate natural conditions and probeiptaotobe molecular interactions
in cereal crops. This framework enables hypothésisen studies that bridge model and
agricultural systems andfefs new opportunities to inform the rational design of miciodsed

strategies for sustainable nutrient management.
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3.1 Introduction

The defining challenge of our generation is to meet future food demands while
minimizing the environmental costs of food production. Because arable land and natural
resources are finite, improving crop productivity is essential. Reliance on chemicaleiestil
alone will not suffice if agriculture is to remain both productive and environmentally sustainable
(1). Moreover, climate change is intensifying the frequency of erratic weather events that further
threaten global food securifg, 3) Plantassociated microbes perform key ecological functions
that enhance plant nutrition and confer tolerance to biotic and abiotic str@ggssyrslarnessing
these functions offers a promising opportunity to manage agricultural systems more sustainably
(6). Despite the availability of commercial microbial fmculants, their efficacy remains
inconsistent, limiting their widespread adoption compared to chemical altern@i3sThis
inconsistency has been largely attributed to the limited understanding of microbial mechanisms
of action and the lack of causal evidence linking proposed mechanisms to observed plant benefits
(8).

Deciphering these modes of action remains elusive due to the great complexity and
dynamism of natural systen®). To overcome these limitations, reduagamplexity
experimental systems can be developed that allowed for manipulation of the microbial
community as well as environmental conditions, which ultimately facilitate the dissection of
plantmicrobe interaction§9i 11). These systems have been mainly developed to study plant
microbe interactions in small model plants. Few comparable systems exist for agriculturally
important crops. Unlike model dicots suchfaabidopsis thalianandLotus japonicusthe
three most widely consumed crops globally (rice, wheat, and maize) are monocots, and their
structural and physiological differences likely shape distinct modes of microbial assodidjion

Therefore, resources tailored to these systems are required to investigate the mechanisms that
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could improve the efficacy of microdesed agrsolutions. For this reason, we developed a
simplified synthetic community (SynCom) of wheabt associated bacteria to contain
representatives of the wheat core microbiome and of functional traits okirtieserve as a
model to dissect the molecular mechanisms underlying whieabbiome interactions.
Understanding whegamicrobe interactions is crucial for the development of effective bio
inoculants for sustainable wheat production, as wheat playsralkey global food security
and its extensive cultivation can impact surrounding ecosystems worl@yle

In addition to the SynCom, we developedratobiotic plant growth systeapecifically
designed to accommodate large plants under controlled conditions. This platform extends the
duration of gnotobiotic wheat cultivation from approximately two to seventeen weeks and can be
modified for diverse experimental objectives. Togettier,SynCom and gnotobiotic system
constitute an experimental infrastructure for hypothesis driven research ofii iwiceatbe
interactions. Furthermore, coupling this infrastrucam@é OMI CS t ool s enabl es
identification of key molecular effectors of plant benefits and the underlying piarbbe and
microbéd microbe interaction§9). Metaproteomics is a powerful OMIC technique that allows for
the evaluation of both host and microbiota function through the identification of the complete
protein component in a samge4). Our objective was to evaluate this experimental framework,
the wheat SynCom and gnotobiotic plant growth system, as a tool to gain mechanistic insights
into wheatmicrobe interactions under phosphorus (P) stress using metaproteomics.

Phosphorus (P) is the second most limiting macronutrient for plant growth and plays a
central role in all biological processes, including energy metabolism, nucleic acid and membrane
biosynthesis, signaling cascades, and photosynthesis, making it édseptant survival(15).

Phosphorus requires continuous replenishment because it rapidly becomes fixed into plant
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unavailable forms in so{lL6). Microbes employ diverse strategies for P mobilization, including

local acidification of the rhizosphere, secretion of chelating compounds that solubilize metal
phosphate complexes, and production of enzymes that mineralize ordaiicl8) Field

inoculation studies in ric€l9), wheat(20), soybear{21, 22) and corn(23, 24)have

demonstrated that-mobilizing bacterial (PMB) strains can improve crop yields even under
reduced P fertilizer inputs, thus highlighting their potential to increase fertilizer use efficiency

and support more sustainable nutrient management. Howesse, microbial P mobilization
strategies have yet to be directly associated with improved plant P status and performance under
P stress.

We hypothesized that if the SynCom accurately represents the functional potential of the
wheatassociated microbiota, it should elicit plant phenotypic responses comparable to those
induced by a natural soil community under P stress. Furthermore, metapiopeofiling
should enable the identification of microbial effectors involved in P mobilization and of wheat
proteins associated with P stress responses. We also predicted that SynCom composition would
shift between Replete and Rlepleted conditions, itth dominant strains expressing proteins
conferring advantages under P stress and mediating mienodyebe competitionTo test these
hypotheses, we conducted an experiment within our gnotobiotic system under two P availability
regimes, replete and depleted, and four community treatments: uninoculated control, SynCom,
natural community, and hekilled natural community. Téaresults indicate that the SynCom
elicited plant phenotypic responses comparable to those observed in plants colonized by a natural
sal community. Metaproteomic profiling revealed key molecular signatures of phosphorus (P)
stress in wheat and evidence that the SynCom modulated aspects of this response. On the

microbial side, we identified SynCom proteins suggestive of enhanced covepeditiacities
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under P limitation, particularly among dominant community members, which may explain the
compositional shifts observed under depleted conditions. Although exploratory in nature, these
findings demonstrate that the combined use of a defined SynCom, gtictepsbem, and
metaproteomic analysis provides a powerful framework to dissect the molecular basisi of plant

microbe interactions in wheat.

3.2 Materials and Methods

3.2.1 Wheatoot bacterial SynCom preparation
The tested SynCom was previously developed and characterized as representative of the

core wheat bacterial microbiota (Table 3.1). To standardize the amount of each bacterial member
of the SynCom, standard curves were prepared for each strain correfditad @ensity at 600

nm (ODsoo) to colony forming units (CFU) per mL of inoculum. All members of the SynCom
were grown on R2A plates in the dark at room temperature3aila8/s. A starter culture for

each strain was prepared by inoculating a single colony into 5 mL aftfatigth RB and

grown at 28C while shaking at 180 rpm between1® h. Subsequently, 100 uL of starter

culture was transferred to 100 mL of R2B and grown betweEh & The exact cultivation
schedule followed for each species can be found in Supplementary ThliBzBs were

harvested by centrifugation at 10,00@ for 10 min at 4 °C. Cells were washed with 5 mL of
phosphatéuffered saline solution (PBS), centrifuged at 10,8@0for 5 min at 4 °C, and
resuspended in 4 mL of PBS. Each bacterial suspension was serially diluted by a factor of 1/3,
and the optical density of each culture was determined irvee8iplate using an Eon

Microplate Spectrophotometer (Biotek, USA). [Eaich bacterial species, four wells with £
measurements between 0028 wereselected and were serially diluted by a 1/10 factor. To

obtain colony counts, 10 pL of the serial dilutions were plated on R2A plates in triplicate using
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the spottingandtilting technique. Optical density measurements and colony counts were used to
produce a standard curve, which enabled determination of the CFU/mL of each bacterial
suspension (Supplementary Figure 3.1). The SynCom inoculum was prepared ging

bacterial suspensions of all strains as previously described but scaling up cultures to 250 mL of
R2B. The SynCom inoculum was produced by mixing each strain to a concentratidr9of 1
CFU/mL in PBS. The SynCom treatment was prepared by djltitie@ SynCom inoculum on

0.75< Murashige & Skoog media Micro and Macronutrients (MS, RPI, Mount Prospect, USA) to

a final concentration of*10° CFU/mL before applying it to pots.

Table 3-1 Wheatroot associated SynCom strains.

Strain Assigned Species AccessioA Catalog numbér
Dugasp25| Duganella sp. JBKBFDO000000000 DSM 116004
Mucisp86 | Mucilaginibacter sp. CP168503 DSM 114748
Mace92 | Massilia cellulosiltytica CP168562CP168563 | DSM 115924
Varisp4l | Variovorax sp. CP168546CP168541 | DSM 106006
Sphisp66 | Sphingomonas sp. CP168508 DSM 115905
Paph68 | Paraburkholderia phenoliruptrix | CP168536CP168531 | DSM 115906
Pseuspl6| Pseudomonas sp. CP168522 DSM 115912
Lutesp34 | Luteibacter sp. CP168517 DSM 115903
Curtsp57 | Curtobacterium sp. CP168511 DSM 115891
Kocol105 | Kosakonia cowanii CP168529 DSM 115944
Hefr119 | Herbaspirillum frisingense CP168558CP168559 | DSM 116218
Azospl32| Azospirillum sp. JBGLZA000000000 DSM 116219
Rhizsp82 | Rhizobium sp. CP168569CP168572 | DSM 115899
Ralssp11Q Ralstonia sp. CP168608CP168610 | DSM 115936
Padil20 | Pantoea dispersa CP168602CP168604 | DSM 115909

2 Accession number associated with genome archived as part of the NCBI database

®PDSMZ catalog number associated with each strain.

3.2.2 Soil slurry preparation for natural community inoculum

The soils used for the soil slurry inoculum were collected from the same loaatimse
used for the development of the SynCom. On Februdfy 24 soils were collected from the

Cunningham Research Station in Kingston, NC. At the request of the NC State University
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Phytotron the collectedoil wasquarantined in the dark for three months to coritmoinsect

pests. Soils were then stored in the dark for another five months prior to use as no later soil
collection of soils was possible from this particular field prior tosttepof the experiment. The
slurry was prepared following the methods described by Wagnern2bpland Rutgers et al.

(26). Briefly, 200 g of soils were added to 1 L of sterile 0.0001 % TritekOB, shaken at 170

rpm for 30 min at room temperature, and let to settle for another 30 min. The mixture was then
filtered through a 2jum mesh (Miracloth, MilliporeSigma, BurlingtddA, USA) and

centrifuged at 3,000 g for 30 min. The supernatant was removed and the pellet resuspended in
200 mL of sterile PBS. The inoculum was split into two 100 mL aliquots; one for the live soil
slurry and another one for the killed soil slurry e¢ohtThe killed soil slurry control was

autoclaved at 121 °C for 30 min. The final soil slurry treatments were prepared by adding 10 mL

of soil slurry per each liter of 0.75x MS media.

3.2.3 Gnotobiotic growth and plant harvest
Wheat seeds cv. Catawba were surface sterilized by placing them in a tea strainer and

gently shaking during the following washes: 95% ethanol for 1 min, 6.0% sodium hypochlorite
Clorox® Disinfecting Bleach (Clorox®, Oakland, USA) for 10 min, 95% ethamoB0 sec, and
lastly sterile deonized water for 30 sec twit&7). Wheat plants were grown in polycarbonate
pots containing 1 L of autoclaved Medium Industrial Sand (Southern products and Silica Co,
USA). To maintain sterility, the plants were grown within ouhouse gnotobiotic system
developed irhouse (Appendix DPrior to sowing and treatment application pots were irrigated
with 200 mL of 0.75x MS media followed by 120 mL of corresponding community treatment to
achieve 67% water filled pore space (WFPS). The community treatments were as follows: no

community compsed of only PBS (Ctl), killed soil slurry (KSI), wheat SynCom (Syn), and live
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slurry (LSI). After treatment, a single seed was sown at a depth of 2.5 cm in each gnotobiotic
system. Wheat plants grew for 40 days within a growth chamber in the NC State University
Phytotron with a 12 h photoperiod and day/night temperatures of 22/Fi@s were

fertigated with 120 mL of 22% Murashige & Skoog without phosphate (Caisson Labs Cat.
MSP11, USA) every three days through a filter capsule containing a 0.2 um PES filter (Tish
Scientific, USA). On day 17 and 22, plants in theeplete condibn received 107 mg/L of

KH2PQ4, whereas plants in thed&pleted condition received none. At harvest, plants were
processed in complete randomized blocks where the gnotobiotic systems were opened in the lab
and processed immediately one repetition at the time. Ten replicates wgrgeetr@atment,

but due tdailed germination of some replicatdbe final replicates per treatment were as

follows: SynD, SynR, CttR, and KSIR had 10 replicates; G, LSI-D, and LSIR had 9

replicates; and KSD had7 replicatesChlorophyllfluorescence (quantum yield of photosystem
1, aPSIIl) for the wheat pl a#d foromater/ r ecor ded
Fluorometer (LICOR, Lincoln, USA). This was followed by destructive sampling of plants.

Roots were first cleaned with <denized water to remove sand particles. Fresh shoot and root
biomass were recorded. Clean roots were cut into 1 cm pieces, placed on dry ice, and stored at
80 °C until further processing. Shoots were oven dried at 60 °C for threegdaysd with a

Wiley Mill (Model T3700.004, Thomas Scientific, Sweedesboro NJ, USA), and sent to the
Environmental Analysis Lab at the Department of Biological and Agricultural Engineering at NC
State University for total N and total P analysis. Sand teswpere refrigerated at 4 °C and sent

to the NC Department of Agriculture Agronomic Services for routine soil testing to determine

nutrient levels in soils.
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3.2.4 Protein extraction from roots
Protein were obtained from wheat roots using the methods developed in Salvato et al.

(28) for protein extraction fromArabidopsis thalianaoots. Following the described protocol,

100 mg of frozen roots were loaded into 2 mL tubes of lysing Matrix E (MP Biomedicals, Irvine

CA, USA) with 600uL of lysis buffer (4% w/v SDS, 100 mM Tr4CI, 0.1 M DTT at pH 7.6).

Samples were homogenized at 4 m/s in a Bead Ruptor Elite (Omni International, Inc, Kennesaw,

GA, USA) and consequently boiled at 95 °C for 10 min. Following centrifugation at 8¢Ofaf

5 min, 60 pL of cell lysate supernatant was loaded onto 10 kDa moleculart weigfi

(MWCO) PES Microcon® centrifugal filters (MPE010025, Merck Millipore Ltd, Cork, Ireland)

with 400 pL urea solution (8 M urea in 0.1 M THECI at pH 8.5) for clean up following the

filter aided sample preparation (FA$SE)) protocol. The filters were loaded to capacity by

repeating this step twice with centrifugation for 40 min at 14)@Between each load. Next,

the filters were washed twice by addkgfag 200 ¢
15 min. Next 100 ¢!l of I AA solution (0.05 M i
filters, mixed for 1 min at 600 rpm, and incubated for 20 min followed by a 30 min
centrifugationat14,008g. Thr ee additional washing Steps w
urea solution and centrifuging at 14,000 for 20 min. Buffer exchange was accomplished by

washing the filters three times with 100 ul of 50 mM ammonium bicarbonate (ABC) and

centrifuging by 20 min at 14,000g Tryptic digestion was accomplished by incubating samples

for 14 h with 0.5 €g of MS grade trypsin (The
ABC at 37 °C in a wet chamber. Tryptic peptides were eluted in 50 ul of 0.5 M NaCl with 0.4%

Formic aad solution by centrifugation at 14,0@0y for 20 min.
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3.2.5 LCMSMS run
Samples were loaded onto a Vanquish Neo UHPLC System (Thermo Fisher Scientific)

for one dimensional liquid chromatography (LC) followed by tandem mass spectrometry

(MS/ MS). Sampl es wer e -ihneraidmneter Gl 1RepMa@E00Neomm, 3 00
precolumn(Thermo Fisher Scientific, Lithuania) for desalting prior to separation in@n’%

75¢ m anal y t-Spaacbluna paskéd with PepMap RSLC C18,th mat er i al (Th
Fisher Scientific) at 60 °C. Sample separation was performed in a 70 min gradigmaie50

nl/min flow rate. The gradient ran as a 49 min linear ramp from 5% to 28% B (0.1 % formic

acid, 80% acetonitrile), 9 min ramp from 28% to 40% B, and wash at 99% B. After the LC

separation, samples were transferred to an OrbRsdral mass spéometer (Thermo Fisher

Scientific, Bremen, Germany) via electrospray ionization (ESI) though an NanoSpray lon source.
MS1 spectra from eluting peptides were acquired by performing a full MS scan in the orbitrap

mass analyzer at 60K resolving power wita tbllowing parameters: 380 to 14000 m/z window,

lock mass of 445.12003 m/z, inclusion time of 200 ms, and dynamic exclusion of 10 sec.

Operating in a datdependent mode of cycle time, the most abundant MS1 precursor ions were
selected every second fagherenergy collisional dissociation (HCD) with a normalized energy

of 32 to produce MS2 spectra. lons of +1 charge state from fragmentation were excluded.

3.2.6 Proteomic database and protein identification
Protein databases for protein identification were prepared for the SynCom, wheat, and the

natural community. Proteomes for the SynCom members and wheat were downloaded from the
NCBI Genome portalhttps://www.ncbi.nlm.nih.gov/datasets/genomesing the accessions

numbers in Table 3.1 for the SynCom and the Chinese Spring Wheat reference genome
accession GCF_018294505.1. Prior to combining the SynCom proteomes, each was individually

clustered at 95% sequence identity threshold usingHC¥30) v4.7. The Chinese Spring wheat
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proteome was also clustered at 95%. To improve the wheat proteome coverage, protein
sequences from the wheat cultivar Paragon were obtained from the Ensembl Plants database
(https://plants.ensembl.ojgdsing the accession GCA 949126075.1. The Paragon was similarly
clustered at 95% and compared to the Chinese Spring Wheat proteome udii@-2D(30)
v4.7 at 95% to retain only nenedundant proteins

Raw MS spectra were searched against the protein database using the run calibration,
SEQUEST HT and percolator nodes in Proteome Discoverer 2.3 (Thermo Fisher Scientific). We
used the following settings for searches: trypsin (full), 2 missed cleavagasmlorecursor
mass tolerance, 0.05 Da fragment mass tolerance. We included the following dynamic
modifications: oxidation on M (+15.995 Da), deamidation on N,Q,R (0.984 Da), and acetyl on
the protein N terminus (+42.011 Da). We also included the statidficadidn carbamidomethyl
on C (+57.021 Da). Identified pepetides and proteins were filtered at a 5% false discovery rate
(FDR). Removal of low abundant proteins was achieved by filtering for proteins with a
minimum of 1 PSM in at least 70% of samples me ereatment. We filtered identified peptides
and proteins at a false discovery rate (FDR) of 5%. Additionally, we only included proteins that
had at least one protein unique peptide identified. Quantification of proteins was based on
peptide spectral maiqPSM) countsSamples were considered outliers if the number of master
proteins and bacterial:plant PSM ratio was 1.5 standard devatigmeater awafrom the group
mean. After outlier removathe final replicate per treatment for metaproteomic analysis was:

Ctl-D (n=7), CtIR (n=9), SyrD (n=8), and Sy+R (n=6).

3.2.7 Statistical analysis
All statistical analyses were performed using R statistical software version 4.3.0 (R Core

Team 2023). The effect oflpvel and community on plant measured responses and soil nutrient

152


https://plants.ensembl.org/

levels was evaluated in a tweay ANOVA. Generalized linear mixed models were fitted using

P level treatment, community treatment, and their interaction as fixed effects for soil nutrient
levels and plant total N and P. In addition to these fixed effectmydom fixed effect accounting

for the processing block was fitted to plant fresh and dry biomass, gst, and treatment was
evaluated using generalized linear mixed models with the gimmTMB function. Plant fresh and
dry biomass, O0PSI bvednfeomcimodes$ swawhenr é mund
0.05. The function gimmTMB was used to fit the models and residual diagnostics were evaluated
using the DHARMa package. Analyses were carried out using raw data with the exception of
total P in tissue, sopH, soil P, soil Ca, and soil K which were boax transformed prior to

analysis. SynCom composition was assessed using the species biomass contributions as
described by Kleiner et g34). Permutational multivariate analysis of variance

(PERMANOVA) was performed to evaluate the effect of P level on SynCom composition on

total sum scaled counts in linear. Linear models with P level as fixed effects were produced
using randomized residualnpeutation procedure of the RRPP packégfs. Missing values

were replaced using a normal distribution destifted by 2.5 standard deviations from the mean
and with a width of 0.3 of the standard deviation per sample. Statistical analyses were performed
on CLR-transformed data unless otherwise #ipt The effect of devel and community

treatment on the wheat proteome, SynCom metaproteome, and individual abundant SynCom
species proteomes was evaluated with PERMANOVA as previously described. Differentially
abundan{DA) proteins were examined ugithe lima+voom approad6)in the limma
packagdg37)on raw spectral counts (SQix contrasts were evaluated to determine DA proteins
for the main effects,fevel and community, and their interactiofie significance of

proteomic data was assessed at U=0.10. Assi st
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statistical analyses was provided by ChatGPT (OpenAl, San Francisco, CA), which was used to

streamline table formatting and prepare scripts for data processing.

3.3 Results

3.3.1 Wheat phenotypic response to the SynCom comparable to that of a natural community
under P stress.

To determine whether the SynCom could reproduceltm@ phenotypic responsesao
natural soil community under P stress, we compared wheat phenotypic respulesetsvo P
nutrient conditions andcross four microbial treatments, no SynCom (Ctl), SynCom (Syn), live
soil slurry (LSI), and killed slurry to control for the potential nutrient effect of the slurry (KSI).
Plants on the fPeplete condition received additional P through fertigaditber three weeks of
growth, whereas Rlepleted did not. Thissetp enabl ed direct evaluati ol
on wheat performanaender P stres®lative toa natural community benchmark. P level had a
significant effect for all measured plant responses, whereas community only had a significant
effect on fresh biomass, dry shoot weight, and total nitrogen (N) and total P in shoot tissue
(Table 3.2). Overall, tesponses of plants grown ofrépleteexhibited higher values than
those under fepletedcondition. In contrast, community treatment only had a sicpniti effect
on total fresh biomass, dry shoot weights, and total N (TN) and P (TP) content in shoots. Plants
inoculated with the KSI treatment had greater fresh biomass, dry shoot weight, TN, and TP on
average by 33%, 31%, 22%, and 46%, respectively. $tegdted with Ctl, Syn, and LSI
community treatments were not significantly different from one another. A significant interactive
effect between community andifeatmentvas found for number of leaves and tillers and TP.
Regardless of the P treatmeng thumber of leaves and tillers was lower in both live community
treatments (Syn, LSI) compared to community control treatments (Ctl, KSI). This difference was

only significant between live treatments and KSI, which had the highest number of leaves and
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tillers. Similarly, TP was lower in the live community treatments than controls. Under PD
conditions, Ctl community had the greatest TP but was only significantly different from the LSI.
In contrast, under PR conditions the highest TP was observed indCslated wheat plants,

which was significantly higher than all other treatments. Similarly, the main factor impacting soil
nutrients was Breatmen{Table 3.3). Soil P had a significant effect on soil P, K, and Mn levels
only. Soil P and Mn were signi@intly higher in Prepleteconditions than Rlepletedoy 32%

and 56%, respectively. In contrast, soil K was 11% higherdeftetedhan Rreplete
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Table 3-2 Wheat phenotypic responses to different community inoculations at two different phosphorus (P) levels (mean+SE).

Fresh biomass

# of leaves # Tillers &) Root:shoot | Dry shoot (g) PhiPS2 TN % TP %
P level 0.0018 0.0008 2.37E15 0.0002 2.5E-16 0.0003 1.61E10 1.53E06
PD 4.97+0.16a 1.8+0.1a 1.65+0.08a | 0.455+0.055g 0.12+0.01a | 0.7+0.0la | 3.91+0.04a| 0.12+0.004a
PR 8.92+0.42b 3.64+0.2b 2.87+0.15b | 0.676+0.031y 0.2+0.01b | 0.73+0.003b| 4.26+0.04b | 0.19+0.005b
Community NS NS 0.006 NS 0.0055 NS 0.001965 1.54E05
Ctl 6.79+0.49 2.791£0.32 2.391£0.2ab | 0.5734£0.054| 0.16+0.0lab| 0.72+0.01 | 4.19+0.06abl 0.17+0.007b
Syn 6.5+0.47 2.4+0.21 1.98+0.17a | 0.564+0.071| 0.15+0.0l1a | 0.72+0.01 | 4.04+0.05a| 0.15+0.009a
LSl 6.44+0.47 2.5+0.25 2.12+0.23a | 0.582+0.076| 0.15+0.01a | 0.71+0.01 | 4.02+0.08a| 0.15+0.012a
KSI 8.65+1.03 3.47+0.43 2.73+0.29b | 0.566+0.068| 0.2+0.02b 0.73+0.01 | 4.3+0.09b | 0.19+0.014b
P level X 0.000249 0.0096 NS NS NS NS NS 0.001489
Community
Ctl-PD 5.56+0.34ab| 2.11+0.26ab 1.87+0.16 | 0.509+0.096| 0.13+0.01 0.7+0.03 4.07£0.09 | 0.14+0.007b
SynPD 4.9+0.1a 1.7+0.15a 1.37+£0.09 | 0.442+0.121| 0.11+0.01 0.7+0.01 3.88+0.06 | 0.11+0.004ab
LSI-PD 4.78+0.15a | 1.67+0.17a 1.56+0.15 | 0.463+0.136| 0.1+0.01 0.69+0.02 | 3.73+0.02 | 0.1+0.008a
KSI-PD 4.57+0.61a | 1.71+0.18a 1.94+0.2 0.391+0.076| 0.13+0.01 0.71+0.01 | 3.94+0.06 | 0.12+0.004ak
Ctl-PR 7.9+0.74bc 3.4+0.5¢ 2.87+0.27 | 0.631+0.052| 0.19+0.02 0.73+0.01 | 4.26+0.08 | 0.19+0.007c
SynPR 8.1+0.59c 3.1+0.23bc 2.6+0.16 0.686+0.056| 0.19+0.01 0.73+0.01 | 4.15+0.06 | 0.18+0.009c
LSI-PR 8.11+0.48c | 3.33+0.24bc 2.69+0.34 0.7+0.047 0.19+0.02 0.72+0.01 | 4.22+0.04 | 0.18+0.007c
KSI-PR 11.5+0.92d 4.7+£0.37d 3.32+0.38 | 0.688+0.086| 0.25+0.02 | 0.74+0.004 | 4.46+0.08 | 0.22+0.003d

Values in bold representyalues obtained in PERMANOVA analysis for fixed effects. Phosphorus level: P deplete (PD), P replete

(PR); Community: No community (Ctl), synthetic community (Syn), live solil slurry (LSI);ki#ead soil slurry (KSI). Different

letters indicate statistically different means after multiple comparisons.
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Table 3-3 Soil nutrient responses to different community inoculations at two different phosphorus (P) levels (meanSE).

oH (meiFl%Occ) P(mg/dn?) | K (mgidn?) | Ca(mg/dn?) (mg"/g a | S(mo/dnd) (mg'/g .
P level NS NS <2e16 0.0432 NS NS NS 1.26E06
PD 5.8240.04 | 0.32+0.02 | 3.64%0.09a| 10.04+051b| 25963 | 4.08+0.18 | 2.62+0.35| 0.1+0.01a
PR 5.86:0.04 | 0.31#0.01 | 4.840.090 | 8.93%0.48a | 21.63t1.04 | 3.78+0.13 | 2.15+0.17 | 0.16+0.02b
Community NS NS NS NS NS NS NS NS
c 5.88+0.05 | 0.29+0.01 | 4.27+0.14 | 10.21+0.69 | 21.24+0.99 | 4.030.24 | 2.64%0.47 | 0.15+0.03
Syn 5.85:0.06 | 0.32+0.02 | 4.22+0.18 | 9.28+058 | 27.72+2.86 | 3.690.14 | 2.28+0.21 | 0.14+0.02
LS| 5.840.05 | 0.36+0.04 | 4.240.2 9.740.89 | 2565625 | 4.4+028 | 2.3t035 | 0.15%0.03
KSI 5.78+0.06 | 0.3120.02 | 4.26+0.17 | 8.21+0.64 | 19.21#1.04 | 3.63x0.19 | 2.16%0.38 | 0.07+0.02
ks NS NS NS NS NS NS NS NS
Community
Ct-PD 5.840.06 | 0.28+0.02 | 3.69+0.12 | 10.19+0.86 | 20.94+1.34| 4.25+0.4 | 3.25:0.89 | 0.11+0.03
SynPD 5.8310.09 | 0.35:0.03 | 3.6:025 | 9.03t0098 | 21.53*1.48| 3.6740.23 | 2.06£0.36 | 0.11%0.02
LSI-PD 5.76+0.06 | 0.39+0.07 | 3.5+017 | 10.6+1.21 | 31.73t525| 4.840.49 | 2.27+0.28 | 0.12+0.03
KSI-PD 5.8+01 | 029+002 | 3.78+0.15 | 9.33+125 | 24.18+2.63| 3.67+0.17 | 2.294031| 0.07+0.03
Ct-PR 5.9240.08 | 0.31%0.02 | 4.82+0.15 | 1024+1.1 | 31.6+12.45| 3.8240.29| 2.5t0.64 | 0.19+0.04
SynPD 5.86:0.08 | 0.3:0.02 | 4.76+0.18 | 8.71+066 | 19.7+145 | 3.71#017 | 2.1+0.31 | 0.18+0.03
LSI-PR 5.83t0.09 | 0.32+0.02 | 4.9+0.18 8.8+1.3 10+ 147 | 4021 | 2.224¢0.74| 0.18+0.05
KSI-PR 5.7610.07 | 0.32¢0.02 | 4.7+021 | 7.24025 | 19.4+153 | 3.6:0.34 | 21+0.31 | 0.08+0.02

Values in bold representyalues obtained in PERMANOVA analysis for fixed effects. Phosphorus level: P deplete (PD), P replete
(PR); Community: No community (Ctl), synthetic community (Syn), live soil slurry (LSI);kibad soil slurry (KSI). Different
letters indicate statistically different means after multiple comparisons.
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3.3.2 Wheat functional response to P is affected by the presence of the SynCom
To evaluate thapplicability of the proposed infrastructure as a tool to ppdved

microbe interactionat the molecular leveh agricultural crops, we performed a proteomic

analysis of wheat grown under contrasting phosphorusuffgntconditionsand microbial

community treatmentdVe identified3,475 high confidence wheat proteins; howettgs only
accounted for 34% of the total proteins identified after removal of low abundant and low
prevalence proteins (Supplementary Table 3.2). A signifiethett of Ptreatment §-value

=0.059, F = 1.43)microbial communityp-value=0.060, F = 1.38)and their interactio(p-

value=0.060, F=137Wwvas observed on the wheat proteome
Assessment of multivariate dispersion confirmed that the observed variation was compositional
rather than due to dispersion differences (permutationptesd,44). However, pairwise

comparisons did not reveal significant differences between group centroids suggesting small

effect sizes. Desfa this, differential abundance (DA) analysis identified 47 unique proteins

showing significant abundance differences across the contrasts tested (Supplementary Table 3.3).

Gene Ontology enrichment analysis was not feasible due to the limited numbepodieis.
Therefore, these proteins were examined individually based on their functional relevance to plant
P-stress responses. Hierarchical clustering of DA proteins revealed four major clusters that
separated samples according tou®ientand communityreatmers (Figure 3.1).

Proteins inCluster Iwere most abundant in control @&lsamples, potentially capturing

four proteins r epr es dnepletencgndivohsElussterd [fand I appearn s e

u

to capture wheatods response to the SynCom, as

between the Syn and Ctl community treatment. Cluster Ill represented the primary wheat

response t®-depleted conditionswith proteins showing highest abundance under th®Cil
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condition. Accordingly, proteins in Cluster Il and othestiRessassociated proteins in other

clusters are discussed further. Cluster Ill contained six proteins involved in transcription,
carbohydrate transport and metabolism, lipid transport and mistabaintimicrobial defense,

and energy production. These inclugenotple acid phosphatase (PARMP-dependent
synthetasecytochrome C oxidas@lant antimicrobial peptid¢HMA -domain containing

protein and arunannotated protein (Unknown@&ll of whichwere significantly more abundant

under Pdepleted thanPeplete conditions (Figure 3.2). While no significant differences were
detected between Ctl and Syn treatments within this cluster, several proteingigdiftdent
synthetase, HMAlomain protein, aimicrobial peptide, and cytochrome C oxidase) tended to

show reduced abundance in the Syn treatment, suggesting a potential interactive effect between P
level and microbial inoculation. I@luster || aldehyde dehydrogenaggutathione hydrolase
phosphtipase C andsucrose transport proteivere more abundant in €l plants compared to

other treatments, but their abundances decreased in the presence of the SynCom (Supplementary
Figure 3.3). Converselluster IVcontained proteins such pkytocyanin phosphopyruvate
hydrataseandglutathione transferase/hich were more abundant in wheat inoculated with the
SynCom (Supplementary Figure 3.4). Overall, our results suggest that the SynCom influences

t he wheat proteomic response to P |limitation
networks in wayshat may benefit or, under certain conditions, constrain plant adaptation to

nutrient limitation.
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Figure 3-1 Differentially abundant wheat proteins under different phosphorus nutrient levels and
community treatment$ieatmap of logrelative abundance proteins that were significantly
differentially abundant between phosphorus levels and community treatments (FDR < 0.10).
Each row represents one protein, and each column represents a sample. Colors indicate
standardized abundanddue = lower,brown= higher). Column annotations denote phosphorus
treatment level (p_level) and community treatment lev@isstering was performed using
Wardoés D2 method on Euclidean distances.
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Figure 3-2 Cluster Il normalized spectral abundance factor (NSAF) of significantly different
wheat proteins between phosphorus (P) level and community treatments (Mean+SE).
Treatments are as follows: no community and P depletedD)Ctio community and P replete
(Ctl-R); synthetic community and P depleted ($)n and synthetic community and &ptete
(SynR). Absent bars indicate no detectioragfarticular protein in the treatment, no error bars
indicate only detected in a single replicate.

3.3.3 P level was a determinant in SynCom composition and function
To investigate how SynCom composition and function changed in response to P

availability, we leveraged the metaproteomic dataset to assess both community structure and
proteinlevel activity. The SynCom composition was determined based on the proteinaceous
contribution of each species to the SynCom metaproteome. At harvest, the community
composition of the SynCom was dominated by five strains, Mace92, Ralssp110, Paph68,

Hefr119,and Lutesp34, which accounted for 98.4% of the total community compositiamgFig
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3.3). The remaining ten strains had relative abundances below 0.5% (Supplementary Table 3.3).
Phosphorusreatmensignificantly affected SynCom compositigoralue= 0.082 F= 2.35,
and permutation testing confirmed that observed variation was compositional rather than driven
by differences in dispersiop-{alue=0.489). Although no individual strain was identified as
significantly differentially abundant, two species exhibited the largest shifts between P
treatments. Mace92 decreased in abundance degértecconditions, whereas Ralssp110
increased. To explore the functional basis for these compositional changes, we examined the
SynCom metaproteome for DA proteins betwedreRments In total, 672 high confidence
SynCom proteins were identified (Supplementary Taklg. 3he number of proteins identified
per species ranged between 2 to 301 proteins. Tiktgroteins were differentially abundant
betweerdepletedandrepleteconditions. Hierarchical clustering of DA SynCom proteins reveal
two major protein clusters showing opposing expression patterns in resportseatoniént
(Figure 34).

Proteins in Cluster | were most abundant uniigrietecconditions, and the majority of
these proteins originated from Ralss@llh contrast, Cluster Il proteiffSupplementary Figure
3-5) were more abundant undepleteconditions and were largely associated with Mce92 strain
in the SynCom. These patterns mirror the observed compositional shifts, suggesting that the
functional responses of Ralssp110 and other SynCom members to P stress may underlie the
increased relativabundance of Ralssp110 in tthedetedtreatment compared teplete
Because Ralssp110 was the primary taxon enriched under P stress, we focused on the proteins in
Cluster | to identify potential mechanisms enhancing its competitiveness. Proteins in this cluster
were primarily involved irtransport metabolism of lipids, amino acids, nucleotides, and

carbohydratedranscription and translatipquorum sensing, arehergy productionNotably,
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two enzymes directly linked to P scavenging were identifigthasphatasproduced by

Curtsp57and aphospholipase @roduced byRalsspl1{Figure 35). The most represented
functional category among DA proteins weensportersall expressed bRalssp110Three

ABC transportersvere detected, including one putatively specific to phosphate transport. In
addition, twoporinswere significantly more abundant under P depletion, also expressed by
Ralssp110Two enzymes involved in protection against reaatixyggen species (ROS),

aldehyde dehydrogenasadalkyl hydroperoxide reductaseeve likewise enriched under P
limitation. Finally, Ralsspl11&howed increased expressiorpdin andlactonasegroteins, which

could enhance competitiveness by improving surface attachment and disrupting quorum sensing
among neighboring strains. Together, these re
Ralsspll@pregulates proteins associated with phosphate acquisition, nutrient uptake, oxidative
stress defense, andarobial interference, thereby enhancing its competitiveness within the

SynCom.
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Figure 3-3. Synthetic community composition under two phosphorus levels. Relative
abundances calculated based on proteinaceous contributions of each synthetic community
member under phosphorus depleted and replete conditions
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error bars indicate only detected in a single replicate.
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3.4 Discussion

The implementation of reduced complexity systems shows great potential for improved
efficacy of agricultural bioinoculantsy providing mechanistic insighito plantmicrobial
interactions. However, the currently available platforms to study these interactions are
inadequate for use with agricultural crops. To fill this infrastructura) wepleveloped plant
gnotobiotic system designed to accommodatecropsanda functionally representatiweheat
SynCom to study plasicrobe interactions in this cereal cropnadridwiderelevance to food
security.In this study we sought to demonstrate the applicability of this newly developed
infrastructure in combinatiowith metaproteomics to identify key molecular processes driving
wheatmicrobe interactions. Comparison of wheat responses inoculatethe/flynCom and a
natural community confirmed that the developed SynCom can evoke phenotypic responses in
wheat comparable to that of a natural community under P limiting conditions. Betanise
associated microbes can mobilize recalcitemit P pools,this system presented an ideal
opportunity to test the ability of the proposed experimental infrastructure taoeapdghanistic
plantmicrobiota interaction insight at the molecular level.

Phosphorus (P) is an essential macronutrient for all living orgarmisthis deficiency in
wheat leads$o stunted growth, fewer tillers, reduced photosynthetic activity, increasetbroot
shoot ratio, and yield loss€38). In natural systems, inoculation withnRobilizing microbes can
alleviate these symptoms and improve fertilizse efficiency by enhancing P solubilization and
uptake(17). Despite of successful increases in biomass, P content, yield and P use efficiency in
wheat when inoculated with microbes capable of mobilizimg\®tro (39 41), there is no
insight as to the exact mechanism of enhanced plant growth taking place under field conditions

(7, 42) It is possible that P mobilization is not the only mechanism at play or that the observed
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result from indirect effects of bioinoculants on the natural community. Even though half of the
members of the SynCom showed P mobilization capabiiitiggro (data not shown)ye did

not observe enhanced growthder the experimental conditions evaluated which might limit our
ability to study mechanistic insight into plant benefits under P stress with our setup. Because
plant responses to SynComs under P stress are considered context dég8ndéinit is

possible that the use of sand as the growth substrate in this experiment impacted the outcome of
microbial effects on plant responses.

Compared to other soil substrates, shasl low capacity to retain nutrients and water,
leading to rapid nutrient depleti@a5). In addition unlike natural soilghe sand substrate used
herelackedorganic matter, which can serveaaseservoir of nutrients that can be mineralized by
microbes and made available to plamé&th fewer nutrients available to scavenge, the potential
benefits of AMobilizing microbesnight be outweighed biycreased competition between
microbes and plants for scarceEBhhanced microbial competitiveness for P has been
demonstrated in barley, where the presence of microbes resulted in reduced biohfass a
uptake despite evidence of limited microbial P mobilizafd$). This competitive dynamic
could explain the decreases in wheat biomass and leaf P content we observed under P stress in
the presence of the SynCom and live soil slurry treatments in our system. Moreover, microbial P
mobilization is affected by C availaly in soils. Enhanced microbial P mobilization was
achieved by lowering the C:P ratio of soil with the addition of organic source§@f B8)

Together, these results support the strong dependence eftaiobe interaction outcomes on
environmental context and underscore the need to determine the molecular mechanisms

underlying these interactions across soil types and nutrient regimesravénqur understanding
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of how microbes confer the desired benefits to plants and enhance their reliability in field
applications.

Although the SynCom did not confer measurable benefits to plant growth under the
experimental conditions evaluated, this does not preclude its ability to enhance plant
performance undeatherenvironmental contexts or stressors. Importantly, our hypothesis was
not focused othe growth promotion ability of the SynCom, rather its ability to reproduce wheat
phenotypic responses of a natural soil community under P stress. In this regard, the SynCom
consistently induced plant phenotypes similar to those olibentbe presence of the natural
community,suggestindhat it captures the key functional properties of the natural soil
community and highlighting its suitability to dissect wheatrobe interactions at the molecular
level. Nevertheless, comparative functional profiling of the natural community and tGe@yn
as well as the response of wheat to either community, will be necessary to determine where these
shared phenotypes arise from conserved molecular mechanisms.

Metaproteomic profiling provides a unique opportunity to evaluate both the functional
status oplanthost and its associated microbiota amdhvestigate the molecular features
underlying their interaction@9). Using metaproteomicwe obtained the functional profile of
both wheat anthe SynCom to evaluate the applicability of our infrastructure to identify key
effectors in plant and microbial responses to P limitationtastied insight into the potential
interaction mechanisms between plants and microbes. In comparison to other proteomic studies
in maize(50) and wheat(51), the number of DA proteins identified between conditioesev
low, where we identified less than 50 DA proteins compared to ovefiol @iese other studies
This smaller numbeuf DA proteins mighbe indicative of plants experiencing stresslerboth

P treatmentsEven thoughP concentrations in plant tissue differed between treatmenteathe
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P content under P replete conditions &l near the lower range efpected® contents for
healthy wheat (0.17%0.27%(52)), suggesting that both treatments experienced a degree of P
limitation. Alternatively, the low nutrient and moisture retention of sand could have also led to
other abiotic stress experienced by the plant that could have obscured the P stress signal.
However, with the current experimental setwp cannot provide conclusive evidence to
support this idea. Despite this, we were able to identify several wheat proteins assathated
plant responses to P deficieranyd the potential influence of the SynComtlogir expression

Purple acid phosphatases (PAPSs) catalyze the hydrolysidrofiPa broad range of
monoesters under acidic conditions and are considered major markers of P staryddiors
(53). When secreted, PAPs scavenge P from the rhizosphere, while intracellular PAPs recycle
and remobilize P to mitigate streSerine/threonine protein phosphatasesthe other hand
play key roles in oxidative stress signaling and the regulafiometabolic pathway&4). Even
though norspecific phospholipase C have been implicated with internal P remobilization from
membrane phospholipids under phosphorus sfE&gsphosphoinositide phospholipase C is
thought to be involved in plant signaling of diverse biological processes including(S8§ss
although not yet associated with P limiting conditions. Ujpieke and redistribution of
scavengedP arethenmediated by increased expression of phosphate transporters, particularly
high-affinity Pi transporters of the PHT1 family, which have been reported to be upregulated in
Arabidopsig(44), wheat(51), and maiz€50) under P stres§urprisingly we did not detect this
type of transporter in our dataset.

Plants experiencing P deficiency often display reduced photosynthetic activity, which can
increase reactive oxygen species (ROS) production. Accordingly;sR@&nging enzymes and

compounds such as peroxidases, dehydrogenases, and glutathione trartsfembeen found
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more abundant in-Btressed, lowP-tolerant genotypes of whe@l) and maiz€50), consistent

with enhanced oxidative stress mitigatiolthough cytochrome ¢ oxidase has not been
associated with P stress, its increased abundance under P depleted conditions might still play a
role in stress defensas this enzyme has been implicated in mitigation of ROS damage of
protein, DNA, and lipid¢57). Even though plant antimicrobial peptides are best known for their
role inbiotic defense in plants, there is growing evidence that they are also produced in response
to abiotic stress such as drought, salinity, heavy metal exposure, and low temgg&ture
However, to our knowledge, no previous reports describe the production of plant antimicrobial
peptides specifically underliniting conditions. Interestingly, the master regulator of P stress,
PHRZ1, has been shown to control the expression of genes involved in both biotic and abiotic
stress respons€s9), suggesting that crossgulation between nutrient signaling and defense
pathways may occur. Finally, several additional proteins identified in our dataset lacked
functional annotations or clear association with knovatr&ssesponse pathways. These
uncharacterized proteins may represent novel components ofttes®response netwark

wheat specific strategiesd warrant further investigation in future studies.

Plants associate closely with surrounding microbial communities that can either directly
or indirectly enhance their resilience to both abiotic and biotic stresses. Indirect benefits often
arise from microbial activities that improve nutrient bioavailéhilbroduce plant growth
promoting compounds, or outcompete pathodéns). Direct effects, on the other hand, occur
through microbial modulation of plant signaling networks. For instance, characterization of the
transcriptional response Afabidopsisto colonization by an endophytiusariumstrain
revealed downregulation of plant immunity genes coupled with upregulation of growth and

nitrogen metabolism related pathwdg®). WhenArabidopsisvas instead colonized by a
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pathogenid-usariumstrain, the transcriptional profile shifted toward enhanced immunity and
toxin production at the cost of growth demonstrating that plant responses to microbial
colonization are strongly context dependent and vary with both the microbial identity and
environmental conditioné0).

Similar contexdependent interactions have been described under P siraisslopsis
inoculated with a SynCom showed greater induction of P stress responsive genes than
uninoculated plants, many of which were also linked to jasmonic acid and salicylic acid defense
signaling(43). These observations suggest that nutrient stress and microbial presence act
together to shape the pl ant 0 dakbdweensugriem hy si ol o
sensing and immune pathways. Although our proteomic dataset identified only a modest number
of differentially abundant proteins, several exhibited abundance shifts consistent with SynCom
mediated modulation of P stress responses. For example, purpléesihatase and
serine/threonine phosphatase maintained similar levels regardlegsCir8 presence, whereas
phosphoinositidphospholipase C and two peroxidases decreased in abundance in inoculated
plants. As previously mentioneghosphoinositid@hospholipase & involved in plant stress
signaling andits reduced abundance in SynCoraculated wheat could indicate microbial
attenuation of signaling pathways. Another indicator of SynCom modulation of plant stress
signaling and response is the observed decrease in abundance of abscisic acid receptors. Abscisic
acid is a phytohormone thaggulates several growth and development processes in plants under
normal and stress conditio(®&1). The role of ABA in plant P stress mitigation id otear as its
concentration in roots has been found to decrease i(62¢and increase in barl€g3).

An alternative explanation to the decrease in signaling molecules in SymGoutated

wheat can be explained by a reduction of physiological plant stress responses. We can argue that
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the abundance shift of several ROS scavenging enzymes is indicative of such interactions. The
increased abundance in glutathione transferase and phytocyanin in response to the SynCom
could have led to improved ROS detox ability thus reducing damage &iroetures.
Furthermore, cytochrome c oxidase abundance was also reduced in the pretderBgriiom
to levels consistent with potential influence in wheat P stress response. Given the limited number
of DA proteins detected, these interpretations rerspétulativeand limit deeper mechanistic
assumptionsNeverthelesspur experiments have capturad s napshot of the pl ar
response to P streaad the presence of the SynCom thus validating the potential application of
our present infrastructure in combination with metaproteomics to reveal molecular mechanisms
on plantmicrobe interactions.

Plants actively shape their associated microbial communities through the release of root
exudates that vary over time and in response to environmentgdbaé&d) These chemical
changes attract specific microbial taxa that may enhance plant resilience under stress. In parallel,
soil microbial communities are strongly influenced by environmental conditions such as soll
type, management practices, geographic looatdadplanthost genotype angrowth stagg€66).
In wheat, Pdeficient soils harbor microbial assemblages distinct from thosdeartifzed soils
(671 69). However, crosstudy comparisons remain challenging due to inconsistent taxonomic
resolution, making it difficult to identify key functional players at higher taxonomic levels.
Using a reductionist approachAmabidopsis Finkel et al.(44) demonstrated that microbial
community composition also shifts in response to P availaliléyeraging the modularity of
the SynCom, they also identifi&lrkholderiaas a taxon that produced negative effects only

under P limiting condition§44), thus highlighting that planmicrobe interactions and their
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ultimate effect on phenotype are highly context dependent and shaped by both the microbial
community and the prevailing environment.

In addition to the plant functional profile, our metaproteomic analysis also provided
insights into the composition and function of the SynCoatt&iaare known tadapt to
environmental stress by modulating their metabolism and physiology to ensure ga@)jval
Under P stress, bacterial cells upregulase@/enging enzymes, increase phosphate transport
and storage, repress glycogen catabolism, elevate secondary metabolite production, and often
enhance virulence factor express{@a). Consistent with these canonical responses and our
results,Lidbury et al.(72) observed increased expression of phosphatas&sly@ses, and
phosphate ABC transporters, as well as enhanced abundance of glycolytic enzymes in three
Pseudomonastrains. Although our microbial protein recovery was relatively low, we identified
several proteins not previously described as part of the bactesti@d3 response. This may
reflect the unique dynamics of a plaagsociated microbial community, which introduces
additional biological complexity not captured in singfeecies studies. In adidib to the classic
P stress markers, we detected increased expression of porins, pilin proteins, antimicrobial
compounds, lactonase, and reactive oxygen speaciagenging enzymes undedBpleted
conditions. These proteins may represent mechanisms for coping with bothotiestigss of P
limitation and the biotic pressures of community competition and host colonizationcuitee
studies ofEscherichia colandPseudomonas aerugingdaoth species upregulated porins
relative to monoculture, though they exhibited opposing transcription patterns in other metabolic
pathwayq73). Moreover, under caulture and low oxygen conditios coliincreased the

transcription of biofilm genes along with a reduction on key respiratory genes, wRereas
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aeruginosashowed no change in transcription patt€i®. Such results underscore how
microbial interactions can dramatically reshape cellular physiology under resource limitation.

In complex environments such as the rhizosphere, microbes often employ distinct
competition strategies to ensure survival. Microbes might engage in exploitative competition,
where they attempt to outcompete other species by increasing the uptake efragmitrce, or
they might engage in direct interference with other species through chemical Wat)at@ne
intriguing finding from our study was the increased abundancéagt@aserotein under P
depleted conditions. Lactonases hydrolyze the homoserine lactone ring-bbawderine
lactones (AHLS), key quorwsensing signals produced by many bactgftg. By degrading
AHLs, certain species can disrupt the collective behaviors of competitors, including biofilm
formation and secondary metabolite production rendering competitors less competitive under
certain condition§76). Although not previously noted as having a role in the P limitation stress
response, lactonases might be expressed under P stress only in the presence of other microbes.
Alternatively, there is evidence of increased lactonase activity in response to plant derived
molecules. Plant derived gamma butyric amino acid was shown to induce lactonase production in
Agrobacteriumtumefaciensnd consequently reduced its viruleifé@). The transporter
implicated in this intekingdom interaction was a branched chain amino acid ABC transporter
(K01998). Interestingly, we found that the branched chain amino acid ABC transporter substrate
binding protein (K0199) associated with this tiamder was elevated underdepleted
conditions, whictsuggestshat this interkingdom interaction pathway may be active in our
system. However, the lactonase enzyme elevated in our system is annotated as a 6
phosphogluconolactonase (EC:3.1.1.31) whigteit of the pentose phosphate pathway and not

currently associated with quorum quenching function. Nevertheless, further investigation of the
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ability of this enzyme to inactivate acyl homoserine lactones could lead to new strategies to
control microbial populations through quorum sensing.

The mechanistic insighincovered using metaproteomics allows us to infer the potential
interactions occurring in our system. It is possible thatcombined action of increased P
scavenging enzymes, P transport ability, and lactonase production of Ralsgpé&afed its
ability to exploit resources more effectively under P sttkas other SynCom members.

Ultimately, these shifts in function might have also led to the increased abundance of Ralssp110
under P stresdt is important to note that thesespmnses could alseflecta response to the
recognition of the hosMembers of a maize SynCom, for example, have been shown to alter
their carbon utilization profilesncrease nutrient transport, increase in virulence fadtamgase
production of adhesion molecules and secretion systems, and enhance P metabolism in response
to host cue$78). Together, these findingkemonstrate thahé microbial responses we observed

are shaped not only by nutrient availability but also by interactions with the plant and with other
community memberdhis highlights the importance of studying planicrobial interactions in

a system that is complex enough to allow for higher order interactions to occur between plant
microbesenvironment in a tractable fashioAlthough exploratoryn nature this study

demonstrated that the developed reductionist infrastreicgnotobiotic system and SynCom, in
combination with metaproteomicsa powerful approach to dissect ptamtrobe interactions at

the molecular level. Moreover, we have provideglimpse into how microbial and plant
functionco-adjust under P stress, laying the groundwork for futypothesishased

investigation®of plantmicrobe interactions under P stress.
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3.5 Conclusion

Our goal was to evaluate a defined reduced wheat SynCom within a plant gnotobiotic
system as a platform to gain mechanistic insights into-phécriobe interactions under P stress.
Here we demonstrate that this experimental framework captures both mlantcaobial
responses to nutrient limitation, establishing a tractable model for dissecting complex molecular
interaction in an agriculturally important crop. The SynCom elicited plant phenotypic responses
comparable to those observed in plants colonized tatural soil community, suggesting that
the functional core of wheaissociated microbiota was preserved in our reduced system.
Coupling our system with metaproteomics, we were able to identify classical plant stress
responses to P limitation. In addit, we observed the potential effect of microbes influencing
these responses. Likewise, on the microbial side, we detected canonical bacterial responses to P
limitation along with other responses not usually associated with P stress. These new responses
to P stress might be a result of studying microbial P stress response in a system that better
emulates the natural conditions microbes encounter with the influence of other microbes and
plants. These results point to an active, interdependent plammbbesystem in which
environmental conditions influence both partners, and their reciprocal adjustments determine the
overall outcome of the interactioAlthough exploratory in scope, this study highlights the
power of combining reductionist community desigantrolled plant growth, and metaproteomic
profiling to probe the molecular basis of pliamicrobe and microlignicrobe interactions.
Furthermore, the detection of several uncharacterized proteins underscores the potential of this
framework to uncover presusly unknown players in nutrient stress adaptation. Together, these
findings provide a compelling proof of concept that the developed SynCom, gnotobiotic system,

and metaproteomics together can serve as a powerful tool for elucidating the mechanisms
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underpinning plaritmicrobe interactions in wheat and beyond, paving the way for more rational

and effective design of microdmased solutions for sustainable agriculture.
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Supplementary Table 31. Growth schedule for synthetic community mensheR2A and

Supplementary Tables

R2B
Growth , Growth in agar Growth in Growth in final
speed Strain ID (days) starte([] )culture culture (h)
Padi1l20 3 10 6
Pseuspl6 3 10 6
Fast Koco105 3 10 6
Mace92 3 12 8
Hefr119 4 10 8
Ralsspl110 4 12 8
Paph68 3 12 12
Lutesp34 4 12 12
. Dugasp25 3 12 12
Medium Curtsp57 4 16 12
Sphisp66 4 16 12
Varisp41l 4 16 12
Azospl32 4 16 16
Slow Mucisp86 4 16 16
Rhizsp82 4 16 16
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Supplementary Table 32. Total number of proteins identified by organism.

Organism | Total High confidence
Wheat 10117 | 3475
Ralssp11d 1380 149
Mace92 | 1234 301
Paph68 | 758 146
Azospl32| 570 4
Dugasp25| 462 14
Hefr119 | 400 24
Pseuspl6| 377 6
Varisp4l | 339 3
Rhizsp82 | 267 4
Lutesp34 | 230 11
Sphisp66 | 210 2
Mucisp86 | 185 2
Koco105 | 185 2
Padil20 | 179 2
Curtsp57 | 152 2

Proteins were considered high confidence if the following filters were passed: 5% protein false

discovery rate (FDR) and prevalence in at least 70% of samples in at least one treatment.
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Supplementary Table 33. Differential abundance analysis of wheat proteins performed using the-Moona pipeliné.

Accesion Protein COG_Category Contrast log2FC | AveExpr t p-value g-value B
AOA1D5ZW?25 Rasrg':f)eldlgmte'” U NSD_vs NSR| -2.934 | 8853 | 5635 | 6.20E06 | 9.94E02 | 3.852
AOA3BBEAX7 | CTLH domain z SRV NSR | -1.050 | 3775 | -3.485 | 1.75E03 | 9.27E02 | -1.173
Contalnlng proteln - -
AOA3B6TMP4 Peroxidase Q NSD_vs NSR| -0.790 | 7.767 | 3.011 | 5.70E03 | 9.94E02 | -2.336
TraesPARA_El Class (lll) Peroxidase
v1.0_2312160.2 : Q NSD_vs NSR| -0.789 | 4.834 | -1.241 | 226E01 | 9.94E02 | -4.978
CDS subfamily
Glycoside hydrolase
AOA3B5YQX5 family 5 domain G S_vs_NS -1.821 6.366 -0.829 4.15E01 6.47E02 -5.371
containing protein
Glycoside hydrolase
AOA3B5YQX5 family 5 domain G SR_v_NSR -2.610 5.290 -0.630 5.34E01 2.95E02 -5.532
containing protein
A0A3B5zP87 | ATP Sy’;tlgﬁz““b“”‘ C Svs NS | -1.413 | 4783 | 0255 | 8.00EO1 | 7.08802 | -5.615
AOA3B5ZVE9 Uncgfg?:if”zed S Svs NS | -1.060 | 7.056 | -0.539 | 5.94E01 | 8.17E02 | -5.728
Aldehyde
AOA3B6BZT3 dehydrogenase C S vs NS -0.879 4280 | -0.221 | 8.27E01 259E02 | -5.951
domainrcontaining
protein
Large ribosomal
subunit protein uL18
AOA3B6DDI1 C-terminal J S vs NS | -3.163 | 4.647 | -3.023 | 554E03 | 8.45E03 | -2.216
eukaryotes domain
containing protein
AOA3B6FGR2 Glutathione E SRV NSR | -1.965 | 4024 | 1603 | 121E01 | 1.07E03 | -4.509
hydrolase — =
AOA3B6FQ81 Uncgfg?git:r'zed S Svs NS | -1.458 | 4972 | 1250 | 222E01 | 5.67E02 | -4.737
AOA3B6FQ81 Uncgfg?git:r'zed S SR v_NSR | -2.154 | 4.007 | -1.119 | 2.73801 | 2.95E02 | -4.864
AOA3B6GUZS Uncgfg?ecif”zed S Svs NS | -1.807 | 7.063 | -0.977 | 3.37E01 | 7.58E03 | -4.984
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Supplementary Table3-3. Continued

AOA3B6GUZ8

Uncharacterized
protein

SR_v_NSR

-2.607

7.056

-1.196

2.42E01

8.65E04

-5.086

AOA3B6H1Y9

AB hydrolasel
domairrcontaining
protein

S vs_NS

-0.863

5.902

0.733

4.70E01

4.85E02

-5.191

AOA3B6HR37

RRM domain
containing protein

S vs NS

-1.168

4.188

-0.752

4.59E01

1.96E02

-5.359

AOA3B6HRR1

WPP domain
containing protein

S vs NS

-1.429

6.366

0.523

6.05E01

1.40E02

-5.456

AOA3B6IU72

Serine/threonine
protein phosphatase

S vs NS

-1.442

8.083

-0.029

9.77E01

4.22E02

-5.969

AOA3B6IVT4

Uncharacterized
protein

S vs NS

-0.973

4.047

5.454

7.97E06

9.40E02

3.671

AOA3B6LD45

Uncharacterized
protein

S vs NS

-2.078

7.056

4.829

4.41E05

1.90E02

2.096

AOA3B6LTDA4

H15 domain
containing protein

(o8]

S vs_NS

-2.019

5.035

-4.566

9.04E05

1.96E02

1.441

AOA3BG6LTI7

Histone H2A

oy}

SR_v_NSR

-4.938

4.024

-4.068

3.49E04

5.13E02

0.215

AOA3B6MPW1

Phosphoinositide
phospholipase C

NSD_vs_NSR

1.620

4.783

-3.960

4.67E04

9.94E02

-0.034

AOA3B6MRC9

Protein arginine N

methyltransferase

domaincontaining
protein

KOT

S vs NS

-1.227

6.779

-3.589

1.25E03

6.01E02

-0.975

AOA3B6PS08

SCP domain
containing protein

S vs NS

-2.076

11.233

-1.842

7.60E02

2.40E05

-5.422

AOA3B6PS08

SCP domain
containing protein

SD_v_NSD

-2.263

11.368

-1.721

9.63E02

1.19E02

-5.641

AOA3B6PS08

SCP domain
containing protein

SR_v_NSR

-1.955

5.042

-0.548

5.88E01

5.55E03

-5.817

AOA3B6TMFO

RRM domain
containing protein

S vs_NS

-0.805

3.734

-0.580

5.66E01

4.85E02

-6.049

P24846

4-hydroxy-
tetrahydrodipicolinat

e synthase 1,

chloroplastic

S vs_NS

-1.286

4.363

-5.539

7.98E06

3.41E02

3.553

W5G2H3

Tubulin-specific

chaperone A

S vs NS

-1.506

6.779

-4.399

1.62E04

7.22E02

0.934
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Supplementary Table3-3. Continued

W5G2H3 Tubuliryspecific z SR_V_NSR | -2117 | 4902 | 4183 | 286E04 | 6.43E02 | 0.405
chaperone A - =
AMP-dependent
AOA3B5Y6T7 | Synthetaselligase IQ NSD vs_NSR| 2.704 5521 | 3.966 | 5.06E04 | 2.45E02 | -0.096
domaincontaining
protein
Plant antimicrobial
AOA3B6AOW3 |  peptide domain S NSD vs NSR| 2.397 | 11.233 | -3546 | 1.50E03 | 9.94E02 | -1.632
containing protein
AOA3B6LHI6 Purple acid G Wrvs_Wd | -0.854 | 5290 | 2487 | 1.96E02 | 9.12E02 | -3.210
phosphatase - =
AOASBOMNM Uncgfg?gitner'zed K NSD_vs_NSR| 1591 | 5035 | -2.423 | 2.26E02 | 9.94E02 | -3.326
AOA3B6QCZ0 HMA domair P NSD_vs_NSR| 2.303 4783 | -1.552 | 1.33E01 | 9.94E02 | -4.718
containing protein
TraesPARA_EI| Predicted_CDS _tran|
v1.0_0712330.1 cript:TraesPARA_El C NSD_vs_NSR| 3.187 3.734 | 1254 | 221E01 | 5.02E02 | -5.357
.CDS v1.0 0712330.1
Late embryogenesis
abundant protein
AOA077S5S5 |  LEA-2 subgroup S S vs_NS 1.110 4.783 | -4.188 | 2.83E04 | 1.07E02 | 0.243
domaincontaining
protein
AOA3BSXTF2 glutathione o Svs NS | 1178 | 5042 | -3622 | 1.24E03 | 1.90E02 | -0.885
transferase - =
Uncharacterized
protein potentially:
AOA3B5XZ60 S No match S vs NS 1.439 8.083 | 3312 | 2.71E03 | 6.93E03 | -1.592
adenosylmethionine
decarboxylase
proenzyme
AOA3B5Z154 CySteir']r;ﬁb‘i’troorte'”ase G S.vs_NS | 0892 | 4280 | 2667 | 130E02 | 1.40E02 | -2.846
MRN complex
AOA3BGEKW4 | INteracting protein N S Svs NS | 1521 | 4024 | -2299 | 297802 | 5.07E03 | -3.492
terminal domain - =
containing protein
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Supplementary Table3-3. Continued

AOA3B6EKWA4

MRN complex
interacting protein N
terminal domain
containing protein

SR_v_NSR

1.828

5.436

1.975

5.88E02

4.60E02

-3.968

AOA3BG6EVI9

Leucinerich repeat
containing N
terminal planitype
domaincontaining
protein

SR_v_NSR

1.692

4.972

-1.125

2.71E01

4.16E02

-5.065

AOA3B6IWB7

Phytocyanin domain
containing protein

S vs NS

0.664

4.573

0.601

5.53E01

2.59E02

-5.397

AOA3B6JKU4

Cytochrome b561
and DOMON
domainrcontaining
protein

S vs_NS

1.402

7.767

-5.019

2.62E05

1.71E02

2.482

AOA3B6JKU4

Cytochrome b561
and DOMON
domainrcontaining
protein

SR_v_NSR

1.702

4.972

-3.569

1.31E03

7.11E02

-1.121

AOA3B6JPC8

VWFA domain
containing protein

S vs NS

1.363

5.902

-3.137

3.99E03

2.33E02

-1.943

AOA3B6LHZ2

t-SNARE coiledcoil
homology domain
containing protein

S vs NS

1.680

5.335

1.916

6.56E02

8.45E03

-4.004

AOA3B6LTSS8

WRKY domain
containing protein

S vs NS

2.035

5.436

-1.654

1.09E01

1.20E04

-4.340

AOA3B6LTSS8

WRKY domain
containing protein

SR_v_NSR

2.548

5.521

-1.409

1.70E01

8.65E04

-4.629

AOA3B6MKG69

GDSL esterase/lipas

S vs NS

1.429

4.893

0.832

4.12E01

2.33E02

-5.137

AOA3B6PJP3

Leucinerich repeat
containing N
terminal planttype
domaincontaining

protein

S vs NS

1.524

5.290

-0.574

5.71E01

3.41E02

-5.268
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Supplementary Table3-3. Continued

Leucinerich repeat
containing N
AOA3B6PJP3 | terminal plantype SR v_NSR | 1.954 5882 | -0.456 | 6.52E01 | 7.11E02 | -5.383
domaincontaining
protein
AOA3B6RSC7 phoﬁ?g&‘g;‘;"ate NSD_vs NSR| 4.244 5219 | 0113 | 9.11E01 | 2.16E02 | -5.396
AOA3B6RS8C7 | Phosphopyruvate S vs NS 2.806 4280 | 0510 | 6.14E01 | 6.72E02 | -5.410
hydratase
AOA3B6R8C7 phoﬁgg&‘gg‘g’me SR V_.NSR | 4.269 4320 | -0.310 | 7.59E01 | 3.94E03 | -5.470
TraesPARA _EIl| Predicted_CDS_tran|
v1.0 _1038860.1 cript:TraesPARA_EI S vs NS 1.867 4.285 0.066 9.48E01 1.40E02 -5.518
.CDS v1.0 1038860.1
TraesPARA_EI| Predicted_CDS _tran|
v1.0_1038860.1 cript:TraesPARA_El SR V_.NSR | 2589 7.056 | 0177 | 8.60E01 | 2.95E02 | -5.723
.CDS v1.0_1038860.1

*The table lists each protein accession and annotation (Accession, Protein, and COG_Category) along with the stat$staral resul

the indicated

contrast

|l og

f ol

d

change

(Il og2FC)

heeepr esent s

positive values indicate higher abundance in the first condition of the sbvarage normalized expression across samples
(AveExpr), Benjamini Hochberg adjusted-palue(g-value), log-odds that a protein is differentially abundéB}. Contrass
evaluation no community P depleted vs no community P replete (NSD_vs_NSR), synthetic community P replete vs synthetic
community P depleted (SR_v_NSR), synthetic community vs no community (S_vs_NS), synthetic community P replete vs no
community P replete (SR_v_NSR)d synthetic community P deplete vs no synthetic community P depleted (SD_v_NSD).
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Supplementary Table 34. Average relative abundance of wheat SynCom members calculated

from their proteinaceous contributions (meanzSD).

Species Depleted Replete
Mace92 39.2£19.6 62.8:21.3
Paph68 24.3t14.4 18+6.9
Ralssp110 30.1+20.7 12.9+21.8
Hefr119 3.62.6 3.5+2.2
Lutesp34 1.2+1.6 1.6:1.3
Curtsp57 0.14+0.1 0.24t0.2
Pseuspl6 0.69t0.7 0.22£0.2
Mucisp86 0.13t0.2 0.1#0.2
Dugasp25 0.11+0.1 0.16+0.2
Varisp4l 0.13:0.1 0.12:0.2
Sphisp66 0.08t0.07 0.11+0.1
Azospl32 0.05:0.03 0.1+0.1
Rhizsp82 0.28t0.6 0.06+£0.05
Padil20 0.005:0.01 0.03:0.1
Koco105 0.013:0.02 0.02t0.03
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Supplementary Table 35. Differential abundance analysis of synthetic community proteins performed using theusoma

ipeline
Strain Accession Protein COG Category, logFC AveExpr t P.Value | adj.P.val B
Curtsp57 | XNW63968.1 phOSpha;"’:ifeiF;Apz family | -1.783 9.762 | -6.541 | 2.98E06 | 7.55E02 | 4.735
Lutesp34 | XNWe6422.1| Cytochrome D1 domain No Match -1.647 9.171 | -5.452 | 2.98E05 | 4.71E02 | 2.587
containing protein
Ralssp110 | XNX14095.1 | alpha,alpharehalase TreA G -2.014 7.822 | 4781 | 1.32E04 | 4.71E02 | 1.211
Ralssp110 | XNx14526.1 | 2V hydrgfbel;‘r’]’i‘t"ée reductas o) -2.046 | 10501 | -4.691 | 1.61E04 | 9.36E02 | 1.000
Ralssp110 | XNX15344.1 | M1 family metallopeptidase E -2.821 8.171 -4.298 | 3.92E04 | 4.71E02 | 0.208
hypothetical protein i i
Ralssp110 | XNX15423.1 WCENOT 04130 s 1.774 | 10056 | 4.149 | 550E04 | 4.71E02 | -0.088
Ralssp110 | XNX15800.1 | fransiation '”'gat'on factor i J 1798 | 10.001 | 4.113 | 5.98E04 | 9.61E02 | -0.162
Ralssp110 | XNX16303.1 chaperonin GroEL o -2.607 7.657 | 4.113 | 5.98E04 | 9.29802 | -0.183
Ralssp110 | XNX16421.1 pilin NU -2.616 8.818 | 4.006 | 7.63E04 | 4.71E02 | -0.381
Ralsspl10 | XNX16708.1 phosphocholinepecific M -3.039 9.189 | 3.982 | 8.06E04 | 1.00E02 | -0.429
phospholipase C
Ralssp110 | XNX17020.1 lactonase family protein G -1.555 7.768 3.981 8.08E04 | 9.92E02 | -0.456
Ralssp110 | XNX17229.1 | FOFt ATP;%’EZ‘&SG subunit F 2878 | 10.650 | -3.962 | 8.43E04 | 5.90E02 | -0.471
Ralssp110 | XNX17383.1 porin M 2358 | 10.921 | -3.909 | 9.52E04 | 9.61E02 | -0.582
Ralssp110 | XNX17423.1 | ABC transporter substrate G -1.616 | 10.417 | 3.842 | 1.11E03 | 9.92E02 | -0.719
binding protein
Ralssp110 | XNX17440.1 DNA-directed RNA 3884 | 8979 | 3.830 | 1.14E03 | 2.70E02 | -0.746
polymerase subunit beta
Ralssp110 | XNX17542.1 porin -2.219 7.919 | -3.832 | 1.13E03 | 9.36E02 | -0.790
Ralsspl10 | XNX17744.1 | YPe!glyceraldenyad- C 2996 | 8029 | -3.809 | 1.20E03 | 9.29E02 | -0.829
phosphate dehydrogenase
brancheechain amino acid
Ralssp110 | XNX18010.1 ABC transporter substrate E -2.959 11.984 -3.729 1.43E03 | 5.34E02 | -0.976
binding protein
Ralssp110 | XNx18115.1 | 2idehyde dehydrogenase C -3.572 7.891 | 3.654 | 1.70E03 | 2.00E03 | -1.124
family protein

199



Supplementary Table 35. Continued

Ralssp110 | XNXx18541.1 | Phosphate ABC transporter P 2670 | 11.030 | -3.637 | 1.77E03 | 6.75E02 | -1.139
substratebinding protein PstS
Dugasp2s | MFS2003866.| succinate dehydrogenase ifo c 1315 | 10931 | 3614 | 1.86E03 | 9.36E02 | -1.197
1 sulfur subunit
Hefr119 | XNW92729.1 | P-Il family nitrogen regulator K 2.112 8.178 | 3.591 | 1.96E03 | 5.90E02 | -1.244
Kocol05 | XNW68829.1 | alcohol dehydrogenase Adh C 1.453 10.507 3.577 2.03E03 | 7.55E02 | -1.262
Mace92 | xNwogoss.1 | |°onB-dependent receptor plu P 2.477 10.830 | -3.499 | 2.42E03 | 4.71E02 | -1.418
domaincontaining protein
Mace92 | xNwo73es.1 | Mcp family type Vi secretion s 1.796 7.715 | 3.469 | 2.59E03 | 9.29E02 | -1.537
system effector
Mace92 XNW97466.1 TonB-dependent receptor P 1.290 7.689 3.412 2.94E03 | 8.05E02 | -1.663
Mace92 XNW97868.1 OmpA family protein M 1.121 8.373 -3.397 3.04E03 | 9.92E02 | -1.672
Mace92 XNW97877.1 bacterioferritin P 1.773 8.817 3.239 4.34E03 | 9.92E02 | -1.957
Mace92 XNW98105.1 TonB-dependent receptor P 1.665 8.515 3.231 4.42E03 | 9.92E02 | -1.964
Mace92 | XNwoga71.1 | TonB-dependent receptor plu P 1.959 11515 | -3.231 | 4.42E03 | 4.71E02 | -1.978
domainrcontaining protein
Mace92 | XNwosses.1 | DUF2076 SfoTe?:]moma'”'”g s 2.090 11.992 | -3.229 | 4.44E03 | 4.71E02 | -2.015
Mace92 | XNW99276.1| 50S ribosomal protein L2 J 1.872 13.006 | 3.352 | 3.37E03 | 5.90E02 | -2.016
transcription
Mace92 XNW99366.1 termination/antitermination K 2.040 8.858 -3.205 4.68E03 | 4.71E02 | -2.059
protein NusG
Mace92 | XNW99558.1 acetylCoA G | 1.424 7.715 3.189 | 4.86E03 | 9.92E02 | -2.116
acetyltransferase
Mace92 XNW99591.1 porin family protein M 1.446 10.921 -3.140 5.42E03 | 5.90E02 | -2.137
Mace92 | XNwog708.1 | FonB-dependent receptor ply P 1.531 8.155 3.137 | 5.45E03 | 9.92E02 | -2.170
domaincontaining protein
Mace92 | XNX00004.1 porin family protein M 1.957 8.378 | -3.145 | 5.35803 | 4.71E02 | -2.187
Mace92 | XNx00114.1 | 1°C famngrggier: membrane MU 1.952 8.116 | -3.099 | 5.94E03 | 2.70E02 | -2.298
Mace92 | XNx00226.1 | YP€B50S Eg?soma' protein J 1.761 8.109 3.075 | 6.27E03 | 5.90E02 | -2.299
Mace92 | XNx00533.1 | DUF4136 SSOTG?LFDO”W”'”Q s 2.374 0.387 3.040 | 6.76E03 | 4.71E02 | -2.306
Mace92 | XNX00702.1 | 50S ribosomal protein L28 J 2.473 13.311 | -3.186 | 4.89E03 | 9.29802 | -2.319
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Supplementary Table 35. Continued

Mace92 XNX01220.1 adenylosuccinate synthase F 1.465 10.780 3.042 6.74E03 | 4.71E02 | -2.346
Mace92 | XNxo01335.1 | _ NADH-quinone C 1502 | 8439 | 3.037 | 6.81E03 | 4.71E02 | -2.352
oxidoreductase subunit Nuol
Mace92 XNX01974.1 ribosome recycling factor J 1.586 8.138 3.039 6.79E03 | 9.61E02 | -2.368
Mucisp86 | XNW51918.1 Fe-S protein assembly o) 1.531 8.276 | -3.048 | 6.65E03 | 6.93E02 | -2.390
chaperone HscA
Paph68 | XNW81508.1 _ NADH-qguinone C 1.585 13.051 | 3.096 | 5.98E03 | 9.92E02 | -2.570
oxidoreductase subunit D

The table lists each protein accession and annotation (Accession, Protein, and COG_Category) along with the statsstical resul
between phosphorus replete vs P depleted conditions o g fold change (1l o0og2FC) represents
the two conditions, where positive values indicate higher abundance in the first condition of tret.cwrdrage normalized

expression across sampl@seExpr), Benjamini Hochberg adjusted-palue(g-value),log-odds that a protein is differentially

abundan(B).
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Abstract

Quantification of microbial synthetic communities (SynComs) can help identify key
players that confer plant resilience under different biotic and abiotic stredgions Current
methods of SynCom member quantification are either laborious or expensive, which limits their
availability to the wider research community. One unexplored avenue to quantify SynCom
members in roots that is more widely accessible, less laboaodsglatively inexpensive is
guantitative polymerase chain reaction (QPCR). Hereapert the development and testing of
gPCRbased assays to quantify the fifteen members of a wheat SynCom. We tested the effect of
the viability dye propidium monoazide (PMA) on the quantification of the SynCom members
and community composition measurese déveloped five multiplexed gPCR assays using
hydrolysis probes for the quantification of the wheat SynCom. These assays were species
specific and able to reliably detect as few as ten bacteria. Even though PMA decreased the
guantification of all species the raw inoculum, we observed no decrease in quantification in
samples that contain root material. Similarly, the community composition between the PMA
treated and untreated samples only differed in the raw inoculum. Finally, we compared the
community omposition obtained from metaproteomics data to the results generated from the
gPCR assays developed as part of this study, and we found good correlation between the two
methods. The results of this study highlight the potential use of 4RG&d assays tpantify

SynComs of small to medium size (up to 30 memlasspciated with plamoots.
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4.1 Introduction

Generatingnicrobebased technologies to enhance plant productivity in agricultural
systems requires a deep understanding of phacitobiomeenvironment interactions. However,
the study of these interactive mechanisms is challenging in complex natural systems. Synthetic
microbial communities (SynComs) are systems of reduced complexity developed to be
representative of the functional and phylogenetic components of the microbial community of
interest(1). The reduced complexity of SynComs can enable the identification of microbial
effectors responsible for plant phenotypes which can be used as biological enhancers of plant
productivity (2, 3) One aspect of interest in plamicrobiome studies is community dynamics in
response to different biotic and abiotic factors. Understanding how microbial communities are
assembled and maintained under different conditionsghedeffect orplant phenotype can
improve the inconsistent efficacy of biological amendments developed for agricultural purposes
(4). For this reason, a reliable method to quantify SynCom members and track community
dynamics is needed.

Quantification of SynComs can be accomplished by culfependent and culture
independent approaches. Cultdependent approaches are the simplest and most cost effective
for quantification of SynComand their implementation lead to the identification of keystone
species in a seven member maize SynCanHowever, glective plate development requires
determining chemical and osmotic requirements and sensitivities of each strain and the
identification of the best combination that permits growth of a single species from a mixed
culture. This process is laborious ahd quantification in large studies is prone to human error,
especially in SynComs larger than 10 straByseciesspecific selective plate development can

be avoided by quantification based on morphology. Using this strategy, shifts in abuoidance
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four member SynCom were tracked in a-$ig@ matrix after the introduction of invading
specieg6). This approach offers a quick and easy way to quantify SynCom members, but it is
limited to having members that have distinct colony morphology, which likely confines this
approach to SynComs of small size. Moreover, quantification of a mixed commungjnigiea
plate might lead to inaccurate quantificatias inhibition between closely located colonies can
occur(7, 8) Therefore, alture-independent methods can be implemented instead to overcome
these challenges.

The cultureindependent method of choice used in plant systems has been amplicon
sequencing, particularly in SynComs containing over 15 members. Tracking SynCom members
through 16S rRNA amplicon sequencimasreveaéddifferential recruitment of communities by
different plant organ€9), priority effects on community compositi¢h0), plant preference for
bacteria isolated from the same spe€ids, the nature of microbial interactions with invading
specieg12), identification of bacterial groups that enhance plant response to nutrient starvation
(13), and the validation of a new model soil SynCddh). The rapid decline in sequencing costs
has benefitted the adoption of amplicon sequencing as a routine analysis. However, sequencing
equipment is not readily accessibdemany labs and research institutions around the world, so
most researchers outsource this analysis to external sequencing services. Although widespread in
affluent nations, academic and commercial sequencing facilities are less prevalent in countries
with emergent economies thus limitiagcessibilityto routinely employ this technique.

Moreover, sequencing facilities often havt-6-weekturnaround times for results, rendering
amplicon sequencing low throughput. In contrast, quantitative polymerase chain reaction (QPCR)
equipment is frequently found in labs and research institutions and offerseffeoste and

high-throughput alternate to amplicon sequencing.
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Bacterial quantification using qPCR in plant tissue has been mainly implemented as a
diagnostic tool for pathogens and beneficial bioinoculants. SYBR green based gPCR assays
resulted in the quantification &treptomyces spm wheat(15), Pseudomonas cannabiinma
turnip greeng16), Enterobacter radicitans wild cabbagd17), Azospirillum brasilens€l8,

19) andHerbaspirillum seropedicag0, 21)in Maize Rhizobium spgn common beaf22),
Pseudomonas syringd23) andPantoea agglomeran24) in tomatq Bacillus

amyloliquefaciensn rapesee®@5) andPectobacterium Brasilienga potato(26). Because

SYBR green binds nespecifically to amplification products, these studies have been limited to
the quantification of single species or taxonomic groups at the time. This increases the amount of
labor needed when quantification of several tarigedesired from each sample. Multiplexing of
several targets in gPCR is possibgnghydrolysis probéased detection. Target specific

probes can be quantified simultaneously by labelling probes with differen{2&)es

Multiplexing reduces the amount of labor and reagent cost by running multiple targets in a single
reaction. Diagnostic assays using hydrolysis probes have allowed for the simultaneous
guantification ofPectobacter spmandP. parmentierin potato (28) and four different

Xanthonomas spf29) andClavibacter spp(30)in tomato. However, PCR based methods do

not distinguish between DNA from live and dead organisms and has the potentialto over
guantify targets and misrepresent community composi8an32)

The distinction between dead and live DNA pools can be made by treating samples with
molecules that prevent amplification of extracellular DNA. Propidium monoazide (PMA) is a
dye that intercalates DNA and covalently binds to it after light exposure, tvsnping its
amplification(33). Moreover, PMA is selective towards extracellular DNA and DNA from

compromised cells because it is impermeable to the intact membrane of viab(@4ells
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Treatment of samples with PMA has been demonstrated to decrease the quantification of DNA
released from dead cells (relic DNA) in pure cult{8®, 35, 36)s0ils(32, 37) and in plant$18,
21, 23, 24, 26)These studies highlight PMAPCR as a powerful tool to quantify viable
bacterial strains of interest in plants and the potential for quantifying SynComs to track
community dynamics.

Recently, gPCR has been used to successfully assess changes of SynComs of commensal
gut bacterig38i 40) and members of a biofilm producing SynCHi). Nevertheless,
guantification of SynComs via gPCR remains limited due to the challenging primer design and
assay validation required for several targets. Recently, the PUPpy pipeline was developed for the
rapid design of strain or group specific primerSynComs, which resulted in the successful
development of speciespecific primers for a 10 member gut commensal Syn(3&n This
pipeline could facilitate the development of specific primer and probes in other systems and lead
to the more widespread use of gPCR in SynCom quantification. To our knowledgeqPGR
has not been implemented yet for the quantification of SynCasigned for plant systems.
Because we recently deloped a SynCoras a toold study plarimicrobe interactions in wheat
(Triticum aestivuni..), in this study we sought out to complement this SynCom with a
guantification assaylherefore, the main objeeé of this study was to develop aassesa
gPCR assay using hydrolysis probes to quantify the 15 members of the wheat SynCom in roots.
Throughout this studythe following questions were assessed: 1) Can gPCR be used to quantify
SynCom members associated with wheat roots? 2) What is the effect of PMA on the
guantification of individual members of the community? 3) Does the addition of PMA influence

the commurty composition of SynCom? 4) How does community composition determined with
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the qPCR assays compare to the community structure obtained from metaproteomics data in
experimental samples?

Five multiplexed gPCR assays were successfully developested using the
SynComés raw inoculum and molbkeffestafmghdDNAINc ont ai
SynCom composition was evaluated by treatment of samples using PMA. Using the developed
assayswe were able to successfully quantify all members of the SynCom in mock samples. The
effect of PMA was inconsistent between inoculum and mock samples and impacted SynCom
members differently so its use within SynComs remains debatable and requires further
investigation Finally, we quantified the SynCom congition using the gPCR assay on wheat
inoculated test samples and compared the community composition results to those obtained from

metaproteomics data samples produced in Chapter 3.

4.2 Materials and Methods

4.2.1 Bacterial growth and standard curve production of SynCom members
To standardize the number of each bacterial member of the SynCom, standard curves

were prepared for each strain correlating optical density at 600 ngadj@dcolony forming

units (CFU) per mL of inoculum. All members of the SynCom were grown on R2A plates in the
dark at room temperature forS33days. A starter culture for each strain was prepared by
inoculating a single colony into 5 mL of fedtrength RB and grown at 28C while shaking at

180 rpm between 106 h. Subsequently, 1 mL of starter cultwas transferred to 100 mL of

R2B and grown betweenX% h. The exact cultivation schedule followed for each species can be
found in Supplementary Tabfel. Cells were harvested by centrifugation at 10,0QCfor 10

min at 4 °C. Cells were washed with 5 mL of phospiratiéered saline solution (PBS),

centrifuged at 10,008 g for 5 min at 4 °C, and resuspended in 4 mL of PBS. Each bacterial
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suspension was serially diluted by a factor of 1/3, and the optical density of each culture was
determined in a 9@vell plate using an Eon Microplate Spectrophotometer (Biotek, USA). For

each bacterial species, four wells with &fmeasurements between 0:028 were selected and

were serially diluted by a 1/10 factor. To obtain colony counts, 10 pL of the serial dilutions were
plated on R2A plates in triplicate using the spotimgttilting technique. Optical density
measurementasnd colony counts weresed to produce a standard curve, which enabled
determination of the CFU/mL of each bacterial suspension. The SynCom inoculum was prepared
by producing bacterial suspensions of all strains as previously described and mixing each strain
to a final concenttéon of 1x10° CFU/mL. Pellets for DNA extraction from each species were
harvested by centrifuging 1 mL of bacterial suspension at 1& @0@r 10 min and stored a20

°C.

4.2.2 Plant growttandmock sample preparation
Wheat seeds cv. Catawba were surface sterilized by placing them in a tea strainer and

gently shaking during the following washes: 95% ethanol for 1 min, 6.0% sodium hypochlorite
Clorox® Disinfecting Bleach (Clorox®, Oakland, USA) for 10 min, 95% ethamoB0 sec, and
lastly sterile deonized water for 30 sec twi€d2). Wheat plants were grown in polycarbonate
pots containing 1 L of autoclaved Medium Industrial Sand (Southern products and Silica Co,
USA). To maintain sterility, the plants were grown within a gnotobiotics system develeped in
house (Appendix D). Plantsare fertigated with 120 mL of 22% Murishage & Skoog without P
every three days through a filter capsule containing a 0.2 um PES filter (Tish Scientific, USA).
On day 17 and 22, plants received 107 mg/L of KH2PO4. Wheat plants grew for 40 days within
a growth chamber with a 12 h photoperiod and day/night temperatures of 22/16 °C. Roots were

harvested and cleaned with-bmized water to remove sand particles. Clean roots were stored at
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-20 °C. For the preparation of mock samples, the frozen roots were thawed and chopped into 5
mm pieces and separated into 100 mg aliqudts.root aliquots were mixed with 200 pL of

SynCom inoculun{n=3) or PBS (n=3and vortexed for 5 sec.

4.2.3 PMA treatment and DNA extraction and quantification
Raw inoculum and mock samples were divided into two. One half of the samples were

treated with PMA, and the other was left untreated prior to DNA extraction. The PMA treatment
protocol was applied following a slightly modified protocol from Pedorolo x014(21).

Briefly, PMAxXXTM (Biotium, USA) was added to a final concentration of 50 uM and incubated
in the dark for 10 min. Photoactivation was achieved by incubating samples under a 10,000 lux
LED lamp (HappyLight®, Verilux) for 30 min; samples were kept on i glaced at a 20 cm
distance from the light source. Samples were store2DtC prior to DNA extraction. Genomic
DNA (gDNA) for gPCR standard curves was extracted from bacterial pellets from each SynCom
member using the QuieRNATM Fungal/Bacterial Minprep Kit (Zymo Research, USA). DNA

for gPCR assay testing from PMA treated and untreated mock (50 mg) and SynCom inoculum
were obtained using the SynergyTM 2.0 Plant DNA Extraction Kit (OPS Diagnostics, USA).
DNA quantification was achieved using the QuUibtdsDNA BR Assay Kit in a Qubit 4

Fluorometer (Invitrogen, USA).

4.2.4 Primer and probe design and specificity testing
The PUPpy pipeliné39) was used to identify candidate genes using the PROKKA

1.14.5(43) annotated genomes from each SynCom member as targets and the wheat reference
genome (cv. Chinese Spring, Refseq GCF_018294505.1) astargeth Primers and hydrolysis
probes were designed using PrimerQUé&3iool (Integrated DNA Technologies, USA).

OligoAnalyzef™ Tool (Integrated DNA Technologies, USA) was used to identify potential
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secondary structure formation and dimerization. Primer and probe specificity was verified

silico using BLAST® command line against a database created with the genomes of the SynCom
members and wheat. To ensure capturing potentiatarget binding, the minimum length of

the match was set to 13 nucleotides and the minimum percent identity to 70%TBesults

were manually curated to ensure that-temget matches had the potential for amplification by
assessing if both forward, reverse, and probeshmatd t he same untargeted
with any level of coverage of the primer sequence. Primers and probes were synthesized by
Eurofins Genomics USA (Tabkel). Primer specificity was evaluated by inspection of melt

curves. Samples containing gDNA of a single target were used to check fspewific binding

within a species. In addition, samples with DNA from the full SynCom were used to check for
nonspecifc binding between species. Triplicate melt curves were produced via qPCR using
iTag™ Universal SYBR Green Supermix (BiRad, USA) in an Applied Biosystems

QuantStudid™ 6 Flex System (Thermofisher Scientific, USA) following manufacturer
recommended thermocycling conditions. Primers were considered specific if a single peak was

present in the melt curves.
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Table 4-1. List of the wheatssociated bacterial synthetic community members with corresponding genome information and oligo

sequences.
Assay | Target ID | Bacterial Species NCBI. G_enome Target Locus | Sequence
accession | size bp
Forward: CCAACACCGGAACAGTTAG
JBKBEDOO Probe-SUN/IBFQ:
Dugasp25 | Duganella sp. 0000000 7,318,753 | MFS2002733.1) AGCTGATGGATTTGTCCAACCACACG
C
Reverse: GGAGCACATCCTGCATAAA
Forward: CATCATCCGCGTTCACATA
1 . Mucilaginibacter ProbeROX/BHQ2:
Mucisp86 sp. CP168503 | 7,047,512 | XNW51261.1 AATGGGTTGGTCGTCCTGGGCAAG
Reverse: ACAATCCAGTCGGCATTAC
Forward: TCGTAGCAGCCCTTCATA
Massilia CP168562 ProbeCy5/BHQ2:
Maced2 | cellulosiltytica cp168563 | (289,204 | XNWO8B364.1 | 766TCCCTGCGTCAACTTTCCGT
Reverse: TTCCTTCCGCTTTCTTGTAG
Forward: AGCGTCCGATTGAGTTATTG
. . CP1685460 ProbeROX/BHQ2:
Varisp4l | Variovorax sp. CP168541 8,601,567 | XNW85332.1 TGACTCGTGCGATCTTGGAGCAGC
Reverse: ATATTGCTGAGCCATTCCG
Forward: CCGATACTGACGTGATCTTC
. . ProbeCy5/BHQ2:
2 Sphisp66 | Sphingomonas sp. | CP168508 | 4,956,126 | XNW58166.1 TATTGTCGTCGTCGTTGGGCAGGC
Reverse: CGAGCCGACATAGTTGTT
Forward: CATGACCCTGGCTATGAAC
Paraburkholderia | CP168530 ProbeSUN/IBFQ:
Paph68 phenoliruptrix CP168531 6,797,873 | XNW81223.1 ATCTAAGTGCCGGAGGTGCGAAGC
Reverse: CCGGCGTGAATCCAAATA
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Table 4-1. Continued

Pseuspl6

Pseudomonas sp.

CP168522

6,974,647

Forward: CTCTATTGTGGAGTGCAAGG

XNW75198.1

ProbeCy5/BHQ2:
AGCGTGCCGTGGTGAAGATTGGTTTA

Reverse: GAACATCGGGTGTGTGTATT

Lutesp34

Luteibacter sp.

CP168517

4,216,035

Forward: GTGAGTCCGGAGCAGAAG

XNW64807.1

ProbeSUN/IBFQ:
ACATCATGGATCCTCCCGGCGACA

Reverse: GTTGCGGTAGAGGTCGTAG

Curtsp57

Curtobacterium sp.

CP168511

4,034,330

Forward: GTCGGTAACTGGTTCGGTA

XNW63196.1

ProbeROX/BHQ2:
ATCGGTGATGAGCTCTGGCGTGAC

Reverse: GATGTCCTCGTCGGTCTG

Kocol05

Kosakonia cowanii

CP168529

4,795,088

Forward: AAATCACGGAACCTGTTACTC

XNW70063.1

ProbeCy5/BHQ2:
TCTCCTTCTATCGCCCGCTACAGGC

Reverse: GCGCGATCGGTATGAATAG

Hefr119

Herbaspirillum
frisingense

CP168558
CP168559

5,397,317

XNW95003.1

Forward: GAACCACCGTATTCGCTATC

ProbeROX/BHQ2:
AAAGCAAGCAGAGGCCATGCGATC

Reverse: ATTCGGACATGCGTCTTTAG

Azospl32

Azospirillum sp.

JBGLZAO00
0000000

7,612,848

MFS2012938.1

Forward: CTGCGGACACCAGTTTAC

ProbeSUN/IBFQ:
TTGGACTGACGACAACCCTGTGCC

Reverse:
GAAATAGCTCAACACCGAGAG
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Table 4-1. Continued

Forward: TGGCTACGACAAGGAGAT
: L CP168569 ProbeCy5/BHQ2:

Rhizsp82 | Rhizobium sp. CP168572 6,621,703 | XNX13882.1 AGGCAATGTCCAAGGTCGCGATGA
Reverse: CATGCGCGAGGTTATAGAG

Forward: CGGATCGAGATGGGATTT

. CP168608 ProbeROX/BHQ2:

5 Ralssp110| Ralstonia sp. CP168610 5,626,073 | XNX17293.1 TGTGACTACGCAGCAGATGTCGCC

Reverse: AGCTCATTCATCCGCTTAC
Forward: CACTGAACCAGCTCAACTAC

, . CP168602 ProbeSUN/IBFQ:
Padil20 Pantoea dispersa CP168604 4,838,301 | XNX06842.1 ACCTATGGCTGGATTTCGCTGGGE
Reverse: CGTCGCAAAGGTGTTGTA
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4.2.5 Standard curve production and gPCR detection
Standard curves for absolute quantification of each species were obtaineddig ten

serial dilution of gDNA from all species. Standard curves ranged fréiatferia to 1

bacterium. The bacterial number was approximated uEgogtion4-1 (44). Quantification of
bacterial numbers was performed in triplicates on an Applied Biosystems QuantS&iffiex
System (Thermofisher Scientific, USA). Amplification was carried out in a total volume of 10

ML containing 2 pL of template DNA, 10 pL of VWR® Probe gPCR Master Mix (Avantor,

USA), and 0.4 uL of the specific assay with primer and probe concensati®.4 uM and 0.2

MM, respectively. Thermocycling conditions were set at 3 min of initial denaturation at 95 °C,
followed by 40 cycles of 95 °C for 15 sec and 60 °C for 30 sec with fluorescence detection after
each cycle. The limit of detection (LOD) wdefined as the lowest bacterial number that was
guantified with a coefficient of variance less than 3%. Quantified bacterial numbers were
normalized to the total amount of DNA used in the gPCR reaction. Finally, multiplex assay
specificity was tested isamples prepared with gDNA from all SynCom members except for the
three corresponding targets for the assay. Assays were deemed specific if no signal was detected
above the LOD.

Equation 4-1

e T s s e L me e DEQEIC QPTG E AQWE ERQ
0 WWO Tl 0@WWHQTQNQE ¢ W QH—— — ; —
@ DWIF @ @G ¢ alpap e MNQ

WhereX s the total amount of DNA in the qPCR reaction ans the length of the genome

(Table4-2).
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4.2.6 Comparison of community composition via qPCR and metaproteomics in experimental
samples

The gPCR quantification method was validated in samples produced in Chapter
compared to the results obtained frdirametaproteomic pipelin@gh=14) Refer to the methods
section in Chapte3 for details about the experimental set up, root collection, and metaproteomic
data production. gDNA was extracted from root samples as described above and quantified
using the developed qPCR assays. Species biomass contributions were calcdiededtzed by

Kleiner et al.(44).

4.2.7 Data analysis
All statistical analyses were performed using R statistical software version 4.3.0 (R Core

Team 2023) with significance being determined at a levpkdif.05. The effect of PMA on

SynCom member quantification was assessed on SynCom and mock samples throughya two
ANOVA with sample type, PMA treatment, and SynCom member as fixed effects. Treatment
specific differences of significant effects were assessed by comparing the least square means
with Bonferroni adjustment for multiple comparisons. Differerinegsommunity composition

were assessed on total sspaled abundances using the following R packages: phyloseq, vegan,
and RRPP. The community composition differences were visualized via principal coordinate
analysis (PCoA) on Bragurtis dissimilarity maices. The effect of PMA and sample type on

the community composition was evaluated using the randomized residual permutation procedure
and multiple comparisons were performed using the false discovery rate correction.
Differentially abundant strains weexamined on significantly different treatments using the
maaslin2 packag@6). The Mantel test was used to determine Pearson correlation between

distances matrices of community composition from gPCR and metaproteomics.
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4.3 Results

4.3.1 Primer and probe specificity and multiplex assay LOD and specificity
Thein-silico specificity analysis of primer and probe sequences yielded potential non

target binding to 870 loci in the provided database; 563 matched the wheat reference genome and
307 crossed matched other SynCom species. Manual examination revealed that 10 of thos

unt argeted matches had the potential for exte
primers (Supplemetary Table2}. However, these matches were considered to have low risk of
exponential amplification and quantification becatisewereno full primer pais and probe

that matched the same untargeted rediowitro specificity testing using SYBR green revealed

a single peak for all primer pairs when tested with their respective target. Similarly, a single peak
was observed for all primer pairs tested with the full SynCom, except for a single Lutesp34

replicate (Figue 41).
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Derivative Melt Curves
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Figure 4-1. Primer specificity testing derivation melt curves. Each plot depicts results of primer
pair tested. Green lines represent melt curves produced when a primer pair was tested with its
respective target alone and the red lines represent melt curves produced when the primer pair
was tested with the Full SynCom.
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Multiplex assay efficiencies were determined with a standard curve spanfalty 7
dilutions of DNA pools of all SynCom members approximating bacterial numbers ffoto 10
All but one speciewasdetected down to one bacterium; however, detection was unreliable at
this level because several technical replicates failed, and the CV ranged betwie@h%.3-or
this reason, the LOD of all assays was set at 10 bacteria (Supplementarg-Iablalues
below this number were designated as undetected. Thg afficiencies ranged between 85.8
100 % with correlation coefficients above 98% (Tab)4 Multiplex assay specificity was
evaluated in samples containing only the-temget strains. No nespecific detection was
recorded for strains Azosp132, Kocol105, Lutesp34, and Pseuspl6. In all other strains, detection

was recorded only below the LOBupplementary Table-4).

Table 4-2. Standard curve evaluation values for all SynCom strains calculated from multiplexed
assays in samples containing gDNA from all members.

Strain ID y-intercept slope R? Efficiency %
Padil20 34.16 -3.32 1 100.2
Pseuspl6 35.1 -3.39 0.998 97.1
Koco105 34.61 -3.4 0.999 96.9
Mace92 35.2 -3.35 0.999 98.7
Hefr119 34.98 -3.34 0.999 99.2
Ralssp110 34.36 -3.33 0.999 99.7
Paph68 34.82 -3.31 0.996 100.6
Lutesp34 36.76 -3.72 0.997 85.8
Dugasp25 35.43 -3.13 0.996 108.8
Curtsp57 36.64 -3.56 0.998 90.8
Sphisp66 34.97 -3.26 0.998 102.7
Varisp41l 35.56 -3.38 0.999 97.8
Azospl32 34.33 -3.26 0.999 102.9
Mucisp86 34.89 -3.39 0.999 97.1
Rhizsp82 34.39 -3.31 0.996 98.7
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4.3.2 PMA affects the quantification of SynCom members differently
The effect of PMA on the quantification of each strain was assessed in the raw SynCom

inoculum. A significant interactive effect of PMA and SynCom strain was found for bacterial
quantification p-value< 2.31x10°). PMA treatment significantly decreased the quantification

of all species compared to no PMA added (Figu22AJl However, the size of the decrease was
dependent on the SynCom strain. The smallest desneageantification vereobserved for

Hefr119, Mucisp86, and Curtsp57, where quantification of these species showed-foldog
change (FC) decrease of 0.62, 0.71, and 0.99 with PMA tregtrespéctively. In contrast, the
guantification of Ralssp110, Pseuspl6, Rhizsp82, Varisp41l, Lutesp34, Azospl B2 63
decreased on average by a lég@was of 1.53 with PMA. The greatest decrease in

guantification occurred in strains Koco105, Padi120, Mace92, Dugasp25, and Sphisp66, where

guantification was on average 2.56 LétfC lower with PMA.

PMA
. No
I . Yes

Figure 4-2. Estimated means of quantified SynCom members using qPCR multiplex assays
before and after PMA treatment. A) Quantification of raw SynCom inoculum and B)
Quantification of mock samples within the wheat root matrix.
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4.3.3 Presence of root material has an impact on PMA efficiency
To assess the quantification of SynCom strains in root containing samples, mock samples

were prepared by addirtige SynCom inoculum to roots arstibsequentlyreating with or

without PMA. A significant threavay interaction was found between sample type, PMA
treatment, and straiior the quantification of SynCom membepsvalue = 8.79x10°). Whether
quantification of each bacterial strain increased or decreased after PMA treatment was dependent
on the sample type and straiRor the raw inoculum, the quantification of all species was lower
with PMA treatment than without. In contrast, for mock samples derived from inoculated wheat
roots, we observed that the direction of the quantification difference between PMA treated and
untreated samples depended on the Syn@member(Figure 42B). Dugasp25, Koco105,

Lutesp34, Mucisp86, and Pseuspl16 were determined to be higher in samples where root was
present. Similarly to the raw inoculum, Azosp132, Curtsp57, Hefr119, Mace92, Padi120,
Paph®, Ralssp110, Rhizsp82, Sphisp66, and Varisp41 were quantifieower within the

root matrix. The magnitude of quantification after PMA treatment was affected by the sample
type and species. In the raw inoculum, we see a significant quantification decrease with PMA
treatment, whereas in mock samples, the differengeantification between PMA treated and

untreated was not significant.

4.3.4 Effect of PMA in community composition depends on sample type
Visual evaluation of community composition with a PCoA plot reveals three major

clusters (Figure-8A). Samples separated on the first axis (61.6% variance explained) of the
PCoA plot, where mock samples clustered towards the left of raw SynCom inoculum samples. A

second separation of samples occurred on the second axis (32.9% variance explaineal) betwee
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samples with opposing PMA treatment. These results are supported by randomized residual
permutation analysis of variance, in which a significant interactive effect between sample type
and PMA treatmentpfvalue= 0.004 F=9.74) occurs in relation to community composition.

Pairwise analysis between groups resulted in significant differences between PMA treated and
untreated communities only for raw inoculum samppegajue= 0.009). No differences were

found between mock samples and raw inoculum sampkesofy PMA tr eat ment at
significance level. To confirm that differences were in response to compositional differences, the
group variances and dispersion were also evaluated and were not found to be significantly

di fferent at U reassdbciadwith sigeifitantdiffereadesmbstwesrePMA

treated and the untreated raw SynCom inoculum. The relative abundance of Azosp132, Paph68,
Koco105, Padi120, Mace92, Dugasp25, and Sphisp66 was 39.8 % to 98.7% lower in SynCom
inoculum samples with PM#&han untreated, whereas Mucisp86, Hefr119, and Curtsp57 had
greater relative abundance in inoculum treated with PMA than without by 361.6%, 464.3%, and

846.8% respectively (Figure-8B).
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Figure 4-3. Community composition of raw SynCom inoculum and mock sanfpésncluding
roots) treated with or without propidium monoazide (PMA). A) PCoA of Beaytis distance on
total sum scaled species quantification in samples, B) Relative abundance of SynCom strains
within different sample types: raw inoculum (Syncom_only) and mock sampteskjM

4.3.5 Community compositi@ssessed hyPCR is comparable to metaproteomic species
biomass contribution

The gPCR assays were tested on SynCom inoculated-vdotatamples under P stress
obtainedas described i€hapter3. The community composition results were compared with the
community composition obtained from metaproteomics data. The linear correlation between the
community composition was tested through a mantel testm&l butsignificant positive
correlation (Pearsorr0.32,p-value= 0.017) was found between the distance matrices of the
community composition obtained from metaproteomicstaadPCR data (Figure-4B).

Significant effects of botthemethod p-value= 0.004 F= 4.398 and Ptreatmeni{p-value=
0.014 F= 3.6039 onthecommunity composition were observed. The interaction between
method and Breatmentvas not found significar{p-value= 0.928) and hencewasremoved
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from the model. We confirmed that these differences were in response to differences between
community composition of groups after analysis of variaraesd dispersion &s not determined
tobesi gni fi cant at U= 0.05.

All strains were detected in at least one sample of each treatment by both methods. Nine
strains were found to be differentially abundant between the two methods (Fig)ePlaph68
and Dugasp25 had lower relative abundance as determined by the gqPCR method cortipared to
metaproteomicanalysedy 44.4% and 96.1%, respectively, whereas Pseuspl16, Rhizsp82,
Lutesp34, Sphisp66, Kocol05, Curtsp57, and Mucisp86 had greater relative abundances as
detected by qPCR thdoy metaproteomicanalysesvith differenes between 175% to 2129%.
In contrast, only one strain was found significantly different between P lé\edgelative
abundance of Ralsp110 was 53.4% greater for the P depleted condition than in replete conditions

(Supplementary Table-8).
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4.5 Discussion

In recent years, we have seen an increased use of SynCumlmstify relevant microbial
effectors associated with increased plant resilience. The ability to track changes in abundance of
SynCom members enhances our understanding of community dynamics and our ability to devise
effective microbebased solutions. Thereforéjs important to develop methods that allow for
rapid quantification of members of a SynCom of interest. Quantification of SynComs can be
accomplished through cultugependent and indepdent methods. Two important

considerations when determining the most appropriate quantification approach to use are size of
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the community and available resources. Culture dependent methods, such as colony forming unit
(CFU) countingusing speciespecific selective plates or mosphologyight be the most

appropriate for small SynComs (less than 10 members) if cost is a concern. For SynComs with
more than 10 members, the implementation of culdiégendent methods might be too laborious

and not feasible, so cultunedependent methods gtit be more suitable.

If costspermit amplicon sequencing can be a good alternative especially for large
SynComs (more than 30 members) where culture dependent approaches might not be feasible.
However, this technique might be excessive for communities with less than 30 members and not
available to all labsAlternatively, qPCR quantification can be considered for cuture
independent quantification of SynComs between two to 30 men@®eastitative PCR based
approaches are more affordable than amplicon sequencing and canthedarm®unt of labor
needed for sample processihgthis study, we developed a gP®RBsed quantification method
as a complement to the recently developed wheat SynCom. The wheat SynCom is composed of
15 wheatroot associated bacteria belonging to 15 different genera. We demonstrate that gPCR
can be usetb quantify SynComs in roots using multiplexed assays. The framework used in this
study can be applied in the development of qPCR assays for other SynComs in other plant
species.

The implementation of the PUPG$9) pipeline in this project streamlined the design of
primer and probes by quickly identifying unique and siraglpy genes for each SynCom
member as targets. All but onétheassayg designed had efficiencies within the accepted range
of 90-110%. The efficiency for the Lutesp34 assay was 85.8%, thus indicating that only 85.8 %
of the amplicon doubles at each cycle. Others have reported assay efficiencies lower than 90%

(18, 47, 48)ms acceptablas long as the assay is accurate and consistently perfai48ing
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More optimization fothe Lutesp34 assay should be considered to limit potential
underestimation of this SynCom member relative to others. If available to reseatohae,
digital PCR can be an alternative that does not require the production of standard curves for
absolute quantification and is efficiency invarigb). Nevertheless, the successful and quick
development of specific primer and probes for the 15 members of our SynCom highlights the
value of the PUPpy pipeline for the developmenPECRbasedjuantification assays for
SynComs.

However, this tool might be limited to SynComs with sufficiently distantly related
strains, as it depends on the ability to identify unique genes among (@@eturthermore,
accurate quantification using this technique relies on the assumption that the target genes are
single copy, so welinnotated genomes might be necessary to ensure that targets do not fall
within plasmid genes. At the time of implementation of this pipeline, we did not have plasmid
annotations for our genomes and only laketerminedhat two of our target genes potentially
reside in plasmids fahe Rhizsp82 and PadilZrains This can lead to over quantification of
these two strains undeonditions that lead to plasmid replication. Primer and probe redesign
might be required for the accurate quantification of these two species. Nevertheless, we
demonstrate that quantification of SynCom members in roots can be accomplished by employing
multiplexed probebased gPCR assays.

Using standard curves for absolute quantification, we were able to confidently quantify
all SynCom members down to 10 bacteria compared to 100 to 10000 LOD in other studies. In
addition to the preparation of standard curves using genome copy numbersyasfarp
bacterial quantity, validation of results via CFU counts can confirm the accuracy of these assays.

Comparison of gPCfRased quantification and CFU counts have previously resulted in good
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correlation between the two methd@4, 24, 18, 19)Further validation of our gPCR assays
with CFU counts would still be needed to test the accuracy of this approach.

Another challenge of gPCRased quantification is the potential for amplification of
DNA obtained from dead cells. This could result in egeantification of SynCom members that
are not metabolically active amduldskew community composition measu(dg, 51)

Exclusion of DNA from dead organisms from amplification using PMA and other membrane
impermeable intercalating dyes has been well established in the litdB8uBb, 51, 52)

Similar to our results, treatment with PMA resulted in reduction of quantification in plant tissue
of H. seropodicad21), A. brasiliens€18), P. syringag23), P. agglomeran$24), P. brasiliense
(26), andXyllela fastidiosg53).

Within the wheat SynCom, we found that the decrease in quantification after PMA was
species dependent. This could indicate that our harvesting protocol might cause higher cell
disruption for some species than others. The viability and cell surface pespré cell can be
affected by higkspeed centrifugation and resuspension buffer in a species dependent manner
(54). To facilitate the simultaneous harvest of 15 species, the same harvesting protocol was
applied to all species. This could have left some species more permeable to PMA or lead to more
relic DNA from these cells, thus explaining the species dependent éfi@eover, some
species might be more susceptible to PMA naturally which could lead to the underestimation of
live cells for those specific taxonomic groups. Even though PMA has shown better selectivity for
dead cells than other DNA intercalating dyeshsas ethidium monoazi@85, 55) there has
been limited evaluation of the effects of high concentrations of PMA on the viability of different
bacterial speciegvidence of potential PMA toxicity at concentrations above 10 uM have been

recorded for pure cultures Bf syringae(23), Clavibacter michiganensi$6), Alternaria spp
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(57), andXanthomonas fragariags8), which raises the need for a better understanding of PMA
toxicity in diverse microbial species.

In contrast to the results from raw inoculum, we observed no effect of PMA in mock
samples. In accordance with our findings Sidioiioz et al(24), Han et al(56), Wang and
Turechek(58), and Wang et a(37) found that the complexity of the matrix had an impact on
PMA efficiency. Several factors can be responsible for the lack of efficacy of PMA in the
presence of a complex matrix such as root material. Because PMA reacts with all extracellular
DNA includingthat of the host and other molecules in the matrix, the PMA available can be
depleted and insufficient for the inactivation of DNA from all dead organ{8ifjsAdditionally,
high biomass and high turbidity in samples can provide physical protection to DNA from PMA
interaction(37) and protect PMA molecules from photoactivat{da), respectively. PMA
treatments in plants and soils from the cited studies range in PMA concentrations from 20 to 80
UM, dark incubation from 8 to 30 min, and photoactivation from 5 to 15 min. Even though the
PMA treatment protocol used in this study is sistent with the literature, more optimization
might be necessary for the wheat rassociated SynCom system. However, it has been
suggested that in some cases optimization might not be attainable without causing toxicity to
certain specie@7) or that the cost oPMA beconesprohibiting (59).

Differences in community composition between Pitéated and untreated communities
were only observed for the raw inoculum and not for the mock samples. This suggests that the
presence of relic DNA and its effect on community composition is dependerg typthof
sample being evaluated. These sample dependent results have also been observed in other
studies. Wang et &l37) noted that in high biomass and high complexity samples, such as soil

and saliva, the presence of relic DNA did not have an impact on community composition. In
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contrast, Carini et a(32) reported that relic DNA did have an impact on community

composition in soil but also indicated that this effect appeared to be sample dependent. The main
factors determining if and how relic DNA has an impact in community composition are the size

of the elic DNA pool, relic DNA residence time, habitat microscale heterogeneity, and
incongruency of the relic DNA pool size with the species abundance distribution of the live
community(31).

There is still no clear understanding of how relic DNA impacts the community
composition in root environments, which hinders the decision if PMA is necessary in studies
investigating community dynamics using SynComs. Moreover, inconsistent results using PM
to quantify only live microorganisms in different species could indicate that the use of
intercalating dyes is not as generalizable as previously th@sightind other alternatives need
to be considered to evaluate the active component of microbial communities. Furthermore, none
of the articles cited here using 16S rRNA amplicon sequencing to track SynCom community
dynamics in plants have made distinctionsieetn live or relic DNA amplification. This could
indicate an absence of concern by the scientific community for the effect of relic DNA in
community composition in plants.

Even though we found different PMA effects on community composition between the
raw inoculum and mock samples, we also observed that the community composition of raw
inoculum and mock samples did not differ from one another regardless of PMA treatmgnt. Thi
suggests that our gPCR assays can accurately characterize the community composition of the
wheat SynCom in roots. However, a more thorough investigation of the accuracy of this method
using samples with known and varying member abundances could becia¢tethetter

understand the limitations of these assays. Moreover, a comparison of this method with other
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accepted SynCom quantification methods, such as 16S rRNA amplicon sequencing, would be
beneficial for the benchmarking of this method.

The comparison of community composition results from gPCR to those obtained from
metaproteomics methods could be used as a reference for benchmarking our method.
Metaproteomics is a method that estimates proteins of all organisms present in an envifonmenta
samplg(60). Composition of the live community can be estimated from proteins because they are
the effectors of biological processes, and th
biomasg61). Community composition from metaproteomics data is possible by assessing the
biomass contribution of each spec{é5). Kleiner et al(45) validated this method using
communities with known composition based on cell number or biomass and determined that
their metaproteomics approach was more accurate than metagenomics and 16S rRNA amplicon
sequencing.

In our comparison of gPCR quantification assays and metaproteomics biomass
contributions using inoculated wheat root samples, the significant correlation between these two
methods indicates that sample similarity betwiéenmetaproteomics and qPGBsultsis
correlated. This good correspondence between methods suggests that similar samples in
metaproteomics tend to also be similar in gPCR. However, the community composition between
the two methods was significantly different, and several species differethtive abundance.
Similarly to our results, differences between species relative abundances determined from
metaproteomics and 16S rRNA amplicon sequencing were also observed in soda lake biomat
samples and potentially attributed to the presenceiofD&A (45). It is possible that the gPCR
method might be overestimating abundances of dead cells of some species. Another explanation

for difference between the metaproteomics and gPCR approach could be that protein and DNA
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extraction methods have different extraction efficiencies for those species. This could lead to
higher quantification of some species in one method over the other. Moreover, the limits of
detection might differ between the metaproteomics and gR€Rods and thisould be

different for each species, which may leathi® apparendifferencesn quantification of low
abundant specidbat we observed\evertheless, determining which method more accurately
reflects community composition will require furthesting using samples of known abundances
of the wheat SynCom members and proportions of dead and live cells, especially since the
accuracy determined for the metaproteomics method was validated in data obtained from pure
culture and without interferenceofn matrix or host protein@b5). Host proteins tend to

dominate samples and could impact the ability to detect microbial préé)esnd skew

community composition estimates.

4.6 Conclusion

SynCom quantification methods are necessary for the advancement ehpleotiiome
research that propels microbiotbased solutions in agriculture. We have demonstrated here that
the quantification of a 15 member SynCom in wheat roots is possibleprsingbasedjPCR
assays. The developed assays provide a quick, affordable, and sensitive method to quantify all
members of the wheat SynCom. We did not find that the application of PMA in roots shange
the community composition of the SynCom. However, tleeais®MA for live cell
guantification requires more consideration for SynCom applications. Some species might be
more susceptible to certain concentrations of PEIA their live counts might be
underestimatedAdditionally, extensive optimization of PMA concentration and incubation time
might be needed prior to application in roots for maximum efficacy of treatment. Even though

there were differences in relative abundances quantified between thebgB€tRapmach and
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metaproteomics approach, there is still good correspondence between these two methods which
provides confidence that the gPCR method will enable detection of biologically relevant shifts in
the community necessary for experimental discovery. Neverthatess,testing of the accuracy

of the gPCRbased assay is necessary for a better understasidisdimitations.
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Supplementary Table 41. Growth schedule for synthetic community member in R2A and R2B

Supplementary Tables

Growth Strain ID Taxonomy Growth in agar stgrrtz\plgljlltrllj a Growth in final
Speed (days) h) culture (h)
Padil20 Pantoea dispersa 3 10 6
Pseuspl6 Pseudomonas sp. 3 10 6
Koco105 Kosakonia cowanii 3 10 6
Fast | Mace92 Massilia 3 12 8
cellulosiltytica
Hefr119 H?:its’ﬁfgpe“;:”suem 4 10 8
Ralssp110 Ralstonia sp. 4 12 8
Paph68 Paraburl_<ho|d(_eria 3 12 12
phenoliruptrix
Lutesp34 Luteibacter sp. 4 12 12
Medium | Dugasp25 Duganella sp. 3 12 12
Curtsp57 Curtobacterium sp. 4 16 12
Sphisp66 Sphingomonas sp. 4 16 12
Varisp41 Variovorax sp. 4 16 12
Azospl32 Azospirillum sp. 4 16 16
Slow Mucisp86 Mucilaginibacter sp. 4 16 16
Rhizsp82 Rhizobium sp. 4 16 16

Supplementary Table 42. Primer and probe specificity BLAST results. Reduced list of
otential amplification of nottarget sequences

Oligo query Non-target match Length of match % match Target organism
Sphisp66_R| APJMBDOB_00265 14 100 Dugasp25
Lutesp34_P| APJMBDOB_00339 15 100 Dugasp25
Sphisp66_R| APJMBDOB_00357 13 100 Dugasp25
Sphisp66_R| APJMBDOB_05074 13 100 Dugasp25
Sphisp66_P| CBEJKNKA_02748 14 100 Koco105
Paph68_F CBEJKNKA_03534 13 100 Koco105
Padi120_P CDGECJDJ_00212 14 100 Padi120
Lutesp34_F CHBFNPNA_01003 13 100 Mace92
Curtsp57_R| CHBFNPNA 01319 13 100 Mace92
Curtsp57_R CHBFNPNA_01696 14 100 Mace92
Curtsp57_R EEONCLED_01655 13 100 Ralsspl110
Lutesp34_P FJADJEMJ_01234 14 100 Lutesp34
Paph68_F FJADJEMJ_03434 13 100 Lutesp34
Pseuspl6_H GMKLJDCE_00112 14 100 Curtsp57
Paph68_F GMKLJDCE_00853 13 100 Curtsp57
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Supplementary Table 42. Continued

Curtsp57_P GMKLJDCE_01240 14 100 Curtsp57
Ralsspl110 F GMKLJDCE_ 01695 13 100 Curtsp57
Pseuspl6_ H GMKLJIDCE_02778 14 100 Curtsp57
Ralsspl110 H GMKLJDCE_ 03397 13 100 Curtsp57
Paph68_F GMKLJDCE_03767 13 100 Curtsp57
Ralsspl11l0 F HFEMCCGM_01627 13 100 Paph68
Dugasp25_F JIEHNGFO_00753 14 100 Pseuspl6
Ralsspl110_F JIEHNGFO_01696 14 100 Pseuspl6
Mace92_F JIEHNGFO_02484 14 100 Pseuspl6
Kocol05 R JIEHNGFO_03061 14 100 Pseuspl6
Ralssp110_F JIEHNGFO_03557 16 100 Pseuspl6
Ralssp110_F JIEHNGFO_05086 13 100 Pseuspl6
Curtsp57_R JIEHNGFO_05450 13 100 Pseuspl6
Rhizsp82_P JIEHNGFO_05628 15 100 Pseuspl6
Paph68_R JLIAFOBH_01478 14 100 Rhizsp82
Kocol05 P JLIAFOBH_02969 14 100 Rhizsp82
Ralsspl110_F JLIAFOBH_03802 13 100 Rhizsp82
Lutesp34_R JLIAFOBH_04607 14 100 Rhizsp82
Sphisp66_R JLIAFOBH_04645 13 100 Rhizsp82
Sphisp66_R JLIAFOBH_04925 13 100 Rhizsp82
Sphisp66_R JLIAFOBH_05404 13 100 Rhizsp82
Mace92_F KCFAOIEE_00521 15 100 Varisp41l
Pseuspl6_F KCFAOIEE 01065 14 100 Varisp41
Pseuspl6_F KCFAOIEE_06235 14 100 Varisp41l
Pseuspl6_F KCFAOIEE_06694 14 100 Varisp41
Lutesp34_P KCFAOIEE_07762 14 100 Varisp41l
Curtsp57_P KCFAOIEE_07906 14 100 Varisp41
Ralssp110_F LNPNMONL_00381 13 100 Azospl32
Azospl32_F| LNPNMONL_02044 13 100 Azospl32
Sphisp66_R| LNPNMONL_03241 14 100 Azospl32
Mace92_F LNPNMONL_04386 13 100 Azospl32
Paph68_R LNPNMONL_05529 15 100 Azospl32
Azospl32_F OENJEIJA_00300 13 100 Hefr119
Lutesp34_P OENJEIJA_00984 14 100 Hefr119
Lutesp34_R OENJEIJA_ 02864 14 100 Hefr119
Sphisp66_R| OGAFGCCF_00824 13 100 Sphisp66
Ralsspl10 H OGAFGCCF_01317 13 100 Sphisp66
Sphisp66_R| OGAFGCCF_01516 13 100 Sphisp66
Lutesp34 P OGAFGCCF_01864 14 100 Sphisp66
Sphisp66_R| OGAFGCCF_02486 14 100 Sphisp66
Sphisp66_R| OGAFGCCF_03226 13 100 Sphisp66
Ralsspl1l0_F OGAFGCCF_03655 14 100 Sphisp66
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Supplementary Table 42. Continued

Ralsspl10_F OGAFGCCF_04191 14 100 Sphisp66
Mucisp86_R PIFKKDOE_00963 14 100 Mucisp86
Dugasp25_P PIFKKDOE_01003 14 100 Mucisp86
Sphisp66_P PIFKKDOE_04193 15 100 Mucisp86
Dugasp25_F PIFKKDOE_04486 14 100 Mucisp86
Sphisp66_R| TraesCS1A03G0599800. 13 100 Wheat
Padil20_F | TraesCS1B03G0445900| 14 100 Wheat
Padil20 R | TraesCS1B03G1138300| 13 100 Wheat
Padil20_F | TraesCS1D03G0343400 14 100 Wheat
Padil20 F | TraesCS1D03G0343400 14 100 Wheat
Paph68_F | TraesCS1D03G0944500 14 100 Wheat
Kocol05 P | TraesCS2A03G0132800. 14 100 Wheat
Kocol105_P | TraesCS2A03G0132800, 14 100 Wheat
Kocol05 P | TraesCS2A03G0132800. 14 100 Wheat
Dugasp25_H TraesCS2A03G0646200. 14 100 Wheat
Azospl32_R| TraesCS2A03G1004300| 14 100 Wheat
Azospl32_R| TraesCS2A03G1004300. 14 100 Wheat
Dugasp25 H TraesCS2B03G0723900| 14 100 Wheat
Azospl32_R| TraesCS2B03G1116700| 14 100 Wheat
Rhizsp82_F| TraesCS2D03G0052100 13 100 Wheat
Kocol1l05_P | TraesCS2D03G0129900 14 100 Wheat
Dugasp25 H TraesCS2D03G0602600 14 100 Wheat
Azospl32_R| TraesCS2D03G0940000 14 100 Wheat
Dugasp25 H TraesCS3A03G0795700, 14 100 Wheat
Curtsp57_P| TraesCS3A03G1138600. 14 100 Wheat
Paph68 F | TraesCS3B03G0898000 13 100 Wheat
Dugasp25_H TraesCS3B03G0917600 14 100 Wheat
Dugasp25 H TraesCS3B03G0918100| 14 100 Wheat
Kocol105_P | TraesCS3B03G1092500| 15 100 Wheat
Ralssp110_H TraesCS3B03G1223300 14 100 Wheat
Ralsspl110_H TraesCS3B03G1305000| 15 100 Wheat
Curtsp57_P| TraesCS3B03G1324500| 14 100 Wheat
Rhizsp82_F| TraesCS3B03G1491700 13 100 Wheat
Sphisp66_P| TraesCS3D03G0114300 14 100 Wheat
Lutesp34_F| TraesCS3D03G0225800 13 100 Wheat
Padi120_F | TraesCS3D03G0900800 14 100 Wheat
Ralssp110_H TraesCS3D03G1047500 15 100 Wheat
Ralsspl110_H TraesCS3D03G1047500 15 100 Wheat
Curtsp57_P| TraesCS3D03G1061200 14 100 Wheat
Hefr119 P | TraesCS4A03G0260000. 14 100 Wheat
Hefrl119 P | TraesCS4A03G0260000] 14 100 Wheat
Pseuspl6_FH TraesCS4A03G1200600| 14 100 Wheat
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Supplementary Table 42. Continued

Curtsp57_F | TraesCS4A03G1214800| 13 100 Wheat
Curtsp57_F | TraesCS4A03G1214800. 13 100 Wheat
Hefrl19 P | TraesCS4B03G0505100)] 14 100 Wheat
Hefr119 P | TraesCS4B03G0505100 14 100 Wheat
Sphisp66_F| TraesCS4B03G0965000 15 100 Wheat
Hefr119 P | TraesCS4D03G0451200 14 100 Wheat
Mace92_R | TraesCS4D03G0496600 14 100 Wheat
Pseuspl6_F TraesCS5A03G0239100, 14 100 Wheat
Sphisp66_P| TraesCS5A03G0428100. 15 100 Wheat
Dugasp25 H TraesCS5A03G0821200. 14 100 Wheat
Padil20_R | TraesCS5A03G1296700| 13 100 Wheat
Curtsp57_R| TraesCS5B03G0158500| 14 100 Wheat
Curtsp57_R| TraesCS5B03G0158600| 14 100 Wheat
Pseuspl6 F TraesCS5B03G0256900 14 100 Wheat
Lutesp34_P| TraesCS5B03G0764900)| 15 100 Wheat
Dugasp25 H TraesCS5B03G0859900| 14 100 Wheat
Dugasp25_H TraesCS6A03G0134500. 14 100 Wheat
Dugasp25 H TraesCS6B03G0190000| 14 100 Wheat
Rhizsp82_F| TraesCS6B03G0882400 15 100 Wheat
Sphisp66_P| TraesCS6D03G0020600 14 100 Wheat
Dugasp25_H TraesCS6D03G0126100 14 100 Wheat
Ralssp110_R TraesCS7A03G0443600| 17 100 Wheat
Ralssp110_R TraesCS7A03G0443600| 17 100 Wheat
Ralssp110_R TraesCS7A03G0443600, 17 100 Wheat
Ralssp110_R TraesCS7A03G0443600| 17 100 Wheat
Ralssp110_R TraesCS7A03G0443600, 17 100 Wheat
Dugasp25_H TraesCS7A03G0545300. 14 100 Wheat
Padil20_F | TraesCS7A03G0839100, 14 100 Wheat
Lutesp34_P| TraesCS7A03G1183800. 15 100 Wheat
Lutesp34 P| TraesCS7A03G1183800, 15 100 Wheat
Ralssp110_R TraesCS7B03G0252500)] 17 100 Wheat
Ralssp110_R TraesCS7B03G0252500)] 17 100 Wheat
Ralssp110_R TraesCS7B03G0252500)| 17 100 Wheat
Ralssp110_H TraesCS7B03G0252500| 17 100 Wheat
Ralssp110_R TraesCS7B03G0252500)] 17 100 Wheat
Ralssp110_H TraesCS7B03G0252500| 17 100 Wheat
Dugasp25_ H TraesCS7B03G0362000 14 100 Wheat
Padi120_F | TraesCS7B03G0672500 14 100 Wheat
Hefr119 P | TraesCS7B03G0845600 15 100 Wheat
Lutesp34_P| TraesCS7B03G1055300| 15 100 Wheat
Lutesp34_P| TraesCS7B03G1055300 15 100 Wheat
Ralssp110_FR TraesCS7D03G0428600 17 100 Wheat
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Supplementary Table 42. Continued

Ralssp110_R TraesCS7D03G0428600 17 100 Wheat
Ralsspl110 R TraesCS7D03G0428600 17 100 Wheat
Ralssp110_R TraesCS7D03G0428600 17 100 Wheat
Dugasp25 B TraesCS7D03G0523800 14 100 Wheat
Padil20_F | TraesCS7D03G0800000 14 100 Wheat
Padil20 F | TraesCS7D03G0800000 14 100 Wheat
Padil20_F | TraesCS7D03G0800000 14 100 Wheat
Padil20 _F | TraesCS7D03G0800000 14 100 Wheat
Lutesp34_P| TraesCS7D03G1123900 15 100 Wheat

Supplementary Table 43. gPCR Standard curve coefficient of variance-Mbt detected

Isolate Bacteria Mean Cq sd n % CV
Azospl32 1000000 14.8 0.10 3 0.69
Azospl32 100000 18.1 0.08 3 0.44
Azospl32 10000 21.4 0.09 3 0.44
Azospl32 1000 24.4 0.03 3 0.13
Azospl32 100 27.8 0.21 3 0.76
Azospl32 10 31.1 0.28 3 0.90
Azospl32 1 33.6 1.17 2 3.48
Curtsp57 1000000 15.1 0.23 3 1.53
Curtsp57 100000 18.9 0.08 3 0.40
Curtsp57 10000 22.4 0.10 3 0.44
Curtsp57 1000 26.1 0.18 3 0.70
Curtsp57 100 29.6 0.20 3 0.69
Curtsp57 10 32.9 0.74 3 2.25
Curtsp57 1 35.4 ND 1 ND
Dugasp25 1000000 16.4 0.04 3 0.26
Dugasp25 100000 20.0 0.09 3 0.45
Dugasp25 10000 23.4 0.08 3 0.33
Dugasp25 1000 255 0.11 2 0.44
Dugasp25 100 29.0 0.05 3 0.17
Dugasp25 10 324 0.49 3 1.50
Dugasp25 1 NDN ND 0 ND

Hefr119 1000000 15.0 0.26 3 1.73
Hefr119 100000 18.1 0.05 3 0.30
Hefr119 10000 21.6 0.06 3 0.27
Hefr119 1000 25.0 0.10 3 0.41
Hefr119 100 28.5 0.31 3 1.09
Hefr119 10 315 0.25 3 0.79
Hefr119 1 35.0 ND 1 ND
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Supplementary Table 43. Continued

Koco105 1000000 14.2 0.11 3 0.78
Koco105 100000 17.5 0.24 3 1.35
Koco105 10000 21.1 0.12 3 0.58
Koco105 1000 24.6 0.08 3 0.33
Koco105 100 28.0 0.06 3 0.23
Koco105 10 31.0 0.08 3 0.25
Koco105 1 33.8 1.38 3 4.08
Lutesp34 1000000 14.2 0.23 3 1.58
Lutesp34 100000 18.5 0.26 3 1.43
Lutesp34 10000 22.1 0.12 3 0.55
Lutesp34 1000 25.4 0.20 3 0.79
Lutesp34 100 29.1 0.09 3 0.30
Lutesp34 10 33.3 0.51 3 1.53
Lutesp34 1 36.0 1.08 3 3.01
Mace92 1000000 15.2 0.11 3 0.71
Mace92 100000 18.4 0.07 3 0.38
Mace92 10000 21.7 0.10 3 0.48
Mace92 1000 25.3 0.04 2 0.15
Mace92 100 28.4 0.10 3 0.35
Mace92 10 31.9 0.35 3 1.09
Mace92 1 33.2 ND 1 ND
Mucisp86 1000000 14.5 0.03 3 0.21
Mucisp86 100000 18.0 0.03 3 0.18
Mucisp86 10000 21.3 0.15 3 0.71
Mucisp86 1000 24.7 0.05 2 0.20
Mucisp86 100 28.1 0.22 3 0.79
Mucisp86 10 31.5 0.40 3 1.28
Mucisp86 1 33.5 1.46 3 4.36
Padi120 1000000 14.2 0.06 3 0.45
Padi120 100000 17.6 0.07 3 0.40
Padi120 10000 20.9 0.07 3 0.32
Padi120 1000 24.3 0.12 3 0.50
Padi120 100 27.6 0.21 3 0.74
Padi120 10 30.7 0.07 3 0.24
Padi120 1 34.1 1.03 3 3.02
Paph68 1000000 14.8 0.16 3 1.08
Paph68 100000 18.3 0.14 3 0.74
Paph68 10000 21.6 0.07 3 0.33
Paph68 1000 25.1 0.02 3 0.08
Paph68 100 28.3 0.20 3 0.70
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Supplementary Table 43. Continued

Paph68 10 31.2 0.87 3 2.77

Paph68 1 22.6 17.11 2 75.65
Pseuspl6 1000000 14.6 0.09 3 0.61
Pseuspl6 100000 18.3 0.14 3 0.78
Pseuspl6 10000 21.4 0.07 3 0.30
Pseuspl6 1000 25.0 0.23 3 0.92
Pseuspl6 100 28.4 0.16 3 0.55
Pseuspl6 10 31.6 0.47 3 1.50
Pseuspl6 1 33.6 0.60 3 1.80
Ralssp110 1000000 14.5 0.12 3 0.82
Ralsspl110 100000 17.7 0.18 3 1.02
Ralssp110 10000 20.8 0.12 3 0.57
Ralssp110 1000 24.5 0.24 3 1.00
Ralssp110 100 27.7 0.19 3 0.70
Ralssp110 10 31.0 0.26 3 0.82
Ralssp110 1 33.4 0.53 2 1.58
Rhizsp82 1000000 14.3 0.20 3 1.37
Rhizsp82 100000 17.6 0.33 3 1.89
Rhizsp82 10000 21.1 0.19 3 0.89
Rhizsp82 1000 24.3 0.41 3 1.67
Rhizsp82 100 27.6 0.22 3 0.78
Rhizsp82 10 31.1 0.83 3 2.68
Rhizsp82 1 32.7 0.15 2 0.47
Sphisp66 1000000 15.3 0.16 3 1.07
Sphisp66 100000 18.6 0.03 3 0.15
Sphisp66 10000 22.0 0.08 3 0.38
Sphisp66 1000 25.3 0.02 3 0.08
Sphisp66 100 28.6 0.11 3 0.37
Sphisp66 10 315 0.47 3 1.48
Sphisp66 1 34.8 2.44 3 7.00
Varisp41l 1000000 15.3 0.08 3 0.52
Varisp41l 100000 18.7 0.05 3 0.26
Varisp41l 10000 22.1 0.14 3 0.65
Varisp41l 1000 25.3 0.09 3 0.37
Varisp41l 100 28.6 0.10 3 0.35
Varisp41l 10 32.4 0.27 3 0.84
Varisp41l 1 34.3 1.22 2 3.57
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Supplementary Table 44. Mean Cq values obtained from multiplex assay specificity testing
(n=3). Results from two sample types: Full SynCaithstrains present and Minus targef
strains present but the three targets associated with an assay.

Strain Full SynCom Cqg Minus assay Cc¢
Azosspl32 15.9 ND
Curtsp57 14.3 33.2
Dugasp25 154 35.5
Hefrl119 15.7 38.5
Koco105 15.3 ND
Lutesp34 16.4 ND
Mace92 16.1 35.8
Mucisp86 17.1 34.7
Padil20 15.1 31.7
Paph68 14.7 35.4
Pseuspl6 16.3 ND
Ralsspl110 15.2 33.2
Rhizsp82 14.1 34.5
Sphisp66 14.2 35.3
Varisp41 15.9 36.3

Supplementary Table 45. Average relative abundance (%) of SynCom strains
Raw inoculum Mock
No PMA | PMA | No PMA | PMA
Azospl132 3.82 2.3 63.44 66.74
Curtsp57 0.28 2.62 2.9 1.59
Dugasp25 14.09 0.72 0.13 0.3
Hefr119 2.38 13.44 4.31 4.42
Koco105 9.4 2.26 2.33 2.81
Lutesp34 0.52 1.45 1.3 1.39
Mace92 18.94 1.57 0.69 0.55
Mucisp86| 12.87 59.41 3.44 4.82
Padil20 2.96 0.37 141 0.74
Paph68 4.11 1.35 2.08 0.89
Pseusplel 1.36 4.76 5.33 6.37
Ralssp11ld 4.43 5.14 3.76 3.47
Rhizsp82 1.77 1.43 2.55 1.61
Sphisp66 19.02 0.23 2.48 2.05
Varisp41l 4.06 2.95 3.87 2.25

Strain

256



Supplementary Table4-6. Average relative abundance (%) of SynCom strains calculated from
metaproteomics and qPCR data in root samples from plants submitted to P stress.

Metaproteomic gPCR relative
relative abundance abundance

Species | P level Mean SE Mean SE

Azospl32| depleted|  0.045 0.010 0.189 0.062

Azospl32| replete 0.102 0.049 0.241 0.124

Curtsp57 | depleted| 0.138 0.040 4.677 1.053

Curtsp57 | replete 0.244 0.100 3.329 1.009

Dugasp25| depleted  0.106 0.041 0.006 0.005

Dugasp25| replete 0.160 0.066 0.004 0.004

Hefr119 | depleted]  3.603 0.909 3.026 0.574

Hefrl19 | replete 3.505 0.882 3.595 0.817

Kocol105 | depleted] 0.013 0.008 0.166 0.135

Kocol05 | replete 0.016 0.011 0.112 0.069

Lutesp34 | depleted  1.205 0.572 5.396 0.982

Lutesp34| replete 1.584 0.541 6.217 2.023

Mace92 | depleted] 39.156 | 6.926| 25.576 | 4.414

Mace92 | replete 62.771 | 8.708| 44.563 | 9.897

Mucisp86 | depleted  0.125 0.055 7.451 1.221

Mucisp86 | replete 0.166 0.080 7.375 2.438

Padi1l20 | depleted] 0.005 0.005 0.011 0.003

Padi1l20 | replete 0.034 0.027 0.058 0.044

Paph68 | depleted 24.273 | 5.087| 11.746 | 1.272

Paph68 | replete 18.027 | 2.803| 12.359 | 1.966

Pseuspl6| depleted  0.691 0.251 1.431 0.358

Pseuspl6| replete 0.224 0.079 1.251 0.281

Ralssp11d depleted 30.148 | 7.307| 38.996 | 5.869

Ralsspl1ld replete 12.884 | 8.906| 19.336 | 9.948

Rhizsp82 | depleted  0.281 0.200 0.573 0.159

Rhizsp82| replete 0.056 0.020 0.888 0.237

Sphisp66 | depleted]  0.077 0.024 0.631 0.381

Sphisp66| replete 0.106 0.053 0.462 0.192

Varisp4l | depleted  0.134 0.038 0.125 0.039

Varisp4l | replete 0.121 0.064 0.210 0.085
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Supplementary Figures
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Supplementary Figure 41. Optical density vs colony forming unit per mL standard curves used
for preparation ofhe SynCom
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APPENDICES
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Appendix A

List of KO numbers and functional categories assigned to each patRlgage see attached
spreadsheet.
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Appendix B

Genome screen ressifor 99 bacterialgenomesPlease see attached spreadsheet
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Appendix C

AntiSMASH results for collectionPlease see attached spreadsheet.
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Appendix D

Instructions for plant gnotobiotics system
Materials

Clear polycarbonate rigid tubing 30 OD x 2
(Pot ePlastics Cat n. PCTUB3.000X2.875)

304 Stainless steel woven wire 120 mesh 0.125 mm hole, cut into 4.7 inch diam circles

201 Stainless steel worm g2airo homeclcammiprsg

(Grainger Cat n. 5CZF2)

30 wide X 10 thick Fiberglass pipe wrap in
1/8" ID x 1/4" OD x 1/16" Wall VersiloB SPX-50 Tubing, cut into one 16 in piece and

three 2.5 in pieces

6 in X 0.1 in Nylon tie wraps

ColePar mer mal e Luer to hose bfeedolypfopytene) ng ao
(Fitting 1) (ColeParmer Cat n. E¥8011469)

ColePar mer mal e slip Luer to hofee barb fitt

polypropylene) (Fitting 2) (Col®armer Cat n. E¥8011463)

Fitting 1. Fitting 2.

Cole-Parmer Polypropylene filter holder for 47 mm membranes
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Tisch Scientific PES 0.22 um filter membrane, 47 mm diam (nonsterile)
Empty 2 ml syringe barrels filled with 1:32 mL of glass wool, capped with foil, and
attached to a 2.5 in pieces of SB& tubing

3D printed gnotobiotic base

Hold pot
here, not
trough
openings!

Clear hurricane candle shade himriey tbe without a bottom 4 inch OD x 30 in length

(WVG International Cat n. HST0430)

3M Vinyl Yellow Tape #471 1" Wide x 36 Yards long

CBC DW4 Filter media, cut into 6.3 in diam circles

3M MicroporeTM Surgical Tape

Ri chmond Dental braided cotton roll EO0O dia
- Attach two together wusing surgical tape

o ring (Cotton ring).
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- Drill; 10 and ao drill ©Dbits

- 30 Rubber bands ( St e rAlianobecqRubRar»B28)r Bands si z
- Keystone cleanroom sterilization wrap 6x6 in (Fisher Cat fi(17102)

- 3in clear plastic cap.

- Bottle top dispensers

Pot assembly and preparation
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Figure 1. Materials for pot preparation. 1. Polycarbonate pot, 2. Tubing 16 in piece, 3. Nylon tie
wrap, 4. Fitting 1, 5. Fiberglass pipe insulation circles, 6. Plastic cap, 7.Tubing cutting 2.5 in, 8.
Hose clamp, 9.Glass wool, 10. Syringe barrel, 11. Waviee mesh.

- Close one end of the polycarbonate tube with the 304 stainless steel wire mesh circle.
Secure the mesh with a hose clamp.
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