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Abstract

While numerous studies implicate the microbiome in host fitness, contributions of host evo-

lution to microbial recruitment remain largely uncharacterized. Past work has shown that

plant polyploidy and domestication can influence plant biotic and abiotic interactions, yet

impacts on broader microbiome assembly are still unknown for many crop species. In this

study, we utilized three approaches—two field studies and one greenhouse-based experi-

ment—to determine the degree to which patterns in bacterial community assembly in wheat

(Triticum sp.) roots and rhizospheres are attributable to the host factors of ploidy level (2n,

4n, 6n) and domestication status (cultivated vs. wild). Profiling belowground bacterial com-

munities with 16S rRNA gene amplicon sequencing, we analyzed patterns in diversity and

composition. From our initial analyses of a subsetted dataset, we observed that host ploidy

level was statistically significant in explaining variation in alpha and beta diversity for rhizo-

sphere microbiomes, as well as correlated with distinct phylum-level shifts in composition, in

the field. Using a reduced complexity field soil inoculum and controlled greenhouse condi-

tions, we found some evidence suggesting that genomic lineage and ploidy level influence

root alpha and beta diversity (p-value<0.05). However, in a follow-up field experiment using

an expanded set of Triticum genomes that included both wild and domesticated varieties,

we did not find a strong signal for either diploid genome lineages, domestication status, or

ploidy level in shaping rhizosphere bacterial communities. Taken together, these results

suggest that while host ploidy and domestication may have some minor influence on micro-

bial assembly, these impacts are subtle and difficult to assess in belowground compart-

ments for wheat varieties. By improving our understanding of the degree to which host

ploidy and cultivation factors shape the plant microbiome, this research informs perspec-

tives on what key driving forces may underlie microbiome structuring, as well as where

future efforts may be best directed towards fortifying plant growth by microbial means. The

greatest influence of the host on the wheat microbiome appeared to occur in the rhizosphere

compartment, and we suggest that future work focuses on this environment to further char-

acterize how host genomic and phenotypic changes influence plant-microbe

communications.
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Introduction

Over a relatively brief period of evolutionary time, crop domestication and polyploidy have

significantly altered plant phenotype [1]. This includes changes in fruit size, grain quality, and

flowering time [1, 2]. Although geared towards crop improvement, selection for these above-

ground traits may have resulted in large, unintended, and negative impacts on belowground

characteristics, including those involved in forming beneficial associations with soil microbes.

Recent studies have shown that host factors, such as plant age and genotype, can affect

microbial community assembly and succession [3, 4]. Root exudates are thought to play a piv-

otal role in such host modulation of microbiomes [5, 6], where exudation profiles vary across

plant development, environments, and with the presence of pathogens and beneficial bacteria

[7–9]. Much remains to be understood, however, about how larger evolutionary processes in

the host, such as whole genome duplication (WGD) and domestication, impact microbial

recruitment and community assembly.

WGD involves a rapid increase in genome size and total gene set [2], and past work suggests

that it has extensively shaped plant evolution and diversification [10, 11]. The major genomic,

epigenetic, and transcriptomic changes that occur after a WGD event are often coupled with

phenotypic alterations that influence biotic interactions [12, 13]. When WGD occurs following

a hybridization event, an allopolyploid can result [14]. The resultant state of polyploidy can

lead to shifts in cell architecture [15, 16], production of novel compounds [15–17], and the col-

onization of a wider range of habitats, including those characterized by high UV irradiation,

low temperatures, nutrient-poor soils, and drought [18–23].

Many crops, including wheat, maize, coffee, and cotton, are allopolyploids, and some have

put forward the hypothesis that the phenotypic alterations following WGD have played an

integral role in the domestication and improvement process [1]. Allopolyploids have been

shown to grow larger, more quickly, and produce higher yields as compared to their diploid

progenitors [24]. Additional studies have described changes in multiple plant traits associated

with domestication, including a shallower root system [25] and altered root exudate profile

[26]. Increasing gene dosage via WGD can also lead to enhanced levels of metabolites involved

in defense, competition, and stress tolerance [1]. For instance, WGD and local tandem dupli-

cations have been implicated in the utilization and diversification of anti-herbivory glucosino-

lates in the Brassicaceae family [24]. In addition, ploidy level has been implicated in microbial

symbiont selection, as well as the degree of association with arbuscular mycorrhizal fungi [27–

29]. In particular, a polyploid legume was found to have a greater capacity to interact with rhi-

zobia via enhanced nodulation formation and attained greater biomass in response to nitrogen

than its two diploid progenitors [30]. However, the consequences of WGD on plant recruit-

ment of the broader microbiome remain unclear.

The effects of domestication on the plant microbiome are in the beginning stages of being

characterized. Recent work has shown an increased mycorrhizal dependence in wild landraces

and ancestors, as compared to modern genotypes, implicated in achieving maximum plant

growth and yield [31]. Similarly, domestication has been shown to impact the microbial com-

positional profiles of a suite of crops, including sugar beet (Beta vulgaris) [32], barley (Hor-
deum vulgare) [33], lettuce (Lactuca sativa) [34], and common bean (Phaseolus vulgaris) [35].

Determining the principles of microbiome assembly with polyploidization and domestication

will help improve our understanding of the processes that shape the evolution of microbial

recruitment in the plant microbiome.

Triticum aestivum (bread wheat, hexaploid genome: AABBDD) and its relatives offer an

ideal system for studying domestication and allopolyploid evolution, due to a near-complete

sequenced genome of T. aestivum [36], the existence of several recently evolved polyploid
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relatives (including T. turgidum, emmer wheat, AABB), the fact that most diploid progenitors

are known (including T. monoccocum, einkorn wheat, AA, and Aegilops tauschii, DD), novel

hybridizations can be developed to generate synthetic allopolyploids with beneficial traits not

present in current domesticated wheat species [37], and the potential for translating findings

directly into agriculturally impactful outcomes. Notably, the speciation process for wheat coin-

cides with eco-geographical expansion and is thought to have contributed to the ability of

modern wheats to grow in diverse climates and elevations [38].

In this study, we aimed to characterize how domestication and ploidy level affect the micro-

biome hosted by the major cereal crop, wheat. We hypothesiszed that the microbiomes of cul-

tivated species would have lower amounts of diversity and reduced shifts in relative abundance

with ploidy than wild relatives, due to potential reductions in selection for microbiome-medi-

ated abiotic and biotic stress alleviation, including meeting nutrient needs [31, 39, 40]. We fur-

ther predicted that wheat of increasing ploidy would recruit a greater diversity of microbial

taxa and correlate with distinct changes in microbiome composition, as compared to diploid

varieties, due to increased biomass, altered root morphology, and increased potential for novel

gene functions that could influence root exudation profiles [1, 12, 13, 24, 41]. In a field study

dataset and greenhouse experiment, we observed minor evidence of ploidy and domestication

impacts on wheat microbiome assembly. This was with regards to rhizosphere compartments

particularly, where polyploids and wild species correlated with slight increases in bacterial

diversity and greater relative abundances of the phyla Bacteroidetes and Actinobacteria. These

results suggest that host genetics, as impacted by WGD and artificial selection, may minorly

contribute to the shaping of wheat microbiomes, but degree of influence varies significantly

with environmental conditions. Taken together, this work helps inform future studies aimed

at untangling the contributions of various host factors on microbial recruitment and commu-

nity assembly.

Materials and methods

Experimental set-up and sampling

The experimental field site used in our study is located in Albany, California (37.8864˚N, 12

2.2982˚W) and is characterized by a silty loam soil with low pH (5.2) [42]. Serving as a pilot

investigation and our first approach to interrogate the contributions of ploidy level on wheat

bacterial microbiome assembly, we utilized a previously published dataset that included a vari-

ety of grass species [42]. We subset to the bacterial community associated with Triticum mono-
coccum (2n), T. turgidum (4n), and two varieties of T. aestivum (6n; Bountiful Garden and

GH101) that were grown during the summer of 2015 and profiled at two time points: early

(pre-flowering, 5 weeks post-transplantation) and late (post-flowering, 12 weeks post-trans-

plantation) (Fig 1). Three replicate bulk soil, rhizosphere and root samples were collected from

randomized blocks at each time point, as previously described [42].

To explore in greater depth the pilot analysis’ initial indications of an impact of ploidy level

on microbiome assembly, as well as inquire more broadly into how host evolutionary pro-

cesses shape microbial recruitment, we performed a greenhouse experiment in the summer of

2017 with 7 genotypes in the Triticeae tribe across all three ploidy levels (2n, 4n, 6n) and two

domestication statuses (cultivated, wild) (Fig 1; S1 Table in S1 File). Seeds from cultivated and

wild genotypes (13) were surface sterilized by soaking in a 50% bleach solution for 10 minutes,

then rinsed three to four times with autoclaved watered, and germinated on sterile water agar

plates at 28˚C in the dark. Cotton was utilized as an outgroup, and seeds were first delinted

with concentrated hydrochloric acid for a few minutes. Potting soil (Sunshine MVP, Sun Gro

Horticulture, Agawam, MA) was autoclaved before filling 70% ethanol sterilized 3.8 liter pots.
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Germinated seeds were planted 2.5 centimeters below the soil surface and 30 mL of a field soil

inoculum was added per plant. The inoculum was utilized to pool field-relevant microbial

communities and apply equally across multiple pots of sterilized potting soil in the controlled

greenhouse environment. Adapting from a previous publication [43], the inoculum was pre-

pared as follows: 1050 mL of autoclaved, double-distilled water (ddH2O) was added to 1200

Fig 1. Overview of experimental approaches. Approach 1 (a), an analysis of data from Naylor er al. 2017 [42] with 3

replicates of 4 genotypes (Triticum monococcum, 2n; T. turgidum, 4n; 2 varieties T. aestivum, 6n) grown in the field, in

the summer of 2015, sampled at 7 weeks old and 14 weeks. Approach 2 (b), a greenhouse study in which 13 genotypes

were sampled at 5 weeks old (wild Aegilops searsii (2n), wild and cultivated Gossypium hirsutum (4n) and wild G.

arboreum (2n), and a cultivated and wild line of: T. monococcum and Hordeum vulgare (2n), T. turgidum (4n), and T.

aestivum (6n)). Approach 3 (c), a field study conducted in the summer of 2017 in which 27 genotypes were sampled at

14 weeks old (2 wild lines of A. searsii and T. tauschii (2n), wild and cultivated Gossypium hirsutum (4n) and wild G.

arboretum and G. raimondii (2n) two cultivated and one wild line of: Hordeum vulgare (2n), T. monocuccum and T.

urartu (2n), 2 cultivated and 2 wild lines of both T. turgidum (4n) and T. aestivum). For both approaches 2 and 3, 4

replicates per species were sampled. Figure created with BioRender.com.

https://doi.org/10.1371/journal.pone.0248030.g001
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grams of collected field soil. This mixture was stirred regularly for 20 minutes before being

centrifuged at 1000 rpm for 4 minutes at 21˚C. The supernatant was collected and diluted up

to 2000 mL with autoclaved ddH2O. Samples of original field soil, pelleted soil, and inoculum

were collected and stored at -80˚C for bacterial community profiling. Control pots of auto-

claved soil alone, as well as autoclaved soil with the inoculum added, were also included with

potted seeds, and all were placed under a 16 hour light/8 hour dark regime with natural sun-

light and supplemental light as needed, at 27˚C with ~50% relative humidity. We rotated pots

weekly and watered as needed with autoclaved ddH2O to keep soil well-saturated. When

plants were 5 weeks old, we harvested root, rhizosphere, and edge soil with l0% bleach steril-

ized equipment. All samples were placed on dry ice before transporting to the lab’s -80˚C

freezer for storage until further processing.

Concurrent with our greenhouse study, we grew an expanded number of genotypes (27 in

the Triticeae tribe in total) in each ploidy level (2n, 4n, 6n) with species under differing domes-

tication statuses (cultivated, wild) in a randomized block design with 4 replicate plants per spe-

cies for a third approach (Fig 1; S2 Table in S1 File). Plants were grown in the same field as

mentioned above in the summer of 2017. Seeds from each genotype were surface sterilized

with a 50% bleach solution for 10 minutes, rinsed three to four times with autoclaved water,

and planted in plug trays of field soil in the greenhouse. Cotton was utilized as an outgroup,

and seeds were first delinted with concentrated hydrochloric acid for a few minutes. At 2

weeks old, seedlings were transferred to the field, where they were planted one foot away from

a surface drip line and weeds hand-removed, and plant roots with rhizosphere were harvested

at 14 weeks old using shovels and shears that were sterilized with 70% ethanol in between

plants. All samples were stored on dry ice before transferring to a -80˚C freezer in the lab, in

which they remained until further processing.

Root fractions were cleaned as described in detail previously [44]. In brief, whole roots

were placed in an epiphyte removal buffer (0.75% KH2PO4, 0.95% K2HPO4, 1% Triton X-

100 in ddH2O; filter sterilized at 0.2 μM) and then sonicated (pulses at 160 W for 30 sec-

onds, separated by a 30 second pause for 10 minutes at 4 ˚C). Root were then removed and

placed into a separate sterile tube and rinsed two to four times with sterile water, in order to

fully separate the rhizosphere fraction. After drying with absorbent tissue, roots were

homogenized and ground to a fine powder using liquid nitrogen and a mortar and pestle,

before being returned to -80˚C. The rhizosphere fraction was collected by centrifugation of

the root wash mixture at 3500 rpm for 5 minutes after removal of the root tissue, and stored

at -80˚C.

DNA extraction and library preparation

Soil, inoculum, soil, rhizosphere, and root DNA were isolated using extraction kits (DNeasy

PowerSoil Kit, Qiagen Inc., Carlsbad, CA) following the manufacturer’s protocol. Due to low

DNA concentrations, we combined three replicates of the inoculum, centrifuged at 450 rcf for

4 minutes at 21˚C, and analyzed the pellet. We then amplified the V3-V4 region of 16S ribo-

somal gene using a dual-indexed 16s rRNA Illumina iTags primer (341 F (50-CCTACGG
GNBGCASCAG-30) and 785 R (50-GACTACNVGGGTATCTAATCC-30) as described previ-

ously [45] using 5-Prime Hot Master Mix (catalog No. 2200410). After DNA extraction, DNA

was diluted to 5 ng/μl and randomized in 96-well plates. Water blanks were included on each

96-well plate as negative controls. PNA clamps were used to minimize host-derived amplicons

from both chloroplast and mitochondrial 16S rRNA gene sequences [46]. Reactions included

11.12 μL DNase-free sterile H20, 0.4 μg BSA, 10.0 μL 5-Prime Hot Master Mix, and 2 μL tem-

plate, and 0.75 μM of chloroplast and mitochondria PNAs. PCR reactions were performed in
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triplicate in three thermocyclers (to account for possible thermocycler bias) with the following

conditions: initial 3 min cycle at 94 ˚C, then 30 cycles of 45 seconds at 94 ˚C, 10 sec at 78 ˚C, 1

min at 50 ˚C, and 1.5 min at 72 ˚C, followed by a final cycle of 10 min at 72 ˚C. Triplicates

were then pooled and the DNA concentration of each sample was quantified using a Qubit 3

Fluorometer (Invitrogen, Carlsbad, CA). Pools of amplicons were constructed using 100 ng

for each PCR product. Before submitting for sequencing, pooled samples were cleaned with

1.0X volume Agencourt AMPureXP beads (Beckman-Coulter, West Sacramento, CA), accord-

ing to the manufacturer’s directions, except for the modifications of using 1.0X, rather than

1.6X, volume beads per sample, dispensing 1500 μL 70% EtOH to each well rather, than

200 μL, and eluting in 100 μL DNase-free H20, rather than 40 μL. An aliquot of the pooled

amplicons was diluted to 10 nM in 30 μL total volume before submitting to the QB3 Vincent J.

Coates Genomics Sequencing Laboratory facility at the University of California, Berkeley for

sequencing using Illumina Miseq. 300 bp pair-end with v3 chemistry. Sequences were returned

demultiplexed and with adaptors removed.

Amplicon sequence data processing, OTU classification, and taxonomic

assignment

Our sequencing data was analyzed using the iTagger pipeline developed by the U.S. Depart-

ment of Energy’s Joint Genome Institute [47]. This pipeline wraps several packages for the fil-

tering, merging, clustering and taxonomy assignment, including CUTADAPT, FLASH,

USEARCH, and RDP [48–51]. In brief, after filtering 16S rRNA raw reads for known contami-

nants (Illumina adapter sequence and PhiX), primer sequences were trimmed from the 50 ends

of both forward and reverse reads. Low-quality bases were trimmed from the 30 ends prior to

assembly of forward and reverse reads with FLASH [49]. The remaining merged reads were

clustered with simultaneous chimera removal using UPARSE [52]. After clustering, 5,073,947,

7,451,220, and 6,140,220 read counts mapped to 4,999, 7,612, and 3,220 operational taxonomic

units (OTUs) at 97% identity for the 2015 field study, greenhouse experiment, and the 2017

field study, respectively. The resulting reads produced on average approximately 44,369,

46,720, and 34,544 reads for the 2015 field study, and 41,221, 34,889, and 26,297 reads for the

greenhouse experiment, per sample for soil, rhizosphere, and roots, respectively. The resulting

reads produced on average approximately 37,071 reads per rhizosphere sample for the 2017

field study. Taxonomies were assigned to each OTU using the RDP Naïve Bayesian Classifier

with custom reference databases [53]. For the 16S rRNA V3-V4 data, this database was com-

piled from the May 2013 version of the GreenGenes 16S database [54], the Silva 16S database

[55], and additional manually curated 16S rRNA sequences, trimmed to the V3-V4 region.

After taxonomies were assigned to each OTU, we discarded all OTUs that were not assigned a

Kingdom level RDP classification score of at least 0.5. To remove low abundance OTUs that

are in many cases artifacts generated through the sequencing process, we removed OTUs with-

out at least 2 reads in at least 2 samples. We also removed samples that had less than 10,000

reads, which yielded 4,309, 2,598 and 3,220 high-abundance OTUs for the 2015 field study,

greenhouse experiment, and the 2017 field study, respectively, for downstream analyses. These

thresholds were found to be suitable using technical replicates in a dataset published previously

[56]. To account for differences in sequencing read depth across samples, all samples were rar-

efied to 10,000 reads per sample for specific analyses to yield 1,160,000, 1,620,000, and

2,000,000 measurable, rarefied reads, for the 2015 field study, greenhouse experiment, and the

2017 field study, respectively, for downstream analysis.
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Statistical analyses

RStudio (version 1.0.136; RStudio Team) was utilized for all statistical analyses with the pack-

ages phyloseq [57] and vegan [58]. For plant phenotype data, scatter plots were generated

using ggplot2, and Analysis of Variance (ANOVA) was performed with function aov. For the

Alpha diversity measurement, Shannon Index of diversity and observed OTUs were calculated

with the estimate_richness function in the R package phyloseq. ANOVAs were performed

with function aov for Ploidy Level, Domestication Status, and Genome Lineage. A Tukey’s

Post Hoc test was performed using the function TukeyHSD in the stats package and with

HSD.test in the package agricolae to test which levels were significantly different from one

another. Beta diversity was measured using Bray-Curtis distances with function ordinate in

the R package phyloseq. Permutation multivariate analysis of variance analyses (PERMA-

NOVA) were performed with the Adonis function in the R package Vegan using 999 permuta-

tions and the Bray-Curtis distances as inputs. The non-parametric Kruskal-Wallis test in R

was used to compare Shannon indices and class-level relative abundances between treated and

untreated within each time point and sample type.

Results

Polyploids in the Triticeae tribe can harbor greater rhizosphere bacterial

diversity than diploids

Host genetics are known to contribute to microbiome assembly [42, 59, 60]. However, host

contributions are often smaller than those of environmental factors and are less understood

[61]. In this study, we took three approaches to explore the effects of ploidy and domestication

on the assembly of the wheat root-associated bacterial microbiome. First analyzing a subset of

previously published data [42], then conducting a greenhouse study and follow up field experi-

ment, we characterized the bacterial communities associated with roots and rhizospheres

across a set of environments, plant ages, and genotypes (Fig 1).

In a previous study by our group [42], we demonstrated that host species significantly

impact the establishment of the root microbiome. In this study, we reanalyzed a subset of this

16S rRNA data, focusing on the soil, rhizosphere, and roots of cultivated T. monococcum (2n,

AA), T. turgidum (4n, AABB), and two varieties of T. aestivum (6n, AABBDD). Plants were

grown in a field during the summer of 2015 and harvested at early (pre-flowering, 5 weeks

post-transplantation) and late (post-flowering, 12 weeks post-transplantation) time points,

with three randomized, replicate blocks per time point. We found that alpha diversity, as

determined by Shannon Diversity, was most explained by sample type (root, rhizosphere, soil)

(F = 91.4, p-value<0.001), then ploidy (F = 4.4, p-value = 0.02) (Fig 2a; S3 Table in S1 File). In

addition, alpha diversity was highest in rhizosphere compartments, as compared to roots

(mean 5.8 versus 4.7), and between early and late time points, rhizosphere alpha diversity was

higher for polyploids, as compared to diploids (5.9 versus 5.6, respectively) (Fig 2a). Within

the rhizosphere, ploidy was also a highly significant factor in explaining alpha diversity varia-

tion (F = 23.6, p-value<0.001) (S3 Table in S1 File). As measured by Bray-Curtis distances,

beta diversity variation was most explained by sample type (F = 22.2), followed by time point

(F = 6.9; p-value = 0.001), block (F = 3.0, p-value = 0.005), and ploidy (F = 2.7; p-

value = 0.004) (S4 Table in S1 File). Lastly, in both roots and rhizospheres, we found that

ploidy was a significant factor (p-value = 0.001) explaining between 15.6–16.1% of variation in

beta diversity (S4 Table in S1 File; Fig 2b). Together, these data suggest that ploidy level may

influence wheat-microbial interactions, particularly in the rhizosphere.
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To distinguish the impacts of wheat ploidy level and domestication status on the root-asso-

ciated bacterial microbiome, we performed a follow-up greenhouse study where environmen-

tal conditions could be better controlled. Field soil inoculum was added to autoclaved potting

soil with germinated seeds of: A. searsii (2n), T. monococcum (2n), T. turgidum (4n), T. aesti-
vum (6n), and the outgroups H. vulgar (2n), G. arboreum (2n) and G. hirsutum (4n) (S1

Table in S1 File). We sampled the bacterial communities of plant roots and rhizosphere frac-

tions, along with soil, when plants were approximately five weeks old. Interestingly, we

observed a pattern of increased alpha diversity, as determined by Shannon diversity, in rhizo-

spheres, as well as the roots, from 2n to 6n wheat varieties (Fig 3a); however, this was not statis-

tically significant (S5a Table in S1 File). Regarding bacterial beta diversity, samples in our

greenhouse study clustered most distinctly by sample type, as we found in our pilot study of a

Fig 2. Polyploidy corresponds to greater alpha diversity, as compared to diploids. Analyses of the 2015 field study

data presented as box plots of Shannon’s Diversity (a) and principal coordinates analysis plots based on Bray-Curtis

dissimilarity (b), faceted by sample type (soil, rhizosphere, and root) and time point (early and late; indicated by circles

and triangles, respectively, in b). Ploidy level represented by light green (2n), blue (4n), and dark blue (6n).

https://doi.org/10.1371/journal.pone.0248030.g002
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previous published dataset (S1 Fig in S1 File). No clear patterns from ploidy level in beta diver-

sity was observed (Fig 3b, 3c; S5 Table in S1 File). Additionally, in profiling the bacterial com-

munity of our inoculum, we determined that it retained similar levels of alpha diversity and

overall composition as its field soil source, though was unsurprisingly distinct based on Bray-

Curtis beta diversity metrics (S2 Fig in S1 File). Taken together, these findings indicate that

ploidy influences on the microbiome are small, but most pronounced, in the rhizosphere.

Additionally, plant age and soil type, as well as greenhouse versus field study, appear to con-

tribute to the degree in which patterns of bacterial recruitment for wheat are detectable by

amplicon sequencing.

Fig 3. Alpha diversity shifts with ploidy level and domestication status. Alpha and beta diversity analyses of

greenhouse study data, presented as boxplots of Shannon Diversity (a) and principal coordinates analyses using Bray-

Cutis dissimilarity of wheat rhizosphere (b) and root (c) samples, with ploidy indicated by color (light green for 2n,

blue for 4n, dark blue for 6n) and domestication status by shape in (b) and (c) (circle for cultivated and triangle for

wild species). Genome lineage is denote by ‘AA’, ‘AABB’, and ‘AABBDD.’ Outgroup G. and H. denote genotypes in the

genera Gossypium and Hordeum, respectively.

https://doi.org/10.1371/journal.pone.0248030.g003
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To complement our greenhouse study, we concurrently performed a field experiment, con-

ducted in the summer of 2017, in which an expanded number of wheat genotypes were grown

and the rhizosphere bacterial communities profiled (Fig 1). These included both wild and cul-

tivated wheat varieties of each ploidy, as well as wild and cultivated barley varieties (H. vulgare,
2n), and serving as outgroups, diploid (Gossypium arboreum and G. raimondii) and tetraploid

(G. hirsutum) cotton species (S2 Table in S1 File). In characterizing the alpha diversity of bac-

terial communities with the Shannon diversity index, we observed that although the rhizo-

spheres of polyploids had a slight mean increase, as compared to cultivated diploids (for wheat

alone, 6.0 versus 5.8, respectively) (S3a Fig in S1 File), this was not statistically significant (S6a

Table in S1 File). We further found that beta diversity was not significantly structured by

ploidy level, to the degree to which we were able to determine in this later time point (S3b Fig;

S6b Table in S1 File). Collectively, our 2017 field results were unable to recapitulate the signifi-

cant shifts in rhizosphere observed in our 2015 field season. This may be due to how environ-

mental conditions in the field can mask subtle shifts of host genotype on root microbiomes

[61, 62], and the experiment was marked by a greater prevalence of overcast days and rainfall.

Alternatively, with the inclusion of a greater number of wheat varietals in this approach, our

results suggest that other host genetic factors, rather than host ploidy specifically, may have

contributed to differences observed in the small study.

Ploidy corresponds to small, but distinct, shifts in bacterial community

composition

To determine what high-level taxonomic patterns may exist in correlation to changing ploidy

level, we plotted the relative abundances for each approach for both rhizosphere and root com-

partments (Fig 4, S4 Fig in S1 File). From our initial pilot study, it was apparent that high taxo-

nomic level shifts occurred across ploidy levels (S4 Fig in S1 File). We further observed that

Actinobacteria were present at greater relative amounts in polyploid roots, as compared to dip-

loid counterparts, in both our pilot field study and greenhouse experiment (Fig 4a and 4b).

Interestingly, we also observed that several lower abundant classes were only present in poly-

ploid fractions, particularly for the rhizosphere, including Solibacteres, Acidobacteria, Bacilli,

and Chloracidobacteria (Fig 4a and 4b). Our third approach of the 2017 field study, however,

revealed relatively little variance occurring on the class level across ploidy level in bacterial rhi-

zopshere communities (Fig 4c); the higher prevalence of Actinobacteria in rhizosphere micro-

biomes from the 2017 field study, relative to the other two approaches (Fig 4), may be a sign of

greater stress experienced [63], and thus, the effects of genotype may of been masked by envi-

ronmental conditions in the former. Taken together, these findings indicate that increased

ploidy can correlate with small changes in bacterial community composition.

Domestication correlates to minor reductions in bacterial community

diversity and alterations in composition

To explore how host evolution via domestication impacts bacterial community assembly, we

compared the alpha and beta diversity, as well as class-level relative abundances, within our

summer 2017 field study and greenhouse approaches. Domestication status was borderline sig-

nificant in explaining variation in alpha (p-value = 0.05) and beta diversity (p-value = 0.06) of

rhizosphere bacterial communities from the field study (S6 Table in S1 File). In this third

approach, rhizosophere mean alpha diversity of wheat polyploids was slightly lower for wild

species, as compared to cultivated ones (S3a Fig in S1 File), and yet, when subsetting to dip-

loids only, we interestingly observed higher alpha diversity on average in wild wheat varieties

(S5a Fig in S1 File). However, in regards to beta diversity for both diploids and polyploids, no
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distinct clustering based on domestication status was observable in our third approach (S5b,

S7a Figs in S1 File). In our greenhouse experiment, we also found that wild varieties had higher

means of alpha diversity within diploids (S6a Fig in S1 File). In this second approach, however,

mean alpha diversity was also higher across all wild polyploid rhizosphere and roots, as com-

pared to their cultivated counterparts (Fig 3a). For the beta diversity of bacterial communities

in the greenhouse study, no distinct clustering (S6b, S7b, S7c Figs in S1 File) and statistically

significance (S5b Table in S1 File) were attributable to domestication status. However, in the

diploid subset, domestication status was a significant factor in explaining rhizosphere beta

diversity variation in the field study (p-value = 0.03) (S6b Table in S1 File). We next compared

Fig 4. Ploidy level and domestication status correspond to compositional shifts in the 2015 field and 2017

greenhouse studies. Stacked bar plots of class-level relative abundances for wheat bacterial communities sampled in

the 2015 field study from rhizospheres and roots (a), greenhouse study from rhizosphere and roots (b), and 2017 field

study from rhizospheres (c). Genome lineage is denoted by ‘AA’, ‘AABB’, and ‘AABBDD’; ‘C’ denotes the bacterial

community is from a cultivated genotype, ‘W’ from a wild genotype.

https://doi.org/10.1371/journal.pone.0248030.g004
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the bacterial community compositions of wild species versus cultivated ones and found more

distinct shifts in our greenhouse-based approach (S6c Fig in S1 File) than those in our 2017

field study results (S5c Fig in S1 File). In particular, in our greenhouse study we found that

Gammaproteobacteria were present at greater relative abundances in wild rhizospheres and

roots (S6c Fig in S1 File), and Beta- and Deltaproteobacteria for cultivated counterparts, with

the exception of 4n roots and 6n rhizospheres for each respective class. In our 2017 field study,

only small class-level shifts were observed in rhizosphere bacterial communities of diploids

between wild and cultivated varieties in the (S5c Fig in S1 File); for instance, relative abun-

dances of Actinobacteria were only slightly higher in wild diploid plants, and there were

greater relative levels of Gammaproteobacteria and Sphingobacteria in cultivated diploids, as

compared to wild diploids. These analyses suggest that domestication status may have a

smaller impact on wheat microbiome assembly than altered ploidy level, though these factors

are thought to often be conflated and therefore difficult isolate in polyploids, and provide evi-

dence that the degree of impact we can determine of host genotypic features on associated bac-

terial communities depends on background environmental conditions.

Genomic lineage correlates to slight shifts in the bacterial microbiome

To explore whether individual genomes contributing to polyploid wheat (AABBDD) show dif-

ferences in microbiome assembly, we looked at how genome lineage within diploids (AA, DD,

and SS—a species within the same Aegilops genus as the DD contributor) correlates to shifts in

bacterial community diversity and composition (S5, S6 Figs in S1 File). Interestingly, we

observed the greatest mean Shannon diversity in rhizosphere and root bacterial communities

associated with the SS genome in both field and greenhouse studies (S5a, S6a Figs in S1 File).

For beta diversity, we found some clustering by genome lineage in our greenhouse study (S6b

Fig in S1 File), but not our 2017 field study (S5b Fig in S1 File). Further, we observed that

genome lineages correlated with distinct class-level relative abundance profiles; in our field

study, AA genomes had greater relative amounts than SS and DD genomes of Gammaproteo-

bacteria, Sphingobacteria, and the presence of Deltaproteobacteria, with decreased levels of

Gemmatimonadetes (S5c Fig in S1 File). In our greenhouse experiment, Betaproteobacteria

dominated AA genome-associated bacterial communities, and had fewer relative amounts of

the classes Deltaproteobacteria and Sphingobacteria, as compared to the SS and DD genomes

(S6c Fig in S1 File). These analyses suggest that genome lineages could differentially contribute

to host-mediated bacterial recruitment, particularly in the rhizosphere.

We then compared whether distinct compositional shifts correlated with ploidy and domes-

tication status could also be observed in our outgroup genomes of cotton (2n and 4n varieties,

wild and cultivated) and barley (wild and cultivated diploid species). Analyzing rhizosphere

and root bacterial communities from both the field and greenhouse study, we found discern-

able phylum-level shifts that correlated with changing ploidy and domestication status, with

the most evident change witnessed in rhizosphere communities and with the greatest differ-

ences generally between domestication status (S8 Fig in S1 File). These analyses suggest that

belowground bacterial community assembly varies in sensitivity to host factors of ploidy and

domestication status across crop species.

Discussion

Our experiments indicate that host factors of domestication and polyploidy influence wheat

bacterial microbiome assembly to a significantly smaller extent than those of the environment

and, under certain circumstances, correlate to no distinct community shifts. At large, this char-

acterization of the contributions of host evolution to microbial recruitment better informs
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efforts to prime plant-microbe associations for greater benefit to host health and fitness. In

particular, we found some evidence in support of our hypothesis that increased ploidy would

correlate to greater microbial diversity, which was particularly prominent in our initial field

study and greenhouse study. The disparate pattern in our third approach, the 2017 field study,

where host influence was not apparent in microbiome structuring, may be indicative of how

certain environmental parameters can reduce discernable host-based influences [61]. These

different findings also highlight some of the difficulty in translating greenhouse findings to

phenotypic changes observed in fields. Our data additionally indicates that the rhizosphere

fraction shows the most prominent patterns of altered bacterial community processes, as

reflected in diversity and composition, in relationship to ploidy level and domestication status.

These results regarding ploidy effects on bacterial recruitment loosely corroborate past

work in which a cordgrass allopolyploid (genus Spartina) was found to harbor a more diverse

rhizosphere bacterial community, as compared to diploid counterparts [64]. Another study

using Arabidopsis reported that rhizosphere community composition—but not alpha diversity

—shifted with whole genome duplication and differences in host genotype [65]. Indeed, degree

of impact from host genetic factors, including ploidy level, on the plant microbiome seems to

vary across species, as observed in our cotton outgroup compared to tested wheat species, as

well as demonstrated in past work [66–68]. This likely is attributable, in part, to varying diver-

sity and rate of plant root exudation across different accessions, species, and growing condi-

tions [3, 69]. In addition, other studies provide additional evidence that rhizospheres—which

host a more diverse and greater pool of microbes than the root itself to exert influence on—

may be ideal for better understanding host contributions to microbiome assembly [70], includ-

ing microbiome-based genome-wide association studies [71]. In order to better understand

contributions of ploidy level to microbiome assembly, versus what may be attributable to other

genotype dependent differences, we recommend that future work investigate how finer genetic

differences across ploidy levels may relate to differences in microbiome composition and activ-

ity (e.g. using highly inbred lines and first generation hybrids).

Our findings also minimally support our hypothesis that cultivated species would host

reduced levels of microbial diversity, as compared to wild varieties. Though this effect was

smaller than that which was observed in correlation to changing ploidy level, it corroborates

past findings comparing the rhizosphere bacterial communities of wild legumes, beets, and

maize and their modern cultivar counterparts [31]. Past work has also suggested that the small

differences from host genotype in associated bacterial communities may be signatures form

domestication [33]. For example, the loss of Bacteroidetes has been suggested as a signature of

domestication [35]; in this study, we did not observe greater relative abundance of Bacteroi-

detes in wild species, but wild wheat did harbor certain classes of Proteobacteria to a greater

extent than cultivated counterparts. In order to determine what may be driving these composi-

tional differences, we suggest investigations into how nutrient availability and starting soil

community influence microbiome assembly of a greater assortment of wild and cultivated

plant varieties. Furthermore, as wheat makes important associations with fungi, we suggest

future work addresses how host factors influence fungal recruitment.

Conclusion

There is evidence from past work to suggest that host factors involved in plant evolution,

including polyploidization and artificial selection, could have important implications for

microbiome assembly. Here, we observe minimal impacts of genome lineage, ploidy level, and

domestication on the diversity and composition of wheat root and rhizosphere bacterial com-

munities. Although differences found were not consistently observed, there are environment
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specific results that suggest ploidy and domestication may play a minor role in certain

instances. We recommend that future studies narrow in on recent, specific gene duplications

to better understand the genetic interplay behind plant-microbe signaling potential and net-

working. In addition, further investigations into how host evolution can drive plant-microbial

interactions may consider how the plant fungal microbiome responds to these host factors.

Additional work will help inform where to place future efforts in better modulating the micro-

biome, particularly in light of addressing the needs of food security and plant growth under

harsher climatic conditions.
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31. Pérez-Jaramillo JE, Mendes R, Raaijmakers JM. Impact of plant domestication on rhizosphere micro-

biome assembly and functions. Plant Mol Biol. 2016; 90: 635–644. https://doi.org/10.1007/s11103-015-

0337-7 PMID: 26085172

32. Zachow C, Müller H, Tilcher R, Berg G. Differences between the rhizosphere microbiome of Beta vulga-

ris ssp. maritima-ancestor of all beet crops-and modern sugar beets. Front Microbiol. 2014; 5: 415.

https://doi.org/10.3389/fmicb.2014.00415 PMID: 25206350

33. Bulgarelli D, Garrido-Oter R, Münch PC, Weiman A, Dröge J, Pan Y, et al. Structure and function of the
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