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Plants recruit beneficial microbial communities in the rhizosphere that are involved in a
myriad of ecological services, such as improved soil quality, nutrient uptake, abiotic stress
tolerance, and soil-borne disease suppression. Disease suppression caused by rhizosphere
microbiomes has been important in managing soil-borne diseases in wheat. The low
heritability of resistance in wheat to soil-borne diseases like Rhizoctonia root rot has made
management of these diseases challenging, particularly in direct-seeded systems.
Identification of wheat genotypes that recruit rhizosphere microbiomes that promote
improved plant fitness and suppression of the pathogen could be an alternative approach
to disease management through genetic improvement. Several growth chamber cycling
experiments were conducted using six winter wheat genotypes (P1561725, PI561727,
Eltan, Lewjain, Hill81, Madsen) to determine wheat genotypes that recruit suppressive
microbiomes. At the end of the third cycle, suppression assays were done by inoculating
R. solani into soils previously cultivated with specific wheat genotypes to test suppression
of the pathogen by the microbiome. Microbiome composition was characterized by
sequencing of 16S rDNA (V1-V3 region). Among the growth cycling lengths, 160-day
growth cycles exhibited the most distinct rhizosphere microbiomes among the wheat
genotypes. Suppression assays showed that rhizosphere microbiomes of different wheat
genotypes resulted in significant differences in shoot length (value of p=0.018) and had
an impact on the pathogenicity of R. solani, as observed in the reduced root disease
scores (value of p=0.051). Furthermore, soils previously cultivated with the ALMT1
isogenic lines P1561725 and P1561727 exhibited better seedling vigor and reduced root
disease. Microbiome analysis showed that Burkholderiales taxa, specifically
Janthinobacterium, are differentially abundant in PI561727 and PI561725 cultivated soils
and are associated with reduced root disease and better growth. This study demonstrates
that specific wheat genotypes recruit different microbiomes in growth chamber conditions
but the microbial community alterations were quite different from those previously observed
in field plots, even though the same soils were used. Genotype selection or development
appears to be a viable approach to controlling soil-borne diseases in a sustainable manner,
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and controlled environment assays can be used to see genetic differences but further
work is needed to explain differences seen between growth chamber and field conditions.

Keywords: wheat, genotype, rhizosphere, recruitment, microbiome, Rhizoctonia

INTRODUCTION

The rhizosphere is a dynamic region of soil immediately
surrounding plant roots that emerges through the interaction
between plant roots, soil, and microorganisms (Hinsinger et al.,
2009; Philippot et al., 2013). Rhizosphere-associated microbes
have been documented to be involved in plant health (Berendsen
et al., 2012; Pollak and Cordero, 2020).

Root-derived carbon makes the rhizosphere a hot spot for
numerous microbial activities and interactions, affecting nutrient
cycling, plant growth, and tolerance to abiotic and biotic stress
(Philippot et al, 2013). Some work has shown that wheat
plants can allocate up to 25% of total photosynthate to the
roots; roughly, 13% is retained in the roots, 9% is respired
by roots, and about 3% is retained in soil organic matter
(SOM) and microbial biomass (Kuzyakov and Domanski, 2000).
Root exudates are widely thought to be major sources of carbon
release in the rhizosphere, but several other root processes
can influence the rhizosphere carbon pool. For instance, roots
can release mucilage and lysates, cells may slough off, and
carbon can be released in the mycorrhizosphere by plant-
associated mycorrhizal fungi (Dennis et al., 2010). Furthermore,
root traits and architecture have been associated with differences
in microbiome composition (Pérez-Jaramillo et al., 2017; Saleem
et al,, 2018).

While the relative contribution of these various aspects of
root biology to rhizosphere community structure and functioning
is an ongoing debate, evidence is growing that plant
developmental stage and plant genotype can influence bacterial
recruitment in the rhizosphere. For instance, microbiome
structure has been shown to undergo successional changes
with plant development, with the phenomenon being consistent
across field trials (Walters et al, 2018). Additionally,
co-occurrence network analyses have shown that rhizosphere
communities become less diverse, but more tightly connected
through the course of plant development (Shi et al., 2015).

Plant genotype has been shown to play a significant role
in microbiome recruitment by various plants, including maize
(Peiffer et al., 2013), barley (Bulgarelli et al., 2015), cotton
(Qiao et al., 2017), common bean (Pérez-Jaramillo et al., 2017),
and wheat (Mahoney et al, 2017). In fact, a large study with
maize suggests microbiome structure could potentially
be considered a heritable trait (Peiffer et al, 2013). In the
inland Pacific Northwest, soil bacterial community structure
and function have been clearly influenced by the genotype of
field-grown winter wheat cultivars (Mahoney et al., 2017).

Genotype-specific recruitment of the microbiome is gaining
interest with the idea that host genotypes will attract bacteria
with specific outcomes in different agroecosystems. A study
by Mazzola and Gu (2002) demonstrated that genotype-specific
recruitment of specific fluorescent pseudomonads in wheat was

associated with disease suppression against Rhizoctonia solani
AG-5 and AG-8 in apple orchard soils. The induction of this
kind of disease suppression by wheat genotypes could expedite
the process as natural suppression of soil-borne pathogens
typically takes years to develop in the field (Weller et al., 2002;
Schillinger and Paulitz, 2014). Losses from rhizoctonia root
rot (Rhizoctonia solani AG-8) in the Pacific Northwest are
most clearly observed under minimum tillage or no-till system
(Weller et al., 1986; Pumphrey et al., 1987), and bare patches
are more prevalent in low rainfall areas than in high rainfall
areas (Okubara et al., 2014). Manipulation of the soil microbiome
could provide a novel sustainable approach to disease control.

Plant-driven manipulation of the microbiome requires the
identification of desired host genotypes, which is a time intensive
process that is compounded by the long length of time needed
to observe resistance in the field. Optimization of growth
chamber cycling experiments that generate genotype-specific
microbiomes in wheat would facilitate the ease of doing
microbiome structural/functional analyses, thereby shortening
turn-around time in studying genotype-specific disease-
suppressive wheat microbiomes. Thus, the first objective of
our work was to determine whether the influence of plant
genotype on rhizosphere microbiome recruitment observed by
Mahoney et al. (2017) in field trials could be replicated under
growth chamber conditions. Another objective of this study
was to examine the influence of cycling length on genotype-
specific microbiome recruitment. Ultimately, our work aims
to identify wheat genotypes, along with their rhizosphere
microbiomes, that are associated with improved plant health
and reduced root rot disease caused by R. solani AG-8.
Identification of wheat genotypes that recruit disease-suppressive
microbiomes would further efforts to manipulate the rhizosphere
for sustainably managing soil-borne diseases in wheat.
Additionally, results from this study will identify useful parental
genotypes for genetic studies on microbiome recruitment
by wheat.

MATERIALS AND METHODS

Soil Collection

Soils used for the growth chamber cycling experiments were
collected from the Washington State University Plant Pathology
Farm, Pullman, WA (46°46'38.0"N 117°04'57.4”"W) in 2016
and 2017. These are the plots used by Mahoney et al. (2017).
Soils at the site are classified as Palouse-Thatuna silt loam,
characterized by moderately to well-drained soils (Donaldson,
1980), receiving an annual precipitation of roughly 53 centimeters.
These soils have an average pH of 5.1 and aluminum (Al)
concentration of 14.87 ppm, based on recent soil tests (Soiltest
Farm Consultants, Inc., Moses Lake, WA). The plot had been
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fallowed after a wheat crop in 2014. Soil collection was done
in separate batches for the four growth chamber cycling
experiments, specifically P28 (September 16, 2016), P35a (May
30, 2017), P35b (November 30, 2017), and P160 (September
1, 2017). The upper 25cm of soil across a transect from an
experimental field were collected, sieved to 2mm, and
homogenized. Afterward, soils were dispensed into 9cm? pots
(~400g soil) for 28-and 35-day cycles. For 160-day cycles, 13 cm?
pots were filled with 2,000g of soil.

Wheat Genotypes

The six winter wheat genotypes used in this study were a
subset of the nine wheat varieties that previously exhibited
distinct microbiomes in the field (Mahoney et al., 2017). Among
the six genotypes were two near-isogenic lines carrying alleles
of the ALMTI (Aluminum-activated Malate Transporter 1),
namely, PI561725 (ALMTI-1) and PI561727 (ALMTI-2) in the
Century background (Carver et al, 1993; Houde and Diallo,
2008). The other genotypes were the PNW soft white winter
varieties, Eltan, Madsen, Hill81, and Lewjain (Mahoney
et al., 2017).

Growth Chamber Cycling

Experiments were conducted in the growth chambers of the
Plant Growth Facility of Washington State University (Pullman,
WA, United States). Seeds were surface-sterilized with 10%
bleach for 5min and subsequently washed three times with
sterile water before being pre-germinated at 10°C overnight
and incubated at room temperature for another 24h.
Pre-germinated seeds of the six winter wheat genotypes were
sown into pots (5 seedlings per pot). Growth chamber conditions
were 18°C at night and 22°C during the day, with 12-h light
periods. Pots were watered every other day with 35ml tap water.
To simulate seasonal planting, the same wheat genotype was
grown in the same pot (same soil) three consecutive times
(three cycles). Cycle length refers to the number of days the
wheat seedlings or plants were grown in each cycle before they
were removed and replanted with minimal soil disturbance.
Soils were collected for microbiome studies after the third cycle
of planting. Three cycling lengths, 28-, 35-, and 160-day were
examined. Four growth chamber cycling experiments were
performed in this study: 28-daycycles (P28); 35-daycycles Trial
1 (P35a); 35-daycycles Trial 2 (P35b); and 160-day cycles (P160).
A randomized complete block design with eight replicates per
wheat variety was implemented except for 28-daycycles with
four replicates per wheat variety. At the end of each cycle,
shoots of the plants were excised, and new pre-germinated seeds
were sown for another cycle after a rest period of two days.
For the 160-day cycles, a week after sowing, pots were transferred
to a 4°C vernalization chamber for 56days to allow winter
wheat to flower. Pots were watered with 70-100ml tap water
in alternate days. Fertilization was done by diluting 20-10\
u201320 fertilizer (Peters Professional, Summerville, SC) in water
(150 ppm) and watering plants with 70ml of the solution. Each
cycle was terminated after genotypes reached reproductive stage
and anthesis for the 160-daycycles.

Rhizosphere Soil Collection and DNA
Extraction

To compare the results of this current study to that of Mahoney
et al. (2017), methods for rhizosphere soil collection and DNA
extraction were performed as described previously. At the end
of the third cycle, roots from three plants per pot were pooled
after removing bulk soil and large soil aggregates. Pooled roots
were placed in 50-mL centrifuge tube containing 20ml sterile
water. Each tube was vortexed for 1 min and then sonicated
for 1 min to collect the tightly bound rhizosphere soil. Using
sterile forceps, roots were removed from each tube and then
centrifuged at 10,000 x g for 5min. Supernatant was decanted
carefully from the soil pellet, and 0.25g of soil pellet was
used for DNA extraction using the PowerSoil DNA isolation
kit (Mo Bio, Carlsbad, CA, United States). Rhizosphere genomic
DNA extraction was performed following the protocol provided
by the manufacturer, and DNA was stored at —80°C.

Suppression Assay

Rhizoctonia solani AG-8 culture was cultured on potato dextrose
agar (PDA) for one week. Pear]l millet was autoclaved (121°C
for 45min) twice, on consecutive days and was inoculated
with PDA cubes of R. solani, grown for three weeks. The pearl
millet inoculum was air-dried overnight on a kraft paper in
a sterile laminar flow hood and was ground using a coffee
grinder specifically used for R. solani AG-8. Ground pearl millet
was then sieved using 2mm and 0.5mm sieves, and particles
retained on the 0.5 mm sieves were kept as inoculum. Inoculum
was then enumerated on Rhizoctonia selective medium (Paulitz
and Schroeder, 2005). Loosely bound soils from the third cycle
of the 160-day growth chamber cycling experiment were used
for the suppression assay. Half of the soil from each pot was
inoculated with 100 propagules per gram (ppg) of the inoculum,
while the other half was set aside for uninoculated control.
Growth cones (Stuewe and Sons. Inc., Oregon, United States)
were filled with 130g of soil (inoculated and uninoculated).
Cones were then watered with 24 ml of deionized water, covered
with kraft paper, and allowed to reach equilibrium at 15°C
for one week. Surfaced-sterilized seeds of the Alpowa spring
wheat cultivar were pre-germinated (as described in the growth
chamber cycling section) for two days, when the radicles from
the seeds were 3-5mm long. Each cone was planted with two
seeds and was covered with uninoculated soil (approximately
12mm layer). Plants were watered with 12ml of deionized
water on alternate days. After 14days, when seedlings had at
least two fully emerged leaves, shoot length and shoot weight
were measured, and root disease severity was scored using a
0 to 8 scale described by Kim et al. (1997).

Microbiome Sequencing and Data Analysis
Rhizosphere soil gDNA samples were sent to Molecular Research
(MRDNA, Shallowater, TX, United States) for sequencing. The
16S rDNA gene (V1-V3 region) was amplified using barcoded
forward (5-AGRGTTTGATCMTGGCTCAG-3") and reverse
(5- GTNTTACNGCGGCKGCTG —3") primers (Lane, 1991;
Kumar et al, 2011). Using the HotStart Taq Plus Master Mix
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Kit (Qiagen, United States), amplification was performed under
the following conditions: 94°C for 3m, followed by 30cycles
of 94°C for 30s, 53°C for 40s, and 72°C for 1m, with a final
elongation step at 72°C for 5m. PCR products (amplicons)
were checked for desired size and the relative intensity on 2%
agarose gel. Samples were pooled together in equal proportions
and were purified using calibrated Ampure XP beads (Illumina,
San Diego, CA, United States). The DNA library was prepared
using the pooled and purified PCR product and sequencing
was done on Illumina MiSeq (Illumina, San Diego, CA,
United States) following the manufacturer’s protocol. Raw sequence
data were converted to. fastq files and de-multiplexed using
the MR DNA software (MR DNA, Shallowater, TX, United States).
To directly compare operational taxonomic unit (OTU) IDs
with that of Mahoney et al. (2017), raw sequence data from
that study were processed along with the sequence data generated
in the current study. Paired-end reads were processed in MICrobial
Community Analysis (MICCA, version 1.6; Albanese et al., 2015).
Merged and trimmed sequences were filtered by removing reads
with an expected error rate of >0.5 and a length <400bp. Sequences
were assigned to OTUs using an open-reference approach and
the Greengenes reference database (ver.13.5) at 97% identity,
and chimeric sequences were removed. Consensus classifier was
used to classify OTU sequences using the Greengenes taxonomic
references and was then aligned using nearest alignment space
termination (NAST). These output files were then used to generate
a. biom file (McDonald et al, 2012) for downstream analysis.
Analysis and visualization of microbiome data were performed
in R statistical software (R Core Team, 2017) using the Phyloseq
(McMurdie and Holmes, 2013) and ggplot2 (Wickham, 2009)
packages. Non-bacterial OTUs and sequences that were classified
as chloroplast or mitochondrial were removed from further
analysis. The plot_richness function (Phyloseq) was used to
assess alpha diversity. Furthermore, relative abundance of rarefied
data was used to determine Bray-Curtis distances and ANOVA
was performed to determine differences, and ordination was
performed using CAP (Canonical Analysis of Principal
coordinates; Anderson and Willis, 2003) in Phyloseq to determine
genotype effects on the beta diversity of microbiome.
Significant differences in the microbiome of different wheat
genotypes were assessed using relative abundance of unrarefied
data was log(x+1) transformed and multivariate analysis of
variance with permutation (PERMANOVA; Kelly et al.,, 2015)
using a Bray-Curtis dissimilarity matrix (999 permutations) with
PRIMER (v7, PRIMER-E, Plymouth, UK). Pairwise tests in
PRIMER were performed after significant differences were
determined among microbiomes of the six winter wheat genotypes.
To further investigate genotype-specific effects on the microbiome,
identification of differentially abundant (DA) OTUs was done
using data from growth chamber cycling experiments that exhibited
genotypic differences. Differentially abundant OTUs were identified
through the Wald test of the DESeq2 package in R (Love et al.,
2014). Unrarefied OTU data were filtered to remove low abundance
taxa (<10 total counts) and those that have less than five counts
in three samples after normalization based on geometric means.
Differences in the abundance of OTUs were evaluated at «=0.1
using Benjamini-Hochberg adjusted values of p. Abundance of

differential OTUs was then plotted in a heatmap using DESeq2
normalized log(x+1) transformed counts.

To determine whether the microbiome found in the growth
chamber is comparable to the microbiome of the six wheat
varieties in the field (Mahoney et al., 2017), dissimilarity matrices
of growth chamber data sets and field data set (Mahoney et al,,
2017) were generated using Bray-Curtis distance in the vegan
package in R. A Mantel test (Legendre and Legendre, 2012)
was then performed using Spearman correlation coefficients
with 999 permutations.

Microbiome network analysis was performed using sparse
inverse covariance estimation for ecological association inference
(SPIEC-EASI; Kurtz et al., 2015). The top 205 taxa were selected
using relative abundance and rarefied OTU tables, while the
ecological network was calculated using unrarefied OTU tables
(as required by SPIEC-EASI). SPIEC-EASI parameters were as
follows: method=“mb” (Meinshausen and Bithlmann, 2006),
lambda.min.ratio=1e-2, nlambda=100, and rep.num=100.
Graphical interpretations of networks were visualized using
the Fruchterman-Reingold layout. To highlight the strongest
correlations between taxa, edges with an absolute weight<0.1
were removed. To directly determine network modularity and
roles of differentially abundant OTUs in P160, relative abundance
of all differentially abundant OTUs identified from DESeq2
were used for network analysis as well. Modularity within
networks was examined via the rnetcarto package in R (Doulcier
and Stouffer, 2015). Roles in the network structure were assigned
to nodes belonging to specific modules (Guimera and Amaral,
2005) with slight modification (Olesen et al, 2007) after
generating consensus results from 20 iterations. The ggnet2
package was used to visualize the networks.'

Data obtained from the suppression assay were then tested
for normality using a Shapiro-Wilk test (Shapiro and Wilk, 1965),
and homogeneity of variance was examined using Levene’s test
(Levene, 1960) through the car 2.1-6 package (Fox and Weisberg,
2011) in R. Since the data did not satisfy the assumptions of
ANOVA, statistical significance among treatment means was
determined using the non-parametric Kruskal-Wallis test (Kruskal
and Wallis, 1952) with the agricolae 1.2-8 package (de Mendiburu,
2009) in R. Multiple comparison of treatment means was then
done using kruskal function (Conover, 1999) using Fisher’s least
significant difference criterium with @=0.05. To identify bacterial
OTUs correlated with plant growth (shoot length and shoot
weight) and reduced root disease, a correlation and linear regression
test of the top 50 differentially abundant OT'Us (absolute abundance)
with shoot length, shoot weight, and root disease score were
done in R (Wilkinson and Rogers, 1973; Chambers, 1992).

RESULTS

Rhizosphere Microbiome and Wheat
Genotypes

The 16S rDNA (V1-V3) sequencing generated 19,358,470 total
reads for all data sets. After quality filtering, chimera removal,

'https://briatte.github.io/ggnet/
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and removal of sequencing reads assigned to non-bacterial
operational taxonomic units (OTUs), the remaining 14,662
OTUs were identified at 97% similarity.

Alpha diversity of the rhizosphere microbiome of the different
wheat genotypes varied across different growth chamber cycling
lengths (Supplementary Figure 1; Supplementary Table 1).
There were significant differences in the alpha diversity among
different growth chamber cycling experiments (p=<0.0001).
On the other hand, there were no significant differences in
the alpha diversity among genotypes except for the 160-day cycles
(p=0.032).

Rhizosphere bacterial microbiome of the six wheat genotypes
grown in Pullman soil for the 28-daycycles (P28) did not
show any significant differences (p=0.196) and no obvious
clustering of the microbiome in the CAP ordination plots
(Figure 1A). In contrast, the two different trials of 35-daycycles
in Pullman soil, namely, P35a (p=0.002) and P35b (p=0.001),
both exhibited significant differences in the microbiome among
six winter wheat genotypes. Distinct separation of microbiomes
of Eltan from Lewjain was observed in CAP plots for the two
trials of 35-daycycles (Figures 1B,C). Pairwise PERMANOVA
showed that there were statistical differences between Eltan
and Lewjain in both P35a (p=0.038; Similarity=68%) and
P35b (p=0.052; Similarity = 65.46%; Supplementary Tables 2, 3).

Furthermore, extending growth chamber cycles to reproductive
stage at 160-daycycles (P160) resulted in clearly differentiated
microbiome among wheat genotypes (Figure 1D;
Supplementary Figure 2). In this trial, wheat genotypes
accounted for 23% of variation in the composition of the
microbiome based on the constrained ordination plot. There
were significant differences in microbiome composition among
the wheat genotypes (p=0.001) and obvious clustering of the
ordination by genotype. Among 15 pairwise comparisons in
PERMANOVA (Supplementary Table 2C), all pairwise
comparisons done against the two ALMTI isogenic lines
(PI561725 and PI561727) were significantly different
(Supplementary Table 2C). However, these two isogenic lines
were not significantly different from each other (value of p=0.4;
Similarity =65.71%).

After filtering out OTUs with <0.001 relative abundance
across all data sets, 4,593 bacterial OTUs belonging to 29
phyla were observed (Supplementary Figure 3). Among the
bacterial OTUs, those belonging to Proteobacteria were
predominant in all four growth chamber cycling trials
(Supplementary Figure 3; Supplementary Table 4), followed
by Bacteroidetes and Actinobacteria. Variation in abundance
of specific bacterial phyla is evident among different wheat
genotypes. For instance, at P28, Actinobacteria is more abundant
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in Eltan (26.1%) compared to the rest of the genotypes. However,
as growth cycle length progressed, relative abundance of
Actinobacteria decreased not only in Eltan, but among other
wheat genotypes as well (Supplementary Table 4). As for
Acidobacteria, abundance of this phyla increased as growth
cycle length progressed. At P160, variation in the relative
abundance of Acidobacteria among genotypes was apparent,
with the two ALMTI isogenic lines (P1561725 and PI1561727)
having significantly lower abundance (10.1% average) while
the rest of the genotypes averaged 14.4%. Conversely,
Proteobacteria were consistently dominant across all four growth
chamber cycling experiments and declined in relative abundance
with increased growth chamber cycling length (from 47% in
P28 to 33% in P160).

Differentially abundant (DA) OTUs among different wheat
genotypes were identified in trials P35a, P35b and P160.
However, differential OTUs for each wheat genotype were
generally inconsistent between experiments and even between
the two trials of 35-daycycles (P35a and P35b). Abundance
of REF3578 (Oxalobacteraceae) was differentially increased in
PI561725 compared with Eltan in both P35a and P160
(Supplementary Table 5; Supplementary Figure 4) but was
not differential in P35b. In P35a, another bacterial OTU
(REF2162) belonging to Oxalobacteraceae was differentially
higher in PI561727 and lower in Lewjain, but in P35b this
same OTU was differentially higher in Eltan compared to
Hill81. The abundance of REF6703 (Sphingomonadaceae) had
the opposite trend in P35a and P35b; it was differentially lower
in PI561725 compared to Eltan in P35a but was higher in
PI561725 than Eltan in P35b.

Several DA OTUs belonging to the same bacterial families
exhibited differential enrichment in the rhizosphere of specific
wheat genotypes. For instance, eight (DENOVOI1204,
DENOVO1885, DENOVO2591, DENOVO787, REF5077,
REF591, REF6907, REF994) out of 14 DA OTUs belonging
to Chitinophagaceae were differentially higher in Eltan than
most of the winter wheat genotypes (Supplementary Table 5).
Meanwhile, three DA OTUs belonging to Burkholderiaceae
were consistently higher in PI561725 compared with Hill81
(REF2457) and Lewjain (DENOVO37, REF5019) in P35a. OTUs
belonging to Sphingobacteriaceae (REF6072, REF7015, REF4083)
were more enriched in PI561725 compared with Eltan (P35a)
and Hill81 (P35b). Notably, four out of eight DA OTUs from
Oxalobacteraceae (genus Janthinobacterium) were differentially
higher in PI561725 than Eltan, Hill81, Lewjain, and Madsen
in P35a, P35b and P160 (Supplementary Table 5;
Supplementary Figure 4).

The separation of the microbiome of the two ALMT1 isogenic
lines, PI561725 and PI561727, from the rest of the winter
wheat genotypes in the extended cycle (P160) was attributed
to 27 differentially abundant OTUs (Supplementary Table 5;
Figure 2). In comparison with the rest of the wheat genotypes,
five Sphingobacteriaceae OTUs were differentially higher in
the ALMT1 isogenic lines. Bacterial OTUs from Oxalobacteraceae
(REF3578) and Comamonadaceae (REF4717) were more
abundant in the two ALMT1I lines compared with other four
winter wheat genotypes. A streptomycete (REF4166) was

differentially enriched in PI561725 and PI561727 compared
to Eltan, Lewjain, and Madsen. On the other hand,
Anaeroplasmataceae (DENOV02959, REF6743), Actinospicaceae
(DENOVO81), Chitinophagaceae (REF3713), and
Sphingobacteriaceae (DENOVO266) were less abundant in the
ALMT]I lines compared with the other genotypes.

Comparison of Growth Chamber and Field
Rhizosphere Microbiome Composition

The microbiomes of each of the four growth chamber experiments
were compared to that of the microbiomes described in the
field experiments of Mahoney et al. (2017). The collective
microbiome of the six winter wheat genotypes derived from
the field study was significantly different from all growth
chamber  cycling  experiments (value of p=0.001;
Supplementary Table 2; Supplementary Figure 2). As wheat
roots were harvested in P160 at the same growth stage as
that of the field experiment, it was assumed that most likely
the microbiome of the wheat genotypes in P160 and field
would be more correlated. However, correlation analysis showed
alow correlation with P160 (Spearman r=0.03; value of p=0.41).
When microbiomes from the individual cycling experiments
were individually compared to the field microbiomes, all four
comparisons showed low similarities ranging from 33.45% for
P35b to 31.79% for P28.

Microbiomes of the six winter wheat genotypes were also
compared among different growth chamber cycling experiments.
Pairwise PERMANOVA tests have shown that all growth chamber
cycling experiments have significantly different microbiomes
(value of p=0.001), even between the two trials of 35-day cycles
(Supplementary Tables 2, 3).

Network and Network Roles in Different
Wheat Genotypes

Analysis of the 205 OTUs with the highest relative abundance
showed that Proteobacteria and Bacteroidetes generally dominated
the ecological networks across all cycle lengths, and in the
field (Supplementary Figure 5). Additionally, Acidobacteria
were found to cluster throughout the networks, and
Actinobacteria composed a larger cluster in the 35-day Trial 1
ecological network. Other phyla were present throughout the
networks, including Armatimonadetes, Chloroflexi,
Cyanobacteria, FBP, Fibrobacteres, ~Gemmatimonadetes,
Planctomycetes, Tenericutes, TM7, and Verrucomicrobia. The
highest number of edges were observed in the networks of
the 35-daycycles (before and after edge filtering), with the
28-daycycle and the two-yearcycle resulting in the lowest
number of edges before filtering (Supplementary Table 6).
The lowest number of edges after filtering was observed in
the 160- day cycle followed by the 28-daycycle. Both before
and after edge filtering, ecological networks of all cycle lengths
and the field were dominated by positive associations. After
edge filtering, positive correlations were a higher percentage
of the total edges compared to before edge filtering. In the
growth chamber studies, the 28-day cycle had the lowest number
of positive associations after edge filtering, and all networks
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from the growth chamber had a higher percentage of positive
associations than the field study (before and after edge filtering).

Because a clear genotype-driven differentiation was observed
between microbiomes in the 160-daycycle, the ecological
networks were compared across genotypes using only the

differentially abundant taxa (the top 205;
Supplementary Figure 6). The same phyla that dominated the
ecological networks of the rhizosphere microbiome when
compared by cycle length also dominated the ecological networks
of the rhizosphere microbiome when assessed by genotype.
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However, there were genotype-dependent differences in the
number of phyla present in the ecological network and in the
percentage of positive associations. Madsen had the most diverse
networks in terms of number of phyla in the network, while
Hill81 and the two isogenic lines had less diverse ecological
networks. In terms of positive associations, the Madsen and
PI561725 rhizospheres had the highest, and the Lewjain
rhizosphere had the lowest, compared with all other genotypes
(prior to edge filtering; Supplementary Table 7). After edge
filtering, a similar trend was observed in terms of the percentage
of positive associations, with PI561725 rhizospheres having
the highest, and the PI561727 rhizosphere having the lowest,
compared with all other genotypes.

To better understand the interactions within the microbiome
assemblage in each genotype network, differentially abundant
OTUs in P160 were partitioned to different modules and were
assigned to different network roles Guimera and Amaral (2005);
Olesen et al. (2007). Assemblage of OTUs in network modules
varied among different wheat genotypes (Supplementary
Table 7) and assumed unique roles within and among modules
(Supplementary Figure 7). The individual genotype network
structure was partitioned to six roles, namely, module hub,
peripheral hub, connectors, peripheral, ultra-peripheral, and
kinless nodes (Supplementary Table 7). For module hubs,
characterized by nodes linking OTUs within each module, only
few were found. Module hubs in Lewjain, namely DENOVO37
(Proteobacteria) and REF4973 (Acidobacteria) were found
(Supplementary Figure 7C). While REF115 (Fibrobacteres) was
the only module hub in PI561725 (Supplementary Figure 7E;
Supplementary Table 7). For the rest of the genotypes, there
were no OTUs that had enough links within a module to
be considered as a module hub (>2.5 within module degree;
Poudel et al., 2016). On the other hand, connector nodes, those
that have more links to OTUs from other module (Guimera
and Amaral, 2005), were detected among different individual
genotype networks. These connector nodes are important to
network coherence as they connect modules together (Olesen
et al, 2007). Among the six wheat genotypes, PI561725 had
the most connector nodes, while PI561727 and Lewjain had
the least (Supplementary Figure 7; Supplementary Table 7).
Most of the OTUs in the networks were either classified as
peripheral nodes which are characterized by most links within
same module or ultra-peripheral nodes which are only linked
to nodes within the same module (Guimera and Amaral, 2005).
Both PI561725 and PI561727 had the least number of ultra-
peripheral nodes, while Madsen had the greatest number of
ultra-peripheral nodes (Supplementary Table 7). Furthermore,
some of the differentially abundant OTUs included in the
network had exhibited different roles among the individual
network of the six wheat genotypes (Table 1).

Microbiome and Wheat Disease
Suppression

To determine whether the wheat varieties showed differences
in their abilities to recruit microbes that contribute to disease
suppression, soils from one of the cycling experiments were

used in a disease suppression assay. Soils from the experiment
with longest (160-day) cycles were used because the microbiomes
of different genotypes had differentiated better than in the
shorter cycling experiments and suppressive soils generally take
time to develop in field soils. Soils cultivated with the six
winter wheat genotypes had variable effects on plant health
when inoculated with R. solani and planted with the cultivar
Alpowa (Table 1). Cultivation of Alpowa for 14days likely
altered the microbiome to some extent but difference between
the treatments should be due to the legacy effects of the
genotypes used in the cycling experiment. There were significant
differences in shoot length (value of p=0.018) and less impact
on shoot weight (value of p=0.105) and root disease (value
of p=0.051). Significant differences were also found in shoot
length (value of p=0.008) and shoot weight (value of p=0.004)
when Alpowa was planted in these soils without inoculum
added. Based on post hoc tests, the soils previously cultivated
with the ALMTI isogenic lines PI561725 and PI561727
outperformed most of the winter wheat genotypes except for
Lewjain, in terms of shoot length and reduced root disease
(Table 2). Soils cultivated with Madsen performed most poorly
when inoculated with the pathogen.

Correlation analysis of shoot length, shoot weight, and root
disease score with abundance of DA OTUs revealed specific
bacterial orders associated with these traits in inoculated and
uninoculated soils (Table 2). In soils inoculated with R. solani
AG-8, REF3578 (Oxalobacteraceae) and  REF4717
(Comamonadaceae), both of which belong to order
Burkholderiales, were associated with both reduced root disease
score, higher shoot length and shoot weight. In addition, these
OTUs were also positively correlated with higher shoot length
and shoot weight in uninoculated soils. In contrast, abundance
of REF1650 (Comamonadaceae) was positively correlated with
disease severity (Spearman r=0.31) and negatively correlated
with shoot length (Pearson r=—0.48; Supplementary Table 8).
Similarly, low abundance of REF2166 (Sphingomonadaceae)
and REF8601 (Xanthomonadaceae) was associated with higher
disease scores and lower shoot length. Higher shoot length
was positively correlated with abundance of five OTUs from
Sphingobacteriaceae, one  Streptomycetaceae and  one
Koribacteraceae in inoculated soils (Supplementary Table 8).
However, abundance of OTUs belonging to Rhizobiaceae
(REF4027) and Weeksellaceae (DENOV0828) was only positively
correlated with higher shoot length and shoot weight under
uninoculated soils.

DISCUSSION

Microbes of the microbiome have drawn a great deal of attention
in recent years, and studies have begun focusing on manipulating
these microbiomes in order to strengthen sustainable agricultural
systems. Factors, such as soil type (Qiao et al, 2017), plant
growth stage (Chaparro et al,, 2014; Yuan et al, 2015; Qiao
et al., 2017; Walters et al, 2018), root system architecture
(Saleem et al, 2018), and genotype (Micallef et al, 2009;
Mahoney et al., 2017), have been documented to strongly

Frontiers in Plant Science | www.frontiersin.org

December 2021 | Volume 12 | Article 718264


https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Dilla-Ermita et al.

Wheat Genotype-Specific Rhizosphere Microbiota

TABLE 1 | Summary of the suppression assay after the third cycle of the 160-day growth cycle.

Genotype Uninoculated 100 ppg of R. solani AG8
Shoot Length Shoot Weight Shoot Length Shoot Weight Root Score*
Mean Standard Mean Standard Mean Standard Mean Standard Mean Standard
Deviation Deviation Deviation Deviation Deviation
Eltan 16.60° 0.87 0.201%° 0.03 12.21¢ 212 0.111%° 0.03 6.36% 0.94
Hillg1 15.15¢ 2.84 0.186° 0.04 13.93%¢ 2.45 0.1312¢ 0.03 6.33%® 0.75
Lewijain 16.29° 1.89 0.184° 0.04 14.89% 1.08 0.141% 0.03 5.50 0.71
Madsen 16.76™ 1.25 0.205%° 0.08 12.83> 3.74 0.107° 0.04 6.43%® 1.10
PI561725 18.492 1.02 0.2672 0.038 15.812 1.94 0.149° 0.03 5.36° 0.90
PI561727 17.88% 2.26 0.238% 0.04 15.912 1.31 0.136%° 0.02 5.43° 0.45

*Root score using 0-8 scale (0-no lesion; 8-severe lesion with almost no root growth). Different letter annotations in the means of each genotype indicate statistical significance

(using Fisher’s least significant difference a=0.05).

influence the composition and function of the microbiome.
In order to effectively manage the microbiome, we must first
understand the plant factors that help control the assemblage
and function of the microbiome. These factors include a
complicated and dynamic role of host genotype and plant
physiological stage of development. Our study has taken strides
toward a greater understanding of the impacts of both factors
in the recruitment of wheat rhizosphere microbiomes. Further,
we were able to associate these factors with varying degrees
of root disease suppression and severity, caused by the pathogen
R. solani AG-8.

Rhizosphere microbiome recruitment of six winter wheat
genotypes under growth chamber conditions were found to
be genotype-specific, in agreement with what has been
demonstrated in the field study conducted by Mahoney et al.
(2017). In the current study, the most abundant phyla
(Proteobacteria, Bacteroidetes, and Actinobacteria) among all
growth chamber experiments were the same as the top three
phyla in the wheat core rhizosphere microbiome identified by
Mahoney et al. (2017). However, at lower taxonomic levels of
OTUs, the microbiome composition of the wheat genotypes
in the growth chamber cycling experiments was different when
compared with the field study. This held true despite obtaining
soils from the site where the field study was conducted.
Additionally, different trends in genotype-specific microbiome
selection were observed in the field compared with the growth
chambers. For instance, the microbiome of PI561725 was
distinctly different from PI561727 in the field (Mahoney et al.,
2017), but this was not observed in any of the cycling experiments
in the growth chamber. This distinctness of the microbiome
found between the field and growth chamber cycling experiments
might be explained by the seasonal variations in the soil
microbiome (Li et al., 2020) during the time of soil collection
or even the general difficulty in replicating field studies in
controlled environments (and vice versa). In addition, these
isogenic wheat lines had grown in the field for seven months,
allowing more time to recruit distinct microbiomes compared
with the same wheat isolines grown in the growth chamber
cycles for only 160days in each cycle prior to rhizosphere soil
collection. Thus, a variety of spatio-temporal, climatic, and
plant physiological variables likely account for the observed

differences in the microbiome described in the field versus
those recruited from the same soils but described under
controlled, greenhouse growth chamber conditions. This would
seem to highlight the intrinsic difficulties in attempting to
replicate field studies under controlled conditions. However,
the data from the current study were compelling in many
ways more closely related to the fundamental aspects of soil
disease suppression.

In this study, we were able to directly relate rhizosphere
microbiome recruitment specificity with the length of the
cultivation cycles and/or physiological stage of the plant. With
increasing growth chamber cycling lengths, greater differentiation
of rhizosphere microbiomes across the six winter wheat genotypes
was clear. In rhizosphere soils collected from the 28-day cycles
(P28), the microbiome of the six wheat genotypes did not
show any significant differences. However, genotype-specific
recruitment of the rhizosphere microbiome became significant
in the 35-daycycles for both trial 1 and trial 2. Genotypic
effects are most notable in P160 when wheat genotype accounted
for 23% of microbiome variation (Figure 1). In the 160-day
cycling experiments, most of the wheat genotypes reached
reproductive stage, and the ALMT]I isogenic lines were already
in the grain filling stage. Edwards et al. (2015) have demonstrated
that genotypes significantly impact rhizosphere microbiome
and showed that changes in the microbiome are correlated
with developmental stages in rice. Similarly, rhizosphere
microbiome was strongly influenced by plant age, followed by
field, and then plant genotype in maize (Walters et al., 2018).
Furthermore, the trend observed in our study agrees to what
Schlemper et al. (2017) observed in the rhizosphere microbiome
of sorghum where genotypic effects became more significant
as plant transitions from vegetative to reproductive stage. This
observation was similar to several reports that the reproductive
stage of the plant has stronger selective influence on the
rhizosphere microbiome compared to vegetative stage (Smalla
et al., 2001; Inceoglu et al., 2010; Walters et al.,, 2018).

Additionally, in the P160 cycling experiment, the two ALMT1
(aluminum-activated malate transporter) isogenic lines (P1561725
and PI561727) clustered in the opposite plane of the other
four winter wheat varieties (Figure 1). Although these two
isogenic lines appear to be distinct from the rest of the wheat
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TABLE 2 | Differentially abundant OTUs correlated with traits in suppression assays and with relevant network roles.

OTUs Genus Correlated Traits® Network Role x Module per Genotype®
REF3578 Janthinobacterium Positively correlated with reduced root Connector (PI561725), Ultra peripheral
disease, shoot length, and shoot weight (P1561727, Madsen, Lewijain, Hillg1, Eltan)
REF4717 Variovorax Positively correlated with reduced root Peripheral (PI561725, PI561727), Ultra
disease, shoot length, and shoot weight Peripheral (Madsen, Lewjain, Hill81),
Connector (Eltan)
REF1650 Unidentified Positively correlated with root disease and
negatively correlated with shoot length
REF2166 Sphingomonas Positively correlated with root disease Peripheral (PI561727), Ultra peripheral
(Madsen, Lewjain, Hill81, Eltan)
REF8601 Pseudoxanthomonas Positively correlated with root disease Ultra-peripheral (Lewjain, Hill81)
REF4166 Streptomyces Positively correlated with
shoot length and shoot weight Peripheral (PI561725)
REF603 Unidentified Positively correlated with shoot length and Peripheral (PI561725, PI561727), Connector
shoot weight (Madsen), Ultra-peripheral (Lewjain, Hillg1,
Eltan)
REF8018 Unidentified Positively correlated with shoot length and Connector (PI561725, Lewjain, Eltan),
shoot weight Peripheral (PI561727), Ultra-peripheral
(Madsen, Hillg1)
REF3283 Unidentified Positively correlated with shoot length and Peripheral (PI561725, P1561727), Ultra-
shoot weight peripheral (Madsen, Lewjain, Eltan), Connector
(Hilg1)
REF3099 Candidatus Koribacter Positively correlated with shoot length and Peripheral (PI561725), Connector (P1561727,
shoot weight Hillg1, Eltan), Ultra peripheral (Madsen,
Lewijain)
DENOVO2423 Unidentified Positively correlated with shoot length and Ultra-peripheral (P1561725)
shoot weight
DENOVO11 Unidentified Positively correlated with shoot length and Peripheral (PI561725, PI561727), Ultra
shoot weight peripheral (Madsen, Lewjain, Hill81, Eltan)
REF6743 Asteroleplasma Negatively correlated with increased shoot Connector (Madsen, Eltan), Peripheral Hub
weight (Uninoculated only) (Lewijain), Ultra peripheral (Hill81)
REF4027 Unidentified Positively correlated with shoot length and Connector (PI1561725, Madsen), Peripheral
shoot weight (Uninoculated only) (PI1561727), Ultra Peripheral (Lewjain, Hillg1,
Eltan)
REF961 Unidentified Positively correlated with shoot weight
(Uninoculated only)
DENOVO2719 Asteroleplasma Negatively correlated with increased shoot
weight (Uninoculated only)
DENOVO4 Unidentified Negatively correlated with increased shoot Peripheral (PI561725), PI561727 (Peripheral
weight (Uninoculated only) Hub), Ultra peripheral (Madsen, Lewjain, Hillg1,
Eltan)
DENOVO2959 Asteroleplasma Negatively correlated with increased shoot Ultra-peripheral (Madsen, Lewjain, Eltan)
weight (Uninoculated only)
DENOVO81 Unidentified Negatively correlated with increased shoot Ultra-peripheral (Lewjain, Hillg1)
weight (Uninoculated only)
DENOVO828 Chryseobacterium Positively correlated with shoot length and Connector (P1561725), Ultra peripheral
shoot weight (Uninoculated only) (PI1561727, Eltan)
REF115 Unidentified Positively correlated with shoot length, and Module Hub (PI561725), Ultra-peripheral
shoot weight (Uninoculated only) (P1561727, Lewjain, Madsen, Hilld1, Eltan)
DENOVO37 Burkholderia Positively correlated with reduced root Connector (P1561725), Module Hub (Lewjain),

disease; Increased shoot length, and shoot
weight (Uninoculated only)

Peripheral (PI561727), Ultra-peripheral
(Madsen, Eltan)

@Traits based on suppression assay identified to be correlated with OTU abundance.
bNetwork roles of OTUs (Guimera and Amaral 2005); Olesen et al. (2007) in corresponding module per genotype.

genotypes, there are no significant differences in the rhizosphere
microbiomes of PI561725 and PI561727. These two lines differ
in aluminum (Al) toxicity tolerance, PI561725 being tolerant,
while P1561727 is susceptible (Carver et al., 1993). Houde and
Diallo (2008) have characterized these lines to identify candidate
genes underlying tolerance, and the ALMT1 gene was a major

gene associated with tolerance. With 50pm (~13ppm) of Al,
malic acid excretion increased in Al tolerant lines (Delhaize
et al, 1993) and gene expression of the ALMTI gene was
observed in this concentration of Al (Sasaki et al., 2004).
Accounting for the Al concentrations in the Pullman soil
(14.87 ppm DTPA extractable Al) based on soil test, concentrations

Frontiers in Plant Science | www.frontiersin.org

10

December 2021 | Volume 12 | Article 718264


https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Dilla-Ermita et al.

Wheat Genotype-Specific Rhizosphere Microbiota

in Pullman soil are slightly elevated. But accounting other
edaphic factors in Pullman soils, taken together may have
confounding effects, making this level of aluminum not enough
to induce differentiation of the rhizosphere microbiome between
isogenic lines. Despite the insignificant difference in taxonomic
composition of these isogenic lines, looking closely at the
assemblage of microbiome networks between these two isogenic
lines, PI561725 selects for a greater percentage of positive
associations among OTUs in the rhizosphere compared with
PI561727. This suggests that taxa composition together with
the assemblage of network structure may provide more meaning
on how the genotype-specific microbiome function as a whole.

Despite significant differences in the rhizosphere microbiome
composition in wheat genotypes between the two trials of
35-daycycles, soils previously cultivated with PI561725 in the
suppression assays (data not shown) consistently bested the
rest of the genotypes as observed in P160. This highlights the
possibility that, despite the variation in the taxonomic
composition of genotype-specific rhizosphere microbiome among
experiments, there might be some community function that
is being maintained regardless of the taxonomic shifts.
Microbiome studies on bromeliads (Louca et al., 2016), bioreactors
(Fernandez et al, 1999), and the human gut (The Human
Microbiome Project Consortium, 2012) have shown that despite
taxonomic variation, functional structure at the community
level is relatively constant. Hence, it is important to account
for the community function being maintained in studies that
involved comparison of temporal variations in the microbiome.

Our study also confirmed differential recruitment of bacterial
OTUs at the family level among wheat genotypes. Differences
in the most abundant bacterial families in different growth
chamber cycling lengths and wheat genotypes reflect the
succession of microbial communities in each plant growth stage
and differential recruitment of the microbiome of wheat genotypes.
Identification of DA OTUs of wheat genotypes between different
growth chamber cycling experiments demonstrated that each
wheat genotype has a distinct set of DA OTUs, specific to
plant physiological development and environmental conditions.
However, looking at the family level of the DA OTUs in each
wheat genotype, specific bacterial families are differentially
recruited by specific wheat genotypes. For instance, eight DA
OTUs belonging to Chitinophagaceae were differentially higher
in Eltan, while the majority of the DA OTUs belonging to
Burkholderiaceae and Oxalobacteraceae were differentially higher
in PI561725 among different experiments.

The microbiome of each wheat genotype became more tightly
regulated and conserved as plant maturity advanced. Alpha
diversity and microbial network associations decreased as growth
cycling length increased. Among the three growth chamber
cycling lengths used in our study, P160 has the lowest alpha
diversity indices. This observation was similar to what Shi et al.
(2015) reported, where alpha diversity in the rhizosphere
microbiome of Avena fatua decreased gradually through time
as plant growth progressed. One explanation is that the more
diverse non-rhizosphere soil population takes time to transform
as bacteria acclimate to rhizosphere conditions. It is also apparent
that rhizosphere conditions change as the plant matures. Chaparro

et al. (2014) observed high sugar levels in the root exudates
of Arabidopsis during the vegetative stage, which declines at
the reproductive state, at which point, exudate concentrations
of amino acids and phenolics increased. Thus, during early
stages of growth, the plant attracts a wider range of metabolically
diverse microorganisms in the soil compared to later growth
stages (Chaparro et al., 2014). Furthermore, network analysis
showed that the total number of edges and the percentage of
positive associations was highest in the 35-daycycles. After edge
filtering, the lowest total number of edges was observed in the
160-day cycles. Together these results suggest that the dynamics
within the microbial community lead to an increased total
number of associations early on in plant development, but that
a lower number of associations reflects a narrowing niche with
fewer available substrates at or near the seed-filling stage.
When challenged with the root rot pathogen R. solani AG-8,
the above-described differential recruitment of specific bacterial
OTUs by specific wheat genotypes translated to very specific
plant responses in terms of plant growth and disease severity.
Soils previously cultivated with the ALMT1 isogenic lines (Carver
et al,, 1993) exhibited higher shoot length, shoot weight, and
reduced root rot disease, while the opposite was observed in
Madsen-cultivated soils. Correlation analysis of abundance of
DA OTUs and traits measured in the suppression assays identified
OTUs that were positively correlated with reduced root disease,
increased shoot length and shoot weight, strongly suggesting
organisms within these OTUs may play a role in disease suppression
or resistance. Five OTUs belonging to Sphingobacteriaceae, one
Streptomycetaceae, and one Koribacteraceae were positively
correlated to higher shoot length and were differentially more
abundant in the rhizosphere soils of both isogenic lines. Plant
growth promotion, especially in inoculated soils, is an important
microbial ~ function  for  biological  control  agents.
Sphingobacteriaceae (Morais et al., 2019) and Strepto-mycetaceae
(Dias et al,, 2017; Vurukonda et al., 2018) have been previously
reported to exhibit plant growth promotion. Multiple mechanisms
have been postulated for plant growth promotion, including
phosphate solubilization (Rodriguez and Fraga, 1999; Compant
et al,, 2010), iron sequestration through siderophore production
(Scagliola et al., 2016), and phytohormone modulation (de Garcia
Salamone et al., 2005; Glick et al., 2007). Additionally, several
bacterial OTUs were identified to play dual roles in plant disease
suppression and plant growth promotion. Two OTUs belonging
to order Burkholderiales were positively correlated with greater
shoot length and shoot weight, and reduced root disease score.
REF3578 (Oxalobacteraceae) and REF4717 (Comamonadaceae)
were positively correlated with these traits and were differentially
higher in PI561725 and PI561727 compared to the other four
wheat genotypes. Recently, Yin et al. (2021) identified a species
of Janthinobacterium from wheat rhizosphere soil associated with
seedling tolerance to R. solani AG-8 after 5-6 growth cycles
in the greenhouse. This genus was the same as the genus of
REF3578 that was identified in our study associated with disease
suppression and plant fitness. Bacterial species belonging to the
Burkholderiales order have been reported to be associated with
damping-oft pathogen suppression in tomato and soybean (Benitez
and Gardener, 2009). In addition to suppression, Burkholderiales
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species were considered plant growth-promoting, phosphate-
solubilizing rhizobacteria (Goldstein, 1986; Rodriguez et al., 1996).

The identification of DA OTUs correlated with plant growth
and reduced root disease leads to another question. What roles
do the organisms within each of these OTUs play in the
microbiome dynamics in each genotype? To further understand
these interactions, network roles were determined (Guimera and
Amaral, 2005; Olesen et al., 2007). From the standpoint of
ecological network structure, network hubs, connectors, and
module hubs are network nodes that may have importance in
maintaining a network (Poudel et al., 2016). Among the correlated
DA OTUs in question, there were no network hubs, only module
hubs and connectors. A module hub (REF115) in PI561725
network was detected and has been positively correlated with
increased shoot length and shoot weight in uninoculated soils.
Another important module hub in Lewjain was DENOVO37,
which positively correlated with reduced root disease. The
detection of these module hubs solidifies the roles of these
correlated OTUs in the function of the microbiome network
in terms of better plant growth and reduced root disease. These
module hubs may facilitate the stable occurrence of other taxa
and may serve as keystone taxa that support the co-occurrence
of other organisms with desirable functional attributes (Poudel
et al, 2016). Moreover, traits correlated OTUs identified as
connector nodes were detected. Among the 40 connector nodes
in PI561725, REF3578 (Oxalobacteraceae) was differentially higher
in PI561725 and was correlated with better plant growth and
reduced root disease. Most of the OTUs identified to be connectors
were correlated with two or three traits in the suppression assays.
Connector taxa are important to network structure as they
provide links to other modules (Guimera and Amaral, 2005)
and may represent multi-functional taxa (Poudel et al., 2016).
These results suggest that these OTUs are relevant in maintaining
a specific function in the wheat microbiome and may be good
candidates for more downstream functional analyses.

The current study demonstrated that the wheat microbiome
involved in plant growth promotion and disease suppression
can be recruited with three, consecutive 160-daycycles in the
growth chamber. This rapid development of suppressiveness
has previously been observed in greenhouse experiments (Lucas
etal., 1993; Yin et al,, 2013). If wheat genotypes can be identified
that can speed the process it will be valuable since it takes
years to naturally develop in no-till cropping systems. Progression
of suppressiveness against R. solani AG-8 took five to ten
years in Avon, South Australia (Roget, 1995), while it took
eight to eleven years of no-till wheat monoculture in Ritzville,
WA (Schillinger and Paulitz, 2014). If this progression could
be enhanced by use of specific wheat genotypes, these varieties
could be particularly important in transitioning to sustainable
disease management systems, such as those involving reduced
tillage. Our study identified genotype-specific microbiomes that
are correlated with better plant growth and reduced root disease
caused by R. solani AG-8. Differential abundance of
Burkholderiales OTUs, specifically the genus Janthinobacterium
in PI561727 and PI561725 cultivated soils was associated with
reduced root disease and better growth. This same genus was
recently reported by Yin et al. (2021) to exhibit antagonism

against R. solani AG-8 from disease-suppressive soil. Thus, it
can be inferred that these Burkholderiales OTUs could be a
putative biological control agent against R. solani AG-8 as it
has been associated with disease-suppressive soils (Mendes
et al., 2011; Carrion et al., 2018) and that they can be recruited
by specific wheat genotypes. These results were different from
the wheat cycling experiments performed by Mazzola and Gu
(2002), where suppression of R. solani AG-5 and AG-8 were
associated with the differences in the composition of fluorescent
pseudomonad population in orchard soils. However, taken
together, wheat genotypes have the capability to recruit different
bacterial taxa responsible for better plant growth and disease
suppression, in a given soil type and agroecosystem. With
this, use of specific wheat genotypes to recruit suppressive
microbiome holds promise in furthering efforts to manipulate
rhizosphere microbiomes to manage root rot disease caused
by R. solani AG-8.

CONCLUSION

In this study, wheat genotype and physiological stage shaped
the microbiome, which was able to significantly alter soil
suppression of R. solani AG-8. Longer growth cycles resulted
in stronger genotype-specific recruitment of the microbiome
and reduced the number of edges in ecological networks.
Despite differences between the microbiomes associated with
field- and growth chamber-grown plants, the conclusions remain
that genotype-specific rhizosphere recruitment may be observed
in both systems. This is fundamental to our approach in
future studies examining the phenomenon of developing
suppressive soils in shorter time periods. Furthermore, the
wheat genotype-specific recruitment of particular bacterial taxa
correlated with better plant growth in R. solani AG-8 inoculated
soils and reduced root disease, which demonstrates that disease-
suppressive soils can be attained with fewer growth cycles.
Thus, using the appropriate wheat genotype to manipulate
the rhizosphere microbiome could provide a sustainable
approach to manage soil-borne disease. However, further
validation is needed to strengthen the importance of taxa
associated ~ with  these  significant OTUs in  soil
disease suppression.
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