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Abstract: The wheat (Triticum aestivum) microbiome is essential to its growth and adaptation under the
current climatic crisis. Wheat breeding programs are often mainly focused on obtaining more resistant
cultivars; thus, plant genotype-by-microbiome interactions have gained attention. In this sense, local
wheat cultivars represent a unique opportunity to examine how bacterial communities are recruited
and support plant growth under field conditions. In this study, we explored the diversity, community
structure, and potential functions of root-associated bacterial communities of four Chilean wheat
(Triticum aestivum) cultivars under field conditions through Illumina MiSeq. Analyses showed that
Proteobacteria was the most abundant phylum in root endosphere (51.1 to 74.4%) and rhizosphere
samples (39.3 to 44.9%) across wheat cultivars. Significant differences (p < 0.05) in alpha and
beta diversity were observed in root endosphere and rhizosphere samples, independently of wheat
genotypes. Potassium was identified as the main factor driving the rhizosphere microbiomes of wheat.
A higher proportion of shared operational taxonomic units (OTUs) were found in rhizosphere (mainly
Pseudomonas, Flavobacterium, and Janthinobacterium) compared with root endosphere (dominated by
Delftia, Acinetobacter, Stenotrophomonas, Kaistobacter) samples across all cultivars. Analyses of larger
predicted functional activities revealed that chemoheterotrophy and aerobic chemoheterotrophy
were more observed in the root endosphere environment, whereas among the minor functions,
nitrogen cycling was the more predicted trait, related to rhizosphere samples. A co-occurrence
analysis revealed complex bacterial interactions in wheat cultivars’ niche microbiomes identifying
three (Comamonadaceae, Enterobacteraceae, Micrococcaceae) and four (Corynebacteraceae, Dermabacteraceae,
Xanthomonadaceae, Staphylococcaceae) families as keystone taxa for the root endosphere and rhizosphere,
respectively. It is suggested that such findings on the differences in root microbiomes associated with
wheat cultivars under field conditions would help to develop new cultivars with abilities to recruit

specific bacterial communities.

Keywords: root microbiome; wheat cultivars; bacterial diversity; putative functions

1. Introduction

Wheat (Triticum aestivum) is one of the most consumed crops worldwide, thus increas-
ing its productivity through the efficient application of fertilizers, water, and pesticides is
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the major challenge in the current agricultural scenario. Wheat microbiomes are recognized
as a crucial component of the next green revolution, as they harbor the potential to improve
the resilience and sustainability of agroecosystems under several stressors, including the
current climatic crisis [1]. Nutrient acquisition, protection against soil-borne diseases, and
stress tolerance have shown to be modulated by microbiomes in the roots and the rhizo-
sphere of wheat plants [2,3]. In this sense, most bacteria associated with crop roots reside in
the bulk soil [4], being influenced by field management (e.g., input of agrochemicals, tillage,
crop rotations, etc.). This has been observed to generate a reduced capacity for plants to
recruit and establish optimal root-associated bacterial communities [5]. Moreover, edaphic
factors, including water stress, soil pH, and temperature, also impact the root microbiome
structure, diversity, and functionality [6,7]. On the other hand, wheat cultivars, germplasm,
and phenological stage also determine the associated bacterial communities, with a con-
comitant effect on their functional diversity and shaping the assembly of root-associated
bacterial communities [5,8]. Moreover, significant changes have been suggested to have
occurred during the process of breeding in the ability of wheat to assemble bacterial and
fungal communities [9]. For example, the bacteria colonization rate in wheat cultivars was
faster than that in wheat ancestors.

Bacteria associate with plants” root systems through the colonization of the rhizo-
sphere (soil influenced by root exudates), the rhizoplane (attaching to the surface of roots),
or through insertion into the endosphere (making their way into plant tissues) [10]. The
selection of stress-resistant wheat cultivars has often been suggested to induce changes
in the root architecture and physiology, potentially influencing the composition of bacte-
rial communities and their ability to colonize root systems [11]. Such effects have been
attributed to changes in root exudation, an important source of organic substrates available
to microorganisms in the rhizoplane and rhizosphere [12]. Additionally, modern wheat
cultivars selected under similar fertilization regimes will recruit different bacterial commu-
nities [13]. These findings have also been observed in wheat plants grown under contrasted
fertilization regimens and soil chemical properties, where the cultivars played the most
important role in determining the diversity and structure of bacterial communities among
rhizosphere and root endosphere samples [14,15]. However, studies have also described
that cultivar influences on bacterial community composition are less than those observed
for soil type and environmental factors [16,17]. For example, wheat cultivars grown in soils
from Cameroon, Senegal, France, and Italy presented bacterial communities more influ-
enced by the management and soil type rather than plant genotypes or ploidy level [18].
As both factors exert varying influence, a specific assessment for each particular cultivar
and environment is required.

Advances in high-throughput sequencing (HTS) and microbial-specific databases have
opened the possibility to unravel the network interactions among various members and/or
groups of bacterial communities allowing us to identify keystone taxa that contribute to
their stability and/or responsiveness [13,19-21]. For example, Simonin et al. [18] identified
that <3% (103 bacteria, 2 archaea, 41 fungi and 31 protists) of all taxa identified in the
rhizosphere of eight wheat cultivars were found to be part of the core microbiome. Despite
this, the authors described this group as representing ~50% of the total abundance in those
communities. As such, members of Bradyrhizobium, Massilia, Variovorax genera have been
recognized as some keystone taxa, highly abundant on modern wheat roots, independently
of soil origin and land use history [22]. In other study, endophytic co-occurrence networks
were integrated by members of Flavobacterium, Pseudomonas, and Janthinobacterium genera
for all tested wheat plants [23].

In view of the shared bacteria observed and given that variation is modulated by
either the cultivar or field and environmental conditions, local knowledge about the factors
influencing the composition and assembly of bacterial communities associated with wheat
cultivars under field conditions is essential. Therefore, we explored the variation in the
diversity, community structure, and potential functions of rhizosphere and root endosphere
bacterial communities of three locally bred (Fena, Patras, Rocky) and a reference imported
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(Joker, Netherlands) wheat (Triticum aestivum) cultivars under field conditions. The selected
cultivars were resistant to yellow- and red rust, as well as powdered mildew. However,
Septoria susceptibility was present on two cultivars (Fena and Patras). Additionally, using
a co-occurrence network analysis, functional microbial indicators were predicted from
bacterial communities associated with the rhizosphere and the root endosphere.

2. Material and Methods
2.1. Rhizosphere and Wheat Cultivars Plant Collection

Wheat plants along with their rhizosphere samples were collected on 20 Septem-
ber in 2018 from experimental farming plots located in Lautaro, La Araucania region
(38°32/47.5" S, 72°27'43.6" W), Chile. The farm was in a typical oceanic climate; it had a
humid temperate climate with cool summers and winters, with an annual average pre-
cipitation of 145 mm, and a daily average temperature of 58.5 °F. The sampled soils were
characterized as to contain low phosphorus (P) and high organic matter contents; the
averages of extractable P and organic matter in a 0-20 cm layer were 26 mg kg ! and 9.3%,
respectively (Table S1).

Four wheat cultivars (Triticum aestivum cv. Fena, Patras, Joker, and Rocky) correspond-
ing to the anthesis stage were sampled. Briefly, three representative healthy specimens
with similar heights and diameters and their adjacent soils (20 cm topsoil layer) were
randomly taken in a 10 m transect by using the clean spade to remove intact roots from
soils. Collected plants and soils were transferred into plastic bags, stored on ice coolers
and immediately transported to the Applied Microbial Ecology Laboratory (EMAlab) of
Universidad de La Frontera, Temuco, Chile. Both sample types were stored at —80 °C
until DNA extraction. Wheat cultivars were grown in an Andisol under rotation with oat
(Avena sativa) and rapeseed (Brassica napus) since 2012. Before our sampling, the experi-
mental plots were used for rapeseed experiments. At sowing, our sampled plants were
subjected to a fertilization program with 140 kg of urea ha~! and treated with commercial
pre-emergence herbicides at doses of 1 L ha=! (12% w/v of flufenacet, flurtamone, and
diflufenican). Data from the physicochemical characterization of each soil sample (reported
by Rilling et al., [24]) were used to determine the relationship between soil factors and
the composition of rhizobacterial communities between four wheat cultivars under field
conditions. Detailed information on the physicochemical parameters of the soil samples
can be found in Table S1.

2.2. DNA Extraction

Total genomic DNA was extracted from rhizosphere and root endosphere samples.
Rhizosphere samples (~0.25 g) of each cultivar sample were obtained from the soil adhered
to roots through vigorous shaking and processed with DNeasy PowerSoil DNA isolation
kits (QTAGEN N.V.,, Venlo, The Netherlands) in triplicate. Samples were lysed via a bead-
beating protocol, according to the kit manufacturer instructions. For endosphere samples,
~0.25 g of root tissue was initially vigorously washed with sterile distilled water (SDW), and
rhizoplane surfaces were sterilized as described by Barra et al. (2016). Briefly, root surfaces
were washed in 70% (v/v) ethanol for 3 min, immersed in 2.5% (v/v) sodium hypochlorite
(NaOCl) for 5 min, rinsed three times with SDW, and macerated with 1 mL of SDW via a
sterile mortar and pestle. Total DNA was extracted from 0.25 mL of surface sterile root
homogenate using a Quick-DNA™ Plant/Seed Miniprep Kit (Zymo Research, Seattle,
WA, USA), according to the manufacturer instructions. The extracts’ DNA concentrations
were measured using a Qubit4™ (Thermo Fisher Scientific, Waltham, MA, USA) using
broad-range DNA assays. In parallel, RNA and protein assay kits were used on those
samples to prevent contamination during the extractions.

2.3. Library Preparation and 16S rRNA Amplicon Sequencing

The libraries and sequencing of bacterial communities associated with the root endo-
sphere and rhizosphere of wheat cultivars were carried out by using Illumina MiSeq as
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follows: the V4 hypervariable region of the 165 rRNA gene for each biological replicate’s
extracted DNA sample was amplified using primer set 515F (5'- GTG CCA GCM GCC
GCG GTA A -3') and 806R (5'- GGA CTA CHV GGG TWT CTA AT -3'). The primers were
coupled to specific Illumina Inc. adapters, and the dual indexing method was used for
the amplicon library construction [12]. Libraries were pooled to 4 nM, denatured, loaded
into Illumina MiSeq™ v3 sequencing kit, and sequenced for 301 cycles in [llumina MiSeq
(IIlumina, Inc., San Diego, CA, USA) with the support of the University of Minnesota
Genomics Center (UMGC, Minneapolis, MN, USA). Raw sequence files were uploaded to
NCBI SRA database under bioproject no. PRINA867668.

2.4. Bioinformatic Processing of the Sequences and Statistical Analysis of the Data

Primers and adapters were removed from raw sequence reads via trimming and
processing using SHI7, preserving high-quality reads (QC > 35) [25]. Trimmed sequences
were aligned into OTUs, UCHIME was used for the removal of chimera [25], and sequences
with >97% similarity were grouped. Nonmicrobial sequence reads (e.g., chloroplasts and
mitochondria) were removed via QIIME [20], while data were rarefied to 7000 reads for
the biodiversity analysis. Taxonomy assignation was performed using NINJA-OPS and
the Silva database (version 123) [26,27]. Richness (OTUs observed, abundance-based,
Goods coverage, Chaol, and jackknife) and diversity (Shannon index, Simpson index, and
g-stat) values were also calculated via Mothur [28]. The relative abundance taxonomy
for the most and lesser observed taxa was graphed in Microsoft Excel. Shared OTUs
among rhizobacterial communities across samples were also observed via VennDiagram in
R 4.2.1 [29]. Functional traits predictions were performed using the provided database and
scripts of the Functional Annotation of Prokaryotic Taxa (FAPROTAX) project [30].

For the co-occurrence network analysis, root endosphere and rhizosphere data were
agglomerated to family level and “Spearman” correlation matrixes were constructed for
the families with the highest variance among samples, using 10.6 | as the lowest accepted
correlation (p < 0.05) under the R “NetCoMi” package [31]. The identified clusters, degree,
closeness, betweenness, and eigenvector centralities on those matrixes were used for the
identification of hubs (or putative keystone taxa) (p < 0.01). Networks were then plotted
using “ggplot2” and “igraph” modules in R [32]. In parallel, microbial indicators at the
genus level were predicted under the multipatt function using the indicspecies [33] package
in R as described by Zhang et al. [12] (p < 0.01).

3. Results
3.1. Alpha Diversity of Root-Associated Bacterial Communities

The average alpha diversity indexes (SD) obtained from root endosphere and rhi-
zosphere bacterial communities associated to wheat cultivars (Fena, Rocky, Patras, and
Joker) are summarized in Table 1. Similar coverage percentages were obtained among
wheat cultivars for each plant niche analyzed (p < 0.05). However, the coverage percent-
age was significantly higher in rhizosphere samples compared to those observed in root
endosphere samples for all cultivars analyzed. On average, significant differences in the
number of total OTUs at 97% similarity were observed among cultivars, where Patras
and Rocky had the highest values (1554 and 936 OTUs on root endosphere and rhizo-
sphere samples, respectively). Moreover, the root endosphere associated to Fena and Patras
cultivars showed significant higher OTUs in comparison to their rhizosphere samples,
with values ranging from 769 to 130 and 1554 to 472 OTUs, respectively. On the other
hand, the abundance-based coverage estimates (ACE) and Chaol indexes were significant
different among wheat cultivars, higher values were attributed to the root endosphere from
Patras (1883 and 1894, respectively) and to rhizosphere samples from Rocky (1034 and 1059,
respectively) (p < 0.05). By contrast, Fena and Patras showed significantly higher (p < 0.05)
ACE and Chaol indexes from the root endosphere compared to those observed in their
rhizosphere samples. For the alpha diversity, significant differences in the Shannon index
were observed between the root endosphere from Patras (5.3) and Rocky (4.1); however,
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among rhizosphere samples, both Rocky and Patras showed a higher diversity compared
with the other cultivars analyzed (6.2 to 5.9, respectively). Differences in the Shannon index
were also evidenced between plant compartments, for example rhizosphere samples from
Rocky (6.2) and the root endosphere from Fena (4.6) showed a greater diversity compared
with their respective root endosphere (4.1) and rhizosphere (3.9) samples. Despite this, dif-
ferences in Simpson indexes were not detected from bacterial communities associated with
the root endosphere among wheat cultivars, ranging between 0.022 and 0.071. However, a
greater diversity was found in rhizosphere samples from Fena cultivars (0.031) compared
to those obtained in the rhizosphere samples from Rocky, Patras, and Joker as revealed by
Simpson indexes of 0.003, 0.004, and 0.010, respectively (ANOVA, p < 0.05).

Table 1. Coverage and alpha diversity of bacterial communities in the root endosphere and rhizo-
sphere of wheat cultivars.

Cultivar Coverage Sobs | ACE ¥ Chao-1 Shannon 1—Simpson
99.1 £0.28 769.7 £ 175.3 910.9 + 233.2 912.7 + 219.9 4.637 £0.12 0.036 + 0.006
Fena N N N N
o a b b b ab a
~
£ 99.4 4+ 0.07 566.0 £ 154.2 645.9 + 188.0 653.2 + 183.5 4138 £0.28 0.071 £ 0.025
o Rocky N .
@ a b b b b a
bS]
5 99.0 £ 0.05 1554.0 + 125.7 1883.2 + 157.5 1894.6 + 161.7 5.354 £ 0.19 0.022 + 0.007
H Patras N * " A
s a a a a a a
3
~ 93.3 £3.16 525.7 £211.4 683.2 + 165.2 677.3 + 203.6 4.836 £0.3 0.026 + 0.008
Joker
a b b b ab a
99.9 £+ 0.03 1303 £5.2 218.8 £28.2 219.0 £ 28.0 3.961 £ 0.04 0.031 £ 0.0020
Fena
a b b b C a
% 99.8 + 0.04 936.0 + 174.8 1034.1 £192.3  1059.8 + 206.5 6.229 +0.18 0.003 4 0.0003
& Rocky
a, a a a a a C
0
,8 99.8 £0.12 4725 £ 245 555.9 +45.7 561.8 +49.2 5.947 £+ 0.08 0.004 £+ 0.0003
= Patras
2 a ab ab ab a bc
99.9 4+ 0.01 2733 £ 31.7 368.5 £ 17.6 410.6 £ 174 4946 £0.13 0.010 £+ 0.0014
Joker a b b b b b

Values after & represent mean standard error (MSE). t Sops: number of OTUs observed at 97% similarity.
¥ ACE: abundance-based coverage estimates. * Statistically different for cultivars plant niche counterpart mea-
sured by a Student’s t-test (p < 0.05). Sample groups sharing the same character after values did not present
significant differences (p < 0.05) using an ANOVA followed by Tukey’s HSD post hoc test. Characters (a, b, c)
represent the statistical differentiation between cultivars within the described plant niche. Samples sharing the
same letter mean no statistical differences were found. Raw data are presented in Table S13.

3.2. Taxonomic Affiliation of Root-Associated Bacterial Communities

The taxonomic assignment of 165 rRNA sequences of bacterial communities revealed
that members of the phylum Proteobacteria were the most abundant among wheat cultivars
in both plant compartments, with values of 51.1 to 74.4 and 39.3 to 44.9% for root endo-
sphere and rhizosphere samples, respectively (Figure 1A; Table S2). After Proteobacteria,
root endosphere bacteria communities in the four cultivars were dominated by Bacteri-
odetes (15 to 30.2%), followed by Actinobacteria (6.7 to 13%) and Firmicutes (2.1 to 2.7%)
but only in Fena, Rocky, and Joker cultivars, while Patras presented a low relative abun-
dance in this niche for Firmicutes (0.3%). Patras and Joker presented higher abundances of
Acidobacteria (0.9 to 1.4%), Verrucomicrobia (1.1 to 2.8%) and Chloroflexi (1.1 to 2.5%). The
relative abundances of various bacterial phyla in the rhizosphere samples were different
from those in the endosphere, an indication for the differences between niches. In general,
Bacteroidetes was less abundant in the rhizosphere than in the root endosphere across
cultivars (6.0-11%). Actinobacteria were the second most abundant phyla (10.8-16.1%) in
Rocky, Patras, and Joker. For Fena, Firmicutes (25.4%) were more abundant than for other
cultivars (14.7, 7.6, and 4.9% for Joker, Patras, and Rocky, respectively). In addition, Aci-
dobacteria phyla were also higher in Rocky (14.5%) and Patras (14.1%) compared to those
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observed in Joker (6.7%) and Fena (1.3%) cultivars. Members of phyla Gemmatimonadetes
(1.8 to 3.7%), Chloroflexi (2.5 to 3.5%), Verrucomicrobia (2.2 to 3.5%), and Planctomycetes
(2.7%) were also observed in rhizosphere samples from Joker, Patras, and Rocky cultivars
(Figure 1A; Table S2).

100 28 nTM6 B
=AD3 A =0P3
90 » Gemmatimonadetes m Euryarchaeota
wPlanctomycetes 24 u Spirochaetes
80 u Chlorofiexi = = WS2
£ = Verrucomicrobia % 2.0 :;’:1’130439
3 u Acidobacteria e GAL15
£ 60 Fimmicutes S 15 FBP
2 5 = Actinobacteria 5 = Elusimicrobia
2 u Bacteroidetes 2 12 :(V)Vhs\:mydlae
o 40 u Proteobacteria H =OD1
£ 30 5 = Tenericutes
= 2 08 u Chlorobi
& 2 « u Fusobacteria
EE m Fibrobacteres
10 os [N u [Thermi]
u Cyanobacteria
. E=mE -
0 = Nitrospirae
Fena Rocky Patras Joker Fena Rocky Patras Joker Fena Rocky Patras Joker Fena Rocky Patras Joker uWPS-2
Root endosphere Rhizosphere Root endosphere Rhizosphere = Armatimenadetes

— = o == C % D
90 = Unclassified N Burkholderiaceae
Less abundance’ 30 Intrasporangiaceae
80 Bradyrhizobiaceae

u Brevibacteriaceae
= Rhizobiaceae 25 u [Weeksellaceae]
= Ruminococcaceae w Microbacteriaceae
60 = Caulobacteraceae m Prevotellaceae
= Enterobacteriaceae ® Koribacteraceae
50 = Hyphomicrobiaceae m Sinobacteraceae
® Bacteroidaceae

= Sphingobacteriaceae m Micrococcaceae

= Sphingomonadaceae

u Corynebacteriaceae
= Chitinophagaceae 10 ® Chthoniobacteraceae
= Xanthomonadaceae Staphylococcaceae

2 l = Flavobacteriaceae 5 = Cytophagaceae
10 . J Oxalobacteraceae . . ! w Lachnospiraceae
= \ ‘ - -

[
= Comamonadaceae Moraxellaceae

= Pseudomonadaceae
Fena Rocky Patras Joker Fena Rocky Palras Joker Fena Rocky Patras Joker Fena Rocky Patras Joker

Root endosphere Rhizosphere Root endosphere Rhizosphere

Relative abundance (%)
e
S
Relative abundance (%)

Figure 1. Bacterial community composition in the root endosphere and rhizosphere samples for
different wheat cultivars. Bars represent average relative abundance values from each cultivar
sequenced (in triplicate) for more (A,C) and less abundant (B,D) representative taxa at the phylum
and family level, respectively. Relative abundance values can be found in Tables S2-S5. Raw values
can be found in Table S12. * p < 0.05.

In relation with less abundant taxa, the relative abundances showed a broad taxo-
nomic diversity among samples (Figure 1B; Table S3). There were more bacterial groups in
rhizosphere samples compared to those present in the root endosphere samples and they
were mainly attributed to members of the phyla Armatimonadetes (0.5 to 0.7%), followed
by Eremiobacterota (formerly WPS-2) (0.4 to 0.8%), and Nitrospirae (0.1 to 0.6%) present in
the rhizosphere of Joker, Patras, and Rocky. Interestingly, the minor relative abundances
associated with the rhizosphere of Fena cultivars were for other rare taxa, including mem-
bers of the phyla Fusobacteria (0.32%), Chlamydiae (0.29%), and Tenericutes (0.24%). In the
root endosphere, Fena cultivars also had larger proportions of Armatimonadetes (0.06 to
0.21%) and Thermi (0.01 to 0.19%), with a small percentage associated with Crenarchaeota
and Cyanobacteria.

At the family level, a greater relative abundance of taxa in the rhizosphere samples
were attributed to less abundant and unclassified taxa, with relative abundances ranging
from 38.4 to 53.6% and from 6.8 to 31.1%, respectively (Figure 1C; Table S4). In addition,
members of bacterial families Xanthomonadaceae (2.4 to 15.2%) and Comamonadaceae (3.5
to 8.8%) were also abundant in all rhizosphere samples. On the other hand, the root
endosphere samples showed a higher relative abundance of Pseudomonadaceae (11.8 to
38.7%), less abundant taxa (14.9 to 30.5%), followed by Oxalobacteraceae (5.3 to 15.7%) and
Flavobacteriaceae (7.5 to 12.3%). Members of the family Pseudomonadaceae were found to be
more abundant in the endosphere samples, but not in the rhizospheres independent of
wheat cultivars. With respect to less abundant families, a higher diversity was observed
in rhizosphere samples compared to root endosphere, where larger relative abundances
were associated with Fena and Joker cultivars in comparison with other wheat varieties
(Figure 1D; Table S5). Moreover, the rhizosphere samples showed a greater abundance of
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Moraxellaceae (5.6 to 0.8%) and Lachnospiraceae (4.7 to 0.8%) followed by Staphylococcaceae
(3.9 to 0.7%) and Corynebacteriaceae (3.8 to 0.5%).

3.3. Structure of Root-Associated Bacterial Communities and Their Relationship with Soil Parameters

The root-associated community structure similarities from our four wheat cultivars
determined using a principal coordinate analysis (PCoA) are shown in Figure 2A. A clear
separation was observed between rhizosphere and root endosphere bacterial communities
associated with the wheat cultivars, where the first two axes explained 29% and 13% of the
total variation in the rhizosphere and root endosphere, respectively. The PERMANOVA
analysis confirmed the differences in the bacterial community structure associated with the
plant niche (p < 0.001) (Table S6). In this sense, rhizosphere bacteria communities showed
more dissimilarities within cultivars when compared to those in the root endosphere
samples; however, no clustering was identified by PCoA in response to wheat cultivars
(Fena, Joker, Patras, and Rocky). The PERMANOVA analysis showed that wheat cultivars
exerted no statistical influence (p < 0.075) on both rhizosphere and root endophytic bacterial
communities when all the samples were analyzed (Table S6). The relationship between the
physicochemical parameters of soil and bacterial communities revealed that the potassium
(K) content was the only factor with a significant effect (R = 0.84; p < 0.005) on the structure of
the rhizobacterial communities between the four evaluated cultivars (Figure 2B; Table S7).

T
A Cultivar  Plant niche | B Clgases Cultivar
Fena O Root endosphere PEa H Fena
Joker D Rhizosphere A Joker
Patras | oM ) Patras
' R (11|
0.2 Rocky : \ i Rocky
| 0.4 \ i
) | \ wi
X i ° N ®
© - ' \
o : Vo
~ : N ° N
T 00 R R EEEE. a °
~ ! Qo0
! . = ny '
[«] . ' N
O | 1\ N
o | 1\ N\ (]
Cultivar ! () N \
PERMANOVA . Lo A'VI
=029 rezo17 - o g
! -0.4 oY
p-value = 0.075 1 . \
! |
Plant niche . | \{\la
PERMANOVA i X
R?=0.26 ! |
p-value = 0.001* !
T t T T
-0.2 0.0 0.2 0.4 -1.0 -0.5 0.0 0.5
PCoA1 (29.08%) MDS1

Figure 2. PCoA plots using Bray—Curtis similarity metrics indicate a greater dissimilarity between the
root endosphere and rhizosphere samples (PCoA 1) compared to that among wheat cultivars bacterial
community distance matrixes (PCoA) (A), and the influence of soil physicochemical data upon the
rhizosphere (MDS) (B). Data points represent the mean values for the rhizosphere or endosphere
niches of individual samples belonging to a wheat cultivar. * = p-value under 0.05.

3.4. Shared OTUs and Predicted Functions of Root-Associated Bacterial Communities

A Venn diagram analysis showed a greater number of OTUs shared between root endo-
sphere samples (294; 13.3%) than those observed in rhizosphere samples (65; 2.65%) among
all wheat cultivars evaluated (Figure 3A,B and Tables S9 and S10). The main shared OTUs
observed in all root endosphere samples were assigned to phyla Proteobacteria (70.9%),
Bacteroidetes (19.8%), and Actinobacteria (7.5%). Among these, families Pseudomonaceae,
Flavobacteraceae, Oxalobacteraceae, Comamonadaceae, and Sphingobacteraceae represented the
major fraction at 31.4, 10.6, 10.3, 7.8, and 5.2%, respectively. At the genus level, the most
abundant taxa among shared OTUs were identified as Pseudomonas (30.6%), Flavobacterium
(10.6%), Janthinobacterium (8.6%), and one OTU recognized as Oxalobacteraceae but with-
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out genus assignation (6.2%). For the rhizosphere, the Proteobacteria, Actinobacteria,
and Firmicutes represented 53.4, 21.7, and 10.2% of shared phyla among all cultivars,
respectively (Table S9). In depth, at the family level, there was less diversity but more
homogeneity, with Xanthomonadaceae (12.2%), Comamonadaceae (9.6%), Sphingomonadaceae
(6.5%), Pseudomonaceae (6.5%), Moraxellaceae (5.9%), Bradyrhizobiaceae (5.9%), and Ruminococ-
caceae (4.1%) being the most observed. At the genus level, Delftia (7.9%), Acinetobacter (5.9%),
Stenotrophomonas (5.8%), Kaistobacter (5.7%) were the most abundant. Complementarily,
two unassigned OTUs genera classified as Xanthomonadaceae (6.2%) and Pseudomonaceae
(5.3%) were also identified (Table S9).

Fena

Root endosphere

Patras

B Rhizosphere

‘ E’a]tras

Rocky
176

Rocky
745

303%

Joker

Fena Joker

Total OTUs = 3629 Total OTUs = 2457

Figure 3. Venn diagrams showing numbers of unique and shared bacterial OTUs for the root
endosphere (A) and rhizosphere (B) niches of the four wheat cultivars. The percentages are relative
to the total OTU number observed for both niches. The OTUs shared between all cultivars can be
found in Tables S9 and S10.

On the other hand, higher numbers of unique OTUs were observed in the root en-
dosphere from Patras (545; 24.6%) and Fena (314; 14.2%) cultivars, whereas fewer unique
OTUs were observed in Rocky and Joker cultivars (176; 7.9% and 135; 6.0%, respectively)
(Figure 3A). Moreover, rhizosphere samples showed the greater amount of unique OTUs
from Rocky (745; 30.3%) and Patras (593; 24.1%) in comparison with Jocker (128; 5.2%) and
Fena (88; 3.5%) cultivars (Figure 3B).

Predicted bacterial functional traits for the taxa in the root endosphere and rhizosphere
were more numerous for the root endosphere than rhizosphere (Figure 4, Table S8). For all
cultivars, chemoheterotrophy (44.2 to 22.8%) and aerobic chemoheterotrophy (39.7 to 15.9%)
were the most abundant metabolic groups, independent of the plant niche or cultivar. A
larger proportion of metabolic function assignments was related with fermentation and
animal parasites or symbionts in the rhizosphere samples compared to those from the root
endosphere samples, with values ranging from 6.6 to 7.1% and from 2.8 to 0.6%, respec-
tively. Among the lesser abundant predicted traits, a majority were assigned to nitrogen
cycling processes such as nitrate reduction, nitrogen fixation, nitrate respiration, nitrogen
respiration, ureolysis, and nitrification (Figure 4, Table S8). Contrastingly, although similar
functions were predicted, only ~5% of the root endosphere functionality was explained.

3.5. Co-Occurrence Network and Microbial Indicators for Root-Associated Bacterial Communities

A network analysis was conducted to determine the co-occurrence patterns and puta-
tive keystone taxa of root-endosphere- and rhizosphere-associated bacterial communities
across the cultivars (Figure 5). Despite both networks sharing several taxa, differences in
terms of composition, number of clusters, dispersion, number of nodes (or modules), and
the connections between them (e.g., Enterobacteraceae and Oxalobacteraceae influence on both
networks) were observed.
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Figure 4. Major (A) and minor (B) proportions of predicted soil-related functional traits from the root
endosphere and rhizosphere for all sampled wheat cultivars. Traits unrelated to soil functionality
were classified as others. Bars represent the average relative abundance value for each cultivar and
niche sampled. Figure data can be found in Table S8.

For example, the root endosphere network was composed of fifty (50) families iden-
tified among five (5) main clusters, with all the nodes and clusters directly or indirectly
connected through positive correlations. The root endosphere network was described as
0.48, 0.18, 50.5, and 0.04 for the clustering coefficient, modularity, positive edges (%), and
natural connectivity, respectively (Table S11). Nodes within clusters were highly connected;
however, connections to other clusters were limited. Among those, the largest connected
cluster (LCC) was formed by strong correlations among 13 families (Comamonadaceae,
Micrococcaceae, Enterobacteraceae, Pseudomonadaceae, Moraxellaceae, Hyphomicrobiaceae, Methy-
lobacteraceae, Patulibacteraceae, Nocardiaceae, Paenibacillaceae, Nakamurellaceae, Rhodocyclaceae,
and Bacillaceae), with the Comamonadaceae family as the central node.

The rhizosphere network was composed of seventy-seven (77) families, and eight (8)
clusters (Figure 5). Results showed that not all clusters were connected by direct or indirect
positive correlations, while node connections within clusters were less disperse than those
in root endosphere. The rhizosphere network presented values of 0.44, 0.22, 48.9, and
0.04 for the clustering coefficient, modularity, positive edges (%), and natural connectivity,
respectively, indicating a limited connectivity between nodes and clusters compared to
that in the root endosphere (Table S11). This was evident from the highly connected
cluster consisting of Corynebacteraceae, Dermabacteraceae, Xanthomonadaceae, Staphylococcaceae,
Halomonadaceae, Lactobacillaceae, Comamonadaceae, Prevotellaceae, Pseudomonaceae, Yaniellaceae,
Brevibacteraceae, Moraxellaceae, and Nocardiopsaceae, with strong correlations. Thus, the
weight of the cluster was evenly distributed between Corynebacteraceae, Dermabacteraceae,
Xanthomonadaceae, and Staphylococcaceae families as represented by node size (“eigenvector”)
(Figure 5).



Agronomy 2023, 13, 1392

10 0of 18

Nocardiaceae

Root endosphere

Cystobacteraceae
Rhizobiaceae Mycobacteriaceae

Micromonosporaceae

Caulobacteraceae

Intrasporangiaceae Burkholderiaceae

o__Herpetosiphonales

Methylobacteriaceae Streptomycetaceae
Patulibacteraceae Flavobacteriaceae
Alteromonadaceae .

Kouleothrixaceae

o__Actinomycetales
Polyangiaceae

Weeksellaceae Methylophilaceae

Co.

Nakamurellaceae Ba‘;il}éceae

o Mic.caceae
Paenibacillaceae Hyphomicrobiaceae
daceae

Sphingomonadaceae

c_Gammaproteobacteria
Bradyrhizobiaceae

- Pseudonocardiaceae
o__Sphingomenadales

Rhodocyc!aceae. Pseudomonadaceae

Ente eriaceae ~,
Chitinophagaceae

Moraxellaceae
Adb

Xanthemonadaceae "
Actinosynnemataceae

Kineosporiaceae Oxalobacteraceae

o__Rhizobiales

Microbacteriaceae
©__Myxococcales

Bacteriovoracaceae —
Correlation:

c__Betaproteobacteria
. 3 Verrucomicrobiaceae +
Sphingobacteriaceae -
Rhizosphere
o__Sva0725 ¢ Gemm-1
Xanthobacteraceae Mycobacteriaceae
o__BO7_WMSP1 Cystobacteraceae
o__CCu21 o F2-11E Polyangiaceae
Ellin6075 ﬁ o_Ds-18 o H39
i o 1S-44 T
Nitrosomonadaceae Solibacteracea%_E mea2e — FFCH4570
Chthoniobacteraceae EB1017 O_liii1-15 Koribacteraceae kil
: iScirf t Ellin5301 -
Gaiellaceae Chitinophagaceae Dspiraee c__ABS-6
S 50570_80'irUbFObacter?:lesGemmalim;adetes
o SC-l-84 s, Wiy i
Intrasporangiaceae Hyphomicrobiaceae o Rpqq  Durkholderiaceae
Pseudonocardiaceae  Sphingomonadaceae P, -
Sinobacteraceae o WD2101
Bradyrhizobiaceae Vafilellaceae o_ N1423WL .
MyxoCoccaceas A poeaceas O_Galegzlsc?ermato hilaceae
Pseudomonadaceae = Brevibattsyiaceae c_ JG37-AG-4 P
o__Actinomycetales
Prevotellaceae 7~ Y
o o , o_ Ellin6513
Comamonadaceas Methylobacteriaceae ) __WPS-2
lalomonadaceae ; Conexibacteraceae Pirellulaceae
Lactobail Nocardiopsaceae
aCigaaRLaceas Enterobacteriaceae Flavobacteriaceae
Moraxellaceae

A = Corynebacteriaceae
B = Dermabacteraceae

C = Xanthomonadaceae
D = Staphylococcaceae

Rhodospitillaceae

Bacteroidaceae Ruminococcaceae

Clostridiaceae

o_ _agg27

Nakamurellaceae Correlation:

o__Solibacterales EB1003 Oxalobacteraceae t

Figure 5. Co-occurrence networks for rhizosphere and root endosphere niches on studied wheat cul-
tivars. Connected families represent significant positive or negative correlation (p > 0.05). Edge stops
represent correlation between two nodes, while thickness and proximity represent the correlation
strength. Node color represent statistic cluster association. Node sizes were defined by eigenvector
values. Highlighted taxa names represent identified putative keystone taxa based on betweenness,
closeness, degree, and eigenvector values (p > 0.05). Node labels containing “o__" or “c__" were not
classified at the family level and thus are represented with the nearest taxonomic level assigned.
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In terms of hubs (or putative keystone taxa), the root endosphere network showed
three families (Comamonadaceae, Enterobacteraceae, Micrococcaceae), while the rhizosphere
network revealed four families (Corynebacteraceae, Dermabacteraceae, Xanthomonadaceae,
Staphylococcaceae). The relative abundance of the sum of hub families indicated 11.7 and
11.6% of the total assigned taxonomies for each niche (Table S11).

On the other hand, the microbial indicator analyses using the taxonomic assignments
from the phylum to genus level revealed the associations between abundance taxon and
plant compartments (Table 2). Notably, more indicator taxa were identified in the root
endosphere than those observed in rhizosphere samples. For example, only 15 taxa could be
classified at the genus level, belonging to Proteobacteria, Verrucomicrobia, Actinobacteria,
and Firmicutes phyla. Among them, Chthoniobacter (R = 0.84) and Variovorax (R = 0.83),
followed by Arthrospira (R = 0.77) and Steroidobacter (R = 0.70) were significantly abundant
in the root endosphere (p < 0.01). In contrast, only one taxon identified as Blautia (R = 0.81)
presented a greater abundance in rhizosphere samples.

Table 2. Microbial indicators (genus level) in the root endosphere and rhizosphere of wheat.

Genus * R Stat p-Value

Chthoniobacter (Chthoniobacteraceae) 0.843 0.01 **

Variovorax (Comamonadaceae) 0.837 0.002 **

Luteolibacter (Verrucomicrobiaceae)r 0.824 0.021 *

© Unclassified (Phyllobacteriaceae) 0.796 0.014 *
2 Bosea (Hyphomicrobiaceae) 0.775 0.023 *
& Arthrospira (Phormidiaceae) 0.775 0.003 **
~§ Unclassified (Spirobacillales) 0.755 0.015 *
3] Kribbella (Kribellaceae) 0.75 0.013 *

§ Nocardia (Nocardiaceae) 0.72 0.03 *
~ Prosthecobacter (Verrucomicrobiaceae) 0.712 0.046 *
Unclassified (Armatimonadetes) 0.707 0.012*
Steroidobacter (Steroidobacteraceae) 0.707 0.006 **

Megamonas (Veillonellaceae) 0.632 0.02 %
Rhizosphere Blautia (Lachnospiraceae) 0.814 0.006 **

Yaniella (Yaniellaceae) 0.796 0.02 *

* Significant at p < 0.05; ** significant at p < 0.01; * taxonomy names in parenthesis are denoted by the family of
the identified genus.

4. Discussion

Root-associated bacterial communities play a crucial role in crops’ fitness and devel-
opment, as well as their adaptation and tolerance to environmental stresses [34]. The taxo-
nomic composition and functions of plant bacterial communities are influenced by many
environmental factors, including soil type and plant host genotypes [35]. The breeding of
wheat cultivars is mainly focused on sustaining productivity through the development
of plant genotypes to resistance to disease and pests, with little attention to root traits
and their potential to recruit a beneficial bacterial community [36]. Thus, given the impor-
tance of bacterial communities for increasing crop productivity [37], additional studies are
required to understand the impact of wheat breeding on beneficial bacteria recruitment
across the below- and above-ground plant compartments. In this study, we examined the
composition and predicted functionality of root-associated bacterial communities from
four wheat cultivars (Fena, Patras, Rocky, and Joker) grown under field conditions on an
Andisol soil. The DNA metabarcoding analysis of 165 rRNA gene libraries (V4 region)
from plant rootsrevealed a greater difference in bacterial richness (revealed by the number
of OTUs) in the endosphere, with the most abundant OTUs associated with Patras (Table 1).
In addition, the Shannon index was higher in the rhizosphere than in the root endosphere
in all treatments with the exception of the Fena genotype. However, the Simpson index
associated with the rhizosphere revealed a lower diversity in comparison with the root
endosphere in three over four cultivars analyzed. It is widely known that bacterial com-
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munities associated with the root endosphere are less diverse than those observed from
rhizosphere samples mainly from the plant-based selection pressures [34,38]. Similar to the
results reported by Rilling et al. [24] and Zhang et al. [34], the diversity and functions of
the bacterial community associated with different wheat cultivars under field conditions
were higher in the rhizosphere, when compared with other plant niches. Donn et al. [39]
found that genotype (varietal) and crop sequence effects accounted for only a small amount
of total variation in bacterial communities and the most dominant factors that influenced
wheat-root-associated populations included the crop development stage, plant age, and
how tightly the soil was attached to the roots i.e., tightly bound vs. loosely bound rhizo-
sphere soil. Despite this, studies conducted by Zheng et al. [40] demonstrated significant
interactive effects between the wheat variety, location, and growth stage on the bacterial
community assembly in field conditions. The study site and endosphere-rhizosphere
compartments have been recognized as main factors that describe a high percentage of the
differences among the prokaryotic community [18,41,42].

Based on a taxonomic annotation, Proteobacteria was the most abundant phylum
in both plant niches, independently of the wheat cultivar analyzed (Figure 1A, Table S2).
This phylum is recognized as the most abundant in soil samples [43—45] and other plant
niches, particularly the endosphere [34,46] and rhizosphere [47,48] probably because of
the copiotrophic nature of many members of this phylum. In addition, the Bacteroidetes
phylum was highly abundant in the root endosphere, whereas members of the Firmicutes
and Actinobacteria phyla were more abundant in rhizosphere samples across all wheat
cultivars. These proportions were also observed for the shared OTUs among all cultivars
(Table S9). Bacteroidetes has been reported as a common predominant bacterial taxon
in the endospheric tissue of crops such as canola, wheat, and barley [15,49]. A recent
study has indicated that members of Bacteroidetes encode a novel and unique constitutive
alkaline phosphatase PafA; therefore, their presence as core microbiota in crops could
be important for phosphorus mobilization [50]. Several other studies have shown that
Actinobacteria and Firmicutes are the dominant phyla in the rhizosphere of diverse wheat
cultivars [11,51]. These phyla are considered as K-strategists characterized by their low
growth rates and high persistency in soils, even under low nutrient availability [52]. Previ-
ous studies have reported that the slow-growing bacteria (K-strategists) are predominant in
the rhizosphere of mature roots, whereas fast-growing bacteria (r-strategists) are dominant
in young immature roots [53]. At the family level, Pseudomonadaceae was described as the
dominant group observed in both the root endosphere and rhizosphere of the analyzed
cultivars. Donn et al. [39] found that members belonging to the Family Pseudomonadaceae
and Oxalobacteraceae predominated on young roots during early vegetative growth but
were significantly reduced on older and senescing roots. In this sense, Pseudomonadaceae
associated with roots were observed in modern wheat cultivars “Lewjain Eltan”, and “Hill
81" [54,55]. Predominantly, Pseudomonas spp. are highly prevalent in the rhizosphere of
winter and spring wheat cultivars, harboring several plant-growth-promoting traits [56].
This can be explained by some Pseudomonas strains harboring accessory genes that confer
a specific adaptability to colonize and persist in the rhizosphere via active chemotaxis
toward root exudates, biofilm formation, motility, and their versatility to use a wide range
of carbon sources [57].

Interestingly, our results revealed significant differences in the bacterial commu-
nity structures associated with the root endosphere compared with rhizosphere samples
(Figure 2A; Table S6). Niche differentiation in the bacterial community composition has
been previously described in many crops, such as wheat, barley, rice, and oats [38,58-60], as
well as in native plants [12,34]. Through the rhizosphere, plants establish a selective barrier
for endosphere microbes, which can colonize the root interior, move inside, and occupy the
intracellular space of the cortex and vascular bundle [61]. The wheat genotype selection also
triggers and modulates the bacterial community structure in root—soil interface and plant
tissue [62]. Despite the latter, our results show that for these wheat cultivars the bacterial
community structures for both niches were not significantly influenced. Simonin et al. [18]
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also reported that wheat varieties did not exert a significant effect on the rhizobacterial
microbiome in eight wheat cultivars; rather, the environmental factors such as soil type
and management had a greater impact. In contrast, Dilla-Ermita et al. [16] established a
growth chamber and field assay with eight wheat cultivars using the same soil, revealing
that the most influential factor in rhizosphere communities was the cultivar rather than the
environment. These findings have also been observed from the endosphere microbiome
of wheat roots, which differed between ancient and modern wheat categories and among
the type of cultivars as well [63]. On the other hand, changes in the bacterial endophyte
community have also been related to stress conditions such as drought and salinity rather
than with the wheat genotypes [7]. For this, our results showed that only K was a significant
factor influencing the structure of the bacterial community in the rhizosphere samples
(Figure 3B; Table S7). Yu et al. [64] indicated that available and total K can influence bac-
terial community composition, not only in the bulk soil but also in communities in the
rhizosphere. Recently, it has been reported that the application of incremental amounts of
K fertilization shapes communities’ functionality in tobacco root systems [65]. Similarly,
the addition of K,O has been observed to modify the root exudations of cotton, changing
the composition of its root bacterial communities and reducing the biotic stress induced by
Verticillium spp. [66].

Our results showed that higher proportions of OTUs observed were shared among
wheat cultivars, particularly those obtained from rhizosphere samples. These findings are
inconsistent with studies showing an OTU distribution of endophytes among different
wheat varieties [7]. In addition, the bacterial communities in both niches indicated a similar
proportion of the total communities at the phylum level but still differed in terms of deeper
species composition (family and genus levels). For the root endosphere, the dominant
shared OTUs in all root endosphere communities (Pseudomonas, Flavobacterium, and Jan-
thinobacterium) were consistent with those observed in the wheat endosphere (root, shoot,
and leaves) by Kuzniar et al. [67]. Similarly, the shared rhizosphere OTUs were dominated
by Delftia, Kaistobacter, Acinetobacter, Stenotrophomonas and two non-identified Xanthomon-
adaceae, and Pseudomonaceae bacteria, also described as dominant taxa in soybean- and
wheat-root-associated communities [68]. Complementarily, the same taxa were identified
as key members of Triticum durum kernels during storage [69]. The Delftia and Acinetobacter
species harbor versatile metabolic pathways; thus, their persistence in the rhizosphere may
be associated with their ability to convert various substrates derived from root turnover
processes [70,71]. The findings in this study and some supporting evidence in the liter-
ature indicate that most wheat cultivars might recruit those taxa describe above despite
differences in cultivar, soil, or the environment.

On the other hand, specific families identified in the root endosphere and rhizosphere
co-occurrence network were statistically confirmed to be microbial indicators, at the genus
level, for each niche. For the root endosphere, the genera identified were Variovorax,
Bosea, Nocardia, Luteolibacter, and Prosthecobacter, members of the families Comamonadaceae,
Verrucomicrobiaceae, Hyphomicrobiaceae, Nocardiaceae, and Verrucomicrobiaceae, respectively
(Table 2). In terms of the hubs observed in the network, links with Comamonadaceae might
be related to the genus Variovorax, identified in the microbial indicator analyses. Strains of
Variovorax such as V. paradoxus have been shown to be a metabolically versatile plant-growth-
promoting endophyte in a number of crops including through their ability to enhance the
host plant’s stress tolerance to abiotic and biotic stresses and disease resistance [72,73].
We hypothesize a similar influence for the genus Bosea detected as a microbial indicator
influencing the Hyphomicrobiaceae node present in the network. In a prior study, a strain of
this taxon was isolated from the same samples and confirmed to harbor the nifH gene in
the root endosphere of the same wheat cultivars evaluated in this study [24], supporting the
nitrogen cycle functionality predictions observed. Additionally, the detection of Yaniellaceae
(phylum Actinobacteria) as one of the hubs in the network analyses, as well as a microbial
indicator, suggests that members of this family, some of them being known halotolerant
bacteria, as key taxa relevant for the rhizosphere of wheat.
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Finally, when relating the hub families with the communities” predicted functionality,
the Enterobacteraceae, Comamonadaceae, Hyphomicrobiaceae, Xanthomonadaceae, Corynebacter-
aceae, and Staphylococcaceae families have been related to nitrogen cycling across diverse
ecosystems [74], which could explain the large proportion of nitrogen cycle activities pre-
dicted by OTUs associated with wheat cultivars (Figure 4B; Table S8). Therefore, our
results suggest that members of these families may contribute to the microbiome stability
and could be pivotal functional taxa associated with nitrogen metabolisms in the root
microbiome. It is widely known that microbiomes can affect plant performance positively
and negatively through their plant-growth-promoting mechanisms. Several reports have
indicated that the changes in the abundance of some specific diazotrophic taxa such as
Azospirillum, could affect crops N availability [75,76]. Similarly, members of the genus
Variovorax (Comamonadaceae) have been shown to induce stress tolerance genes in wheat,
promoting plant growth and yield under water-stress conditions [73]. Although the un-
derlying role of keystone taxa in improving the microbiome stability and functions still
need to be resolved, our findings about such bacterial taxa would improve the insight into
the bacterial community recruitment by wheat cultivars under field conditions. This new
knowledge, in our opinion, is pivotal to developing well-adapted wheat cultivars with a
greater fitness and sustainability.

5. Conclusions

In this study, significant differences in the diversity, richness, and abundance of bacte-
rial OTUs were observed between the root endosphere and rhizosphere, independently
of wheat cultivars. A higher proportion of OTUs were shared across the rhizosphere
in comparison with root endosphere samples, suggesting that plants recruit specific but
different bacterial communities according to the plant compartment. In addition, potas-
sium (K) was determined as the one of the main factors driving the rhizosphere bacterial
components of wheat in these soils. A major proportion of functional groups predicted
in the root endosphere communities were mainly attributed to chemoheterotrophy and
aerobic chemoheterotrophy, whereas nitrogen-cycling-related functional predictions were
less abundant in the rhizosphere samples. The co-occurrence network analysis revealed
the complexity of the root-bacteria associations in wheat cultivars, highlighting the En-
terobacteraceae, Comamonadaceae, Hyphomicrobiaceae, Xanthomonadaceae, Corynebacteraceae,
Dermabacteraceae, and Staphylococcaceae families as the hubs or keystone taxa. The findings
improve the current knowledge about the recruitment of specific bacterial communities in
the two plant niches for different wheat cultivars under field conditions.
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