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ABSTRACT The composition of the plant microbiota may be altered by ecological and
evolutionary changes in the host population. Seed-associated microbiota, expected to
be largely vertically transferred, have the potential to coadapt with their host over gen-
erations. Strong directional selection and changes in the genetic composition of plants
during domestication and cultivation may have impacted the assembly and transmission
of seed-associated microbiota. Nonetheless, the effect of plant speciation and domestica-
tion on the composition of these microbes is poorly understood. Here, we have investi-
gated the composition of bacteria and fungi associated with the wild emmer wheat
(Triticum dicoccoides) and domesticated bread wheat (Triticum aestivum). We show that
vertically transmitted bacteria, but not fungi, of domesticated bread wheat species T.
aestivum are less diverse and more inconsistent among individual plants compared to
those of the wild emmer wheat species T. dicoccoides. We propagated wheat seeds un-
der sterile conditions to characterize the colonization of seedlings by seed-associated mi-
crobes. Hereby, we show markedly different community compositions and diversities of
leaf and root colonizers of the domesticated bread wheat compared to the wild emmer
wheat. By propagating the wild emmer wheat and domesticated bread wheat in two
different soils, we furthermore reveal a small effect of plant genotype on microbiota as-
sembly. Our results suggest that domestication and prolonged breeding have impacted
the vertically transferred bacteria, but only to a lesser extent have affected the soil-
derived microbiota of bread wheat.

IMPORTANCE Genetic and physiological changes associated with plant domestica-
tion have been studied for many crop species. Still little is known about the impact
of domestication on the plant-associated microbiota. In this study, we analyze the
seed-associated and soil-derived bacterial and fungal microbiota of domesticated
bread wheat and wild emmer wheat. We show a significant difference in the seed-
associated, but not soil-derived, bacterial communities of the wheat species. Interest-
ingly, we find less pronounced effects on the fungal communities. Overall, this study
provides novel insight into the diversity of vertically transmitted microbiota of wheat
and thereby contributes to our understanding of wheat as a “metaorganism.” Insight
into the wheat microbiota is of fundamental importance for the development of im-
proved crops.

KEYWORDS seed-associated microbiome, plant domestication, plant breeding,
microbiota assembly, agriculture, plant microbiota, seed microbiota, wheat
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lants coexist with a large diversity of microorganisms. Most of the plant-associated

microbiota is acquired from the environment, while a smaller component is verti-
cally inherited: e.g., via the seed (1-3). Plant-microbe interactions range from patho-
genic (4, 5) or neutral (6) to beneficial (7-9), whereby the microbiota can contribute to
increased nutrient uptake, stress tolerance, and disease resistance. There is growing
attention to plant microbiota and its putative role in the future improvement of
agricultural plant production (10, 11).

Interactions and coevolution of plants with their associated pathogens and mutu-
alists have been intensively studied (12-15). It is well known that the plant immune
system plays a fundamental role in the interaction with both pathogens and mutualists
(16, 17). Consequently, genes encoding immune-related proteins coevolve with micro-
bially produced proteins to either abort or facilitate interactions (18). While coevolution
of plants with pathogens and mutualists is widely recognized, much less is known
about the coevolution of plants with commensal microorganisms whose functional
relevance is less understood. Likewise, to what extent these commensal microorgan-
isms coevolve with their host is unclear.

Plant-microbe coevolution may be pronounced for seed-associated microbes that
coexist with their host over multiple generations. Seeds constitute a microbial niche for
dispersion and transmission over multiple host generations. Knowledge on seed-
associated microbes is limited compared to our understanding of microbiota associated
with other plant tissues, such as leaves and roots (19, 20). This is partly due to technical
challenges of handling single seeds and the extraction of sufficient amounts of micro-
bial DNA—for example, from very small seeds of the model species Arabidopsis
thaliana. A few recent studies have investigated seed-associated microbiota with
culture-dependent and -independent methods for different plant species and have
provided novel insight into the seed microbiomes of different plant species (20-23).
The seed-associated microbiota of wheat has been investigated with culture-
dependent and -independent methods and has revealed a very low diversity of
seed-associated bacteria and/or fungi (24, 25). While studies of seed-associated micro-
biota have identified specific taxa that are vertically transmitted, we still know little
about the functional relevance of these (11). Moreover, very few studies have used
comparative analyses of closely related species to address evolution of the vertically
plant-transmitted microbiota.

Wheat represents one of the most important staple crops in the world. Understand-
ing the impact of artificial plant selection during domestication and genetic plant
divergence on the wheat-associated microbiota is important for the development of
future wheat cultivars. Bread wheat, Triticum aestivum, was domesticated in the Fertile
Crescent 10,000 to 12,000 years ago, and the domestication history has been well
characterized (26-28). Moreover, the underlying genetics of wheat domestication has
been described in detail, including strong reduction in genetic diversity of domesti-
cated species, polyploidization, and strong directional selection on loci encoding
desired traits (28, 29). More recently, comparative genome analyses have allowed
identification of domestication signatures along the T. aestivum genome (30). T. aesti-
vum has been dispersed worldwide with wheat cultivation and constitutes a major crop
on all continents (31). Wild relatives of the wheat occur naturally in natural grassland
vegetations in the Near East, including tetraploid emmer wheat, Triticum dicoccoides,
diploid einkorn, Triticum boeoticum, and red wild einkorn, Triticum urartu (32, 33). The
well-documented domestication history and close relatedness of wild and domesti-
cated wheat provide a unique framework for comparative analyses of plant-associated
microbial communities. Moreover, they allow us to address the evolution under culti-
vation of associated microbial communities.

We hypothesized that domestication and plant breeding have impacted genetic
traits involved in plant-microbe interactions and microbial assembly. Notably, artificial
selection and the movement of crop plants over long distances will have reduced local
coadaptation and coevolution of plant-microbiota associations. We hypothesize that
domestication and evolution during cultivation have altered the ability of crop plants
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to maintain and associate with microbiota. To address the impact of cultivation on the
“core” seed-associated microbiota, we have here investigated the diversity of seed-
associated bacterial and fungal colonizers of three wild wheat species, T. dicoccoides, T.
urartu, and T. boeoticum, and domesticated wheat, T. aestivum, including a landrace and
a cultivar. We have characterized the microbial communities of individual seeds and in
seedlings propagated under axenic conditions. Moreover, we have germinated and
propagated seeds of T. dicoccoides and T. aestivum in controlled experiments to ask if
microbial assembly differs between the wheat genotypes when grown in natural and
agricultural soils. This experiment also allowed us to address to what extent the
seed-associated microbiota persists in roots and leaves in the presence of soil-derived
colonizers. Our findings suggest that a main consequence of plant domestication and
cultivation on the seed-associated microbiota is a decreased diversity of seed-derived
bacterial taxa colonizing the leaves and roots of the bread wheat species T. aestivum
compared to the wild relative T. dicoccoides. The effect of host species is considerably
less pronounced for fungal symbionts. This study is, to the best of our knowledge, the
first study demonstrating the impact of domestication and cultivation on the diversity
of vertically transmitted microbiota of wheat.

RESULTS

The overall diversities of seed-associated microbial communities are similar
between domesticated wheat and wild wheat. To compare the diversities of seed-
associated microbiota between domesticated wheat and wild wheat, we first used the
three wild wheat species T. dicoccoides, T. urartu , and T. boeoticum and two genotypes
of the domesticated wheat T. gestivum—one landrace from Turkey and an inbred
cultivar from Germany (see Table ST and Fig. S1 in the supplemental material). For T.
dicoccoides, we used genotypes from four different populations and for T. boeoticum
two different populations in southeast Turkey (Table S1).

Measures of « diversity (within-sample diversity) in seeds show an overall low
diversity of microbial features and notably a low diversity of seed-associated fungal
features compared to other plant tissues, like leaves and roots (see below). Hereby we
find across 58 individual seed samples an average richness of 68.7 bacterial and 5.3
fungal features (average Shannon index values of 2.6 and 0.8 for bacteria and fungi,
respectively) (Fig. TA and B). We observed no difference in the « diversities of microbial
features associated with seeds of wild and domesticated wheat (Conover's test, richness
Of Ppacteria = 0-8029 and Py, ;i = 0.1924; Shannon diversity, Pyacreria = 0.6728 and
Prungi = 0.2530).

Taken together, our estimates of « diversity in different wheat genotypes demon-
strate relatively low microbial diversity in individual seeds of wheat. Furthermore, we
find that domestication has not entailed a loss of diversity in the microbial community
associated with seeds of domesticated wheat in comparison to the communities
associated with seeds of wild wheat.

The taxonomic composition of seed microbiota differs among wheat geno-
types. Next, we investigated the composition of microbial communities associated with
the wheat seeds. Comparisons of B diversity (between-sample variation) showed that
the seed-associated bacterial and fungal communities do not cluster according to the
wheat genotype (see Fig. S2 in the supplemental material). However, the seed-
associated microbial communities of T. aestivum accessions from Germany and Turkey
are more similar, although the first represents a highly inbred modern cultivar and the
second a local Turkish landrace.

We further characterized and compared the identities and abundances of microbial
taxa. We found a considerable variability among replicate seeds of the same wheat
genotype. On average, only 12.1% of bacterial features at the family level exist in
all replicates of the same wheat genotype. This high between-seed variability and
the sample size did not allow us to identify potential hub species in a microbial
network analysis. Instead, we aggregated the assigned taxonomy of each microbial
feature to the family level. First, we assessed the distribution of major bacterial
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FIG 1 Estimates of « diversity in the seed-associated microbiota of different wheat genotypes show
similar microbial feature diversities in domesticated and wild wheat. Shown is the « diversity of (A)
bacterial and (B) fungal features in the seeds of different wheat species, including T. boeoticum (wild_Tb),
T. urartu (wild_Tu), T. dicoccoides (wild_Td), and T. aestivum from Turkey (landrace) and Germany (inbred).
Each dot in the box plots shows the microbial feature diversity of a single seed. Pairwise comparisons of
« diversity showed no significant difference between wheat genotypes.

groups associated with seeds of the different wheat genotypes. Hereby, the wheat
seed microbiota was mostly dominated by Proteobacteria and to a lesser extent by
Firmicutes, Actinobacteria, and Bacteroidetes (Fig. 2A). These results are in accor-
dance with previous studies of seed-associated bacteria of crops (e.g., maize, barley,
and rice) (34-36) and non-crop plants (e.g., radish) (2, 37). However, at lower
taxonomic levels, we observed differences in abundances of several bacterial taxa
among the different wheat genotypes (Fig. 2A). For example, members of the
Halomonadaceae family, including bacteria known to promote plant salt tolerance
and growth (38), represent a substantial proportion of the bacterial community in
the seeds of wild wheat (17.6 to 22.9%) but only a smaller proportion of the
domesticated wheat seed microbiome (5.2 to 7%).

Among the fungal taxa, we also found considerable variability among replicate
seeds of the same wheat genotype. (On average, 17.4% of fungal features at the family
level exist in all replicates of the same wheat genotype.) Fungal communities were
dominated by Ascomycetes (Fig. 2B). Notably fungi in the order Pleosporales are
abundant in the wheat seeds, including species of Alternaria that are highly abundant
in seeds of T. aestivum and were previously also shown to dominate wheat endophyte
communities (25). Notably, Trichosphaeriaceae and Chaetomiceae were detected to be
the two most prevalent fungal families in T. boeoticum (33.5 and 29.9%) and T. urartu
(53.5 and 24.3%), but were not detected in other wheat genotypes.
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FIG 2 Compositions of the seed-associated microbiota across different wheat genotypes. Shown are the
mean relative abundances of the (A) 20 most abundant bacterial features and (B) 15 most abundant
fungal features at the family level in seeds of the different wheat genotypes of T. boeoticum (wild_Tb),
T. urartu (wild_Tu), T. dicoccoides (wild_Td), and T. aestivum from Turkey (landrace) and Germany (inbred).
Color for each feature ranges from blue (minimum of 0) to red with higher relative abundance values.

IS, incertae sedis taxa.
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These findings indicate that although domestication has a minor effect on the
overall microbial community richness, it may have impacted the relative abundances of
the seed-associated microbiota.

Bacterial communities that colonize axenic seedlings are more diverse in wild
wheat in comparison to domesticated wheat. A part of the seed-associated micro-
biota colonizes the plant seedling after seed germination (2, 24). In order to compare
microbial diversities and community compositions of seedling colonizers in domesti-
cated wheat and wild wheat, we set up an experiment using seeds of the German T.
aestivum inbred cultivar, the Turkish T. aestivum landrace, and the Turkish T. dicoccoides
genotypes. We germinated surface-sterilized seeds and propagated them under sterile
conditions. Two weeks after seed germination, we harvested leaves and roots of the
seedlings. Finally, we processed a total of 32 plant samples consisting of roots and
leaves (4 to 8 replicates for each plant tissue of each wheat genotype) and used these
samples to profile bacterial and fungal communities.

Analyses of the bacterial feature diversity revealed a total of 589 and 632 different
bacterial features in leaves and roots (after filtering and rarefaction) (see Table S2
in the supplemental material). The analysis revealed that bacterial communities
associated with the roots of T. dicoccoides (“wild_Td") are significantly more diverse
than the communities associated with the Turkish and German T. aestivum geno-
types (landrace and inbred, respectively) (pairwise a diversity comparisons, Conover’s
test, richness of Piq ta+1andrace = 0:0023 and P4 ta+inbrea = 0.0023; Shannon index,
Pitd_Td-+1andrace = 0.0021 and P4 1q+inbrea = 0.0027). Additionally, the leaves of T.
dicoccoides hosted more diverse bacterial communities compared to domesticated
wheat from Turkey (Conover’s test, richness, P = 0.0280; Shannon index, P = 0.0066)
(Fig. 3A). Taken together, the diversity of seed-associated bacterial features colonizing
the leaves and roots is significantly higher in wild wheat compared to the two
genotypes of domesticated wheat.

We obtained in total only 98 and 74 unique fungal features in leaves and roots,
respectively (after filtering and rarefaction). Our results revealed no significant differ-
ences in the feature diversity of fungal colonizers between domesticated and wild
wheat, suggesting that different processes determine the colonization of bacterial and
fungal endophytes transmitted by seeds (Fig. 3B).

We next compared the identities and abundances of the microbial communities of
seeds and seedlings. Overall, the same bacterial and fungal phyla were dominant in
seeds as well as in leaves and roots; however, we observed several significant shifts in
microbial abundance (Fig. 4A). For example, Comamonadaceae, Halomonadaceaea,
Vibrionaceae, and several other bacterial families enriched in seeds of both wild and
domesticated wheat did not colonize roots of the German T. aestivum accession.
Furthermore, Paenibacillaceae were only present at very low abundance (0 to 0.1%) in
seeds, but were found to be a dominant colonizer of roots of T. aestivum from Germany
(26.3%).

Fungal Ascomycota taxa were the most abundant in the wheat seedlings (Fig. 4B).
Notably, Pleosporales were abundant colonizers of seedlings of both wild and domes-
ticated wheat from Turkey and Germany. Aureobasidiaceae were abundant only in the
seedlings of T. aestivum from Turkey (25.4% in leaves and 17.2% in roots), but not in the
two other wheat genotypes. Other abundant seed-associated fungi were not found to
colonize the leaves and roots of the wheat seedlings. For example, Mycosphaerellaceae
(40% in T. aestivum from Germany), Saccharomycetaceae (37.5% in T. dicoccoides), and
Aspergillaceae (17.3% in T. dicoccoides), found to be abundant in the seed-associated
communities, were either absent or only present at low relative abundance in the
seedlings. Together, these results demonstrate a difference in the assembly of seed-
associated bacterial, but not fungal communities in wild and domesticated wheat
seedlings. Moreover, our results indicate that more diverse seed-transmitted microbial
communities are sustained in the roots and leaves of wild wheat seedlings compared
to domesticated wheat seedlings.
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FIG 3 Significantly more diverse bacterial but not fungal communities are colonizing the wild wheat. Diversity of microbial features in
different tissues of axenically grown wheat. Shown is the « diversity of (A) bacterial and (B) fungal taxa in seeds, leaves, and roots of the
wild wheat T. dicoccoides (wild) and T. aestivum from Turkey (landrace) and Germany (inbred), respectively. Each dot in the box plots
shows the microbial feature diversity of a single replicate. Global P values for each tissue based on Kruskal-Wallis test are shown in green,
and P values of pairwise comparisons based on Conover's test are in black. *, P < 0.05; **, P < 0.005; ns, nonsignificant.

We further examined between-sample variation by computing Bray-Curtis and
Jaccard and unweighted UniFrac distance metrics (Fig. 5; Fig. S2). Our results show that
replicates of seed-associated bacterial communities of the wild wheat and domesti-
cated wheat from Turkey and Germany cluster together in the principal-coordinate
analyses (PCoA) (Fig. 5A; Fig. S2D and E). However, seed-derived bacterial colonizers in
the seedlings of T. dicoccoides are distinct from the seed-associated community
(Fig. 5A), and there is less variation among replicates of root and leaf communities. In
contrast, in the domesticated T. aestivum wheat from Germany and Turkey, we ob-
served more heterogeneous microbial communities associated with the leaves and
roots (Fig. 5A; see Fig. S3 and S4A in the supplemental material) than in the wild wheat.
Additionally, we compared variabilities in fungal communities among seed and seed-
ling replicates. Different than the bacterial communities, we found more variability
among replicates of seed-associated fungi as well as colonizers of roots and leaves for
both domesticated and wild wheat genotypes (Fig. 5B; Fig. S2D and S4B). Overall, these
findings support that different processes govern the assembly of bacterial and fungal
communities in seeds and seedlings of wheat.

The assembly of the soil-derived root microbiota is independent of the wheat
genotype. In their natural environment, plant seedlings are also colonized by micro-
organisms from the soil (10, 39). To investigate if seedlings of T. dicoccoides and T.
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aestivum assemble different microbial communities from soil, we set up an experiment
with the same wheat genotypes as used above. We grew seedlings of the three wheat
genotypes in two different soils: an agricultural soil from Germany and a natural soil
obtained from a location in the southeast region of Turkey close to the sampling site
where the wild wheat accessions were obtained. This experimental setup allowed us
not only to assess differences between wheat genotypes, but also to address the
relevance of soil type in microbial assembly of wild and domesticated wheat geno-
types. To this end, the agricultural soil represents a “foreign” soil in combination with
the wild wheat seeds, and the natural Turkish soil represents a “native soil.” We
propagated the three wheat genotypes (T. dicoccoides from Turkey and T. aestivum
from Turkey and from Germany) independently in the agricultural and natural soils (6
to 8 replicate plants per wheat-soil combination). The seeds used here were surface
sterilized as in the experiments described above.

Remarkably, we found no prominent difference among wild and domesticated
wheat species in terms of microbiota assembly. First of all, our results reveal that
soil type rather than plant genotype is a main determinant of bacterial community
structure in roots of wheat seedlings (using a permutational analysis of variance
[PERMANOVA], explained by 61.38% of the between-sample variation; P = 0.001)
(Fig. 6A and B). Also, soil type is the main factor of the bacterial « diversity in both
leaves and roots (Panoya = 1.6 X 107% and 7.6 X 107¢ and Psy,, 10 = 0.093 and 0.052,
respectively) (Fig. 6B). However, for the leaf-associated microbial communities, we
found that also the wheat genotype explains a significant proportion of the between-
sample variation (for soil type, 13.54%, P = 0.001; for wheat genotype, 6.09%, P = 0.020;
and for the interaction of soil and wheat genotypes, 5.31%, P = 0.066) (Fig. 6).

We also collected microbiota data from pure soil samples, and found that the two
different soils were similar with respect to the diversity of bacterial features (natural soil,
richness = 789.6, Shannon index = 6.16; agricultural soil, richness = 776.0, Shannon
index = 6.24). Nevertheless, leaves and roots of plants grown in the agricultural soil
were, in general, colonized by more diverse bacterial communities (Fig. 6C and D). In
contrast to the axenic experiment, we did not detect a difference in « diversities
between leaves of wild and domesticated wheat species when seedlings were propa-
gated in the soil. However, in accordance with our observations from the axenic
experiment, we observed less variation between replicates of T. dicoccoides compared
to the landrace of T. aestivum from Turkey (P = 2.8 X 10~4) in leaves (Fig. 6B). On the
other hand, we observed a significant difference in « diversities between root-
associated microbial communities of T. dicoccoides and the German accession of T.
aestivum propagated in the agricultural soil (P = 0.055) (Fig. 6D). Hereby, the diversity
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FIG 6 Soil type is a main determinant of microbial diversity in wheat seedlings. (A) Bray-Curtis
distance-based PCoA of bacterial communities of plants grown in soil. (B) Summary statistics for the 3
diversity (PERMANOVA to estimate the explained variation by each factor and their interactions) and «
diversity comparisons of the bacterial communities (two-way ANOVA as the global test and Tukey's
honest test as the post hoc test). Only significant P values are indicated. (C and D) Interaction plots
showing « and B diversity comparisons of bacterial communities in (C) leaves and (D) roots of different
wheat genotype grown in different soil types. Each dot in the « diversity comparisons shows the
microbial feature diversity of a single replicate. In the box plots of B diversity comparisons, each dot
shows a single pairwise comparison between two replicate plants. Tukey’s honest test after two-way
ANOVA was performed for pairwise diversity comparisons. ms, marginally significant.

of bacterial features is significantly higher in roots of wild wheat compared to domes-
ticated wheat.

The composition of fungal communities was assessed only in roots of the three
wheat genotypes (see Fig. S5 in the supplemental material). In line with previous
literature, our results show that soil type rather than the wheat genotype is the
main determinant of variation in fungal communities associated with plant roots
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(PERMANOVA, 8.52% of the between-sample variation; P = 0.001) (Fig. S5A and B).
Moreover, in contrast to the bacteria, the wild wheat was colonized by less homoge-
nous fungal communities compared to the domesticated wheat in both soil types
(Fig. S5B). Also, based on analyses of pairwise Bray-Curtis distances, we found that
fungal communities are more similar among replicates when seedlings were propa-
gated in the natural soil compared to the agricultural soil (Fig. S5C). However, we did
not observe a significant effect of soil type on either wheat genotype in fungal «
diversity. Taken together, soil type but not wheat genotype had a strong impact on the
differences in microbial B diversity and community composition of fungal wheat
colonizers.

We next compared the identities and abundances of microbial taxa in the seedlings
of wheat propagated in soil. Clearly, roots and leaves exhibited distinct bacterial
compositions compared to the bacterial communities of the bulk soil, implying spec-
ificity related to plant colonization (Fig. 6A; see Fig. S6A in the supplemental material).
However, in general microbial compositions were similar among the three different
wheat genotypes when grown in the same soil type (Fig. S6). Basically, roots were
dominated by two bacterial families, Oxalobacteraceae (18.6 to 26.5%) and Streptomy-

November/December 2020 Volume 11 Issue 6 €02637-20

mBio’

mbio.asm.org 11

Downloaded from https://journals.asm.org/journal/mbio on 15 June 2022 by 141.5.9.63.


https://mbio.asm.org

Ozkurt et al.
A Seed-associated bacteria

SEED LEAF ROOT
Proteobacteria; Halomonadaceae- 20.7 7 52 187 6 8.6 20 8.3 -
Proteobacteria; Vibrionaceae- 146 45 | 34 154 6 94 17.7 9.7 -

> /)
O Q& E S Q&
R $ & @ & @
TS IS
B Soil-derived bacteria
SOIL LEAF ROOT

Proteobacteria; Hanmonadaceae--- 13.6 159 157 ---
Proteobacteria; Vibrionaceae - -- 147 14 8.4 ---

) Y > 2
high R A\ &0 &b " & >

& FSE oS
NV

FIG 7 Halomonadaceae and Vibrionaceae are potential seed-derived microbes persisting in the leaves of soil-grown
seedlings. (A) Mean relative abundances of Halomonadaceae and Vibrionaceae in the seeds and axenic seedlings (B) Mean
relative abundances of Halomonadaceae and Vibrionaceae in the natural and agricultural soils and in the seedlings grown
in these soils.

low

cetaceae (27 to 32.6%) (Fig. S6A), where Streptomycetaceae were the dominant colo-
nizer of roots when seedlings were growing in the agricultural soil (40.2 to 49.7%)
(Fig. S6C). On the other hand, leaves were colonized by other bacterial families:
Oxalobacteraceae (12.2 to 22.2%), Comamonadaceae (7.4 to 19.9%), Rhizobiaceae (12.1
to 21.3%), Halomonadaceae (13.6 to 15.9%), and Vibrionaceae (8.4 to 14.7%). Notably,
the two bacterial families Halomonadaceae and Vibrionaceae were highly abundant
phyllosphere colonizers in the leaves of seedlings grown in both soil types, although
they were not detected in the bulk soil (Fig. 7B). On the other hand, these bacteria were
also prevalent members of the axenic phyllosphere bacterial community, suggesting
that these bacterial taxa may have originated from the seeds (Fig. 7A) and persist in the
leaves after soil microbiome colonization (Fig. 7B).

Also, the fungal communities were similar among the different wheat genotypes
when grown in the same soil type (Fig. S5D). Fungi of the most prevalent member of
seed-associated fungal communities, Pleosporaceae, were still detectable in the roots
of plants propagated in the natural soil (10.8 to 16.6%). However, plants grown in the
agricultural soil were mostly colonized by Pseudeurotiaceae (28.4 to 33.9%).

DISCUSSION

Plant domestication has entailed a significant loss of genetic diversity, as well as
physiological and anatomical changes in crop species (e.g., see reference 18). In this
study, we have addressed how domestication of wheat, involving strong selection and
polyploidization, has affected the seed-associated microbiota composition and the
assembly of environmental (acquired from the soil) microbial communities. We com-
bined experimental assays with microbiota profiling of a collection of modern bread
wheat and wild wheat genotypes from a region in the Fertile Crescent. To describe
microbial diversity for individual seeds, we optimized our protocols of DNA extraction
and microbial amplification, allowing us to obtain a high-resolution profile of diversity
of bacterial and fungal features in individual wheat seeds (see Text S1 and Table S2 in
the supplemental material).
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We show that wheat domestication, plant polyploidization, and evolution during
cultivation did not entail a modification of the overall seed-associated microbial
diversity of wheat. However, we show a significant difference in the feature diversities
and compositions of seed-derived microbial colonizers of wheat seedlings. An under-
lying assumption in our study of the seed-associated microbiota is that a significant
proportion of these microorganisms later represent endophytes in the wheat plant. To
qualitatively and quantitatively characterize the early seedling colonizers, we propa-
gated seedlings under sterile conditions and assessed microbial diversity in leaves and
roots of the young seedlings. Interestingly, we find a higher similarity of microbial
communities between seeds of T. aestivum from Turkey and Germany than between
seeds of T. aestivum and T. dicoccoides from the region spanning Fertile Crescent in
Turkey. This indicates a genetic determinant of the microbiota assembly. Another
striking finding from this experiment was a higher diversity of bacterial features
colonizing the wild wheat T. dicoccoides compared to T. aestivum. This difference may
reflect that a larger diversity of microorganisms in seeds of the wild wheat species is
adapted to an endophytic lifestyle. However, we note that the composition of seed-
associated microbiota may have been partly determined by the environment of the
mother plant from seeds collected in the field. Therefore, in future studies these
findings should be validated in common garden experiments where the environment
of each plant generation is controlled and equal for each wheat genotype. Also, we
note that our analyses only detect changes in the relative abundance of microbial taxa,
and we may therefore fail to detect some shifts in taxonomic differentiation.

In contrast to the bacterial communities, we did not detect a difference in fungal
communities of wild and domesticated wheat seedlings. Other studies have assessed
diversity of fungal endophytes and also shown relatively low taxonomic diversity (1, 39,
40) and little difference between domesticated and wild species (1). We note that the
fungal diversity assessed in our study in wheat seeds overall is very low and therefore
reduces the statistical power to detect enriched and deprived taxa.

It was recently shown that perturbations of the host (e.g., disease) change the
associated microbiota toward a more stochastic composition in animals (41-43), a
phenomenon that is termed the “Anna Karenina principle” (44). The Anna Karenina
principle claims that stressors decrease the ability of the host to regulate its microbial
composition as a result of compromised host immunity (44). For example, autoimmune
dysregulation in patients with typel diabetes increases the stochasticity of bacterial
community composition (45). Here, we speculate that domestication likewise may have
entailed less selective constraints on plant traits that contribute to microbial assembly.
Consequently, in line with the Anna Karenina principle in animal microbiomes, non-
deterministic events could play a larger role in the assembly of microbial communities
associated with domesticated plants.

A growing body of evidence suggests that different layers of the plant immune
system play significant roles in shaping the plant microbiota (46). Plant receptors that
are involved in microbial recognition and “management” involve pathogen recognition
receptors (PRRs) and nucleotide-binding leucine-rich repeat receptor (NB-LRR) proteins
(47). Wheat domestication and polyploidization may have conferred a change in the
composition and diversity of these immune-related proteins and thereby indirectly
impacted the assembly of the wheat microbiome. Comparative genome studies of
domesticated and wild wheat have identified signatures of domestication in the T.
aestivum genome, which may correlate with microbial community assembly, including
changes in the repertoire of genes involved in immune signaling, hormone production,
and metal accumulation (48). We speculate that different microbial community com-
positions in German and Turkish T. aestivum variants and the wild relative T. dicoccoides
reflect genetic differences related to the plant immune system. We note that such
changes notably have impacted the compositions of bacterial communities and to a
much lesser extent those of fungal communities. Interestingly, we observe no significant
differences in « diversity among seed- and soil-derived fungal communities of the wild and
domesticated wheat genotypes. However, different from the bacterial community, the
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soil-derived fungal community is less homogenous in wild emmer wheat compared to the
landrace and inbred bread wheat. This suggests that different traits and mechanisms are
responsible for the assembly of bacterial and fungal plant-associated communities. How-
ever, the amplicon-based analyses applied here do not provide sufficient resolution to
confirm this hypothesis. The low percentage of microbial features shared among replicates
of the plant tissues prevented us from performing network analyses of co-occurrence. Thus,
more detailed analyses of microbial diversity (e.g., based on metagenome sequencing or
microbial population genomic data) are needed to study plant-microbe coadaptation and
microbe-microbe interactions.

Domestication and plant breeding have involved strong artificial selection of desired
crop traits. For several domesticated species, it has been demonstrated that a negative
consequence of domestication is a severe loss of genetic variation and an accumulation
of deleterious mutations (29, 49, 50). These “domestication costs” may have reduced
local adaptation of crop plants to their environment, including the local environmental
microbiota. Our microbial profiling of leaves and roots of the wheat seedlings shows
that soil rather than plant genotype determines the composition of root-associated bac-
terial communities. These findings suggest that the “plant-selected” proportion of the
soil-derived microbiota overall is small. Interestingly, we observe a stronger effect of the
plant genotype on the bacterial phyllosphere community than on the root-associated
bacterial communities. Furthermore, we detect two bacterial families, Halomonadaceae and
Vibrionaceae, as being abundant in the wheat seeds and as well as prevalent colonizers of
the phyllosphere. We do not detect these bacterial families in the agricultural and natural
soils and therefore consider the seeds as the only possible input for the seedling-associated
microbiome. This observation indicates that vertically transmitted microbial taxa can be
important components of plant microbial communities.

In conclusion, the present study provides new insights into the microbial commu-
nity composition and colonization of domesticated and wild wheat. Our findings
indicate different dynamics in the assembly of fungi and bacteria in wheat seedlings
and also suggest an effect of plant domestication. We speculate that different patterns
of microbiota assembly reflect variation in immune-related pathways that contribute
to microbiota assembly (46). Future studies should identify the underlying genetic basis
of microbiota assembly in wheat as well as the specific relevance of the seed-associated
microbiota. Future crop breeding strategies should account for microbial diversity and
the ability of crops to assemble and maintain beneficial microbial communities. Such
efforts will rely on research of plant-microbe coadaptation and the underlying mech-
anisms that determine microbial plant colonization.

MATERIALS AND METHODS

Experimental design. First, we investigated bacterial and fungal communities associated with
individual seeds of wild and domesticated wheat. To this end, we processed individual seeds from the
wild wheat species T. dicoccoides, T. urartu, and T. boeoticum and from the domesticated wheat T.
aestivum, including a Turkish landrace and an inbred cultivar from plant breeders in Germany.

Next, we characterized the seed-derived bacterial and fungal communities associated with leaves and
roots of axenically grown seedlings. To this end, we germinated surface-sterilized seeds of the wild wheat
T. dicoccoides and the domesticated wheat T. gestivum, including the landrace and inbred cultivars, under
axenic conditions.

Lastly, we addressed the “soil-derived” component of the wheat seedling microbiota. Therefore, we
germinated surface-sterilized wheat seeds of T. dicoccoides and T. aestivum in two different soil types.
Details of the experimental protocols and approaches are explained in the following sections.

Seed collections. Our study built on a unique collection of wheat material, including the three wild
species T. dicoccoides (2n = 28), T. boeoticum (2n = 14), and T. urartu (2n = 14) collected in the Near East
and the domesticated bread wheat T. aestivum (2n = 42) collected in the Near East and North Germany
(Fig. S1 and Table S1). We here refer collectively to these wheat species and cultivars as wheat
“genotypes.” More precisely, the wild wheat species were sampled in a region in southeast Turkey, a
region located in the Fertile Crescent known to be the natural environment of these three wild wheat
progenitors. Moreover, the region is considered to be a site of early domestication and cultivation of the
bread wheat T. aestivum (33). Our seed collection of the wild wheat represents two geographical
populations of central-eastern Turkish-Iraqi wheat (32). Seeds of the wild wheat were collected from one
of the centers of massive stands in Karacadag (provinces of Sanhurfa and Diyarbakir) and Kartal-Karadag
(province of Gaziantep) in the southeast region of Turkey at different nearby fields over 3 years: 2004,
2005, and 2006 (Table S1 and Fig. S1) (32).
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Seeds of the domesticated wheat T. aestivum were obtained from a local farm located in a region
spanning Fertile Crescent in Turkey where the wild wheat was collected. The T. aestivum genotype from
Turkey is a winter wheat and local landrace of Kislak, a province of Hatay. During cultivation, this wheat
is not treated with chemicals by the farmer and is treated with only with a minimum amount of fertilizer
(N. Glinduz, personal communication). Also, we collected seeds from a modern winter wheat cultivar,
Benchmark (IG Pflanzenzucht, Ismaning, Germany), originating from an experimental farm in Schleswig-
Holstein, Germany. In contrast to the Turkish T. aestivum, this inbred cultivar was treated with chemicals
during seed production. Seeds of both T. agestivum genotypes were collected in 2017.

Seeds were stored at 4°C in paper bags until further usage to prevent any effect of humidity. The
comparable diversities of microbes in the seeds of wild collections from different years and compared to
seeds of the German cultivar confirm a minimal impact of seed maintenance on the overall diversity that
we observe (Fig. 1).

Processing of the seeds, leaves, and roots. To ensure isolation of only microbial DNA from the
interior of seeds and tightly attached to the surface, all seeds were mildly surface sterilized before DNA
extraction. Chaff was removed by hand from all the seeds before the sterilization. Seeds were surface
sterilized by briefly soaking them in 0.1% Triton X, 80% ethanol (EtOH), and 1.2% bleach followed by
three washes with nuclease-free water. Three randomly selected samples from the last washing were
amplified and processed for sequencing. We used these samples as negative controls to ensure the
efficacy of the surface sterilization.

Sterilized seeds were frozen using a Cryolys cooling unit and homogenized with a Precellys Evolution
tissue homogenizer (Bertin Instruments, Montigny-le-Bretonneux, France). DNA was extracted from
single seeds that originated from the wild wheat species T. dicoccoides (n = 28), T. urartu (n = 6), and T.
boeoticum (n = 10) and from the domesticated wheat T. aestivum, including the Turkish landrace (n = 5)
and the inbred cultivar (n = 7) following a phenol-chloroform extraction protocol (described in Text S1).
This method was developed from a previously established protocol for A. thaliana (51) and here was
optimized to increase the efficiency of extraction of bacterial and fungal DNA from single seeds. Three
randomly selected negative controls (i.e., blanks) of DNA extraction were also processed for sequencing.
Further procedures for DNA processing and sequencing are described below.

We further addressed the colonization dynamics of the seed-associated microorganisms in an in vitro
experiment in which we germinated seeds under sterilized conditions in closed sterile jars to assess
microbial diversity in leaves and roots. In brief, seeds from three wheat genotypes (T. aestivum from
Turkey and Germany and T. dicoccoides from Turkey) were surface sterilized and germinated under sterile
conditions with 16-h light/8-h dark cycles at 15°C (n = 4 to 8 per population) in a climate chamber
(Percival plant growth chambers; CLF PlantClimatics GmbH, Wertingen, Germany). In sterile jars, plants
were grown in a nutrient-rich PNM medium (Text S1). A sample from the medium was processed for
microbial DNA amplification and was used to validate the sterility of the medium as no amplification was
obtained (data not shown). Seedlings were allowed to develop for 2 weeks until the emergence of the
second leaf. Although growth performance was not assessed systematically, we note that all wheat
seedlings performed well in the axenic experiment, and they appeared as healthy as the plants grown
in soil experiments (described below). About 6 cm of two leaves and multiple roots of 2-week-old
seedlings were harvested with sterile forceps and processed for DNA extraction. DNA extraction was
performed using the PowerPlant Pro DNA isolation kit (MoBio Laboratories, Heidelberg, Germany)
according to the manufacturer’s instructions.

Soil experiments with wheat plants. To address if domestication has entailed a change in the
ability of plants to associate with microbial communities, we reciprocally transplanted domesticated and
wild wheat (T. aestivum from Germany and Turkey and T. dicoccoides from Turkey) in a German
agricultural soil (the Hohenschulen experimental farm of Christian-Albrechts University of Kiel, Germany)
and a natural soil from a region of the Fertile Crescent in Turkey (Mazidagi, Mardin). Soil samples were
collected from surface layers of the field and were kept in plastic bags at 4°C until further use. Both soil
types were mixed with 5% peat and sifted with a sieve. We propagated seedlings from surface-sterilized
seeds in the two soil types in the climate chamber. We harvested leaves and roots as described above
for the axenically propagated seedlings (n = 6 to 8 per combination of wheat-soil type). Additionally,
three pots per soil type were filled with soil without plants and further processed as controls. The
position of each pot was changed during the experiment to randomize any spatial effect. After 2 weeks,
leaves and roots were harvested with sterile forceps and scissors and mildly washed with water, 1%
phosphate-buffered saline (PBS) and 1% PBS plus 0.02% Tween 20 to remove loosely attached microbes
and soil particles from the roots. Finally, samples were processed for DNA extraction. DNA extraction was
performed using the PowerPlant Pro DNA isolation kit (MoBio Laboratories, Heidelberg, Germany)
according to the manufacturer’s instructions.

Sequencing of amplicons. The V5 to -7 sequence of the bacterial 16S rRNA (16S rRNA gene) and a
sequence of the fungal ribosomal internal transcribed spacer (ITS1) region were amplified using the
primer combinations B799F-B1192R and ITS1F-ITS2, respectively (52, 53). Bacterial and fungal sequences
were amplified with a two-step PCR protocol. In the first step, interfering primers were utilized to enrich
amplification of the 16S rRNA and prevent unintended coamplification of the host DNA. These interfering
primers were originally developed for microbial community analyses of A. thaliana (51). Here, we
modified the interfering primers to target the corresponding wheat loci and changed the PCR protocol
to optimize primer interference (Text S1). In the second step of PCR, reverse primers barcoded with 12-bp
indexes and unique to each sample were used as barcodes to multiplex different samples in one
sequencing run (Metabion International AG, Planegg, Germany). The primer setup used here was applied
from Agler et al. (26). Sequences of all the primers can be found in Table S3. Three PCR replicates for each
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sample were defined as technical replicates for each PCR step and subsequently merged at the end of
each PCR.

Finally, DNA in amplicon libraries was quantified using the software of a Bio-Rad gel visualizer (Bio
Rad, Image Lab software 5.2.1) and the Invitrogen Qubit 3.0 fluorometer (Thermo Fisher Scientific,
Darmstadt, Germany). 16S and ITS amplicons were combined in equimolar concentrations in combined
libraries. During DNA extraction as well as during library preparation, samples were randomized to
prevent any possible batch effect. The combined libraries were paired-end sequenced for 2X 300 cycles
on an lllumina MiSeq machine (lllumina, San Diego, CA, USA) at the sequencing facility of the Max Planck
Institute for Evolutionary Biology, Plén, Germany.

Data analysis. Raw reads were demultiplexed and converted into fastq files for downstream analysis
using the bcl2fastq Conversion software v2.20.0.422 of lllumina. We followed the QIIME2 version 2019.1
pipeline to preprocess and filter the fastq files (54).

For the bacterial data analysis, the DADA2 software package integrated into QIIME2 was used to
correct and to truncate sequences and filter chimeric reads for 16S reads (55). For the taxonomic
classification of 16S data sets, we used the Greengenes 13.8 database (56). We utilized the gq2-feature-
classifier plugin of QIIME2 to extract the reference sequences from the databases and train the Naive
Bayes classifier (57). We extracted the target sequence of the B799F-B1192R primer pairs from the
Greengenes 13.8 database. Next, we trained the Naive Bayes classifier based on the reference sequences
and taxonomy. Finally, the resulting feature table was used to determine taxonomic relative abundances
and for the subsequent statistical analyses of diversity.

For the fungal data analysis, the conserved flanking regions of the ITS reads were trimmed with the
q2-itsxpress plugin integrated into QIIME2 (58). Afterwards, ITS reads were corrected and filtered as
recommended by the g2-itsxpress plugin tutorial (https://forum.qiime2.org/t/q2-itsxpress-a-tutorial-on
-a-giime-2-plugin-to-trim-its-sequences/5780). For the taxonomic classification of ITS data sets, we used
the UNITE 7.2 database (59). As for the 16S data, we extracted the reference sequences from the
databases and trained the Naive Bayes classifier (57). However, we did not extract the target sequences
of ITS primers but used the full reference sequences as suggested in the g2-feature-classifier tutorial
(https://docs.qiime2.0org/2018.6/tutorials/feature-classifier/).

Downstream analyses were conducted with the phyloseq, vegan, ampvis2, and ggplot2 R packages
or custom R scripts (60-64). Samples with fewer than 1,000 reads for 16S and 200 reads for ITS were
excluded from the resulting table. Moreover, taxonomically unassigned reads at the kingdom level and
reads assigned to mitochondrial or other plant sequences were excluded from further analyses. A
summary of the 16S and ITS data before and after filtering is available in Table S2. Before computing «
diversity indices, the samples were rarefied to even depth. The « diversity indices of the samples were
estimated from the observed number of features (i.e., richness) and as Shannon diversity metrics. The
global significance of differences in microbial diversity among wheat genotypes in the axenic experiment
and pairwise multiple comparisons between wheat genotypes was tested using a Kruskal-Wallis test
(krus.test in R) and Conover’s test in the PMCMR R package, where we corrected the P values with the
Holm correction method (65). In the soil experiment, two focal variables (wheat genotype and soil type,
as well as the interaction of wheat genotype and soil type) were considered in the calculation of global
significance of differences in microbial diversity, and this was tested by using the two-way ANOVA in R
(aov function), where Tukey’s honest test was used as a post hoc test (TukeyHSD in R). Here, the diversity
data were tested for a normal distribution (shapiro.test), and if the distribution was not normal, it was
transformed in R (sqrt function).

After filtering and denoising, no fungal or bacterial features remained in the negative controls of DNA
extraction and sterilization. The « diversity rarefaction plots for each sample confirmed that a sufficient
depth of coverage of the 16S and ITS data sets was achieved for both individual seeds and seedlings.
Further details about the amplification and sequencing are included in the supplemental material
(Text S1).

To compare the compositions of communities and relative abundances of microbial taxa among
wheat genotypes, the counts from the feature tables were normalized by the cumNorm function in the
“metagenomeSeq” package (66). We computed the Jaccard, Bray-Curtis, and weighted and unweighted
UniFrac distances to compare the structures of bacterial communities between samples. The Jaccard
measure accounts for the absence/presence of taxa and the Bray-Curtis measure for both absence/
presence and abundances, while the UniFrac metrics incorporate phylogenetic relatedness of bacterial
communities into the calculation of distances. For fungal communities, we used only the Bray-Curtis and
Jaccard metrics, as phylogeny-based metrics for the fungal data may lead to erroneous inference of
phylogeny due to sequence length variation in ITS. The B diversity distance matrices were used for
principal coordinate analysis (PCoA). A Kruskal-Wallis test and post hoc Conover’s test with false-discovery
rate (FDR) correction for multiple comparisons were performed in the comparison of pairwise
diversities in different wheat genotypes in the axenic experiment. However, in the soil experiment,
a two-way ANOVA and post hoc Tukey’s honest test were performed by considering two focal
variables—soil type and wheat genotype—as well as their interactions. Permutational multivariate
analysis of variance (PERMANOVA) based on the Bray-Curtis metrics was performed to test the
significance of the effect of soil type and host genotype and their interactions in the microbial
community composition (adonis function in the vegan package in R). For the detection of seed
microbial communities, no parameter (including provenance) was explaining the variation. Also,
only one population from each of wild wheat, landrace, and cultivar was included in the axenic and
soil experiments. Therefore, we did not include “population/provenance” as a variable in the
analysis.
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Data availability. Scripts for preprocessing and downstream analysis of the data are available under
https://github.com/ozkurt/wheat-microbiome, and raw MiSeq reads are available in NCBI under acces-
sion no. PRINA667691.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
TEXT S1, DOCX file, 0.03 MB.
FIG S1, EPS file, 1.9 MB.

FIG S2, EPS file, 2.6 MB.

FIG S3, EPS file, 1.1 MB.

FIG S4, EPS file, 1.9 MB.

FIG S5, PDF file, 0.6 MB.

FIG S6, PDF file, 0.4 MB.
TABLE S1, XLSX file, 0.04 MB.
TABLE S2, XLSX file, 0.04 MB.
TABLE S3, XLSX file, 0.01 MB.

ACKNOWLEDGMENTS
We thank Eric Kemen, Nils Hlter, Ryszard Soluch, Malte Rihlemann, and Daniel
Unterweger for helpful discussions. Furthermore, we are thankful to Nils Hilter and
Merle Hiilter for providing the Benchmark seeds, employees of the experimental farm
Hohenschulen of Kiel University, and Doreen Landermann for technical assistance. We
also thank the organizers of the EMBO workshop “Plant Microbiota 2017” for their input.
This work was funded by the DFG Collaborative Research Centre (CRC) 1182 “Origin
and Function of Metaorganisms.”

We declare no competing interests.

REFERENCES

1.

10.

11.

November/December 2020 Volume 11

Leff JW, Lynch RC, Kane NG, Fierer N. 2017. Plant domestication and the
assembly of bacterial and fungal communities associated with strains of
the common sunflower, Helianthus annuus. New Phytol 214:412-423.
https://doi.org/10.1111/nph.14323.

. Rezki S, Campion C, Simoneau P, Jacques M-A, Shade A, Barret M. 2018.

Assembly of seed-associated microbial communities within and across
successive plant generations. Plant Soil 422:67-79. https://doi.org/10
.1007/5s11104-017-3451-2.

. Bergna A, Cernava T, Randler M, Grosch R, Zachow C, Berg G. 2018.

Tomato seeds preferably transmit plant beneficial endophytes. Phytobi-
omes J 2:183-193. https://doi.org/10.1094/PBIOMES-06-18-0029-R.

. Stukenbrock EH, Banke S, Javan-Nikkhah M, McDonald BA. 2007. Origin

and domestication of the fungal wheat pathogen Mycosphaerella
graminicola via sympatric speciation. Mol Biol Evol 24:398-411. https://
doi.org/10.1093/molbev/ms|169.

. Stukenbrock EH, Banke S, McDonald BA. 2006. Global migration patterns

in the fungal wheat pathogen Phaeosphaeria nodorum. Mol Ecol 15:
2895-2904. https://doi.org/10.1111/j.1365-294X.2006.02986.x.

. Vorholt JA. 2012. Microbial life in the phyllosphere. Nat Rev Microbiol

10:828-840. https://doi.org/10.1038/nrmicro2910.

. Hiruma K, Gerlach N, Sacristan S, Nakano RT, Hacquard S, Kracher B,

Neumann U, Ramirez D, Bucher M, O’Connell RJ, Schulze-Lefert P. 2016.
Root endophyte Colletotrichum tofieldiae confers plant fitness benefits
that are phosphate status dependent. Cell 165:464 -474. https://doi.org/
10.1016/j.cell.2016.02.028.

. Kauppinen M, Saikkonen K, Helander M, Pirttila AM, Wali PR. 2016.

Epichloé grass endophytes in sustainable agriculture. Nat Plants 2:15224.
https://doi.org/10.1038/nplants.2015.224.

. Bastias DA, Alejandra Martinez-Ghersa M, Ballaré CL, Gundel PE. 2017.

Epichloé fungal endophytes and plant defenses: not just alkaloids. Trends
Plant Sci 22:939-948. https://doi.org/10.1016/j.tplants.2017.08.005.
Hassani MA, Ozkurt E, Seybold H, Dagan T, Stukenbrock EH. 2019.
Interactions and coadaptation in plant metaorganisms. Annu Rev
Phytopathol 57:483-503. https://doi.org/10.1146/annurev-phyto-082718
-100008.

Berg G, Raaijmakers JM. 2018. Saving seed microbiomes. ISME J 12:
1167-1170. https://doi.org/10.1038/541396-017-0028-2.

Issue 6 €02637-20

20.

21.

22.

. Brunner PC, Keller N, McDonald BA. 2009. Wheat domestication accel-

erated evolution and triggered positive selection in the B-xylosidase
enzyme of Mycosphaerella graminicola. PLoS One 4:e7884. https://doi
.org/10.1371/journal.pone.0007884.

. Brunner PC, Torriani SFF, Croll D, Stukenbrock EH, McDonald BA. 2013.

Coevolution and life cycle specialization of plant cell wall degrading
enzymes in a hemibiotrophic pathogen. Mol Biol Evol 30:1337-1347.
https://doi.org/10.1093/molbev/mst041.

. Seidl MF, Thomma BPHJ. 2017. Transposable elements direct the coevo-

lution between plants and microbes. Trends Genet 33:842-851. https://
doi.org/10.1016/j.tig.2017.07.003.

. Pérez-Jaramillo JE, Carrion VJ, de Hollander M, Raaijmakers JM. 2018. The

wild side of plant microbiomes. Microbiome 6:143. https://doi.org/10
.1186/540168-018-0519-z.

. DeYoung BJ, Innes RW. 2006. Plant NBS-LRR proteins in pathogen sens-

ing and host defense. Nat Immunol 7:1243-1249. https://doi.org/10
.1038/ni1410.

. Zipfel C, Oldroyd GED. 2017. Plant signalling in symbiosis and immunity.

Nature 543:328-336. https://doi.org/10.1038/nature22009.

. Lo Presti L, Lanver D, Schweizer G, Tanaka S, Liang L, Tollot M, Zuccaro

A, Reissmann S, Kahmann R. 2015. Fungal effectors and plant suscepti-
bility. Annu Rev Plant Biol 66:513-545. https://doi.org/10.1146/annurev
-arplant-043014-114623.

. Barret M, Briand M, Bonneau S, Préveaux A, Valiere S, Bouchez O,

Hunault G, Simoneau P, Jacquesa M-A. 2015. Emergence shapes the
structure of the seed microbiota. Appl Environ Microbiol 81:1257-1266.
https://doi.org/10.1128/AEM.03722-14.

Klaedtke S, Jacques M-A, Raggi L, Préveaux A, Bonneau S, Negri V,
Chable V, Barret M. 2016. Terroir is a key driver of seed-associated
microbial assemblages. Environ Microbiol 18:1792-1804. https://doi.org/
10.1111/1462-2920.12977.

Rybakova D, Mancinelli R, Wikstrom M, Birch-Jensen A-S, Postma J, Ehlers
R-U, Goertz S, Berg G. 2017. The structure of the Brassica napus seed
microbiome is cultivar-dependent and affects the interactions of sym-
bionts and pathogens. Microbiome 5:104. https://doi.org/10.1186/
s40168-017-0310-6.

Adam E, Bernhart M, Miiller H, Winkler J, Berg G. 2018. The Cucurbita

mbio.asm.org 17

Downloaded from https://journals.asm.org/journal/mbio on 15 June 2022 by 141.5.9.63.


https://github.com/ozkurt/wheat-microbiome
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA667691
https://doi.org/10.1111/nph.14323
https://doi.org/10.1007/s11104-017-3451-2
https://doi.org/10.1007/s11104-017-3451-2
https://doi.org/10.1094/PBIOMES-06-18-0029-R
https://doi.org/10.1093/molbev/msl169
https://doi.org/10.1093/molbev/msl169
https://doi.org/10.1111/j.1365-294X.2006.02986.x
https://doi.org/10.1038/nrmicro2910
https://doi.org/10.1016/j.cell.2016.02.028
https://doi.org/10.1016/j.cell.2016.02.028
https://doi.org/10.1038/nplants.2015.224
https://doi.org/10.1016/j.tplants.2017.08.005
https://doi.org/10.1146/annurev-phyto-082718-100008
https://doi.org/10.1146/annurev-phyto-082718-100008
https://doi.org/10.1038/s41396-017-0028-2
https://doi.org/10.1371/journal.pone.0007884
https://doi.org/10.1371/journal.pone.0007884
https://doi.org/10.1093/molbev/mst041
https://doi.org/10.1016/j.tig.2017.07.003
https://doi.org/10.1016/j.tig.2017.07.003
https://doi.org/10.1186/s40168-018-0519-z
https://doi.org/10.1186/s40168-018-0519-z
https://doi.org/10.1038/ni1410
https://doi.org/10.1038/ni1410
https://doi.org/10.1038/nature22009
https://doi.org/10.1146/annurev-arplant-043014-114623
https://doi.org/10.1146/annurev-arplant-043014-114623
https://doi.org/10.1128/AEM.03722-14
https://doi.org/10.1111/1462-2920.12977
https://doi.org/10.1111/1462-2920.12977
https://doi.org/10.1186/s40168-017-0310-6
https://doi.org/10.1186/s40168-017-0310-6
https://mbio.asm.org

Ozkurt et al.

23.

24,

25.

26.

27.

28.

29.

30.

31,

32

33.

34,

35.

36.

37.

38.

39.

November/December 2020 Volume 11

pepo seed microbiome: genotype-specific composition and implications
for breeding. Plant Soil 422:35-49. https://doi.org/10.1007/s11104-016
-3113-9.

Wassermann B, Cernava T, Miiller H, Berg C, Berg G. 2019. Seeds of native
alpine plants host unique microbial communities embedded in cross-
kingdom networks. Microbiome 7:108. https://doi.org/10.1186/540168
-019-0723-5.

Robinson RJ, Fraaije BA, Clark IM, Jackson RW, Hirsch PR, Mauchline TH.
2016. Wheat seed embryo excision enables the creation of axenic seed-
lings and Koch's postulates testing of putative bacterial endophytes. Sci
Rep 6:25581. https://doi.org/10.1038/srep25581.

Ofek-Lalzar M, Gur Y, Ben-Moshe S. 2016. Diversity of fungal endophytes
in recent and ancient wheat ancestors Triticum dicoccoides and Ae-
gilops sharonensis. FEMS Microbiol 92:fiw152. https://doi.org/10.1093/
femsec/fiw152.

Marcussen T, Sandve SR, Heier L, Spannagl M, Pfeifer M, Jakobsen KS,
Wulff BBH, Steuernagel B, Mayer KFX, Olsen O-A, International Wheat
Genome Sequencing Consortium. 2014. Ancient hybridizations among
the ancestral genomes of bread wheat. Science 345:1250092. https://doi
.org/10.1126/science.1250092.

Pont C, Leroy T, Seidel M, Tondelli A, Duchemin W, Armisen D, Lang D,
Bustos-Korts D, Goué N, Balfourier F, Molnér-Lang M, Lage J, Kilian B,
Ozkan H, Waite D, Dyer S, Letellier T, Alaux M, Russell J, Keller B, van
Eeuwijk F, Spannagl M, Mayer KFX, Waugh R, Stein N, Cattivelli L,
Haberer G, Charmet G, Salse J, Wheat and Barley Legacy for Breeding
Improvement (WHEALBI) consortium. 2019. Tracing the ancestry of
modern bread wheats. Nat Genet 51:905-911. https://doi.org/10.1038/
541588-019-0393-z.

He F, Pasam R, Shi F, Kant S, Keeble-Gagnere G, Kay P, Forrest K, Fritz A,
Hucl P, Wiebe K, Knox R, Cuthbert R, Pozniak C, Akhunova A, Morrell PL,
Davies JP, Webb SR, Spangenberg G, Hayes B, Daetwyler H, Tibbits J,
Hayden M, Akhunov E. 2019. Exome sequencing highlights the role of
wild-relative introgression in shaping the adaptive landscape of the
wheat genome. Nat Genet 51:896-904. https://doi.org/10.1038/541588
-019-0382-2.

Haudry A, Cenci A, Ravel C, Bataillon T, Brunel D, Poncet C, Hochu I,
Poirier S, Santoni S, Glémin S, David J. 2007. Grinding up wheat: a
massive loss of nucleotide diversity since domestication. Mol Biol Evol
24:1506-1517. https://doi.org/10.1093/molbev/msm077.

International Wheat Genome Sequencing Consortium (IWGSC). 2014. A
chromosome-based draft sequence of the hexaploid bread wheat (Trit-
icum aestivum) genome. Science 345:1251788. https://doi.org/10.1126/
science.1251788.

Hale IL, Broders K, Iriarte G. 2014. A Vavilovian approach to discovering
crop-associated microbes with potential to enhance plant immunity.
Front Plant Sci 5:492. https://doi.org/10.3389/fpls.2014.00492.

Ozkan H, Willcox G, Graner A, Salamini F, Kilian B. 2011. Geographic
distribution and domestication of wild emmer wheat (Triticum dicoc-
coides). Genet Resour Crop Evol 58:11-53. https://doi.org/10.1007/
s10722-010-9581-5.

Salamini F, Ozkan H, Brandolini A, Schéfer-Pregl R, Martin W. 2002.
Genetics and geography of wild cereal domestication in the near east.
Nat Rev Genet 3:429-441. https://doi.org/10.1038/nrg817.

Hardoim PR, Hardoim CCP, van Overbeek LS, van Elsas JD. 2012. Dynam-
ics of seed-borne rice endophytes on early plant growth stages. PLoS
One 7:30438. https://doi.org/10.1371/journal.pone.0030438.

LiuY, Zuo S, Zou Y, Wang J, Song W. 2013. Investigation on diversity and
population succession dynamics of endophytic bacteria from seeds of
maize (Zea mays L., Nongda108) at different growth stages. Ann Micro-
biol 63:71-79. https://doi.org/10.1007/513213-012-0446-3.

Yang L, Danzberger J, Scholer A, Schroder P, Schloter M, Radl V. 2017.
Dominant groups of potentially active bacteria shared by barley seeds
become less abundant in root associated microbiome. Front Plant Sci
8:1005. https://doi.org/10.3389/fpls.2017.01005.

Truyens S, Weyens N, Cuypers A, Vangronsveld J. 2015. Bacterial seed
endophytes: genera, vertical transmission and interaction with plants.
Environ Microbiol Rep 7:40-50. https://doi.org/10.1111/1758-2229
.12181.

Lichtfouse E (ed). 2018. Sustainable agriculture reviews 33. Climate
impact on agriculture. Springer, Berlin, Germany.

Bulgarelli D, Garrido-Oter R, Miinch PC, Weiman A, Drége J, Pan Y,
McHardy AC, Schulze-Lefert P. 2015. Structure and function of the
bacterial root microbiota in wild and domesticated barley. Cell Host
Microbe 17:392-403. https://doi.org/10.1016/j.chom.2015.01.011.

Issue 6 €02637-20

40.

41,

42,

43,

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

mBio

Zachow C, Miiller H, Tilcher R, Berg G. 2014. Differences between the
rhizosphere microbiome of Beta vulgaris ssp. maritima-ancestor of all
beet crops-and modern sugar beets. Front Microbiol 5:415. https://doi
.0rg/10.3389/fmicb.2014.00415.

Charlson ES, Diamond JM, Bittinger K, Fitzgerald AS, Yadav A, Haas AR,
Bushman FD, Collman RG. 2012. Lung-enriched organisms and aberrant
bacterial and fungal respiratory microbiota after lung transplant. Am J
Respir Crit Care Med 186:536-545. https://doi.org/10.1164/rccm.201204
-06930C.

Dey N, Soergel DAW, Repo S, Brenner SE. 2013. Association of gut
microbiota with post-operative clinical course in Crohn'’s disease. BMC
Gastroenterol 13:131. https://doi.org/10.1186/1471-230X-13-131.
Moeller AH, Shilts M, Li Y, Rudicell RS, Lonsdorf EV, Pusey AE, Wilson ML,
Hahn BH, Ochman H. 2013. SIV-induced instability of the chimpanzee
gut microbiome. Cell Host Microbe 14:340-345. https://doi.org/10.1016/
j.chom.2013.08.005.

Zaneveld JR, McMinds R, Thurber RV. 2017. Stress and stability: applying
the Anna Karenina principle to animal microbiomes. Nat Microbiol
2:17121. https://doi.org/10.1038/nmicrobiol.2017.121.

Giongo A, Gano KA, Crabb DB, Mukherjee N, Novelo LL, Casella G, Drew
JC, llonen J, Knip M, Hyoty H, Veijola R, Simell T, Simell O, Neu J,
Wasserfall CH, Schatz D, Atkinson MA, Triplett EW. 2011. Toward defining
the autoimmune microbiome for type 1 diabetes. ISME J 5:82-91.
https://doi.org/10.1038/ismej.2010.92.

Hacquard S, Spaepen S, Garrido-Oter R, Schulze-Lefert P. 2017. Inter-
play between innate immunity and the plant microbiota. Annu Rev
Phytopathol 55:565-589. https://doi.org/10.1146/annurev-phyto-080516
-035623.

Jones JDG, Dangl JL. 2006. The plant immune system. Nature 444:
323-329. https://doi.org/10.1038/nature05286.

Avni R, Nave M, Barad O, Baruch K, Twardziok SO, Gundlach H, Hale I,
Mascher M, Spannagl M, Wiebe K, Jordan KW, Golan G, Deek J, Ben-Zvi
B, Ben-Zvi G, Himmelbach A, MacLachlan RP, Sharpe AG, Fritz A, Ben-
David R, Budak H, Fahima T, Korol A, Faris JD, Hernandez A, Mikel MA,
Levy AA, Steffenson B, Maccaferri M, Tuberosa R, Cattivelli L, Faccioli P,
Ceriotti A, Kashkush K, Pourkheirandish M, Komatsuda T, Eilam T, Sela H,
Sharon A, Ohad N, Chamovitz DA, Mayer KFX, Stein N, Ronen G, Peleg Z,
Pozniak CJ, Akhunov ED, Distelfeld A. 2017. Wild emmer genome archi-
tecture and diversity elucidate wheat evolution and domestication.
Science 357:93-97. https://doi.org/10.1126/science.aan0032.

Lu J, Tang T, Tang H, Huang J, Shi S, Wu C-I. 2006. The accumulation of
deleterious mutations in rice genomes: a hypothesis on the cost of
domestication. Trends Genet 22:126-131. https://doi.org/10.1016/j.tig
.2006.01.004.

Wang L, Beissinger TM, Lorant A, Ross-Ibarra C, Ross-Ibarra J, Hufford MB.
2017. The interplay of demography and selection during maize domes-
tication and expansion. Genome Biol 18:215. https://doi.org/10.1186/
$13059-017-1346-4.

Agler MT, Mari A, Dombrowski N, Hacquard S. 2016. New insights in
host-associated microbial diversity with broad and accurate taxonomic
resolution. bioRxiv https://www.biorxiv.org/content/early/2016/04/23/
050005.abstract.

Baker GC, Smith JJ, Cowan DA. 2003. Review and re-analysis of domain-
specific 16S primers. J Microbiol Methods 55:541-555. https://doi.org/
10.1016/j.mimet.2003.08.009.

Blaalid R, Kumar S, Nilsson RH, Abarenkov K, Kirk PM, Kauserud H. 2013.
ITS1 versus ITS2 as DNA metabarcodes for fungi. Mol Ecol Resour
13:218-224. https://doi.org/10.1111/1755-0998.12065.

Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al-Ghalith GA,
Alexander H, Alm EJ, Arumugam M, Asnicar F, Bai Y, Bisanz JE, Bittinger
K, Brejnrod A, Brislawn CJ, Brown CT, Callahan BJ, Caraballo-Rodriguez
AM, Chase J, Cope EK, Da Silva R, Diener C, Dorrestein PC, Douglas GM,
Durall DM, Duvallet C, Edwardson CF, Ernst M, Estaki M, Fouquier J,
Gauglitz JM, Gibbons SM, Gibson DL, Gonzalez A, Gorlick K, Guo J,
Hillmann B, Holmes S, Holste H, Huttenhower C, Huttley GA, Janssen S,
Jarmusch AK, Jiang L, Kaehler BD, Kang KB, Keefe CR, Keim P, Kelley ST,
Knights D, et al. 2019. Reproducible, interactive, scalable and extensible
microbiome data science using QIIME 2. Nat Biotechnol 37:852-857.
https://doi.org/10.1038/541587-019-0209-9.

Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP.
2016. DADAZ2: high-resolution sample inference from Illumina amplicon
data. Nat Methods 13:581-583. https://doi.org/10.1038/nmeth.3869.
DeSantis TZ, Hugenholtz P, Larsen N, Rojas M, Brodie EL, Keller K, Huber
T, Dalevi D, Hu P, Andersen GL. 2006. Greengenes, a chimera-checked

mbio.asm.org 18

Downloaded from https://journals.asm.org/journal/mbio on 15 June 2022 by 141.5.9.63.


https://doi.org/10.1007/s11104-016-3113-9
https://doi.org/10.1007/s11104-016-3113-9
https://doi.org/10.1186/s40168-019-0723-5
https://doi.org/10.1186/s40168-019-0723-5
https://doi.org/10.1038/srep25581
https://doi.org/10.1093/femsec/fiw152
https://doi.org/10.1093/femsec/fiw152
https://doi.org/10.1126/science.1250092
https://doi.org/10.1126/science.1250092
https://doi.org/10.1038/s41588-019-0393-z
https://doi.org/10.1038/s41588-019-0393-z
https://doi.org/10.1038/s41588-019-0382-2
https://doi.org/10.1038/s41588-019-0382-2
https://doi.org/10.1093/molbev/msm077
https://doi.org/10.1126/science.1251788
https://doi.org/10.1126/science.1251788
https://doi.org/10.3389/fpls.2014.00492
https://doi.org/10.1007/s10722-010-9581-5
https://doi.org/10.1007/s10722-010-9581-5
https://doi.org/10.1038/nrg817
https://doi.org/10.1371/journal.pone.0030438
https://doi.org/10.1007/s13213-012-0446-3
https://doi.org/10.3389/fpls.2017.01005
https://doi.org/10.1111/1758-2229.12181
https://doi.org/10.1111/1758-2229.12181
https://doi.org/10.1016/j.chom.2015.01.011
https://doi.org/10.3389/fmicb.2014.00415
https://doi.org/10.3389/fmicb.2014.00415
https://doi.org/10.1164/rccm.201204-0693OC
https://doi.org/10.1164/rccm.201204-0693OC
https://doi.org/10.1186/1471-230X-13-131
https://doi.org/10.1016/j.chom.2013.08.005
https://doi.org/10.1016/j.chom.2013.08.005
https://doi.org/10.1038/nmicrobiol.2017.121
https://doi.org/10.1038/ismej.2010.92
https://doi.org/10.1146/annurev-phyto-080516-035623
https://doi.org/10.1146/annurev-phyto-080516-035623
https://doi.org/10.1038/nature05286
https://doi.org/10.1126/science.aan0032
https://doi.org/10.1016/j.tig.2006.01.004
https://doi.org/10.1016/j.tig.2006.01.004
https://doi.org/10.1186/s13059-017-1346-4
https://doi.org/10.1186/s13059-017-1346-4
https://www.biorxiv.org/content/early/2016/04/23/050005.abstract
https://www.biorxiv.org/content/early/2016/04/23/050005.abstract
https://doi.org/10.1016/j.mimet.2003.08.009
https://doi.org/10.1016/j.mimet.2003.08.009
https://doi.org/10.1111/1755-0998.12065
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/nmeth.3869
https://mbio.asm.org

The Seed-Associated Microbiota of Bread Wheat

57.

58.

59.

60.

November/December 2020 Volume 11

16S rRNA gene database and workbench compatible with ARB. Appl
Environ Microbiol 72:5069-5072. https://doi.org/10.1128/AEM.03006-05.
Bokulich NA, Kaehler BD, Rideout JR, Dillon M, Bolyen E, Knight R, Huttley
GA, Gregory Caporaso J. 2018. Optimizing taxonomic classification of
marker-gene amplicon sequences with QIIME 2's qg2-feature-classifier
plugin. Microbiome 6:90. https://doi.org/10.1186/540168-018-0470-z.
Rivers AR, Weber KC, Gardner TG, Liu S, Armstrong SD. 2018. ITSxpress:
software to rapidly trim internally transcribed spacer sequences with
quality scores for marker gene analysis. F1000Res 7:1418. https://doi
.org/10.12688/f1000research.15704.1.

Nilsson RH, Larsson K-H, Taylor AFS, Bengtsson-Palme J, Jeppesen TS,
Schigel D, Kennedy P, Picard K, Gléckner FO, Tedersoo L, Saar |, Kéljalg
U, Abarenkov K. 2019. The UNITE database for molecular identification of
fungi: handling dark taxa and parallel taxonomic classifications. Nucleic
Acids Res 47:D259-D264. https://doi.org/10.1093/nar/gky1022.
McMurdie PJ, Holmes S. 2013. phyloseq: an R package for reproducible
interactive analysis and graphics of microbiome census data. PLoS One
8:61217. https://doi.org/10.1371/journal.pone.0061217.

Issue 6 €02637-20

61.

62.

63.

64,

65.

66.

mBio’

Oksanen J, Blanchet FG, Friendly M, Kindt R, Legendre P, McGlinn D,
Minchin PR, O'Hara RB, Simpson GL, Solymos P, Stevens MHH, Szoecs E,
Wagner H. 2019. vegan: community ecology package. https://CRAN.R
-project.org/package=vegan.

Andersen KSS, Andersen KS, Kirkegaard RH, Karst SM, Albertsen M. 11
April 2018. ampvis2: an R package to analyse and visualise 16S rRNA
amplicon data. bioRxiv https://www.biorxiv.org/content/10.1101/
299537v1.full.pdf.

Wilkinson L. 2011. ggplot2: elegant graphics for data analysis by WICK-
HAM, H. Biometrics 67:678-679. https://doi.org/10.1111/j.1541-0420
.2011.01616.x.

R Core Team. 2018. R: a language and environment for statistical com-
puting. https://www.R-project.org/.

Holm S. 1979. A simple sequentially rejective multiple test procedure.
Scand Stat Theory Appl 6:65-70.

Paulson JN, Stine OC, Bravo HC, Pop M. 2013. Differential abundance
analysis for microbial marker-gene surveys. Nat Methods 10:1200-1202.
https://doi.org/10.1038/nmeth.2658.

mbio.asm.org 19

Downloaded from https://journals.asm.org/journal/mbio on 15 June 2022 by 141.5.9.63.


https://doi.org/10.1128/AEM.03006-05
https://doi.org/10.1186/s40168-018-0470-z
https://doi.org/10.12688/f1000research.15704.1
https://doi.org/10.12688/f1000research.15704.1
https://doi.org/10.1093/nar/gky1022
https://doi.org/10.1371/journal.pone.0061217
https://CRAN.R-project.org/package=vegan
https://CRAN.R-project.org/package=vegan
https://www.biorxiv.org/content/10.1101/299537v1.full.pdf
https://www.biorxiv.org/content/10.1101/299537v1.full.pdf
https://doi.org/10.1111/j.1541-0420.2011.01616.x
https://doi.org/10.1111/j.1541-0420.2011.01616.x
https://www.R-project.org/
https://doi.org/10.1038/nmeth.2658
https://mbio.asm.org

	RESULTS
	The overall diversities of seed-associated microbial communities are similar between domesticated wheat and wild wheat. 
	The taxonomic composition of seed microbiota differs among wheat genotypes. 
	Bacterial communities that colonize axenic seedlings are more diverse in wild wheat in comparison to domesticated wheat. 
	The assembly of the soil-derived root microbiota is independent of the wheat genotype. 

	DISCUSSION
	MATERIALS AND METHODS
	Experimental design. 
	Seed collections. 
	Processing of the seeds, leaves, and roots. 
	Soil experiments with wheat plants. 
	Sequencing of amplicons. 
	Data analysis. 
	Data availability. 

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

