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Defining the wheat microbiome: towards microbiome-facilitated crop production

Vanessa N. Kavamura', Rodrigo Mendes?, Adnane Bargaz®, Tim H. Mauchline!
! Sustainable Agriculture Sciences (SAS), Rothamsted Research, Harpenden, Hertfordshire, UK.
2 Laboratory of Environmental Microbiology, Embrapa Environment, Jaguaritna, SP, Brazil.

3 Agrobiosciences, Mohammed VI Polytechnic University, Benguerir, Morocco.

Abstract

Wheat is one of the world’s most important crops, but its production relies heavily on
agrochemical inputs which are notoriously harmful to the environment. It is well known that a
multitude of microbes interact with eukaryotic organisms, including plants, and the sum of
microbes and their functions associated with a given host is termed the microbiome. Plant-microbe
interactions can be beneficial, neutral or harmful to the host plant. Over the last decade, with the
development of next generation DNA sequencing technology, our understanding of the plant
microbiome structure has dramatically increased. Considering that defining the wheat microbiome
is key to leverage crop production in a sustainable way, here we describe how different factors
drive microbiome assembly in wheat, including crop management, edaphic-environmental
conditions and host selection. In addition, we highlight the benefits to take a multidisciplinary
approach to define and explore the wheat core microbiome to generate solutions based on
microbial (synthetic) communities or single inoculants. Advances in plant microbiome research
will facilitate the development of microbial strategies to guarantee a sustainable intensification of

crop production.

Keywords: wheat; rhizosphere; microbiome; sustainable intensification.

Declarations of interest: none.

1. Introduction — Wheat and agricultural intensification on a fast-growing world
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Wheat was one of the first domesticated crops, between 7,000 and 9,000 BC, and has
undergone a process of expansion to global cultivation [1] (Bell, 1987). Bread wheat, Triticum
aestivum L., is the most widely cultivated species, with more than 20,000 known varieties. It is
one of the most important crops worldwide, occupying 17 percent of the total cultivated land in
the world and providing the staple food for 35 percent of the world’s population [2] (Laino et al.
2015). Between 10,000 and 4,000 years ago people began growing food, which led to the
domestication of wild crops and the emergence of agriculture [3] (Taiz, 2013). Agricultural
progress has supported population growth, which globally now is estimated to be 7.7 billion [4]
(United Nations (UN), 2019). Wheat is a major world crop, but to meet the calorie requirement of
an increasing world population, an 11% increase in wheat production is required by 2026 with just
a 1.8% increase in cultivation area [5] (OECD/FAOQO, 2017). Furthermore, it is estimated that by
2050, population size will exceed 9.7 billion [4] (UN, 2019). A process of sustainable agricultural
intensification must be implemented to make these crop productivity gains [6, 7] (Alexandratos
and Bruinsma 2012; Davis et al. 2016) which will result in enhanced yield through increases in
crop tolerance to biotic and abiotic stresses, improved nutrient use efficiency as well as the
development of new bio-fertilizers [8, 9] (Dubey et al. 2020; Misra et al. 2020). It is well known
that plants are colonized by microorganisms which can be beneficial to the host, and the potential
of microbes to contribute to these sustainability goals has gained traction over the last years. A
better understanding of patterns of microbiome assemblage is of fundamental importance as a
prerequisite for the use of the microbiome in sustainable agriculture. In this review, we focus on
factors driving the wheat microbiome assembly. Additionally, we highlight the gaps that need to
be addressed towards a microbially-assisted sustainable intensification of wheat production.
Finally, we briefly discuss the use of the microbiome as a source of microbial inoculants, through
the application of synthetic communities (bioinoculants) and/or via optimization of agricultural

practices to stimulate the beneficial indigenous microbial communities (biostimulation).

2. Factors affecting wheat microbiome structure and diversity

The advent of high throughput DNA sequencing technologies has facilitated amplicon

sequencing-based research, metagenomics and metatranscriptomics to determine the composition

and functions of microbial communities associated with different crops. This has allowed the
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understanding of how different factors affect microbial communities associated with host plants
in unprecedented detail in different niches in and around the host plant. Broadly speaking these
can be divided into above-ground and below-ground niches. The phyllosphere [10] (Ruinen, 1956)
refers to the above-ground parts of the plants, and most commonly to the leaves. The above-ground
compartments comprise the leaves, stems (caulosphere) [11] (Compant et al. 2010), seeds and
spikes or heads. In addition, we propose the term “spicosphere” as the niche comprised of wheat
spikes, as it is an important reservoir for pathogenic and beneficial microorganisms living inside
and on the surfaces of the rachis and spikelets (comprised of lemma, palea, glume, floret, awn and
grain). Below-ground compartments can be divided into the rhizosphere [12] (Hiltner, 1904), the
soil influenced by the host plant largely through root exudation, and the rhizoplane [13] (Clark,
1949), the surface of the root. In addition, microbes can reside within intercellular spaces
(endosphere), either in above- or below-ground tissues as endophytes [14, 15] (Hallmann et al.
1997, Perotti, 1926) (Figure 1). Additionally, spermosphere is the term related to the dynamic zone
surrounding germinating seeds [16, 17] (Nelson, 2004; Verona, 1958).
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Figure 1. The wheat microbiome divided into above- and below-ground sections. The below-ground

79 compartments are the rhizosphere and rhizoplane. The above-ground compartment is known as the phyllosphere, and
80 subdivisions of this include the caulosphere and “spicosphere”, with a detail of a spikelet. Created with
81  BioRender.com
82
83 In addition to niche, many factors have been evaluated either alone or in combination to
84  determine their influence on the wheat microbiome (Table 1). These include factors which are
85 dependent on human interference (anthropogenic), soil-related factors (edaphic),
86 environmental, which are related to natural conditions and host factors which are dependent on
87  the plant species.
88
89  Table 1. Evaluation of factors to determine their influence on the wheat microbiome
90
Type Factor Reference

Exogenous compounds (fungicide) [18, 19] Karlsson et al. (2014); Knorr et al. (2019)

Exogenous compounds (glyphosate) [20] Schlatter et al. (2017)

Exogenous compounds (insecticides) [21] Lietal. 2018

Exogenous compounds (phosphine

fumigation of stored wheat grains) [22] Solanki et al. (2019)

Exogenous compounds (plastic

mulch film residues) [23] Qi etal. (2020)

Anthropogenic

[24, 25, 26,27, 28, 29, 30, 31, 32, 33] Amadou et al. (2020); Chen et al.
(2019); Illescas et al. (2020); Kavamura et al. (2018); Liu et al. (2020);

frertilization Pagé et al. (2019); Robinson et al. (2016); Schmalenberger et al. (2009);
Simonin et al. (2020); Yergeau et al. (2020)
Inoculation of biocontrol agent [26, 34, 35] Araujo et al. (2019; 2020); Illescas et al. (2020)
Land use [36-38] Kavamura et al. (2019); Rossmann et al. (2020); Schlatter et al.

(2020a)



Management type [39-41] Gdanetz; Trail (2017); Hartman et al. (2018); Ishaq et al. (2020)
Overhead irrigation [42] Mavrodi et al. (2018)

Rotation [43-48] Donn et al. (2014); Lupwayi et al. (1998); Mayer et al. (2019);
Wen et al. (2016); Xiong et al. (2020); Yin et al. (2010)

Tillage [40, 41, 44, 48, 49] Hartman et al. (2018); Ishaq et al. (2020); Lupwayi et
& al. (1998); Yin et al. (2010); Yin et al. (2017)

Soil depth [50, 517 Schlatter et al. (2020b); Uksa et al. (2017)
Soil history [52] Azarbad et al. (2020)
2]
%_
= Soil phvsicochemical characteristics [24, 29, 50, 53-55] Amadou et al. (2020); Fan et al. (2017; 2018); Pagé et
- Py al. (2019); Schlatter et al. (2020b); Wolinska et al. (2020)
Soil type [32, 35, 56] Araujo et al. (2020); Schlatter et al. (2019); Simonin et al.
(2020)
. [42, 52, 57-60] Azarbad et al. (2020); Jochum et al. (2019); Latz et al.
AblOtl.C §tresses (e.g. drought, (2021); Mavrodi et al. (2018); Naylor et al. (2017); Stromberger et al.
humidity and temperature)
(2017)
[34, 35,41, 61-66] Araujo et al. (2019; 2020); Hayden et al. 2018; Hu et
= Biotic stresses (pathogens, weed) al. (2019); Ishaq et al. (2020); Kerdraon et al. (2019); Rojas et al. (2020);
s Seybold et al. (2020); Yin et al. (2013)
£
s
E [32, 38,43, 49, 53, 64, 67-70] Cordero et al. (2020); Donn et al. (2014);
= Geographical location Fan et al. (2017); Latif et al. (2020); Mahoney et al. (2017); Rojas et al.
grap (2020); Sapkota et al. (2017); Schlatter et al. (2020a); Simonin et al.
(2020); Yin et al. (2017)
Growine season [38, 41, 56, 63, 67] Cordero et al. (2020); Ishaq et al. (2020); Kerdraon et
& al. (2019); Schlatter et al. (2019; 2020a)
- [37, 71-76] Hassani et al. (2020); Kavamura et al. (2020); Kinnunen-
é Breeding and domestication Grubb et al. (2020); Rossmann et al. (2020); Sun et al. (2020); Tkacz et

al. (2020); Valente et al. (2019)
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Genotype

Growth stage

Leaf position

Niche

Organs/Tissues

Plant hormones

[32, 33, 37,43, 52,55, 58, 60, 69, 70, 77, 78] Azarbad et al. (2020); Donn
et al. (2014); Latz et al. (2021); Mahoney et al. (2017); Mauchline et al.
(2015); Rossmann et al. (2020); Sapkota et al. (2017); Simonin et al.
(2020); Stromberger et al. (2017); Wolinska et al. (2020); Yergeau et al.
(2020); Zuo et al. (2014)

[25,27, 30, 34, 35, 39, 43, 60, 64, 70] Araujo et al. (2019; 2020); Chen et
al. (2019); Donn et al. (2014); Gdanetz; Trail (2017); Kavamura et al.
(2018); Robinson et al. (2016); Rojas et al. (2020); Sapkota et al. (2017);
Stromberger et al. (2017)

[70] Sapkota et al. (2017)

[26, 36, 38, 43, 44, 47,49, 53, 54, 58, 67] Cordero et al. (2020); Donn et

al. (2014); Fan et al. (2017; 2018); Illescas et al. (2020); Kavamura et al.

(2019); Latz et al. (2021); Lupwayi et al. (1998); Schlatter et al. (2020a);
Xiong et al. (2020); Yin et al. (2017)

[24, 30, 35, 39, 58, 64, 79, 80] Amadou et al. (2020); Araujo et al. (2020);
Gdanetz; Trail (2017); Huang et al. (2016); Kuzniar et al. (2020); Latz et
al. (2021); Robinson et al. (2016); Rojas et al. (2020)

[81, 82] Liu et al. (2017); Liu et al. (2018)

In the following sections, we focus on the different factors that affect the wheat microbiome

structure, diversity and function. It is important to note that the factors discussed here are not

exhaustive and exclusive, meaning there can be interactions of different factors accounting for

changes in the wheat microbiome.

2.1. Anthropogenic factors driving microbiome assembly

2.1.1. Exogenous compounds

Current conventional agriculture relies heavily on the use of exogenous compounds which

can be environmentally damaging as well as threatening to human health [83, 84| (Ansari et al.

2014; van Bruggen et al. 2018). These include the use of agrochemicals such as fertilizers,

fungicides, insecticides and pesticides. However, research into the effect of the treatment of wheat
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seeds with neonicotinoid insecticides has revealed that they do not negatively impact wheat
rhizosphere microbial communities [21] (Li et al. 2018). Similarly, the repeated pre-harvest
application of glyphosate, the most widely used herbicide [85] (Malalgoda et al. 2020), had
minimal impacts on soil and rhizosphere bacteria of wheat, with a small number of copiotrophic
taxa benefiting from dying roots in the soil [20] (Schlatter et al. 2017). However, it’s important to
highlight that in-field applications of glyphosate can differ, thus in the later, the authors conducted
a 3-year experiment in which glyphosate was applied at the end of six weeks, to simulate a pre-
harvest application. Safer alternatives to these compounds could be the use of microbial-based
natural products. The use of microorganisms as biological control agents is an environmentally
benign alternative to pesticides [86] (Kohl et al. 2019), though a better understanding of these
interactions is required to develop sustainable strategies to aid the establishment and persistence
of beneficial microbes in agricultural systems. Besides, it is crucial to understand their impacts on
indigenous soil microbial communities, given their role in the functioning of ecosystems. For
example, Araujo et al. (2019; 2020) [34, 35] challenged soils infected with Rhizoctonia solani and
Pythium sp. with biocontrol agents (Paenibacillus fulvissimus and Streptomyces spp.) to monitor
changes in wheat microbial communities. Biocontrol isolates were able to modulate the
endosphere and rhizosphere microbiomes, with generally low impact on indigenous microbial
communities, as well as with a decrease in root disease and positive impacts on plant growth. The
use of both low-density polyethylene (LDPE) and biodegradable plastic mulch films to increase
crop productivity [23] (Q1 et al. 2020) has been evaluated and the authors observed a significant
effect of the residues on rhizosphere bacterial community composition and structure and volatiles
emission, suggesting future efforts should concentrate at developing experiments to increase the
understanding of these compounds on agroecosystems.

The impact of fertilizers on microbial communities is well studied. Application of high
levels of inorganic nitrogen fertilizers reduced bacterial richness and diversity, leading to a less
stable bacterial community structure, and this was exacerbated with increased crop maturity.
Members of Acidobacteria and Planctomycetes were significantly depleted in treatments receiving
inorganic N and 16S rRNA gene-predicted functional structure was also impacted [27] (Kavamura
et al. 2018). In another study the use of organic amendments such as biochar and manure were
compared to the use of mineral fertilization on above (spikelet) and belowground (rhizosphere and

root) bacterial communities, with significant changes in their structure and diversity [24] (Amadou
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et al. 2020). In addition, Chen et al. 2019 [25] found that nitrogen fertilization affected rhizosphere
bacterial communities isolated from wheat plants during tillering but not during jointing and

ripening.

2.1.2. Agricultural practices

Agricultural practices such as tillage and crop rotation can have detrimental effects on the
environment, such as emissions of greenhouse gases (GHGs) [87] (Onder et al. 2011). No-tillage
practices have been shown to reduced global warming potential when compared to conventional
tillage [88] (Shakoor et al. 2021). The effect of tillage is stronger in the bulk soil than rhizosphere
[49] (Yin et al. 2017). Similar findings were observed by Lupwayi et al. (1998) [44], in which the
effect of tillage was more prominent in bulk soil than rhizosphere with significant decrease in
bacterial diversity in the bulk soil.

Conventionally-tilled wheat monoculture and wheat-soybean rotation resulted in a lower
bacterial diversity compared with the no-till treatment [48] (Yin et al. 2010). Hartman et al. 2018
[40] investigated the impact of common cropping practices (management type and tillage
intensities) on bacterial and fungal communities in winter wheat. Root bacterial communities
(rhizoplane or endosphere) were primarily affected by management type (conventional vs
organic), whereas fungal communities were generally influenced by changes in tillage intensity.

Long-term monoculture can change soil properties, affecting bacterial diversity and this
has been demonstrated by Mayer et al. (2019) [45]. Although they used maize monoculture, they
were able to show that humus content was lower when compared to maize-wheat rotation,
suggesting that lower concentrations of humus could decrease the amount of available nutrients
for plant growth and decrease microbial richness. Some positive impacts of rotation of sunflower
with wheat and maize on bacterial communities were observed, which could potentially alter plant
productivity in agricultural systems [46] (Wen et al. 2016).

In a study conducted using samples from the Highfield experiment at the Rothamsted
Research farm in Harpenden, Hertfordshire, UK [89] (Hirsch et al. 2017), conversion of grassland
to an arable system resulted in a significant reduction in the abundance of OTUs assigned to

specific bacterial taxa [36] (Kavamura et al. 2019). When comparing wheat grown in arable and
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forest soil, Rossmann et al. (2020) [37] observed that the soil type had major impacts on bacterial

and cercozoan rhizosphere communities and less influence on fungal community composition.

2.2. Edaphic conditions driving microbiome assembly

It is well known that differences in soil physical and chemical properties drive microbiome
community structure in wheat. Amadou et al. (2020) [24] observed that the amendment of soil
with biochar and manure as well as the addition of inorganic mineral fertilizers changed soil
properties, in particular NH4* content, and these impacted above (spikelet) and belowground
(rhizosphere and root) bacterial community structure. Organic amendments can improve water
retention and are associated with increased acid phosphatase, -1,4-N-acetyl-glucosaminidase and
phenol oxidase activity, whereas inorganic fertilizers lower the pH, increasing nutrient
assimilability. Changes in chemical properties of rhizosphere soil, such as pH and nutrient
availability which impact bacterial communities can also be attributed to root exudates [53] (Fan
et al. 2017). Soil pH is the main driver of microbial community structure including archaeal,
bacterial and fungal members [53, 54] (Fan et al. 2017; 2018). Soil texture has also been shown to
be important in structuring microbial communities [56] (Schlatter et al. 2019).

Most soil microbial community structure studies have concentrated on the topsoil.
However, [50] Schlatter et al. (2020b) and Uksa et al (2017) [51] have characterized the
composition and diversity of bacterial communities across a wide range of soil depths. Both
observed that Proteobacteriota are enriched in the topsoil, though the former also observed that
Acidobacteria were more abundant at 10 cm, presumably because of soil acidification from
fertilizer application. In addition, Uksa et al. (2017) [51] also observed that Firmicutes and

Bacteroidota taxa were enriched in the subsoil.

2.3. Environmental factors driving microbiome assembly

2.3.1. Abiotic factors

In addition to soil properties, several abiotic factors can affect microbial communities. Latz

et al. (2021) [58] observed location-dependent effects (in the glasshouse and outside the
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glasshouse) on wheat microbiome composition, which were likely a result from differences in the
environmental conditions (temperature, humidity and precipitation). Water is one of the most
limiting factors for plant development and agricultural losses due to drought are quite substantial.
Azarbad et al. (2020) [52] investigated the influence of soil water stress history, wheat genotypes
with differences in their drought tolerance, and short-term decrease in soil water content on
microbial communities of wheat. Soil history, in this case, was soil from two fields which have
been subjected to irrigation and no irrigation for almost 40 years. It was found that water regime
was the main driver of bacterial and fungal community structure in the rhizosphere and root
samples of wheat. Stromberger et al. (2017) [60] investigated the effect of different irrigation
regimes on bacterial communities and observed an enrichment of 1-aminocyclopropane-1-
carboxylic acid (ACC) deaminase bacteria in the rhizosphere of a drought tolerant cultivar,
indicating that it either produces more ACC and ethylene or is more effective in recruiting ACC
deaminase expressing bacteria into this niche. Mavrodi et al. (2018) [42] conducted a three-year
field study on wheat grown in irrigated and non-irrigated plots to assess the effect of soil water
status on bacterial communities. A decrease in the production of the antibiotic phenazine-1-
carboxylic acid (PCA) and associated PCA producers (Phz+) Pseudomonas in the rhizosphere of
irrigated plants was observed. They hypothesised that an increase in soil moisture perturbs

interactions within the rhizosphere microbiome, altering the root exudation and soil properties.

2.3.2 Biotic factors

Biotic factors such as the presence of pathogens is another deterministic factor. Wheat
residues can determine the epidemiology of Septoria tritici blotch as they support the growth of
the causal fungal agent Zymoseptoria tritici [63] (Kerdraon et al. 2019). Their results show that
pathogen infection dynamically changes bacterial and fungal interactions. In addition, it has
become evident that soils inoculated with pathogens can become suppressive over time to specific
pathogens [66] (Yin et al. 2013). Enrichment and activation of bespoke groups of microorganisms
in soil can lead to microbial suppression of pathogens, however, the factors which contribute to
the development of these systems are not yet fully understood [90, 91] (Chapelle et al. 2016;
Raaijmakers and Mazzola, 2016). Yin et al (2013) [66] showed that Chryseobacterium and

Pseudomonas became more prevalent in the rhizosphere over time after soil inoculation with
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Rhizoctonia solani. These strains exhibited inhibitory activities against the fungus in vitro or
reduced the infection in soils, indicating that they might play a role in the transition of
conduciveness to suppressiveness. Hayden et al. (2018) [61] used a metatranscriptomics approach
to characterize the active members and functions of the wheat rhizosphere microbiome in
suppressive and conducive soil conditions to Rhizoctonia solani. They described the gene
expression in the tri-trophic interaction and propose that this information can be used to direct
management options to promote beneficial rhizosphere microbiota colonization and activity to
reduce pathogen infection.

Similar to the gut microbiome, which is known to play an important role in host health [92]
(Lamoureux et al. 2017), the microbiome of plants helps them tolerate biotic and abiotic stresses
[93] (Vandenkoornhuyse et al. 2015). Thus, understanding the plant-microbiome interactions can
be used to manage abiotic and/or biotic stresses. In addition, host defense mechanisms have an
important role in structuring microbial communities [94, 95] (Jones et al. 2019; Teixeira et al.
2019). Teixeira et al. (2019) [95] proposed that the microbiome can protect the host against
pathogens, directly via suppression with secondary metabolite production or through competition
for resources; as well as indirectly, via the stimulation of the host’s immune system. In other cases,
pathogens have evolved mechanisms to overcome the immune defense. For example, the wheat
pathogen Zymoseptoria tritici has been shown to induce systemic host susceptibility through
altered plant metabolism and microbial community structure, making it more vulnerable to
infection [65] (Seybold et al. 2020).

There are several other environmental factors that can contribute to differences in
microbiome structure, diversity and function. Biogeographic studies aim to evaluate the
distributions of soil microbial diversity, composition and functions over space and time from
regional to global scales [96] (Chu et al. 2020). Fan et al. (2017) [53] studied nine wheat fields
distributed across 800,000 km? to study the influence of geographical distance on bacterial
communities from loosely and tightly bound rhizosphere soil, suggesting that geographic distance
was the main driver of community distribution. Schlatter et al. (2020a) [38] explored bacterial and
fungal communities of wheat grown in soil from four distinct locations, observing significant
effects on the structure and composition of microbial communities which could be linked with

differences in soil properties as previously discussed.
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Finally, seasonal changes can also account for differences in wheat microbiome. Schlatter
et al. (2019) [56] observed significant effects of the growing season on bacterial and fungal

community composition, however, richness and diversity were not affected.

2.4. Host microbiome selection

2.4.1. Niche, plant compartment and seed load

Niche plays an important role in shaping microbial communities. The root acts as a physical
barrier and a subset of these bacteria can colonize the endosphere [36, 97] (Beckers et al. 2017;
Kavamura et al. 2019). In addition to the bulk soil-derived microbial colonization of the plant host,
the microbial seed load is also a source of microbes capable of colonizing the developing plant.
Kavamura et al. (2019) [36] found using an embryo excision-based approach, that the seed-borne
bacterial community was important for shaping the endosphere of wheat when plants were cultured
in soil that was not adapted for wheat, whereas this was not the case for the rhizosphere
community. In addition, Cordero et al. (2020) [67] demonstrated that when growing the same plant
species on agricultural soils, variations between the endosphere and rhizosphere microbiome were
observed, suggesting that the root microbiome is under a greater degree of host control. Specific
phyla have been identified to be associated with different wheat compartments, with
Proteobacteriota being the most abundant in the root endosphere, whereas Firmicutes and
Actinobacteriota were more prevalent in the endosphere of leaves [30] (Robinson et al. 2016). To
identify which factors contributed the most in shaping the fungal endosphere microbiome of
different wheat compartments (roots, leaves and seeds), Latz et al. (2021) [58] analyzed ITS
amplicon sequencing of wheat grown indoors and outdoors and concluded that environmental
factors were more important for phyllosphere than rhizosphere and that airborne fungi are the main
source of leaf and seed microbes. Donn et al. (2014) [43] performed a cross-year analysis of
bacterial communities in an intensive wheat cropping system and observed changes over time in
rhizosphere communities and those differences were not observed for bulk soil samples,
suggesting they were plant instead of seasonally driven. In comparison to the bulk soil, rhizosphere
microbial communities are less complex and more stable as demonstrated by co-occurrence

networks [54] (Fan et al. 2018). In a more complete and recent study, Xiong et al. (2020) [47]



289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319

demonstrated the strong selection imposed by the host, showing a decrease in diversity and
complexity of bacterial communities from bulk soil > rhizosphere soil > rhizoplane > phylloplane
> root endosphere > leaf endosphere. Rhizosphere is the most studied niche, followed by the
phyllosphere. The microbiome of wheat spikes is less well documented; however, this niche is
important as some pathogens infect the spikes, such as Fusarium graminearum and Magnaporthe
oryzae pv. Triticum (MoT), causal agents of Fusarium head blight (FHB) and wheat blast,
respectively. However, it is known that bacterial diversity is lower in spikes than in the rhizosphere
[24] (Amadou et al. 2020). In addition, Rojas et al. (2020) [64] observed that when wheat is
infected by Fusarium, a shift in fungal endophytic community colonization dynamics occurs.
Furthermore, some genera (Cladosporium, Itersonillia and Holtermanniella) were found to
outcompete the pathogen, preventing the development of the disease. The bacterial endophytes of
wheat endosperm, germ, coleoptiles as well as roots and leaves were studied by Kuzniar et al.
(2020) [80]. They found several beneficial bacteria and Pseudomonas spp. was the only genus that
was detected in all samples. Vertical transmission of the wheat microbiome was assessed and taxa
belonging to Erwinia, Rhizobiales and fungal genus Emericella might be vertically transmitted

from seeds to sprouts [79] (Huang et al. 2016).

2.4.2. Plant domestication, breeding and wheat genotype

The introduction of reduced height (RAt) dwarfing genes into modern wheat cultivars
during the Green Revolution resulted in plants with increased yields when cultured with high
fertilization application, without productivity losses caused by lodging [98] (Hedden, 2003).
Consistent and continuing reductions in height with increases in yield were achieved worldwide
[99] (Law et al. 1978). Effectuated by breeding efforts, modern crops have diverged genetically
and phenotypically from their wild relatives. Selection for improved wheat varieties may have
resulted in changes to root architecture and physiology, which in turn might have affected
microbial communities [100, 101] (Bertin et al. 2003; Graaff et al. 2013). Wheat root-associated
microbiomes have dramatically changed through a transect of breeding history [73] (Kinnunen-
Grubb et al. 2020). Differential recruitment of bacterial communities in tall and semi-dwarf wheat
cultivars suggest breeding might have affected the ability of wheat to select and sustain a complex

bacterial community in the rhizosphere [72] (Kavamura et al. 2020), negatively impacting the
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ability of modern plants to interact with plant growth-promoting rhizobacteria [76] (Valente et al.
2019). Similar findings were reported by Rossmann et al. (2020) [37], where the effect of wheat
domestication on bacterial, fungal, and communities of cercozoa was evaluated. Both
domestication and breeding affected network topology, with microbial co-occurrence networks
from landraces and tall wheat cultivars being more connected, suggesting a reduced functional
redundancy in the root microbiome of modern cultivars. Fungal endophyte communities in wild
wheat are richer and more diverse than in cultivated wheat, representing a greater reservoir of
potentially beneficial endophytes as a higher proportion of differentially abundant taxa was found
[74] (Sun et al. 2020). The consequences of plant breeding for the associated microbiome are not
yet fully understood, however, it has been proposed that domestication has disrupted selective
processes in the assembly of the wheat microbiome [71] (Hassani et al. 2020). A synthetic hybrid
hexaploid wheat was created to recapitulate the breeding history of wheat, suggesting that the D
genome from Ae. tauschii (diploid) strongly select for Glomeromycetes and Nematoda. Besides,
the ratio of eukaryotes to prokaryotes remains the same, likely due to a protective mechanism
against soil-borne fungal diseases in wheat, which might be intrinsic to the wheat genome [75]
(Tkacz et al. 2020).

The effect of different wheat genotypes has been thoroughly investigated [32, 33, 43, 52,
55, 58, 60, 69, 70, 77, 78] (Azarbad et al. 2020; Donn et al. 2014; Latz et al. 2021; Mahoney et al.
2017; Mauchline et al. 2015; Sapkota et al. 2017; Simonin et al. 2020; Stromberger et al. 2017;
Wolinska et al. 2020; Yergeau et al. 2020; Zuo et al. 2014) and those differences could be attributed
to the differential root exudate chemistry [60, 69, 78] (Mahoney et al. 2017; Stromberger et al.
2017; Zuo et al. 2014) and disease susceptibility [70, 77] (Mauchline et al. 2015; Sapkota et al.
2017). The use of genome-wide association studies (GWAS) will likely improve our understanding

of the genetic basis of microbiome selection by host plants [58] (Latz et al. 2021).

2.4.3. Developmental stages

The plant microbiome structure dynamically changes over time from seed to the flowering
stage. Donn et al. (2014) [43] demonstrated the evolution of bacterial communities within the
rhizosphere, with an increased diversity with plant age and senescence. It appears that growth stage

has a stronger influence on bacterial communities than on fungal communit