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RÉSUMÉ 

Une augmentation de la fréquence des événements de sècheresse est à prévoir en 
raison des changements climatiques et il serait bénéfique pour le secteur agricole de trouver 
des méthodes novatrices afin de rapidement venir en aide aux plants en manque d’eau.  Une 
solution possible serait, par exemple, l’inoculation de communauté microbienne complexe 
dans la rhizosphère de la plante.  Le but du projet était de tester, au moyen d’une expérience 
multifactorielle menée en serre, si des plants de blé en situation de stress hydrique 
s’associeraient avec de nouveaux microorganismes extraits d’un sol avec un historique 
d’exposition à la sècheresse.  L’amplification et le séquençage du gène bactérien ARNr 16S 
et de la région fongique ITS1 de l’ADN environnemental extrait du sol de la rhizosphère des 
plants a permis d’observer les changements rapides dans la communauté microbienne 
causés par le stress hydrique.  Quelques UTO fongiques furent recrutés par la plante, 
indépendamment du type de sol ou de la présence d’un stress hydrique.  Règle générale, les 
changements dans la communauté microbienne de la rhizosphère étaient plus au niveau de 
l’amplification et ou la réduction d’espèces déjà présentes plutôt que le recrutement de 
nouvelles espèces.  En ce sens, les plants ont fortement réagi au type de sol initial et au stress 
hydrique mais de façon plutôt faible et inconsistante à l’inoculation.  Ces résultats illustrent 
que des plants de blé en condition de sècheresse peuvent former de nouvelles associations 
avec quelques bactéries et champignons, mais que cette réponse ne représente pas la 
réponse principale de l’holobiont au stress.   
 
Mot clés : Sècheresse, blé, holobionte, inoculation, séquençage d’amplicon 
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ABSTRACT 

 

In the context of climate change, finding ways to rapidly adapt crops to abiotic stress 
would be a great asset for the agricultural sector. One potential solution is to modify the plant 
associated microorganisms through, for instance, the inoculation of complex pre-adapted 
microbial communities. Here, using a multifactorial greenhouse experiment, we tested if wheat 
plants under water stress would associate with the microorganisms extracted from a soil that 
had a long-term history of exposure to water stress.  Through bacterial 16S rRNA gene and 
fungal ITS region amplicon sequencing we observed that the rhizosphere microbiota 
responded rapidly to the water stress.  A few fungal OTUs were recruited, independently of 
the soil type or the water stress.  Generally, changes in the microbial community structure 
across inoculum treatments were more due amplification/reduction of already present 
microorganisms rather than recruitment of novel species.  Similarly, the plant responded 
strongly to water stress and to initial soil diversity, but only weakly and inconsistently to the 
inoculations. Our results highlight that wheat plants under water stress do form new 
associations with fungi and bacteria, and that these new associations do not constitute the 
bulk of the response of the wheat holobiont.  
 

Keywords: drought, wheat, holobiont, inoculation, amplicon sequencing 
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CHAPTER 1: 

THE PLANT HOLOBIONT UNDER DROUGHT 

 
1.1 The holobiont concept 

 
Center to the science of ecology is the idea that all life form within an environment 

interact with each other. This was first theorized by Karl Möbius in 1877, who named all 

the interactions and interdependences between the different organisms of a same niche 

the biocenosis concept (Bosch & McFall-Ngai, 2011; Glaubrecht, 2008). The thought was 

pushed further by the entomologist William Morton Wheeler in 1911 who studied the 

closely knitted ant colonies. This intra-species community was described as a 

superorganism by the myrmecologist (Gordon, 2013). The concept was disregarded for 

decades before it made a comeback. In her 1991 book, Lynn Margulis who was interested 

in cases of symbiosis involving individuals of different species was the first to use the term 

holobiont (Wenseleers, 2009). She described the holobiont as the tight interspecies 

associations between individuals (or bionts) forming an entity, with holos meaning whole 

in Greek (Bordenstein & Theis, 2015). It is the coral-zooxanthella algae-microbes 

symbiosis that was one of the first to be described as a holobiont (Gordon, 2013). Since 

then, the holobiont concept is used to describe a host and all its associated microbial 

community that are either obligate or facultative symbionts and that have either a harmful, 

neutral or beneficial interaction with the host (Theis et al., 2016). The holobiont concept 

has created mind shifts in many life science fields and with the blooming of microbial 

ecology, we now know that microorganisms are essential for the fitness of many 

organisms (Rosenberg & Zilber-Rosenberg, 2016). 

 

Some scientists also took the holobiont concept and pushed it one step further, 

enunciating the hologenome theory of evolution, in which the holobiont is described as an 

evolutive unit and the genetic information of all members of the holobiont forms a whole, 

the hologenome (Zilber-Rosenberg & Rosenberg, 2008). This implies that modifications 

of the hologenome can lead to phenotypical modifications of the holobiont (Bordenstein & 

Theis, 2015). Consequently, when trying to rapidly modify a plant holobiont, for example, 
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the microbiome (genomes of the microbiota) could be targeted (e.g. Shlaeppi & Bulgarelli, 

2015; Vandenkoornhuyse et al., 2015). Zilber-Rosenberg & Rosenberg (2008) stated 

three ways that the microbiome component of a hologenome could be modified: either by 

amplifying or reducing the abundance of already present microbial species, by recruiting 

new microbial species, or by recruiting new microbial genes through horizontal gene 

transfer. 

 

In plant science, many scientists have argued in favor of the holobiont as an 

ecologically sound concept (e.g. Hacquard, 2016; Hassani et al., 2018; Nogales et al., 

2016; Theis et al., 2016). Still, the holobiont approach challenges our understanding of 

biology and the hologenome theory is debated and not unanimously adopted within the 

scientific community. As an example, some argue that considering the hologenome as an 

evolutive entity overstates the importance of co-evolution between a host and its 

symbionts (e.g. Douglas & Werren, 2016; Foster et al., 2017; Moran & Sloan, 2015) and 

understates the importance of horizontally recruited microbes (Doolittle, 2016). More 

research is needed to really understand the level of interdependence and co-evolution 

between a host and its microbiota. For this thesis, the term holobiont is used to describe 

the plant and its microbiota, without any implied evolutionary meaning. 

 
1.2 The wheat holobiont 

 
Wheat (Triticum aestivum) is one of the pillar crops in today’s food system and 

accounts for about 20% of the world protein consumption (Shewry, 2009). In 2016, wheat 

production in Canada reached 31.7 million tons, a 15% increase compared to the previous 

year (Statistics Canada, 2016). The wild ancestors of wheat originated from Turkey 

10,000 years ago and had either diploid or hexaploid genomes. Now, about 95% of the 

cultivated wheat world-wide is hexaploid (Shewry, 2009). Domestication of wheat was 

mainly driven by the mutation of two essential traits: non-dispersion of the seeds and free-

hulled forms of grain (Heun et al., 1997). Since then, many generations of breeding 

selection have created the high-yielding different types of wheat cultivars that we know 

today. The fully annotated genome of a bread wheat species, containing 16 billion base 

pairs, was published for the first time in 2018 (IWGSC, 2018). The core microbiota of the 
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wheat holobiont (if there is one) is yet to be unraveled. Multiple studies have tested the 

effect of different environmental parameters on the taxonomic composition and 

abundances of wheat microbiota and some of the influencing factors identified were: 

fertilization (Robinson et al., 2016), field cropping history (Vujavonic et al., 2012), cultivar 

(Larran et al., 2002), precipitation regime (Bankina et al., 2017), abiotic and biotic stresses 

and phytohormone production (Liu et al., 2017) as well as growth stage (Qin et al., 2016), 

type of plant tissue (Vujavonic et al., 2012) and spatial variability in the rhizosphere (Don 

et al., 2015). This high variability limits the possibility to make general assumptions about 

which specific microbial species is generally associated to wheat plants. Still, many 

studies have used Triticum aestivum as a model crop to study the plant microbiota. 

 

When looking at the endophytic community associated with the above versus below 

ground compartments, Robinson and colleagues (2016) found that the Proteobacteria 

phylum was the most prominent one in the roots whereas Actinobacteria and Firmicutes 

were the most abundant one in the leaves. A study conducted by Vujavonic et al. (2012) 

specifically looked at fungal species colonizing the different plant tissues of durum wheat 

plants and found that with a few exceptions, most species were able to colonize more 

than one plant organ. They also observed that the most prominent seed fungal endophyte 

was Pyrenophora triticirepentis. Majeed et al. (2015) found that Erwinia and Rhizobiales 

bacteria were present in all tested seeds and sprouts and Acetobacter diazotrophicus was 

present in all analysed root endospheres. One study found through isolation techniques 

that the Emericella and Aspergillus were the most frequently observed fungal genera in 

all inner compartments (Huang et al., 2016) whereas another study found that Alternatia 

alternata, Cladosporium herbarum, Epicoccum nigrum and Fusarium graminearum were 

the most abundant fungal species (Larran et al., 2006). When looking at the external 

microbiota, by comparing seed epiphytes of wheat plants with Brassica sp., out of a total 

of 5,477 OTUs (bacterial and fungal) 578 were shared between both plant species (Links 

et al., 2014). Another group looked at the rhizosphere microbial profiles in relation to shoot 

biomass production of wheat plants and identified Duganella, Rhizobium, 

Janthinobacterium, Acidobacteria Gp6 and Cellvibrio as the five bacterial taxa with the 

strongest positive association with plant biomass (Anderson & Abiger, 2011). 
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1.3 Drought: definition and context 

 
Drought can have many definitions depending on if you study it from a 

meteorological, agricultural or economic standpoint. But for the purpose of this thesis, 

drought events are defined from the agricultural perspective as the absence of 

precipitation during a long enough period that non-irrigated crops will suffer from water 

stress (Ngumbi et al., 2016). It is important to note that although drought often leads to 

water-stress in agricultural plants, water-stress is not always caused by drought as it can 

also be due to high soil salinity for example. For simplicity’s sake, “water-stress” is used 

in this thesis as the consequence of a drought event on a plant.  

 

One third of the land on earth is situated on arid or semi-arid zones, with limited 

amounts of rainfall (Schimel et al., 2007) and these areas are expanding (Schimel et al., 

2018). In Canada, the southern part of British Columbia as well as the Prairies are semi-

arid areas with a total annual precipitation level of 300-500 mm (McGinn, 2010). With 

ongoing climate change and global temperature rise, leading to cascading events like 

increased evapotranspiration rates, many have predicted an increase in the frequency 

and length of drought events (Cayan et al., 2010; Cook et al., 2015). It is said that by 2050, 

more than 50% of the world’s arable land will be exposed to annual episodes of drought 

(IPCC, 2013). In Brazil, the world second largest producer of soybean, 20% of the 

production was lost due to drought during the 2004 and 2005 growing seasons (Politzel 

et al., 2011). In the Canadian prairies, some predicted through modelling that a water 

crisis is likely to happen in the near future, due to decreasing flow levels in the main 

streams, increasing drought events and increasing water demand (Schindler & Donahue, 

2006). 

 
1.4 Effect of drought on the plant host 

 
 When a plant is subjected to drought, three main strategies exist as to how it can 

fight off the stress. First, by completing its life cycle before the arrival of dry conditions, 

the plant can escape drought.  It can also avoid drought by, for example, increasing its 
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root system to reach deeper horizons where moisture is still present.  Lastly, the plant is 

said to tolerate drought if it can keep on growing as if there was no drought (Fang & Xiong, 

2015). Sometimes grouped together, avoidance and tolerance mechanisms are the ones 

targeted when trying to improve crops.   

 
1.4.1 Physiological changes 

 
 Changes in the leaf and root configuration are the main physiological modifications 

in response to hydric stress (Fang & Xiong, 2015). Loss of turgidity leads to the wilting of 

the leaf, or rolling, which helps stopping excessive water consumption (Fischer & Maurer, 

1978). Some plants can also orient their leaves in a specific direction to avoid frontal 

exposition to sun (Valliyodan & Nguyen, 2006). To prevent water from leaving the leaf, 

plants can also close their stomates. This will in turn also reduce the amount of carbon 

dioxide entering the cell (van den Boogaard et al., 1996). Plants can as well extend their 

root system as a deeper and more widespread rhizosphere will have a better access to 

water. In general, a reduction of the shoot to root ratio is observed on water-stressed 

plants, with the produced carbohydrates directed to the water searching roots instead of 

to the water consuming aboveground parts (Verslues et al., 2006). All these mechanisms 

generally come at the cost of reduced photosynthesis rates and CO2 assimilation (Fang 

& Xiong, 2015). 

 
1.4.2 Metabolic changes 

 
 When under water stress, some plants accumulate inorganic compounds in order to 

lower their osmotic potential (Ngumbi et al., 2016). Indeed, in dry conditions water will 

tend to move from an area of high osmotic potential (high water content or low solute 

concentration), often the plant, to an area of lower osmotic potential, in this case the soil. 

Proline, glycine or mannitol are examples of osmolytes (solutes) capable of helping the 

plant to maintain its cell turgor pressure (Mwadzingeni et al., 2016). Another problem 

faced by plants under water stress is the increased amounts of reactive oxygen species 

(ROS), which, if present in high enough concentrations, can damage cell structures and 
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cause cell death (Cruz de Carvalho, 2008). In fact, ROS naturally occur in plant cells 

because they are a byproduct of photosynthesis, produced through the photorespiration 

process. Photorespiration is what happens during photosynthesis when, instead of 

reducing CO2, other compounds such as O2 are reduced. Under drought conditions, 

lower levels of CO2 due in part to stomatal closure cause the rate of photorespiration to 

increase leading to increased levels of ROS (such as superoxide radicals, hydroxy 

radicals, perhydroxyl radicals, etc.) in the cells (Apel & Hirt, 2004; Gill & Tuteja, 2010). In 

some drought-tolerant plants, increased activity of antioxidative enzymes that can 

scavenge ROS (e.g. such as superoxide dismutase, catalase, etc.) has been observed 

(Caverzan et al., 2016; Chakraborty et al., 2012) and can help lower the amount of ROS 

within the plant (Luna et al., 2005). 

 
1.4.3 Phytohormones 

 
 Phytohormones are also involved in drought tolerance mechanisms. Abscisic acid 

(ABA) is an important plant signaling molecule (Finkelstein et al., 2002). In water limiting 

conditions, it will accumulate in the plant and, after reaching a certain threshold, can 

induce stomatal closure and activate other drought-related genes (Daskowska-Golec & 

Szarejko, 2013). For example, ABA is involved in the production of proline, an osmolyte 

and membrane stabilizer. Still, control of the two guard cells surrounding the stomatal 

pores is not exclusively done by ABA as other phytohormones such as jasmonic acid, 

brassinosteroids, cytokinin and ethylene are also involved in this complex signaling 

network (Huang et al., 2008). Auxin is another major phytohormone, as it influences the 

morphology and structure of the roots, important during water shortages (Bielach et al., 

2017). When produced locally in the roots, cytokinin hormones can also lead to 

modifications in the root architecture, whereas when present in the leaves it can promote 

the ROS scavenging activity (Bielach et al., 2017). Ethylene production will also often 

increase, leading to an increase in the root to shoot ratio to improve water uptake and 

decrease the rate of evapotranspiration (Marasco et al., 2013). 
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1.4.4 Pleiotropy 

 
 Responses of the plant holobiont to drought are complex. Conventional plant 

breeders have tried for many years to improve drought tolerance of plants through genetic 

selection of the host, but with limited success (Eisenstein, 2013). This is partly due to the 

complexity of the drought-signaling pathways (Nakashima et al., 2014). Drought 

tolerance, as detailed above, involves many mechanisms and the genes involved in 

characteristics of interest, like proline production, are often pleiotropic (i.e. the gene 

affects more than one trait) (Ashraf, 2010; Coleman-Derr & Tringe, 2014). Furthermore, a 

complete understanding of the drought-signaling pathways and of the links between the 

drought tolerance genotypes and phenotypes is lacking due to the complexity of the plant 

response (Nogales et al., 2016; Budak et al., 2015). In addition, the level of phenotypic 

plasticity can vary quite a lot, even amongst the same species and cultivars (Franks, 

2011). Even though genotype x environment interactions are more likely to occur in 

perennial plants with longer life cycles, it was proven that significant variation in drought 

tolerance exists even within one lineage of Arabidopsis thaliana (Juenger et al., 2013). 

The challenges and limits faced by plant breeding when trying to improve plant drought 

tolerance could be because this research area underestimates one major component of 

the plant holobiont, the microbiota (Ngumbi et al., 2016). 

 
1.5 Effect of drought on the rhizosphere microbiota 

 
Decreasing water levels leads to oligotrophic conditions, meaning oxygen-rich 

environment with lower nutrient availability (Hartmann et al., 2017; Naylor et al., 2018). 

When facing drought, soil microorganisms must compose with osmotic stress and 

increased resource competition (Ngumbi et al., 2016). Generally, one of the main effects 

of drought is an overall decrease in microbial respiration (Birch, 1958; Manzoni et al., 

2012; Azarbad et al., 2018). Bacteria are also known to be typically more sensitive than 

fungi to dehydration and a higher fungal to bacterial ratio is often observed with highly 

variable responses across phyla, going from opportunistic to sensitive (Bapiri et al., 2010). 

Various physiological and metabolic strategies are associated both to drought-resistant 
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fungal and bacterial microorganisms. These include the production of solutes or 

osmolytes to reduce the unfavorable water potential that forces water out of the cell and 

leads to desiccation, and the production of drought-resistant structures like spores (Yang 

et al., 2009). 

 
1.5.1 The bacterial community 

 
Because bacterial soil niches generally are smaller soil pores, it might take longer 

for the bacterial communities to feel the effect of drought compared to other soil 

inhabitants (Fuschlueger et al., 2014). Still, at the community level, when a soil is under 

drought the total bacterial biomass decreases (Meisner et al., 2018). The alpha diversity 

is often not significantly affected, but there are shifts in the relative abundance of different 

taxa (Naylor et al., 2018). One strategy adopted by bacteria under hydric stress is to 

aggregate and form biofilms, a multicellular structure mainly composed of 

exopolysaccharides. This microenvironment enables water attraction and retention, 

therefore protecting the cells from extreme environmental conditions (Bérard et al, 2015). 

Because of the oligotrophic conditions in dry soils, bacteria with slower growth strategies 

are favored, and consequently the abundance of genes related to the degradation of 

complex plant polysaccharides was reported to increase as compared to genes involved 

in the degradation of oligosaccharides (Bouskill et al., 2016). Dormancy and spore or cyst 

production are also commonly used strategies for some bacteria. For these reasons, 

Actinobacteria and Firmicutes are often relatively more abundant under drought (Barnard 

et al., 2013; Naylor et al., 2017; Meisner et al., 2018). Because gram-positive bacteria 

monoderm peptidoglycan outer layer is generally thicker (Xu et al., 2018) than the gram-

negative membrane, contrasting drought tolerance are often observed between the two 

groups. Many gram-positive bacteria are also known oligotrophs with spore-forming 

abilities (Naylor et al., 2018). Some examples of gram-positive bacteria include most 

Actinobacteria, Firmicutes and some Proteobacteria whereas some examples of gram-

negative bacteria for which drought can have harmful effects include the Verrucomicrobia 

and Bacteroidetes phyla (Fuchslueger et al., 2014; Xu et al., 2018). It is important to note 
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also that phylum-level susceptibility to drought is context dependent and the responses 

are not always consistent in the literature. 

 
1.5.2 The fungal community 

 
Many studies concluded that drought had very little to no significant effect on the 

fungal community (e.g. Fuchslueger et al., 2016; Yuste et al., 2011). Here again there are 

contrasting findings in the literature, with the fungal biomass sometimes increasing, 

decreasing or remaining constant under drought (Meisner et al., 2018). Fungal 

microorganisms are generally more resistant to hydric stress (Barnard et al., 2013) partly 

due to the extended hyphal systems of several fungi, enabling them to better reach limited 

water resources. General fungal drought resistance is also due to their lower nutrient 

requirements as compared to bacteria (Strickland and Rousk, 2010), making fungi better 

suited for the oligotrophic conditions induced by the limited water resources (Naylor et al., 

2018). During drought events, fungi will remain more active than bacteria (Meisner et al., 

2018) sometimes exhibiting higher diversity then under moist conditions (Stefano et al., 

2012). Increased stability of the fungal co-occurrence network during drought was also 

observed (de Vries et al., 2018). Hawkes et al. (2011) described the fungal community 

response to drought events as plastic, meaning it can reversibly and quickly adapt to and 

recover from changes in water content. It was even suggested that the expected increase 

in drought events and the drier conditions in general would lead to soil microbial 

communities dominated by fungal species (Yuske et al., 2011). 

 
1.5.3 The rest of the soil community 

 
Very few studies have specifically looked at the effect of drought on the archaeal 

soil community, but it seems like soil archaea, similarly to bacteria, are generally quite 

vulnerable to drought (Santos-Medellin et al., 2017; Tian et al., 2012) although they can 

also form biofilms as a protective structure against abiotic stress (Bérard et al., 2015).  

 

As for protists, it was observed that abundance generally decreases with 

decreasing soil water content levels, with different responses amongst taxa and with the 
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Stenamoeba genus being the most affected one (Geisen et al., 2014). Indeed, protists are 

aquatic microorganisms that depend on water films to move, eat and reproduce. Here 

again very few studies specifically looked at the effect of drought on the protist community 

and more research is needed.  

 

When looking at the effect of different soil water content treatment on the nematode 

community, Yan et al., (2018) found significantly lower populations of nematodes in the 

drought treatments compared to the control. A total of 32 genera was identified in all the 

treatments and the Encephalobus as well as the Helicotylencus genera were the most 

abundant ones in the pots under drought conditions. The bacterial-feeding nematodes 

were the ones most affected by the lack of water. 

 
1.5.4 Soil memory 

 
 Drought is an important driver of adaption for the soil microbial community and it can 

have long-lasting effects (Meisner et al., 2018). Indeed, iterative exposition of a soil 

microbial community to abiotic stress can impact the way it faces subsequent stress and 

this concept was coined as the “soil memory” (Lapsansky et al., 2016). Concerning 

drought, there is compelling evidences that precipitation history alters microbial 

community responses to contemporary water regime (e.g. Bouskill et al., 2013; Evans & 

Wallenstein, 2012). More interestingly, it was also shown that this soil memory can in 

return alter the plant host (Kaisermann et al., 2017). Indeed, plants grown in a soil that 

was pre-exposed to drought have shown phenotypic signs of improved drought resistance 

when subjected to contemporary drought, like greater fruit production (Lau & Lennon, 

2012) or larger root biomass (Azarbad et al., 2018). 

 
1.6 Plant-microbe interactions 

 
As the holobiont concept puts forward, the interactions between a plant and the 

microorganisms living in its surroundings are important to consider when trying to 

understand how plants adapt to their environment and to different stresses. There are 

multiple ways that plant and microorganisms can interact and communicate. One of the 
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pillars of plant-microbe interactions in the rhizosphere is the production of root exudates 

(Shi et al., 2011). Rhizodeposits serve as chemo-attractants or growth inhibitors, helping 

the plant to select for specific microorganisms and to influence the assembly of the 

rhizosphere microbiota (Steinauer et al., 2016). As soon as water enters the seed and 

restarts the biological activity, exudates are produced, attracting microbial life in the 

spermosphere (area around the seed) (Nelson, 2004). When the plant starts 

photosynthesizing, 10-40% of the photosynthesized carbon compounds are transferred to 

the rhizosphere (Zhalnina et al., 2018). The composition and quantity of root exudates 

produced is not constant and can vary depending on factors such as growth stage, 

environmental condition or nutrition (Sasse et al., 2018). Exudates can therefore also act 

as indicators of environmental change between the plant and the microbiota.  

 

Many types of rhizodeposits exist, such as ions (H+), oxygen, water, sugars, amino 

acids, organic acids, mucilage and proteins (Badri et al., 2009). The volatile organic 

compounds (VOCs), such as alcohol, ketones or aldehydes are of special interest 

because with their diffusive capabilities, they can impact soil activity over longer distances 

(Schulz-Bohm et al., 2018). It was even suggested that VOCs produced by the plant could 

serve as the main source of carbon for certain types of fungi like basidiomycotas in soils 

with low nutrient levels (Gramss & Bergmann, 2008). Some bacteria living in the 

rhizosphere of pine trees were also able to survive on a strict diet, with only pinene (a 

VOC produced by pine trees) as a source of carbon (Penuelas et al., 2014).  

 

The communication between a plant and its microbiota is not unidirectional 

(Hassani et al., 2018). Interestingly, Schenkel et al. (2015) found that a large fraction of 

the volatiles produced by the plants are also produced by either soil bacteria or fungi, 

supporting the idea of a common language between the plant and its microbiota. It was 

also shown that the different phytohormonal pathways were activated when the plant was 

provided a mixture of VOCs produced by Bacillus subtilis (Ping & Boland, 2004). Some 

VOCs produced by rhizosphere bacteria are also known to activate the induced systemic 

resistance response, related to biotic stress defense (Ryu et al., 2004).  

 

Phytohormones such as ethylene, giberellin, cytokinin and auxin are also central 

to the interactions between plants and microorganisms. Understanding the pathway and 
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effects of plant hormones on the plant holobiont can be challenging because they are 

produced both by the plant and some microorganisms, implying a lot of cross-talking 

(Calvo et al., 2014). Rudrappa et al. (2008) demonstrated that under pathogen attack 

Arabidopsis thaliana secrete malic acid which stimulates biofilm formation of Bacillus 

subtilis, leading to increased plant resistance against pathogens. It was also shown that 

increased levels of the phytohormone jasmonic acid shifted the composition of the root 

endophytic community, with most of the microbial species stimulated by jasmonic acid 

being antagonist to pathogens or able to promote plant (Liu et al., 2017). Salicylic acid 

produced by the plant was also shown to influence the composition of the rhizosphere 

microbiota (Lebeis et al., 2015), and plants produce strigolactones that attract 

mycorrhizae and stimulate spore germination (Lopez-Raez et al., 2017). Plants are also 

known to regulate bacterial root colonization and biofilm formation by producing 

compounds that can interact positively or negatively with bacterial receptors for quorum 

sensing molecules (acyl homoserine lactones, AHL) (Gaeiro et al., 2013). Interestingly, it 

was shown that, in return, root morphology can be affected by these AHL (Friesen, 2013).  

 

Microbially-mediated production of phytohormones is also important to consider. 

Microorganisms can have an impact on the overall phytohormonal balance within the plant 

holobiont. It is estimated that 80% of bacteria living in the rhizosphere of plants can 

produce auxin (Dodd et al., 2010). Some bacteria can produce IAA, jasmonic acid, 

giberellins and abscisic acid (Gaiero et al., 2013; Leach et al., 2017). Arbuscular 

mycorrhizae (AM) can produce some phytohormones such as auxins and cytokinins 

(Lopez-Raez et al., 2017). These hormones not only help plants grow but also increase 

mycelium development (Basu et al., 2018). Even some nematodes can produce 

phytohormones such as cytokinin (Leach et al., 2017). Interestingly, bacteria and fungi do 

not only produce some of the phytohormones, they can also degrade some and use them 

as a carbon or nitrogen source (Berg et al., 2009). Bacteria-mediated degradation of the 

ethylene precursor ACC probably is the most studied example of this and will be described 

in more details below. Some bacteria, such as Pseudomonas, Rhodococcus and 

Bulkholderia, also can degrade other plant hormones such as salicylic acid, abscisic acid 

and indole acetic acid (Dodd et al., 2010). 
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1.6.1 Effect of drought on plant-microbe interactions 

 
 Water stress also induces changes in the interactions between the plant 

host and the microbiota. For instance, the amount of rhizodeposits varies according to 

water availability, but whether it is increasing, or decreasing is still a debate, mainly 

because variation in the measurement and normalization methods can lead to 

contradictory results (Preece and Peñuelas, 2016). Changes in both the quantity and 

composition of the rhizodeposits can in turn alter the microbial community living in the 

vicinity of the plant roots (Shi et al., 2011; Zhalnina et al., 2018). Interestingly, it was 

observed through a labelled 13CO2 experiment that during drought, plants will reduce the 

amount of photosynthesized carbon provided to bacteria, but not to fungi (Fuchslueger et 

al., 2014). It was also shown that certain VOCs produced by rhizosphere microbial species 

can trigger drought resistance trait like stomatal closure in the plant (Liu et al., 2015). 

Although more research is needed to unravel the underlying mechanisms, this again 

supports the idea of bidirectional communication within the holobiont network. 

 
1.7 Roles of the microbiota 

 
Microbial members of plant holobionts are responsible for many important 

functions, which is not surprising because the microbiome can hold up to ten times more 

genes then the host genome (Mueller & Sachs, 2015). One of the main microbiota 

functions of interest is what is often vaguely call “Plant Growth Promotion” (Wei & Jousset, 

2017) which can occur from the seed germination all the way to seed production. Seed 

endophytes and epiphytes are already intimately interacting with the host and involved in 

seed germination, plant cell expansion and disease suppression (Goggin et al., 2015; 

Nelson et al., 2018; Pitzschke, 2018; White et al., 2018). Once the seedling starts growing, 

contrasting microbiotas are observed for the different plant areas and amongst the 

commonly accepted divisions we find the phyllosphere (microbiota associated to the 

leaves), endosphere (microbiota found inside the plant tissues), caulosphere (stem), 

carposphere (fruits), anthosphere (flowers), rhizosphere (area surrounding the roots) and 

the rhizoplane (root surface) (Shade et al., 2017). The spectrum of action of the 
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microbiotas is very broad and beyond the scope of this chapter. The rhizosphere 

microbiota is generally involved in many aspects of aboveground and belowground 

disease and pest suppression, nutrient and water acquisition, plant biomass accumulation 

(e.g. Berendsen et al., 2012; Friesen et al., 2013, Gopal et al., 2013; Mendes et al., 2013; 

Schlaeppi & Bulgarelli, 2017; Vimal et al., 2017) and abiotic stress tolerance (Marasco et 

al., 2013), like water-stress tolerance for which the mechanisms are described in more 

details below. 

 
1.7.1 Microbially-mediated plant drought resistance mechanisms 

 
Many microorganisms have been isolated and identified as contributing to the 

drought tolerance in the plant host and up to now most of them were bacteria. 

Interestingly, although many microbes have been correlated to different physiological or 

hormonal changes in the plant, very few mechanisms have been detailed yet. Still, one 

example of a well-studied mechanism is the 1-aminocyclopropane 1-carboxylate (ACC) 

deaminase (ACCd) enzyme present in some bacterial species that can alter part of the 

plant hormonal response. The ACCd breaks down ACC, the precursor of ethylene, 

thereby reducing the growth inhibition caused by this hormone when a plant is facing 

abiotic stresses (Glick, 2014; Tiwari et al., 2018). This phenomenon has been observed, 

among others, in water stressed Arabidopsis thaliana inoculated with the bacteria 

Achromobacter piechaudii (Cho et al., 2013). Many other experiments conducted under 

laboratory conditions were successful at inoculating a single or a few bacterial isolates to 

improve plant drought tolerance. Amongst many, Ochrobactrum pseudogregnonense and 

Bacillus safensis previously isolated from saline environments were shown to delay 

wilting, increase antioxidative activity, increase plant height and yields in six wheat 

varieties (Chakraborty et al., 2013). Although more work is needed to provide a complete 

explanation, the presence of bacterial cytokinin was inversely proportional to the levels of 

ABA in a model plant inoculated with Paenibacillus polymyxa (Yang et al., 2009), 

suggesting that the bacteria cytokinin might affect ABA signaling pathways involved, 

among others, in stomatal closure. Drought-stressed wheat plants coming from seeds 

inoculated with Bacillus amyloliquefaciens 5113 and Azospirillum brasilense N040 had 
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better survival rates, higher fresh and dry aboveground biomass, higher water content as 

well as lower activity of multiple anti-oxidative enzymes, supporting the idea that bacteria 

priming can reduce oxidative stress (Kasim et al., 2013). The production of siderophores, 

which increases the bioavailability of certain minerals, like phosphorous, that are rendered 

unavailable when soil water content is low, could also be an interesting bacterial and 

fungal trait (Ngumbi et al., 2016). Rolli et al. (2015) supplemented the rhizosphere of 

different water-stressed pepper cultivars with bacterial strains screened from drought-

adapted grapevine rootstocks and showed that the beneficial aspects of the association 

with the bacteria was a water dependent trait, meaning that it was observable in water-

stressed plants but not in plants grown in optimal soil water content. Many bacteria 

regrouped under the plant growth promoting category show positive interactions with 

plants, but only when under water stress. Yang and colleagues (2009) suggested the term 

“induced stress tolerance (IST)” for all the beneficial physical and chemical changes that 

are activated in the plant host when interacting with these bacteria under abiotic stress 

(Figure 1). The term referred to induced systemic resistance that similarly describe 

bacterial-mediated plant resistance to biotic stress. 
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Fig. 1 Induced systemic tolerance (IST) initiated by beneficial bacteria (Yang et al., 2009) 

This figure describes the different mechanisms (e.g.  production of cytokinin, antioxidants or ACC 
deaminase enzymes) mediated by bacteria, involved in IST and helping plants tolerate abiotic stresses such 
as drought.  

 

Arbuscular mycorrhizal fungi (AMF) are also known to improve plant tolerance to 

drought. AMF can facilitate the uptake of immobile nutrients, increase biomass and 

photosynthesis, modify transpiration rate and improve water uptake through an extended 

root system (Augé, 2001; Jayne & Quigley, 2014). A field experiment showed that wheat 

plants under drought stress inoculated with one of two different AMF strains (Glomus 

mosseae or Glomus etunicatum) were more colonized by the AMF than plants grown in 

optimal soil moisture. This association with AMF was also linked with higher plant 

biomass, grain yield as well as leaf phosphorus and iron concentration (Al-Karaki et al., 

2004). By studying the proteome of wheat plants suffering from water stress and 

inoculated with AMF species, Bernardo and colleagues (2017) showed a possible 

interaction between the colonization of roots by AMF and the signaling pathway of 

Cet élément a dû être retiré en raison de restrictions liées au droit d’auteur 
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jasmonic acid, a phytohormone involved in abiotic stress tolerance. Association with AMF 

also affected the production of other proteins involved in sugar metabolism and cell wall 

integrity. Other fungi such as Piriformospora indica and Trichoderma species, were also 

correlated to drought resistance in plants (Cho et al., 2013). Research has also showed 

the beneficial impact of some endophytic fungal strains on the resistance of plants to 

drought stress (Singh et al., 2014). By testing six Ascomycota fungal isolates from the 

Saskatchewan Microbial Collection Database (SMCD), Hubbard et al. (2012) found that 

three out of the six endophytes significantly improved the hydrothermal time (a ratio based 

on seed temperature and water content measures compared to optimal values) and the 

energy of germination (germination rate) of drought-stressed wheat seeds. Fungal 

endophytic SMCD isolates were also shown to improve the photochemical efficiency, a 

proxy to assess how photosynthetic processes are affected in a plant, in inoculated wheat 

under water stress (Hubbard et al., 2014). 

 
1.8 Rhizosphere microbiota engineering 

 
It is the German scientist Lorenz Hiltner (1904) who first argued that plant health 

and resistance against pathogens relied on the presence of beneficial bacteria in the 

rhizosphere. By studying plant germination and growth and by using a microscope to look 

at plant tissues, Hiltner discovered the presence of bacteria, even in healthy plants, in the 

area he himself coined as the rhizosphere. He was also the first one to hold a patent on a 

Rhizobium inoculum (Hartmann et al., 2008). Since then, many researchers have tried to 

develop new techniques to engineer the microbiota of plants, most often the rhizosphere 

(Quiza et al., 2015). The rhizosphere is indeed a hotspot for both plant-microbe and 

microbe-microbe interactions (e.g. Aminov, 2011; Bakker et al., 2014). The potential of 

microbiota engineering has been extensively studied to improve disease resistance (e.g. 

Mendes et al., 2011; Santhanam et al., 2015), nutrient use efficiency and acquisition (Berg 

et al., 2014) and abiotic stress tolerance (e.g. Rodriguez et al., 2008; Marasco et al., 

2012). Inspired by the holobiont approach, many new ideas on how to modify the 

microbiota have been brought up (Sánchez-Cañizares et al., 2017). Amongst the top-

down approaches, some have successfully tried host-mediated selection of the microbiota 
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(Mueller & Sachs, 2015). One of the first experiments using host selection successfully 

increased or decreased plant shoot biomass of Arabidopsis thaliana by growing it in soil 

previously planted with A. thaliana with low or high shoot biomass (Swenson et al., 2000). 

Panke-Buisse and colleagues (2015) were able to shift flowering time of Arabidopsis 

thaliana by growing the plants in a soil iteratively planted with later-flowering cultivars. 

Others suggested plant-breeding to modify and shape the plant’s recruiting pattern of 

microbes (Bakker et al., 2012). Inoculation of artificial root exudates or other prebiotic 

compounds has also been tried (Lebeis et al., 2015).  

 

But still, the bottom-up approach of incorporating new microorganisms remains the 

most popular technique, in part because knowledge on the gene regulation of root 

exudates production and other mechanisms underlying microbial recruitment is still 

rudimentary and because plant breeding is time consuming (Mendes et al., 2013). 

Incorporation of new microorganisms can either happen through the inoculation of single 

microbial strains, synthetic microbial communities (cultivated in the lab), soil extracts or 

microbiota transfer (Foo et al., 2017; Gopal & Gupta., 2016). For the human microbiota, 

fecal microbiota transfer was shown to be a successful method when trying to cure 

patients suffering from Clostridium difficile infections. The method implies inoculating the 

gastro-intestinal tract with a healthy fecal matter microbial extract (Foo et al., 2017). In 

plants, mixing soil showing disease suppression ability against Rhizoctonia solani to soil 

vulnerable to the pathogen in a 1:9 ratio successfully improved the crop’s disease 

resistance (Mendes et al., 2011). Still, this has limited applicability under field conditions. 

Until recently, researchers focused mainly on the use of single isolates or microbial 

consortiums of a few different strains to prime seeds (Calvo et al., 2014), inoculate soils 

(e.g. Marasco et al., 2013; Wang et al., 2012; Kohler et al., 2008) or flowers (Mitter et al., 

2017). Although experiments were mostly successful in laboratory conditions they often 

resulted in failures in the field (Bakker et al., 2012). This is partly because microbial 

communities work in network and associations (van der Heijden & Hartmann, 2016) and 

because a desired ecological function will not necessarily be retrieved from a single 

microorganism but rather from a consortium of microorganisms (Brenner et al., 2008), as 

was observed for disease suppression in soils (Gopal et al., 2013). 
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This is also because traditional microbiota engineering largely minimizes the abiotic 

and biotic context dependency for colonization success (Wei & Jousset, 2017). The 

importance of considering the “social” context for successful modification of the microbiota 

is why many now argue, as for the example of fecal transplant to modify the human 

microbiota, that complex microbial community might be better at colonizing and modifying 

the plant rhizosphere microbiota (Gopal et al., 2013; Toju et al., 2018). The development 

of culture-independent “meta-omics” tools provided us with a broader understanding of 

microbial ecology. It is now becoming clearer that when trying to introduce new 

microorganisms in the rhizosphere, the priority effect of the native microbial community is 

far from negligible (Vanette & Fukami, 2014). The order in which microbial species are 

introduced largely determines the outcome of microbial community assembly. In soil, 

where the microbial diversity and abundance are usually very high, the resident 

community usually out competes newly introduced species, which is good to fight off 

pathogen invasion but challenging in the context of microbiota engineering. Still, the 

strength of the priority effect can vary quite a lot although the reasons for this variation are 

still obscure (Tucker & Fukami, 2014).  

 

Recently, the microbial community coalescence concept was introduced to 

describe what happens when two microbial communities are merged together for the first 

time (Rillig et al., 2015). It is suggested that much knowledge could be gained by 

considering and studying the coalescence event, especially in the case of microbiota 

engineering (Rillig et al., 2016). Many variables can affect the outcome of a coalescence 

event and studies looking at, for example, the effect of the mixing ratio and of the 

incorporation methods are directly needed to optimize microbiota engineering methods. 

These experiments could also help answer pending interrogations, such as: can microbes 

adapt if repetitively exposed to coalescence events and what ability is needed for a 

microbe to be more adapted (Rillig et al., 2015)? In depth studies on the matter would 

help parametrize coalescence events up to the point where the outcome could be 

predicted. 
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CHAPTER 2: 

HYPOTHESES AND OBJECTIVES 

 
Water stress was shown to be a driver of adaption for all components of the plant 

holobiont: the plant host, the microbiota and the plant-microbe interactions. Water stress 

can also lead to long term modification of the soil microbial community, improving plant 

drought tolerance traits in the next generation. Finally, we know that the rhizosphere of a 

plant is a highly selective environment.  

 

General hypothesis:  

Inoculation of the rhizosphere with a microbial community with a previous history 

of water stress will improve plant tolerance to water stress.  

 

Objectives: 

1. Observe the effect of the soil type, the soil water content, the inoculation and their 

interactions on different parameters (aboveground biomass, leaf water content, 

total plant water content, anti-oxidative activity) of wheat plants.  

2. Observe the effect of the soil type, the soil water content, the inoculation and their 

interactions on the microbial communities present in the rhizosphere of wheat 

plants through amplicon sequencing of the V4 region of the bacterial 16SrRNA 

gene and the fungal ITS1 region.    

 

The purpose of this thesis was to test if, under water stress conditions, a drought-

sensitive wheat cultivar can recruit and associate with an inoculated complex microbial 

community, extracted from a soil that was pre-exposed to drought.  For that, a multi-

factorial greenhouse experiment was designed.  Wheat plants were grown in two soil 

types (irradiated or native soil) at two soil water contents (water stress or normal) and 

received one out of five inoculum options: the microbial community extracted from 1) an 

irrigated soil, 2) an irradiated version of the irrigated soil, 3) a non-irrigated soil, 4) an 

irradiated version of the non-irrigated soil or 5) water as a control.  
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3.1 Abstract 

 
Here, we tested if inoculating microbial communities adapted to water stress would 

increase wheat resistance to water stress. Wheat plants were grown for four weeks in 

high and low diversity soils under well-watered conditions, after which they were subjected 

to a water stress. After another two weeks, the rhizospheres were inoculated with 

microbial communities extracted from soils with or without a history of water stress. The 

inoculations did not have significant effects on the plant growth, water content and 

catalase activity, and on the bacterial communities. However, the inoculation did 

successfully, though modestly, modify the fungal community, shifting the rhizosphere 

communities toward the inoculated communities. As hypothesized, these shifts were more 

pronounced and significant in the low diversity soil, and for the inoculum with a water 

stress history. Whereas the effects of inoculation were relatively subtle, the water stress 

resulted in large differences in the wheat phenotype and in both the bacterial and fungal 

communities. Generally, the microbial changes that followed the water stress were in large 

part due to shifts in the relative abundance of OTUs that were already present before the 

stress, rather than to the recruitment of microorganisms from the inoculum or the bulk soil.  

 

Keywords: drought, wheat, rhizosphere microbiota, inoculation, amplicon sequencing 
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3.2 Introduction 

 
It is estimated that by 2050, drought episodes will strike over 50% of the world’s 

arable land, causing serious yield losses in major crops (Ngumbi and Kloepper, 2016). At 

the same time, the world demand for freshwater is rising, and 70% of it is used by 

agriculture (Fang et al., 2015). There is a need to find innovative approaches to make 

agricultural crops better at tolerating higher levels of hydric stress (Castiglioni et al., 2008). 

One such approach is to harness the potential of plant-associated microbes (Andreote & 

Silva, 2017; Wei & Jousset, 2017). Indeed, microbes are found on all plant parts and carry 

functions essential for plant fitness and survival (Friesen, 2013; Mendes et al., 2013). In 

the soil zone surrounding the roots (the rhizosphere) plants invest roughly 11 % of the net 

fixed carbon into the production of a broad range of root exudates (Jones et al., 2009), 

used to attract or deter specific microbial strains (Sasse et al., 2018). 

 

Water stress is a driver of adaptation for both microorganisms (Evans & 

Wallenstein, 2014) and plants (Wu et al., 2011). When facing water stresses, the plant will 

modify both the abundance and composition of its root exudates (Preece & Peñuelas, 

2016) which will then alter the rhizosphere microbiota (Zhalnina et al., 2018). Although 

evidences are still scarce, this was suggested as a mechanism the plants use to recruit 

microbial partners that might help them to tolerate water stress (Holz et al., 2017). In 

addition, water stress shapes soil microbial communities directly, decreasing the overall 

respiration rate (Birch, 1958; Azarbad et al., 2018) and richness (Meisner et al., 2018) and 

increasing the fungal: bacterial ratio (Bapiri et al., 2010). These changes often result in 

microbial communities being able to better tolerate subsequent water stresses (Evans & 

Wallenstein, 2012; Fierer et al., 2003), a phenomenon that was dubbed “soil memory” 

(Lapsansky et al., 2016).  Interestingly, soil memory can affect plants (Kaisermann et al., 

2017). For instance, Brassica rapa plants showed improved resistance to water stress 

when grown on soil that was pre-exposed to water stress (Lau & Lennon, 2012). Similarly, 

wheat growing in a soil with a long-term history of water stress produced more roots 

(Azarbad et al., 2018), which would improve the resistance to a subsequent water stress.  
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An interesting framework to study the adaptation of the host-associated microbiota 

to stressful events is the hologenome theory of evolution. This theory postulates that the 

complex interacting network involving a eukaryotic host and all its associated 

microorganisms (the holobiont) acts as one of the units of evolution (Zilber-Rosenberg & 

Rosenberg, 2008). As such, rapid adaptations of holobionts are hypothesized to be more 

likely related to the microbial partners via mechanisms such as the recruitment of new 

partners, amplification/reduction of the partners already present and horizontal gene 

transfer, suggesting a clear path to the improvement of plant resistance and resilience to 

stress (Berendsen et al., 2013; Duhamel & Vandenkoornhuyse, 2013; Nogales et al., 

2016; Rosenberg & Zilber-Rosenberg, 2016). Most efforts up to date have focused on 

trying to direct the recruitment by the plant by providing selected microbial strains or 

communities. For instance, the priming of seed with single microorganisms has often been 

utilized to supplement the rhizosphere microbiota (Parnell et al., 2016). However, this 

technique can sometimes be of limited success, mainly because it underestimates the 

importance of the social context (microbe-microbe and plant-microbe interactions) for 

optimized colonization (Rivett et al., 2018). Some have suggested that complex 

communities targeting multiple niche spaces and exhibiting functional redundancies might 

be better at entering and surviving a new environment than single species (Yergeau et al., 

2015). Knowledge on how microbial communities coalesce is still minimal (Rillig et al., 

2016) but we know that the already established soil inhabitants often rule over the 

newcomers, a phenomenon referred to as the priority effect (Vanette & Fukami, 2014). 

This priority effect could be overcome when the native microbial community is weakened 

by environmental stressors (Calderon et al., 2017), like drought. The situation gets even 

more complex under the influence of a plant, which partly gets to choose which partners 

will stay (Mueller et al., 2015). The question of how to translate this theoretical framework 

into applied solutions to rapidly adapt crops to abiotic stresses remains unanswered.  

 

Here, we asked the question: does an inoculum with a previous history of water 

stress improve plant tolerance to water stress? Specifically, we hypothesized that (1) 

inoculated microorganisms would better persist when added to a soil with a lower diversity 

(i.e. irradiated), (2) recruitment of novel microbial species by the plant would be enhanced 
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when under water stress, and (3) water stress adapted microorganisms would be more 

recruited than ones not adapted to this stress.  

 
3.3 Materials and methods 
 
3.3.1 Potting soil sampling 

 
The potting soil was collected in May 2017 from our experimental field at the Institut 

national de la recherche scientifique (Laval, QC, Canada). The field was ploughed for the 

first time in 2016 with no agricultural crops cultivated in the area for over 20 years. Soil 

analyses carried were carried out in May 2016 by Maxxam (Montréal, QC) and revealed 

a total P concentration of 1,300 mg/kg, a total K concentration of 1,110 mg/kg, a pH of 

7.30 and a total N concentration (Kjedldahl extraction) of 3,000 mg/kg. All the soil was 

dried, sieved with a 2 mm pore sieve and homogenized. Half of the soil was then gamma 

irradiated at a dose of 50 kGy by Nordion (Laval, QC, Canada) to reduce the microbial 

diversity and abundance (McNamara et al., 2003). Before the start of the experiment, the 

irradiated soil (thereafter referred as LD, low diversity) had a bacterial Shannon diversity 

index of 8.65 a fungal Shannon diversity of 3.67 and a DNA concentration of 15.1 ng/µl, 

as compared to a bacterial Shannon diversity index of 9.43, a fungal Shannon diversity of 

5.64 and a DNA concentration of 82.8 ng/µl for the non-irradiated soil (thereafter referred 

as HD, high diversity). These differences were maintained throughout the experiment with 

the LD rhizospheres DNA concentration, bacterial and fungal Shannon diversity indices 

averaging at 13.7 ng/µl, 7.07 and 2.90, respectively whereas the HD rhizospheres DNA 

concentrations, bacterial and fungal Shannon diversity indices averaging at 44.2 ng/µl, 

9.34 and 4.00, respectively.  

 
3.3.2 Inoculum soil sampling  

 
The soils used for the inocula came from two adjacent Agriculture and Agri-food 

Canada experimental fields in Swift Current, SK, Canada. These fields have been under 

a continuous wheat-fallow rotation to test newly developed wheat varieties for their 

resistance to water stress. Since 1981, the two fields have been managed similarly, except 
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that one was irrigated every second year (during the wheat phase of the rotation). The 

climate in this region is considered semiarid with limited rainfall events (Cutforth, 2000), 

meaning that the field under ambient conditions was continuously exposed to water stress 

for almost 40 years (see Azarbad et al. (2018) for more details about the sampling site). 

Both soils were sampled in April 2017 and sieved with a 2 mm pore size sieve. A part of 

each soil was irradiated with a dose of 50 kGy (Nordion). The inocula made from the 

irradiated soils were only used to contrast the effect of adding microorganisms vs. water-

soluble nutrients on plant parameters. 

 
3.3.3 Inoculum preparation 

 
Even though it might suffer from some biases like all other extraction methods, a 

microbial water extraction method was used because of its simplicity and its successful 

use in previous studies (Wagner et al., 2014; Calderon et al., 2017). For each inoculum, 

the soil was mixed with sterile water for 20 minutes using a sterilized blender in a 150% 

W/V ratio. Resulting soil slurry was centrifuged at 5 000 × g for 20 minutes. This process 

was repeated 4 times per inoculum and the resulting supernatants were pooled and then 

split into 24 units so that each pot would receive 50 mL of its corresponding inoculum 

(equivalent to a water extract from 100 g of soil).  2 x 1 mL of each inoculum and a few 

grams of the precipitated soil slurry were stored at -20°C for microbial analysis while the 

rest of the water extracts was conserved at 4°C for 24 hours before use. On average, the 

water extracts contained 0.68 ng/µl of DNA as compared to 7.68 ng/µl for the soils before 

the microbial water extraction. The microbial communities present in the inocula were 

representative of the communities present in the soils before the microbial water 

extraction, as visualized by the similarity in their community compositions (Fig. S1a) and 

the tight grouping of the inocula with their respective soils and precipitated soil slurry (Fig. 

S1b). The inocula (200 µl) contained, on average, a total of 135 ng of DNA and the 

receiving soil (1.5 kg) contained, on average, a total of 174 µg of DNA, which mean that 

the inoculated microorganisms represented on average 0.078% of the recipient 

community.  
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3.3.4 Experimental design & sampling 

 
To test our hypotheses, we designed a three-level factorial experiment with two 

potting soils (high-diversity (HD) and low-diversity (LD, irradiated) Quebec soil) x two soil 

water content (SWC, 15 or 50% soil water holding capacity) x five inoculation treatments 

(water extracts from native irrigated (NI), native ambient (NA), irradiated irrigated (II) or 

irradiated ambient (IA) Saskatchewan soils and a water control (CTRL)) (Fig. 1). The 

factorial combinations were replicated six times in a randomized complete block design, 

resulting in 120 pots. Each pot (1,000 cm3) was filled with 1.5 kg (dry weight) of soil and 

sowed with 8 seeds of Triticum aestivum cv. AC Nass and placed in a greenhouse. For 

the first four weeks of the experiment, all the pots were maintained under optimal soil 

water content (50% SWHC), after which the water content of half the pots was reduced to 

15% SWHC until the end of the experiment. Two weeks after adjusting the water content, 

the pots were inoculated with 50 mL of one of the four inocula or 50 mL of distilled water. 

After another three weeks, the experiment was terminated and sampled. Half a gram of 

the flag leaf material was taken, immediately flash frozen with liquid nitrogen and stored 

at -80°C before enzymatic measurements. To measure dry biomass and plant water 

content, the remaining upper biomass was sampled, weighed and dried at 80°C to 

constant weight. The plants were uprooted, and the soil still attached to the roots after 

vigorous shaking was considered as rhizosphere soil which was then stored at -20°C for 

microbial analysis.  

 

 

Figure 3.1 Experimental design. 
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3.3.5 Catalase enzymatic assay 

 
Catalase activity was measured as an indicator of plant water stress (Luna et al., 

2005; Cruz de Carvalho, 2008).  The 0.5 g leaf material was first homogenized in liquid 

nitrogen using a mortar and pestle, then mixed with 1 mL of the extraction buffer 

composed of 100 mM of phosphate buffer (pH 7.5), 1 mM EDTA, 5% W/V PVPP and 1 

mM of ascorbic acid  (Lester et al., 2004), as well as 1 µL of protease cocktail inhibitor 

(Sigma P9599). The mix was vortexed and centrifuged at 10,000 × g for 20 minutes at 

4°C.  The supernatant was stored at -80°C before quantification of the catalase activity 

using a chemical catalase assay kit (Cayman, Michigan, USA). Results were normalized 

according to the total protein content measured with the Bradford assay method (Bradford, 

1976) and the Bio-Rad protein assay dye kit (Bio-Rad Laboratories, Hercules, CA, USA).   

 
3.3.6 DNA extraction, library preparation and lllumina MiSeq sequencing 

 
Rhizosphere soil DNA was extracted using the PowerLyzer soil extraction kit 

(Qiagen, Ontario, Canada). Amplicon libraries were prepared for the v4 region of the 

bacterial 16S rRNA gene using primers 515F and 806R (Caporaso et al., 2012) and for 

the fungal ITS1 region using primers ITS1F and 58A2R (Martin & Rygiewicz, 2005) 

following the “16S Metagenomic Sequencing Library preparation” Illumina guide (Part 

#15044223 Rev. B). The two pools (one for the 16S rRNA gene and one for the ITS region) 

were sent for 2 × 250 bp paired-end sequencing on an Illumina MiSeq apparatus at the 

McGill University and Genome Québec Innovation Center (Montréal, Canada). A total of 

20,847,162 16S rRNA gene reads and 22,299,878 ITS region reads were produced. The 

raw datasets and associated metadata are available through NCBI BioProject accession 

PRJNA508533 

 
3.3.7 Bioinformatics 

 
Sequence data were treated following our in-house pipeline as already described 

elsewhere (Tremblay et al., 2015).  Briefly, both 16S v4 rRNA gene and ITS1 region 
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sequences were separately filtered, assembled, trimmed and controlled for quality. Quality 

controlled reads were dereplicated at 100% identity and denoised at 99% identity using 

dnaclust v3 (Ghodsi et al., 2011). Clusters of less than three reads were discarded and 

remaining clusters were scanned for chimera using UCHIME in denovo and reference 

modes consecutively (Edgar et al., 2011) using the Broad Institute’s 16S rRNA gene Gold 

reference database (Broad Institute, Microbiome Utilities - 

http://microbiomeutil.sourceforge.net/). Remaining clusters were clustered at 97% 

identity. (dnaclust).  Resulting clusters or OTUs were assigned a taxonomic lineage using 

the RDP classifier with training sets constructed from the Silva database (release 128) 

(Quast et al., 2012) for the 16S rRNA gene and the ITS Unite database (Kõljalg et al., 

2013) for the ITS region.  In total, 20,477 bacterial OTUs and 2,798 fungal OTUs were 

identified.  Alpha diversity indexes (Simpson, Shannon, Chao1 and Species Observed) 

were calculated with the QIIME v1.9.1 software (Caporaso et al., 2010) with the datasets 

rarefied to 1,000 sequences.   

 
3.3.8 Data analysis 

 
All statistical analyses were performed in R version 3.3.0 (R core team, 2013). 

Fresh/dry upper biomass weight and plant water content values were normalized by the 

number of plants per pots before analyses. Most of the plant variables did not follow the 

assumptions for parametric testing and Kruskal Wallis test and post-hoc Dunn’s test with 

Bonferroni type of p value correction for multiple testing were used instead.  

 

For the analysis of beta diversity, OTU abundances were normalized (so that the 

sum of all OTU abundances within one sample equals one) before calculating the Bray-

Curtis dissimilarity. The square root of Bray-Curtis dissimilarity was used as the input for 

Principal Coordinate Analysis (PCoA). Because the intra-group variances between the LD 

and HD soils were not equal according to the BETADISP multivariate test, the beta 

diversity profiles were analysed separately for the two soils. The impact of soil water 

content (SWC) and inoculation, their interaction and the block effect on the similarity of 

the microbial community profile between samples was tested for significance through 

Permutational Multivariate Analysis of Variance (PERMANOVA) with 1,000 permutations. 
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For alpha diversity, the effects of SWC and inoculation, and their interaction on Shannon 

diversity and the number of observed OTUs (Sobs) were tested using two-way ANOVAs 

for LD and HD soils separately.  

 

The effect of the inoculation on the microbial community was tested by comparing 

the Bray-Curtis dissimilarity between the microbial communities of the inoculated 

rhizosphere and their respective inoculum to the dissimilarity between the control 

rhizosphere (CTRL, water) and the same inoculum. The significance of these differences 

was tested for all subgroups using the Wilcoxon ranked test, with Bonferroni correction for 

multiple testing. Similarly, using the rarefied OTU tables, the number of shared OTUs 

shared between the microbial communities of the inoculated rhizosphere soil samples and 

their respective inoculum was compared to the number of shared OTUs between the 

communities of the control rhizosphere (CTRL, water) and the same inoculum using 

Wilcoxon ranked tests, with Bonferroni correction for multiple testing. To have enough 

statistical power, the tests were only carried out on the OTUs that were found in at least 

four of the six blocks for each sub-category. 

 

Finally, the likely origin of the OTUs found in the rhizosphere of the water-stressed 

inoculated plants (15% SWHC) was determined by comparing the OTUs present in their 

rhizosphere to the ones detected in 1) the potting soil before seeding, 2) the rhizosphere 

of the 50% SWHC - inoculated plants and 3) the inoculum. Venn diagrams were created 

to visualize the data using Venny (http://bioinfogp.cnb.csic.es/tools/venny/index.html). 

The analyses were based on the OTU tables rarefied at 1000 sequences and an OTU 

was deemed present when observed in either one of the six replicates. 

 
3.4 Results 
 
3.4.1 Plant biomass, water content and catalase activity 

 
The plant aboveground dry weight differed significantly according to soil type (HD 

vs. LD) and SWC (15% SWHC vs. 50% SWHC) and was on average 0.469 g for LD-15%, 

0.685 g for LD-50%, 0.237 g for HD-15% and 0.276 g for HD-50% (Table 1).  
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Table 3.1 Average values for plant dry weight, plant water content and leaf catalase activity and 
associated Kruskal Wallis tests for the effect of the experimental treatments. Results in boldface 
type are significant at P<0.05.  
 

 Soil SWC Inoculum Dry weight PWC Catalase 
LD 15% II  0.463  0.780  1.940 

  IA  0.475  0.795  1.547 

  NI  0.465  0.776  1.844 

  NA  0.468  0.785  1.564 

  CTRL  0.475  0.783  1.400 

LD 50% II  0.705  0.875  1.434 

  IA   0.694  0.875  1.875 

  NI  0.694  0.875  1.366 

  NA 0.700  0.868  1.790 

  CTRL  0.660  0.870  1.790 

HD 15% II  0.237  0.824  2.269 

  IA  0.247  0.816  1.977 

  NI  0.231  0.822  2.030 

  NA  0.236  0.802  1.793 

  CTRL  0.243  0.809  2.032 

HD 50% II  0.304  0.858  1.768 

  IA  0.247  0.866  1.440 

  NI  0.275  0.860  2.299 

  NA  0.282  0.851  2.288 

  CTRL  0.271  0.853  2.640 

      

   Chi2 P Chi2 P Chi2 P 

-- Soil type  88.7 <0.001 0.1 0.706 1.9 0.170 

-- Block  2.6 0.754 1.2 0.940 18.4 0.002 

LD SWC  39.5 <0.001 44.3 <0.001 3.5 0.062 

HD  9.4 0.002 42.6 <0.001 1.0 0.317 

LD-15% Inoculum  0.3 0.989 2.3 0.68 2.3 0.675 

LD-50%  1.0 0.913 2.6 0.64 12.0 0.017 

HD-15%  1.6 0.816 8.0 0.09 2.2 0.691 

HD-50%  2.8 0.596 6.1 0.20 2.1 0.712 

 

The effect of the water regime on the dry weight of the plants was more prominent 

for plants grown in LD soil then in the HD soil (higher chi-square). The inoculation did not 

significantly influence the plant dry weight. The plant water content (PWC) was not 

affected by soil type or inoculation but differed significantly according to SWC. The 

average PWC was 79.64 % for plants grown in 15% SWHC and 86.28% for plants grown 

in 50% SWHC. The effect of SWC on the catalase activity in the flag leaves was almost 

significant (P=0.06) for plants grown in the LD soil but not for those grown in the HD soil. 

The inoculum treatment had a significant effect on catalase activity within the LD-50% 
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subgroup, with the leaves of plants inoculated with the II and NI inocula showing lower 

catalase activity (Table 1).  

 
3.4.2 Bacterial and fungal community structure and diversity 

 
As expected, irradiation had a very large impact on fungal and bacterial community 

structure, with LD and HD soil types clustering separately on each side of the first axis of 

the principal coordinates analysis (PCoA) ordination plots (Fig. 2). The effect of the SWC 

can be observed on the second axis, but only for bacteria in the HD soil. To confirm these 

visual trends, PERMANOVAs were performed for each soil type (LD and HD) separately 

(Table 2). These analyses showed a significant effect of the SWC on the bacterial 

community for both soil types. For the fungal community structure, the SWC treatment 

had an effect only within the HD soil, where a significant effect of the SWC x inoculum 

interaction term was also observed (Table 2).  The shifts induced by the SWC treatment 

were also visible in the microbial community composition (Fig. 3), with, for example, a 

clear increase in the relative abundance of the Actinobacteria concomitant to a decrease 

in the relative abundance of the Acidobacteria when comparing the HD-15% to the HD-

50% samples.   

 

For bacteria, both the observed number of OTUs (Sobs) and the Shannon diversity 

index were affected by soil water content except for the Shannon index in the LD soil 

(Table 3). No inoculum effect was observed on the alpha diversity for the bacterial 

community. In contrast, for fungi, soil water content did not affect significantly any of the 

diversity indices. However, the inoculum almost significantly affected (p=0.051) the fungal 

Sobs in the LD soils, whereas the interaction term SWC x inoculum significantly affected 

fungal Shannon diversity for the HD soil. 
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Figure 3.2 Principal Coordinate Analysis of the Bray-Curtis dissimilarity for all rhizosphere samples 
of the bacterial 16S rRNA gene (A) and the fungal ITS1 region (B) datasets.   
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Table 3.2 Two-way PERMANOVAs performed within each soil type subgroups for both bacteria and 
fungi based on Bray-Curtis dissimilarities. Results in boldface type are significant at P<0.05. 

 

  Bacteria Fungi 

Soil  F P F P 

LD 

SWC 3.276 0.001 1.349 0.167 

Block 2.515 0.001 1.581 0.011 

Inoculum 0.939 0.563 0.761 0.815 

SWC*Inoculum 1.031 0.375 1.080 0.317 

HD 

SWC 10.092 0.001 4.585 0.003 

Block 1.574 0.062 2.307 0.003 

Inoculum 0.882 0.480 0.671 0.787 

 SWC*Inoculum 1.122 0.301 2.396 0.014 
 

 

 
Table 3.3 Two-way ANOVA tests conducted within each soil type subgroup for the species observed 
(sobs) indicator of richness and the Shannon alpha diversity index.  Results in boldface type are 

significant at P<0.05. 
 

 
 
 

  Bacteria Fungi 

  Sobs Shannon Sobs Shannon 

Soil Effect F P F P F P F P 

LD 

SWC 6.503 0.018 1.005 0.327 0.692 0.415 0.756 0.395 

Block 5.226 0.003 3.560 0.017 5.288 0.003 4.063 0.010 

Inoculum 0.638 0.538 0.363 0.699 3.450 0.051 2.786 0.086 

SWC*Inoculum 0.526 0.598 0.215 0.808 0.320 0.730 0.384 0.686 

HD 

SWC 23.915 <0.001 32.380 <0.001 0.650 0.428 3.241 0.084 

Block 2.380 0.069 3.700 0.013 1.312 0.291 1.802 0.149 

Inoculum 1.455 0.253 1.346 0.279 0.294 0.748 0.526 0.597 

SWC*Inoculum 1.411 0.264 2.323 0.120 2.829 0.078 4.620 0.020 
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Figure 3.3 Relative abundance of the (A) 10 most abundant bacterial phyla and the (B) 10 most 
abundant fungal classes according to the different treatments (soil type, SWC, inoculum). Values 
represent the average of six replicates. In (B), A=Ascomycota, B=Basidiomycota, 
C=Chytridiomycota and Z=Zygomycota.  

 

 
3.4.3 Similarity and shared OTUs between inoculated soils and their inocula  

 
To uncover small shifts in the microbial communities that would have been missed 

using total community analyses, we tested if the inoculum and the rhizosphere they 

inoculated were more similar and shared more OTUs than it would be expected by 

chance. Bray-Curtis dissimilarity was calculated for each inoculum-inoculated rhizosphere 

pairs and compared to the values obtained when comparing the inoculum to the control 

rhizospheres. Significant negative values indicate that the community compositions 

shifted toward their inocula. Significant results were only observed for the fungal 
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communities in the LD soil inoculated with the NA inoculum (Table 4). The average shift 

in dissimilarity was of -0.04 (15% SWHC) and -0.06 (50% SWHC), representing 0.05-

0.08% of the total dissimilarity between the samples. This probably explains why these 

shifts were not observable in the PCoA plots (Fig. 2) and in the PERMANOVA tests (Table 

2). No significant shifts were found for bacteria across all treatments, and for fungi in the 

HD soils and for the NI inocula. This result indicates that, in low diversity (LD) soils, the 

fungal communities shifted toward the NA inoculum, but bacteria did not. 

 

Similarly, the number of OTUs shared between each inoculum-inoculated 

rhizosphere pairs were compared to the values obtained when comparing the inoculum 

to the control rhizospheres. Bacterial communities from the inoculated rhizospheres 

shared more OTUs with their inoculum than the fungal communities, but this was never 

significantly different from number of OTUs shared between the control rhizosphere and 

the inoculum (Table 4). For fungi in the LD soil, in contrast, significantly more fungal OTUs 

were shared between the inoculated rhizosphere and their respective inocula as 

compared to the control rhizosphere and the inocula (except for the NI inoculum under 

50% SWC; Table 4). This indicates that, in the low diversity (LD) soils, some members of 

the fungal communities were likely recruited from the inoculum, whereas this did not 

happen for bacteria. 
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Table 3.4 Bray-Curtis dissimilarity and number of shared OTUs between inoculated rhizosphere soil 
samples and their inoculum. Results in boldface type are significant at P<0.05. 
 

Soil SWC Inoculum 

Dissimilarity 

Comparison 
Shared OTUs 

Bacteria Fungi Bacteria Fungi 

LD 15% NI -0.001 -0.010 16.83 13.00 

LD 15% NA 0.006 -0.042 31.33 16.60 

LD 50% NI 0.002 -0.016 14.60 12.40 

LD 50% NA -0.004 -0.06 34.83 17.67 

HD 15% NI -0.002 0.002 31.17 16.50 

HD 15% NA -0.002 -0.002 72.50 18.67 

HD 50% NI 0.005 0.001 32.83 14.67 

HD 50% NA 0.002 0.014 75.00 18.50 

 
3.4.4 Source of the OTUs in the rhizosphere of wheat under water stress 

 
As our results showed significant shifts in community composition and diversity with 

water stress, we sought to determine what proportion of the community in the rhizosphere 

of the water stressed plants was 1) already present in the rhizosphere before the stress, 

2) recruited from the inoculum during the stress, 3) recruited from the bulk soil during the 

stress. Therefore, within each soil-inoculum combination, we compared the OTUs present 

in the rhizosphere of the 15% SWHC plants to 1) the ones in the rhizosphere of the 50% 

SWHC plants, 2) the ones in the inoculum, and 3) the ones in the potting soil at the 

beginning of the experiment. The relevant fractions are highlighted in the bottom panel of 

Table 5. In the rhizosphere of the 15% SWHC plants, 35-46% (bacteria) and 25-33% 

(fungi) of the OTUs were unique to the stressed plants (fraction A), with a larger proportion 

when plants were grown in the HD soil. These OTUs probably represent relatively rare 

undetectable taxa under normal condition that were relatively more abundant in the plant 

rhizosphere following water stress to a point where they could be detected. Not 

surprisingly, the more diverse HD soil had more such OTUs. The fractions B+C+F+G (43-

56% for bacteria and 47-63% for fungi) represent the OTUs present in the rhizosphere of 
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wheat plants, regardless of the SWC. The relative abundance of these OTUs could have 

shifted positively or negatively during the water stress (amplification/reduction), leading to 

the patterns observed in Fig. 2 and 3. Fraction H (4-6% for bacteria and 1-9% for fungi) 

represents OTUs that were detectable in the original soil and were probably only recruited 

from the bulk soil by the plants under 15% SWHC. Fraction C (2-9% for bacteria and 4-

10% for fungi) represents OTUs that were probably recruited from the inoculum both by 

15% and 50% SWHC plants. Finally, fraction D (1-3% for bacteria and 5-7% for fungi) 

represents the OTUs probably recruited from the inoculum only by the 15% plants. Taken 

together, these results suggest that most changes in the rhizosphere communities of 

wheat plants under the 15% SWC treatment occurs through shifts in the OTUs already 

present in the rhizosphere before the stress (amplification/reduction). A small proportion 

of the OTUs were recruited from the soil and an even smaller part from the inocula, and 

this proportion was consistently larger for fungi as compared to bacteria.  
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Table 3.5 Proportion of shared OTUs between the 15% SWHC inoculated rhizospheres, their inocula, 
the 50% SWHC rhizospheres and the original potting soil.  Letters refer to the area designated in the 
lower panel. 
 
 

 

 

 
  

Kingdom Soil Inoculum A B C D E F G H 

Bacteria 

LD 
NI 0.38 0.40 0.04 0.02 0.01 0.03 0.06 0.06 

NA 0.35 0.37 0.09 0.03 0.02 0.05 0.05 0.05 

HD 
NI 0.42 0.23 0.02 0.01 0.00 0.05 0.23 0.04 

NA 0.46 0.17 0.04 0.03 0.01 0.09 0.15 0.05 

Fungi 

LD 
NI 0.33 0.10 0.04 0.07 0.05 0.19 0.14 0.09 

NA 0.25 0.12 0.10 0.05 0.04 0.23 0.18 0.03 

HD 
NI 0.32 0.19 0.05 0.07 0.01 0.15 0.18 0.01 

NA 0.33 0.19 0.05 0.05 0.02 0.11 0.23 0.03 
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3.5 Discussion 

 
The overarching question of our study was: does an inoculum with a previous 

history of water stress improves plant tolerance to water stress? Within the parameters of 

our study, the answer to this question is no. The underlying assumption was that wheat 

plants subjected to water stress would recruit new beneficial microorganisms that had a 

previous exposure to water stress. Although it was not reflected on the plant phenotype, 

we did observe significant shifts in the microbial community following inoculation, but only 

for fungi and not for bacteria. The difference between fungi and bacteria could be due to 

their different biology, but also to the fact that fungi were significantly less diverse than 

bacteria. This would reduce the competition the fungal fraction of the inoculum has to face 

and reduce the potential taxonomical, functional and ecological overlap between the 

native and invasive fungal communities, which was shown to favor invasion success 

(Kinnunen et al., 2018). Alternatively, the higher bacterial turnover rates compared to fungi 

(Gunina et al., 2017), could potentially lead to a quicker extermination. Finally, bacteria-

fungi competitive interactions can often be antagonistic (de Boer et al., 2005) and could 

also have negatively affected bacterial establishment.  

 

We had further hypothesized that the microbial recruitment would be more 

successful (1) in soils with a low diversity (i.e. irradiated), (2) under water stress 

conditions, and (3) for water stress-adapted microorganisms. In this study, inoculation 

success was measured by a significant shift of the community toward its inoculum, either 

at the level of community similarity or shared OTUs, as reported in Table 4. The first 

hypothesis was confirmed, as the significant shifts of the rhizosphere fungal communities 

toward their inocula were only observed for the LD soil (Table 4). It is already well known 

in the field of community ecology that the level of resistance to biological invasion 

increases with the diversity of the local community (Shea & Chesson, 2002). In contrast, 

the second hypothesis was not supported by our data, as shifts were observed in the 

rhizosphere of both 15% and 50% plants (Table 4). This is surprising since the priority 

effect (Vanette & Fukami, 2014) was reported to be weakened by environmental stressors 

(Calderon et al., 2017), and we therefore thought that the water stress would increase the 

chances of the microorganisms of the inoculum to colonize the rhizosphere. It could be 
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that the magnitude of the water stress imposed here was not high enough to significantly 

alter the priority effect. The third hypothesis was partly proven, as the shifts of the 

rhizosphere fungal communities toward their inocula were of a larger magnitude and more 

often significant for the NA inoculum (Table 4). The underlying assumption behind this 

hypothesis was that the microorganisms from the water stress-adapted soil would be more 

beneficial for the plant under water stress, and therefore, preferentially recruited. 

Alternatively, traits for the adaptation to water stress might co-occur with traits related to 

rapid and aggressive growth in the plant environment.  

 

In addition to the main results about inoculation, many other interesting trends were 

observed in the dataset. For instance, as compared to the high diversity (HD) soil, the 

rhizosphere microbial communities in the low diversity (irradiated, LD) soil showed a 

reduced response to the water stress, both for fungi and bacteria (lower F-ratio for the 

SWC effect, Tables 2 and 3). The irradiation of the LD soil probably favored the presence 

of opportunistic colonizers, spore-forming bacteria and other environmental hardy 

organisms that are known to resist to water stress (e.g. spore-forming; Ngumbi & 

Kloepper, 2016, Firmicutes; Xu et al., 2018). In fact, the Firmicutes, that contain many 

spore-formers, were relatively more abundant in the rhizosphere of plants growing in the 

LD soil as compared to the HD soil (Fig. 3). As previously reported, the fungal community 

was in general less disrupted than bacteria by the water stress (Hawkes et al., 2011; 

Barnard et al., 2013; de Vries et al., 2018) but, here again, the fungal community in the 

HD soil was more affected than in the LD soil. Interestingly, the interaction between the 

effects of soil diversity and soil water content was also visible for the plant phenotype but 

in reverse, with a much stronger decrease in the aboveground biomass and plant water 

content in the LD soil when exposed to water stress (Table 1). Many microorganisms can 

have a beneficial effect on plants when exposed to water stress (Yang et al., 2009; 

Chakraborty & Pradhan, 2012; Marasco et al., 2012), and the reduced diversity of the LD 

soils could have limited the choice of potentially beneficial partners the plant could 

associate with. Alternatively, irradiation results in massive cell death that increases 

nitrogen mineralisation (McNamara et al., 2003) which could explain the increased wheat 

biomass observed in the LD soils. The drought susceptibility of plant communities was 
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reported to increase with biomass (Wang et al., 2007), which could explain the larger 

decreases in biomass and water content for the larger plants growing in the LD soil. 

 

The hologenome theory of evolution posits that holobionts can rapidly adapt/evolve 

through changes in the microbial partners, such as 1) amplification/reduction of the 

microorganisms already present, 2) recruitment of new partners from the environment and 

3) recruitment of new genes from the environment through horizontal gene transfer (HGT) 

(Zilber-Rosenberg & Rosenberg, 2008). Our experiment was conceived as a potential 

hologenome-inspired approach to “rescue” plants when under abiotic stress. The wheat 

holobiont rapidly shifted in response to the decreased water content, with the 

microorganisms in the rhizosphere of the plants subjected to 15% SWHC being 

significantly different from the ones subjected to 50% SWHC. This difference was mostly 

due to shifts in the relative abundance of the associated microorganisms 

(amplification/reduction) as most microorganisms were present in the 15% and 50% 

rhizospheres. A small part of the rhizosphere community of the 15% SWHC plants was 

apparently recruited from the bulk soil (microorganisms present in the original potting soil 

but not seen in the rhizosphere of the 50% SWHC plants) and another small part appear 

to have been recruited from the applied inoculum. This suggests that the microbial 

response of well-established wheat holobionts to short-term water stress is mainly through 

amplification/reduction, i.e. shifts in the relative abundance of microbial partners that were 

already present before the occurrence of the stress. Interventions to improve plant 

resistance to water stress might therefore be more efficient if focused on the initial plant-

soil microbial diversity. The most active period for plant microbial recruitment within the 

soil is indeed during the seedling phase (Micallef et al., 2009; Edwards et al., 2018) when 

the diversity is low, with the later stages being associated to an increased production of 

defense proteins (De la Peña et al., 2010) and a stable and more diversified rhizosphere 

microbial community. Accordingly, some studies have shown that exposing plants to 

different complex microbial communities early in their development leads to lasting effects 

on the plant phenotype (Yergeau et al., 2015; Lau & Lennon, 2011). However, the explicit 

goal of this study was to “rescue” plants subjected to water stress and these are often 

unpredictable and often happen when plants are well-established. Even under these 

unfavourable conditions, between 1-3% of the bacterial OTUs and between 5-7% of the 
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fungal OTUs detected in the rhizosphere of stressed plants were probably recruited from 

the inoculum.  

 
3.6 Conclusion 

 
The goal of this study was to test if an inoculum with a water stress history would 

improve plant tolerance to water stress. Generally, the inoculations did not modify the 

plant phenotype, nor the bacterial communities, but it did significantly alter the fungal 

communities. The quantity of inoculum and the timing of its application could be optimized, 

but ample theoretical and empirical evidence suggest that resident microbial communities 

will probably have the upper hand. Since 1) the bulk of the plant-associated microbial 

response to water stress was due to shifts in already present members of the rhizosphere 

community and 2) the soil initial diversity strongly affected the response of the rhizosphere 

microbial communities to water stress and modulated the plant phenotypic response, then 

“rescuing” plants suffering from abiotic stress using microbially-driven strategies could be 

targeted at designing the initial soil communities. This would in turn affect which organisms 

would be amplified/reduced during stressful events. Alternatively, harnessing naturally 

evolved HGT mechanisms to modify the resident community could be a promising 

approach.  
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CONCLUSION 

 
The goal of this thesis was to test a microbial-based method to help drought 

sensitive wheat plants under water stress conditions.  Specifically, we tried supplementing 

the plant’s rhizosphere with a microbial community extracted from a soil with a long-term 

history of exposure to drought.  For that purpose we designed a pot experiment with three 

factors: initial potting soil type (normal or with a reduced microbial diversity and richness), 

soil water content (normal or water stressed) and inoculum treatment (the microbial 

community extracted from a soil with a history of water stress or with no history of water 

stress).  The main hypothesis was that water-stressed plants would be more receptive to 

the inoculation compared to the not-water-stressed plants and that it would be more prone 

to recruit the drought-adapted microbial community compared to the other non-drought-

adapted microbial community. The other hypothesis was that the reduced initial microbial 

diversity and richness caused by the irradiation of the potting soil and by the water stress 

would create an optimal environment for the colonization of the exogeneous microbial 

community from the inoculum.  

 

From our results, we observed that a small portion of the fungal species from the 

inoculums successfully and consistently persisted in the rhizosphere and that this 

translated in a small but significant shift in the fungal community structure.  The inoculum 

effect was spread inconsistently amongst treatments, meaning it was not associated to a 

specific potting soil or soil water content.  When looking at the distribution of the water-

stressed and inoculated rhizosphere microbiota as compared to the not-water-stressed 

inoculated plants, we found that, although the community structure was significantly 

different, most microorganisms were either present in both or shared with the bulk soil, 

meaning that the community shift was more related to amplification and or reduction of 

already present species rather than recruitment of novel species.  Still, a small fraction of 

both the bacterial and fungal community originated from the inoculum.  The small inoculum 

effect observed on the microbial community did not translate into changes in the measured 

plant phenotype variables.    
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The method tested in this experiment did not succeed at helping wheat plants 

tolerate the water stress.  These results could largely be attributable to the chosen 

methodology and many of the methods used in the experiment could be refined, modified 

and tested again. One important aspect that could be reconsidered is the soil used to 

prepare the inoculum. It would be interesting to redo the experiment but instead pre-

expose a soil to drought iteratively but in controlled greenhouse condition. Another 

important aspect of the experiment was the extraction protocol used to prepare the 

inoculum. Extracting most of the living microbial community from one soil is a challenge 

and different methods could be used (Wagner et al., 2014), such as sonication and 

extraction buffers to try and optimize the amount and diversity retrieved. It would also have 

been interesting to quantify the number of living cells in each inoculum after the extraction 

process. The inoculation protocol is also an important factor that could have influenced 

the success of the colonization by the exogeneous microbial community (Parnell et al., 

2016). It would be interesting to test different timing (relative to the plant growth stage), 

different amount of inoculum (relative to the living cell count) and maybe test repeated 

inoculation. An improved experiment could include measures of an extended amount of 

plant parameters, including root morphology and biomass, osmolyte concentration and 

stomatal conductance to have a refined portrait of the plant phenotype under drought. 

Another important aspect is the timing of the sampling. One fastidious but interesting thing 

to do would be to sample the rhizosphere microbiota at multiple time points, which would 

provide us with a more detailed picture of what happened after the inoculation event. 

Letting some of the plants produce seed would have also enabled us to measure the most 

important agronomic variable, yields. Lastly, an important aspect largely minimized when 

studying the coalescence of two microbial communities such as in an inoculation event, 

is the possibility of horizontal gene transfer (HGT) (Rillig et al., 2016). The rhizosphere 

area is known to be a hotspot for HGT, because of the high microbial activity and nutrient 

content (Aminov, 2011). As a side project to this thesis, a second very similar experiment 

was performed, but using DNA extracts from the same soils as the inocula. Metagenomics 

was performed to observe any pattern of HGT within the rhizosphere microbiota and 

analyses are ongoing.  
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Due to climate change, Canadian wheat crops will increasingly suffer from drought 

episodes in the future (Schindler & Donahue, 2006).  We know from previous experiments 

that crops grown on land exposed repetitively to drought receive help from their 

rhizosphere microbiota (Azarbad et al., 2018). Still, more work is needed to try and find 

ways to improve plants drought resistance abilities. The omics era completely changed 

our way of perceiving soil life and plant-microbe interactions.  We are now able, with only 

a few grams of soil, to dress a detailed portrait of the microbial community. At the same 

time new methods are constantly proposed such as metabolomics and even 

metaphenomics (Jansson et al., 2018).  In our case, a finer scale or an interdisciplinary 

approach might indeed be needed to better understand the tenants of the priority effects 

and of microbial community coalescence, so we can overcome it.  To reach the goal of 

predictable microbiota engineering in the field, there is also a need to develop modeling 

tools that can incorporate variables such as regionality in soil characteristics (Toju et al., 

2018). Until then, empirical methods such as the use of cover crops to promote beneficial 

microbiota are investigated (Coleman et al., 2014) and might have better chances of 

success.   

 

 

 

  



 

 

 

49 

REFERENCES 

 
Al-Karaki G, McMichael B & Zak J (2004) Field response of wheat to arbuscular mycorrhizal 

fungi and drought stress. Mycorrhiza 14(4):263-269 
Aminov RI (2011) Horizontal gene exchange in environmental microbiota. Front Microbiol 2:158.   
Anderson M & Habiger J (2012) Characterization and identification of productivity-associated 

rhizobacteria in wheat. Appl Environ Microbiol 78(12):4434-4446.   
Andreote FD & Silva M (2017) Microbial communities associated with plants: learning from nature 

to apply it in agriculture. Current opinion in microbiology 37:29-34.   
Apel K & Hirt H (2004) Reactive oxygen species: metabolism, oxidative stress, and signal 

transduction. Annu Rev Plant Biol 55:373-399.   
Ashraf M (2010) Inducing drought tolerance in plants: Recent advances. Biotechnology 

Advances 28(1):169-183.   
Auge RM (2001) Water relations, drought and vesicular-arbuscular mycorrhizal symbiosis. 

Mycorrhiza v. 11(no. 1):pp. 3-42-2001 v.2011 no.2001.   
Azarbad H, Constant P, Giard-Laliberté C, Bainard LD & Yergeau E (2018) Water stress history 

and wheat genotype modulate rhizosphere microbial response to drought. Soil Biology and 
Biochemistry 126:228-236.   

Badri DV, Weir TL, van der Lelie D & Vivanco JM (2009) Rhizosphere chemical dialogues: 
plant–microbe interactions. Current Opinion in Biotechnology 20(6):642-650.   

Bakker MG, Schlatter DC, Otto-Hanson L & Kinkel LL (2014) Diffuse symbioses: roles of plant-
plant, plant-microbe and microbe-microbe interactions in structuring the soil microbiome. 
Mol Ecol 23(6):1571-1583.   

Bankina B, Bimšteine G, Neusa-Luca I, Roga A & Fridmanis D (2017) What influences the 
composition of fungi in wheat grains? Acta Agrobotanica 70(4).   

Bapiri A, Baath E & Rousk J (2010) Drying-rewetting cycles affect fungal and bacterial growth 
differently in an arable soil. Microb Ecol 60(2):419-428.   

Barnard RL, Osborne CA & Firestone MK (2013) Responses of soil bacterial and fungal 
communities to extreme desiccation and rewetting. The ISME Journal 7(11):2229-2241.   

Basu S, Rabara RC & Negi S (2018) AMF: The future prospect for sustainable agriculture. 
Physiological and Molecular Plant Pathology 102:36-45.   

Bérard A, Ben Sassi M, Kaisermann A & Renault P (2015) Soil microbial community responses 
to heat wave components: drought and high temperature. Climate Research 66(3):243-
264.   

Berendsen RL, Pieterse CM & Bakker PA (2012) The rhizosphere microbiome and plant health. 
Trends Plant Sci 17(8):478-486.   

Berg G, Grube M, Schloter M & Smalla K (2014) Unraveling the plant microbiome: looking back 
and future perspectives. Front Microbiol 5:148.   

Bernardo L, Morcia C, Carletti P, Ghizzoni R, Badeck FW, Rizza F, Lucini L & Terzi V (2017) 
Proteomic insight into the mitigation of wheat root drought stress by arbuscular 
mycorrhizae. J Proteomics 10.1016/j.jprot.2017.03.024.   

Bielach A, Hrtyan M & Tognetti VB (2017) Plants under Stress: Involvement of Auxin and 
Cytokinin. International journal of molecular sciences 18(7):1427. 

Birch HF (1958) The effect of soil drying on humus decomposition and nitrogen availability. Plant 
and Soil 10(1):9-31.   

Boer W, Folman LB, Summerbell RC & Boddy L (2005) Living in a fungal world: impact of fungi 
on soil bacterial niche development. FEMS Microbiol Rev 29(4):795-811.   

Bordenstein SR & Theis KR (2015) Host Biology in Light of the Microbiome: Ten Principles of 
Holobionts and Hologenomes. PLoS Biol 13(8):e1002226.   



 

 

 

50 

Bosch TC & McFall-Ngai MJ (2011) Metaorganisms as the new frontier. Zoology (Jena) 
114(4):185-190.   

Bouskill NJ, Lim HC, Borglin S, Salve R, Wood TE, Silver WL & Brodie EL (2013) Pre-exposure 
to drought increases the resistance of tropical forest soil bacterial communities to 
extended drought. ISME J 7(2):384-394.   

Bouskill NJ, Wood TE, Baran R, Hao Z, Ye Z, Bowen BP, Lim HC, Nico PS, Holman HY, Gilbert 
B, Silver WL, Northen TR & Brodie EL (2016) Belowground Response to Drought in a 
Tropical Forest Soil. II. Change in Microbial Function Impacts Carbon Composition. Front 
Microbiol 7:323.   

Bradford MM (1976) A rapid and sensitive method for the quantitation of microgram quantities of 
protein utilizing the principle of protein-dye binding. Analytical biochemistry 72:248-254.   

Brenner K, You L & Arnold FH (2008) Engineering microbial consortia: a new frontier in synthetic 
biology. Trends Biotechnol 26(9):483-489.   

Budak H, Hussain B, Khan Z, Ozturk NZ & Ullah N (2015) From Genetics to Functional 
Genomics: Improvement in Drought Signaling and Tolerance in Wheat. Front Plant Sci 
6:1012.   

Calderon K, Spor A, Breuil MC, Bru D, Bizouard F, Violle C, Barnard RL & Philippot L (2017) 
Effectiveness of ecological rescue for altered soil microbial communities and functions. 
ISME J 11(1):272-283.   

Calvo P, Nelson L & Kloepper JW (2014) Agricultural uses of plant biostimulants. Plant and Soil 
383(1):3-41.   

Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello EK, Fierer N, Pena 
AG, Goodrich JK, Gordon JI, Huttley GA, Kelley ST, Knights D, Koenig JE, Ley RE, 
Lozupone CA, McDonald D, Muegge BD, Pirrung M, Reeder J, Sevinsky JR, Turnbaugh 
PJ, Walters WA, Widmann J, Yatsunenko T, Zaneveld J & Knight R (2010) QIIME allows 
analysis of high-throughput community sequencing data. Nat Methods 7(5):335-336.   

Caporaso JG, Lauber CL, Walters WA, Berg-Lyons D, Huntley J, Fierer N, Owens SM, Betley J, 
Fraser L, Bauer M, Gormley N, Gilbert JA, Smith G & Knight R (2012) Ultra-high-
throughput microbial community analysis on the Illumina HiSeq and MiSeq platforms. 
ISME J 6(8):1621-1624.   

Caverzan A, Casassola A & Brammer SP (2016) Antioxidant responses of wheat plants under 
stress. Genet Mol Biol 39(1):1-6. 

Cayan DR, Das T, Pierce DW, Barnett TP, Tyree M & Gershunov A (2010) Future dryness in the 
southwest US and the hydrology of the early 21st century drought. Proc Natl Acad Sci U 
S A 107(50):21271-21276.   

Chakraborty U & Pradhan B (2012) Oxidative stress in five wheat varieties (Triticum aestivum L.) 
exposed to water stress and study of their antioxidant enzyme defense system, water 
stress responsive metabolites and H2O2 accumulation. Brazilian Journal of Plant 
Physiology 24:117-130.   

Cho S-M, Kang BR & Kim YC (2013) Transcriptome Analysis of Induced Systemic Drought 
Tolerance Elicited by Pseudomonas chlororaphis O6 in Arabidopsis thaliana. The Plant 
Pathology Journal 29(2):209-220. 

Coleman-Derr D & Tringe SG (2014) Building the crops of tomorrow: advantages of symbiont-
based approaches to improving abiotic stress tolerance. Front Microbiol 5:283.   

Cook BI, Ault TR & Smerdon JE (2015) Unprecedented 21st century drought risk in the 
American Southwest and Central Plains. Science Advances 1(1).   

Cruz de Carvalho MH (2008) Drought stress and reactive oxygen species: Production, scavenging 
and signaling. Plant Signaling & Behavior 3(3):156-165.   

Cutforth HW (2000) Climate change in the semiarid prairie of southwestern Saskatchewan: 
Temperature, precipitation, wind, and incoming solar energy. Canadian Journal of Soil 
Science 80(2):375-385.   



 

 

 

51 

Daszkowska-Golec A & Szarejko I (2013) Open or Close the Gate – Stomata Action Under the 
Control of Phytohormones in Drought Stress Conditions. Frontiers in Plant Science 
4(138).   

de Vries FT, Griffiths RI, Bailey M, Craig H, Girlanda M, Gweon HS, Hallin S, Kaisermann A, Keith 
AM, Kretzschmar M, Lemanceau P, Lumini E, Mason KE, Oliver A, Ostle N, Prosser JI, 
Thion C, Thomson B & Bardgett RD (2018) Soil bacterial networks are less stable under 
drought than fungal networks. Nature Communications 9(1).   

De-la-Peña C, Badri DV, Lei Z, Watson BS, Brandão MM, Silva-Filho MC, Sumner LW & Vivanco 
JM (2010) Root Secretion of Defense-related Proteins Is Development-dependent and 
Correlated with Flowering Time. Journal of Biological Chemistry 285(40):30654-30665.   

Dodd IC, Zinovkina NY, Safronova VI & Belimov AA (2010) Rhizobacterial mediation of plant 
hormone status. Annals of Applied Biology 157(3):361-379.   

Donn S, Kirkegaard JA, Perera G, Richardson AE & Watt M (2015) Evolution of bacterial 
communities in the wheat crop rhizosphere. Environ Microbiol 17(3):610-621. 

Doolittle WF & Booth A (2016) It’s the song, not the singer: an exploration of holobiosis and 
evolutionary theory. Biology & Philosophy 32(1):5-24.   

Douglas AE & Werren JH (2016) Holes in the Hologenome: Why Host-Microbe Symbioses Are 
Not Holobionts. MBio 7(2):e02099.   

Duhamel M & Vandenkoornhuyse P (2013) Sustainable agriculture: possible trajectories from 
mutualistic symbiosis and plant neodomestication. Trends Plant Sci 18(11):597-600.   

Edgar RC, Haas BJ, Clemente JC, Quince C & Knight R (2011) UCHIME improves 
sensitivity and speed of chimera detection. Bioinformatics 27: 2194-2200. 

Eisenstein M (2013) Plant breeding: Discovery in a dry spell. Nature 501:S7.   
Evans SE & Wallenstein MD (2014) Climate change alters ecological strategies of soil bacteria. 

Ecology Letters 17(2):155-164.   
Evans SE & Wallenstein MD (2012) Soil microbial community response to drying and rewetting 

stress: does historical precipitation regime matter? Biogeochemistry 109(1):101-116.   
Edwards JA, Santos-Medellin CM, Liechty ZS, Nguyen B, Lurie E, Eason S, Phillips G & 

Sundaresan V (2018) Compositional shifts in root-associated bacterial and archaeal 
microbiota track the plant life cycle in field-grown rice. PLoS Biol 16(2):e2003862.   

Fang Y & Xiong L (2015) General mechanisms of drought response and their application in 
drought resistance improvement in plants. Cellular and Molecular Life Sciences 72(4):673-
689.   

Finkelstein RR, Gampala SSL & Rock CD (2002) Abscisic acid signaling in seeds and seedlings. 
The Plant cell 14 Suppl(Suppl):S15-S45.   

Fischer R & Maurer R (1978) Drought resistance in spring wheat cultivars. I. Grain yield 
responses. Australian Journal of Agricultural Research 29(5):897-912.   

Foo JL, Ling H, Lee YS & Chang MW (2017) Microbiome engineering: Current applications and 
its future. Biotechnol J 12(3).   

Foster KR, Schluter J, Coyte KZ & Rakoff-Nahoum S (2017) The evolution of the host 
microbiome as an ecosystem on a leash. Nature 548:43.   

Franks SJ (2011) Plasticity and evolution in drought avoidance and escape in the annual plant 
Brassica rapa. New Phytologist 190(1):249-257. 

Friesen M (2013) Microbially mediated plant functional traits. Molecular microbial ecology of the 
rhizosphere.   

Fuchslueger L, Bahn M, Fritz K, Hasibeder R & Richter A (2014) Experimental drought reduces 
the transfer of recently fixed plant carbon to soil microbes and alters the bacterial 
community composition in a mountain meadow. New Phytol 201(3):916-927.   

Fuchslueger L, Bahn M, Hasibeder R, Kienzl S, Fritz K, Schmitt M, Watzka M & Richter A (2016) 
Drought history affects grassland plant and microbial carbon turnover during and after a 
subsequent drought event. J Ecol 104(5):1453-1465.   



 

 

 

52 

Gaiero JR, McCall CA, Thompson KA, Day NJ, Best AS & Dunfield KE (2013) Inside the root 
microbiome: bacterial root endophyte and plant growth promotion. American Journal of 
Botany 100(9):1738-1750.   

Geisen S, Bandow C, Rombke J & Bonkowski M (2014) Soil water availability strongly alters the 
community composition of soil protists. Pedobiologia 57(4-6):205-213.   

Ghodsi M, Liu B & Pop M (2011) DNACLUST: accurate and efficient clustering of 
 phylogenetic marker genes. BMC Bioinformatics 12: 271. 

Gill SS & Tuteja N (2010) Reactive oxygen species and antioxidant machinery in abiotic stress 
tolerance in crop plants. Plant Physiology and Biochemistry 48(12):909-930.   

Glaubrecht M (2008) Homage to Karl August Möbius (1825–1908) and his contributions to 
biology: zoologist, ecologist, and director at the Museum für Naturkunde in Berlin. 
Zoosystematics and Evolution 84(1):9-30.   

Glick BR (2014) Bacteria with ACC deaminase can promote plant growth and help to feed the 
world. Microbiol Res 169(1):30-39.   

Goggin DE, Emery RJ, Kurepin LV & Powles SB (2015) A potential role for endogenous 
microflora in dormancy release, cytokinin metabolism and the response to fluridone in 
Lolium rigidum seeds. Ann Bot 115(2):293-301.   

Gopal M & Gupta A (2016) Microbiome Selection Could Spur Next-Generation Plant Breeding 
Strategies. Front Microbiol 7:1971.   

Gopal M, Gupta A & Thomas GV (2013) Bespoke microbiome therapy to manage plant 
diseases. Front Microbiol 4:355.   

Gordon J, Knowlton N, Relman D, Rohwer F & Youle M (Superorganisms and Holobionts. 
Microbe Magazine doi:10.1128/microbe.8.152.1.   

Gramss G & Bergmann H (2008) Role of plants in the vegetative and reproductive growth of 
saprobic basidiomycetous ground fungi. Microb Ecol 56(4):660-670.   

Hacquard S (2016) Disentangling the factors shaping microbiota composition across the plant 
holobiont. New Phytologist 209(2):454-457.   

Hartmann A, Rothballer M & Schmid M (2008) Lorenz Hiltner, a pioneer in rhizosphere microbial 
ecology and soil bacteriology research. 7-14 p 

Hartman K, van der Heijden MG, Roussely-Provent V, Walser JC & Schlaeppi K (2017) 
Deciphering composition and function of the root microbiome of a legume plant. 
Microbiome 5(1):2.   

Hassani MA, Duran P & Hacquard S (2018) Microbial interactions within the plant holobiont. 
Microbiome 6(1):58.   

Hawkes C, Kivlin S, Rocca J, Huguet V, Thomsen M & Suttle K (2011) Fungal community 
responses to precipitation. Global Change Biology 17(4):1637-1645.   

Hayden HL, Savin KW, Wadeson J, Gupta V & Mele PM (2018) Comparative 
Metatranscriptomics of Wheat Rhizosphere Microbiomes in Disease Suppressive and 
Non-suppressive Soils for &ITRhizoctonia solani&IT AG8. Frontiers in Microbiology 9.   

Heun M, Schäfer-Pregl R, Klawan D, Castagna R, Accerbi M, Borghi B & Salamini F (1997) Site 
of Einkorn Wheat Domestication Identified by DNA Fingerprinting. Science 
278(5341):1312-1314.   

Holz M, Zarebanadkouki M, Kaestner A, Kuzyakov Y & Carminati A (2017) Rhizodeposition under 
drought is controlled by root growth rate and rhizosphere water content. Plant and Soil 
423(1-2):429-442.   

Huang D, Wu W, Abrams SR & Cutler AJ (2008) The relationship of drought-related gene 
expression in Arabidopsis thaliana to hormonal and environmental factors. J Exp Bot 
59(11):2991-3007.   

Hubbard M, Germida JJ & Vujanovic V (2014) Fungal endophytes enhance wheat heat and 
drought tolerance in terms of grain yield and second-generation seed viability. J Appl 
Microbiol 116(1):109-122.   



 

 

 

53 

International Wheat Genome Sequencing Consortium-IWGSC (2018) Shifting the limits in wheat 
research and breeding using a fully annotated reference genome. Science 
361(6403):eaar7191 

IPCC (2013) The Physical Science Basis.  Contribution of Working Group 1 to the Fifth 
Assessment Report of the Intergovernmental Panel on Climate Change.  Cambridge 
University Press, Cambridge, UK.  

Jayne B & Quigley M (2014) Influence of arbuscular mycorrhiza on growth and reproductive 
response of plants under water deficit: a meta-analysis. Mycorrhiza 24(2):109-119.   

Jones DL, Nguyen C & Finlay RD (2009) Carbon flow in the rhizosphere: carbon trading at the 
soil–root interface. Plant and Soil 321(1-2):5-33.   

Juenger TE (2013) Natural variation and genetic constraints on drought tolerance. Curr Opin Plant 
Biol 16(3):274-281. 

Kaisermann A, de Vries FT, Griffiths RI & Bardgett RD (2017) Legacy effects of drought on plant-
soil feedbacks and plant-plant interactions. New Phytol 10.1111/nph.14661.   

Kinnunen M, Dechesne A, Albrechtsen HJ & Smets BF (2018) Stochastic processes govern 
invasion success in microbial communities when the invader is phylogenetically close to 
resident bacteria. ISME J 10.1038/s41396-018-0202-1.   

Kohler J, Hernández JA, Caravaca F & Roldán A (2008) Plant-growth-promoting rhizobacteria 
and arbuscular mycorrhizal fungi modify alleviation biochemical mechanisms in water-
stressed plants. Functional Plant Biology 35(2):141.   

Kõljalg U, Nilsson RH, Abarenkov K, Tedersoo L, Taylor AFS, Bahram M, Bates ST, Bruns TD, 
Bengtsson-Palme J, Callaghan TM, Douglas B, Drenkhan T, Eberhardt U, Dueñas M, 
Grebenc T, Griffith GW, Hartmann M, Kirk PM, Kohout P, Larsson E, Lindahl BD, Lücking 
R, Martín MP, Matheny PB, Nguyen NH, Niskanen T, Oja J, Peay KG, Peintner U, 
Peterson M, Põldmaa K, Saag L, Saar I, Schüßler A, Scott JA, Senés C, Smith ME, Suija 
A, Taylor DL, Telleria MT, Weiss M & Larsson K-H (2013) Towards a unified paradigm for 
sequence-based identification of fungi. Molecular Ecology 22(21):5271-5277.   

Lapsansky ER, Milroy AM, Andales MJ & Vivanco JM (2016) Soil memory as a potential 
mechanism for encouraging sustainable plant health and productivity. Curr Opin 
Biotechnol 38:137-142.   

Larran S, Perelló A, Simón MR & Moreno V (2006) The endophytic fungi from wheat (Triticum 
aestivum L.). World Journal of Microbiology and Biotechnology 23(4):565-572.   

Lau JA & Lennon JT (2011) Evolutionary ecology of plant-microbe interactions: soil microbial 
structure alters selection on plant traits. New Phytol 192(1):215-224.   

Lau JA & Lennon JT (2012) Rapid responses of soil microorganisms improve plant fitness in novel 
environments. Proceedings of the National Academy of Sciences 109(35):14058-14062.   

Leach JE, Triplett LR, Argueso CT & Trivedi P (2017) Communication in the Phytobiome. Cell 
169(4):587-596.   

Lebeis SL, Paredes SH, Lundberg DS, Breakfield N, Gehring J, McDonald M, Malfatti S, Glavina 
del Rio T, Jones CD, Tringe SG & Dangl JL (2015) Salicylic acid modulates colonization 
of the root microbiome by specific bacterial taxa. Science 349(6250):860-864.   

Links MG, Demeke T, Grafenhan T, Hill JE, Hemmingsen SM & Dumonceaux TJ (2014) 
Simultaneous profiling of seed-associated bacteria and fungi reveals antagonistic 
interactions between microorganisms within a shared epiphytic microbiome on Triticum 
and Brassica seeds. New Phytol 202(2):542-553.   

Liu HW, Carvalhais LC, Schenk PM & Dennis PG (2017) Effects of jasmonic acid signalling on 
the wheat microbiome differ between body sites. Scientific Reports 7.   

Liu X-M & Zhang H (2015) The effects of bacterial volatile emissions on plant abiotic stress 
tolerance. Frontiers in plant science 6:774-774.   



 

 

 

54 

Lenc L, Kwaśna H, Sadowski C & Grabowski A (2015) Microbiota in Wheat Roots, Rhizosphere 
and Soil in Crops Grown in Organic and Other Production Systems. Journal of 
Phytopathology 163(4):245-263.   

Lester GE, Hodges DM, Meyer RD & Munro KD (2004) Pre-extraction preparation (fresh, frozen, 
freeze-dried, or acetone powdered) and long-term storage of fruit and vegetable tissues: 
effects on antioxidant enzyme activity. Journal of agricultural and food chemistry 
52(8):2167-2173.   

Lopez-Raez JA, Shirasu K & Foo E (2017) Strigolactones in Plant Interactions with Beneficial 
and Detrimental Organisms: The Yin and Yang. Trends Plant Sci 22(6):527-537.   

Luna CM, Pastori GM, Driscoll S, Groten K, Bernard S & Foyer CH (2005) Drought controls on 
H2O2 accumulation, catalase (CAT) activity and CAT gene expression in wheat. J Exp Bot 
56(411):417-423.   

Majeed A, Abbasi MK, Hameed S, Imran A & Rahim N (2015) Isolation and characterization of 
plant growth-promoting rhizobacteria from wheat rhizosphere and their effect on plant 
growth promotion. Frontiers in Microbiology 6(198).   

Manzoni S, Schimel JP & Porporato A (2012) Responses of soil microbial communities to water 
stress: results from a meta-analysis. Ecology 93(4):930-938.   

Marasco R, Rolli E, Vigani G, Borin S, Sorlini C, Ouzari H, Zocchi G & Daffonchio D (2013) Are 
drought-resistance promoting bacteria cross-compatible with different plant models? 
Plant Signal Behav 8(10).   

Marasco R, Rolli E, Ettoumi B, Vigani G, Mapelli F, Borin S, Abou-Hadid AF, El-Behairy UA, Sorlini 
C, Cherif A, Zocchi G & Daffonchio D (2012) A drought resistance-promoting microbiome 
is selected by root system under desert farming. PLoS One 7(10):e48479.   

Martin KJ & Rygiewicz PT (2005) Fungal-specific PCR primers developed for analysis of the ITS 
region of environmental DNA extracts. BMC Microbiol 5:28.   

Massalha H, Korenblum E, Tholl D & Aharoni A (2017) Small molecules below-ground: the role 
of specialized metabolites in the rhizosphere. Plant Journal 90(4):788-807.   

McDonald D, Price MN, Goodrich J, Nawrocki EP, DeSantis TZ, Probst A, Andersen GL, Knight 
R & Hugenholtz P (2012) An improved Greengenes taxonomy with explicit ranks for 
ecological and evolutionary analyses of bacteria and archaea. ISME J 6(3):610-618.   

Mcginn S (2010) Weather and Climate Patterns in Canada's Prairie Grasslands.  
McNamara NP, Black HIJ, Beresford NA & Parekh NR (2003) Effects of acute gamma irradiation 

on chemical, physical and biological properties of soils. Applied Soil Ecology 24(2):117-
132.   

Meisner A, Jacquiod S, Snoek BL, Ten Hooven FC & van der Putten WH (2018) Drought Legacy 
Effects on the Composition of Soil Fungal and Prokaryote Communities. Front Microbiol 
9:294.   

Mendes R, Garbeva P & Raaijmakers JM (2013) The rhizosphere microbiome: significance of 
plant beneficial, plant pathogenic, and human pathogenic microorganisms. Fems 
Microbiology Reviews 37(5):634-663.   

Mendes R, Kruijt M, de Bruijn I, Dekkers E, van der Voort M, Schneider JH, Piceno YM, 
DeSantis TZ, Andersen GL, Bakker PA & Raaijmakers JM (2011) Deciphering the 
rhizosphere microbiome for disease-suppressive bacteria. Science 332(6033):1097-
1100.   

Micallef SA, Channer S, Shiaris MP & Colón-Carmona A (2009) Plant age and genotype impact 
the progression of bacterial community succession in the Arabidopsis rhizosphere. Plant 
Signaling & Behavior 4(8):777-780.   

Mitter B, Pfaffenbichler N, Flavell R, Compant S, Antonielli L, Petric A, Berninger T, Naveed M, 
Sheibani-Tezerji R, von Maltzahn G & Sessitsch A (2017) A New Approach to Modify 
Plant Microbiomes and Traits by Introducing Beneficial Bacteria at Flowering into 
Progeny Seeds. Front Microbiol 8:11.   



 

 

 

55 

Moran NA & Sloan DB (2015) The Hologenome Concept: Helpful or Hollow? PLoS Biol 
13(12):e1002311.   

Mueller UG & Sachs JL (2015) Engineering Microbiomes to Improve Plant and Animal Health. 
Trends Microbiol 23(10):606-617.   

Mwadzingeni L, Shimelis H, Tesfay S & Tsilo TJ (2016) Screening of Bread Wheat Genotypes 
for Drought Tolerance Using Phenotypic and Proline Analyses. Frontiers in Plant Science 
7:1276.   

Nakashima K, Yamaguchi-Shinozaki K & Shinozaki K (2014) The transcriptional regulatory 
network in the drought response and its crosstalk in abiotic stress responses including 
drought, cold, and heat. Front Plant Sci 5:170.   

Nass HG, Caldwell CD & Price MA (2006) Nass hard red spring wheat. Canadian Journal of Plant 
Science 86(2):493-495.   

Naylor D & Coleman-Derr D (2018) Drought Stress and Root-Associated Bacterial Communities. 
Frontiers in plant science 8:2223-2223.   

Naylor D, DeGraaf S, Purdom E & Coleman-Derr D (2017) Drought and host selection influence 
bacterial community dynamics in the grass root microbiome. ISME J. 11(12):2691-2704.   

Nelson EB, Simoneau P, Barret M, Mitter B & Compant S (2018) Editorial special issue: the soil, 
the seed, the microbes and the plant. Plant and Soil 422(1-2):1-5.   

Nelson EB (2004) Microbial dynamics and interactions in the spermosphere. Annu Rev 
Phytopathol 42:271-309.   

Ngumbi E & Kloepper J (2016) Bacterial-mediated drought tolerance: Current and future 
prospects. Applied Soil Ecology 105:109-125.   

Nogales A, Nobre T, Valadas V, Ragonezi C, Doring M, Polidoros A & Arnholdt-Schmitt B (2016) 
Can functional hologenomics aid tackling current challenges in plant breeding? Brief Funct 
Genomics 15(4):288-297.   

Panke-Buisse K, Poole AC, Goodrich JK, Ley RE & Kao-Kniffin J (2015) Selection on soil 
microbiomes reveals reproducible impacts on plant function. ISME J 9(4):980-989.   

Parnell JJ, Berka R, Young HA, Sturino JM, Kang YW, Barnhart DM & DiLeo MV (2016) From the 
Lab to the Farm: An Industrial Perspective of Plant Beneficial Microorganisms. Frontiers 
in Plant Science 7.   

Penuelas J, Asensio D, Tholl D, Wenke K, Rosenkranz M, Piechulla B & Schnitzler JP (2014) 
Biogenic volatile emissions from the soil. Plant, cell & environment 37(8):1866-1891.   

Preece C & Peñuelas J (2016) Rhizodeposition under drought and consequences for soil 
communities and ecosystem resilience. Plant and Soil 409(1-2):1-17.   

Ping L & Boland W (2004) Signals from the underground: bacterial volatiles promote growth in 
Arabidopsis. Trends Plant Sci 9(6):263-266.   

Pitzschke A (2018) Molecular dynamics in germinating, endophyte-colonized quinoa seeds. 
Plant and Soil 422(1):135-154.   

Polizel AM, Medri ME, Nakashima K, Yamanaka N, Farias JR, de Oliveira MC, Marin SR, 
Abdelnoor RV, Marcelino-Guimaraes FC, Fuganti R, Rodrigues FA, Stolf-Moreira R, 
Beneventi MA, Rolla AA, Neumaier N, Yamaguchi-Shinozaki K, Carvalho JF & 
Nepomuceno AL (2011) Molecular, anatomical and physiological properties of a 
genetically modified soybean line transformed with rd29A:AtDREB1A for the improvement 
of drought tolerance. Genetics and molecular research : GMR 10(4):3641-3656.   

Qin YC, Fu YM, Dong C, Jia NN & Liu H (2016) Shifts of microbial communities of wheat (Triticum 
aestivum L.) cultivation in a closed artificial ecosystem. Applied microbiology and 
biotechnology 100(9):4085-4095.   

Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, Peplies J & Glöckner FO 
(2012) The SILVA ribosomal RNA gene database project: improved data processing and 
web-based tools. Nucleic Acids Res 41: D590-D596. 



 

 

 

56 

Quiza L, St-Arnaud M & Yergeau E (2015) Harnessing phytomicrobiome signaling for rhizosphere 
microbiome engineering. Front Plant Sci 6:507.   

R core Team (2013) R: A language and Environment for Statistical Computing.  Vienna: R 
foundation for Statistical Computing.   

Rillig MC, Antonovics J, Caruso T, Lehmann A, Powell JR, Veresoglou SD & Verbruggen E (2015) 
Interchange of entire communities: microbial community coalescence. Trends Ecol Evol 
30(8):470-476.   

Rillig MC, Tsang A & Roy J (2016) Microbial Community Coalescence for Microbiome 
Engineering. Front Microbiol 7:1967.   

Rivett DW, Jones ML, Ramoneda J, Mombrikotb SB, Ransome E & Bell T (2018) Elevated 
success of multispecies bacterial invasions impacts community composition during 
ecological succession. Ecol Lett 21(4):516-524.   

Robinson RJ (2016) Endophytic bacterial community composition in wheat (Triticum aestivum) is 
determined by plant tissue type, developmental stage and soil nutrient availability. Plant 
and soil v. 405(no. 1-2):pp. 381-396-2016 v.2405 no.2011-2012.   

Rodriguez RJ, Henson J, Van Volkenburgh E, Hoy M, Wright L, Beckwith F, Kim YO & Redman 
RS (2008) Stress tolerance in plants via habitat-adapted symbiosis. ISME J 2(4):404-416.   

Rolli E, Marasco R, Vigani G, Ettoumi B, Mapelli F, Deangelis ML, Gandolfi C, Casati E, Previtali 
F, Gerbino R, Pierotti Cei F, Borin S, Sorlini C, Zocchi G & Daffonchio D (2015) Improved 
plant resistance to drought is promoted by the root-associated microbiome as a water 
stress-dependent trait. Environ Microbiol 17(2):316-331.   

Rosenberg E & Zilber-Rosenberg I (2016) Microbes Drive Evolution of Animals and Plants: the 
Hologenome Concept. MBio 7(2):e01395.   

Rudrappa T, Czymmek KJ, Pare PW & Bais HP (2008) Root-secreted malic acid recruits 
beneficial soil bacteria. Plant Physiol 148(3):1547-1556.   

Ryu C-M, Farag MA, Hu C-H, Reddy MS, Kloepper JW & Paré PW (2004) Bacterial volatiles 
induce systemic resistance in Arabidopsis. Plant physiology 134(3):1017-1026.   

Sánchez-Cañizares C, Jorrín B, Poole PS & Tkacz A (2017) Understanding the holobiont: the 
interdependence of plants and their microbiome. Current opinion in microbiology 38:188-
19 

Santos-Medellin C, Edwards J, Liechty Z, Nguyen B & Sundaresan V (2017) Drought Stress 
Results in a Compartment-Specific Restructuring of the Rice Root-Associated 
Microbiomes. MBio 8(4).   

Sasse J, Martinoia E & Northen T (2018) Feed Your Friends: Do Plant Exudates Shape the Root 
Microbiome? Trends Plant Sci 23(1):25-41.   

Schenkel D, Lemfack MC, Piechulla B & Splivallo R (2015) A meta-analysis approach for 
assessing the diversity and specificity of belowground root and microbial volatiles. 
Frontiers in plant science 6:707-707.   

Schimel J (2018) Life in Dry Soils: Effects of Drought on Soil Microbial Communities and 
Processes. Annual Review of Ecology, Evolution, and Systematics 49(1):409-432.   

Schimel J, Balser TC & Wallenstein M (2007) Microbial stress response physiology and its 
implications for ecosystem function. Ecology 88(6):1386-1394.   

Schindler DW & Donahue WF (2006) An impending water crisis in Canada western prairie 
provinces. Proceedings of the National Academy of Sciences 103(19):7210.   

Schlaeppi K & Bulgarelli D (2015) The plant microbiome at work. Mol Plant Microbe Interact 
28(3):212-217.   

Schulz-Bohm K, Gerards S, Hundscheid M, Melenhorst J, de Boer W & Garbeva P (2018) 
Calling from distance: attraction of soil bacteria by plant root volatiles. ISME J 
10.1038/s41396-017-0035-3.   

Schulz B, Wanke U, Draeger S & Aust HJ (1993) Endophytes from herbaceous plants and shrubs: 
effectiveness of surface sterilization methods. Mycological Research 97(12):1447-1450.   



 

 

 

57 

Shade A, Jacques MA & Barrett M (2017) Ecological patterns of seed microbiome diversity, 
transmission, and assembly. Current opinion in microbiology 37:15-22.   

Shea K & Chesson P (2002) Community ecology theory as a framework for biological invasions. 
Trends in Ecology & Evolution 17(4):170-176.   

Shewry PR (2009) Wheat. J Exp Bot 60(6):1537-1553.   
Shi S, Richardson AE, O'Callaghan M, DeAngelis KM, Jones EE, Stewart A, Firestone MK & 

Condron LM (2011) Effects of selected root exudate components on soil bacterial 
communities. FEMS Microbiology Ecology 77(3):600-610.   

Singh LP, Gill SS & Tuteja N (2014) Unraveling the role of fungal symbionts in plant abiotic stress 
tolerance. Plant Signaling & Behavior 6(2):175-191.   

Statistics Canada (2016) Production of principal field crops, November 2016 
https://www150.statcan.gc.ca/n1/en/daily-quotidien/161206/dq161206b-
eng.pdf?st=_3nKEx_a (consulted December 14th 2018) 

Stefano M, P. SJ & Amilcare P (2012) Responses of soil microbial communities to water stress: 
results from a meta-analysis. Ecology 93(4):930-938.   

Steinauer K, Chatzinotas A & Eisenhauer N (2016) Root exudate cocktails: the link between 
plant diversity and soil microorganisms? Ecology and Evolution 6(20):7387-7396.   

Strickland MS & Rousk J (2010) Considering fungal:bacterial dominance in soils – Methods, 
controls, and ecosystem implications. Soil Biology and Biochemistry 42(9):1385-1395.   

Swenson W, Wilson DS & Elias R (2000) Artificial ecosystem selection. Proc Natl Acad Sci U S 
A 97(16):9110-9114.   

Theis KR, Dheilly NM, Klassen JL, Brucker RM, Baines JF, Bosch TC, Cryan JF, Gilbert SF, 
Goodnight CJ, Lloyd EA, Sapp J, Vandenkoornhuyse P, Zilber-Rosenberg I, Rosenberg E 
& Bordenstein SR (2016) Getting the Hologenome Concept Right: an Eco-Evolutionary 
Framework for Hosts and Their Microbiomes. mSystems 1(2).   

Tian J, Zhu Y, Kang X, Dong X, Li W, Chen H & Wang Y (2012) Effects of drought on the 
archaeal community in soil of the Zoige wetlands of the Qinghai–Tibetan plateau. 
European Journal of Soil Biology 52:84-90.   

Tiwari G, Duraivadivel P, Sharma S & P H (2018) 1-Aminocyclopropane-1-carboxylic acid 
deaminase producing beneficial rhizobacteria ameliorate the biomass characters of 
Panicum maximum Jacq. by mitigating drought and salt stress. Scientific Reports 
8(1):17513.   

Toju H, Peay KG, Yamamichi M, Narisawa K, Hiruma K, Naito K, Fukuda S, Ushio M, Nakaoka 
S, Onoda Y, Yoshida K, Schlaeppi K, Bai Y, Sugiura R, Ichihashi Y, Minamisawa K & 
Kiers ET (2018) Core microbiomes for sustainable agroecosystems. Nature Plants 
4(5):247-257.   

Tremblay J, Singh K, Fern A, Kirton ES, He S, Woyke T, Lee J, Chen F, Dangl JL & Tringe SG 
(2015) Primer and platform effects on 16S rRNA tag sequencing. Front Microbiol 6:771.   

Tucker CM & Fukami T (2014) Environmental variability counteracts priority effects to facilitate 
species coexistence: evidence from nectar microbes. Proceedings of the Royal Society 
B: Biological Sciences 281(1778):20132637.   

Valliyodan B & Nguyen HT (2006) Understanding regulatory networks and engineering for 
enhanced drought tolerance in plants. Current Opinion in Plant Biology 9(2):189-195.   

Vandenkoornhuyse P, Quaiser A, Duhamel M, Le Van A & Dufresne A (2015) The importance of 
the microbiome of the plant holobiont. New Phytol 206(4):1196-1206.   

van den Boogaard R, de Boer M, Veneklaas EJ & Lambers H (1996) Relative growth rate, 
biomass allocation pattern and water use efficiency of three wheat cultivars during early 
ontogeny as dependent on water availability. Physiologia Plantarum 98(3):493-504.   

van der Heijden MG & Hartmann M (2016) Networking in the Plant Microbiome. PLoS Biol 
14(2):e1002378.   



 

 

 

58 

Vannette RL & Fukami T (2014) Historical contingency in species interactions: towards niche-
based predictions. Ecol Lett 17(1):115-124.   

Verslues PE, Agarwal M, Katiyar-Agarwal S, Zhu J & Zhu JK (2006) Methods and concepts in 
quantifying resistance to drought, salt and freezing, abiotic stresses that affect plant 
water status. Plant J 45(4):523-539.   

Vimal SR, Singh JS, Arora NK & Singh S (2017) Soil-Plant-Microbe Interactions in Stressed 
Agriculture Management: A Review. Pedosphere 27(2):177-192.   

Vujanovic V, Mavragani D & Hamel C (2012) Fungal communities associated with durum wheat 
production system: A characterization by growth stage, plant organ and preceding crop. 
Crop Protection 37:26-34.   

Wagner MR, Lundberg DS, Coleman-Derr D, Tringe SG, Dangl JL & Mitchell-Olds T (2014) 
Natural soil microbes alter flowering phenology and the intensity of selection on flowering 
time in a wild Arabidopsis relative. Ecol Lett 17(6):717-726.   

Wang Y, Yu S & Wang J (2007) Biomass-dependent susceptibility to drought in experimental 
grassland communities. Ecology Letters 10(5):401-410.   

Wei Z & Jousset A (2017) Plant breeding goes microbial. Trends in Plant Science 
10.1016/j.tplants.2017.05.009.   

Wenseleers T (2009) The Superorganism Revisited. BioScience 59(8):702-705. 
White JF, Kingsley KI, Kowalski KP, Irizarry I, Micci A, Soares MA & Bergen MS (2018) Disease 

protection and allelopathic interactions of seed-transmitted endophytic pseudomonads of 
invasive reed grass (Phragmites australis). Plant and Soil 422(1):195-208.   

Wu Z, Dijkstra P, Koch G, Peñuelas J & Hungate B (2011) Responses of terrestrial ecosystems 
to temperature and precipitation change: a meta-analysis of experimental manipulation. 
Global Change Biology 17(2):927-942.   

Xu L, Naylor D, Dong ZB, Simmons T, Pierroz G, Hixson KK, Kim YM, Zink EM, Engbrecht KM, 
Wang Y, Gao C, DeGraaf S, Madera MA, Sievert JA, Hollingsworth J, Birdseye D, Scheller 
HV, Hutmacher R, Dahlberg J, Jonsson C, Taylor JW, Lemaux PG & Coleman-Derr D 
(2018) Drought delays development of the sorghum root microbiome and enriches for 
monoderm bacteria. Proceedings of the National Academy of Sciences of the United 
States of America 115(18):E4284-E4293.   

Yan D, Yan D, Song X, Yu Z, Peng D, Ting X & Weng B (2018) Community structure of soil 
nematodes under different drought conditions. Geoderma 325:110-116.   

Yang J, Kloepper JW & Ryu CM (2009) Rhizosphere bacteria help plants tolerate abiotic stress. 
Trends Plant Sci 14(1):1-4.   

Yergeau E, Bell TH, Champagne J, Maynard C, Tardif S, Tremblay J & Greer CW (2015) 
Transplanting Soil Microbiomes Leads to Lasting Effects on Willow Growth, but not on the 
Rhizosphere Microbiome. Front Microbiol 6:1436.   

Yuste JC, Penuelas J, Estiarte M, Garcia-Mas J, Mattana S, Ogaya R, Pujol M & Sardans J 
(2011) Drought-resistant fungi control soil organic matter decomposition and its response 
to temperature. Global Change Biology 17(3):1475-1486.   

Zhalnina K, Louie KB, Hao Z, Mansoori N, da Rocha UN, Shi S, Cho H, Karaoz U, Loque D, 
Bowen BP, Firestone MK, Northen TR & Brodie EL (2018) Dynamic root exudate chemistry 
and microbial substrate preferences drive patterns in rhizosphere microbial community 
assembly. Nat Microbiol 3(4):470-480.   

Zilber-Rosenberg I & Rosenberg E (2008) Role of microorganisms in the evolution of animals and 
plants: the hologenome theory of evolution. FEMS Microbiol Rev 32(5):723-735.   

  



 

 

 

59 

ANNEXE I: SUPPLEMENTARY FIGURE 
 

 
Figure S1.  Comparison of the inocula with the soil used to make them. (A) Relative abundance of 
the 20 most abundant classes for the NI (irrigated) and NA (ambient) inocula, the soils used to make 
them, and the leftover soil/sludge after the water extraction process.  (B) Principal Coordinate 
Analysis of the Bray-Curtis dissimilarity for the four inocula (II, IA, NI, NA), the soils used to make 
them, and the leftover soil/sludge after the water extraction process. Each sample was sequenced 
in duplicate, resulting in 6 samples per inoculum 
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ANNEXE II: SOMMAIRE RÉCAPITULATIF 
 

Revue de littérature 

 
Le concept de l’holobionte est utilisé pour décrire un organisme complexe 

(exemple : un humain ou une plante) et toute la communauté microbienne qui y est 

associée (le microbiote). En microbiologie végétale, le terme holobionte est de plus en 

plus utilisé depuis sa première apparition dans la littérature scientifique en 1991 dans le 

livre de Lynn Margulis. Pour les fins de ce mémoire, le concept d’holobionte est utilisé 

pour décrire la plante et son microbiote, sans aucun sens évolutif implicite.  

 

Le blé est une composante essentielle à l’alimentation humaine et représente 

environ 20% des protéines consommées mondialement. Bien que plusieurs scientifiques 

aient étudié le microbiote du blé, l’identification d’un microbiote commun aux différentes 

variétés de blé reste à faire, advenant qu’un tel microbiote existe. Plusieurs études ont en 

revanche identifié de multiples paramètres environnementaux, dont la sécheresse, 

influençant la composition taxonomique du microbiote de plants de blé.  

 

Il existe plusieurs définitions de ce qu’est une sècheresse, en fonction de si celle-

ci est étudiée d'un point de vue météorologique, agricole ou économique. Dans le 

contexte de cette mémoire, la sècheresse est définie du point de vue agricole comme 

l'absence de précipitation pendant une période de temps suffisamment longue pour que 

les cultures non irriguées souffrent de stress hydrique. On dit que d'ici 2050, plus de 50% 

des terres arables du monde seront exposés à des épisodes annuels de sècheresse. 

Dans les prairies canadiennes, lieu central de la production de grain au Canada, certains 

ont prédit à l’aide d’outils de modélisation qu'une crise de l'eau était susceptible de se 

produire dans un avenir proche, en raison de la baisse des niveaux d'écoulement dans 

les principaux cours d'eau, l'augmentation des épisodes de sècheresse et l'augmentation 

de la demande en eau. Il serait donc bénéfique pour le secteur agricole de trouver des 

méthodes novatrices afin de rapidement venir en aide aux plants en manque d’eau. 
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 Lorsqu'une plante est soumise à la sècheresse, celle-ci peut tenter de résister au 

stress hydrique en résultant au moyen de différents mécanismes d’ordre physiologique, 

métabolique ou hormonal. Les changements dans la configuration des feuilles et racines 

sont les principales modifications physiologiques observées en réponse au stress 

hydrique. Au niveau métabolique, certaines plantes peuvent accumuler des composés 

organiques dans le but de réduire leur potentiel osmotique ou augmenter l’activité 

enzymatique antioxydante afin de réduire la présence des espèces réactives 

d’oxygène. Certaines phytohormones, telles que l’auxine, l’éthylène, l'acide abscissique 

et les cytokinines sont également impliquées dans les mécanismes de tolérance à la 

sècheresse.  

 

La sècheresse affecte aussi le microbiote de la rhizosphère de la plante. La 

diminution des niveaux d'eau entraîne une baisse de la disponibilité des nutriments et des 

conditions aérobiques dans les sols, un environnement qualifié d’oligotrophe. Face à la 

sècheresse, les microorganismes du sol doivent composer avec le stress osmotique, des 

dommages au niveau de l’ADN et une concurrence accrue pour les ressources. Règle 

générale, les bactéries sont plus sensibles que les champignons à la déshydratation et 

un ratio plus élevé de champignons sur bactéries est souvent observé lors de la 

sécheresse. Diverses stratégies physiologiques et métaboliques permettant aux 

champignons et aux bactéries de résister à la sècheresse, telles que la production 

d’osmolytes et la formation de structures résistantes à la sècheresse comme les spores. 

 

 La sècheresse est un moteur important d’adaptation pour la communauté 

microbienne du sol et peut avoir des effets à long terme sur celle-ci. En effet, l'exposition 

itérative d'une communauté microbienne du sol à un même stress abiotique peut influer 

la façon dont cette communauté fait face à un stress ultérieur, un concept appelé 

« mémoire du sol ». En ce qui concerne la sècheresse, quelques études ont démontré 

que l’historique des précipitations d’un sol a un impact sur la réponse des communautés 

microbiennes au régime d'eau contemporain. Il a même été démontré que cette mémoire 

du sol pouvait améliorer la résistance à la sècheresse de plantes cultivées dans un sol 

avec un historique de sècheresse. 
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Afin de bien comprendre l’effet d’un stress abiotique comme la sècheresse sur des 

plants de blé, il est aussi important de prendre en compte les interactions entre la plante 

et son microbiote. En effet, plusieurs études ont démontré l’impact de la sècheresse sur 

les interactions à l’intérieur de l’holobionte de la plante. La quantité d’exsudats produits 

par la plante peut par exemple varier en fonction de la disponibilité de l'eau, menant à des 

changements dans le microbiote de la rhizosphère. Les membres microbiens de 

l’holobionte de la plante sont aussi responsables de nombreuses fonctions importantes 

reliées à la capacité d’une plante à résister à la sècheresse. Toutefois bien que beaucoup 

de microbes ont été corrélés à différents changements physiologiques ou hormonaux 

dans la plante, très peu de mécanismes ont été expliqués en détail. Tout de même, 

plusieurs chercheurs étudient le potentiel de l’ingénierie du microbiote, entre autres pour 

améliorer la résistance des plantes à la sècheresse. Jusqu'à récemment, les chercheurs 

ont principalement utilisé des isolats ou des consortiums microbiens de quelques souches 

différentes pour inoculer des semences, du sol ou des fleurs. Bien que plusieurs 

expériences aient donné les résultats escomptés en conditions de laboratoire, les 

résultats ont souvent été décevants lors d’expériences menées au champ. Ceci est en 

partie dû au fait que les communautés microbiennes travaillent en réseau et en 

associations et parce qu'une fonction écologique désirée, tel que par exemple la 

suppression des pathogènes, ne se retrouve pas nécessairement dans un seul 

microorganisme, mais plutôt dans un consortium de microorganismes. 

 
Hypothèses et objectifs 

 
En résumé, il a déjà été démontré que les épisodes de sècheresse représentaient un 

moteur d’adaptation pour toutes les composantes de l’holobionte d’une plante: la plante 

hôte, le microbiote et les interactions plante-microbes. La sècheresse peut aussi mener à 

une modification à long terme de la communauté microbienne du sol, menant à son tour 

à l'amélioration de la résistance à la sècheresse des plantes cultivées dans ce sol. Enfin, 

nous savons que la rhizosphère d'une plante est un environnement très sélectif.  

 

L'hypothèse principale était que les plantes maintenues en condition de stress 

hydrique seraient plus réceptives à l'inoculation par rapport aux plantes cultivées avec 
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une teneur en eau du sol optimale, et que celles-ci seraient plus enclines à recruter une 

communauté microbienne préadaptée à la sècheresse comparée à une communauté 

microbienne non préadaptée à la sècheresse. 

 

L'objectif de ce mémoire était de tester une méthode basée sur l’inoculation 

microbienne afin d’aider des plants de blé en condition de stress hydrique. Plus 

précisément, nous avons essayé de bonifier la rhizosphère de la plante avec une 

communauté microbienne extraite d'un sol ayant un historique de sècheresse.  

 
Méthodologie 

 
 Une expérience multifactorielle en pot a été conçue. Les trois facteurs étaient 1) 

le type de terreau initial utilisé (normal ou avec une diversité et une richesse microbienne 

réduite), 2) la teneur en eau du sol (condition optimale pour la plante ou condition de 

stress hydrique) et 3) l'inoculum (la communauté microbienne extraite d'un sol avec un 

historique de sècheresse ou sans antécédents de sècheresse). Les plants de blé ont été 

cultivés dans une serre pour un total de neuf semaines. Sur la base des résultats de nos 

expériences antérieures, nous avons établi la condition de stress hydrique à 15% de la 

capacité de rétention d'eau du sol et le régime optimal de l'eau à 50%. À la sixième 

semaine, les pots ont été inoculés. À la neuvième semaine, l'expérience a été terminée 

et échantillonnée. Différents paramètres ont été mesurés sur la plante. Afin d’étudier le 

microbiote de la rhizosphère, un échantillon de sol a été récupéré dans chaque pot. L’ADN 

total a été extrait et la région V4 de l’ARNr 16S pour les bactéries et la région ITS pour 

les champignons ont été séquencées avec la technologie Illumina MiSeq.  

 

De nos résultats, nous avons observé qu'une petite partie des espèces fongiques 

provenant des inoculations avaient persisté dans la rhizosphère des plants et que cela 

s’était traduit en un changement faible, mais significatif, dans la structure de la 

communauté fongique. Selon nos analyses, l’effet de l'inoculation n’était pas associé à un 

terreau spécifique ou à la teneur en eau du sol. Lorsqu’on regarde la composition du 

microbiote de la rhizosphère de plants inoculés et en condition de stress hydrique et qu’on 

le compare au microbiote des plants inoculés sans stress hydrique, nous avons constaté 
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que, bien que la structure de la communauté microbienne fût significativement différente, 

la plupart des microorganismes étaient soit présents dans les deux ou partagés avec la 

communauté microbienne du terreau initial. Cela signifie que les changements dans la 

communauté microbienne étaient plus liés à l'amplification et la réduction d’espèces déjà 

présentes plutôt qu’au recrutement de nouvelles espèces. Une petite fraction de la 

communauté bactérienne et fongique provenait tout de même de l'inoculum. Le petit effet 

de l’inoculum observé sur la communauté microbienne ne s’est toutefois pas traduit par 

des changements au niveau du phénotype de la plante. La méthode testée dans cette 

expérience n'a donc pas réussi à aider les plants de blé tolérer le stress hydrique. Ces 

résultats pourraient être en grande partie attribuables à la méthodologie choisie et bon 

nombre des méthodes utilisées dans l'expérience pourraient être affinées, modifiées et 

testées à nouveau. 

 

En raison du changement climatique, il y à prévoir que de plus en plus d’épisodes 

de sècheresse affecteront la culture du blé au Canada.  Des expériences précédentes ont 

déjà démontré que les plantes cultivées sur des terres répétitivement exposées à la 

sècheresse reçoivent de l'aide de leur microbiote. Pourtant, plus de travail est nécessaire 

afin d’essayer de trouver des méthodes applicables au champ qui permettraient 

d'améliorer la résistance à la sècheresse des plants. Les technologies « omiques » ont 

complètement changé notre façon de percevoir les interactions plante-microbe et la vie 

du sol. Nous sommes maintenant en mesure, avec seulement quelques grammes de sol, 

d’avoir un portrait détaillé de la communauté microbienne. En même temps, de nouvelles 

méthodes utilisant des échelles d’observations de plus en plus précises et détaillées sont 

constamment proposées telles que la métabolomique et même la metaphénomique. Afin 

d’être capable de prédire les effets de l'ingénierie du microbiote, il est également 

nécessaire de développer des outils de modélisation intégrant les multiples 

caractéristiques d’un sol. D’ici là, les méthodes plus générales telles que l'utilisation de 

cultures de couverture pour promouvoir une communauté microbienne bénéfique sont 

étudiées et pourraient avoir de meilleures chances de succès.   
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