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Introduction 

Plants have a multitude of niches to host a diversity of microorganisms. These 

communities of microorganisms include, for example, bacteria, fungi, protists, nematodes 

and viruses and are referred to as microbiomes (Marchesi & Ravel, 2015). In the 

belowground, they are called root-associated microbiomes. Plant roots assemble two 

distinct microbiomes: in the rhizosphere (microbes in the soil surrounding roots) and in 

the endophytic compartment (microbes within roots) (Lundberg et al., 2012). These root-

associated microbiomes have complex interactions with their host and can promote 

growth and health of the plant at "normal" conditions as well as under (a)biotic stresses 

(Mendes et al., 2013). Although root-associated microbiomes have been known for a long 

time, till recently they could only be studied by, for example, culture-dependent 

approaches, which created serious limitations (Su et al., 2012). However, since last two 

decades, next-generation DNA sequencing technologies and data analyses (known as 

culture-independent approaches) have markedly expanded the ability to study 

microbiomes, including those associated with plant roots (Fitzpatrick et al., 2020). Among 

the members of root-associated microbiomes, bacteria are relatively well-studied 

compared to others (Mendes 2013, Leach 2017). In this thesis, I will focus on bacteria, and 

the root-associated microbiomes mentioned in this thesis are in general bacterial 

microbiomes.  

Determinants that affect the composition of root-associated microbiomes  

The composition of root-associated microbiomes is determined by various factors and 

these can be grouped as host-related factors and environmental factors, respectively. The 

host-related factors include plant compartment and genotype effects (Lundberg et al., 

2012; Schneijderberg et al., 2020). The environmental factors can be separated into biotic 

factors such as the presence of pathogens and abiotic factors such as soil physiochemical 

properties, drought and salinity (Bulgarelli et al., 2012; Lundberg et al., 2012; Philippot et 

al., 2013; Edwards et al., 2015; Lebeis et al., 2015).  
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The plant compartment effect 

Members of the root-associated microbiomes can be transferred horizontally or vertically, 

i.e. they are derived from either the bulk soil or inherited via seeds. Soil contributes to 

most members of the root-associated microbiome and functions as a microbial reservoir 

containing highly diverse microorganisms (Berg, Gabriele & Smalla, Kornelia, 2009). The 

soil bacterial microbiome is in general dominated by Acidobacteria, Verrucomicrobia, 

Bacteroidetes, Planctomycetes, Proteobacteria and Actinobacteria (Lennon & Jones, 2011; 

Fierer, 2017). In general, the composition of microbiomes in the rhizosphere (RH) and 

endophytic compartment (EC) are different from that in the bulk soil, and that of the 

endophytic microbiome differs most (Fonseca-Garcia et al., 2016; Fitzpatrick et al., 2018). 

The microbiomes of RH and EC are structured by a common principle across various 

environments and host species, i.e. the microbial diversity is significantly reduced from 

soil to RH and this becomes, in general, even lower in the EC (Vieira et al., 2020). These 

differences indicate an increasing influence of the plant host on microbiome composition 

from "around the root" to "in the root" (Coleman-Derr et al., 2016). 

The plant genotype effect 

A second host-related factor, i.e. the plant genotype, can strongly influence the 

composition of the root-associated microbiomes. The effect of plant genotype was, for 

example, demonstrated by growing different plant species in the same soil. For example, 

Schneijderberg et al. (2020) compared the root-associated microbiomes of Arabidopsis 

thaliana (Arabidopsis) to eight other plant species from the same habitat. Principal 

coordinate analyses showed that both RH and EC microbiomes were significantly different 

between these species. This was also the case in a comparative study of grapevine and 

four weed species growing in the same vineyard, showing that they formed different root-

associated microbiomes in RH and EC, respectively (Samad et al., 2017). Next to a species-

specific effect, the genotype effect has even been detected between accessions or 

cultivars of single species. This has been shown, for example, in Arabidopsis, maize and 

rice (Peiffer et al., 2013; Schlaeppi et al., 2014; Edwards et al., 2015).  
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The plant genotype effect can be caused by several aspects, like the differences in plant 

morphology and physiology under normal or stressed conditions, which induce metabolic 

diversification of root exudates (Trivedi et al., 2020). Mutagenesis has been widely used to 

demonstrate the causal relationship between plant-derived metabolites and the assembly 

of microbial communities. Mutations that affected the biosynthesis of metabolites like 

triterpenes, coumarin and benzoxazinoids proved that these root exudate compounds 

play a role in the formation of the root microbiomes (Hu et al., 2018; Stringlis et al., 2018; 

Huang et al., 2019).  

Some studies showed that the phylogenetic distance between plant species is positively 

correlated with the dissimilarity of root-associated microbiomes. For example, a 

comparative study of seven Poaceae species revealed that the larger the phylogenetic 

distance of the host plants, the larger the dissimilarity of the RH microbiome (Bouffaud, 

ML et al., 2014). Further, a study on 18 Poaceae species showed that this positive 

correlation also existed for the EC microbiome (Naylor, Dan et al., 2017). However, some 

studies showed that this correlation was not so strict. Schlaeppi et al. (2014) investigated 

the root microbiomes of hosts following a phylogenetic framework, i.e. three Arabidopsis 

species (A. thaliana, A. halleri and A. lyrata) and one Cardamine hirsuta, a species from a 

closely related genus. The dissimilarity of root microbiomes was larger between the 

Arabidopsis species and C. hirsuta. However, it did not correlate with the phylogenetic 

distance within the genus Arabidopsis. It has been suggested that the recent speciation 

event of Arabidopsis, coupled to the adaptation to a distinctive lifestyle would result in 

this incongruent correlation. So both phylogenetic distance and plant environmental 

adaptation could influence the microbiome diversification (Schlaeppi et al., 2014).  

Environmental effects 

Environmental factors can influence the composition of the root-associated microbiomes. 

These include abiotic factors such as: physicochemical characteristics of the soil, salinity, 

drought and nutrient deficiencies (Peiffer et al., 2013; Naylor, D. et al., 2017; Finkel et al., 

2019). Such determinants can either directly influence the soil microbiome, due to 

adaptation of microorganisms to it, or indirectly by affecting, for example, the root 
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morphology, physiology and the composition of root exudates. This as an adaptation of 

plants, which in turn influences the composition of the root-associated microbiomes 

(Hartman & Tringe, 2019). In addition to abiotic factors, biotic factor like the presence of 

pathogens or herbivory can also affect the composition of the microbiomes (Berendsen et 

al., 2018). To withstand these abiotic or biotic stresses, plants attract beneficial 

(micro)organisms for protection, which is referred to as the "cry for help" response. This is 

mediated, to some extent, by quantitative and/or qualitative changes of root exudates 

(Rizaludin et al., 2021). How the beneficial microbes can confer some tolerance to stress 

will be described later.  

Plant-soil feedback 

The interaction between soil microbiome and plants is dynamic. Plants change the biotic 

and abiotic properties of the soil (e.g. soil microbiome, and chemical and physical soil 

properties). These plant-mediated changes, especially in the soil microbiome, can 

modulate local growth conditions for themselves, as well as for their own offspring and 

other plants, and these plant-induced changes are known as "plant-soil feedback" (van der 

Putten et al., 2013; Hannula et al., 2021). One well-known plant-soil feedback is the apple 

replant disease, which is defined as a disturbed physiological reaction of newly planted 

apple trees to soils that have altered (micro-)biomes due to previous apple growth 

(Winkelmann et al., 2019). The plant-soil feedback is not always negative, sometimes it 

can be positive. For instance, Hannula et al. (2021) found that plant-soil feedback 

consistently lead to a negative effect on plants grown in their own soil, but had a positive 

effect on other plant species grown in this soil. Another example is the feedback between 

maize and soil which affected the composition of the soil microbiome (Hu et al., 2018). 

When maize was grown in this soil their growth was reduced in comparison to the soil 

lacking the legacy of the feedback. However, when exposed to herbivory by caterpillars, 

the growth of maize was positively affected. In this case, the plant-soil feedback was 

caused by the secretion of benzoxazinoids in the soil which alters the root-associated 

microbiomes inducing an increase in the jasmonate defence system (Hu et al., 2018). This 

caused contrasting effects on growth in the absence and presence of herbivory, showing 



General Introduction 

7 

 

that plant-soil feedback is not just simply negative or positive, but it depends on the plant 

species as well as the environment.  

Core microbiome 

Environmental factors do affect the composition of the root-associated microbiomes. 

However, the relative abundance of some microbial profiles, are consistently enriched in 

the RH or EC, of a certain plant species, compared to the bulk soil, irrespective to the 

sampling environment (Lundberg et al., 2012; Yeoh et al., 2016; Xu, J et al., 2018). These 

microbes form the "core" plant microbiome. The core root-associated microbiomes have 

been identified in non-crop and crop plants like grapevine, potato, tomato, sugarcane and 

citrus grown in diverse environments. The identified members of the core microbiome 

include, for example, Pseudomonas, Bradyrhizobium, Agrobacterium, Burkholderia and 

Bacillus (Zarraonaindia et al., 2015; Yeoh et al., 2016; Pfeiffer et al., 2017; Tian et al., 2017; 

Xu, J et al., 2018).  

It seems probable that core microbes are strongly selected by the plant and they can be 

shared by different species, but can also be more species specific. The fact that the host 

selects these core species makes it probable that they are beneficial to their host. Several 

core microbiome members have been isolated and have been shown to have beneficial 

properties, for example, enhancing nutrient uptake, modulating hormonal balances and 

improving biotic or abiotic stress resistance (Lemanceau et al., 2017; Tian et al., 2017; Xu, J 

et al., 2018). So identification of core microbiomes is an effective way to select putative 

beneficial root microbes (Compant et al., 2019).  

Beneficial root-associated microbiomes 

The root-associated microbiomes comprise beneficial, neutral and pathogenic 

microorganisms. Beneficial bacteria are collectively termed plant growth-promoting 

rhizobacteria (PGPR) (Lugtenberg, Ben & Kamilova, Faina, 2009). These bacteria can be in 

the RH and inside the root. The latter can be hosted intracellular or intercellular. 

Intracellular PGPR refer to bacteria interacting intimately with the plant by forming, in 

general, specialized structures. A well-studied example is a symbiosis between legumes 
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and rhizobia (e.g. Rhizobium and Bradyrhizobium) which results in the formation of root 

nodules (Bisseling & Geurts, 2020). Such nodules have specialised cells that contain 

thousands of rhizobia in membrane compartments made by the host. There they can fix 

atmospheric nitrogen into ammonia. Intercellular PGPR are more diverse than intracellular 

PGPR, including a broad range of genera, for example, species belonging to the genera 

Bacillus, Burkholderia, Enterobacter, Streptomyces and Pseudomonas (Afzal et al., 2019). 

The effects of PGPR on plant 

PGPR have been shown to promote plant growth, nutrient uptake and can confer 

tolerance to stress (Lugtenberg, B. & Kamilova, F., 2009). These beneficial traits can be 

direct or indirect (Oleńska et al., 2020). PGPR can directly transform compounds into 

nutrients and translocate essential nutrients by which they can be used by plants 

(Richardson & Simpson, 2011). Also, by producing phytohormones, they can directly 

stimulate plant growth (Richardson & Simpson, 2011; Sarkar et al., 2018). Indirect effects 

can be the production of antimicrobial compounds to inhibit the growth of soil pathogenic 

organisms (Raaijmakers et al., 2008). Another mechanism by which PGPR can protect 

against a broad range of pathogens and insect herbivores is priming the host for enhanced 

defence, called induced systemic resistance (ISR) (Pieterse et al., 2014). In the following 

paragraphs I will discuss some of these properties in more detail. 

Nutrient uptake 

PGPR can improve plant nutrition by creating nutrients or facilitating the uptake of 

nutrients. An example of the former are nitrogen-fixing bacteria, free-living or in a root 

nodule symbiosis with, for example, legumes, can produce ammonia by reducing 

atmospheric nitrogen (Dobbelaere et al., 2003; Remans et al., 2007; Bisseling & Geurts, 

2020). Under phosphate limiting conditions, phosphate solubilizing bacteria can mobilize 

insoluble phosphate from inorganic mineral phosphate and organophosphate (phytate) by 

which it becomes accessible to plants. This involves solubilization and mineralization via 

the production of organic acids and phosphatases, respectively (Richardson 2011). In 

addition, bacteria can enhance the expression of plant genes involved in the phosphate 
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starvation response, thereby increasing inorganic phosphate uptake (Castrillo et al., 2017). 

Under potassium limiting conditions, potassium solubilizing bacteria can solubilize K-

bearing minerals and convert insoluble potassium to soluble forms through the production 

of organic and inorganic acids (Etesami et al., 2017). Further, PGPR can excrete 

siderophores to mediate iron uptake (Sadeghi et al., 2012). Most bacteria that facilitate 

such iron uptake belong to genera such as Pseudomonas, Bacillus, Enterobacter and 

Streptomyces (Oleńska et al., 2020). 

PGPR can improve nutrient uptake in an indirect manner. For example, by changing the 

root architecture of host plants, thus increasing the exploratory capacity of the root for 

water and mineral nutrients (Richardson & Simpson, 2011). An example is Pseudomonas 

simiae WCS417 which promoted Arabidopsis secondary root formation and induced the 

formation of longer root hairs (Pieterse et al., 2021). It induces an auxin response in 

Arabidopsis roots, where the auxin accumulation in root pericycle cells could play a role in 

specifying lateral root founder cells in the meristem and altering root architecture 

(Dubrovsky et al., 2008; Li et al., 2022).  

In addition to interfering with the auxin signalling of the plant, PGPR can directly produce 

plant hormones such as auxins, cytokinin and gibberellin (Patten & Glick, 1996; Hayat et 

al., 2010; Spaepen & Vanderleyden, 2011). One example is a study on Azospirillum 

brasilense, which showed that inoculation with the wild-type strains resulted in a 

decreased root length and an increase in root hair number (Dobbelaere et al., 1999). But 

this effect was lost by an ipdC mutant of A. brasilense, where the IPDC gene is a key 

enzyme in the IPyA pathway of IAA synthesis (Dobbelaere et al., 1999). So by producing 

plant hormones or inducing hormone signalling responses, PGPR can affect the root 

architecture and influence the plant nutrient uptake.  

Abiotic stress tolerance 

The role of PGPR in conferring tolerance to certain abiotic stresses has been studied, for 

example, for drought, flood, low or high temperatures and heavy metals. In this thesis, I 

focus on salt tolerance and therefore I will introduce this in more detail. Plants are in 
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general sensitive to salt (NaCl) and the stress causes damage due to ion toxicity and 

osmotic stress. Sodium (Na+) and potassium (K+) are related alkali metals. However, Na+ 

is not an essential element for plant growth and development, whereas K+ is (Wang & Wu, 

2017). Maintaining a high K+/Na+ ratio in the shoots has been suggested to be a major 

strategy for plants to cope with salt stress (Hauser & Horie, 2010). Several PGPR have 

been shown to improve Na+ exclusion and K+ uptake in plants, thereby increasing the 

K+/Na+ ratio (Rojas-Tapias et al., 2012; Han et al., 2014).  

The ability of PGPR to enhance the uptake of nutrients, including K+, has been introduced 

in the previous section of this chapter. Further, PGPR can directly affect the uptake of Na+ 

or they can stimulate mechanisms of the plant that contribute to salt tolerance. An 

example of such direct effect is that the exopolysaccharides secreted by some PGPR may 

bind the toxic Na+ and restrict Na+ influx into roots (Ashraf et al., 2004; Qin et al., 2016). A 

mechanism by which some PGPR regulate the Na+ uptake of the plant concerns the 

expression level of HIGH AFFINITY K+ TRANSPORTER 1 (HKT1) that mediates the Na+/K+ 

homeostasis in plants. Two classes of HKT transporters have been found in plants. Class II 

has been identified as a K+ uptake transporter, but later it was shown to have Na+/K+ co-

transport activity (Schachtman & Schroeder, 1994; Rubio et al., 1995). In contrast, class I 

HKTs are Na+ selective transporters (Uozumi et al., 2000; Maser et al., 2002). Several 

PGPR can regulate the expression level of a class I HKT transporter. For example, Bacillus 

subtilis strain GB03 can repress in Arabidopsis roots HKT1, reducing Na+ entry into the 

roots. In contrast, it stimulates HKT1 expression in the shoot facilitating shoot-to-root Na+ 

recirculation, which is critical to reduce Na+ levels in the shoot by which plant salt 

tolerance is increased (Zhang et al., 2008).  

Another mechanism by which plant cells protect themselves against salinity is 

sequestering Na+ into the vacuoles or secreting it into the apoplast (Qiu et al., 2004; Bassil 

& Blumwald, 2014). Na+/H+ antiporters in the plasma membrane (SOS1, salt overly 

sensitive) and in the tonoplast (NHX1, Na+/H+ exchanger) control Na+ secretion and 

vacuolar sequestering, respectively (Kronzucker & Britto, 2011). Some PGPRs confer salt 

tolerance by enhancing the expression of these genes (Chen et al., 2016; Haroon et al., 
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2021). Other indirect mechanisms by which PGPR confer salt tolerance concern the 

damage caused by Na+. Under salt stress conditions, reactive oxygen species(ROS) 

accumulate that could damage plant cells (Kronzucker & Britto, 2011). This accumulation 

of ROS can be reduced by some PGPR, for example, Bacillus amyloliquefaciens NBRISN13 

which increased the expression of catalase in rice and consequently reduced the ROS level 

under saline conditions (Nautiyal et al., 2013).  

When subjected to salinity, plants produce ethylene, which retards root growth (Morgan 

& Drew, 1997). Several microbes can counteract this by secreting, 1-aminocyclopropane-

1-carboxylate (ACC) deaminase, which cleaves ACC, the precursor of ethylene. So the 

ethylene accumulation can be reduced (Morgan & Drew, 1997; Glick, 2005). It has been 

shown that inoculation with, for example, Pseudomonas, Bacillus, Ochrobactru, 

Arthrobacter, Brachybacterium, Brevibacterium or Haererohalobacter secreting ACC-

deaminase promote the growth of plants under saline conditions (Shukla et al., 2012; 

Chang et al., 2014; Aslam & Ali, 2018; Saikia et al., 2018). However, root growth 

retardation by ethylene is a common adaptation to salt. It is controlled by DELLA 

transcription factors and it is not just the result of a poor physiology of the plant (Achard 

et al., 2006; Tao et al., 2015). When this growth retardation is blocked, plants are killed 

more easily by the stress conditions. Therefore, it can be questioned who is benefitting 

from the secretion of ACC deaminase, the host plant or the bacterium? So in contrast to 

commonly held assumptions, ACC deaminase-producing microbes are not necessarily 

beneficial (Ravanbakhsh et al., 2018).  

Tolerance to pathogens 

Disease-suppressive soils provided an indication that microbes could protect plants 

against pathogens. The formation of disease-suppressive soils requires a disease outbreak 

after which a certain crop grown in such soil is markedly more tolerant to the pathogen 

(Weller et al., 2002; Haas & Defago, 2005). For example, Mendes et al. (2011) investigated 

a disease-suppressive soil from a Dutch arable land where sugar beet plants were 

protected against Rhizoctonia solani, whereas in the past sugar beet grown in this area 

became diseased. When tested under greenhouse conditions, this soil maintained its 
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disease-suppressive activity, whereas soil with similar physical-chemical properties 

collected from the margin of this area, where sugar beet had not been grown, did not 

suppress disease. Further, it was shown that inoculation with disease-suppressive soils can 

confer tolerance to a disease-conducive soil. However, when the disease-suppressive soil 

was sterilized this was no longer the case, strongly indicating that microbes were 

responsible for the tolerance to a pathogen (Mendes et al., 2011).  

It has been postulated that plants can actively recruit beneficial soil microorganisms in 

their rhizosphere when under attack by pathogens (Cook et al., 1995). This is well in line 

with the engineering of a disease-suppressive soil, for example, by growing wheat for 

several years on a field (Weller et al., 2002). This resulted in the development of a soil that 

conferred tolerance to the disease “take-all decline” caused by Gaeumannomyces 

graminis var. tritici. This disease suppression was the result of the accumulation of an 

antagonistic Pseudomonas spp. However, other studies showed that the activity of 

disease-suppressive soil is more complex (Cordovez et al., 2015; Carrión et al., 2019). For 

example, by a combination of a high throughput sequencing approach and studies on 

antagonistic activities of isolated bacteria, it was shown that most likely the disease 

suppressing properties of the sugar beet soil was controlled by a microbial consortium and 

not a single strain (Mendes et al., 2011). 

The mechanisms by which antagonistic microorganisms of disease-suppressive soils confer 

resistance have been studied in several cases. These mechanisms involve the production 

of antibiotics, siderophores and pathogen-inhibiting volatile organic compounds (VOCs) 

(Mendes et al., 2011; Verbon et al., 2017). For example, the Pseudomonas spp. of the 

wheat suppressive soil has been shown to suppress soil pathogens by producing the 

antimicrobial compound 2,4-diacetylphloroglucinol (de Souza et al., 2003). Members of 

the Pseudomonadaceae, identified from the sugar beet suppressive soil, protected plants 

from fungal infection by producing a putative chlorinated lipopeptide encoded by NRPS 

genes (Mendes et al., 2011). Later on, from the same sugar beet suppressive soil, 

Streptomyces species and Paraburkholderia graminis PHS1 have been shown to produce 

VOCs to inhibit hyphal growth of Rhizoctonia solani (Cordovez et al., 2015; Carrion et al., 



General Introduction 

13 

 

2018). The Streptomyces can produce methyl 2-methylpentanoate and 1,3,5-trichloro-2-

methoxybenzene, whereas the Paraburkholderia can produce sulphurous volatile 

compounds (Carrion et al., 2018). This suggests that the disease-suppressing properties of 

soil is created by a microbial consortium with multiple mechanisms. 

Another way by which PGPR can improve plant resistance to pathogens is by induced 

systemic resistance (ISR). This primes the whole plant for a faster and stronger defence 

against a broad range of pathogens and insect herbivores (Pieterse et al., 2014). ISR has 

been demonstrated in numerous plant species and in addition to PGPR, beneficial fungi 

such as mycorrhizal fungi and Trichoderma spp. have been shown to induce ISR (Pieterse 

et al., 2014). Induction of ISR in Arabidopsis by the PGPR Pseudomonas simiae WCS417 is 

well studied. Inoculation with P. simiae WCS417 stimulates the activity of root-specific 

transcription factor MYB72. MYB72 regulates the expression of genes involved in 

biosynthesis of coumarin in the roots as well as β-glucosidase BGLU42 which is involved in 

the excretion of coumarin into the rhizosphere (Van der Ent et al., 2008; Zamioudis et al., 

2014; Stringlis et al., 2018). Coumarin selectively inhibits the growth of the soil-borne 

fungal pathogens Fusarium oxysporum and Verticillium dahliae, whereas the growth-

promoting and ISR-inducing P. simiae WCS417 and Pseudomonas capeferrum WCS358 are 

highly tolerant to its antimicrobial effect (Stringlis et al., 2018). So MYB72-dependent 

coumarin secretion shapes the root microbiome where the PGPRs are selectively enriched. 

This can provide a strategy to identify such PGPR by especially focusing on root-associated 

microbes that enrich under biotic stress conditions. 

The application of root-associated microbiomes  

In the former part of this introduction I have described a broad range of PGPR that have 

properties that can be very beneficial for crops in an agricultural setting. They have the 

potential to reduce the use of fertilizer and pesticides which have negative effects on the 

environment. Growth-promoting microbes that increase stress tolerance and crop yield 

could be a valuable tool for helping mitigate these problems. 
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Single strain inoculation 

Till recently, the application of PGPR in agriculture has been done with single strains. 

Single strains can stimulate plants when they are grown under sterile conditions in the lab 

or greenhouse. However, success in a field setting with single strains is rare, most likely 

because they are outcompeted by the soil microbiome (Backer et al., 2018; Sessitsch et al., 

2019; Trivedi et al., 2020). For example, the growth of maize and wheat inoculated with 

Azospirillum brasilense (strain Ab-V5 and Ab-V6) was significantly increased under 

controlled conditions, but not in the field (Fukami et al., 2016). Similarly, the biomass of 

rice inoculated with Rhizobium leguminosarum bv. trifolii was significantly increased in the 

greenhouse, but not in the field (Kecskés et al., 2016). Therefore, instead of this "one-

microbe-at-a-time" approach, an alternative would be to create so-called synthetic 

microbial communities (SynComs) (Raaijmakers, 2015). 

Synthetic microbial communities 

The application of SynComs is an emerging strategy to overcome problems during lab-to-

field transition, as a community of microbes probably has a better chance to survive and 

function in a non-sterile environment (Vorholt et al., 2017). However, this will heavily 

depend on the composition of the SynCom. The selection of microbial members will be 

essential for SynCom construction. One strategy largely depends on the functional 

properties of microbial isolates. Individual microbial isolates can be cultured using high-

throughput platforms and characterized through genomic, metabolic and physiological 

analysis in vivo/vitro with plant hosts (Oleńska et al., 2020). Referring to the desired effect 

of SynCom, such as abiotic stress tolerance, microbial isolates with the best performance 

would be selected for SynCom construction. This is more a collection of microbes than a 

community that can withstand the competitive pressure of the soil microbiome.  

Other strategies are based on the read counts from meta-amplicon sequencing. One of 

them is related to a host-mediated selection approach, where the dominant and enriched 

members in the root-associated compartments were selected to create a SynCom. For 

example, after two rounds of host selection, Niu et al. (2017) selected seven strains from 
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the genera which were enriched and dominant in the maize root. The SynCom constructed 

by these seven strains had the ability to inhibit the phytopathogenic fungus Fusarium 

verticillioides, indicating a clear benefit to the host. Recently, selection for keystone strains 

has been emphasized as another strategy for selecting microbial members of SynCom 

(Lemanceau et al., 2017). Keystone taxa represent microbes that frequently co-occur with 

many others and can be identified through topological networks derived from correlation 

analysis on sequencing output (Hartman et al., 2018). The use of keystone strains may 

maximize SynCom persistence in natural settings. Some studies have attempted to combat 

salt stress with SynComs following these strategies and succeed under sterile conditions 

(Ahmad et al., 2011; Egamberdieva et al., 2017; Finkel et al., 2020). However, to our 

knowledge, there are no studies yet where a SynCom has been shown to promote growth 

or provide protection against stresses to plants grown under field conditions.  

Thesis outline 

Root-associated bacteria are the most dominant composition and are relatively well-

studied compared to other community members, such as fungi and archaea (Mendes 

2013, Leach 2017). Stretching our knowledge from ‘who is there’ to ‘what they are doing 

(or can do)’ offers us a good opportunity to apply these root-associated bacterial 

microbiomes in sustainable agricultural practices. In this study, I have investigated various 

aspects of root-associated microbiomes by both culture-independent and -dependent 

approaches. I began with characterising the plant-microbial interaction of plant species 

adapted to drought conditions by studying a newly determined plant compartment and 

the composition of its bacterial microbiome. Then I studied the interaction between the 

plant genotype and environment on influencing the microbiome composition. In addition, 

one of my studies was focussed on trees to investigate the relationship between root-

associated microbiomes and longevity, as microbiomes have been shown to provide 

protection against biotic stress. Lastly, I constructed a SynCom derived from a saline 

desert, to study whether this can confer salt tolerance to a crop growing under non-sterile 

conditions.  
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In chapter 2, we studied the effect of host-related factors, i.e. plant compartment, on the 

composition of the root-associated microbiome. We showed that the microbiome 

composition in the root-sleeve (RS), a peculiar root structure that can be moved along the 

root in 2 desert grass species, was significantly different from that in the bulk soil, RH and 

EC, albeit it was most similar to that in EC. Actinobacteria and Proteobacteria ASVs were 

enriched with the highest abundance in both RS or/and EC compartments. Further, we 

studied the developmental and cellular processes underlying the formation of the RS and 

we showed that the RS contains outer cortical cells, epidermis and tightly adhered sandy 

layer at the root surface. We suggested that the formation of RS was an adaptation of arid 

tolerant grasses by integrating, from outside to inside, rhizosheath formation, formation 

of lacunae in the inner cortex and endodermal cell wall modification and hydrolysis.  

In chapter 3, we compared the effects of plant genotype and environment on the root-

associated microbiome composition. We showed a reduced dissimilarity of the 

composition of root-associated microbiomes of two distinct barley (Hordeum vulgare L.) 

genotypes, i.e. the reference cultivar Golden Promise (GP) and the Algerian landrace 

barley (AB), in response to salt stress (200 mM), especially in the EC. These findings 

indicated that the plant genotype-dependent microbiome composition was reduced by 

abiotic stress.  

In chapter 4, we showed that the root-associated bacterial microbiomes of a chrono-

series of Chinese chestnut trees (Castanea mollissima), ranging from 8 to 830 years old, 

were rather similar, although based on the models we could not exclude that tree age has 

a weak correlation with the composition of root-associated microbiomes. The similarity of 

the root-associated microbiome indicated the absence of a negative plant-soil feedback. 

To test this, chestnut seedlings were grown in soil that had been associated with young 

and old chestnut trees, respectively. We observed that these chestnut plants were healthy 

and their growth was similar. Furthermore, a Pseudomonas OTU representing more than 

50% of the rhizosphere community strongly inhibited the growth of chestnut pathogens 

and stimulated plant growth. We suggested that such properties of the Chinese chestnut 
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root microbiome and the absence of negative plant-soil feedback contributed to the 

longevity of chestnut.  

In chapter 5, we tested the effect of single strain and SynCom inoculation on plant growth 

under abiotic stress conditions in a non-sterile environment. We created a 15 strain 

SynCom, using the core members and verified plant-growth promoting rhizobacteria 

originating from the root of desert plant Indigofera argentea. The SynCom protected 

tomato plants growing in a non-sterile substrate against high salt stress. Furthermore, we 

simplified this SynCom to 5 strains and such simplified SynCom even outperformed the 

plant growth promoting effect observed from the initial SynCom under non-sterile 

condition. We proposed that more advanced methods, such as metagenomics, 

metatranscriptomics and metabolomics sequencing, should be used to unveil the 

mechanism of such phenotype. 

In chapter 6, I summarized and discussed the results described in this thesis within a 

broader perspective.  
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Abstract 

In 1887 Volkens first described peculiar structures on the roots of some grasses growing in 

arid regions (Volkens, 1887). These are cylinders composed of sand grains and mucilage. 

What makes them special is that they can slide along the root, like an arm in a sleeve. 

Therefore we will name them root-sleeves. Here we show, for 2 perennial grasses from 

arid areas, that the formation of a root-sleeve starts with the formation of a rhizosheath. 

This is followed by the formation of cortical lacunae, that are known to protect the plant 

against drought, by reducing radial hydraulic conductivity (Cuneo et al., 2016). Ultimately, 

the lacunae encompass the complete inner cortex. The anticlinal cell walls of endodermal 

cells are lysed but their inner periclinal wall, together with pericycle cell wall become 

strongly lignified and forms a protective laminae around the vasculature. So root-sleeve 

formation is an adaptation to drought. Further, we show that it is a unique niche for 

bacteria as its microbiome is different from rhizosphere and endophytic compartment. 

This microbiome is dominated by Actinobacteria which are known to be positively 

correlated with drought (Naylor, D. et al., 2017).   
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Main 

We selected 2 grass species, that were collected in semi-arid grasslands in Inner Mongolia, 

to study how root-sleeves are formed. These are Agropyron mongolica (Agropyron) and 

Stipa breviflora (Stipa). Both plant species, developed numerous roots covered with sandy 

cylinders. These cylinders were continuous alongside the whole root except for the tip (Fig. 

1a, b; Fig. S1a, b). They could easily slide along the root (Fig. 1a, Fig. S1a), similar to the 

structures described by Volkens (1887). Recently, it has been shown that roots of the 

majority of angiosperms can be covered by a sticky cylinder of sand grains as a response to 

mild drought. However, it cannot slide along the root and is named rhizosheath (Wullstein 

et al., 1979).  

 

Fig. 1 | Development of root-sleeves of Agropyron. a, Overview of Agropyron root 

segments before (left) and after (right) removing the sandy cylinder (arrow). b, Overview of 
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Agropyron root tip. Arrows indicate the beginning (lower) and the place where 

root/rhizosheath radial diameter reach to the maximum thickness (upper). c, Sections of 

Agropyron sand-free root tip. Arrowhead indicates the boundary between root meristem 

and elongation zone. d-g, Sections of Agropyron root segments at different positions. 

Position of segments is indicated in Fig. S3. Rhizosheath region where sand grains are 

carefully brushed off prior to sectioning, the thickness of rhizosheath are marked on the 

upper right corner. Images e to g are from the same root. Arrows in d, f and g indicate the 

lysed inner cortical cell walls. Arrowheads in d and g (within the magnified box) indicate 

the lysed radial cell walls of endodermis cells. In d, rhizosphere (RH), root-sleeve (RS) and 

endophytic compartment (EC) are indicated at lower left corner. En, endodermis; OC, outer 

cortex; Ep, epidermis. For all images, 15 roots are analysed and representative images are 

shown. Scale bars = 1 mm in a and b, or 100 µm in c to g. 

So the root-sleeve has a rhizosheath at its surface. To determine which tissues contribute 

to root-sleeves, we analyzed root cross sections of both species. This showed that cell 

walls of the inner cortex were lysed, resulting in a big hollow space between endodermis 

and outer cortex (Fig. 1d, Fig. S1d). The anticlinal walls of endodermis were also lysed. So 

the root-sleeve is formed by the outer cortex and the epidermis with root hairs embedded 

in a rhizosheath (Fig. 1d, Figs. S1d, S2). 

To obtain insight in how root-sleeves are formed, we made use of the indeterminate 

growth of roots by which a gradient of developmental stages are present along the 

longitudinal axis. Longitudinal sections through the tip, that was not covered by sand, 

showed that in Agropyron it included meristem and elongation zone (Fig. 1c). Next, cross 

sections were made of the root segment, where the formation of the rhizosheath had just 

been initiated, here endodermis and cortex were still intact (Fig. 1e, Fig. S3; rhizosheath 

formation zone, Stage I). In the area where the rhizosheath has just reached its full 

thickness, anticlinal walls of some inner cortical cells were lysed. This resembles the 

formation of lacunae, structures that have previously been shown to be rapidly induced by 

drought stress (Cuneo et al., 2016). At this stage the endodermis was still intact (Fig. 1f, Fig. 

S3; lacunae formation zone, Stage II). At a later stage the lysis of anticlinal walls started in 

the endodermis, and the inner cortex showed larger lysed regions (Fig. 1g, Fig. S3; 
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endodermal lysis zone, Stage III). Further towards the shoot, inner cortex was completely 

lysed, the anticlinal walls of the endodermal cells were lysed, and the inner periclinal wall 

of the endodermis had become very thick (Fig. 1d, Fig. S3; mature zone, Stage IV). The 

formation of root-sleeves in Stipa involved similar steps (Fig. S1).  

 

Fig. 2 | Secondary cell wall formation during Agropyron root-sleeve formation. a and b, 

Lignin staining of cross sections of Agropyron roots at stage I (a) and stage II (b). White 

arrowheads in a or b indicate the anticlinal cell wall, the inner periclinal cell wall of 

endodermis, respectively. In b, stars indicate the epidermal and outer cortical cells, white 

arrow indicates the cell wall of pericycle, all accumulate lignin. c and d, Suberin staining of 
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cross sections of Agropyron root segment with root-sleeve at stage I (c) and stage II (d). 

White arrow in d indicates the outer periclinal cell wall of endodermis cell. In b and d, black 

arrowheads indicate where cell lysis has started in inner cortex, At this stage it has not yet 

started in endodermis. X, xylem; P, pericycle; En, endodermis; Ep, epidermis. Basic fuchsin 

or nile red signal is demonstrated in cyan (a and b) or in red (c and d), respectively. For all 

images, 7 roots are analysed and representative images are shown. Scale bars = 100 µm. 

The endodermis forms a barrier between cortex and vasculature. This barrier is formed by 

casparian strips (composed of lignin) surrounding the anticlinal walls, by which the 

apoplastic space is sealed, and a secondary cell wall formed by a suberin laminae (Naseer 

et al., 2012; Andersen et al., 2018). As the inner periclinal wall of the endodermis had 

become very thick, we investigated whether lignin and/or suberin accumulated in this wall. 

To study this we stained with basic fuchsin (lignin) and nile red (suberin) (Ursache et al., 

2018). At stage I, lignin of the casparian strips was visible between anticlinal walls of 

endodermis (Fig. 2a). Here the suberin laminae had not yet been formed (Fig. 2c). At stage 

II, the inner periclinal wall of endodermis had already become thick. Lignin had 

accumulated in this wall (Fig. 2b), but not suberin (Fig. 2d). In contrast, the outer periclinal 

wall of endodermis was suberized, as in “normal” endodermal cells (Fig. 2d). There was no 

suberin accumulation in other tissues (Fig. 2d). In addition, at stage II the lignin also 

accumulated in the complete cell wall of pericycle cells, as well as of a few epidermal and 

outer cortex cells (Fig. 2b). Similar lignified cell walls of endodermis and pericycle were 

also formed during root-sleeve formation in Stipa (Fig. S4).  

The root stele covered by the lignified pericycle and inner periclinal wall of the 

endodermis forms the endophytic compartment. As root-sleeve and this endophytic 

compartment are composed of different tissues (Fig. 1d), we expected that the 

composition of their microbiomes would be distinct. To test this, we harvested bulk soil 

(SO), rhizosphere (RH), root-sleeve (RS), as well as endophytic compartment (EC) of both 

Agropyron and Stipa. We analysed the bacterial communities by 16S rRNA gene amplicon 

(V4 region) sequencing.  
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First, we determined the relative abundance of the major bacterial phyla. In both species, 

the phylum distribution in their RH resembled that of their corresponding soil (Fig. 3a, b). 

In contrast, the phylum distribution in RS of both species markedly differed from that in 

the soil and RH. However, it was similar to that in EC in both species. In EC and RS of both 

species, Proteobacteria and Actinobacteria were dominant and encompassed around 25% 

and 70% of the total reads. So at the phylum level, the composition of the microbiomes of 

RS and EC seem similar.  

To compare the composition of RS and EC microbiomes with a greater resolution, we 

performed Principal Coordinate Analyses (PCoAs). Using the Bray-Curtis dissimilarity 

measure on a rarefied ASV table, samples of the four compartments were plotted along 

the first two principal coordinates (PCs) (Fig. 3c, d). Along the first PC (70% and 63% of the 

variance for Stipa and Agropyron, respectively), samples from the four compartments 

formed two clusters at the ends of PC1. One cluster encompassed the soil and RH and the 

other contained RS and EC. Within these two clusters, samples from the two 

compartments were separated along the second PC (11% and 10% of variance, 

respectively). Pair-wise permutational multivariate analysis of variance (PERMANOVA) was 

performed to determine whether the composition of the microbiome of RS was 

significantly different from that of other compartments (Fig. 3c, d). In both species, the 

differences between RS and each other compartment were significant (p-FDR < 0.05). Also, 

the difference between RS and EC was significant, indicating that the composition of the 

microbiomes of RS and EC were distinct. However, the closer relationship was also 

demonstrated by the pair-wise PERMANOVA, as the R2 values of RS-EC were smaller than 

that of, for example, RS-RH and RS-SO (Fig. 3c, d). Further, the relatively high R2 values of 

RS-SO imply that in both species (Fig. S5), the selection/exclusion of root-sleeve in 

bacterial community assembly is stronger than that of rhizosphere and it is similar to that 

of endophytic compartment. 
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Fig. 3 | Bacterial community composition in different compartments of Stipa and 

Agropyron. a and b, The relative abundance of the dominant phyla (more than 5% of the 

total reads in at least one compartment) are shown for the soil (SO), rhizosphere (RH), 

root-sleeve (RS) and endophytic compartment (EC) of Stipa (a) and Agropyron (b). c and d, 

Principal Coordinates Analysis (PCoA) of bacterial communities in the four compartments 

of Stipa (c) and Agropyron (d). The R2 values of PERMANOVA by comparing SO, RH, EC to 

RS are shown in the figures, coloured as same as for the compartments accordingly. e and 

f, the number of ASVs with a changed relative abundance (enriched and depleted) in 

comparison to that in the soil are shown for Stipa (e) and Agropyron (f). This was done by 

the edgeR package with threshold values of a p-vale 0.05 and a log2-fold change of 1. 

Furthermore, Venn diagrams show the number of shared and unique ASV with a changed 

relative abundance in RS and EC.  

The PCoA analysis showed that the RS microbiome was distinct from that of the other 

compartments at the community level, albeit it seems closely related to that of EC. We 

next compared the RS and EC microbiomes by analyzing the ASVs with a changed relative 

abundance (enriched and depleted) in comparison to that in the soil. In both species, the 
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number of these changed ASVs was markedly higher in RS (744 in Stipa and 461 in 

Agropyron) than in RH (265 and 141) and similar to that in ECs (Fig. 3e, f; Table S1). To 

compare the RS and EC microbiomes, we focused on the enriched ASVs as the majority of 

the depleted ASVs were shared (Fig. 3e, f). Half of the RS enriched ASVs was unique for 

this compartment, in both species, and the other half was shared with EC. The number of 

enriched ASVs in EC was lower than that in RS and more than 80% of EC enriched ASVs 

was shared with RS. Only a minor fraction was unique for EC (17% in Stipa and 10% in 

Agropyron) (Fig. 3e, f), which was much less than the fraction of unique enriched ASVs of 

the RS (about 50%).  

Among the enriched RS ASVs of both species, the Actinobacteria ASVs were highest in 

number and relative abundance (collectively they encompassed about 70% of the reads). 

This was the case for enriched RS ASVs that were shared with EC as well as those that 

were unique for RS (Fig. S6) and the number of shared and unique Actinobacteria ASVs 

was similar (55 and 46 in Stipa, respectively, 47 and 33 in Agropyron, respectively). The 

enriched ASVs unique for EC especially belonged to Proteobacteria (Fig. S6).  

Two additional accessions of Agropyron were collected in different grasslands (see 

Methods). Their RS had a similar distinct microbiome (Fig. S5, S6 & S7). So the analyses of 

bacterial community composition and assembly, as well as the enriched ASVs in both 

Agropyron and Stipa underline that the RS has a distinct microbiome.  

Taken together, we showed that in the root-sleeve formation three processes are 

integrated: rhizosheath formation, formation of lacunae in the inner cortex and 

endodermal cell wall modification and hydrolysis. The formation of a rhizosheath is a 

property shared with many angiosperms, as a study including species from different 

orders distributed throughout the phylogeny of angiosperms showed that more than 80% 

of these species could form a rhizosheath (Brown et al., 2017). The formation of a 

rhizosheath has been shown to be induced by drought and to provide some protection 

against it (Zhang et al., 2020b; Karanja et al., 2021). Formation of lacunae have previously 

been shown to be a response to drought in desert succulents and grapevine (North & 

Nobel, 1991; North & Nobel, 1992; Cuneo et al., 2016). As we collected Stipa and 
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Agropyron from semi-arid grasslands, we postulate that the lacunae formed in the inner 

cortex is also induced by drought. In grapevine it was shown that lacunae are formed 

within a few hours after exposure to drought, at modest drought this is the only response 

and up to 30% of the cortex is lysed. This was already sufficient to reduce radial hydraulic 

conductivity by more than 50% and this reduced water loss to the dry soil (Cuneo et al., 

2016). Most likely the massive lysis of the inner cortex provides an even stronger 

reduction of this conductivity. Further, the stele becomes covered by a continuously 

lignified lamellae formed from the pericycle, as well as the major part of internal periclinal 

walls of the lysed endodermal cells.  

To our knowledge this is the first time that the microbiome of a root-sleeve has been 

characterized. In contrast, the microbiomes of RH and EC have been studied in many plant 

species. The composition of bacterial communities of RH and especially of EC are markedly 

different from that of bulk soil (Hartmann et al., 2009; Bakker, Peter AHM et al., 2013). 

The microbiome of the rhizosheath was shown to be most similar to that of RH (Marasco 

et al., 2018). Here we show that the root-sleeve is a niche with a distinct microbiome. This 

became especially clear by comparing the enriched ASVs in RS (root-sleeve) and EC. This 

showed that about 50% of the enriched ASVs of the RS are unique for this compartment 

and the other 50% is shared with the EC. A striking property of the shared and RS unique 

enriched ASVs is the very high number and abundance of ASVs that are classified as 

Actinobacteria. This is well in line with previous studies showing that the relative 

abundance of actinobacteria increases during drought (Naylor, D. et al., 2017; Simmons et 

al., 2020). 

By forming a root-sleeve which includes a rhizosheath integrated with a completely lysed 

inner cortex and a stele sealed by a lignin laminae, the root vasculature most likely 

becomes well protected from the dry environment. Further, the Actinobacteria rich 

microbiome of the root-sleeve might contribute to drought tolerance. Therefore we 

conclude that the formation of a root-sleeve is an adaptation to drought.   
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Methods 

Site description and plant materials sampling 

We used four sites in Inner Mongolia Autonomous Region, China (Fig. S8). One was for the 

Stipa breviflora collectionn named ‘Stipa’ in our study. This is an experimental field at 

Siziwang Banner which is located in a desert steppe (41°46ʹ43.6ʺN, 111°53ʹ41.7ʺE). Three 

were used to collect samples of Agropyron mongolica, named ‘Agropyron_1’, ‘_2’ and ‘_3’ 

in our study. loc 1 is near the Inner Mongolia Grassland Ecosystem Research Station, 

located in Xilinhot city (43.55°N, 116.67°E). loc 2 is near the Horinger county which located 

in the southeast of Hohhot city (39.59°N, 111.35°E). loc 3 is an extension of the Maowusu 

sandy land where wind erosion and desertification are serious. It is located near 

Dongsheng district in Ordos city (39.43°N, 110.12°E).  

These four locations are separated by more than 600 kilometres (Fig. S8), albeit all these 

area are around 1200 m above the sea level. Their mean annual temperature are generally 

below 6 °C and their annual precipitation are ranging from 300 to 500 mm.  

We sampled at each site at locations that were ~ 50 m apart from each other. Plant 

collected at a location was one of the replicates; 4 replicates for Stipa and 5 replicates for 

Agropyron. The plants were excavated to a depth of 20 cm and then the plant, together 

with soil around its roots were put into one plastic bag and immediately placed into an ice 

box. Soil samples of about 20 cm depth were collected by an auger (5 cm diameter) 

nearby but from areas without plants.  

Root Embedding and Sectioning 

Root segments were fixed in 4% (v/v) paraformaldehyde, 3% (v/v) glutaraldehyde and 3% 

(w/v) sucrose in 0.1 M phosphate buffer (7.0), by overnight incubation under vacuum at 

room temperature. The sand grains at root surface were then carefully washed away in 

0.1 M phosphate buffer (7.0) by using a brush. Roots were washed three times with 

phosphate buffer to get clean roots, to allow sectioning. Then, the root was cut in 0.5 cm 

segments. For studying the anatomy, root segments were dehydrated in an ethanol series 

and embedded in Technovit 7100 (Heraeus-Kulzer, Hanau, Germany according to the 
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manufacturer’s protocol. 5 and 15 µm thick longitudinal or 15 µm cross sections were 

made with a microtome (Leica Microsystems 2035). For studying cell wall components, 

root segments were embedded in 6% low melting agarose at 42 ℃. After solidification, 

80µm thick cross sections were made with a vibratome (Leica VT1000). 

Microscopy 

5 µm thick longitudinal/cross sections were stained with 0.05% Toluidine Blue 

(Sigma), mounted in euparal, and were analyzed using a light microscope (Leica DM5500) 

equipped with a camera. For confocal fluorescence microscopy imaging (Leica SP8), 15 

µm thick cross sections were stained and mounted in 10 µM propidium iodide dissolved 

in milli q H2O; 80 µm cross sections were stained with 0.5% basic fuchsin or 0.1% nile red 

solution in 0.1M phosphate buffer (7.0) for 2 hours, then transferred to ClearSee solution 

(Ursache et al., 2018) for 15 mins before mounted in Milli-Q water. The excitation 

wavelength for propidium iodide, nile red and basic fuchsin detection was 552 nm, for 

autofluorescence detection 405 nm was used. 

Soil, rhizosphere, root-sleeve and endophytic compartment harvesting 

Loose soil was removed from the roots by kneading and shaking by hand. Soil still sticking 

to the roots was defined as rhizosphere soil. Roots including the rhizosphere soil were put 

into a 50 ml Falcon tube containing 25 ml sterile phosphate buffer (PB, per litre: 6.33 g 

NaH2PO4.H2O, 10.96 g Na2HPO4.2H2O; after autoclaving, 200 µl Silwet L-77) and vortexed 

for 15 seconds. The roots were transferred to a new Falcon tube containing PB, and briefly 

vortexed. This procedure was repeated twice to clean the roots until the PB stayed clear. 

The clean roots were then transferred to a 15 ml tube containing 12 ml PB and sonicated 

for 10 mins (with a 30 seconds pause in every minute). After one more brief vortexing, the 

root-sleeve was removed with sterilized forceps along the root. The “naked” roots, where 

the central vascular bundle were covered with and pericycle and remains of endodermis. 

This was defined as the endophytic compartment sample. Both root-sleeve and 

endophytic compartment samples were then placed on a filter paper for drying. The 

solution, with rhizosphere soil, from the first vortexing step was filtered through a 100 

µm cell strainer (Falcon) into a new Falcon tube and spun down for 10 mins at 4,000x g. 
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Supernatant was quickly poured off and the pellet was rinsed with 1.5 ml PB then 

transferred to a 2 ml tube (Eppendorf). After spinning down for 5 mins at 10,000x g, 

supernatant was poured and the additional liquid residues were removed. The pellet was 

defined as rhizosphere sample. Soil samples were washed in the PB buffer and were 

collected in the same way as the rhizosphere samples. Samples from these four 

compartments were then weighed, frozen in liquid nitrogen and stored at -80 ˚C. 

DNA isolation and 16S rRNA gene amplicon sequencing 

DNA from soil and rhizosphere samples was isolated using the Mo Bio PowerSoil kit 

(Qiagen) according to manufacturer’s instructions. According to the procedures described 

previously (Lundberg et al., 2012), DNA from the root-sleeve and endophytic 

compartment samples was isolated using Fast DNA Spin Kit for Soil (MP Biomedicals). 

Quality and quantity of the DNA was checked by nanodrop and gel electrophoresis. Per 

sample, around 400ng was sent for 16S rRNA gene sequencing. Agropyron and Stipa 

samples were sequenced using the HiSeq sequencing platform at Beijing Genomics 

Institute (BGI) and Novogene, respectively. For Stipa samples, the V4 region of the 16S 

rRNA gene was sequenced by the primers 515F and 806R; For Agropyron samples, the V3-

V4 region of the 16S rRNA gene was sequenced by the primers 341F and 806R.  

Processing of the sequencing results 

The forward and reverse primer sequences were trimmed from the FASTQ reads with 

cutadapt (v1.18). Afterwards, amplicon sequence variants (ASVs) were inferred from the 

Illumina paired-end FASTQ reads with the DADA2 pipeline (v.1.12.1) (Callahan et al., 2016). 

FASTQ reads were filtered with the filterAndTrim function allowing for only one expected 

number of errors (maxEE=1) and discarding reads with any ambiguous nucleotides 

(maxN=0). Error rates were learned separately with the first 1x108 nucleotide bases of the 

filtered forward and reverse reads. The pseudo-pooling algorithm from the dada function 

together with the learned error rates predicted the ASVs in both orientations of the 

filtered reads after dereplication. Afterwards, the paired reads were merged with the 

mergePairs function. This workflow involving DADA2 was applied separately on each 

sequencing run of which there were one and nine for the Agropyron and Stipa datasets, 
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respectively. Afterwards, the sequence tables from the different runs of the Stipa 

sequencing data were merged with the mergeSequenceTables function. Chimeras were 

removed by the consensus method with the removeBimeraDenovo function. In order to 

merge the Agropyron and Stipa ASV tables, the V4 regions were extracted from the 

original Agropyron ASV sequences by finding the downstream 515F primer sequence. 

Then the read counts of the unique V4 regions were summed together and forming a new 

ASV table for Agropyron data. Finally, the RDP Naive Bayesian Classifier algorithm (Wang 

et al., 2007) as implemented in the assignTaxonomy function assigned the taxonomy of 

the ASVs against the GreenGenes dataset (v.13.8).  

Meta amplicon sequencing data analysis 

All analyses were performed in the R environment (v.3.6.3). First, ASVs related to 

mitochondrial and chloroplast sequences were removed. Then, ASVs with sequence length 

smaller than 253 or bigger than 254 bps were excluded. After this, data relating to our 

study were subset and named as “raw ASVs”. The “raw ASVs” table was then filtered and 

ASVs which have more than 25 reads in at least 5 samples were named as “measurable 

ASVs”. For Stipa, the dataset included 1.27 million reads representing 1076 measurable 

bacterial ASVs. For Agropyron, it was 1.23 million reads and 622 measurable ASVs. We did 

similar analyses with two additional Agropyron accessions collected at two other locations 

(Agropyron_2 and _3) and these data were included in the Agropyron dataset. The custom 

R commands were used in these analyses based on the R packages tidyr (v.1.1.1), 

reshape2 (v.1.4.4), ggplot2 (v.3.3.2) and fmsb (v.0.7.0). 

To determine the taxonomic composition of the different compartments, analyses in 

which read counts based on “measurable ASVs” table were assessed. For the Phylum level 

distribution, all reads were aggregated according to different phyla. The “Others” category 

was created to include low abundance phyla which did not reach at least 5% in any 

compartment (Wagner et al., 2016). For β-diversity analyses, a subset of "measurable 

ASVs" table was generated, containing samples for the research question. Then, using the 

Bray-Curtis dissimilarity method, measures on the rarefied ASV table, principal coordinate 

analysis (PCoA) was executed. This was largely done with the vegan package (v.2.5.6). 
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Permutational Multivariate Analysis of Variance (PERMANOVA) and multiple pairwise 

PERMANOVA were performed using the functions adonis and pairwise.adonis, 

respectively. To reduce the false discovery rate (FDR), we used the Benjamini-Hochberg 

method to adjust the p-values of pairwise comparisons. Differential abundance test was 

performed with the edgeR package in R based on custom scripts of a previously published 

pipeline (Hartman et al., 2018). In this analysis, “measurable ASVs” were tested by the 

threshold values with a p-value of 0.05 and a log2-fold change of 1.   
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Supplementary information:  

 

Supplementary Fig. 1 | Development of root-sleeves of Stipa. a, Overview of Stipa root 

segment before (left) and after (right) removing the sandy cylinder (arrow). b, Overview of 

Stipa root tip. c, Sections of Stipa sand-free root tip. Arrowhead indicates the boundary 

between root meristem and elongation zone. d-f, Cross Sections of Stipa root segments 

from different positions along the root axis. They are collected from a section close to the 

shoot (d) slightly above the sandy-free root tips (e), and a moderately old segment roots (f, 

between e and d). Rhizosheath region where sand grains are carefully brushed off prior to 

sectioning, the thickness of rhizosheath are marked with a black line in the upper right 

corner. In d and f, arrows indicate lysed inner cortical cell walls. Arrowheads indicate lysed 

radial cell walls of endodermis cells. In d, En, endodermis; OC, outer cortex; Ep, epidermis. 
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Images d to f are not from the same root. 5 roots are analysed and representative images 

are shown. Scale bars = 1 mm in a and b, or 100 µm in c to f. 

 

Supplementary Fig. 2 | Structure of root central bundles after removing root-sleeves. 

Confocal images of root central bundle in Agropyron (a and b) or Stipa (c). In both species 

the surface of root central bundle is formed by remains of inner cortex (IC) and 

endodermis (En), and occasionally by the pericycle (P) when endodermis is damaged (b). 

Cyan colour is from lignin autofluorescence, red is from cell walls stained by propidium 

iodide. 15 Agropyron and 5 Stipa roots are analysed and representative images are shown. 

Scale bars = 100 µm. 
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Supplementary Fig. 3 | Position of the 4 developmental stages of root-sleeve formation. 

Agropyron plant with a root that has a short sand-free root tip, followed by a long sand-

covered part. Positions of the 4 developmental zones/stages are indicated.  
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Supplementary Fig. 4 | Lignin deposition during root-sleeve formation of Stipa. Cross 

sections of Stipa roots at stage I (a) and stage IV (b). Cyan colour is from lignin 

autofluorescence, red is from cell walls stained by propidium iodide. In b, the inner 

periclinal wall of endodermis cells (arrowhead) and pericycle cell wall (arrow) are lignified. 

P, pericycle; En, endodermis; Ep, epidermis, 5 roots are analysed and representative 

images are shown. Scale bars = 25 µm. 
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Supplementary Fig. 5 | The R2 values obtained by pair-wise PERMANOVA of bacterial 

community composition of the four compartments. Results from Stipa (a) and three 

Agropyron accessions (b, c, d for Agropyron_1, _2 and _3). SO, soil; RH, rhizosphere; RS: 

root-sleeve; EC: endophytic compartment. 
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Supplementary Fig. 6 | Distribution of enriched ASVs in the root. ASVs in the root-sleeve 

(RS) and endophytic compartment (EC) with an increased relative abundance in 

comparison to that in soil are studied at phylum level, for Stipa (a) and three Agropyron 

accessions (b, c, d for Agropyron_1, _2 and _3, respectively). The number and relative 

abundance of these enriched ASVs in these two compartments are shown. Furthermore, 

among these enriched ASVs, the shared and unique ones are shown separately.   
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Supplementary Fig. 7 | Bacterial community composition in different compartments of 

two additional Agropyron accessions. a and b, The relative abundance of the dominant 

phyla (more than 5% of the total reads in at least one compartment) are shown for soil 

(SO), rhizosphere (RH), root-sleeve (RS) and endophytic compartment (EC) of Agropyron_2 

(a) and Agropyron_3 (b). Detailed information is described in Methods; c and d, Principal 

Coordinates Analysis (PCoA) of bacterial communities in the four compartments of 

Agropyron_2 (c) and Agropyron_3 (d). The R2 values of PERMANOVA by comparing SO, RH, 

EC to RS are shown in the figures, coloured as the compared compartment. e and f, the 

number of ASVs with a changed relative abundance (enriched and depleted) in 

comparison to that in soil are shown for Agropyron_2 (e) and Agropyron_3 (f). This was 

done by the edgeR package with threshold values of a p-vale 0.05 and a log2-fold change 

of 1. Venn diagrams show the overlap or unique part of these changed ASVs in RS and EC. 
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Supplementary Fig. 8 | Locations where Stipa and three Agropyron accessions were 

collected in grassland of Inner Mongolia, China.  
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Sample Compartment Number of changed ASVs 

Stipa RH 265 

 RS 744 

 EC 892 

Agropyron_1 RH 141 

 RS 461 

 EC 350 

Agropyron_2 RH 88 

 RS 446 

 EC 406 

Agropyron_3 RH 59 

 RS 369 

 EC 235 

Supplementary Table 1 | Number of ASVs with a changed relative abundance (enriched 

and depleted) in comparison to that in soil. This was done by the edgeR package with 

threshold values of a p-vale 0.05 and a log2-fold change of 1. 
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Abstract 

Plants harbour in and at their roots bacterial microbiomes that contribute to their health 

and fitness. The microbiome composition is controlled by the environment and plant 

genotype. Previously, it was shown that the plant genotype-dependent dissimilarity of 

root microbiome composition of different species becomes smaller under drought stress. 

However, it remains unknown whether this reduced plant genotype-dependent effect is a 

specific response to drought stress or a more generic response to abiotic stress. To test 

this, we studied the effect of salt stress on two distinct barley (Hordeum vulgare L.) 

genotypes; the reference cultivar Golden Promise and the Algerian landrace AB. As 

inoculum, we used soil from a salinized and degraded farmland on which barley was 

cultivated. Controlled laboratory experiments showed that plants inoculated with this soil 

display growth stimulation under high salt stress (200 mM) in a plant genotype-

independent manner, whereas the landrace AB also showed significant growth stimulation 

at low salt concentrations. Subsequent analysis of the root microbiomes revealed a 

reduced dissimilarity of the bacterial communities of the two barley genotypes in 

response to high salt, especially in the endophytic compartment. High salt level did not 

reduce α-diversity (richness) in the endophytic compartment of both plant genotypes, but 

associates with an increased number of shared strains that respond positively to high salt. 

Among these, Pseudomonas species were most abundant. These findings suggest that the 

plant genotype-dependent microbiome composition is altered generically by abiotic stress. 

 

Keywords: barley, Golden Promise, abiotic stress, meta-amplicon sequencing, salinity, 

root microbiome.  
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Introduction 

Plants have microbes associated with their roots, of which bacteria are prominent 

(Hacquard et al., 2017; Jacoby et al., 2017; Compant et al., 2019; Babalola et al., 2020; 

Bakker et al., 2020). Bacteria are highly abundant in the rhizosphere (RH), which is the soil 

closely associated with the root, whereas the root interior -the endophytic compartment 

(EC)- is less accessible (Iniguez et al., 2005; Mendes et al., 2013; Edwards et al., 2015; 

Wang et al., 2016). The composition of these two root-associated bacterial microbiomes is 

generally different from that of the bulk soil and this difference is always biggest in the EC 

(Bulgarelli et al., 2012; Lundberg et al., 2012; Bulgarelli et al., 2015; Fernández-González et 

al., 2019; Alegria Terrazas et al., 2020). The composition of these root microbiomes is, 

controlled by the plant genotype, the composition of the soil microbiome as well as 

environmental conditions (Berg, G. & Smalla, K., 2009; Bakker, P. A. et al., 2013; Philippot 

et al., 2013; Lebeis et al., 2015; Sasse et al., 2018; Tang et al., 2021). The effect of the 

plant genotype has been observed in several studies. For example, a comparative analysis 

of Poaceae species showed that the differences in the composition of the root-associated 

microbiomes correlated with the phylogenetic distance of the host plants (Bouffaud, M-L 

et al., 2014; Naylor, Dan et al., 2017). This plant genotype effect on the root-associated 

microbiome is detected even between accessions/cultivars of single species, e.g. maize 

(Zea mays L.) and barley (Hordeum vulgare L.) (Peiffer et al., 2013; Bulgarelli et al., 2015; 

Pérez-Jaramillo et al., 2018). 

Several abiotic factors like salinity, drought, extreme temperatures, nutrient deficiencies, 

and flooding affect the composition of the root-associated microbiomes (for reviews see: 

Hussain et al. (2018), Hartman and Tringe (2019), Sandrini et al. (2022)). Interestingly, a 

study on the root microbiomes of 18 Poaceae species, including barely, showed that the 

plant genotype effect is reduced by drought as the composition of the root-associated 

microbiomes became more similar (Naylor, Dan et al., 2017). However, it remains elusive 

whether this reduced dissimilarity is a generic response to abiotic stress, or alternatively, a 

drought stress-specific response, because some specific bacterial taxa do become 

dominant in the root microbiomes under drought stress, e.g. Actinobacteria (Naylor, Dan 
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et al., 2017; Fitzpatrick et al., 2018). In this study, we questioned whether salt stress 

reduces the differences in the composition of the root microbiomes between two barley 

genotypes and if so, which genera it might involve. 

Salt changes the physiology of most plant species, which affects the composition of the 

root-associated microbiomes (Li et al., 2021; Rizaludin et al., 2021). As these microbiomes 

have the potential to protect plants to some extent from salt stress (Ilangumaran & Smith, 

2017; Egamberdieva et al., 2019), it is important to know how salt affects their 

composition. This is relevant as many areas in the world are affected by salinization 

(Hassani et al., 2020). It has been reported that 33% of the irrigated land used for 

agriculture has an increased salinity, which represents 20% of the total cultivated land 

worldwide (Otlewska et al., 2020). This salinization can have various causes like; flooding 

with seawater (Gould et al., 2020), the upward transport of salts from the groundwater 

(Shi et al., 2005), and the use of water with a poor quality (Abdennour et al., 2021). 

Salinity also can be the result of a combination of inappropriate irrigation practices and 

excessive evapotranspiration, especially in arid and semi-arid areas (Hassani et al., 2020). 

Soil salinity causes reduced plant growth, as it affects crop physiology in several ways. For 

example, ions in the soil affect osmosis and this makes water less available to the plant. 

Furthermore, excessive uptake of Na+ and Cl- causes cytotoxicity for the plant and salinity 

also leads to the accumulation of reactive oxygen species damaging the plant cells (Munns 

& Tester, 2008; Julkowska & Testerink, 2015; Julkowska et al., 2017; Isayenkov & Maathuis, 

2019; Lamers et al., 2020; Van Zelm et al., 2020; Awlia et al., 2021; Karlova et al., 2021). 

Thus, soil salinization is a major problem as it causes loss of arable land. 

We aimed to test the host plant genotype effect on the root-associated microbiome of 

barley under salt stress. Although barley is moderately salt tolerant, its growth is reduced 

to about 50% at 110 mM exogenously applied NaCl (Munns & Tester, 2008). Extensive 

studies on the barley root-associated microbiomes showed that the microbiome 

compositions of the RH and EC differ significantly from bulk soil samples (Bulgarelli et al., 

2015; Mitter et al., 2017; Liu, Z et al., 2019). The barley EC microbiome is low in diversity, 

indicating this compartment is highly selective (Bulgarelli et al., 2015). Furthermore, host 

plant genotype effects on the microbiome have been found (Bulgarelli et al., 2015; Liu, Z 
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et al., 2019; Alegria Terrazas et al., 2020). As barley is selective and shows a genotype 

effect, it is suited to study the salt effect on the composition of the root-associated 

microbiomes. We used a barley landrace from Algeria -named AB (Algerian Barley)- and 

the barley reference cultivar (cv.) Golden Promise for our study, as we expected that their 

microbiomes would be sufficiently different in absence of salt to allow us to study the 

effect on the level of dissimilarity at high salt. The landrace AB is adapted and cultivated 

by farmers for example in the oasis of El-Golea (Algeria), while cv. Golden Promise was 

selected as it is a model for which molecular, genetic, and genomics tools have been 

developed (Schreiber et al., 2019; Schreiber et al., 2020). 

We argued that we could test our hypothesis in the best way when using a microbiome 

that is adapted to a saline environment as well as to barley as a host plant. Communities 

adapted to a certain trait have previously been created by an approach named host-

mediated selection on microbiome (Mueller & Sachs, 2015). This involves the growth of 

the host plant of choice for several cycles on a microbiome and selection of the property 

of interest. This approach was used to create for example microbiomes that induce 

increased drought tolerance in wheat (Triticum aestivum) (Jochum et al., 2019). We aimed 

to select an adapted microbiome for barley grown on saline soil. Therefore, we used a soil 

from a degraded farmland in El-Golea and grew two cycles of barley landrace  AB in the 

presence of salt before we used this soil as inoculum. Additionally, we compared the 

microbiome of this landrace to the microbiome of the reference cv. Golden Promise when 

grown on this ‘AB soil trained microbiome’. 

Here we show that landrace AB and cv. Golden Promise formed distinct root-associated 

microbiomes under control conditions. Salt stress reduced the differences in the 

composition of the bacterial communities in the root-associated microbiome of landrace 

AB and cv. Golden Promise. These findings suggest that reduction in dissimilarity caused 

by plant genotype is a more generic response to abiotic stress.  
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Results 

The barley root-associated microbiome shows distinct responses to mild and severe salt 

stress. 

To determine the effect of salt on the composition of the bacterial communities of the 

‘bulk soil’, the rhizosphere (RH), and the endophytic compartment (EC), barley landrace AB 

was grown on different concentrations of salt (see materials and methods) and to 

compare the compositions of the bacterial root-associated microbiome, we performed 

Principal Coordinate Analyses (PCoAs) using the rarefied ASV dataset (see materials and 

methods). This analysis was based on the Bray-Curtis dissimilarity matrix between all 

samples. RH and EC samples were separated from ‘barley soil’ along the first component 

(36% of variance) and along the second component especially RH and EC samples were 

separated (30% of variance) (Figure 1a). By including the ‘barley soil’, the RH and EC 

samples clustered more closely. To increase the resolution between these samples, we 

repeated the analysis now excluding the ‘barley soil’ samples (Figure 1b). This showed that 

bacterial communities from the RH were distinct from the EC along the first coordinate (47% 

of the variance). Permutational Multivariate Analysis of Variance (PERMANOVA) 

confirmed that the difference between the two compartments was significant (R2=0.42, 

p<0.001). Along the second coordinate (16% of variance), a gradual distribution of 

bacterial communities in both RH and EC was observed, in accordance with the salt 

gradient. 

Differences in the barley root-associated bacterial communities were most pronounced 

when comparing compartments. As we aim to study the effect of the salt gradient on the 

composition of the bacterial communities in RH and EC, we analysed these two 

compartments separately using Constrained PCoA (CPCoA), constrained by salt. The RH 

samples have a gradual distribution along the first coordinate (52% of variance) with 0mM 

on the left and 250 mM on the right (Figure 1c). Along the second coordinate (23% of 

variance), such a gradual distribution occurred up to 150 mM. However, the samples of 

200 and 250 mM positioned markedly closer to 0 and 50 mM. In case of the EC, the first 

two coordinates of the CPCoA analysis explained 47 and 25% of the variance (Figure 1d). 
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Also, in the EC there was a gradual change in the position of samples along the first 

coordinate, with 0 and 250 mM at the extreme ends. Along the second coordinate, EC 

samples from 0 and 100 mM were separated and at higher salt concentrations the 

samples were positioned gradually closer to 0 mM. Comparisons by pairwise PERMANOVA 

showed that most of the EC samples of different salt levels form clusters significantly 

distinct from each other (adjusted p<0.05) (Table 1). The adjusted p values of pairwise 

comparisons ordinations of samples of RH were in most cases slightly higher than 0.05 

(Table 1). 

 

Figure 1. Effects of a salt gradient on barley root-associated microbiome. (a) Principal 

Coordinates Analysis (PCoA) of bacterial communities in the bulk soil, rhizosphere and 

endophytic compartment of Algerian barley landrace AB exposed to six different salt 

concentrations; 0, 50, 100, 150, 200 and 250 mM NaCl. Bray-Curtis dissimilarities were 

calculated with ASV read counts after rarefaction and standard filtering. (b) PCoA 
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excluding bulk soil samples. (c & d) Constrained PCoA of bacterial communities by the salt 

treatment in the rhizosphere (c) and endophytic compartment samples (d). For each 

sample type, four biological replicates were analysed. Shape of the data point indicates the 

compartment and their colour corresponds to the salt concentration. Permutational 

Multivariate Analysis of Variance (PERMANOVA) and pairwise PERMANOVA were used to 

test significant differences among the samples. 

So, in both the RH and the EC the effect of the first coordinates became bigger with 

increasing salt concentrations (up to 250 mM NaCl). In contrast, the two second 

coordinates have most effect at modest salt levels (100 and 150 mM NaCl). This indicates 

that the physiological response to mild salt stress is distinct from that of severe salt stress. 

In the following experiment, aimed to compare the microbiomes of the landrace AB and 

cv. Golden Promise, we used 0, 100, and 200 mM salt to cover mild and severe stress and 

increase the chance to obtain significant differences between microbiome of plants grown 

at different salt levels. 

‘Algerian barley soil trained microbiome’ promotes growth of two barley genotypes 

under saline conditions. 

To study the effect of mild and severe salt stress on the root-associated microbiomes, we 

cultured landrace AB and cv. Golden Promise at 0, 100 and 200 mM.  

To test whether the microbiome might stimulate growth we cultured the plants with and 

without the ‘AB soil trained microbiome’. Shoots were harvested when the plants were 

four weeks old and so had been exposed to salt for 2 weeks. Both barley genotypes were 

sensitive to salt as a gradual drop of the biomass took place with increasing salt 

concentrations (Figure 2), although cv. Golden Promise was affected more severely than 

landrace AB (at 200 mM 51% vs 27% reduction of shoot weight). The difference in shoot 

biomass between 0 and 200 was for both genotypes significant (p<0.05, t-test). 

Inoculation with 10% ‘AB soil trained microbiome’ resulted in more than 50% growth 

promotion of landrace AB at 0, 100 and 200 mM NaCl and in all cases this increased 

growth was significant (p<0.05, t-test). Growth promotion in cv. Golden Promise also 

occurred at all conditions. At 0 and 100 mM the growth promotion was relatively minor 
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and not significant. At 200 mM the shoot fresh weight almost doubled when the 

microbiome was present and it was significant (Tables 2 and 3).  

 

Figure 2. ‘Barley soil trained microbiome’ promotes growth of barley under salt stress 

conditions. The shoot fresh weight (g/plant) of Algerian barley landrace AB and Barley cv. 

Golden Promise grown under three salt levels in two soils. Barley seedlings were 

transplanted into the sterile river sand with or without the 10% ‘barley soil trained 

microbiome’. After two weeks of growth, plants were exposed to salt (0, 100, and 200 mM 

NaCl) and harvested two weeks later. The weight of each replicate is shown by a grey dot, 

shaped differently (square for no 'barley soil trained microbiome’ added, circle for 10% 

‘barley soil trained microbiome’ inoculation). The mean value of each sample type is shown 

by a cross symbol and coloured accordingly. Asterisks indicate statistical significance (p< 

0.05, t-test) between soil treatments. 

This indicates that ‘AB soil trained microbiome’ promotes growth of both barley 

genotypes at all three salt concentrations. However, at 0 and 100 mM growth stimulation 

of cv. Golden Promise is rather small and not significant, whereas growth of landrace AB 
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was significantly stimulated. At a high salt level growth of both genotypes was significantly 

stimulated. 

The α-diversity of root-associated bacterial microbiomes in response to salt. 

To compare the effect of salt on the root-associated microbiomes of landrace AB and cv. 

Golden Promise we analysed the α-diversity, compared the phyla distribution, and 

performed PCoAs.  

We have calculated richness (ASVs) and evenness based on a rarefied dataset of ASVs. 

Salinity had no strong effect on richness and evenness in the root-associated microbiomes 

(Figure 3). In the RH of landrace AB, the evenness was reduced with 3%, whereas the 

decrease in the richness at 200 mM was not significant. In EC of landrace AB at 200 mM, 

α-diversity increased with about 20 and 8%, richness and evenness, respectively. There 

was also no significant effect in EC of cv. Golden Promise (Figure 3).  

In both RH and EC there was no significant effect on the α-diversity (p<0.05, ANOVA with 

Tukey HSD test). 

Salt decreases the dissimilarity between the root-associated bacterial microbiomes of 

Algerian Barley landrace and cv. Golden Promise 

Next, we determined the effect of salt on the composition of the root-associated bacterial 

microbiomes of the two barley genotypes. The two genotypes had a similar phylum 

distribution in their RH and also the composition of their EC was comparable. 

Proteobacteria and Bacteroidetes were the two major phyla and Actinobacteria, 

Verrucomicrobia, Acidobacteria and Gemmatomonadeles had a modest relative 

abundance. In the EC, the relative abundance of Actinobacteria increased and that of 

Verrucomicrobia, Acidobacteria and Gemmatomonadeles decreased in comparison to RH 

(Supplementary Figure 1). Salt did not affect the phyla distribution in the root-associated 

bacterial microbiomes of each genotype. The differences were, in both genotypes, 

primarily due to the compartment effect.  
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Figure 3. α-diversity of barley root-associated microbiomes at different salt 

concentrations. The α-diversity of bacterial communities in the rhizosphere and endophytic 

compartment of Algerian barley landrace AB and Barley cv. Golden Promise grown at three 

salt levels. The α-diversity is measured by two indices; Richness (a) and Evenness (b). 

Indices are calculated using the rarefied ASV table. For each sample type, five biological 

replicates were included. Colour of the box corresponds to a specific salt concentration (0, 

100, and 200 mM NaCl). Red italic letters above the box indicate statistical significance 

(p<0.05, ANOVA with Tukey HSD test) between salt treatment. 
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Figure 4. Root microbiomes of the Algerian barley landrace AB and cv. Golden Promise 

become more similar upon salt treatment. PCoAs of bacterial communities in the 

rhizosphere (a) and endophytic compartment (b) of both landrace AB and cv. Golden 

Promise grown at three salt concentrations. For each sample type, five biological replicates 

were analysed. Filled shape (circle/triangle) refers to landrace AB and open shape refers to 

cv. Golden Promise samples. Colour of the dot corresponds to salt concentrations (0, 100, 

and 200 mM NaCl). 

To compare the effect of salt on the community level in the RHs and ECs, we performed 

PCoA analyses. This was based on the Bray-Curtis dissimilarity matrix between all RH 

samples of the two genotypes (Figure 4a) and all samples of the ECs (Figure 4b), 

respectively. The RH samples of both genotypes separated along the first principal 

coordinate (46% of variance) by salt concentration and at the different salt concentrations 

the samples of the two genotypes, positioned similarly along this axis. The samples were 

separated by genotype along the second principal coordinate, which represents 9% of 

variance. The EC samples of both genotypes separated in a similar way. Along the first 

coordinate (33% of variance) by salt concentration and along the second coordinate by 

genotype (15%). However, at 200 mM salt the EC samples of the two genotypes were 

almost not separated. To quantify the differences between samples of the two genotypes, 

pairwise PERMANOVA analyses were performed for landrace AB and cv. Golden Promise 

samples of a certain condition and compartment (Table 4). This showed the lowest R2 

value for the comparison of EC samples obtained from plants treated with 200 mM NaCl 

(0 mM R2=0.28, 100 mM R2=0.20 and 200 mM R2=0.11). Whereas differences in bacterial 

root microbiome between cv. Golden Promise and landrace AB were significant for plants 

treated with 0 and 100 mM, it was not for plants treated with 200 mM NaCl. This 

demonstrates that at 200 mM NaCl, the EC bacterial microbiomes of the barley genotypes 

landrace AB and cv. Golden Promise became similar. A comparable pattern is observed for 

the bacterial microbiome in the RH, albeit less strong than in the EC (Table 4). 

To further analyse whether the dissimilarity between the root-associated microbiomes of 

the two genotypes became smaller at high salt, we did abundance analysis. We identified 

ASVs with more than 4-fold increased relative abundance at 100 or 200 mM in comparison 
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to 0 mM with p<0.05. To compare the root-associated microbiomes, we determined which 

of these enriched ASVs are shared by the two genotypes and which are unique. This 

showed that there are less unique enriched ASVs in both RH and EC at high salt, whereas 

the number of shared enriched ASVs increased (Table 5). To test this in an independent 

manner indicator species analysis was performed. This analysis was visualized in bipartite 

networks summarizing the identified indicator ASVs within the RH and EC samples that are 

positively and significantly (p<0.05) correlated with one or two salt concentrations 

(Supplementary Figure 2). In both, landrace AB and cv. Golden Promise, about 40% of the 

ASVs were salt responsive in the RHs, whereas in the ECs this was 22 to 24% of the ASVs 

(Supplementary Table 1). Indicator species analysis showed that the majority of the 

indicator ASVs positively responding to salt (salt cluster in 100, 200 and 100-200 mM NaCl) 

were shared by the two genotypes (Table 5, Supplementary Table 2). This confirmed the 

differential abundance analysis, showing that salt stress decreases the dissimilarity of 

root-associated bacterial microbiomes of the two barley genotypes. 

Next, we wanted to know what are the dominant ASVs of each genotype under different 

salt conditions and whether there are more overlaps of dominant ASVs between the two 

genotypes under high salinity. Therefore, we compared the 10 most abundant ASVs from 

both genotypes under different salt conditions, in different compartments. These 10 most 

abundant ASVs generally represented about 30% and 40% of the total reads in RH and EC, 

respectively. First, this showed that Pseudomonas species are most dominant in RH and EC 

of both genotypes, whereas none of the abundant 10 ASVs belong to Actinobacteria 

(Figure 5, Supplementary Figure 3). Both landrace AB and cv. Golden Promise shared 6-7 

abundant ASVs in RH and EC when grown in 0 or 100 mM NaCl, but also possessed plant 

genotype-specific ASVs that are abundant in the root microbiome. However, the 

genotype-specific effect decreased when plants were exposed to 200 mM NaCl, resulting 

in the recruitment of the same 10 most abundant strains in the EC of the landrace AB and 

cv. Golden Promise (Figure 5).   

Taken together, these findings show that the genotype-effect on the root microbiome 

composition in barley, decreases with increasing salt concentration. 
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Figure 5. Abundant bacterial ASVs in the endophytic compartment of two barley 

genotypes become similar upon salt application. Ten most abundant ASVs (top-10) in the 

EC of Algerian barley landrace AB and cv. Golden Promise at three salt concentrations (0, 

100, and 200 mM NaCl). On the left, Venn diagram represents the number of shared and 

unique top-10 ASVs between the two genotypes. On the right, Y-axis of the bar chart 

taxonomic information and the ASV number assigned in this study. X-axis represents the 

mean relative abundance of ASV in the EC of the genotype. The top-10 ASVs are coloured, 

ASVs shared by two genotypes are given in dark purple, and non-shared ASVS are given in 

pink (top-10 ASV) or grey (non-top-10 ASV). ASVs were ordered by their relative abundance 

in the EC of Algerian barley landrace AB. In all EC samples, ASV_1 (unclassified 

Pseudomonadaceae) and ASV_6 (Pseudomonas) were the two most abundant ASVs. In the 

EC of roots grown at 200 mM NaCl, all top-10 ASVs were shared and their relative 

abundance was similar in both genotypes.  
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Discussion 

Here we show that exogenously applied salt reduces the dissimilarity of the root-

associated microbiomes of two barely accessions. The Algerian Barley landrace (AB) and 

the reference cultivar (cv.) Golden Promise, displayed distinct plant genotype effects on 

the root microbiome composition, when plants were grown under low salt conditions. 

However, application of 200 mM NaCl resulted in a decrease of the dissimilarity of the 

root microbiomes, an increase in the number of shared ASVs that positively responded to 

high salt in both genotypes, and an increased similarity in ASVs that were abundantly 

present in the rhizosphere (RH) and/or the endophytic compartment (EC). 

Principal coordinate analyses showed that at the population level the bacterial 

microbiomes of landrace AB and cv. Golden Promise responded similarly to salt. The 

differences caused by the plant genotype were smaller than those caused by salt. 

Additionally, the genotype effect became smaller at higher salt levels. This reduction of 

the dissimilarity between the root microbiomes of the two plant genotypes at high salt 

was most severe in the EC. At 200 mM salt, the EC microbiomes of both samples had 

similar positions along the first and second coordinates and the small difference was not 

significant. In contrast, at 0 and 100 mM salt the differences between the root-associated 

microbiomes of the two genotypes were significantly different. The reduced dissimilarity 

at high salt can be caused by a reduced plant genotype effect, or alternatively a result of a 

reduced richness of the soil microbiome due to salt application. To discriminate between 

these two scenarios, ideally the microbiome of the bulk soils after salt treatment needed 

to be quantified. However, the chosen experimental setup did not allow such approach. 

Because, at the end of the experiment pots were well filled with roots and so it is not 

feasible to collect soil samples that had not been in close contact with roots. To obtain 

insight into the salt effect on the microbiome, we studied the richness in rhizosphere soils. 

As these were only slightly reduced upon salt application, we postulate that the 

microbiome of the bulk soil may respond similarly. In contrast to the slightly reduced 

richness in rhizosphere soil, the richness of EC showed a slight increase or stayed similar 
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(Figure 3). As richness (diversity) of the EC microbiomes is not reduced, the reduced 

dissimilarity at high salt is most probably caused by a reduced plant genotype effect. 

The constrained principal coordinate analyses (Figure 4) indicated that the response of 

barley to mild salt stress has aspects that are distinct from that of severe salt stress. The 

analysis of the salt gradient experiment showed that the strongest shift along the second 

coordinate occurred with the mild salt samples. That mild salt involves some specific 

changes is further supported by the presence of indicator ASVs specific for the 100mM 

NaCl clusters (Supplementary Table 2). It has not been well studied whether plants have 

distinct physiological responses to mild and severe salt stress. In contrast, variation in 

response has been well documented for mild and severe drought stress. It was shown that 

about 25% of the genes differentially expressed under mild drought stress are not induced 

during severe drought stress (Clauw et al., 2015). Based on our findings, we postulate the 

plant’s physiological response may be salt concentration dependent, similarly as reported 

for drought.  

At high salt (200 mM), the 10 ASVs with the highest relative abundances in the EC 

microbiomes were identical for both barely accessions and even the relative abundances 

of the strains were similar. Also, the ASVs positively responding to high salt were similar in 

both genotypes. The underlying mechanism of this effect remains still elusive. The two 

barley accessions could vary for example in physiology or in secondary metabolites 

produced by the root at low salt, whereas the physiological response to high salt is similar. 

This might have caused the composition of the microbiomes at high salt become more 

similar. 

The salt stress dependent reduction of the plant genotype effect on the root-associated 

microbiomes is in line with a study on drought on Poaceae species. This showed that 

drought decreased the dissimilarity between the microbiomes of these species (Naylor, 

Dan et al., 2017). In the case of drought, this reduction of the plant genotype effect 

correlates with an increase in the relative abundance of Actinobacteria (Naylor, Dan et al., 

2017; Santos-Medellín et al., 2017; Simmons et al., 2020). In our study, the relative 

abundance of Actinobacteria remained low under saline conditions. For example, in the 
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RH of landrace AB, 2 out of 208 positively responding ASVs and in its EC 7 out of 119 were 

Actinobacteria (Supplementary Figure 2). Thus, Actinobacteria seem to play a minor role 

in the observed dynamics in the root microbiome induced by salinity. 

We found that the salt effect on the α-diversity the bacterial root microbiome was limited. 

In other studies, it has been reported that the α-diversity of the root microbiome is 

affected upon salt application (Li et al., 2021). It has been hypothesized that an increase of 

the α-diversity is due to a decrease of abundant strains, which gives room to more rare 

strains (Yang et al., 2016; Benidire et al., 2020; Santos et al., 2021). In our study, this is not 

the case as the relative abundance of dominant ASVs is not affected by the treatment. 

Indicator species analyses showed that the number of ASVs of which the relative 

abundance increased or decreased upon salt treatment was comparable (Supplementary 

Table 1, Supplementary Figure 2). This most probably explains why in barley the α-

diversity was only slightly affected upon salt treatment. 

The ‘AB soil trained microbiome’ used in our experiment resulted in root microbiomes in 

which Pseudomonas related ASVs were abundant. Collectively Pseudomonas sp. 

represented more than 30% relative abundance under all the conditions. However, the 

response to salt of these stains varied. For example, of the top-3 most abundant 

Pseudomonas strains, two responded positive and one negative to salt (Figure 5; 

Supplementary Figure 3). This is consistent with an earlier study, where Pseudomonas sp. 

was highly abundant in the root microbiome of Medicago truncatula, while individual 

strains responded differently to salt (Yaish et al., 2016). This suggests occurrence of 

genetic variation in Pseudomonas in the capacity to colonize plant roots under high salt 

conditions. 

Previous studies have shown that inoculation with individual bacterial strains, including 

Pseudomonas sp., can confer growth promotion to various crops under saline conditions 

(Cardinale et al., 2015; Egamberdieva et al., 2019). Pseudomonas strains have been shown 

to alleviate salt stress in a diverse range of species; including chickpea (Jatan et al., 2019), 

cucumber (Egamberdieva et al., 2011), cotton (Egamberdieva et al., 2015), red pepper 

(Chatterjee et al., 2017), soybean (Egamberdieva et al., 2017), sunflower (Fatima & Arora, 
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2021), citrus (Vives-Peris et al., 2018), arabidopsis (Chu et al., 2019), mustard (Phour & 

Sindhu, 2020), and garlic (Zhuang et al., 2021). However, it was also reported that a 

growth promoting Pseudomonas strain inoculated on the roots of barley did not result in a 

significant growth increase under salt conditions (Rahman et al., 2018). This shows that 

plant growth promotion under saline conditions is dependent on the plant genotype and 

the bacterial inoculum. We showed that the ‘AB soil trained microbiome’ promoted plant 

growth especially at high salt, but we did not demonstrate which bacteria contributed to 

this response. To answer this question, it requires the isolation and testing of bacterial 

strains. Our study provides some indications which ASVs are potential candidates to be 

tested for growth promoting effects under high salt conditions. ASVs relatively abundant 

in a root-associated microbiome of both barley genotypes under all conditions represent 

such candidates (in bold in Table 6). These include Pseudomonas and Agrobacterium, 

genera of which species have previously been shown to confer salt tolerance to their host 

plants (Chatterjee et al., 2017; Chu et al., 2019; Egamberdieva et al., 2019). 

The growth of cv. Golden Promise was significant at 200 mM salt whereas barley landrace 

AB also showed a significant increase of growth at 0 and 100 mM. As the microbiomes of 

these two genotypes are more different at these concentrations, the landrace AB 

microbiomes could stimulate growth better. This might be the result of a better 

adaptation of landrace AB to the ‘AB soil trained microbiome’. At 200 mM the 

microbiomes of the two genotypes became less different and could stimulate growth in 

both barley genotypes in a similar way. It is possible that growth stimulation of cv. Golden 

Promise at low salt concentration could be higher, when this cultivar would have been 

used to create a host-selected ‘barley soil trained microbiome’. 

In conclusion, we showed that salt stress reduced the dissimilarity of the root-associated 

microbiomes of two barley genotypes, which most probably is caused by a reduced plant 

genotype effect. This salt-induced decrease in microbiome dissimilarity is similar to what is 

observed with drought stress. However, in contrast to drought stress, the salt-induced 

decrease in microbiome dissimilarity didn’t correlate with an increase of the relative 

abundance of Actinobacteria, but members of Pseudomonas. So, the reduction of plant 

genotype-dependent dissimilarity is not strictly correlated with Actinobacteria but can 
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involve species from other genera. We postulate that the reduction of the plant genotype-

dependent dissimilarity of the root-associated microbiomes is a more generic response to 

abiotic stress.  
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Materials & Methods 

‘Algerian barley soil trained microbiome’ preparation  

To create a soil with a microbiome that might stimulate growth of barley under saline 

conditions, we have made use of a soil of a saline field that in the past was a farmland on 

which several crops, including barley, had been cultured. Inappropriate irrigation practices 

in the past have led to a degraded land where crops could no longer effectively been 

grown there. During a few decades only some halophytes like Zygophyllum and Imperata 

grew in this field. The selected saline area (30°37'01.4"N 2°52'42.7"E) was located in the 

Université des Sciences et de la Technologie Houari Boumediene (USTHB) Research 

Experimental Field Station located in the El-Golea oasis, in the Sahara of Algeria, 

(Supplementary Figure 4). Soil from this station was saline (5.6dS/m ≈56 mM NaCl), sandy 

and poor in nutrients, this is named ‘starting soil’. El-Golea local landrace barley seeds, 

bought from the local market, were used as this landrace is probably well adapted to the 

local conditions. We named it Algerian barley landrace (AB). To enhance the microbiome 

in the starting soil, we cultivated the local landrace AB for two cycles. In the first cycle, 

landrace AB was grown on this starting soil for four weeks without additional salt. After 

harvesting barley, the resulting soil was collected and homogenized. One plot of 

100*100*50 cm (for control plants) and three plots of 50*50*50 cm (for salt-treated 

plants) were created and covered with plastic and subsequently filled with this soil. 

Landrace AB was grown in these plots and irrigated with water. After one week of growth, 

plants were subjected to salt treatment by irrigation with a NaCl solution by which salt 

concentrations of about 50, 100 and 200 mM were created. Plants were grown for an 

additional three weeks. Two kilograms of soil were collected from each salt condition and 

stored at 4.0 °C for further use in experiments under controlled conditions. For the lab 

experiments, soils collected from the four different plots were mixed in equal amounts, 

this is named ‘AB soil trained microbiome’. 

Experiments under controlled conditions  

Barley seeds were surface sterilized as follows: dry seeds were soaked in 4% commercial 

bleach for five min, then washed with sterile distilled water at least five times. Sterile 
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seeds were placed in Petri dishes on wet sterile filter paper at 4.0 °C for 24 h and then 

moved to 28.0 °C for 24 h to germinate in the dark. Subsequently, they were exposed to 

light for 24 h at 28.0 °C. Five uniform size seedlings were planted into pots containing 

1.5kg of soil composed of 90% sterile (Gamma irradiated) river sand and 10% of the ‘AB 

soil trained microbiome’. The soil was saturated with Fårhraeus nutrient solution (per liter: 

0.12 g MgSO4.7H2O, 0.1 g KH2PO4, 0.15 g Na2HPO4.2H2O, 1 ml 15 mM Fe-citrate, 2.5 ml 

trace-elements B. Add after autoclaving: 0.75 ml 1 M Ca (NO3)2, 0.7 ml 1 M CaCl2.2H2O 

(Fårhraeus, 1952). The Water Holding Capacity (WHC) of this soil is 150 ml water per 1 kg 

of soil. Plants were grown at 25.0 °C, 40% humidity and 16-h light/8-h dark photoperiod 

using a plant growth cabinet (Weiß Kast). Three times per week, the pots were weighed, 

and their water content was adjusted to 70% WHC, using sterile distilled water. Each time, 

the position of the pots was randomized in the growth cabinet. After two weeks plants 

were treated with salt. Prior to salt treatment, water was added to ≈70% of WHC. Salt 

application was done as previously described (Awlia et al., 2016).  

To determine the concentrations of salt that we could use in an experiment in which we 

aimed to compare the root-associated microbiomes of the barley landrace AB and cv. 

Golden Promise, we first did a pilot experiment in which landrace AB was grown in a salt 

gradient. In short, pots with AB landrace plants were submerged for 30 mins in saline 

solutions of 0, 75, 150, 225, 300 and 375 mM NaCl and were let to drain. In this way the 

salt concentration became 0, 50, 100, 150, 200 and 250 mM NaCl increased when the 

WHC is back to 70%. This was maintained by adding distilled water for two weeks after 

which plant growth was scored by measuring the Fresh Shoot Weight (Supplementary 

Figure 5). 

In a second experiment, barley cv. Golden Promise and AB landrace were grown using the 

same setup as described above. This cultivar was selected, because it can be transformed 

(Schreiber et al., 2019; Schreiber et al., 2020), which will facilitate future functional 

analyses. Salt concentrations were limited to 0, 100 and 200 mM NaCl. In all cases when 

plants were inoculated with 10% ‘AB soil trained microbiome’ the concentrations of NaCl 

were about 17.6 mM higher as the ‘AB soil trained microbiome’ contained about 176 mM 

NaCl (Supplementary Figure 6).  
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Collecting soil and harvesting plant materials 

For both experiments, bulk and rhizosphere soil and roots were collected as described by 

Schneijderberg et al. (2020), which was based on Lundberg et al. (2012). Four biological 

replicates were made for each treatment by pooling five individual plants into one sample. 

Rhizosphere soil was collected by washing roots using sterile phosphate buffer (per liter: 

6.33 g NaH2PO4.H2O, 10.96 g Na2HPO4.2H2O and 200 μL Silwet L-77) according to 

Schneijderberg et al. (2020). Subsequently, roots were cleaned by several washes with 

phosphate buffer until the washing solution remained clean and roots were placed in an 

ultrasonic water bath by alternating 30 s bursts followed by 30 s rest, for a total of 10 mins. 

Then they were dried on filter paper in the flow cabinet. Soil and root samples were 

frozen in liquid nitrogen and stored at -80 °C till DNA isolation. 

DNA extraction, Illumina meta-amplicon sequencing and data processing 

DNA was isolated from bulk and rhizosphere soil using the Mo Bio PowerSoil® kit (Qiagen) 

and from the root (endophytic compartment) using the Fast DNA Spin® Kit for Soil (MP 

Biomedicals), following the manufacturer’s instructions. DNA quality and quantity check 

were done by Thermo Scientific™ NanoDrop and 1% agarose gel electrophoresis, 

respectively. About 300ng per sample was sent to Beijing Institute of Genomics (BGI). The 

V4 region of the 16S rRNA gene was amplified and sequenced using 515F and 806R 

primers with an Illumina HiSeq 2500 sequencer as described by Illumina HiSeq System 

guidelines (Illumina 2020). Raw sequence data were processed using the DADA2 

microbiome pipeline (Callahan et al., 2016). As the complete dataset was composed of 

multiple sequencing runs, DADA2 was run separately on each one. For each sequencing 

run, raw reads were inspected (Supplementary Figure 7) cleaned with the ‘filterAndTrim’ 

function from DADA2 with maxEE=2. Reads matching the phiX genome were also removed. 

The error rates were learned by randomly taking 1e8 bases from all the samples (i.e. 

pools). These error profiles were used to infer ASVs by the dada function with default 

settings on the dereplicated sequences. The sequence tables from each run were merged 

together into one with the ‘mergeSequenceTables’ function. Chimeras were then removed 

with the ‘removeBimeraDenovo’ function from DADA2, using the “consensus” method. 
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Finally, taxonomy was assigned with the ‘assignTaxonomy’ function using the Green 

Genes database. In this way, we generated a table where each ASV is assigned to a unique 

number coupled to its taxonomical information at the genus level. For example, 

'6_Pseudomonas’ means the ASV number 6 in the whole dataset belonging to the genus 

Pseudomonas. When an ASV is not assigned to any genus, it will have the mention 

‘unclassified’ in addition to its known taxonomy at a higher rank than the genus level, for 

example: ‘1_unclassified Pseudomonadaceae’. 

Microbiome analyses 

All analyses were performed in the R environment (v.3.6.3). First, ASVs assigned to 

mitochondria and chloroplasts were removed. Then, ASVs with sequence lengths smaller 

than 253 or bigger than 254 bps were excluded. After this, data relating to our study were 

selected and named as "raw ASVs". The "raw ASVs" table was then filtered, and ASVs 

(which have more than 25 reads in at least five samples) were kept (46.2% of the total 

reads number) and named as "measurable ASVs", this corresponded to 42.6 M reads. The 

custom R commands were used in these analyses, mainly retrieved from the R packages 

tidyr (v.1.1.1), reshape2 (v.1.4.4), ggplot2 (v.3.3.2) and agricolae (v.1.3-5). 

For the α- and β-diversity analyses, a subset of "measurable ASVs" table was generated, 

containing samples according to the research question. α-diversity was estimated by the 

evenness and richness. The richness was calculated using the ‘Observed’ function in the 

phyloseq package (v.1.36.0) (McMurdie & Holmes, 2013) after rarefying the subset ASV 

table by the lowest read counts of samples (at least 36k reads), while the Shannon index 

was calculated by the ‘Shannon’ function. We calculated the evenness of the same sample 

by its Shannon index and richness, following the equation: evenness =Shannon index 

/log(richness). The data was assessed to meet the basic assumptions on the distribution of 

populations using the ‘leveneTest’ function for homogeneity and ‘shapiro.test’ for 

normality, then tested by ANOVA with Tukey HSD test for significant differences. Then, 

using the Bray-Curtis dissimilarity method, measures on the same rarefied ASV table, 

principal coordinate analysis (PCoA) was executed. This was largely done with the vegan 

package (v.2.5.6). Constrained Principal Coordinates Analysis (CPCoA) was performed 
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using the function ‘capscale’. Permutational Multivariate Analysis of Variance 

(PERMANOVA) and multiple pairwise PERMANOVA were performed using the functions 

‘adonis’ and ‘pairwise.adonis’ respectively. To reduce the false discovery rate (FDR), we 

used the Benjamin-Hochberg method to adjust the p-values of pairwise comparisons. 

For the indicator species analysis, differential abundance analysis and the bipartite 

network, we used a custom implementation of the scripts (Hartman et al., 2018; 

Schneijderberg et al., 2020). For the differential abundance test, we used a standard 

pipeline as implemented in the metagenomeSeq package (v.1.28.2) (Paulson et al., 2013). 

We first used the default settings to create a normalized ASV table from the "raw ASVs". 

Then we used ‘fitzig’ function and default settings in the metagenomeSeq package 

(v.1.28.2) to test ASVs differentially abundant between 100mM salt and 0mM, and 

200mM and 0mM in RH and EC, respectively. For indicator species analysis, we employed 

correlation-based analysis to identify individual bacterial ASVs in barley root communities 

which abundances varied between the different salt levels using the indicspecies package 

(v.1.7.9) (De Cáceres et al., 2010). The analysis was conducted with 999 permutations and 

considered significance at p<0.05. Finally, we visualized the indicator ASVs associated with 

one or more of the salt levels by the bipartite networks, constructed using the Kamada-

Kawai layout as implemented in the igraph package (v.1.2.6) (Csardi & Nepusz, 2006).   
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Tables and legends: 

Table 1. Pairwise PERMANOVA of the bacterial community changes in the roots of 

barley Algerian landrace (AB) under a gradient of salt levels. 

Pairwise comparisons 
Rhizosphere Endophytic compartment 

R2 p.adjusted R2 p.adjusted 

0 vs 50 mM 0.29 0.078 0.47 0.045 

0 vs 100 mM 0.35 0.078 0.57 0.045 

0 vs 150 mM 0.52 0.068 0.66 0.045 

0 vs 200 mM 0.47 0.068 0.6 0.045 

0 vs 250 mM 0.52 0.068 0.6 0.045 

50 vs 100 mM 0.1 0.607 0.27 0.045 

50 vs 150 mM 0.32 0.068 0.44 0.045 

50 vs 200 mM 0.39 0.068 0.4 0.045 

50 vs 250 mM 0.47 0.068 0.48 0.045 

100 vs 150 mM 0.18 0.302 0.32 0.069 

100 vs 200 mM 0.31 0.068 0.34 0.045 

100 vs 250 mM 0.41 0.068 0.47 0.045 

150 vs 200 mM 0.27 0.090 0.2 0.058 

150 vs 250 mM 0.34 0.068 0.32 0.045 

200 vs 250mM 0.14 0.528 0.19 0.229 

P-value adjusted by the false discovery rate (FDR) method of Benjamin-Hochberg. 

Marked in bold: p<0.05. 
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Table 2. Growth promotion of barley Algerian landrace AB and barley cv. Golden 

Promise by the ‘Algerian barley soil trained microbiome’. 

Plant genotype Barley Algerian landrace Barley cv. Golden Promise 

Salt level (mM NaCl) 0 100 200 0 100 200 

FW-RS (g/plant) 0.442 0.352 0.324 0.716 0.585 0.354 

FW-BS (g/plant) 0.69 0.655 0.591 0.916 0.7 0.698 

Growth promotion (%) 56.11 86.08 82.41 27.93 19.66 97.18 

FW-RS: mean fresh shoot weight per plant, grown on sterile river sand. 

FW-BS: mean shoot fresh weight per plant, grown on sterile river sand mixed with 10% 

‘Algerian barley soil trained microbiome’. 

Growth promotion: (BS-RS)/RS. 
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Table 3. Growth difference of two barley genotypes in two soil types and three salt 

levels. 
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Table 4. Pairwise PERMANOVA of the bacterial community changes in the roots of two 

barley genotypes under three salt levels. 

Comparisons 
Rhizosphere Endophytic compartment 

R2 p.adjusted R2 p.adjusted 

AB.0 vs AB.100 0.56 0.013 0.35 0.020 

AB.0 vs AB.200 0.63 0.013 0.44 0.018 

AB.0 vs GP.0 0.29 0.013 0.28 0.018 

AB.0 vs GP.100 0.49 0.013 0.37 0.018 

AB.0 vs GP.200 0.62 0.013 0.47 0.018 

AB.100 vs AB.200 0.28 0.013 0.21 0.033 

AB.100 vs GP.0 0.60 0.013 0.45 0.018 

AB.100 vs GP.100 0.27 0.013 0.20 0.042 

AB.100 vs GP.200 0.26 0.013 0.22 0.027 

AB.200 vs GP.0 0.64 0.013 0.49 0.018 

AB.200 vs GP.100 0.42 0.013 0.25 0.018 

AB.200 vs GP.200 0.25 0.020 0.11 0.399 

GP.0 vs GP.100 0.48 0.013 0.38 0.018 

GP.0 vs GP.200 0.63 0.013 0.49 0.018 

GP.100 vs GP.200 0.33 0.013 0.20 0.042 

Comparisons: abbreviation of the treatment is used as Genotype.Salt level. 

AB: barley Algerian landrace. 

GP: barley cv. Golden Promise. 

p values, adjusted by the false discovery rate (FDR) method of Benjamin-Hochberg. 

Marked in bold: p. adjusted<0.05. 
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Table 5. Number of ASVs enriched in saline condition in the roots of two barley 

genotypes. 
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Table 6. Indicator species analysis of ASVs with a high relative abundance in the roots of 

Algerian barley landrace AB and/or Barley cv. Golden Promise. 

 



High salt reduces microbiomes’ dissimilarities 

77 

 

Supplementary information: 

 

Supplementary Figure 1. Bacterial phyla distribution in the roots of Algerian barley 

landrace AB and cv. Golden Promise grown at 0, 100, and 200 mM NaCl. Bacterial phyla 

with low abundances (≤1%) are referred to as ‘Others’. RH: rhizosphere, EC: Endophytic 

compartment. 
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Supplementary Figure 2. Salt cluster specific ASVs in the roots of Algerian barley 

landrace AB and cv. Golden Promise. Bipartite networks visualizing ASVs positively and 

significantly (p<0.05) correlate with salt cluster, i.e. a single or two salt concentrations (0, 

100, 200 mM NaCl), in the rhizosphere and endophytic compartment of two barley 

genotypes, as identified by indicator species analysis. Indicator ASVs are coloured 

according to their phylum association. Squares and circles represent that ASVs of both 

genotypes are indicator ASVs. Squares are in the same cluster, i.e. ASVs correlate with 

same salt concentration(s), whereas circles are not. Dots are indicator ASVs that are 

genotype unique. Exact numbers of indicator ASVs are listed in Supplementary Table 2. A 

black bold frame surrounding the indicator ASV means that it is a “highly abundant” ASV. 
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Supplementary Figure 3. Abundant ASVs in the rhizosphere of two barley genotypes 

become similar upon salt application. Ten most abundant ASVs (top-10) in the 

rhizosphere of Algerian barley landrace AB and cv. Golden Promise for three salt levels (0, 

100, and 200 mM NaCl). On the left, Venn diagram with the number of shared and unique 

top-10 ASVs between both barley genotypes. On the right, Y-axis of the bar chart shows 

taxonomic information and the ASV number assigned in this study. X-axis shows the mean 

relative abundance of ASVs in the rhizosphere of the genotype. The top-10 ASVs are 

coloured (purple or pink). ASVs shared by both genotypes are given in purple and the non-

shared top-10 ASVs are given in pink. Not top-10 ASVs of the genotype are given in grey. 

ASVs were ordered by their relative abundance in the rhizosphere of Algerian barley 

landrace AB. 
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Supplementary Figure 4: Field location of used ‘Algerian barley soil trained microbiome’. 

The GPS coordinates of the El-Golea Research Experimental Field Station in Algeria; 

30°37'01.4"N 2°52'42.7"E (Figure made with google maps). 
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Supplementary Figure 5: Growth of Algerian barley landrace AB on a gradient of salt: 0, 

50, 100, 150, 200 & 250 mM NaCl. Photographs were captured two weeks post salt 

treatment. BS: sterile river sand mixed with 10% of ‘Algerian barley soil trained 

microbiome’, RS: sterile river sand. 
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Supplementary Figure 6: Growth of Algerian barley landrace AB and cv. Golden Promise 

grown on a gradient of salt: 0, 100 & 200 mM NaCl. Photographs were captured two 

weeks post salt treatment. (a & c) Barley grown in the sterile river sand mixed with 10% of 

‘Algerian barley soil trained microbiome’. (b & d) Barley grown in the sterile river sand. 
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Supplementary Figure 7: FASTQ read quality scores after filtering, (a) forward, (b) 

reverse. The read quality scores of a sample are shown as an example. The solid green and 

orange lines show the mean and median quality score at that position of the read. The 

dashed orange lines are the 25th and 75th quantiles. Plots were drawn with the DADA2 

function plotQualityProfile with the default settings.  
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Supplementary Table 1. Number of indicator ASVs identified in the roots of barley 

Algerian landrace AB and cv. Golden Promise. 

Compartment Rhizosphere Endophytic compartment 

Plant genotype AB GP AB GP 

Indicator ASVs 533 621 217 204 

Total ASVs 1360 1372 889 919 

Percentage of indicator ASVs 39,20% 45,30% 24,40% 22,40% 

AB: barley Algerian landrace. 

GP: barley cv. Golden Promise. 
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Supplementary Table 2. Properties of indictor ASVs correlated with salt cluster in the 

roots of two barley genotypes.
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Summary  

• Certain tree species can reach ages of centuries, whereas lifespan of species like 

apple are markedly shorter. The latter is caused by negative plant-soil feedback 

that results in microbiome changes. We hypothesized that tree species capable of 

a long lifespan will be able to avoid such negative feedback and their root-

associated microbiomes will be similar in trees of different ages.  

• To test this, we used a chrono-series of Chinese chestnut (Castanea mollissima) 

trees, ranging from 8 to 830 years old, from a Ming orchard at the Great Wall. 

Their root-associated microbiomes were analysed by using illumina meta-

amplicon sequencing analysis. 

• We showed that their root-associated bacterial microbiomes are rather similar 

although based on the linear regression models we cannot exclude that age has a 

weak correlation with the composition of root-associated microbiomes. When 

chestnut seedlings were grown in soil associated with young and old chestnut 

trees and control soil for 3 months, the chestnut plants were healthy and their 

growth was similar. This strongly supported that negative feedback had not 

occurred. A member of core microbiome Pseudomonas OTU1 that represents 

more than 50% of the rhizosphere community strongly inhibited growth of 

chestnut pathogens and stimulated plant growth.  

• Such properties of the microbiome, in combination with a high number of 

resistance genes can contribute to longevity of chestnut. 

 

Key words: Chinese chestnut, chrono-series, Ming orchard, plant-soil feedback, 

Pseudomonas, root-associated microbiome, tree longevity  
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Introduction 

Longevity of plant species can vary markedly. For example, some annuals can have a 

lifespan of only several weeks, whereas perennials can live for decades or even centuries. 

Especially some tree species can become very old and reach ages of hundreds or even 

thousands of years (Branch, 1999). This implies that mechanisms must be in place by 

which these plant species with a long lifespan can cope with rapidly evolving pathogens, 

as well as with mutations that will accumulate in their stem cells upon division (Burian et 

al., 2016).  

Although trees have in general a longer lifespan than herbaceous perennials, there is a 

remarkable difference in longevity between tree species. Trees like, for example, oak, 

chestnut and ginkgo can become hundreds of years and some pine species even 

thousands of years (Branch, 1999; Plomion et al., 2018). In contrast, several fruit trees, for 

example, apple and peach, in general only reach ages of decades. The latter is caused by 

negative plant-soil feedback by which root/soil microbiomes change (Winkelmann et al., 

2019). We hypothesise that tree species that can have a long lifespan will be able to avoid 

such negative plant-soil feedback and as a consequence their root-associated 

microbiomes will be similar in trees of different ages. However, to our knowledge this has 

never been studied. Here we tested this hypothesis in a chrono-series of Chinese chestnut 

(Castanea mollissima). This series included trees ranging from several years to centuries of 

age and they are located in an orchard at the Great Wall.  

Longevity of trees is most likely controlled at several levels. To keep the number of 

mutations that accumulate in their stem cells rather low, the mitotic activity in the apical 

meristem appears to be reduced (Ljubuncic & Reznick, 2009; Burian et al., 2016; Plomion 

et al., 2018). Short living plants cope with their rapidly evolving pathogens by diversifying 

selection of their resistance genes like, for example, the nucleotide-binding site leucine-

rich repeat (NBS-LRR) resistance gene family. However, long living perennials, like trees, 

have to defend themselves against these rapidly evolving pathogens with a static number 

of resistance genes. In part they can cope with such rapidly evolving pathogens, because 

in general they have a higher number of resistance genes than short living annuals. For 
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example, oak and Chinese chestnut have about 1000 and 700 NBS-LRR genes, respectively 

(Plomion et al., 2018; Xing et al., 2019), whereas in most short living annuals this family 

has 50-200 members (Meyers et al., 2003). Apple has a relatively high number of 

resistance genes, for example, ~1000 NBS-LRRs (Jia et al., 2015). However, its life 

expectancy is in general only some decades, so markedly shorter than that of, for example, 

oak and chestnut. It is due to the soil legacy causing the apple replant disease. The 

definition of this disease is, according to Winkelmann et al. (2019), a disturbed 

physiological reaction of newly planted apple plants to soils that have altered (micro-

)biomes due to negative plant soil feedback during previous apple cultures. This causes a 

markedly reduced production or death of the trees and has left a legacy of biotic nature in 

the soil causing apple replant disease. It can develop in a few decades. For example, a 

study in an orchard in Beijing showed that within 30 years a microbiome causing apple 

replant disease had developed (Sun et al., 2014). Microbiome changes occur, for example, 

in the bacterial, fungal and oomycete communities. However, which organisms cause the 

replant disease is not known (Balbín-Suárez et al., 2020). Other Rosacea species, like 

peach, cherry and strawberry can develop a similar replant disease, but the negative 

effect on growth is species/genus specific (Bent et al., 2009; Zhao et al., 2009; Si et al., 

2017). So, the relative short lifespan and apple replant disease are not due to a low 

number of resistance genes, but it is caused by negative feedback between plant and soil 

which affects the composition of the (micro)biome of soil (Mazzola & Manici, 2012; 

Winkelmann et al., 2019).  

Plants sustain thousands of microorganisms around and inside their roots. These 

microbiomes are of major importance for plant growth and can contribute to tolerance to 

biotic stresses (Mendes et al., 2013). The composition of bacterial communities in the 

rhizosphere, the thin layer of soil that is in direct contact with the root, and the 

endophytic compartment is to some extend determined by the plant genotype (Berg, G. & 

Smalla, K., 2009). We hypothesise that the root-associated microbiomes of individuals of a 

tree species that range in age from decades to centuries, will be rather similar and they 

will contain microorganisms that can protect the trees against its major pathogens and/or 

stimulate growth. To test this hypothesis, we made use both culture independent and 
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culture dependent methods to analyse the bacterial root-associated microbiomes of 

Chinese chestnut trees from an orchard at the Huanghuacheng Lakeside Great Wall in 

China.  

The Wall at this site was built during the Ming dynasty and started in A.D. 1404 under the 

command of Emperor Yongle (Zhu Di). It aimed to strengthen defence against tribes from 

the north. The oldest trees at this orchard are even older than the current Great Wall at 

this site. The chestnut orchard provided food for the military people that were active at 

this Great Wall. The Great Wall has remained functional as a defence barrier till 1644. 

Further, the region in which this ancient orchard is located had developed into an 

important production area for chestnut. This can explain why this orchard has been 

maintained for centuries. This orchard is unique as it contains a broad chrono-series of 

trees up to more than 800 years old. In nature very old chestnut trees are rare, among 

others by competition with other species. This is an orchard with a single species, in this 

case chestnut. In this respect it is similar to apple orchards, so the growth conditions are 

similar to orchards in which replanting disease would happen. This makes it most suited to 

test our hypothesis, as effects caused by other tree species are avoided.  

In this study, we used chestnut trees ranging from 8 to 830 years old and Illumina meta-

amplicon sequencing analysis showed that their root-associated bacterial microbiomes are 

rather similar, although based on the linear regression models we cannot exclude that age 

has a weak correlation with the composition of root-associated microbiomes. Further, 

soils in which these chestnut trees were growing had no negative effect on the growth of 

replanted seedlings, showing that negative feedback had not occurred. Concerning the 

occurrence of bacteria with antagonistic activity we showed that a Pseudomonas OTU, 

that can represent more than 50% of the rhizosphere community, strongly inhibited 

growth of chestnut pathogens and stimulated plant growth.   
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Materials and Methods 

Samples collection 

The Chinese chestnut orchard that dates from the Ming dynasty locates at the 

Huanghuacheng Lakeside Great Wall (Beijing, China), which at this site was built during 

the Ming dynasty. This Orchard has trees of various ages ranging from centuries to tens of 

years and the oldest tree in this orchard is more than 800 years old. The canopies of the 

old trees, with ages ranging from 3 to 8 centuries, have a similar size. From each tree, fine 

roots were sampled from 20-30cm in depth (surface soil were removed), where located 

just below the edge of the canopy. Soil was collected at a similar location and depth, but 

in a part where chestnut roots were not present. All samples were collected in around 4 

replicates. A young tree was also sampled from the chestnut research station that is 

nearby this orchard. Detailed sample information has been described in Table S1. 

Tree age determination 

The age of the trees was determined in 2011 by analyzing dendrochronology. To do so, 

firstly, position an increment borer at 1.3 meters high above the ground. Then, drill a 5 

mm hole through the pith and collect a sample that contains tree-rings. At last, age of the 

tree is determined by measuring tree-ring width using LINTABTM Series 6 (Germany). 

Soil, rhizosphere and endophytic compartment harvesting 

The soil that was sticking tightly to the roots was defined as rhizosphere soil (RH). The 

harvesting protocol closely followed the procedures described previously with minor 

modifications (Lundberg et al., 2012; Schneijderberg et al., 2020). Detailed procedures are 

described as following: roots including the rhizosphere soil was put into a 50 ml Falcon 

tube containing 25 ml phosphate buffer (PB, per litre: 6.33 g NaH2PO4.H2O, 10.96 g 

Na2HPO4.2H2O and 200 µl Silwet L-77) and vortexed for 15 seconds. The root was 

transferred to a new Falcon tube containing PB, and briefly vortexed. This procedure was 

repeated twice, until the PB stayed clear. Roots were sonicated for 10 mins (with a 30 

seconds pause in every minute). After vortexing briefly, clean roots were defined as the 

endophytic compartment (EC) samples and were placed on filter paper for drying. In the 
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meanwhile, wash-offs after the first vortexing were filtered through a 100 µm cell strainer 

(Falcon) and spun down for 10 minutes at 4000x g. Supernatant was quickly poured off, 

and the pellet was transferred to a 2 ml tube. The additional liquid residues were removed 

and these were defined as the RH samples. Soil (SO) samples were washed in the PB 

buffer and were collected in the same way as the RH samples. SO, RH and EC samples 

were then weighed, frozen in liquid nitrogen and stored at -80 °C. 

DNA isolation and 16S rRNA gene amplicon sequencing 

DNA from SO and RH samples was isolated using the MoBio PowerSoil kit (Qiagen) 

according to manufacturer’s instructions. From EC samples, DNA was isolated using Fast 

DNA Spin Kit for Soil (MP Biomedicals). Quality and quantity of the DNA was checked by 

nanodrop and gel electrophoresis. Around 300ng DNA per sample was sent for meta-

amplicon sequencing at Beijing Genomics Institute (BGI). Using primers 515F and 806R, 

the V4 region of the 16S rRNA gene was sequenced by using the HiSeq2500 PE250 

sequencing platform (Illumina).  

Processing of the sequencing data 

Paired-end reads were merged into contigs using the RDP (Ribosomal Database Project) 

extension to PANDASeq (Masella et al., 2012), named Assembler (Cole et al., 2014) with a 

minimum overlap of 50 bp, Phred score of 25, and contig length of 100 bp. Contigs were 

converted to fasta format using the fastx-toolkit and combined in a single file. Then, 

contigs were clustered into operational taxonomic units (OTUs) according to the UPARSE 

pipeline (Edgar, 2013) implemented in VSEARCH 1.1.3 (Rognes et al., 2016). In short, the 

pipeline consisted of de-replication, sorting by abundance and discarding singletons 

before clustering them into OTUs using the UPARSE algorithm (Edgar, 2013), discarding 

chimeric sequences using the UCHIME algorithm (Edgar et al., 2011) and mapping contigs 

to the OTUs using the usearch_global algorithm. The resulting OTU table was then 

converted into BIOM format using QIIME 1.9.1 (Caporaso et al., 2010). Finally, we added 

taxonomic information for each OTU based on the GreenGenes database release 13_8 97% 

(Caporaso et al., 2010) using the RDP classifier 2.10.1 (Cole et al., 2014). All processing 

steps were implemented in a SnakeMake workflow (Köster & Rahmann, 2012).  
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Microbiome analyses 

All analyses were performed in the R environment (v.3.6.3). First, OTUs related to 

mitochondrial and chloroplast sequences were removed and it was named as “raw OTUs”. 

Next, the OTUs that have more than 25 reads in at least 5 samples were kept and they 

were named as “measurable OTUs” for further analysis.  

For the α- and β-diversity analyses, a subset of "measurable OTUs" table was generated, 

containing samples according to the research question. α-diversity was estimated by the 

Shannon index which was calculated using the ‘Shannon’ function in the phyloseq package 

(v.1.36.0). The relationship between tree age and Shannon index has been tested with the 

linear regression model (Table S2). Then, using the Bray-Curtis dissimilarity method, 

measures on the same rarefied OTU table, principal coordinate analysis (PCoA) was 

executed. This was largely done with the vegan package (v.2.5.6). Permutational 

Multivariate Analysis of Variance (PERMANOVA) was performed using the functions 

‘adonis’. The occurrence of increasing delta tree age patterns in all 3 compartments has 

been tested using the linear regression between the dissimilarity of bacterial communities 

(Bray-Curtis) and the tree age differences (Marasco et al., 2018) (Table S3 & 4). 

To compare the taxonomic composition between different compartments of all trees, 

read counts based on Phylum, Family, Genus and OTU level were assessed separately. For 

the Phylum, Family and Genus level distribution, all the reads were aggregated according 

to different phyla, families and genera, respectively. The “Others” category was created to 

include low abundance taxonomies which did not reach at least 5% in any one 

compartment (Wagner et al., 2016).  

For the OTU level analysis, a core microbiome was identified based on the following two 

criteria: First, OTUs in the RH or EC that were enriched compared to the bulk soil, were 

identified. This was done from the trees with at least three replicates in each 

compartment (i.e. the trees with age 10, 440 in 2016 and 10, 372, 440, 620, 830 in 2017). 

The significance (p < 0.05) of enrichment was determined by the Dunnett’s test using 

“measurable OTUs” table. Second, the enrichment of an OTU should occur in at least 70% 

of the samples of the RH or EC (Xu, J et al., 2018). The custom R commands were used in 
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this analysis, mainly retrieved from the R packages tidyverse (v.1.3.0) and reshape2 

(v.1.4.3).  

Plant soil feedback assay 

To test whether the soils associated with chestnut trees for a long time will cause negative 

feedback to chestnut growth, we collected soil around a young tree (10 years old) and two 

old trees (372 and 620 years old) as well as soil from an open field never cultivated with 

chestnut trees that was defined as the control. Chestnut seeds were pre-germinated and 

planted in each soil. Chestnut seedlings were cultivation in a greenhouse for more than 3 

months. Plant height was measured. Leaves were randomly selected (0.5 g) from 10 

seedlings grown in each soil and cut into 2 mm slices. Chlorophyll was extracted from leaf 

samples by using acetone and absorption was measured at 663 nm and 645 nm 

(Richardson et al., 2002). 

Bacteria isolation and OTU correlation analysis 

To isolate strains belonging to the Pseudomonas OTU1 from the rhizosphere of chestnut 

trees grown in the orchard for centuries. Serial dilutions of the rhizosphere glycerol stocks 

obtained from the 440 years old trees were plated on 1/10th strength TSA (1/10th TSA) and 

King’s B agar media. Plates were incubated at 28 °C for 7 days. According to the 

morphologies, approximately 90 independent colonies were picked and re-streaked on 

1/10th TSA plates. Colonies were re-streaked on fresh 1/10th TSA plates once more to 

ensure purity. Fresh colonies were used for identification. The isolate collection was 

replicated and 16S rRNA genes were amplified by using the primers 63F 5’-

CAGGCCTAACACATGCAAGTC-3’ and 1389R 5’-ACGGGCGGTGTGTACAAG-3’ (Hongoh et al., 

2003). PCR products were sequenced Sanger sequencing at Macrogen (Amsterdam, 

Netherlands). All 16S rRNA sequences were processed with Geneious 8.1.9 

(https://www.geneious.com) and submitted to RDP database for taxonomic identification. 

Pseudomonas Isolates were selected for correlation analysis with meta-amplicon data. The 

V4 region of their 16S rRNA gene sequences were extracted and aligned with consensus 

sequences of all OTUs. Isolates with the V4 region matching OTU1 with more than 97% 

identity were kept and further aligned with raw reads of OTU1. Isolates with the V4 region 
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that 100% identical to any raw reads of OTU1 were kept for strain level analysis by using 

BOX-PCR with primer BOXA1R 5’-CTACGGCAAGGCGACGCTGACG-3’ (Rademaker, 1997). By 

comparing genetic profiling of these isolates, repetitive strains were removed and 11 

different Pseudomonas strains belonging to OTU1 were then obtained. Glycerol stocks 

were prepared and stored at -20 °C and -80 °C.  

Genome assembly 

Genomes were sequenced at BGI, using the Illumina HiSeq2500 PE150 platform with 

paired end reads and a 350 bp insert size. Reads were cleaned with Trimmomatic v. 0.35 

(Bolger et al., 2014) by using a sliding window approach that trimmed bases below a 

PHRED quality score of 28. Next, reads were assembled using SPAdes v. 3.9.0 (Bankevich 

et al., 2012) with default parameters and contigs smaller than 1,000bp were removed. 

Assembly quality was assessed with QUAST which included BUSCO gene detection as an 

indicator of genome completion (Gurevich et al., 2013). These results can be found in 

Table S5. 

Phylogeny of Pseudomonas strains 

A Pseudomonas strain collection was selected from a study published by Jun et al. (2016). 

In this paper, a tree was reconstructed based on an average amino acid identity (AAI) 

score of reciprocal conserved protein-coding sequences between genome pairs. Genomes 

were clustered if they shared at least a 95% AAI. For our purposes, we selected one 

representative from each cluster which had a completed genome available on NCBI. These 

were downloaded from RefSeq in December 2018. Additionally, the Populus- and 

Castanea-associated isolates from the above and present study, respectively, were also 

included. One tree was inferred based on a multiple sequence alignment of the AMPHORA 

genes. HMMs were used to identify the 32 single-copy genes with the HMMER suite. The 

nucleotide sequences were individually aligned with Clustal Omega and trimmed with 

Gblocks to remove poorly aligned bases in the flanking regions of the conserved domains. 

The genes were concatenated to create a multiple sequence alignment from which a 

maximum likelihood tree was reconstructed using FastTree with a general time reversible 

model of DNA evolution. Another tree was inferred based on a multiple protein sequence 
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alignment of shared single copy orthologues. Single copy orthologues (n=711) were 

identified with OrthoFinder which were further filtered based on a chi-square test. Only 

orthologues without sequences deviating significantly (p-value > 0.05) from the overall 

composition (n=468) were considered. The aligned protein sequences were concatenated 

into a multiple sequence alignment from which a maximum likelihood tree was 

reconstructed using IQ-TREE. The tool ModelFinder, included in IQ-TREE, was used to find 

the best-fit partition model for the multi-gene alignment by only considering the 

invariable site and Gamma rate heterogeneity. IQ-TREE reconstructed the tree under the 

best-fit partition model using Cellvibrio Japonicus Ueda107 as the out-group (Jun et al., 

2016; Hesse et al., 2018). The AMPHORA and single copy orthologues trees resembled 

each other in their topology. Trees were visualized and annotated with the Python ETE3 

library. 

Genome Annotation and Functional Diversity Inference 

To determine functional similarity between genomes, we predicted Open Reading Frames 

(ORFs) with Prodigal. These putative coding domain sequences were annotated with the 

KEGG orthology (KO) database (Bai et al., 2015). Hidden Markov Models (HMMs) (Eddy, 

1998) of the KO groups were used to assign homology to each ORF with hmmsearch from 

the HMMER suite. The threshold for homology was set at an E-value below 1.0 x 10-4 and a 

coverage of at least 90%. In case of multiple hits, the best scoring KO group was preferred. 

Subsequently, a binary matrix for the presence/absence of each KO group per genome 

was generated. This presence/absence matrix was projected into a 2D space using 

Singular Value Decomposition as a PCA plot with the Python scikit-learn library 

(Schneijderberg et al., 2018). 

Phenotypic traits of Pseudomonas strains 

Several phenotypic traits of the 11 Pseudomonas strains isolated from chestnut 

rhizosphere (strains CM1-11) were tested in this study and the protocols closely followed 

the procedures described previously (Cheng et al., 2013). For the siderophore detection, 

strains were grown in KB broth overnight at 28 °C. Cells were washed twice with KB broth 

and the cell density was set to an OD600 of 1.0. 5 µl cell suspension was spotted on a CAS 
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agar plate (Schwyn & Neilands, 1987). After 48 h of incubation at 28 °C, siderophore 

production was visualized by a color change of the CAS medium from blue to orange 

(Hartney et al., 2011). For the P-solubilization test, strains CM1-CM11 were spot 

inoculated to the National Botanical Research Institute's phosphate growth medium 

(NBRIP) contained per liter: glucose, 10 g: Ca3(PO4)2, 5 g; MgCl2·6H2O, 5 g; MgSO4·7H2O, 

0.25 g; KCl, 0.2 g and (NH4)2SO4, 0.1 g. A clear halo around the colonies indicates the P-

solubilization ability (Nautiyal, 1999). The antagonistic activities of these strains were 

tested as follows: strains CM1-CM11 were grown in 5 ml KB broth overnight at 28°C. 2µl 

bacterial suspension (OD600 = 1.0) was spotted on a 1/5th strength PDA plate near the 

edges of the plate. After 24 h of incubation at 28 °C, a mycelial plug of 4-mm diameter of 

pathogenic strains Cryphonectria parasitica and Phytophthora cinnamon was placed in the 

center of the 1/5th PDA plate and incubated at their appropriate temperature. Radial 

hyphal growth was monitored for several days depending on the pathogen’s growth 

(Trifonova et al., 2009; Cheng et al., 2013). 

Plant assays 

Pseudomonas sp. CM11 strain was grown in 5 ml KB broth at 28 °C, 200 rpm for 12 hours. 

Bacterial cells were washed and resuspended with 10 mM MgSO4. Bacterial suspension 

was adjusted to OD600 = 1.0 (~109 cfu/ml). Chestnut seeds were pre-germinated and 

planted in potting soil. 50 ml bacterial suspension was inoculated to each seedling and 10 

days later, the second time inoculation was performed. Chestnut seedlings were 

cultivation in greenhouse condition for 45 days. Leaf area, chlorophyll content, and fresh 

weight of shoot and root were measured. Leaves of 8 seedlings per treatments were 

imaged and leaf area was measured by using the Intelligent Leaf Area Meter (Model: YMJ-

C). A destructive method was used for Chlorophyll content measurement. Leaves were 

randomly selected (0.5 g) from 8 seedlings per treatments and cut into 2 mm slices. 

Chlorophyll was extracted from leaf samples by using acetone and absorption, and was 

measured at 663 nm and 645 nm (Richardson et al., 2002). Chlorophyll a and b 

concentrations (mg/g fresh weight) were then calculated by using the equations (Arnon, 

1949):  
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Chlorophyll a = (12.7*A663 - 2.697*A645)*V/1000W 

Chlorophyll b = (22.77*A645 - 4.687*A663)*V/1000W 

(A663: absorbance at 663 nm; A645: absorbance at 645 nm; V: volume of extracting 

solvent; W: fresh weight of leaf materials) 

Seeds of Arabidopsis thaliana Columbia-0 (Arabidopsis) were surface sterilized by washing 

with ethanol and soaking in ¼ bleach for 10 minutes. Seeds were transferred on water-

saturated filter paper in petri dishes. After incubating at 4°C for 3 days, 8 seeds were sown 

on plates containing 50ml 1/2th Murashige Skoog (MS) medium. Plates were transferred 

and positioned vertically in a growth chamber under a long-day photoperiod (16 h of 

light, relative humidity 60%) at 22 °C. In in vitro assay, 2 µl bacterial suspension 

(109 cfu/ml) was applied to the root tips of one-week-old seedlings. Control plants were 

inoculated with 2 µl of 10 mM MgSO4 (van de Mortel et al., 2012; Cheng et al., 2017). In 

the soil assay, one-week-old seedlings were transferred to 60 ml PVC pots carrying: 

vermiculite-soil mixture (2:1 v/v) that was autoclaved twice for 20 min at 120 °C with a 24 

h interval. After transplanting, 50 ml bacterial suspension (106 cfu/ml) was inoculated to 

each seedling (one seedling per soil pot). Seedlings treated with the same amount of 10 

mM MgSO4 were the controls. For both experiments, Arabidopsis was cultivated under the 

same conditions and 11 days after inoculation with bacterial suspension, fresh weight of 

shoot and root was quantified.  
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Results  

A chrono-series of chestnut trees ranging from 8 years to 8 centuries  

To select a chrono-series of chestnut trees, we made use of the Great Wall orchard (Fig. 

S1). The age of the old trees at this orchard was determined in 2011 by dendrochronology 

(see Materials and Methods). For the younger trees, it was recorded when they were 

planted. In addition to the orchard, we also collected samples from some young trees at 

the chestnut research station which is located in the vicinity of the orchard. In this way, 

we could select a chrono-series with the oldest tree being more than 800 years (Table S1). 

The canopies of the old trees, with ages ranging from 8 years to 8 centuries, have a similar 

size, due to pruning. Young roots primarily grow in the soil directly below the edge of the 

canopy. This implies that these young roots grow in soil where plant-soil feedback has 

taken place for centuries. 

The bacterial community composition of a young and three old chestnut trees are 

similar  

In 2016, we did a small-scale experiment by harvesting bulk soil (SO), rhizosphere (RH) and 

endophytic compartment (EC) of 3 old trees (372, 440 and 620 years) in the orchard and 

one young tree (~10 years) at the chestnut research station. From each tree, fine roots 

were collected from 3 positions (referred to as replicates) which were 20-30 cm deep and 

located just below the edge of the canopy. Soil was collected at a similar location and 

depth, but in a part where chestnut roots were not detected. We focussed on the 

bacterial communities, as analysis of fungal communities would have been difficult due to 

the massive presence of ectomycorrhiza. We analysed the bacterial community by 16S 

rRNA gene V4 region meta-amplicon sequencing using a HiSeq2500 platform (Illumina). 

Operational Taxonomic Units (OTUs) were identified by a 97% identity threshold of 

sequences (Lundberg et al., 2012; Schneijderberg et al., 2020), and filtering produced 

3161 “measurable” OTUs. This also included the samples of the second experiment (see 

below) and together we collected 111 samples. 
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We first determined the relative abundance of major bacterial phyla in the SO, RH and EC, 

respectively, of the young and old trees. The majority of the OTUs were distributed across 

eight dominant phyla, and these contained approximately 80-90% of the reads of all 

compartments (Fig. 1a). The phylum distribution of the 3 old trees and the young tree 

were very similar, where OTUs belonging to Proteobacteria were dominant in both EC and 

RH, and Actinobacteria OTUs were dominant in EC. We observed taxonomic shifts from 

soil to the root-associated compartments, by comparing relative abundance of the major 

phyla (Supplementary file 1). In the RH community, Proteobacteria was enriched, whereas 

Acidobacteria, Chloroflexi and Verrucomicrobia were markedly reduced. In the EC 

community, the relative abundance of Actinobacteria was increased, whereas that of 

Bacteroidetes and Acidobacteria was reduced.  

 

Fig. 1: The plant compartment drives the composition of the bacterial communities. a, c, 

The relative abundance of the dominant (more than 5% of the total reads in at least one 

compartment) phyla are shown for the soil (SO), rhizosphere (RH) and endophytic 

compartment (EC) samples harvested in 2016 (a) and 2017 (c); b, Principal Coordinates 
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Analysis (PCoA) of samples harvested in 2016. Samples of 2016 were harvested from 1 

young tree (~10 years old) and 3 old trees (372, 440 and 620 years). In 2017, the same 

trees were sampled as well as 2 additional young trees (8 and 20 years) and 3 additional 

old trees (505, 580 and 830 years). 

To compare the microbiomes at the community level, we used the Bray-Curtis dissimilarity 

measure on rarefied OTUs. We plotted SO, RH, and EC samples along the first two 

principal coordinates (PCo), which explained 44% (PCo 1) and 30% (PCo 2) of the variance, 

respectively (Fig. 1b). Especially the microbiomes of the RHs as well as ECs of the 3 old 

trees and the young tree clustered very well. SO microbiomes were distinct from the 

microbiomes of the RH and EC, but formed two sub clusters. The two SO clusters were 

formed due to the uneven distribution of OTU1 (see below). When OTU1 was excluded 

and PCoA was repeated, then SO samples formed one cluster (Fig. S2a). RH and EC 

communities were well separated along the PCo 1 and the RH samples of the old and 

young trees clustered well together. This was also the case for the EC samples. This 

suggests that chestnut shaped very different bacterial communities in and around the root. 

However, their composition seemed not or only slightly to depend on tree age. To test to 

what extent the compartment and tree age, respectively, would influence the bacterial 

community, Permutational Multivariate Analysis of Variance (PERMANOVA) was 

performed. It showed that the impact of the compartment is the largest (p< 0.05) and 

forms 64% of the variance (Table S6). The difference between bacterial communities of 

different tree ages was significant, albeit tree age explains only 6.4% of variance (Table S6). 

This suggests that the tree age has a small impact on the community composition. 

The age of chestnut trees within a chrono-series has only a small impact on the 

distribution of OTUs at a high taxonomic level 

We repeated the analyses in August 2017 by analyzing the same trees as in 2016 as well as 

2 additional young trees and 3 additional old trees (Table S1). In this way, we could study 

a more complete chrono-series. We first determined the relative abundance of bacterial 

phyla (Fig. 1c). The taxonomic shifts from soil to the root-associated microbiomes were 

analyzed in the same way as in 2016. Phylum distribution showed that compared to the 
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SO microbiome, the relative abundance of Proteobacteria was enriched, whereas that of 

Acidobacteria, Verrucomicrobia, Gemmatimonadetes and Crenarchaeota was reduced in 

the RH (Supplementary file 1). In the EC community, the relative abundance of 

Proteobacteria and Actinobacteria was increased, and that of Bacteroidetes and 

Acidobacteria was reduced. The phylum distribution within the microbiomes of these 

trees within the chrono-series was very similar (Fig. 1c). This shows that the tree age has 

only a small impact on the phylum distribution.  

We then determined the effect of tree age on the distribution of OTUs at lower taxonomic 

levels and this was done for the samples collected in 2016 as well as 2017. At the family 

level, we found 137 classified families in total. 136 of them were detected in the soil, and 

135 and 132 of them occurred in RH and EC, respectively (Fig. S3). This shows that the vast 

majority of the members of the root microbiomes originated from soil, suggesting that 

horizontal transfer contributes most to the composition of the microbiomes. Also, at the 

genus and OTU level, this major contribution of horizontal transfer was visible. Vertical 

transfer was also shown as OTU1201, member of Thermaceae, only occurred in EC (Fig. 

S3).  

Three families had a relative abundance of at least 5% in RH or EC and they occurred in all 

trees. Their relative abundance is presented in Fig. 2 and it shows that 

Pseudomonadaceae was the most dominant family in RH with a relative abundance that 

can reach over 60%. Micromonosporaceae and Streptomycetaceae were dominant in EC, 

where they generally occupied 5% and 10% of reads, respectively. At the genus level, 

Pseudomonas was the only classified genus with at least 5% in RH and occurred in all trees. 

The relative abundance of Pseudomonas was similar to that of Pseudomonadaceae in the 

trees, suggesting that especially the genus Pseudomonas contributed to the dominance of 

Pseudomonadaceae (Fig. S4).  

In most cases the relative abundance of these taxa are rather similar. However, in some 

trees the relative abundances differed markedly. For example, the relative abundance of 

Streptomycetaceae in EC was far below the average in the 372-year-old tree in 2016 and 
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Fig. 2: Occurrence of dominant classified families in RH & EC. Three dominant classified 

families were identified with a relative abundance of at least 5% in RH or EC. Their 

occurrence in RH and EC were showed in all trees sampled in 2016 (a) and 2017 (b). 

this was the same for Pseudomonadaceae in RH of the 440-year-old tree in 2017 (Fig. 2). 

However, these variations were present in one year but absent in the other year. The 

relative abundance of Pseudomonadaceae was higher in the EC of trees collected in 2017 

than in 2016. In 2017, its relative abundances varied between trees of different ages. It 

was markedly higher in the 8 to 372-year-old trees, than in the older trees (Fig. 2). Also in 

this case, this difference did not occur for the trees also collected in 2016 as the relative 
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abundance of Pseudomonadaceae in the 440- and 620-year-old tree was similar to that of 

the younger ones. We expect that the sampling year dependent variation might be due to 

some variation in the microenvironment that is more critical in one of the two years (for 

example, water availability).  

So the distribution of these dominant taxa, especially at the higher taxonomic level, is 

similar in chestnut trees within the chrono-series. At a lower taxonomic level, some trees, 

for certain families/genera, showed an aberrant relative abundance, but this seems more 

correlated with sampling year than age of the tree.  

The alpha diversity of root associated bacterial microbiomes in the chestnut trees are 

similar although the alpha diversity has a weak correlation with tree age 

To investigate the alpha diversity of the root associated bacterial communities in the 

chestnut trees of the chrono-series, the Shannon diversity index (H) was calculated. We 

plotted the results along tree age, and this was done for all samples collected at both 

years and for each compartment (Fig. 3). The H index was in general higher in the SO than 

that in the RH and EC. But within each compartment, the H index was rather similar for 

the different trees. Analysis of Variance (ANOVA) has been performed to test the effect of 

sampling year and tree age, respectively, on the H index in three compartments (Table S7). 

It showed that sampling year has a significant influence in all three compartments. The 

differences in H index of trees of different ages were small. However, these differences 

were significant in SO and RH but not in EC. The sampling year appeared to have a big 

impact on the H index of old trees, especially in RH. This is due to the difference in the 

relative abundance of OTU1 in RH and SO of both years, as if OTU1 was excluded, the H 

index of trees collected in both years is similar (Fig. S5).  

To investigate whether the small differences of H index between trees with different ages 

correlated with tree age, we tested the relationship of the H index of the trees and their 

age with linear regression. Models indicated positive correlations between the H index 

and tree age in RH (R2 = 0.195, p = 0.0026) and EC (R2 = 0.095, p = 0.048), but not for SO 

(Table S2). However, the small R2 values suggested that models do not fit well with the 

actual data points. So the correlations determined by the models were very weak. 
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Nevertheless, in case the models were correct, the changes would develop very slowly, as 

the regression coefficients of models of RH and EC were extremely small (2.1x10-3 and 

5.1x10-4, respectively). This means the H index increased with a speed of around 

6%/century (0.208/century) in RH and 0.2%/century (0.005/century) in EC. So the alpha 

diversity of their root-associated bacterial microbiomes is rather similar, although the 

linear regression models do not exclude that the tree age has a very weak correlation with 

the alpha diversity of the root-associated microbiomes.  

 

Fig. 3: Root-associated bacterial alpha diversities of a chrono-series chestnut trees are 

rather similar. Relationships between bacterial alpha diversities (Shannon diversity index) 

in each compartment (SO, RH and EC) of trees sampled in 2016 (empty symbols) and 2017 

(solid symbols). Each symbol indicates the Shannon diversity index value of one sample (Y-

axis) with correlated tree age (X-axis).  
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PCoA shows that sampling year has a larger effect on the composition of RH microbiome 

than tree age  

Our analysis at family and genus level showed there can be some variation between trees 

and this seems to depend on the sampling year. To study in more detail the effect of the 

sampling year on the root-associated bacterial community composition, we performed 

PCoA by plotting SO, RH and EC samples of the 10, 372, 440 and 620 year-old trees, which 

were collected in both 2016 and 2017 (Fig. 4a). It showed that samples of different 

compartments clustered along PCo1 (27% of variance), suggesting that the plant 

compartment is the main driver of bacterial community composition. Along PCo2 (22% of 

variance), samples, especially of RH, were clearly separated by the sampling year, whereas 

the separation along PCo2 is markedly less for the EC samples. This suggests that for the 

RH samples, the effect of sampling year is larger than that of tree age on microbiome 

composition. The effect of the sampling year on the composition of the EC microbiome 

seems markedly less than in RH (Table S8). Furthermore, the difference in relative 

abundance of OTU1 markedly contributed to the variance caused by of sampling year, as 

PCoA after excluding OTU1 showed that samples of the two years are closer (Fig. 4b) than 

that in the PCoA including OTU1 (Fig. 4a). 

 

Fig. 4: Sampling year has a larger effect on the composition of RH microbiome than tree 

age. PCoA of samples from 4 trees, i.e. 1 young tree (~10 years old) and 3 old trees (372, 

440 and 620 years), collected in both 2016 (empty symbols) and 2017(solid symbols) (a) 

and the same analysis was shown by excluding the OTU1 from the communities (b). 
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PCoA shows that root-associated bacterial microbiomes of a chrono-series of chestnut 

trees are similar although their composition has a weak correlation with tree age 

To investigate how tree age influenced the bacterial community composition, we made 

use of the samples of all chestnut trees collected in 2016 and 2017. The first two principal 

coordinates of PCoA explained 27% (PCo 1) and 20% (PCo 2) of the variance, respectively 

(Fig. 5a). The EC samples of the young and old trees clustered well together. This was also 

the case for the SO samples, except for the samples of 2016 with the high relative 

abundance of OTU1. It suggests that the microbiome communities of trees with different 

ages are similar in these two compartments. All RH samples clustered well along PCo 1. 

However, the samples of 2017 spread along PCo 2, whereas the RH samples of 2016 had a 

similar ordinate. From this PCoA it is unclear whether there is a correlation between the 

microbiome composition of RH and tree age.  

To quantify the putative compositional changes of microbiomes of SO, RH and EC when 

trees become older, we plotted the relationships between community dissimilarities 

(Bray-Curtis) and age differences, obtained by pair-wise comparisons of all individual 

samples (Fig. 5b). For example, the age difference between the 8 and 830-year-old trees 

was 822, and the average community dissimilarity between these two trees was 0.451 in 

SO, 0.563 in RH and 0.58 in EC (Table S3). The community dissimilarities among the 

replicates were analysed as well by pair-wise comparison of replicates of each tree (age 

difference of “0”). If the small microbiome composition differences would depend on tree 

age, we would expect that a bigger tree age difference correlated with a larger community 

dissimilarity. Further, community dissimilarities between trees of different ages should be 

larger than those among replicates. In fact, the differences in community dissimilarities 

between trees of different ages, as well as those among replicates were small (Fig. 5b).  

To statistically analyse whether these small differences depend on tree age, linear 

regression was performed to quantify the relationship between the community 

dissimilarities and tree age differences in three compartments, respectively (Fig. S6). 

Models indicated a positive correlation between the community dissimilarity and tree age 

difference (p < 0.01). However, the R2 values are very small (0.03, 0.013, 0.028, 
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respectively), indicating that the models do not fit well with the actual data points. So the 

correlation determined by the models are very weak. Nevertheless, assuming the models 

are correct, the changes due to increasing tree age develop very slowly as the regression 

coefficients of the models are small (7.5 x 10-5, 8.9 x 10-5, 8.2 x 10-5, respectively) (Table 

S4). This would imply that in 100 years the dissimilarity values would increase only 1.48% 

in SO (0.507 to 0.5145), 1.55% in RH (0.574 to 0.5829) and 1.44% in the EC (0.569 to 

0.5772).  

Taken together, we have shown that the phylum distribution was similar in chestnut trees 

within a chrono-series. The analysis of the relative abundance of dominant families and 

genera shows similarities, but also in some trees sampling year correlated with variation. 

However, the clustering of compartments of different trees in the PCoAs shows that the 

overall composition of the root-associated microbiomes, especially that of EC, still are 

similar. Further, although the linear regression models do not exclude that increasing tree 

age does affect the composition of the root-associated microbiomes, the effect was with a 

very slow speed. Therefore, the overall composition of root-associated microbiomes was 

similar among these chestnut trees with age difference of 8 centuries’, albeit with small 

changes. Next, we decided to test whether such small changes (including what was 

observed on the relative abundance at family and genus level) might in part be due to 

negative plant-soil feedback. 

Growth of chestnut for centuries has not resulted in negative plant soil feedback 

When growth of chestnut has resulted in negative plant-soil feedback, this will cause a 

reduced growth when seedlings are planted in such soil, whereas growth will not be 

affected in the absence of such negative feedback. To test whether growth for centuries 

did result in negative plant-soil feedback, a plant assay was performed by growing 

chestnut seedlings in soils collected from young and old trees. We collected soil around a 

young tree (10 years old) and two old trees (372 and 620 years old) as well as soil from an 

open field that was defined as the control. In case negative feedback would have occurred, 

chestnut seedlings planted in such soil would grow less than in control soil. Chestnut 

seedlings were planted in each above-mentioned soil. After three months of  
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growth, the chestnut plants were very similar (Fig. S7). Plant height and leaf chlorophyll 

content of these chestnut seedlings grown in the control and 3 chestnut soils were 

determined and the values were very similar (Fig. 6). This suggests that the chestnut soils 

with similar composition of bacterial microbiomes had not accumulated microorganisms 

that negatively affect growth of chestnut. Therefore, it confirmed our hypothesis that 

Chinese chestnut can avoid negative plant-soil feedback during centuries of growth. 

 

Fig. 6: Similar growth of chestnut seedlings replanted in soils cultivating chestnut trees 

for up to six centuries. Chestnut seedlings have been grown on the soils collected from the 

orchard and its margin, respectively. In the orchard, soils have been cultivated with 

chestnut trees for 10, 372 and 620 years, respectively. In the margin of the orchard, soils 

which have never been cultivated with trees were collected (defined as Control soil). 

Chestnut seedlings were grown for 3 months. Their growth was monitored and 

physiological parameters were quantitatively analyzed. No significant differences of 

seedling height, chlorophyll content and chlorophyll fluorescence were detected between 

these chestnut seedlings (one-way ANOVA).  

Pseudomonas OTU1, the most abundant OTU of the core microbiome, was selected for 

functional tests  

Root bacterial core microbes of a certain plant species are composed of bacteria 

frequently enriched in the RH or EC compared to the bulk soil, irrespective to the sampling 

environment, in our case the tree age and sampling year (Lundberg et al., 2012). We 

followed the criteria defined by Xu, J et al. (2018) that a member of core microbiome 

should be enriched in vast majority of samples collected in RH or EC (see Materials & 
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Methods). Core members have been often shown to be beneficial to their host, for 

example, improving biotic stress resistance (Tian et al., 2017). To identify bacterial taxa 

that could contribute to longevity, we determined the core microbiome of chestnut trees 

and focussed on core members with a high relative abundance. 

Performing analysis on samples of all trees, we identified 326 and 483 OTUs that are 

enriched in the RH and EC, respectively, compared to the soil. Among the 326 RH enriched 

OTUs, 3 of them occur in more than 70% of the RH samples collected in both years from 

the different trees. These 3 OTUs all belonged to Proteobacteria and OTU1 belonged to 

the genus Pseudomonas and the other two belonged to unclassified Pseudomonadaceae 

and Ellin329, respectively (Table S9). In the EC, 40 of the 483 enriched OTUs occurred in 

more than 70% of the EC samples. They predominantly belonged to Actinobacteria and 

Proteobacteria. So core microbiome, contained 3 and 40 OTUs in the RH and EC, 

respectively. Next, the relative abundance of these core members was determined (Fig. 7). 

It showed that Pseudomonas OTU1 occupied, on average, 30% of reads in the RH 

community of all trees, whereas the other two core microbes in the RH accounted for less 

than 1%. In the EC, the mean relative abundance of 10 most abundant core microbes was 

ranging from 4.4% to 0.7%, where the OTU12, Bradyrhizobium, was the highest.  

Pseudomonas (OTU1) was selected for further studies, because of it is the member of the 

core microbiome with the highest relative abundance and several species of this genus 

have previously been shown to confer stimulation of growth or have antagonistic activities 

(Cheng et al., 2017; Hesse et al., 2018; Rigling & Prospero, 2018). This genus harbours also 

several pathogens, but it seems unlikely that an OTU with such high abundance in the RH 

of healthy trees could be a pathogen. For the EC, Bradyrhizobium (OTU12) seemed to be a 

good choice based on its core membership as well as its relatively high abundance. 

However, a clear antagonistic activity of Bradyrhizobium has not yet been reported. 

Therefore, we decided to focus on Pseudomonas (OTU1). 
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Fig. 7: The relative abundance of core microbes in RH and EC. OTUs that consistently 

enriched in more than 70% of RH and EC samples, respectively, compared to that in the soil 

were defined as members of core microbiome. Core microbiome contained 3 and 40 OTUs 

in the RH and EC, respectively. The relative abundance of the 3 RH and top 10 EC core OTUs 

in the three compartments were shown. 

Pseudomonas strains were isolated from the RH of the 440-year-old tree. Eleven different 

Pseudomonas strains, CM1-CM11, were identified by Sanger sequencing of 16s rRNA gene 

and Box PCR technic. Based on the V4 region of their 16S rRNA gene sequences, they all 

belonged to OTU1. Among these 11 CM strains, the V4 region of CM11 matched the most 

abundant raw sequence of OTU1 in all rhizosphere samples. It encompassed 38.8-46.1% of 

all OTU1 reads in the rhizosphere samples. The V4 regions of other CM strains matched 

low abundant raw sequences of OTU1 and were less than 0.7% of all OTU1 reads. Further, 
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the genomes of these 11 strains were sequenced (Table S5). The core genome of these 11 

Pseudomonas strains was determined to contain 3328 coding sequences and each 

genome contained hundreds of unique coding sequences reflecting a high genetic 

diversity (Table S10). A maximum likelihood phylogeny of these 11 strains and 74 

reference strains based on protein sequences of 468 single-copy genes revealed 15 groups 

of Pseudomonas (Fig. 8). The 11 strains belong to 6 groups, they do not cluster with 

pathogenic strains, but all with known plant growth-promoting rhizobacteria and non-

pathogens, suggesting that they have plant beneficial traits. 

Pseudomonas OTU1 harbours strains with strong antagonistic and growth stimulating 

abilities 

To test our hypothesis that the root microbiome can confer resistance to pathogens, we 

tested the antagonistic activity of these 11 strains on 2 major chestnut pathogens 

Cryphonectria parasitica and Phytophthora cinnamon, which cause chestnut blight and ink 

disease, respectively (Vettraino et al., 2005; Rigling & Prospero, 2018). The 4 

Pseudomonas strains (CM6-9) had the strongest antagonistic activity (Fig. 9). They are 

close relatives of P. protegens CHA0 and P. protegens Pf-5 which are two well-known 

biological control agents with antifungal activities (Keel et al., 1992; Hartney et al., 2011; 

Hesse et al., 2018). Strains CM1-CM10 have at least antagonistic activity on one of the 2 

major chestnut pathogens. The antagonistic activity of these CM strains supports the 

hypothesis that the microbiome of chestnut can provide additional defence. 

Strain CM11 had a rather low antagonistic activity, but it was the most abundant strain in 

the rhizosphere of all chestnut trees that we analysed. The latter showed it was a good 

root colonizer and it could have other plant growth promoting properties including P-

solubilization and siderophore production (Fig. S8). We tested the effect of CM11 on 

chestnut grown in a potting system (Fig. 10a). CM11 inoculated seedlings were in general 

bigger, leaf area was larger (Fig. 10b) and chlorophyll content was significantly higher (Fig. 

10d) compared to the non-inoculated plants. CM11 seemed also to enhance biomass 

formation of chestnut seedlings, however, due to a large variation between individual 



Longevity correlates with similar root microbiomes 

117 

 

seedlings, the biomass difference with and without CM11 inoculation was not significant 

(Fig. 10c).   
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Therefore, the model plant Arabidopsis was used to analyse the growth promotion trait. 

Arabidopsis was grown on plates as well as in soil. Biomass analysis of plants grown on 

plates showed that 11 days after CM11 inoculation, shoot and root fresh weight increased 

3.4- and 2.4-fold, respectively, compared to mock inoculated plants (Fig. 10e). Inoculation 

with CM11 of plants grown in soil increased shoot and root fresh weight 3.9- and 2.8-fold, 

respectively (Fig. 10f). This showed that OTU1, in addition to strains with strong 

antagonistic activity, harbours a strain with strong growth stimulating abilities. 

 

Fig. 9: Pseudomonas OTU1 strains inhibit growth of two major chestnut pathogens. In in 

vitro condition, Pseudomonas strains CM1-CM11 and their potential antagonistic activity 

against the Chestnut fungal pathogen, Cryphonectria parasitica (chestnut blight) and 

oomycete pathogen, Phytophthora cinnamon (chestnut ink disease) are shown. Blank is 

the 0.9% NaCl solution used for washing and suspending bacterial cells. The number 

indicates different Pseudomonas strains used in these assays.  
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Fig. 10: Pseudomonas strain CM11 stimulates growth of chestnut seedlings and 

Arabidopsis. a-d, Chestnut assay in potting system: the phenotypical observation of plant 

growth (a); Quantitative analysis of leaf area (n = 8) (b), the fresh weight of root and shoot 

(n = 8) (c), and chlorophyll content (n = 5) (d); e, f, Arabidopsis assay on plates (n = 3) (e) 

and in potting system (n = 5) (f): fresh weight of root and shoot are plotted. Bars indicate 

means (± SD). Asterisks indicate statistical significance (***: p < 0.001, t-test).  
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Discussion 

In this study, we showed that the overall composition of the root associated bacterial 

microbiomes of a chrono-series of chestnut trees, ranging from 8 to about 800 years, is 

rather similar, although based on the models we cannot exclude that tree age has a weak 

correlation with the composition of root associated microbiomes. Chestnut seedlings were 

grown in soil that had been associated with young and old chestnut trees, respectively. 

We observed that these chestnut plants were healthy and their growth was similar. This 

provided strong indications that Chinese chestnut is able to avoid negative feedback with 

its soil. The root associated microbiomes, contain a highly abundant Pseudomonas OTU, 

harbouring strains with antagonistic activity against 2 major chestnut pathogens and 

another that can markedly stimulate plant growth. This together with the absence of 

negative plant soil feedback can contribute to its longevity. 

PCoA of Bray-Curtis dissimilarity values showed that SO, RH and EC have clearly distinct 

microbiomes. The PCoA showed that the overall composition of the microbiomes was 

similar among different trees, although their age could differ more than 800 years. This 

despite that, in a few trees, the relative abundance of two dominant families and one 

dominant genus could vary most likely due to the sampling year. These studies could not 

exclude that there were small differences that were correlated with age. To test this, we 

could not perform a pair-wise permutation ANOVA analysis on the dissimilarity values 

between the trees of different ages, due to the uneven and small number of replicates. 

Therefore, we performed linear regression analyses to determine whether there is a 

relation between the community dissimilarities and tree age differences (Marasco et al., 

2018). The models do not exclude that increasing tree age does affect the composition of 

the root associated microbiomes, albeit with a very slow speed. The speed by which the 

soil and root associated microbiomes change, due to negative apple soil feedback, has not 

been accurately quantified. However, some studies indicate that it occurs relatively fast 

(Mazzola & Manici, 2012; Sun et al., 2014; Winkelmann et al., 2019). The microbiome of 

soil in which apple had grown for about 30 years is significantly different from that of the 

soil where no apples were grown in the same orchard. Young apple trees were planted in 
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both soils, and this showed that within half a year, the microbiome of the apple soil 

caused a 40-50% reduction of shoot and root biomass of newly planted apple trees. 

Further, the difference between the two soil microbiomes had even become markedly 

bigger, underlining the strong feedback between apple and soil (Sun et al., 2014). This 

means in a time span that apple replant disease can develop (~30 years), the dissimilarity 

values of the chestnut root associated bacterial communities might increase with only 

about 0.4%.  

Moreover, when chestnut seedlings were grown in soil that had been associated with 

chestnut roots for up to 620 years, they all are healthy and have a very similar growth 

compared to those in soil that had been either associated for shorter periods or had not 

been in contact with chestnut trees. It showed that the small changes in root associated 

microbiomes do not negatively affect the growth of replanted chestnut seedlings. This in 

combination with the healthy nature of the trees, strongly indicates that Chinese chestnut 

is able to avoid negative feedback with its soil.  

Considering the potential beneficial properties of the core microbiome to plant growth 

and health, in depth analysis was focused on the most abundant core microbiome 

member, which is Pseudomonas OTU1 that especially occurred in the RH. Its relative 

abundance varied in the 2 years that we did analyses. This fluctuation is in line with a 

study on a highly abundant Pseudomonas in maize root associated microbiome (Peiffer et 

al., 2013). This also illustrates that, although microbiomes at a certain time point are 

similar, it does not imply that they are static. Changes might occur due to environmental 

conditions that can vary between years. High abundance of OTU1 in the RH is the reason 

why the Shannon index of the RH is lower than that of EC. Its relative abundance is also 

high in 2 soil samples that we collected in 2016. We assume that this is due to variation in 

the distance to the root system. 

It is probable that the root-associated microbiomes contribute to protection against 

pathogens and can stimulate growth. Pseudomonas spp. are ubiquitous bacteria in soils 

and is one of the bacterial genera most used as biocontrol agent for soilborne pathogens 

as well as plant growth stimulator (Van Loon, 2007; Mendes et al., 2013). In combination 
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with the highest abundance of the Pseudomonas OTU 1 among the core microbiome of RH, 

Pseudomonas isolates, i.e. the 11 Pseudomonas strains that belong to OTU1, were 

selected for functional analysis. Especially one strain stimulated growth and in a recent 

study its effect on root architecture has been studied in more detail (Li et al., 2022). In 

addition, several other strains have strong antagonistic activities against the 2 major 

diseases of chestnut. Since the core microbiome contains other members as well, we 

expect that this is just the tip of the iceberg and probably several other strains of the 

microbiomes have antagonistic or plant growth promoting activities individually or in 

consortia. 

In our study, we showed that the root associated bacterial microbiomes of a chrono-series 

of Chinese chestnut are similar despite 8 centuries’ difference in age, although the models 

do not exclude that age has a weak correlation with the composition of root associated 

microbiomes. The Pseudomonas OTU1 is highly abundant in the chestnut rhizosphere. 

Such an abundance points to a beneficial effect on its host. This is well in line with the 

observation that strains belonging to this OTU have a strong antagonistic activity on 2 

major chestnut pathogens and one member can stimulate growth of chestnut as well as 

Arabidopsis. Such properties of the “second genome” (the microbiomes), in combination 

with a high number of resistance genes can markedly contribute to the longevity of 

chestnut.  
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Supplementary information: 

 

Fig. S1: Chestnut trees grown at the Huanghuacheng Lakeside Great Wall, Beijing, China. 

Root samples of three old chestnut trees were collected in 2016 & 2017. 
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Fig. S2: PCoA of samples collected in two years, while the OTU1 was removed from the 

communities. a, a young tree (~10 years old) and 3 old trees (372, 440 and 620 years) 

were sampled in 2016. When OTU1 was excluded and PCoA was repeated, then SO 

samples formed one cluster; b, with additional 2 young trees (8 and 20 years) and 3 old 

trees (505, 580 and 830 years) were sampled in 2017. High abundance of OTU1 in the RH 

is the reason why the Shannon index of the RH is lower than that of EC. Its relative 

abundance is also high in 2 SO samples that we collected in 2016. We assume that this 

was due to variation in the distance to the roots system. 

 

Fig. S3: Venn diagrams show the occurrence of classified families (a), genera (b) and 

measurable OTUs (c) among the three compartments. 
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Fig. S4: Dominant Pseudomonas in RH & EC. One dominant classified genus with a relative 

abundance of at least 5% in RH or EC and occurred in all trees of 2016 (a) and 2017 (b). 
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Fig. S5: The relationship between alpha diversities and chestnut tree ages while the 

OTU1 was removed from the communities. Relationships between bacterial alpha 

diversities (Shannon diversity index) in each compartment (SO, RH and EC) of trees 

sampled in 2016 (empty symbols) and 2017 (solid symbols). Each symbol indicates the 

Shannon diversity index value of one sample (Y-axis) with correlated tree age (X-axis).  
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Fig. S6: The relations between the chestnut root bacterial communities and tree ages. 

Relationships between bacterial communities’ dissimilarities (Bray-Curtis) in each 

compartment of trees sampled in two years and the tree age differences by pair-wise 

comparisons are shown. Each dot indicates the Bray-Curtis dissimilarity value of two 

samples (Y-axis) with correlated tree age differences (X-axis, ∆ years). Black cross 

highlights the mean values of Bray-Curtis dissimilarities regarding specific tree age 

differences. 
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Fig. S7: Phenotypical observation of the plant-soil feedback assay. Chestnut seedlings 

were cultivated on different soils, control: soil from the margin of the orchard where no 

chestnut or other trees have been cultivated; 10, 372 and 620: soils around the chestnut 

trees with ages of 10, 372 and 620 years old. After 3 months, plant phenotypes were 

captured. 
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Fig. S8: Biological activities of Pseudomonas OTU1 strains. a, P-solubilization activity test 

on NBRIP medium. Transparent halo surrounding the colonies shows P-solubilization of 

each strains; b, detection of siderophore production on CAS medium. Number indicates 

different Pseudomonas strains used in these assays. 

 

Table S1: Detailed information of samples collected in 2016 and 2017. 

 

Table S2: Linear regression test between Shannon diversity index and tree age. 
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Table S3: Mean Bray-Curtis dissimilarity values regarding to tree age differences. 
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Table S4: Linear regression test between Bray-Curtis dissimilarity and tree age difference. 

 

Table S5: Genome assembly statistics. 

 

Table S6: PERMANOVA of the bacterial communities in three compartments of chestnut 

trees collected in 2016. 
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Table S7: ANOVA of bacterial alpha diversities in three compartments of chestnut trees 

collected from both two years. 
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Table S8: PERMANOVA of the bacterial communities in three compartments of chestnut 

trees collected from both two years. 
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Table S9: Taxonomic information of OTUs consistently enriched in more than 70% of RH 

and EC samples, respectively, compared to the soil. 
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Table S10: Summary information of OrthoFinder run on Chestnut strains. 
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Abstract 

The root bacterial microbiome is important for the general health of the plant. 

Additionally, it can enhance tolerance to abiotic stresses, exemplified by plant species 

found in extreme ecological niches like deserts. These complex microbe-plant interactions 

can be simplified by constructing synthetic bacterial communities or SynComs from the 

root microbiome. Furthermore, SynComs can be applied as biocontrol agents to protect 

crops against abiotic stresses such as high salinity. However, there is little knowledge on 

the design of a SynCom that offers a consistent protection against salt stress for plants 

growing in a natural and, therefore, non-sterile soil which is more realistic to an 

agricultural setting. Here we show that a SynCom of five bacterial strains, originating from 

the root of the desert plant Indigofera argentea, protected tomato plants growing in a 

non-sterile substrate against a high salt stress. This phenotype correlated with the 

differential expression of salt stress related genes and ion accumulation in tomato. 

Quantification of the SynCom strains indicated a low penetrance into the natural soil used 

as the non-sterile substrate. Our results demonstrate how a desert microbiome could be 

engineered into a simplified SynCom that protected tomato plants growing in a natural 

soil against an abiotic stress.  



Salt tolerance conferred by a SynCom 

139 

 

Introduction 

Plants sustain microorganisms around and inside their roots (Mendes et al., 2013). These 

communities of root-associated microorganisms are referred to as the root microbiome. 

There is increasing evidence showing that the root microbiome is vital to plant health, 

growth and development and plays a prominent role in plant fitness under diverse 

environmental growth conditions (Lemanceau et al., 2017). The root microbiome can 

promote growth and development by modulating plant hormone homeostasis, promoting 

nutrient acquisition, or improving resilience to abiotic stresses (Mayak et al., 2004; Yang et 

al., 2009). 

The microbes that make up the root microbiome can sometimes succeed where other 

methods such as gene engineering have failed. For example, the HIGH-AFFINITY K+ 

TRANSPORTER 1;1 (HKT1;1) is proposed to facilitate the shoot-to-root recirculation of Na+, 

but both loss-of-function and overexpression in Arabidopsis thaliana (arabidopsis) does 

not improve salt tolerance (Maser et al., 2002; Rus et al., 2004). Interestingly, a strain of 

the soil bacterium Bacillus subtilis did confer salt tolerance by concurrently down- and 

upregulating the expression of AtHKT1 in the roots and shoots of arabidopsis, respectively 

(Zhang et al., 2008). This finding of tissue-specific regulation of AtHKT1 mediated by a 

microbe being critical to Na+ homeostasis in salt-stressed plants demonstrates the 

potential of plant-microbe interactions. 

It is generally hypothesized that the root microbiome is also important in the case of 

desert plants to cope with multiple and critical threats such as nutrient deficiency, drought 

and salinity (Saad et al., 2020). So far, only a limited number of studies have been 

conducted to characterize microbial communities associated with desert plants and their 

contribution to plant fitness. Indigofera argentea (indigofera) is a legume species that can 

be found in multiple desert regions (Schrire et al., 2009). It is a perennial subshrub that 

grows as pioneer vegetation in scattered populations in well-drained and sandy soils. Also, 

indigofera has a certain resilience to salt stress and can grow like a weed on former 

agricultural fields that suffer from high salinity due to extensive irrigation practices. For 

example, former agricultural areas in the Jizan desert, Saudi Arabia, are scarcely populated 
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with indigofera (Fig. S1). We questioned whether the microbiome present in this Jizan soil 

plays a pivotal role in conferring abiotic stress tolerance to indigofera growing under such 

conditions.  

Indigofera root bacterial strains of Jizan origin have been isolated and resulted among 

others in the identification of Pseudomonas argentinensis SA190, Acinetobacter 

radioresistens SA188, Enterobacter sp. SA187, and Ochrobactrum intermedium SA148. For 

these bacteria, plant-growth promoting effects have been predicted and experimentally 

verified for Enterobacter sp. SA187 (Lafi et al., 2016; Andres-Barrao et al., 2017; Lafi et al., 

2017a; Lafi et al., 2017c). 

Most studies focus on single strains applied to plants grown in essentially sterile 

conditions. This is not the case in a field setting where the presence of the local 

microbiome naturally implies a non-sterile environment. This non-sterile environment is 

suspected to explain the failure of a single strain in the field due to the competition with 

the local microbiome (Bashan et al., 2014; Baez-Rogelio et al., 2017). Therefore, instead of 

this “one-microbe-at-a-time" approach (Raaijmakers, 2015), an alternative would be to 

create so-called synthetic microbial communities (SynComs), which as a community stands 

a better chance to survive and function in a non-sterile environment. However, it remains 

elusive to what extend a SynCom derived from a natural microbiome is effective in 

improving plant growth in a non-sterile environment, especially with the inclusion of an 

abiotic stress such as high salinity. And an efficient methodology of constructing and 

simplifying a functional SynCom is also unclear. 

We characterized the bacterial microbiome of indigofera grown in Jizan soil under 

mimicked desert conditions and isolated strains representing the core root bacterial 

microbiome. Growth promoting effects of single strains and SynComs were studied on 

indigofera as well as the non-related crop tomato (Solanum lycopersicum). A SynCom of 

five bacterial strains promoted tomato growth under saline and non-sterile conditions. 

This increased salt tolerance was associated with both the differential expression of salt 

stress-related genes and ion accumulation in the shoot. Subsequent quantification of the 

relative abundance of SynCom strains revealed a low penetrance of the added SynCom, 
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indicating that growth promotion can be triggered without affecting a native root 

microbiome.   

  



Chapter 5 

142 

 

Results 

Growth promotion of indigofera by the microbiome in the Jizan soil 

To find support for the importance of the root microbiome to plant fitness, we established 

an assay to study the growth of indigofera mimicking native growing conditions. 

Indigofera did not survive when grown in sterilized Jizan soil, suggesting that the soil 

microbiome is essential for plant growth. Since indigofera is a legume that, under native 

conditions, relies on nitrogen-fixing nodule symbiosis, we repeated the growth assay now 

adding a compatible rhizobium microsymbiont isolated from the Jizan soil sample (strain 

Bradyrhizobium sp. SA281). This rescued plant growth and could therefore serve as an 

axenic control. Next, we compared plant growth in sterilized Jizan soil complemented with 

Bradyrhizobium sp. SA281 and non-sterile Jizan soil. This revealed the plants in non-sterile 

soil produced more biomass compared to the control condition (Figure 1), suggesting that 

the native root microbiome is conducive to the growth of indigofera. 

The bacterial root microbiome of indigofera is relatively simple but distinct 

We questioned whether indigofera recruits specific bacteria. To study its root microbiome 

composition, indigofera was grown in Jizan soil under mimicked native conditions. 

Samples from the soil, rhizosphere (Rhizo) and endophytic compartment (EC) of 42-days-

old indigofera plants were collected in at least three biological replicates from which DNA 

was extracted. An OTU table was constructed from the Illumina sequencing reads of the 

16S rRNA gene V4 regions in these samples. Using the Bray-Curtis dissimilarity measure on 

the rarefied OTU table, the Soil, Rhizo, and EC samples were plotted with Principal 

Coordinate Analysis (PCoA) in two-dimensional space (Figure 2a). The first two principal 

coordinates explained 60% and 14% of the total variance, respectively. Rhizo and EC 

bacterial microbiomes hardly separated along the first coordinate but were clearly distinct 

from the Soil community. Conversely, the Rhizo and EC samples did form separate clusters 

along the second coordinate. This revealed that indigofera grown in Jizan soil possessed a 

distinct root microbiome when compared to the soil (PCoA1 60%) and with different 

bacterial communities in the rhizosphere and endophytic compartment (PCoA2 14%). 
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Figure 1: Jizan soil microbiome promotes growth of Indigofera argentea. (a) Six-week-old 

indigofera plants in Jizan soil (left) or sterile Jizan soil supplemented with the strain 

Bradyrhizobium sp. SA281 (right). There were four pots per treatment and each pot 

contained two indigofera seedlings. Bradyrhizobium sp. SA281 was isolated from nitrogen-

fixing indigofera nodules grown in Jizan soil. (b) Fresh and dry shoot weight of indigofera 

plants at six weeks old show increased growth promotion triggered by the Jizan soil, when 

compared to sterile Jizan soil complemented with Bradyrhizobium sp. SA281. Asterisks 

indicate statistical significance (p < 0.05) as per one-way ANOVA. 
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Figure 2: Indigofera argentea root microbiome in Jizan soil. (a) Principal coordinates 

analysis (PCoA) of the bacterial microbiomes in the soil, rhizosphere (Rhizo) and endophytic 

compartment (EC) of indigofera grown in Jizan soil for six weeks. The Soil is distinct from 

the Rhizo and EC along the first principal component. While the second component 

separates the Rhizo and EC. Bray-Curtis dissimilarities were calculated with OTU read 

counts after rarefaction and standard filtering. (b) Taxonomic classification of bacterial 

OTUs with relative abundance greater or equal to 5% grouped at the phylum level. The 

three bars represent the relative abundance of bacterial phyla in Soil, Rhizo and EC. There 

is a drop in bacterial diversity or number of rare phyla (indicated as "others") from the Soil 

to EC. (c) Venn diagram showing number of enriched OTUs in the Rhizo and EC of 

indigofera. 

In line with the PCoA, the bacterial communities in each compartment also differed at the 

phylum level (Figure 2b). In the transition from the Soil to the EC, the biodiversity reduced 

due to a drop in the number of rare phyla (indicated as “Others”). Firmicutes and 

Proteobacteria were significantly depleted in the two root compartments compared to 

Soil, whereas the phyla of Chloroflexi and Actinobacteriota were significantly enriched in 

these compartments. Next, we determined the number of OTUs from the Soil that 

increased in their relative abundance in the Rhizo and EC. Compared to the Soil, 181 and 

128 were enriched (p<0.001) in the root compartments, of which 121 OTUs were shared 

between the Rhizo and EC (Figure 2c & Dataset S1). Also, a similar number of OTUs was 

depleted in the Rhizo and EC compartments when compared to the Soil (Dataset S1 & Fig. 

S2). This suggests a strong rhizosphere effect of indigofera, even though the Jizan soil 
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microbiome is relatively simple. Furthermore, there is strong commonality of bacterial 

community selection between the rhizosphere and endophytic compartment. 

Plant growth promotion triggered by a Jizan SynCom in indigofera and tomato  

To study the function of the root bacterial microbiome, we aimed to isolate the bacterial 

strains that showed an increased abundance in the indigofera root microbiome as 

determined by the OTU data described above. By applying a culture-dependent approach 

using different cultivation media, roughly two thousand bacterial isolates were obtained. 

All isolates were grouped by morphology and designated with the prefix SA (Saudi Arabia) 

followed by a strain number. Sanger sequencing of the full length 16S rRNA gene amplicon 

provided the V4 region of each isolate which could then be mapped back to an OTU found 

on the roots of indigofera. Ultimately, representative strains for nine of the most 

abundant OTUs shared between the Rhizo and EC could be identified. According to their 

relative abundance, these OTUs (Figure 3a) represented approximately 40% and 30% of 

the Rhizo and EC, respectively, and were collectively considered the core bacterial root 

microbiome of indigofera. We also included the isolates Ensifer sp. SA403 and Bacillus sp. 

SA436, which showed promise in promoting plant growth (Fig. S3) even though they 

belonged to the less abundant OTUs 38 and 49 – respectively. Additionally, previous work 

of culture-dependent isolation on a different sample batch but from the same ecological 

niche culminated in four growth promoting isolates that were also included in this study: 

Pseudomonas argentinensis SA190, Acinetobacter radioresistens SA188, Enterobacter sp. 

SA187 and Ochrobactrum intermedium SA148. (Lafi et al., 2016; Lafi et al., 2017a; Lafi et 

al., 2017c; Lafi et al., 2017b). The V4 sequences of the first three could be found in the 

indigofera microbiome (matching the OTUs 1333, 17 and 955 – respectively) though they 

did not belong to a dominant OTU. 

Together, a total collection of 15 strains was used in further studies. It included species of 

the genera Acinetobacter and Streptomyces (phylum Actinobacteriota), Bacillus (phylum 

Firmicutes), and Ensifer, Enterobacter, Massilia, Ochrobactrum, Pseudomonas, and 

Ralstonia (phylum Proteobacteria) (Table 1). Draft genome sequencing was conducted to 

further characterize the selected strains (Table S1). Subsequently, maximum likelihood 
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phylogeny was inferred from the nucleotide alignment of the 31 AMPHORA genes. This 

consisted of two separate analyses. First, the nine genera covering the 15 selected Jizan 

strains were analysed separately with reference and other root-associated strains (Dataset 

S2). This showed that several isolated Jizan strains are close relatives of species with 

reported plant-growth promoting effects. For example, Bacillus sp. SA436 is a close 

relative of the plant-growth promoting species Bascillus megaterium and Bascillus 

aryabhattai (Zhou et al., 2016; Park et al., 2017), Ensifer sp. SA403 to the nitrogen-fixing 

legume symbionts Ensifer sojae and Ensifer alkalisoli, and the five Streptomyces sp. to 

Streptomyces leeuwenhoekii, a species known to produce a variety of specialised 

metabolites (Gran-Scheuch et al., 2018)(Fig. S4). Next, the 15 selected Jizan strains were 

compared to 61 earlier studied desert bacterial species of the same genera (Dataset S3). 

This revealed that the Jizan strains clustered together with the selected desert microbes at 

the genus level but diverged at the species or strain level (Figure 3b). Taken together, this 

shows that the selected Jizan strains are novel yet representative of species found in 

desert environments. 

We questioned whether these isolated Jizan strains as a community triggered a similar 

plant growth promotion previously observed with indigofera grown in Jizan soil. Therefore, 

plants were grown in sterilized river sand that was inoculated with Bradyrhizobium sp. 

SA281. Half of the plants were also inoculated with an equal mixture of the 15 selected 

strains (the Jizan SynCom). Indigofera inoculated with the Jizan SynCom produced 

significantly more shoot biomass (42 days post-inoculation), when compared to the plants 

that were only inoculated with Bradyrhizobium sp. SA281 (Figure 3c). This showed that the 

Jizan SynCom triggered increased plant growth promotion when compared to only a 

diazotrophic and nodulating Bradyrhizobium strain. Next, we questioned whether this 

growth response was specific to indigofera or more generic, which would be of more 

practical significance in translating these results to agriculture. We tested the growth 

response of the Jizan SynCom on tomato (Moneymaker cultivar). The Jizan SynCom also 

triggered a significant growth response in tomato (Figure 3d). This demonstrated that the 

growth-promoting effect of the bacterial Jizan strains is a generic effect on plants. 
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Figure 3: Relative abundance, phylogeny and plant growth promotion of the Jizan strains 

isolated from Indigofera argentea. (a) Jizan strains belonged to highly abundant OTUs in 

either the Rhizo or EC of indigofera. The x-axis shows the relative abundance of the best 

matching OTU for each Jizan strain. (b) Maximum likelihood tree based on the AMPHORA 

gene alignments of 15 Jizan strains - colored in red. The black filled circles on the outer 

perimeter indicate desert-associated strains. Representative strains for each genus were 

also included. The distance scale indicates the number of differences between sequences. 

(c, d) Quantitative analysis of shoot fresh weight of seven-week-old indigofera (c) and 

three-week-old tomato (d) plants grown under sterile conditions with or without the Jizan 

SynCom. In both cases, the Jizan Syncom led to a better plant yield compared to the control. 

Asterisks indicate statistical significance (p < 0.05) as per one-way ANOVA. 

Jizan SynCom promotes tomato growth under salt stress and non-sterile conditions 

We questioned whether the Jizan SynCom is also effective in promoting abiotic stress 

tolerance in other plant species and under non-sterile conditions. To test this, we used 

tomato and established a generic assay for analysing microbial effects on plant fitness 

under various conditions with the focus on salt stress in this study (Fig. S5). A controlled 

and reproducible non-sterile substrate was created by mixing sterilized river sand with 

10% of a well characterized soil and supplemented with nutrient solution. We wanted to 

exclude interference from the endogenous SynCom strains present in the soil and 

evaluate SynCom effectiveness in the presence of another natural microbial community 

outside its native habitat. So, we collected soil from an ecological field station (the Mossel 

area at Veluwe, the Netherlands), referred to as the Mossel soil, of which the rhizosphere 

effect was characterized on a series of plant species (Schneijderberg et al., 2020). Diluting 

the soil with sand allowed us to design a synchronized growth assay in which the effects of 

soil nutrients were reduced. The physical properties of the sand were also more suitable 

for the salt stress assay. Tomato seeds were sown in the 10% soil - 90% sand mixture and 

inoculated with/without the Jizan SynCom (approximately 109 cells per plant). After one 

week of growth in this soil mixture, plants were exposed to various salt levels (0, 100, 200 

and 300 mM NaCl) (Fig. S5). Two weeks post salt imposition, the total plant biomass was 

quantified. First, we noted that under non-sterile conditions the Jizan SynCom promoted 
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tomato growth in the absence of salt (Fig. S6). Furthermore, the biomass was not 

significantly different between control and SynCom treated plants except for those 

exposed to 200 mM NaCl. In contrast, tomato plants without Jizan SynCom inoculation 

showed a clear decline in biomass proportional to the salt concentration. These results 

showed that the Jizan SynCom not only promoted tomato growth but also conferred 

tolerance to salt imposition. Since the 200 mM salt level provided a clear contrast in plant 

growth between the Jizan SynCom inoculated plants and non-inoculated control plants, it 

was set as the standard salt concentration for subsequent experiments in this study. 

Bacterial SynCom triggered salt stress resilience associates with differential expression 

of salt stress related marker genes and ion content accumulation 

We questioned whether a simplified Jizan SynCom can trigger salt tolerance under non-

sterile conditions. First, individual strains were tested. Tomato plants were grown as 

described above, inoculated with 15 strains individually and exposed to 200 mM NaCl. 

Plants growing only in the non-sterile substrate served as an inoculum-free control. Of the 

15 strains tested, Ensifer sp. SA403, Ralstonia sp. SA424, Massilia sp. SA087, and Bacillus 

sp. SA436 promoted tomato growth compared to the non-inoculated plants. The 

remaining strains did not significantly affect plant growth when compared to the control 

plants (Figure 4a). Interestingly, the Jizan SynCom inoculated plants showed the highest 

shoot biomass compared to other inoculated plants.  

Next, we tested simplified SynComs containing a subset of the 15 strains from the Jizan 

core microbiome. Instead of using a targeted approach, we decided to randomly combine 

the strains. We did avoid taxonomic redundancy so that none of the simplified SynComs 

would have two or more strains of the same genus. In total, 20 combinations of 3 to 5 

strains were tested on tomato plants growing in the non-sterile substrate and exposed to 

200 mM NaCl (Table S2). This revealed that SynCom C, which consisted of Massilia sp. 

SA087, Enterobacter sp. SA187, Ensifer sp. SA403, Bacillus sp. SA436, and Streptomyces sp. 

SA444 led to the strongest growth response, having a 34% increase in dry shoot biomass 

compared to the non-inoculated control (Figure 4b) and even outperforming the 15 strain 

Jizan SynCom. 
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Figure 4: Growth promotion of the SynComs and individual Jizan strains on salt-stressed 

tomato plants. (a) The dry shoot weight of three-week-old tomato plants grown in the 

non-sterile substrate and inoculated with either a single Jizan strain or the SynCom as an 

equimolar mixture. Salt imposition was with 200 mM NaCl according to the assay 

described previously (Fig. S4). The SynCom (colored in blue) performed best and together 

with the strains Ensifer sp. SA403, Ralstonia sp. SA424, Massilia sp. SA087, Bacillus sp. 

SA436 were significantly different from the control plants (colored in green) which were 

not inoculated. (b) Ratios of the shoot dry weight of tomato plants treated with simplified 

SynComs to the control. Each SynCom contained four or five Jizan strains and the control 

was not inoculated. The five member SynCom C performed the best and was the only one 
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significantly different to the control. Asterisk indicates statistical significance (p < 0.05) as 

per Dunnett’s test. 

We questioned whether the increased biomass of salt-treated tomato plants inoculated 

with SynCom C is the result of a generic growth response, or alternatively, associated with 

salt stress-related physiological factors such as ion homeostasis or the expression of salt 

stress-related marker genes. To this end, leaf and root tissues were sampled from tomato 

at four, seven and ten days post salt imposition. Plants were grown either sterile (control), 

inoculated with SynCom C or with the five individual strains which compose this best 

performing SynCom. By including the five strains as separate inoculums, we aimed to 

validate that simultaneous presence of different strains as a SynCom is a prerequisite for 

the observed growth response. Quantification of the fresh shoot biomass showed that 

SynCom C was the only inoculum that significantly promoted tomato growth compared to 

the inoculum-free control (Figure 5a). Transcriptional analysis was then performed on root 

and shoot tissue for the salt stress related marker genes CELLULOSE SYNTHASE A2 (CESA2), 

HKT1;1, SALT OVERLY SENSITIVE 1 (SOS1), SOS2 and WRKY8 (Table S3). Four days post salt 

imposition, SOS1, SOS2 and WRKY8 expression was significantly upregulated in the root of 

tomato plants treated with SynCom C compared to the non-inoculated control (Figure 5b). 

This effect was not observed in the roots of plants inoculated with the individual strains. 

Conversely, in the shoot there was a significant downregulation of SOS2 for the individual 

strains but not SynCom C (Fig. S7f). Interestingly, HKT1;1 was upregulated in the shoot by 

SynCom C and three of the individual strains though none were significantly different to 

the control. This stands in contrast to the expression of the same gene in the root tissue 

where HKT1;1 is downregulated by four of the inoculums including SynCom C. The ion 

content of the shoot tissue from the control and SynCom C inoculated plants was 

measured at ten days post salt imposition. This revealed that the Na+/K+ ratio was 

significantly lower in SynCom C inoculated plants, when compared to control plants 

(Figure 5c). To determine whether this effect is also observed in presence of a soil 

microbiome, the experiment was repeated but now plants were grown in the 10% Mossel 

soil + 90% sand mixture. Again, this showed the growth promoting effect of SynCom C 

under saline conditions and with a significantly lower Na+/K+ ratio than the control plants 
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(Fig. S8b & d). Taken together, these results demonstrate that SynCom C triggers 

increased resistance to salt stress in tomato plants grown in non-sterile conditions.  

 

Figure 5: SynCom C induces salt stress tolerance related responses in tomato. Tomato 

seeds were sown in sterilized river sand and inoculated with the five-member SynCom C or 

the five individual strains. Plants were exposed to 200 mM NaCl on day seven. The root and 

shoot tissue were harvested on four, seven, and ten days post salt imposition. (a) Shoot 

fresh weight of the tomato plants for the three time points after salt imposition. A linear 

model was fitted to the biomass with the time points and inoculation as the explanatory 

variables. Only the SynCom C treated samples had a significantly different (p-value < 0.05) 

slope from the inoculum-free control samples. (b) Relative expression of salt stress 

resilience-related genes to Actin in the root tissue of tomato plants four days post salt 

imposition. An asterisk indicates a significant (p-value < 0.05) difference from the control, 

according to Dunnett’s test. (c) The Na+/K+ ratio in the shoot of tomato plants ten days 

post salt imposition. SynCom C inoculated plants had a significantly lower ratio than the 

control (tested with Student’s t-test). SynCom C is composed of the strains Massilia sp. 
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SA087, Enterobacter sp. SA187, Ensifer sp. SA403, Bacillus sp. SA436 and Streptomyces sp. 

SA444. 

The Jizan SynCom colonized the root of tomato plants under non-sterile conditions 

The degree of root colonization due to some treatment as an indicator of strain 

importance is the dominant approach taken in microbiome studies. This strategy also 

lends itself to the study of the inter-bacterial dynamics in either a native microbiome or, in 

our case, the interaction between a SynCom and its environment. As the 15 Jizan strains 

correspond to abundant OTUs in the root compartments of indigofera, their root 

colonization especially as a function of salt level could be a key factor leading to a 

successful plant phenotype.  

To identify traits other than the growth promotion of single strains that can be used in the 

design of a SynCom, we conducted an experiment to measure the root colonization of the 

15 Jizan strains in a non-sterile environment. Tomato plants were grown in the non-sterile 

substrate and half were inoculated with the Jizan SynCom. Plants were exposed to a single 

salt concentration ranging from 0 to 300 mM NaCl in 100 mM increments. The V4 16S 

rRNA gene region was sequenced with the Illumina Hiseq2500 platform on DNA isolated 

from the Soil, Rhizo and EC of each sample. Amplicon sequence variants (ASVs) were 

inferred from the sequencing reads and, after standard filtering, resulted in 10 029 248 

reads distributed over 3 766 measurable ASVs.  

With the V4 subregion from the 16S rRNA gene in the genome assemblies assumed as the 

expected sequence, the Jizan strains could be matched to ASVs which served as an 

indicator for strain presence and relative abundance (Table S4). This analysis showed that 

of the 15 Jizan strains, the ASVs of 8 strains were found among the measurable ASVs 

(designated as targeted ASVs). While the other seven strains, including two members of 

SynCom C (Ensifer sp. SA403 and Streptomyces sp. SA444), are not shown because they 

fell below the filtering criteria (Fig. S9). The relative abundances of each targeted ASVs in 

the three compartments were plotted along the salt gradient (Figure 6). Out of the eight 

targeted ASVs, ASV2 (Pseudomonas sp. SA244), ASV12 (Enterobacter sp. SA187), ASV13  



Chapter 5 

154 

 

 

Figure 6: SynCom colonization at different salt levels in the soil and roots of tomato. 

Relative abundances of the bacterial ASVs in the Soil, Rhizo and EC of three-week-old 

tomato plants inoculated with or without the Jizan SynCom. Plants were grown in the non-
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sterile substrate and were exposed to a salt gradient. The eight ASVs with a perfect match 

to the V4 region of the Jizan strains are shown here. The other strains fell below our 

filtering criteria (Fig. S8). The relative abundances of the replicates are shaded as gray 

symbols per compartment and the mean is shown as a cross with the color referring to the 

salt level. 

(O. intermedium SA148) and ASV38 (Pseudomonas sp. SA613) as well as ASV91 (Ensifer sp. 

SA403) were not detected in the control but only in the soil inoculated with the Jizan 

SynCom. This indicated that the bacteria with these ASVs were likely not present in the 

non-sterile substrate and probably originated from the Jizan strains. Apart from the four 

targeted ASVs that were absent, ASV5 (P. argentinensis SA190), ASV16 (Ralstonia sp. 

SA424), ASV84 (Massilia sp. SA087), ASV513 (Bacillus sp. SA436) were detected both in the 

control and SynCom-inoculated samples. This prevents the differentiation of these four 

Jizan strains from the endogenous microbes present in the non-sterile substrate. Linear 

regression analysis showed that ASV2 (Pseudomonas sp. SA244) and ASV13 (O. 

intermedium SA148) significantly correlated with the salt level in the EC and, in the case of 

ASV2, also in the Rhizo (Fig. S10), which suggested the two strains belonging to these 

targeted ASVs were able to successfully colonize the roots under increasing saline 

conditions. 

Moreover, bacterial network analysis was performed and the co-occurrence of targeted 

ASVs was determined as a function of the salt level. The bacterial co-occurrence analysis 

showed that ASV2 (Pseudomonas sp. SA244) and ASV13 (O. intermedium SA148) were 

always present in both root compartments; while ASV513 (Bacillus sp. SA436) and ASV84 

(Massilia sp. SA087) were only present in the Rhizo and EC, respectively. The presence of 

the Jizan SynCom significantly increased the number of connections and, as a result, the 

average connectivity in the Rhizo and EC networks (Figure 7). As ASV2 and ASV13 were 

highly abundant in the root compartments, these two strains may have contributed to 

changes in the microbial networks, though their functions in the bacterial networks in the 

root compartment are yet unknown. Taken together, the presence of the SynCom C 

members was confirmed in this experiment, but only two of them could be definitively 

distinguished from the natural microbiome already present in the non-sterile substrate. 
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Figure 7: Bacterial co-occurrence networks in the root of tomato across a salt gradient. 

Networks are based on Spearman's rank correlation between the ASVs in the Rhizo and EC 

of tomato growing in the non-sterile substrate with or without SynCom across a salt 

gradient from 0 to 300 mM NaCl. Only edges with a correlation score |ρ| > 0.7 and a p < 

0.001 are shown. Positive and negative correlations are colored as gold and gray lines, 

respectively. Each node in a network is a detected ASV which means it passed these 

selection criteria. The square nodes are the ASVs belonging to a Jizan strain from the 

SynCom. A blue or green for the SynCom and control, respectively, indicates an ASV that 

was significantly enriched in any of the salt levels. The Jizan strains which were detected as 

well as enriched in a salt level are enlarged for clarity. Additional properties are shown 

below each network; ASVs: number of detected ASVs (initial number of ASVs), Connections: 

total number of edges, Avg. Connectivity: average number of edges per node. 
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Discussion 

In this study, we showed that a bacterial SynCom originating from the Jizan desert plant 

indigofera promotes growth of the important economic crop tomato under salt stress in 

the presence of a non-sterile substrate that mimics a natural soil microbiome. 

Furthermore, we simplified this SynCom from the initial 15 to 5 strains. This simplified 

SynCom outperformed the plant growth promoting effect observed with the initial 

SynCom under the same experimental conditions. The five selected strains originate from 

the roots of the desert plant indigofera grown in a native soil. We argue that crop 

cultivation under abiotic stresses can be improved with microbiomes from such 

environments. 

Some studies took a similar approach exploring desert microbiomes for the discovery of 

plant growth promoting rhizobacteria. For example, microbial communities have been 

analyzed from different desert regions, like Jizan, Thar, Atacama, Kalahari, Namib and 

Sahara deserts, as well as from various desert plant species (Mayak et al., 2004; Rajput et 

al., 2013; Sharma et al., 2016; Singh & Jha, 2016; Eida et al., 2018; Sarkar et al., 2018; 

Bokhari et al., 2019). Bacterial strains belonging to the genera Pseudomonas, Bacillus, 

Klebsiella, Cupriavidus, Ochrobactrum, Isoptericola, and Enterobacter were isolated and 

showed to promote growth of multiple plant species under saline conditions, including 

model plant species arabidopsis as well as crops like wheat (Triticum aestivum), rice 

(Oryza sativa), alfalfa (Medicago sativa) and tomato (de Zélicourt et al., 2018; Shekhawat 

et al., 2021).  

In our opinion, confirming the plant growth promoting response of rhizobacteria is a 

critical step in determining the robustness of such a trait. Plant growth promoting 

responses under both abiotic and biotic stress induced by single strain inoculants has been 

well documented. Unfortunately, these strains often fail when they are applied 

individually in the field, which is attributed to competition by the local microbiome (Souza 

et al., 2015). For this reason, there has been a shift from this so-called “one-microbe-at-a-

time" approach to creating synthetic microbial communities (Raaijmakers, 2015). The 

general idea is that a community of microbes will be more competitive by forming a stable 
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community and will be able to maintain the traits beneficial to plant growth in the field 

(Vorholt et al., 2017). Other studies have attempted to combat salt stress with SynComs 

albeit in sterile conditions (Ahmad et al., 2011; Egamberdieva et al., 2017; Finkel et al., 

2020). However, to our knowledge there are no studies where a SynCom provides 

protection against salt stress to plants grown in the presence of a natural or local 

microbiome as seen under field conditions. 

The quantification of shoot biomass was considered as the indicator for SynCom 

performance. From this data, it is unclear if the five member SynCom (SynCom C) leads to 

a higher biomass due to a specific microbe-mediated salt stress response or a general 

plant growth promotion. To verify, we measured the transcription of a selected list of salt 

stress related genes in tomato after SynCom C inoculation with a salt stress. This revealed 

that four days post salt imposition, the SynCom C mediated an early salt stress response in 

both the root and shoot tissues of tomato. For example, SOS1, SOS2 and WRKY8 were 

significantly upregulated in the root four days post salt imposition. The most common 

causes of salt stress on plant growth are ion toxicity (Flowers et al., 2015), osmotic stress 

(Byrt et al., 2018), and the accumulation of reactive oxygen species (ROS) (Ma et al., 

2012). As salt imposition causes large influxes of Na+ into plant tissue, a critical step in the 

plant response is to recirculate and sequestrate Na+, as well as prevent further influx via 

the root (Wu et al., 2019). The well-studied salt overly sensitive (SOS) pathway plays a 

crucial step in preventing Na+ accumulation (Ji et al., 2013). SOS3 is a calcium binding 

protein that senses cytosolic Ca2+ changes, caused by salt stress, and in turn interacts with 

SOS2, which belongs to the SnRK3/calcineurin-interacting protein kinase (CIPK) subfamily. 

The SOS3/SOS2 kinase complex phosphorylates the Na+/H+ exchanger SOS1, which is 

fundamental in Na+ extrusion, distribution and long-distance transport in tomato (Olias, R. 

et al., 2009). Mutant studies of SOS1 show that it is essential for tomato NaCl tolerance, as 

gene silencing results in reduced growth (Olias, Raquel et al., 2009). It is therefore 

interesting that we find an upregulation of SOS1 in SynCom C inoculated plants in the 

presence of salt. Likewise, SOS2 is highly upregulated four days post salt imposition, 

indicating that the SOS pathway is more active in SynCom C treated tomato plants than in 

the non-inoculated control. In addition, HKT1-like transporters are also essential in Na+ 
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recirculation and extrusion (Horie et al., 2001). In arabidopsis and rice, ectopic expression 

of HKT1;1 can increase Na+ exclusion from the shoot (Moller et al., 2009; Plett et al., 

2010). While the effect was not significant, there was an upregulation by SynCom C of 

HKT1;1 in the shoot of tomato plants four days after the salt imposition (Zhao et al., 2020). 

These findings suggest that SynCom C plays a role in the avoidance of ion toxicity, 

prompting an early activation of plant ion homeostasis mechanisms. This is in line with the 

lower Na+ /K+ ratio in the shoot of SynCom C treated tomato plants. Additionally, none of 

the five SynCom C strains when applied as a separate inoculum showed a significant effect 

on plant biomass, nor was there a noticeable difference in the expression of genes that 

would indicate a salt stress response. This supports that SynCom C as a community is 

required for increasing salt stress resilience in tomato.  

With the success of SynCom C, derived from the Jizan SynCom, we could evaluate the 

reported methods to design a suitable SynCom from a bacterial library. The key 

characteristics reported in literature rely on obvious traits such as plant growth promoting 

potential of single strains and, within the field of microbiome research, the presence of 

microbes in and around the roots (Vorholt et al., 2017). A popular method to identify key 

species in a natural microbiome is based on the read counts of microbial sequences as an 

estimate of microbe presence (Muller et al., 2016). This lends itself to the idea of a core 

microbiome and dominant OTUs, which we used to guide the isolation and selection of 

the original strains from the Jizan soil microbiome. The correlation between the 

abundance of a single strain and a triggered effect, such as abiotic stress tolerance, is 

considered to be indicative of a strain’s relative importance (Naylor, D. et al., 2017). By 

extending this idea to the interactions between strains, network analysis can reveal the 

effect of a treatment on microbiome structure, which can further guide the identification 

of key species (Faust & Raes, 2012). However, the key characteristics of the SynCom C 

strains did not meet the above expectations. Starting with the evaluation of plant growth 

promotion as a trait, only three of the five strains belonging to SynCom C significantly 

improved tomato growth under the same conditions when inoculated individually: namely 

Massilia sp. SA087, Ensifer sp. SA403, and Bacillus sp. SA436. The other two strains 

(Enterobacter sp. SA187 and Streptomyces sp. A444) showed a non-significant increase in 
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biomass compared to the control. Interestingly, the community consisting of the best 

performing strains (SynCom A) did not significantly outperform the non-sterile control. 

This suggests that the selection criteria in the design of a SynCom should not solely rely on 

the plant growth promotion by a strain.  

Shifting focus to the presence of microbes in or near the root, we would expect the five 

SynCom C strains to be dominant in relative abundance, positively correlated to the salt 

level and play a leading role in microbial network structure. Even though all SynCom C 

strains can be detected when added to a natural microbiome in combination with salt 

stress, none of the strains was dominant in abundance relative to the other strains 

detected from the Jizan SynCom. Interestingly, the only two strains (Pseudomonas sp. 

SA244 and O. intermedium SA148) that showed a positive correlation between read count 

and salt level did not belong to SynCom C. None of the SynCom C members showed a 

similar response to the salt gradient. Inoculation of the 15 strains from the Jizan SynCom 

influenced the microbial network of the natural microbiome by increasing the average 

connectivity. The network analysis revealed that only two members from SynCom C 

passed the detection threshold: Bacillus sp. SA436 and Massilia sp. SA087 in the 

rhizosphere and endophytic compartment, respectively. Both these strains were 

positioned in the periphery of their respective networks, which suggests a minor 

interaction with the natural microbiome. The SynComs containing Pseudomonas sp. SA244 

and O. intermedium SA148, which were also present in the network and highly connected 

with the natural microbiome, did not perform as well as SynCom C. This suggests that 

solely relying on read count abundances from meta-amplicon sequencing is also not a 

reliable method for the design of a SynCom. 

Overall, in this study, we isolated a core root bacterial microbiome of the desert plant 

indigofera and constructed a 15 strain SynCom that possesses a robust plant growth 

promoting effect on tomato when exposed to salt stress. The reduction of this Jizan 

SynCom led to a simplified version in the form of SynCom C, which retained its plant 

growth promoting effect. This SynCom was effective in specifically combating salt stress 

and did not lose effectiveness in a non-sterile environment. Our data suggests that a 

promising approach or strategy is in the combination of plant phenotype screening and 
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more advanced and accurate methods, such as metagenomic, metatranscriptomics and 

metabolomics sequencing, to better model the predictive traits for a successful SynCom 

design.  
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Materials and Methods 

Bacterial strains and culture conditions  

Bacterial strains were cultured in tryptic soy broth medium (TSB) at 28 °C. Fast growing 

strains were cultivated in 1/10th TSB for 1 day and slow growing strains were cultivated in 

½ strength TSB for 5 days. Rhizobial strains were cultivated in yeast extract manitol (YEM) 

for 3-4 days. Bacterial cells were collected by centrifugation, washed three times with 

0.9% NaCl and resuspended in appropriate solution according to the plant assay. The 

single strain cultures were adjusted to a final density of 0.5x108 CFU ml-1. The SynComs 

were an equimolar mixture of strains with a final concentration of 5x108 CFU ml-1 and each 

plant received in total 109 cells. 

Plant assay for indigofera and tomato 

Indigofera seeds were surface sterilized by washing with ethanol and soaking in ¼ bleach 

for 10 minutes. Seeds were kept at 4 °C for three days followed by a seven-day incubation 

at 30°C. After germination, two seedlings were transplanted per pot containing either 

sterile river sand supplemented with Bradyrhizobium sp. SA281 or Jizan soil. The Jizan soil 

was collected from the Jizan desert in Saudi Arabia (Latitude 16.9405N; Longitude 

42.6119E) and has a low nutrient content (Table S5). The river sand was sterilized by 

gamma radiation with a minimum dose of 25 kGy which is fatal to most microbes (Silliker, 

1980). The water holding capacity (WHC) of the substrate was maintained at 30% with 

sterilized dH2O. The climate room was configured at 35/25 °C day/night, 12 hours of light 

and 75% relative humidity to mimic the Jizan desert condition. The second indigofera 

experiment with the Jizan SynCom was identical in growing conditions and seed 

preparation. Two seedlings were transplanted to pots with sterile river sand inoculated 

with the Jizan SynCom or only with Bradyrhizobium sp. SA281 as a control. The sample size 

per treatment was four with two seedlings per replicate or pot. WHC was again 

maintained at 30% but Fahräeus medium was used once a week instead of sterile dH2O. In 

both experiments, fresh and dry shoot weight were measured at day 42 post 

transplantation. 
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Tomato seeds of the MoneyMaker cultivar were sterilized with the same method. After 

vernalization, seeds were germinated in one day at 25 °C in the dark. The germinated 

seeds were sown into plastic cups containing, according to the experiment, either sterile 

river sand or the non-sterile substrate which was a 10/90% mixture of Mossel soil sourced 

from the Veluwe (the Netherlands) and sterile river sand. Inoculation by either a single 

Jizan strain or the 15-member Jizan SynCom followed immediately after sowing. Uniform 

seedlings were selected 7 days post sowing and the fresh weight recorded at day 21. Pots 

were randomly repositioned in the growing chamber (25 °C, 12hrs lighting, 60% relative 

humidity) several times throughout the growing period. Where applicable, the salt 

imposition always occurred on day 7 according to a modified protocol from a previous 

study (Awlia et al., 2016) (Fig. S4). Pots were first watered to 60% WHC before soaking 

them in a saline solution for 30 minutes. The inflow of the saline solution will mix with the 

water present in the substrate and (after returning to 60% WHC) a target salt 

concentration is reached. For details refer to Fig. S4. 

DNA extraction and sequencing 

The soil, rhizosphere and endophytic compartment were isolated from the roots of 

tomato or indigofera following the procedure described previously (Schneijderberg et al., 

2020). In summary, the soil was defined as the sand easily removed from the roots by 

shaking. The roots were washed in sterile phosphate buffer (6.33 g NaH2PO4.H2O, 16.5 g 

Na2HPO4.7H2O & 200 µL Silwet L-77 in 1 L dH2O, pH=7.0) and vortexed briefly. After 

removing the roots, the suspension was filtered through a 100 µm cell strainer and spun 

down for 10 min at 4,000 x g. Supernatant was discarded and the remaining pellet was the 

rhizosphere. For the EC: the roots were washed twice more with sterile phosphate buffer, 

transferred to a new tube with sterile phosphate buffer, sonicated for 10 min (with a 30 

second pause in every minute) and dried on sterile filter paper. All samples were frozen in 

liquid nitrogen and stored at -80 °C. DNA from soil and rhizosphere samples was isolated 

using the Mo Bio PowerSoil kit (Qiagen) according to the manufacturer’s instructions. 

According to the procedure described previously (Lundberg et al., 2012), DNA from the EC 

samples was isolated using the Fast DNA Spin Kit for Soil (MP Biomedicals). Quality and 

quantity of the DNA was checked by nanodrop and gel electrophoresis. Per sample, 
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around 400 ng was sent for 16S rRNA gene sequencing at Beijing Genomics Institute (BGI) 

with the V4 primers 515F and 806R. The samples from indigofera and tomato were 

sequenced with MiSeq and HiSeq, respectively. 

Meta amplicon sequencing data processing 

For the indigofera sequencing data, paired-end FASTQ reads were merged into contigs 

using PANDASeq (v.2.3) with a minimum overlap of 50 bp, minimum contig length of 100 

bp and a Phred score of 25. Contigs were converted to FASTA format with the fastx-toolkit 

(v.0.0.13) into a single file. These reads were clustered into operational taxonomic units 

(OTUs) according to the UPARSE pipeline (Edgar, 2013) implemented in VSEARCH (v.1.1.3) 

(Rognes et al., 2016). In short, the pipeline consisted of de-replication, sorting by 

abundance, and discarding singletons. OTUs were generated with the UPARSE algorithm 

and chimeric sequences were removed with the UCHIME algorithm. An OTU table was 

constructed by mapping reads back to the OTUs with the “usearch_global” algorithm from 

VSEARCH. Taxonomy based on the SILVA (V138) (Quast et al., 2013) 16S rRNA gene 

dataset was assigned to the OTUs with the RDP classifier (v.2.10.1). All processing steps 

were implemented in a SnakeMake workflow. 

For the tomato sequencing data, amplicon sequence variants (ASVs) were inferred from 

the Illumina paired-end FASTQ reads with the DADA2 pipeline (v.1.12.1) (Callahan et al., 

2016). FASTQ reads were filtered with the filterAndTrim function allowing for only one 

expected number of errors (maxEE=1) and discarding reads with any ambiguous 

nucleotides (maxN=0). Error rates were learned separately with the first 1x108 nucleotide 

bases of the filtered forward and reverse reads. The pseudo-pooling algorithm from the 

dada function together with the learned error rates predicted the ASVs in both 

orientations of the filtered reads after dereplication. The paired reads were merged with 

the mergePairs function and chimeras were removed by the consensus method with the 

removeBimeraDenovo function. The RDP Naive Bayesian Classifier algorithm (Wang et al., 

2007) as implemented in the assignTaxonomy function assigned the taxonomy of the ASVs 

against the SILVA (v138) dataset.  
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Meta amplicon sequencing data analysis 

All analyses were performed in the R environment (v.3.6.3). The bacterial dataset of 

indigofera, which was the OTU table, was processed as described previously 

(Schneijderberg et al., 2020). First, OTUs related to mitochondrial and chloroplast 

sequences were removed and it was named as “raw OTUs”. Next, the OTUs that have 

more than 25 reads in any sample were kept and they were named as “measurable OTUs”. 

The result was a table with 873 measurable OTUs with over 728 970 sequences divided 

over 11 samples (Dataset S4). Using the Bray-Curtis dissimilarity measure on a rarefied 

measurable OTU table, the soil, Rhizo and EC samples of indigofera were plotted with 

principal coordinate analysis (PCoA) in two-dimensional space. This was largely done with 

the vegan package (v.2.5.6). 

For the bacterial dataset of tomato, which was the ASV table, ASVs related to 

mitochondrial and chloroplast sequences were removed. Then, ASVs with sequence length 

smaller than 253 or bigger than 254 bps were excluded. After this, data relating to our 

study were subset and named as “raw ASVs”. In order to track the SynCom members in 

our sequencing data, the V4 region of these strains were extracted and aligned with the 

sequences of “raw ASVs”. The “raw ASVs” table was then filtered and ASVs (which have 

more than 25 reads in at least 5 samples) and named as “measurable ASVs”. The custom R 

commands were used in these analyses, mainly retrieved from the R packages tidyr 

(v.1.1.1), reshape2 (v.1.4.4), ggplot2 (v.3.3.2) and fmsb (v.0.7.0). 

For differential abundance test, we used the same method as implemented in a previous 

study (Schneijderberg et al., 2020). To test OTUs differently abundant between the Rhizo 

and EC in comparison to Soil, we used the default setting to create the normalized OTU 

table from “raw OTUs”. Next to it, the fitZig function and default settings in the 

metagenomeSeq package (v.1.28.2) (Paulson et al., 2013) were used for differential 

abundance testing. This was the same for tomato where the “raw ASVs” were tested for 

differential abundance between no salt (0 mM) and each salt treatment (100, 200, 300 

mM NaCl input) for all three compartments. Furthermore, for the enriched ASVs, the 
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correlation between their abundance (log2-normalized reads) and increasing salt 

gradients was tested with linear regression. 

We constructed co-occurrence networks between bacterial ASVs embedding all salt levels 

in three compartments in both control and SynCom inoculation conditions, using a custom 

implementation of publicly available scripts (Hartman, 2018). For these networks, we used 

the normalized ASV table and conducted Spearman rank correlations between ASVs. The 

networks were visualized with the Fruchterman-Reingold layout (50000 permutations) in 

igraph and show the strong and significant correlations (|ρ| > 0.7 and p < 0.001). 

Bacteria isolation and correlation analysis 

To isolate strains from the rhizosphere and endophytic compartment of indigofera grown 

in the Jizan soil, serial dilutions of the glycerol stocks obtained from these compartments 

were plated on 1/10th TSA, King’s B, R2A and ISP3 agar media. Plates were incubated at 

28 °C for 14 days. Colony appearance was monitored daily and independent colonies were 

re-streaked on 1/10th TSA plates. Colonies were re-streaked on fresh 1/10th TSA plates 

once more to ensure purity. The 16S rRNA gene was amplified with primers 63F 5’-

CAGGCCTAACACATGCAAGTC-3’ and 1389R 5’-ACGGGCGGTGTGTACAAG-3’ (Hongoh et al., 

2003) of fresh colonies in replicate. PCR products were sequenced at Macrogen 

(Amsterdam, the Netherlands). All 16S rRNA sequences were processed with Geneious 

8.1.9 (https://www.geneious.com) and submitted to RDP database for taxonomic 

identification. For the correlation analysis, the V4 region of the 16S rRNA gene sequences 

were aligned with the consensus sequences of the indigofera OTUs. Isolates with the V4 

region matching OTUs with more than 97% identity were kept. Representative isolates of 

these OTUs were selected for strain level analysis by using BOX-PCR with primer BOXA1R 

5’-CTACGGCAAGGCGACGCTGACG-3’ (Selvakumar et al., 2016) and repetitive strains were 

removed by comparing the genetic profiles. In the end, 11 strains were selected including 

9 strains belonging to high abundant OTUs and 2 strains belonging to relatively low 

abundant OTUs but potentially promoting plant growth. Their glycerol stocks were 

prepared and stored at -80 °C.  
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Genome assemblies and phylogeny 

Illumina paired-end FASTQ files were cleaned with Trimmomatic (v.0.38) (Bolger et al., 

2014) by clipping reads if the average Phred quality score within four consecutive bases 

dropped below 28 (SLIDINGWINDOW:4:28). The trimmed FASTQ files were then 

assembled into contigs by SPAdes (v.3.12.0) (Bankevich et al., 2012) with the careful 

option turned on and k-mer sizes of 21, 33, 55, and 77 nt. A high amount of assembly 

contamination (up to 79%) was detected by CheckM (v.1.1.2) (Parks et al., 2015) in the 

following genera: Bacillus (SA436), Ensifer (SA403), Massilia (SA087), Pseudomonas (SA613 

and SA244), Ralstonia (SA424), and Streptomyces (SA113, SA444, SA619, SA670 and 

SA681). These assemblies were cleaned with K-means clustering (Python Scikit-learn) 

(Pedregosa et al., 2011) on the tetranucleotide signatures of the contigs. A second round 

of CheckM indicated a drop in contamination to below two percent for all assemblies. 

Finally, assembly statistics and genome completeness were assessed with QUAST (v.5.0.0) 

(Gurevich et al., 2013). 

The phylogeny of the Jizan strains was inferred by maximum likelihood on concatenated 

AMPHORA gene alignments. For the nine genera, candidate accessions were selected from 

the NCBI RefSeq database based on several criteria. First, all the reference assemblies 

from each genus were included. Additional accessions were either plant root-associated or 

isolated from a desert habitat. The coding domain sequences and translated protein 

sequences were downloaded from NCBI in September 2020. For the Jizan strains, the open 

reading frames (ORFs) on the contigs were predicted by Prodigal (v.2.6.3) (Hyatt et al., 

2010). Hidden Markov Model profiles of the AMHPORA proteins were downloaded from 

the AMPHORA2 GitHub repository (Wu & Scott, 2012). These were used by hmmsearch 

(v.3.2) (Eddy, 2011) to identify the best protein hit in the translated ORFs with an E-value 

threshold below 0.001. Accessions without the full set of 31 AMPHORA genes were 

discarded from the analysis. The AMHPORA genes were aligned separately with Clustal 

Omega (v.1.2.4) (Madeira et al., 2019) and inspected manually. A multiple sequence 

alignment (MSA) was constructed by concatenating the AMHPORA gene alignments per 

accession. Phylogeny was inferred on the MSA with IQTree (v.1.6.12) (Nguyen et al., 

2015). The affiliated tool ModelFinder (Kalyaanamoorthy et al., 2017) identified the best-
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fit substitution model for each MSA. Finally, trees were visualized with the Python 

framework ETE3 (Huerta-Cepas et al., 2016). 

Gene expression and ion content assay 

Tomato seeds were grown in sterile river sand, inoculated with either SynCom C, SA087, 

SA187, SA403, SA436 or SA444 and exposed to a 200 mM salt stress as described in Fig. 

S4. Plant shoot and root tissue were harvested at 4-, 7- and 10-days post salt imposition. 

The fresh shoot weight was recorded, and the root tissue was carefully extracted from the 

sand and vortexed briefly in phosphate buffer. All samples were frozen in liquid nitrogen 

and stored at -80 °C. 

Five candidate genes for salt tolerance in tomato were chosen based on literature. The 

genes HKT1;1, WRKY8, SOS1 and SOS2 were previously shown to be associated with salt 

tolerance in tomato (Rus et al., 2001; Olias, R. et al., 2009; Huertas et al., 2012; Kou et al., 

2019; Gao et al., 2020). The gene CESA2 was also included as it showed a high homology 

to AtCESA6, which is important to salt tolerance in Arabidopsis thaliana (Zhang et al., 

2016). Of these five genes, the primer sequences of WRKY8 were taken from literature. 

For the others, custom primers were designed in silico on the RefSeq tomato assembly 

SL3.0 (GCF_000188115.4) with Geneious 11.1.5 (https://www.geneious.com). Actin was 

chosen as the housekeeping gene for normalization within samples (Lovdal & Lillo, 2009). 

Primer sequences, GC content, annealing temperature (Tm), expected amplicon length, 

NCBI GeneID, and references are shown in Table S3. Primer efficiencies were confirmed to 

be around 100% for all primer pairs using a range of serial dilutions. 

Total RNA was extracted from the shoot and root tissue with the E.Z.N.A.® Plant RNA kit 

(OMEGA BioTek). An optimal on-membrane DNase digestion step was performed during 

the RNA extraction by adding 10 μL DNase 1 and 70 μL Buffer RDD from the Qiagen DNase 

1 kit. RNA quantity and purity as well as integrity were checked by Nanodrop and agarose 

gel electrophoresis. cDNA was synthesized from 300 and 600 ng of root and shoot RNA, 

respectively, with the iScript™ Select cDNA Synthesis kit (Bio-Rad). The synthesis reaction 

was carried out at 25 °C for 5 minutes, 46 °C for 20 minutes followed by 1 minute at 95 °C. 

cDNA samples were diluted 5 times, aliquoted and stored at -20 °C. For the qPCR, each 
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reaction contained: 5 μL IQ™ SYBR®, 2 μL cDNA and 1.5 μL of the forward and reverse 

primers with a total volume of 10 μL. Samples were loaded into a CFX Connect™ system 

(Bio-Rad) and initialized at 95 °C for 3 minutes, followed by 40 rounds of thermocycling. 

Each cycle started at 95 °C for 15 seconds, followed by 30 seconds at the primer-specific 

Tm (average temperature of the forward and reverse primers). Melting curves of all 

samples (from 55 °C to 95 °C in 5 second intervals with a 0.5 °C increment after each cycle) 

showed primer specificity and no primer-dimer formation. Relative expression of target 

genes was calculated for shoot and root tissue per timepoint as described previously 

(Livak & Schmittgen, 2001). Calculations were based on the control treated plants with salt 

as the reference group and Actin as the reference gene. Relative expression level (fold 

change) was calculated by the 2^-ΔΔCt method. Statistical significance was determined by 

a Dunnett’s test on the relative expression levels. 

Ion concentrations was measured in tomato seedlings at ten days post salt imposition 

using an Ion Chromatography (IC) system 850 Professional (Metrohm, Switzerland), 

essentially as described previously (Roman et al., 2020). Leaves of tomato seedlings were 

weighed in glass screw cap test tubes, dried and ashed in a furnace at 575 °C for 5 h. After 

cooling down to room temperature 1 mL formic acid (3M) was added to each tube. 

Samples were heated at 103 °C for 15 min with shaking at 600 rpm. The extracts were 

then diluted by adding 9 mL of milliQ water to each sample. The samples were again 

heated and mixed at 80 °C for 30 mins. After cooling down to room temperature all 

samples were measured in two dilutions 1/100 and 3/100 using a Metrohm 881 Compact 

IC pro ion chromatograph. Data was expressed in mg ion/mg dry weight. 

A similar experiment was carried out with the same inoculums but in the non-sterile 

substrate. The shoot tissue of plants at ten days post salt imposition was harvested in 

order to record the fresh weight and to measure the ion content as described above. 
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Tables and legends: 

Table 1: Selected bacterial strains of the root microbiome of Indigofera argentea grown 

in Jizan soil. Eleven strains were isolated in this study, including nine strains belonging to 

highly abundant OTUs representing ~40% and ~30% of rhizosphere and endophytic 

compartment, respectively, and two low abundant or rare strains with potential PGPR 

traits. Four additional strains with PGPR straits were collected from previous studies. 

These 15 strains together were used for SynCom construction. 
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Supplementary information: 

 

Fig. S1: Former agricultural areas in the Jizan desert, which suffer from high salinity, are 

scarcely populated with indigofera. 
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Fig. S2: Venn diagram showing number of depleted OTUs in the Rhizo and EC of I. 

argentea in comparison to the Soil. See Dataset S1. 

 

Fig. S3: Growth promotion of arabidopsis by the Jizan strains Ensifer sp. SA403 and 

Bacillus sp. SA436.  
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Fig. S4: Maximum likelihood trees based on the AMPHORA gene alignments of nine 

different genera. (a) Massilia, (b) Streptomyces, (c) Ensifer, (d) Bacillus, (e) Enterobacter, (f) 

Acinetobacter, (g) Ochrobactrum, (h) Pseudomonas, (i) Ralstonia. Each tree contains at 

least one of the strains found in the Jizan SynCom, representative genomes and plant-

associated strains for that genus. All trees are rooted on a suitable outgroup and the Jizan 

strains are shown by bold font. The distance scale indicates the number of differences 

between sequences. 
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Fig. S5: Tomato salt stress assay. The salt stress assay was adapted from a protocol by 

Awlia et al., 2016. Pots with plants are soaked in a saline solution for about 30 minutes. As 

the WHC is always maintained at 60%, there is a certain volume of water already present 

in the substrate. When the saline solution enters through the bottom of the cups during 

the soaking, the salt concentration lowers as the solution is diluted by the water present 

in the substrate. The volume of saline solution that enters the pot is equal to the 

remaining 40% WHC plus extra air. This extra air volume is a result of the supersaturation 

by the soaking method which exceeds the amount predicted by 100% WHC. As the WHC 

returns to 60% due to evaporation and transpiration, the diluted saline solution will 

concentrate to a target concentration in the substrate. 
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Fig. S6: Salt tolerance test of tomato plants grown with or without SynCom inoculation. 

Shoot dry weight of 21-day-old tomato plantlets exposed to 0, 100, 200, 300 mM NaCl (for 

14 days) and inoculated with or without SynCom C. Plants were grown in the non-sterile 

substrate. An asterisk represents a statistically significant (p < 0.05) difference between 

the two inoculations per Student’s t-test. 
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Fig. S7: Tomato plants were grown in the sterile substrate and inoculated with SynCom C 

or individually with the five SynCom C strains. A control condition without inoculum was 

also included. Plants were exposed to 0 or 200 mM NaCl at 7 days post sowing. Shoot and 

root tissue was harvested at 4, 7 and 10 days post salt imposition. Unless otherwise 

indicated, error bars represent the standard deviation and an asterisk is a significant 

difference (p < 0.05) from the control per Dunnett's test. (a & b) Average shoot fresh 

weights (n=5) for each of the three time points and the 0 and 200 mM NaCl, respectively. 

(c & d) Average shoot ion content (n=5) as determined by ion chromatography ten days 

after the salt imposition for 0 and 200 mM NaCl, respectively. The left axis shows the 

average concentration in mg/g of dry weight for each ion. The right axis shows the 

dimensionless ratio between the concentrations of the Sodium and Potassium ions. 

Significance was determined by Student's t-test. (e & f) Relative expression against Actin in 

the root and shoot, respectively, of salt stress related genes in plants four days after being 

treated with 200 mM NaCl (n=5). The error bars represent the standard error of the mean 

of the fold changes per sample. 
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Fig. S8: Tomato plants were grown in the non-sterile substrate and inoculated with 

SynCom C or individually with the five SynCom C strains. A control condition without 

inoculum was also included. Plants were exposed to 0 or 200 mM NaCl one week after 

sowing. Shoot tissue was harvested at ten days post salt imposition for fresh weight and 

ion content analysis. The standard deviation is shown by the error bars. (a & b) Average 

shoot fresh weights (n=15) for the 0 & 200 mM NaCl treated plants, respectively. An 

asterisk indicates a significant difference (p < 0.05) from the control per Dunnett's test. (c 

& d) Average shoot ion content as determined by ion chromatography for the 0 & 200 mM 

NaCl salt levels, respectively. Five random plants were selected from the control and 

SynCom C inoculated plants. The left axis shows the concentration in mg/g of dry weight 

for each ion. The right axis shows the dimensionless ratio between the concentrations of 

the Sodium and Potassium ions. An asterisk is a significant difference (p < 0.05) per 

Student's t-test. 
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Fig. S9: ASVs of Jizan strains which did not pass the detection criteria for the root 

colonization of tomato.  

 

Fig. S10: Positive correlation between bacterial ASVs and salt concentration. Log2-

transformed normalized read counts of ASVs found in the Rhizo (a) and EC (b) of tomato 

growing in the non-sterile substrate and inoculated with the Jizan SynCom. The ASVs that 

were enriched in any of the salt levels and with a positive correlation to the salt gradient 

are shown here. Crosses indicate mean log2-transformed normalized read counts of each 

ASV under each salt level. Blue crosses indicate ASVs matching a SynCom strain detected 

in this analysis. 
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Table S1: Genome quality and BUSCO completion of the Jizan strain draft assemblies. 

strain 
number 

contig 
count 

largest 
contig (bp) 

total length 
(bp) 

N50 
(bp) L50 GC 

(%) 
BUSCO 

(%) 
SA087 175 543949 5765706 235133 9 66.03 97.3 
SA113 45 621922 6368688 266747 9 73.21 93.92 
SA244 27 738592 4869277 548984 4 61.07 99.32 
SA403 55 791070 5827606 308192 6 61.53 96.62 
SA424 49 561012 5422796 321413 6 63.45 97.97 
SA436 92 876275 6512045 264159 6 36.77 99.32 
SA444 147 243229 7832951 128819 23 73.42 93.92 
SA613 27 859236 5493474 279279 6 55.5 99.32 
SA619 61 642724 7060368 186344 11 73.14 94.59 
SA670 1029 512909 8841294 143471 17 71.94 93.24 
SA681 49 648396 6006283 234380 9 73.2 94.59 

Table S2: Composition of simplified SynComs. 
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Table S3: Information on primers used in the qPCR assay. 
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Table S4: ASV to Jizan strain 16S rRNA gene mapping to identify strains in the root 

colonization of tomato growing in the non-sterile substrate. 

Strain ASV 
Bacillus sp. SA436 ASV513 
Massilia sp. SA087 ASV84 
Ensifer sp. SA403 ASV91 
Ralstonia sp. SA424 ASV16 
Pseudomonas sp. SA244 ASV2 
Pseudomonas sp. SA613 ASV38 
Streptomyces sp. SA619 ASV4047 
Streptomyces sp. SA113 ASV4047 
Streptomyces sp. SA681 ASV4047 
Streptomyces sp. SA670 ASV4047 
Streptomyces sp. SA444 ASV783 
Ochrobactrum intermedium SA148 ASV13 
Enterobacter sp. SA187 ASV12 
Acinetobacter radioresistens SA188 ASV10 
Pseudomonas argentinensis SA190 ASV5 

Table S5: Jizan desert soil content analysis. 
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Dataset S1: Differentially abundant OTUs. 

Dataset S2: NCBI assembly information on the accessions used for the AMPHORA 

phylogeny for the nine genera trees. The “display_name” column is the name used in 

the trees (see Fig. S3) 

Dataset S3: NCBI assembly information on the accessions used for the AMPHORA 

phylogeny of the tree in figure 3b. 

Dataset S4: OTU table from the meta-amplicon sequencing data of the soil, rhizosphere 

and endophytic compartment of indigofera. 

These datasets could be accessed through https://doi.org/10.1038/s41396-022-01238-3.  
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In this thesis, I have studied various aspects of root-associated microbiomes. Well studied 

root microbiomes are those of the rhizosphere and endophytic compartment. In line with 

previous studies, I have shown for several plant species that the composition of the 

microbiome of these compartments is distinct from that of bulk soil (chapters 2-5). We 

showed that, in addition to rhizosphere and endophytic compartment, xeric grasses can 

form a third compartment, the root-sleeve with its own distinct microbiome (chapter 2). 

The latter, in contrast to the other two compartments, appears to be the result of a highly 

controlled developmental process. I will discuss the mechanisms by which it might be 

formed and from which developmental processes it might be derived. The microbiomes of 

root-sleeve and endophytic compartment are more dissimilar from that of bulk soil than 

that of the rhizosphere and the plant genotype has a large effect on the composition of 

these two intraradical microbiomes. We further showed that the strength of the plant 

genotype effect depends on the environment (chapter 3). Using barley, we showed that 

salinity markedly reduced this plant genotype effect. I will discuss here that the underlying 

mechanism might involve the production of secondary metabolites which probably also 

affects the composition of the microbiome. 

Most of my studies were performed with herbaceous plants, but one study was focussed 

on trees (chapter 4). This was done because tree species can become markedly older than 

herbaceous plants and some species can even reach ages of centuries. We studied 

whether the root microbiome could contribute to this longevity. By using a chrono-series 

of chestnut trees we showed that negative plant-soil feedback appears to be absent. 

Further, the chestnut root-associated microbiome harbours Pseudomonas strains with 

strong antagonist activities against major chestnut pathogens as well as a strain with 

growth promoting activity. As root microbiomes can also provide tolerance to abiotic 

stress, I used the microbiome of a legume adapted to a saline desert to study whether this 

can confer salt tolerance to tomato (chapter 5). We designed a simplified SynCom that 

improves salt tolerance of tomato even under non-sterile conditions. I will discuss 

potential mechanisms by which SynComs can confer salt tolerance as well as strategies by 

which SynComs can be engineered. 
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Development of root-sleeve and drought tolerance of xeric grasses 

In Chapter 2 we described the formation of root-sleeves and we observed that it hosted a 

distinct bacterial microbiome. The root-sleeve can slide along the stele as the inner cortex 

was completely lysed as well as the radial walls of the endodermis. This was the case in 

Agropyron as well as Stipa. By investigating the cytology of root-sleeves from these two 

xeric grasses, we showed that the root-sleeve is formed by, from outside to inside, 

rhizosheath formation, formation of lacunae in the inner cortex and endodermal cell wall 

modification and hydrolysis.  

The rhizosheath, in general, is a sticky layer of sand that adheres strongly to roots (Brown 

et al., 2017). This is a property that is not restricted to xeric grass species, but shared by 

many species. In a study involving 58 species, more than 40 species, with a wide 

phylogenetic distribution, were shown to have the ability to form a rhizosheath (Brown et 

al., 2017; Burak et al., 2021; Karanja et al., 2021). The rhizosheath is formed especially 

under dry conditions and this is correlated with modulation of the abscisic acid (ABA) and 

auxin levels to regulate root and root hair growth (Zhang et al., 2020a). The longer the 

length of root hairs and the denser their distribution, the better root hairs facilitate 

rhizosheath formation (Zhang et al., 2020a). A thicker rhizosheath retains more water and 

additionally it better prevents water loss by the root, protecting the plant against drought 

(Zhang et al., 2020b; Burak et al., 2021; Karanja et al., 2021). 

The lysis of cortical cells during the formation of the root-sleeve resembles the formation 

of cortical lacunae formed upon drought (Henrici, 1929; Beckel, 1956; Cuneo et al., 2016). 

The formation of cortical lacunae has been well studied in fine roots of grapevine (Cuneo 

et al., 2016). It was studied in vivo by a non-destructive imaging method. By 

applying different levels of drought it was shown that the formation of lacunae is 

a primary response to mild drought and osmotic stress. Their formation strictly 

correlates with reduced hydraulic conductivity. It is proposed that they especially reduce 

the radial flow of water from root to soil by which the hydraulic capacity of the vasculature 

is maintained. In our study, Stipa and Agropyron were collected from semi-arid regions 

which regularly face severe drought. Therefore, I hypothesize that the cortical lysis is 

related to lacunae 
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formation and is induced by drought. However, there are also differences between 

lacunae formation in grapevine and cortical lysis in the xeric grasses we studied.  

First, Cuneo et al. (2016) showed that the inner cortical cells in fine roots of grapevine 

were partly lysed, whereas in our study, they were completely lysed. This completely 

disconnected the epidermis/outer cortex and endodermis in the roots of Agropyron and 

Stipa. The complete lysis of inner cortex has been shown as well as in another xeric grass, 

Bouteloua gracilis (Beckel, 1956). By studying cytology along the longitudinal axis of the 

root, Beckel showed that lysis starts in the middle cortex and at a later stage, the outer 

cortex and epidermis were more or less completely disconnected from the stele. This lysis 

of the cortical cells is similar with what we have seen during the formation of the root-

sleeve. The three xeric grasses, Agropyron, Stipa and Bouteloua, all belong to Poaceae and 

grow in (semi) arid regions. Whether this complete lysis of cortical cell layers is a specific 

trait for xeric Poaceae species or also occurs in other xeric grasses remains to be further 

studied.  

Further, Cuneo et al. (2016) detected no visible difference in suberin or lignin deposition 

between well-watered and drought-stressed plants. However, in our study, suberin and 

lignin were deposited in cell walls of both endodermis and exodermis in lysed root. The 

latter might be a drought response controlled by ABA as signaling by this hormone triggers 

an increased suberin and lignin deposition (Barberon et al., 2016; Liu et al., 2021; 

Woolfson et al., 2022).  

We studied the microbiome composition in root-sleeves and showed that it is distinct 

from those in other compartments. In the root-sleeve, ASVs belonging to Actinobacteria 

were extremely dominant (Chapter 2). Recent studies, on a variety of monocot and dicot 

species from both natural and agricultural environments, have demonstrated an 

enrichment of Actinobacteria within the microbiomes of drought-stressed plants (Naylor, 

D. et al., 2017; Fitzpatrick et al., 2018; Marasco et al., 2018; Xu, L et al., 2018; Simmons et

al., 2020). This was also observed in root microbiomes of indigofera grown in arid regions

(chapter 5). So what caused the enrichment of Actinobacteria in the root microbiome

under drought condition? In our study, we noticed that among the most abundant
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Actinobacteria, the genus Streptomyces occurred in both Agropyron and Stipa. Although 

Streptomyces are known to produce spores, spore-production cannot fully explain the 

enrichment of Actinobacteria under drought conditions as only about half of drought-

enriched Actinobacteria have been shown to form spores (Naylor, Dan et al., 2017).  

The enrichment of Actinobacteria only occurs within roots exposed to drought but not 

across the whole root system, suggesting that the enrichment of Actinobacteria may be 

driven by a local hormone mediated response to drought (Simmons et al., 2020). This is 

most likely ABA, which regulates the drought stress response and which accumulates to 

high levels within roots exposed to drought and not the whole root system (Purtolas et 

al., 2015). Although the effect of ABA on the root microbiome has not yet been well 

studied, ABA is known to stimulate expression of genes encoding proteins whose activity 

results in ROS accumulation in the apoplast (Miller et al., 2010). This most likely 

contributes to the enrichment of Actinobacteria as gram positive bacteria 

(e.g. Actinobacteria) are less sensitive to ROS than gram negative bacteria (e.g. 

Proteobacteria) (Xu & Coleman-Derr, 2019).  

So the enrichment of Actinobacteria in the root microbiome, under drought conditions, is 

probably a response mediated by ABA, but whether this enrichment of Actinobacteria 

contributes to drought tolerance remains to be further studied.  

So taken together, I hypothesize that the root-sleeve seems to create two strategies to 

improve tolerance to drought: 1. the rhizosheath retains more water and prevents water 

loss by the roots; 2. cortical lacunae, disconnecting the vascular bundle from dry soil, 

which reduces the backflow of water from root to soil. 

Salinity induces conserved plant responses to recruit beneficial microbes 

that increase salt tolerance to the host plant 

In chapter 3, we showed that salinity reduced the dissimilarity of the root-associated 

microbiomes of two barley genotypes, which is caused by a reduced plant genotype effect. 

Further, the salt-induced decrease in microbiome dissimilarity correlated with an increase 

of the relative abundance of Pseudomonas. 
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The salt-induced decrease in microbiome dissimilarity is similar to what is observed with 

drought stress, as this decreases the effect of the plant genotype on the microbiome 

composition. This was shown by analyzing root-associated microbiomes of 18 Poaceae 

species (Naylor, Dan et al., 2017). It is assumed that conserved plant responses to abiotic 

stress conditions, such as increased ABA and ethylene levels and production of organic 

acids, have larger effects on microbiome composition than genotype-specific adaptation. 

Emerging evidence indicates that these conserved responses of plant roots to abiotic 

stress could recruit specific root-associated bacterial communities (Rizaludin et al., 2021). 

It is hypothesized that the recruited bacterial community is capable to increase the 

tolerance of the host plant to the stress condition (Naylor, Dan et al., 2017; Li et al., 2021; 

Rizaludin et al., 2021). Hu et al. (2018) showed that secretion of benzoxazinoids in the soil 

alters the composition of the root-associated microbiome and this induces an increase of 

jasmonate signalling and plant defences. Xiong et al. (2020) showed that a root-associated 

bacterial community is recruited by Limonum sinense growing under salt stress. The 

growth and chemotaxis of Bacillus flexus KLBPM 491, a member of these recruited 

bacteria, could be promoted by several organic acids which are secreted by the roots of L. 

sinense during salinity. Inoculation of this strain into soil significantly promoted growth of 

L. sinense seedlings under salt stress. In our study (chapter 3), the soil microbiome from 

the same origin was shaped by host plants under three different salt levels, and this 

resulted in distinct root-associated microbiome. Whether the recruited microbiome under 

high salt levels could increase the tolerance of the host plant, needs to be further studied. 

By analysing root-associated microbiomes of 12 Curcurbitaceae genotypes growing under 

saline conditions, it was shown that the genus Pseudomonas was consistently enriched in 

rhizosphere and endophytic compartment of all host plants (Li et al., 2021). This is in line 

with our results of chapter 3 and 5, as well as many recent studies showing that 

Pseudomonas was enriched in root microbiomes under salt stress condition (Kumar et al., 

2019; Etesami & Glick, 2020; Schmitz et al., 2022). So the recruitment of Pseudomonas 

seems to be one of the conserved plant effects on root-associated microbiomes under salt 

stress.  
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This enrichment of Pseudomonas under saline conditions suggests that certain strains 

belonging to this genus can well adapt to these conditions and thereby have a potential to 

enhance plant tolerance to salt stress. This has been demonstrated by many studies and 

the production of ACC deaminase by Pseudomonas is suggested to be the major 

mechanism in alleviating salt stress in host plants (Glick, 2014; Kumar et al., 2019; Etesami 

& Glick, 2020). However, a stimulation of plant growth by reducing ethylene levels has 

been shown to make plants more vulnerable to the stress condition (Achard et al., 2006; 

Tao et al., 2015). For example, EIN3 is the primary transcription factor for ethylene signal 

transduction and negatively controlled by genes EBF1-1, EBF2-1. In Arabidopsis, loss-of-

function mutant ein3-1 reduced the rate of survival to salinity whereas the double mutant 

ebf1-1 ebf2-1 increased the rate of survival. This indicates a key role of ethylene in plant’s 

survival during salinity (Achard et al., 2006). Therefore, in chapter 1, it has been 

questioned whether bacteria capable of producing ACC deaminase, to reduce ethylene 

levels in the host plant, are real beneficial microbes.  

A study with ACC deaminase producing bacteria, Pseudomonas putida UW4, showed that 

its ability to reduce ethylene levels has a similar effect on the host as mutations that 

disrupted Arabidopsis ethylene signaling; they both increased plant growth but at the cost 

of a strong sensitivity to stress (Achard et al., 2006; Tao et al., 2015; Ravanbakhsh et al., 

2019). It can be questioned whether this is beneficial to the plant. It seems unlikely that in 

a natural ecological system this would be beneficial. In contrast, under agricultural 

conditions it might be beneficial to the farmer that plants remain growing under stress 

conditions. In such case, applying these ACC deaminase producing bacteria may, to some 

extent, stimulate plant growth in agricultural practice. So in my opinion, the nature of ACC 

deaminase producing bacteria on altering plant ethylene balance, should not be 

considered simply as beneficial or deleterious, but it rather depends on the settings, i.e. 

from an ecological or agricultural perspective.  
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The absence of negative plant-soil feedback leads to similar root-

associated microbiomes of chestnut, harbouring antagonistic and growth-

promoting Pseudomonas strains  

In chapter 4, we showed that the composition of root-associated microbiomes of chestnut 

trees, within a chrono-series ranging from 8 to 830 years, were rather similar and this is 

most likely caused by the absence of negative plant-soil feedback. A member of the core 

microbiome Pseudomonas OTU1, that represents more than 50% of the rhizosphere 

community, strongly inhibited growth of chestnut pathogens and stimulated plant growth. 

We hypothesized that such properties of root-associated microbiomes, together with the 

absence of negative plant-soil feedback, would contribute to longevity of chestnut.  

Plant-mediated changes in the soil microbiome that can modulate local growth conditions 

for themselves, as well as for their own offspring and that of other plant species, are the 

result of "plant-soil feedback" (van der Putten et al., 2013). In general plant-soil feedback 

is studied by growing monocultures of plant species on a certain soil and this is followed 

by successive cultivation of conspecific or heterospecific plant species. Parameters like 

biomass and seed production are used to determine the nature of the feedback (van der 

Putten et al., 2013; Hannula et al., 2021). For example, monocultures of six grassland 

species were maintained in soil mesocosms for 12 months and each mesocosm was 

divided into six physically separated sections, in which all six plant species were replanted. 

After five months of plant growth, plants were harvested and biomass measurements 

showed that all six plant species exhibited strong negative conspecific feedbacks, but also, 

some positive heterospecific feedbacks were observed (Hannula et al., 2021).  

It has been shown that negative/positive plant-soil feedback leads to changes in the soil 

microbiome and that these changes are the cause of the negative/positive effect on plant 

fitness (van der Putten et al., 2013; Winkelmann et al., 2019). In agricultural systems, 

rotation is often used to avoid conspecific negative feedback. However, for fruit 

production in orchards rotation on an annual basis is impossible. Therefore in orchards 

plant-soil feedback can be negative and strongly reduce plant/tree growth as well as yield 

(Mariotte et al., 2018; Winkelmann et al., 2019). This is indeed the case for apple and 
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other fruit trees belonging to the Rosacea and this causes the apple replant disease 

(Mazzola & Manici, 2012; Mariotte et al., 2018). It is known that apple trees are pre-

conditioning the soil by the formation of phenolic compounds which alter the soil 

microbiome into a dysbiosis state and affects its own growth and provides a legacy that 

negatively affects growth when a new apple tree is planted in such soil (Hofmann et al., 

2009; Balbín-Suárez et al., 2021). The bacterial as well as fungal community composition, 

were different in apple replant disease affected soil in comparison to healthy soils from 

the same site (Franke-Whittle et al., 2015; Balbín-Suárez et al., 2020). A study in an 

orchard in Beijing showed that within 30 years a microbiome causing replant disease of 

apple trees had developed (Sun et al., 2014).  

In our study (chapter 4), chestnut trees have been cultivated in an orchard since the Ming 

dynasty. The trees are of different ages and plant-soil feedback has occurred at least 

during the lifespan of the tree. However, it is possible that trees younger than about 600 

years were replanted at a site where another chestnut tree had been grown before. We 

studied whether a negative plant-soil feedback had (not) occurred by; 1 comparing the 

composition of the root-associated microbiomes of trees ranging from 8 to 830 years and 

2. By studying the effect on chestnut growth by soil associated with trees of different ages.  

Our results demonstrated that the composition of root-associated microbiomes of 

chestnut trees within a chrono-series were similar. Although we could not exclude that 

the composition of root-associated microbiomes of such chestnut trees has changed along 

the increasing tree age. However, such changes were in this case with a very slow speed 

(~1.5% per century, referring to Bray-Curtis dissimilarities). It is hard to compare the speed 

of microbiome changes between studies, since compositional analyses are relative values. 

However, our results show that within 30 years, a time span that apple replant disease can 

develop (Sun et al., 2014), the dissimilarity values of the chestnut root-associated bacterial 

communities might increase with only about 0.4%. Furthermore, Hannula et al. (2021) 

showed that a one-year monoculture already created unique microbiomes, which 

negatively influence the growth of conspecific plants. Therefore the changes in soil 

microbiome induced by chestnut seem markedly smaller than, for example, apple or the 

six grassland species. In our study (chapter 4), we collected the soil around a young tree 
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(10 years old) and two old trees (372 and 620 years old) as well as soil from an open field 

never cultivated with chestnut trees as control. All these soils contributed to a healthy and 

similar growth of young chestnut seedlings, indicating that the chestnut plant-soil 

feedback was neutral and not negative.  

In our plant assay, replanted chestnut was grown for a relative short period and the 

seedlings were not exposed to pathogens. Therefore the antagonistic activities of, for 

example, the Pseudomonas strains of OTU1 could not contribute to a beneficial effect in 

this assay, although such strains could contribute to longevity in the orchard. We did not 

study the mechanisms by which our Pseudomonas strains had strong antagonistic 

activities. However, this has been studied for several other Pseudomonas species/strains. 

For example, P. protegens can produce secondary metabolites, like 2,4-

diacetylphloroglucinol, hydrogen cyanide, and pyrrolnitrin, with a broad-spectrum 

antibiotic activity (Haas & Defago, 2005; Jousset et al., 2014). In addition to the data 

described in chapter 4, some additional experiments were done to test the antagonistic 

activity of our isolated Pseudomonas strains on 4 well-known plant pathogens (the 

oomycete Phytophthora infestans and soil-borne fungal pathogens Botrytis cinerea, 

Fusarium oxysporum and Verticillium dahliae). Three Pseudomonas strains were shown to 

have strong antagonistic activity on all 6 pathogens, whereas the others have antagonistic 

activity on some of these pathogens. Phylogenetic analyses showed that these strains are 

close relatives to P. protegens CHA0 and P. protegens Pf-5. Our additional analyses 

showed that the latter have a bananamide as well as a pyrrolnitrin biosynthetic gene 

cluster. These two secondary metabolites, have previously been shown to have strong 

antifungal activity (Nguyen et al., 2016; Quecine et al., 2016; Omoboye et al., 2019). 

However, only one of the three Pseudomonas strains had a bananamide biosynthetic gene 

cluster and neither of the three strains had pyrrolnitrin cluster. So it seems probable that 

the strong antagonistic activity of the three Pseudomonas strain depends on a different 

mechanism.  

The Pseudomonas strain CM11 had a rather low antagonistic activity, but it was the only 

strain promoting Arabidopsis root and shoot growth. In a recent study its effect on root 

architecture has been studied in more detail (Li et al., 2022). It was shown to promote 
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lateral root formation and to increase the shoot biomass. The latter seems to be 

independent of the increased root size. Although the underlying mechanisms remain to be 

solved it is clear that it is different from that of the well-studied Pseudomonas WCS417. 

The strong growth promoting effect of CM11 and its ability to colonize roots at a relatively 

high level may contribute to the longevity of chestnut trees. Li’s study showed that CM11 

also promotes the growth of crop species like lettuce and tomato, showing that its plant 

promoting effects are not species-specific and so this strain could be used to develop a 

new inoculum for agriculture.  

Bottom-up and top-down approaches can be used to construct an 

effective SynCom under non-sterile conditions. 

In chapter 5, we found that bacteria originating from roots of the desert plant Indigofera 

argentea (indigofera) can increase the salt tolerance of tomato plants. 15 bacterial strains 

were isolated from the root of indigofera including members of the core root microbiome 

and potential PGPR. The strains were first combined in one group as a full synthetic 

communities (SynCom), then randomly combined into groups as simplified SynComs. 

Under non-sterile conditions, the full SynCom and the simplified SynCom of five strains 

significantly increased tomato salt tolerance.  

Studies have shown that microbiomes, that co-evolved with their host plant under stress 

conditions, could increase plant fitness under such conditions (Compant et al., 2019; 

Fitzpatrick et al., 2020; Rizaludin et al., 2021). It was aimed to identify the members that 

contribute to the properties of such microbiomes, by isolating and studying individual 

microbes (Hussain et al., 2018). However, in general the microbiomes as a whole have 

stronger growth promoting properties. So it is more the result of the collective activity of 

several members and also the interactions between them could be important. One 

approach to obtain better insight in the properties of complex microbiome is to establish a 

smaller community, for example, a SynCom, with the same properties as the microbiome 

(Carrión et al., 2019). To construct such SynCom, several studies followed a bottom-up 

approach by piecing together single strains (Tsolakidou et al., 2019; Zhuang et al., 2021; 

Kaur et al., 2022). In contrast, other studies also followed a top-down approach, by host-
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mediated selection, that aimed to reduce plant-microbial complexity to yield smaller 

communities with the desired phenotype (Niu et al., 2017; Jochum et al., 2019; Liu, YX et 

al., 2019). 

The bottom-up approach relied on knowledge of individual strains concerning their 

functional properties. This requires high-throughput platforms to isolate individual 

microbes and characterize their effect on plant hosts (Ahmad et al., 2011; Egamberdieva 

et al., 2017; Kaur et al., 2022). With the development of high-throughput sequencing 

technologies additional selection criteria could be used. For example, core microbes of the 

root compartments could be selected for SynCom construction (Carrión et al., 2019; 

Tsolakidou et al., 2019). This is what we did to construct the SynCom described in chapter 

5.  

The top-down approach made use of host-mediated selection on microbiome. By several 

cycles of growth and selection a reduced microbiome is obtained with the desired 

beneficial property. Then by the help of sequencing data, best colonizers or keystone 

species in the reduced microbiome were selected to establish a SynCom (Niu et al., 2017; 

Kaur et al., 2022). We used an approach similar to host-mediated selection on microbiome 

in our study described in chapter 3, i.e. by cultivating barley on saline soil for two cycles, 

we had created a soil with a microbiome that stimulated growth of barley under saline 

conditions. The final microbiome composition showed that some bacteria with high 

abundance in the root compartments positively respond to high salt. These bacteria could 

be selected for a SynCom construction in future studies.  

The construction of SynComs that have similar properties as the original microbiomes 

provide a good basis to study the underlying mechanisms and structure needed for 

survival as a community but also those involved in plant growth promotion. An analysis on 

SynCom structure was described by Niu et al. (2017), who cultivated germ-free maize 

seedlings in soil with two selective iterations to obtain a bacterial community with a 

reduced complexity. Afterwards, by selecting seven strains which represented the 

enriched and dominant genera in the maize root, a greatly simplified SynCom was 

constructed. The removal of one strain, namely Enterobacter cloacae, resulted in the 
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complete loss of microbial community structure in the maize roots, indicating the 

importance of microbe-microbe interactions and the existence of keystone species in the 

microbiome. Further, an example of functional analysis of SynCom was described by 

Carrión et al. (2019). They studied the root microbiome of sugar beet seedlings grown in 

the field soil suppressive to Rhizoctonia solani by the metagenomic method. The disease-

suppressive phenotype was highly correlated with the abundance of Chitinophaga and 

Flavobacterium. A SynCom of two strains belonging to these two genera, respectively, 

provided the same disease protection as the original microbiome. Site-directed 

mutagenesis further confirmed the contribution of BGC298 in Flavobacterium to this 

phenotype.  

In our study (chapter 5), qPCR-based analysis confirmed the success of 5 strain SynCom in 

increasing salt tolerance of tomato was correlated with the avoidance of ion toxicity, 

promoting an early activation of plant ion homeostasis mechanisms. In contrast, these 

effects were not present when any of the SynCom strains applied alone, suggesting that 

SynCom as a community is required for this phenotype. However, how these strains 

interact with each other is not known yet. In addition to the meta-amplicon sequencing, 

advanced methods like metagenomics, metatranscriptomics, metametabolomics as well 

as mutagenesis are promising to be applied in our future work to study the underlying 

mechanisms of the 5 strain SynCom. 

Another advantage of SynComs in comparison to individual strains is that they might be 

more successful than individual strains in an agricultural setting. Under non-sterile 

condition, strains often fail when they were applied individually, which was attributed to 

the competition by the local microbiome (Souza et al., 2015; Saad et al., 2020). Although it 

is hypothesized that SynComs would have a better chance of surviving and functioning in 

the non-sterile condition (Raaijmakers, 2015; Vorholt et al., 2017), efficient methods to 

construct a SynCom in the presence of a local microbiome as seen under field conditions, 

remains largely undefined. In our study (chapter 5), the 15 strain as well as the simplified 5 

strain SynCom successfully improved tomato growth to salt imposition under non-sterile 

condition. The bottom-up approach was successful for the 15 strain SynCom construction. 

However the construction of 5 strain SynCom was not really driven by a strategy to obtain 



Chapter 6 

206 

 

a well surviving SynCom under non-sterile conditions. Its success was more based on luck 

than rational. 

It seems unlikely that a single SynCom can be designed that is suitable, for several crops 

and different field condition. More likely tailored SynComs have to be made for a specific 

crop and a certain field condition. The host-mediated selection might be used for a certain 

crop species on a mixture of a microbiome with the desired property, and the field soil. 

After each growth cycle, the roots and soil of the plot with best performance will be used 

as inoculum for the next-round of growth (Jochum et al., 2019). Such tailored co-evolution 

process between the crop, candidate microbiome and field soil would reshape the root 

microbiome, but should maintains the desired phenotype and reduces its complexity. 

Subsequently, this information can be used to construct a SynCom, for example, by using 

core members, keystone species and microbes that are members of the original 

microbiome with growth promoting properties. 

In relation to future research on root-associated microbiomes, major challenges will be to 

understand their functions and their underlying mechanisms in ecological as well as 

agricultural settings. In both cases, SynComs will be very useful to unravel such 

mechanisms. Such insight will hopefully result the development of a cost-effective and 

environmental-friendly strategies to improve crop cultivation.   
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Summary 

Plants sustain microorganisms, for example, bacteria, around and inside their roots. These 

communities of microorganisms are referred to as root-associated microbiomes. The 

research on root-associated microbiomes includes, among others, a systematic analysis of 

their composition, understanding of mechanisms underlying their beneficial effect and 

robust application of beneficial microbes in agricultural settings. In this thesis, I made use 

of culture-dependent and -independent methods to study the root-associated 

microbiomes of different plant species. I analysed the root-associated microbiomes of; a 

new root compartment of grasses that grow in arid areas, two barley genotypes that grow 

under saline conditions and a chrono-series of chestnut trees. Furthermore, I constructed 

synthetic bacterial communities that increased salt tolerance to tomato seedlings that 

grow in a non-sterile substrate.  

In Chapter 1, I gave an overview of the current knowledge concerning root-associated 

bacterial microbiomes and focused on their role in conferring tolerance to abiotic stress. 

In Chapter 2, we described the developmental and cell biological process underlying the 

formation of the compartment named root-sleeve. It was studied in two desert grass 

species, agropyron and stipa. The microbiome composition in the root-sleeve was 

markedly different from that in the bulk soil (SO) and rhizosphere (RH) and it was more 

similar to that in the endophytic compartment (EC), although they were significantly 

different. Actinobacteria were enriched in the root microbiomes with the highest 

abundance in the root-sleeve and this was probably a plant response to drought. We 

hypothesized that the formation of root-sleeve and the microbiome community recruited 

in this compartment would improve tolerance to drought.  

In Chapter 3, we showed that high salinity reduced the dissimilarity of the root-associated 

microbiomes of two barley genotypes, Algerian barley landrace and Golden Promise. It is 

assumed that conserved plant responses to abiotic stress conditions, such as salinity and 

drought, have larger effects on microbiome composition than genotype-specific 

adaptation. The salt-induced decrease in microbiome dissimilarity correlated with an 
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increase in the relative abundance of Pseudomonas. It has previously been well studied 

that the production of ACC deaminase by Pseudomonas could reduce the ethylene level in 

host plants. We hypothesized that such Pseudomonas strains could stimulate the growth 

of barley under salt stress. 

In Chapter 4, we used a chrono-series of chestnut trees, ranging from 8 to 830 years, 

grown in an orchard next to the Great Wall. We observed that the composition of root-

associated microbiomes of these chestnut trees was rather similar although we could not 

exclude that there were small changes correlated with increasing tree age. To test 

whether such small changes were the result of a negative feedback, chestnut seedlings 

were replanted on soils associated with trees of different ages or from a control area 

without trees. Growth was not different, suggesting that such small changes in the 

composition of the root-associated microbiome did not lead to negative effect. 

Furthermore, a member of the core microbiome, Pseudomonas OTU1, which represented 

more than 50% of the rhizosphere community, strongly inhibited the growth of chestnut 

pathogens and stimulated plant growth. We hypothesized that such properties of root-

associated microbiome together with the absence of negative plant-soil feedback could 

contribute to longevity of chestnuts.  

In Chapter 5, we created a bacterial synthetic community (SynCom), using the core 

members and verified plant-growth promoting rhizobacteria of the root-associated 

microbiome of desert plant indigofera. We showed that it promoted the growth of tomato 

seedlings, under the saline condition in the presence of a non-sterile substrate that 

mimicked a natural soil microbiome. Furthermore, we simplified this SynCom from the 

initial 15 to 5 strains by creating random combinations. Such simplified SynCom 

outperformed the plant growth promoting effect observed from the initial SynCom. 

Recently often used criteria for SynCom construction could not explain the success of our 

simplified SynCom. We proposed that more advanced methods, such as metagenomics, 

metatranscriptomics and metabolomics sequencing, should be used to unveil the 

mechanism of such phenotype. 
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In Chapter 6, I integrated the findings described in this thesis and the knowledge from 

literature and proposed methods to construct effective SynComs that can be used under 

field conditions.  
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conditions. Main findings obtained during his doctoral study are presented in this thesis.  
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EPS PhD student days
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EPS PhD student days 'Get2Gether', Soest (NL)
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PE&RC/EPS/WIMEK course 'Introduction to machine learning'
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Microbial communities supporting potato growth against abiotic stresses
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EPS Theme 1 Symposium 'Developmental Biology of Plants', Wageningen (NL)
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EPS Theme 2 Symposium & Willie Commelin Scholten day 'Interactions between Plants and Biotic 
Agents' (online)

Annual Meeting 'Experimental Plant Sciences', Lunteren (NL)

EPS Theme 2 Symposium & Willie Commelin Scholten day 'Interactions between Plants and Biotic 
Agents', Amsterdam (NL)

EPS Theme 3 Symposium 'Metabolism and Adaptation' (online)

EPS Theme 1 Symposium 'Developmental Biology of Plants' (online)

Symposium - Root zone phenomics, physiology and ecology: creating space for the better half
Plant-RX symposium online event "Artificial intelligence in plant science and breeding"
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1st Symposium WURomics: Technology-Driven Innovation for Plant Breeding
'B2R get together' symposium

EPS Theme 2 Symposium & Willie Commelin Scholten day 'Interactions between Plants and Biotic 
Agents', Wageningen (NL)

Seminar Michael Nodine "RNA Biology of Plant Embryos"
Seminar by Wilma van Esse "From gene discovery to molecular network analysis: unraveling 
transcription factor networks that control cereal crop yield"

Annual Meeting 'Experimental Plant Sciences', Lunteren (NL)
Annual Meeting 'Experimental Plant Sciences', Lunteren (NL)

3) In-Depth Studies

Subtotal Scientific Exposure

Annual Meeting 'Experimental Plant Sciences' (online, poster)

International symposia and congresses
2nd Plant Microbiome Symposium, Amsterdam (NL)

2nd Plant Microbiome Symposium (poster) 
Presentations

International Symposium on Microbe-assisted Crop Production - Opportunities, Challenges & Needs 
(miCROPe 2019), Vienna (AT)

Seminar plus
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Advanced scientific courses & workshops

Journal club

Subtotal In-Depth Studies
Individual research training
Literature discussion - Laboratory of Molecular Biology

EPS course 'Data Analyses and Visualizations in R'
VLAG course 'Applied Statistics'
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2017, 2018, 2020 1.0
► 

2018 0.7
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BSc project "Induced salt tolerance in barley based on Rhizobium isolates", Mara Langeveld

WGS course 'Brain training'
WGS workshop 'Critical thinking and argumentation'
WGS workshop 'Scientific Publishing' 
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WUR Library course 'Searching and Organising Literature' (online training)
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Lunch webinar 'A Beautiful Thesis In 6 Steps'
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Supervision of BSc/MSc students 
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