
Frontiers in Bacteriology

OPEN ACCESS

EDITED BY

Anil K H Raghavendra,
New South Wales Department of Primary
Industries, Australia

REVIEWED BY

Padhmanand Sudhakar,
Kumaraguru College of Technology, India
Eva Maria Gomez Alvarez,
Sant’Anna School of Advanced Studies, Italy
Mohamed Ferioun,
Sidi Mohamed Ben Abdellah University,
Morocco

*CORRESPONDENCE

Linda Rigerte

linda.rigerte@ufz.de

RECEIVED 06 February 2025
ACCEPTED 31 March 2025

PUBLISHED 25 April 2025

CITATION

Rigerte L, Heintz-Buschart A, Reitz T and
Tarkka MT (2025) Assembly and application
of a synthetic bacterial community for
enhancing barley tolerance to drought.
Front. Bacteriol. 4:1572294.
doi: 10.3389/fbrio.2025.1572294

COPYRIGHT

© 2025 Rigerte, Heintz-Buschart, Reitz and
Tarkka. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

TYPE Original Research

PUBLISHED 25 April 2025

DOI 10.3389/fbrio.2025.1572294
Assembly and application
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2Swammerdam Institute for Life Sciences, University of Amsterdam, Amsterdam, Netherlands, 3Crop
Research Unit, Institute of Agricultural and Nutritional Sciences, Martin Luther University Halle-Wittenberg
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Leipzig, Germany
Under climate change scenarios for temperate regions in Europe, prolonged

droughts pose a major threat to barley production, but few studies have been

conducted on stress mitigation strategies using plant-beneficial rhizobacteria.

With this in mind, we isolated and screened a culture collection of drought-

tolerant bacteria from the barley rhizosphere. From this collection, we assembled

a 16-member consortium based on their relative abundances in the rhizosphere

after drought and in vitro osmotic stress tolerance (Drought Tolerant Synthetic

microbial Community/”DT-SynCom”). Members of the DT-SynCom range from

Proteobacteria to Firmicutes and Actinobacteria. We used Oxford Nanopore and

Illumina technologies to assemble complete genomes. Whole genome

annotation revealed the presence of a number of genes associated with plant

growth promoting traits such as IAA biosynthesis, ACC deaminase activity and

siderophore production. In vitro assays confirmed auxin production, ACC

deaminase activity, siderophore production, inorganic P solubilization, and

cellulase and chitinase activities by the selected bacterial strains. The

consortium members were not antagonistic to each other, and were either

neutral or beneficial to barley shoot and root growth of barley when applied

individually in vitro. To clarify the effect of the designed DT-SynCom on barley

drought tolerance, a pot experiment was conducted under drought stress

conditions. The DT-SynCom reduced the number of wilting leaves and had a

positive effect on barley growth under drought. The results of the research

suggest that themembers of the barley DT-SynCom have beneficial plant growth

promoting traits that result in improved plant growth under drought stress.
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1 Introduction

The negative impacts of climate change affect the planet since

the 20th century (Feulner, 2017) and recent research shows that

global warming and its accompanying adverse effects, such as

prolonged periods of drought, will continue to intensify in the

near future (Lee et al., 2023). For instance, the 2018-2020 heat and

drought events in Europe showed an intensity unprecedented in the

last 250 years (Rakovec et al., 2022). Such increasing temperatures

and prolonged drought periods adversely affect the food production

and poses a threat to food security at a global scale (Verschuur et al.,

2021; Funk et al., 2018). In recent decades, up to 10% of the world’s

yield reductions in crop production have been linked to extreme

weather disasters (Lesk et al., 2016). Drought caused by climate

change is one of the main reasons for declining crop yields (Bodner

et al., 2015; Gupta et al., 2020). With 1.5°C of global warming over

the historic baseline seemingly unavoidable (Lamboll et al., 2023),

developing methods to help plants survive expected future drought-

intense conditions (Balting et al., 2021) is of great importance with

respect to ensuring food security. One of the most promising,

environmental friendly solutions to help plants withstand drought

stress involves equipping them with drought-adapted plant

microbiomes (Liu et al., 2022).

Apart from the physiological responses plants use to withstand

drought periods, they also have their specific rhizosphere and root

microbial communities (rhizosphere and root microbiome) that can

contribute to drought tolerance (Rahnama et al., 2023). Water

scarcity adjusts the composition of the microbial communities,

and drought-adapted microbial taxa have the potential to not

only withstand drought stress themselves but to also mitigate

drought stress in the host plants (Liu et al., 2020; Coleman-Derr

and Tringe, 2014; Azarbad et al., 2020). Bacterial traits and bacteria

associated with such stress tolerance are referred to as plant growth

promoting traits (PGPTs) and plant growth promoting (PGPB)

bacteria. For instance, inoculation of barley with bacteria from

Flavobacteriaceae and Paenibacillaceae has been shown to enhance

tolerance of moderate drought stress (Xu et al., 2023). This is

attributed to the production of auxins such as indole-3-acetic acid

(IAA) by the bacteria which induces rhizosheath formation in the

host roots (Xu et al., 2023). Similarly root bacteria capable of

producing 1-aminocyclopropane-1-carboxylate (ACC) deaminase

have been shown to help promote plant growth under drought

stress. This is caused by reducing levels of the plant growth

suppressing stress hormone ethylene (C2H4) in the host by

cleaving its precursor molecule (ACC) into ammonia and

a-ketobutyrate (Ojuederie and Babalola, 2023; Shahid et al.,

2023). Plant growth under water scarcity can also be aided by

biofilm formation. Biofilms are extracellular matrices created upon

the secretion of metabolic byproducts known as exopolysaccharides

(EPS) by bacteria. Bacterial biofilms have been demonstrated to

reduce water loss in not only the bacteria but also the host root by

helping maintain humidified microenvironment (Roberson and

Firestone, 1992; Morcillo and Manzanera, 2021). However,

despite these noted benefits, and their vital importance for the

maintenance of agricultural yields, a direct link between the
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increased drought resistance of the plants has rarely been

substantiated (Hartman and Tringe, 2019).

Diploid barley (Hordeum vulgare L.) is the fourth-most

cultivated crop worldwide representing an important source for

food and animal feed (Cai et al., 2020; Elakhdar et al., 2021). It is a

cereal crop with moderate to poor drought tolerance (Ghotbi-

Ravandi et al., 2014), and water scarcity inhibits its growth and

limits its productivity (Cai et al., 2020). Barley represents an

emerging model to study molecular host-microbiota interactions

as its genome has been sequenced, mutants have been generated

(Mascher et al., 2017; Mahdi et al., 2022), and it has been used as a

model host plant for investigating host-microbe interactions with

pathogenic and beneficial fungi (Sarkar et al., 2019; Hilbert et al.,

2019). Numerous greenhouse studies with drought-tolerant and

drought-sensitive barley cultivars under precisely controlled

environmental conditions have demonstrated a variety of changes

at the morphological, biochemical, physiological, and molecular

levels to tolerate drought stress (Sallam et al., 2019). However,

research on the barley microbiome has shown that certain microbial

taxa are enriched in the barley rhizosphere and roots, including

members of the families Comamonadaceae, Flavobacteriaceae, and

Rhizobiaceae, irrespective of the tested barley genotypes and their

drought tolerance (Bulgarelli et al., 2015). For this purpose, the

research priority program SPP 2125 of the German Research

Foundation (“Deconstruction and Reconstruction of the Plant

Microbiota, DECRyPT”) has set the goal to gain a deeper

understanding of the plant microbiota through systematic

reductionist approaches, including the deconstruction and

reconstruction of beneficial plant-associated microbial

communities (Deutsche Forschungsgemeinschaft, 2023).

At present, specific studies on the application of synthetic

microbial communities (SynComs) to barley under drought stress

are limited, but the beneficial effects of certain bacteria on plant

growth are well established, and shifts in microbial communities

under water stress have been documented. For example, inoculation

of maize with SynCom has been shown to reduce leaf temperature,

decrease turgor loss under severe drought conditions, and accelerate

recovery upon rehydration (Armanhi et al., 2021). Similarly, a stable

15-member bacterial SynCom promoted plant growth and

enhanced drought resilience in Brachypodium compared to

untreated controls (Yadav et al., 2024). In contrast, studies on

barley under drought stress have mainly focused on single strain

inoculations. For example, inoculation of barley with the plant

growth promoting rhizobacterium Serratia odorifera in

combination with biochar improved plant growth, biomass, and

seed germination under drought conditions (Gul et al., 2023). These

results highlight the potential of SynComs to improve drought

tolerance in cereals and show that single strain inoculations can

improve drought tolerance in barley. However, the application of

SynComs specifically designed for barley under drought stress

remains unexplored. Therefore, our study to assemble a drought-

tolerant SynCom tailored for barley is a relevant and valuable step

towards understanding and harnessing microbial communities to

improve drought resilience in this important crop. To build on this,
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we aimed to investigate the effects of inoculating a drought tolerant

synthetic microbial community (DT-SynCom) consisting of

individually isolated and trait-screened microorganisms into the

barley rhizosphere. As a basis for this, we examined barley

rhizospheres exposed to predicted future drought conditions to

identify root bacteria enriched in hosts that survived these

(simulated) conditions. We then isolated pure cultures of these

strains (17 in total) with the intent to construct a DT-SynCom. In

this regard, we performed experiments to determine the presence of

PGPTs through in vitro experiments. Additionally, to both enhance

the representation of genomic resources for soil bacteria and gain

insights into the genomes of these strains, we sequenced the

genomes using both long read (Oxford Nanopore) and short read

(Illumina) technologies and assembled these using a state-of-the-art

hybrid assembly approach to produce near-complete genomes. The

in vitro experiments and genome annotations revealed the presence

of PGPTs such as auxin production, cellulose and chitin

degradation, IAA biosynthesis, nitrogen fixation and inorganic P

solubilization in one or more strains. Experiments revealed that the

strains were not antagonistic towards one another and were not

detrimental to barley root and shoot growth when applied

individually. Application of the DT-SynCom to barley hosts

experiencing drought stress in pot experiments revealed mild to

moderate protective effects suggesting that refined versions of this

SynCom may be beneficial for conferring drought-tolerance

in barley.
2 Materials and methods

2.1 Collection of bacteria from barley
rhizosphere

Sampling took place at the Global Change Experimental Facility

(GCEF) in Bad Lauchstädt (51° 23’ 30N, 11° 52’ 49E) on the site of the

field research station of the Helmholtz Centre for Environmental

Research (https://www.ufz.de/index.php?en=42385). Specifics

regarding the communities and other details regarding the GCEF

sites as well as strains isolated and used for this study can be found

in previously published literature (Breitkreuz et al., 2021b, 2021,

2020). In brief: the Bad Lauchstädt field site is characterized by a

temperate continental climate with a mean annual precipitation of

483 mm, a mean annual temperature of 9.7°C (1993-2013)

(Schädler et al., 2019), and a Haplic Chernozem soil type

(Driessen, 2001; Schädler et al., 2019). The GCEF design

comprises three grassland management types and two agriculture

approaches (conventional (CF) and organic (OF)) that are all

subjected to either ambient (current) or future climatic

conditions. All strains involved in this study were exclusively

isolated from CF and OF plots exposed to the aforementioned

future climate. The future climate treatment here comprises a 20%

reduction of rainfall in summer (Jun-Aug), while precipitation is

increased by 10% in spring (March-May) and autumn (September-

November), thereby simulating the expected climate in 2080

(Schädler et al., 2019). Winter barley cultivar Antonella was
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good lodging resistance, above average leaf health and average

winter hardiness and drought tolerance. Two dates were selected,

in order to ensure sampling of rhizosphere bacteria from a rapidly

growing plant development stage (stem elongation stage, BBCH 37-

39) as well as a post-flowering development stage (grain filling stage,

BBCH 75-77). On both dates, rhizosphere soil was collected by

gently loosening the root-attached soil of individual healthy plants

by hand (Breitkreuz et al., 2020). After thorough mixing, 0.25 g of

soil was suspended in 25 ml of double distilled water by stirring with

a magnetic stirrer for two minutes (IKA, RCT basic). An ultrasonic

bath was then used to dissociate bacteria from soil particles, and

samples were stirred for two minutes. Double distilled water and the

soil suspension were mixed at a ratio of 1:200, and 50 µl of this new

suspension was used to inoculate Pikovskaya’s agar medium

containing tricalcium phosphate as the sole phosphate source and

cycloheximide to suppress proliferation of fungal contaminants

(Pikovskaya, 1948). After incubation at 25°C for three weeks,

colonies were selected on the basis of phosphate solubilization

ability as indicated by bright halos around the colonies. Colonies

were also selected on the basis of phenotypic characteristics such as

color and shape to collect a diverse set of bacterial strains for the

construction of a Drought Tolerant Synthetic bacterial Community

(DT-SynCom). The selected strains were then purified by

incubating on yeast malt extract (YME) agar medium at 25°C for

three days.
2.2 Drought tolerance measurements of
barley rhizosphere strains

Drought tolerance measurements were conducted on

polyethylene glycol (PEG) agar by comparing the growth of the

strains on YME agar medium to YME agar medium surface-

infiltrated with PEG 8000 following previous work (Breitkreuz

et al., 2020; Bouremani et al., 2024; Wang et al., 2014). The PEG

concentration was set to 500 g/L (PEG0.5) which corresponds to an

osmotic potential level of around 1.1 MPa to simulate severe

drought stress (Verslues et al., 2006). Colony diameters on the

control (PEG0) and PEG0.5 with 5 replicates each were cross-

compared in ImageJ (Schneider et al., 2012) using overhead

photographs taken against a dark background. Drought stress

tolerance was determined as percentage difference in colony

diameters between PEG0 and PEG0.5 and statistical significance

was evaluated using a t-test.
2.3 Partial 16S rDNA sequencing of barley
rhizosphere isolates

DNA was extracted by addition of PEG to bacterial suspensions

followed by vortexing with glass beads following prior work

(Breitkreuz et al., 2020). Polymerase chain reaction (PCR) to

amplify the DNA was performed using the primers 27F and

1492R (Lane, 1991) and Promega Green (Promega, Madison, WI,
frontiersin.org
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USA). Subsequently, partial 16S rRNA sequencing was performed

with the primer BAC 341F (Muyzer et al., 1993) for Sanger

sequencing. at LGC Genomics (Berlin, Germany). Sequences were

trimmed manually using Sequencher v5.4.5 (Gene Codes

Corporation, 2016), and then compared with type strain reference

sequences of the National Center of Biotechnology Information

(NCBI) to establish the identities of the bacterial strains. The

primary aim of Sanger sequencing was to provide sequences of

each strain that will overlap with the ASVs provided by amplicon

sequencing. The 16S rDNA Sanger sequencing analysis also

grouped the strains into different genera (Supplementary Table S1).
2.4 Strain selection for drought tolerant
synthetic bacterial community

Amplicon sequencing variants (ASVs) that were more

abundant under the simulated future climate than under ambient

climate in the GCEF (Breitkreuz et al., 2021a) as well as under

drought than under well-watered conditions in a greenhouse pot

experiment with soil from Bad Lauchstädt (Breitkreuz et al., 2021b)

were extracted from the respective datasets. The differentially

abundant ASVs were cross-compared with the 16S rDNA
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identical or highly similar 16S rDNA sequence were identified.

Out of this strain pool, sixteen PEG-tolerant strains, displaying

same growth rate on PEG0 and PEG0.5, were chosen for the

DT-SynCom (for a comprehensive workflow of the study

see Figure 1).
2.5 DT-SynCom: inter-strain interaction
testing using a cross-streak method

To address if any of the DT-SynCom isolates displayed in vitro

inhibitory or stimulatory activity, they were cross-stroken on Plant

Nutrition Medium (PNM) agar with pH adjusted to 5.7 (Egorov,

1985). Each test strain was streaked vertically in the center of its

own agar plate, and 10 µl of each (remaining) DT-SynCom strain

was streaked horizontally against the strain of interest. Care was

taken to avoid possible interactions between the non-test strains.

The plates were incubated at 25°C for 72 hours and inspected for

visible signs of antagonism. Namely, the growth of each strain and

the gaps between strains (i.e., the inhibition zones) were measured

and gaps larger than 0.5 cm were interpreted as an indication of

antagonism between the strains in question.
FIGURE 1

Workflow of the study, illustrating the work described in the Materials and methods section. Created with BioRender.com.
frontiersin.org
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2.6 DT-SynCom: screening for plant
growth promoting traits

2.6.1 IAA production using Salkowski reagent
Indole–3–acetic acid (IAA) produced by each strain was

quantified using the Salkowski reagent (Gordon and Weber, 1951).

The quantification of IAA was performed following a modified

protocol described by Gang et al. (2019). Bacterial strains were first

cultured overnight at 30°C using nutrient broth medium, and were

then transferred into fresh nutrient broth supplemented with L-

tryptophan and incubated in the dark for 96 hours. For quantification

of IAA production, 1.5 ml of each culture was centrifuged and equal

volumes of the supernatant and Salkowski reagent were mixed

together and incubated for 30 minutes at 30°C in darkness. The

presence of IAA was qualitatively assessed by checking for the

development of a pink color. Quantitative measurements were

made spectrophotometrically at 536 nm with caliberation against

an IAA standard curve. Spectrophotometric measurements were

repeated every 24 hours until no further production of IAA

was detected.

2.6.2 1-aminocyclopropane-1-carboxylate (ACC)
utilization

ACC utilization was characterized following the method of

Penrose and Glick (2003). Fresh ACC solution and ninhydrin

were prepared before the start of the experiment. ACC stock

solution (0.5 M) was sterilized using a 0.2 µm membrane filter

and added to autoclaved DF (Dworkin and Foster) minimal

medium to acquire the final ACC concentration of 3 mM.

Ninhydrin reagent was prepared and the ACC production assay

performed following the protocol described previously (Li et al.,

2011). A single bacterial colony was transferred from solid to liquid

LB (Luria-Bertani) medium and incubated overnight at 28°C on a

shaker at 200 rpm. From each culture, 2 ml was centrifuged, the

pellet was washed twice with 1 ml of liquid DF medium, and

suspended in 2 ml of DF minimal medium with ACC. After 24

hours at 28°C on a shaker at 200 rpm, the cells were pelleted, and

100 µl of the supernatant was diluted 1:10 with DF medium. Of the

dilution, 60 µl were mixed with 120 µl of ninhydrin reagent,

incubated for 30 minutes in a pre-warmed heating block at 100°C

and measured at 570 nm. Bacterial strains with lower absorbance

values compared with the uninoculated supernatant were

considered to be ACC-utilizing.

2.6.3 Cellulose degradation
Single colonies of bacterial strains were suspended in 200 µl

sterilized tap water, of which 1 µl aliquots were then plated onto

cellulose agar. The plates were then cultured at 25°C for one week.

Subsequently, the agar plates were stained for 15 minutes with

Congo Red (1 g/L) and de-stained with 1 M NaCl (also 15 minutes).

Overhead photographs of the plates taken against a dark

background were evaluated using ImageJ to check for bacterial

growth indicating ability to degrade cellulose. Activity was classified

as 0 (no growth), 1 (growth, but no activity), 2 (growth with agar

decoloration), 3 (growth with halo), with class 3 being most strongly
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five replicates.

2.6.4 Siderophore production
Siderophore production was evaluated using the blue agar

chrome azurol S (CAS) assay following an established protocol

(Schwyn and Neilands, 1987). In brief, CAS agar media were

prepared following standard protocol and were inoculated with 1

µl aliquots of the strains (prepared as indicated in sub-section

“Cellulose degradation” above). The plates were incubated at 25°C

for 3 days and were evaluated as described in the paragraph above.

2.6.5 Chitin degradation
Chitin agar medium was prepared following previous work

(Hsu and Lockwood, 1975) and was inoculated as described in

Section “Cellulose degradation”. After incubation at 25°C for 2

weeks, the plates were evaluated for signs of ability to degrade chitin

as indicated in sub-section “Cellulose degradation”.
2.7 DT-SynCom: genome sequencing and
characterization

2.7.1 Illumina (short read) sequencing
Three day old bacterial colonies grown on YME agar medium

were transferred into 1x phosphate buffered saline (PBS) buffer and

gently mixed and subsequently pelleted by centrifugation. DNA

extraction was performed using the QIAGEN DNeasy PowerSoil

Kit (Qiagen, Hilden, Germany) following manufacturer

instructions. DNA purity and quantity were measured with a

NanoDrop (ThermoFisher Scientific, Waltham, MA, USA) and

DNA size by gel electrophoresis. DNA extracts were processed

following the standard protocol of the Nextera XT DNA Library

Preparation Kit (Illumina, 2023). Purified indexed libraries were

quantified using Qubit (ThermoFisher Scientific), pooled into

equal-mole sets, and DNA sequencing was carried out using an

Illumina MiSeq to 2 x 300 bp nucleotide lengths.

2.7.2 Nanopore (long read) sequencing
DNA was extracted and quality controlled as described above

for short read sequencing. Library preparation (DNA repair and

end-prep, native barcoding, pooling and sequencing adapter

ligation) and sequencing on an Oxford Nanopore instrument

(GridIOn, 10.4.1 Flow Cell, 95h runtime, R10.4.1 flow cell, 200 bp

minimum read length, minimum Q score 10) were performed by

Eurofins Genomics (Konstanz, Germany).

2.7.3 Hybrid genome assembly and annotation
Illumina short reads were quality controlled using FastQC

v0.12.1 (Andrews, 2010) and Nanopore long reads with NanoPlot

v1.42.0 (Coster and Rademakers, 2023). Long read-first assemblies

(supported and bridged by short read data) were produced using

Hybracter v0.7.3 (Bouras et al., 2024) using default parameters for

the “hybrid-single” assembly mode. Only one sample (Iso16) was

assembled with additional parameters, namely, “-c 4000000 –
frontiersin.org
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subsample_depth 200” was supplied alongside. The parameters “–

flyeModel “–nano-raw”“ was specified for all assemblies. The

assemblies were subsequently annotated using Bakta v1.9.3

(Schwengers et al., 2021) under default parameters with the “–

compliant” flag set. The assemblies were quality controlled by

inspecting a number of different metrics. These included basic

metrics produced by Hybracter itself, Bakta, and seqkit v2.8.0

(Shen et al., 2016) such as number of contigs, assembly size, N50,

GC content, contig completeness, and annotation statistics.

Genome completeness, contamination, and strain heterogeneity

were evaluated using CheckM v1.2.2 (Parks et al., 2015).

Coverage of the generated assemblies by the short and long read

data sets was estimated using minimap2 v2.28-r1209 (Li, 2018,

2021) (to map reads to the assemblies; with option “-ax sr” for short

reads and “-ax map-ont” for long reads), index from samtools v1.20

(Danecek et al., 2021) (to index the mappings), and mosdepth v0.3.8

(Pedersen and Quinlan, 2018) to estimate coverage (with option “–

fast-mode”). One hybrid assembly (Iso19) which was deemed

unsatisfactory due to unacceptable levels of strain heterogeneity

as indicated by CheckM (implying possible mixing of closely related

strains in this isolate) was reassembled with long read data only

using Flye v2.9-b1768 (Kolmogorov et al., 2019) under

default parameters.

2.7.4 In silico identification of plant-growth
promoting traits

The Bakta annotations were examined for specific KEGG

identifiers, gene names, and gene product descriptions to identify

genes associated with plant-growth promoting traits

(Supplementary Material S1_pgpt_genome_search_terms). The

protein sequences predicted by Bakta were also submitted to

PLaBAse v1.01 (Patz et al., 2021) to perform a second round of

comprehensive annotation for plant growth-promoting traits in the

genomes. Secondary metabolite biosynthetic gene clusters in the

assembled genomes were additionally identified using antiSMASH

v7.1.0 (Blin et al., 2023) invoked via the parallelization wrapper

multiSMASH v0.3.1 (Reitz, 2024).
2.8 DT-SynCom: effects of individual
members on barley germination and
seedling growth

Germination and growth assessments were carried out based on

earlier work (Guglielmetti et al., 2013). The Golden Promise cultivar

was used for all germination and growth experiments and was chosen

for two reasons. First, as it is a universally susceptible cultivar it is an

ideal platform for detecting plant response to drought and SynCom

inoculation. Second, this research was conducted within a

research program (https://ag-zuccaro.botanik.uni-koeln.de/decrypt),

where four research groups used Golden Promise, allowing

for meaningful cross-comparisons and facilitating ongoing

collaboration within the priority program. For the germination

experiment, barley seeds were first surface sterilized by immersion

in 6% hypochlorite for 1 hour and washing with sterile distilled
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multiple times until the smell of chloride became imperceptible.

The sterilized seeds were then inoculated with individual DT-

SynCom species as follows. Bacterial cells of each DT-SynCom

strain were grown overnight on a shaker at 120 rpm at 28°C in a

liquid Tryptic Soy Broth medium (TSB), pH 7.3 +/- 0.2. Each

bacterial culture was resuspended in TSB medium when the culture

reached an optical density (OD) of 0.5 at 600 nm. The sterilized

seeds were immersed in the bacterial suspensions for two hours,

then placed on sterile, moistened paper towels and left to germinate

in the dark at room temperature. Each sterilized seed was inoculated

with a single DT-SynCom strain. Uninoculated seeds were used as

controls. After four days of germination the following parameters

were recorded: the number of germinated seeds, number of roots

and leaves, lengths of roots and leaves and the root as well as leaf

fresh and dry weights. For the barley growth tests, seed sterilization

was performed as described above (but without bacterial

inoculation) with the seeds being germinated again for four days.

Subsequently, seedling roots were soaked in bacterial inoculum

(prepared as above) for two hours at room temperature with the

seedlings being transferred to 1/10 PMN agar medium and grown

for five days under sterile conditions thereafter. Uninoculated

seedlings were used as controls. The following parameters were

recorded after the growth period: numbers of roots and leaves, root

and leaf lengths, and the fresh and dry weight of leaves and roots.
2.9 DT-SynCom: barley growth and
drought tolerance in a greenhouse
experiment

Barley (Golden Promise) seeds were surface sterilized and

germinated in the dark at room temperature four days prior the

experiment. For DT-SynCom preparation each bacterial culture was

resuspended in TSB medium and optical density was measured to

reach OD 0.5 at 600 nm. Seedling roots were then immersed in

either DT-SynCom or MgCl2 (control group) for two hours and

planted in soil (potting soil, Einheits Erde, Classic Profisubstrat

soil). Plants were grown for three weeks in a growth chamber with a

day/night cycle of 14 hours of light, with day and night

temperatures maintained at 20°C and 16°C respectively. Relative

humidity was set at 65% and plants were watered at 80% of water

holding capacity (WHC). Pot field capacity was determined

beforehand by weighing soil into pots and oversaturating with

water. The soil was then allowed to drain for two days to reach

its natural water holding capacity, while being weighed twice a day.

A plastic bag was taped over the top of the pot to prevent water loss

by evaporation. The soil was then dried in an oven at 105°C for 24

hours and the water holding capacity was calculated by subtracting

the dry weight from the weight of the soil at field capacity. Drought

stress was induced on day 21 by watering the drought group at 30%

WHC once every three days for a period of 21 days. A total of four

treatments were observed, five plants per treatment: Control (80%

WHC), Control +DT-SynCom inoculation, Drought (30% WHC)

and Drought +DT-SynCom. Plants were observed and measured
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daily for changes in plant height, leaf number and wilting. Barley

leaf wilting was used as a proxy for drought response. Leaf angle

images were taken after three weeks of drought stress (30% WHC

watering for the drought stressed plants vs. 80% WHC watering for

the control plants). Three plants of each treatment were

photographed and leaf wilting angle determined by measuring the

angle between the blade of the first leaf and the stem. For the

analysis ANOVA and Tukey test were used (P < 0.05).
3 Results

3.1 Isolation and drought-stress tolerance
testing of a bacterial community from
barley rhizosphere

A total of 245 purified bacterial strains were isolated from the

rhizospheres of conventionally (CF) and organically (OF) farmed barley

harvested at stem elongation (BBCH 37-39) and grain filling (BBCH 75-

77) stages at the Global Change Experimental Facility in Bad Lauchstädt,

Germany. Partial 16S rDNA was sequenced to group the strains

(Supplementary Material S2_barley_strains). Partial 16S rDNA was

determined by Sanger sequencing to group the strains and to provide

a template for later comparison with amplicon sequencing data

(Supplementary Material S2). Phyllobacterium (66 isolates, 27%),

Streptomyces (49, 20%), and Pseudomonas (35, 14%) were dominant

in the culture collection, followed by Rhizobium (29, 11%),

Mesorhizobium (18, 7.3%), Priestia (11, 4.5%) and Arthrobacter (8,

3.8%). The relative contributions of Pseudomonas and Rhizobium spp.

was lower and the abundance of Streptomyces higher in the grain filling

than stem elongation stage, respectively (Figure 2). While Rhizobium

was more common than Pseudomonas in OF, the opposite pattern

occurred in CF (Figure 2). Many isolated strains were found from both

growth stages, and these included Arthrobacter pascens, Mesorhizobium
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australicum, M. ciceri, Phyllobacterium brassicacearum, P. ifriqiyense,

P. loti, Priestia aryabhattai, Pseudomonas corrugata, P. koreensis, P. lini,

R. grahamii, R. indigoferae, R. viscosum, R. fascians, S. beijiangensis, S.

canus, S. cyaneochromogenes and S. rishiriensis.

Drought stress tolerances of the strains were estimated as

percentage difference in colony diameter on polyethylene glycol

medium compared to control medium. Of the genera with most

isolated strains, the highest values were observed for Rhizobium and

Phyllobacterium, and the lowest values for Pseudomonas and

Mesorhizobium (Table 1). Drought stress tolerances of Pseudomonas

strains were higher for those isolates obtained from grain filling than

for those obtained from stem elongation stage, and drought stress

tolerances of Pseudomonas andMesorhizobium isolates were higher for

the strains isolated from OF than for those isolated from CF. Several

members of other genera in the bacterial culture collection with lower

abundance also demonstrated drought stress tolerance (Supplementary

Material S3_drought_tolerance_peg). For example, Arthrobacter

strains displayed a mean drought tolerance of 62.8% ± 19% (n = 9),

and Priestia strains showed a mean drought tolerance of 64.6% ± 22%

(n = 12).
3.2 Strain selection for the drought
tolerant synthetic community

Potential strains for the DT-SynCom were selected from the

aforementioned culture collection based on 16S rDNA

metabarcoding analysis of barley rhizosphere DNA obtained from

the Global Change Experimental Facility and from a greenhouse

experiment conducted with soil from the GCEF site. Both datasets

were used to identify bacterial ASVs that were higher in abundance in

the GCEF future climate treatment and under drought stress in the

greenhouse experiment than under corresponding control conditions

(Breitkreuz et al., 2021a, 2021). Subsequently, the bacterial culture
FIGURE 2

Relative abundances of cultivated bacteria from the barley rhizosphere at the level of most abundant genera. Samples were taken at two host
developmental stages (stem elongation BBCH 37-39, grain filling BBCH 75-77) and in two management types (organic farming, conventional
farming). The partial 16S rDNA gene was used to group the bacterial strains. Taxa with < 2% relative abundance were grouped together as “Other”.
Numbers in bars represent rounded percentage relative abundances of each genus.
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collection was compared with the list of enriched ASVs. The bacterial

strains that were enriched under drought and additionally

demonstrated a high drought stress tolerance in the polyethylene

glycol assay (Supplementary Material S3_drought_tolerance_peg)

were selected for inclusion in the DT-SynCom. The 16 members of

the DT-SynCom comprise strains from Proteobacteria, Firmicutes, and

Actinobacteria (Figure 3A), including four strains of Streptomyces, two

strains each of Priestia, Phyllobacterium, and Rhizobium, and one strain

each of Rhodococcus, Mycolicibacterium, Arthrobacter, Aeromicrobium,

Mesorhizobium, and Pseudomonas. To confirm that the strains do not

inhibit one another, they were tested for antagonism with paired

growth tests on agar. None of the strains showed signs of

antagonism towards each other (Figure 3B).
3.3 DT-SynCom genome assemblies and
annotations

To obtain genomes, bacterial DNA from DT-SynCommembers

was extracted and subjected to Illumina paired-end and Nanopore

long-read sequencing yielding deeply sequenced genomes with at

least 20x coverage from short read (Illumina) data and at least 50x

coverage from long read (Nanopore) data respectively (Table 2).

Most bacterial genomes were successfully assembled into complete

or near complete genomes using a state-of-the-art “long read-first”

hybrid assembly method (Table 2, Supplementary Material

S4_genome_assembly_annotation_stats, refer Materials and

Methods). Ten bacterial genomes featured a circularized contigs

indicative of a completely assembled chromosome(s) (Table 2;

Supplementary Material S4_genome_assembly_annotation_stats),

and in 7 genomes contigs representing other elements such as

plasmids were also assembled. According to CheckM, the DT-

SynCom genomes were close to complete and contamination-free

(> 99% completion in all cases; Table 2; Supplementary Material

S4_genome_assembly_annotation_stats). The assembled genomes

ranged in size from 4.1 Mbp to 10.9 Mbp and in GC content from

38% to 71% with 6540 ± 1595 protein coding genes (Table 2).

Among the top 10 most abundant KEGG ontology categories in

theDT-SynCom as a whole were transporters, ribosomal

components, two-component systems, transcription factors, and

genes with unknown functions (Supplementary Figure 1).
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3.4 Genomic and in vitro evidence for
plant-growth promoting (PGP) traits in the
DT-SynCom

To establish genomic evidence for PGP traits, multiple sets of

PGP genes were identified via examination of the genome

annotations (Figure 4; Supplementary Figure 2A, Supplementary

Material S5_bakta_pgpg_results.csv). Common to all species were

the PGP genes related to phosphate solubilization and transport,

nitrogen fixation, siderophore biosynthesis and transporter and

indole acetic acid biosynthesis (Supplementary Figure 2A). Part of

the genomes contained genes for ACC deaminase (8 genomes),

chitinase (12 genomes) and cellulose (8 genomes). No associations

were observed between phylogenetic associations of taxa and the

presence/absence of PGP genes, with the exception of the two

Firmicutes species both lacking genes for ACC deaminase, cellulose

degradation and chitin degradation. Similarly no strong association

were observed between the location of the PGP genes, i.e., on contigs

corresponding to the nuclear chromosome versus other contigs, in

any other the species (Supplementary Figure 3, Supplementary

Material S5_bakta_pgpg_results.csv). antiSMASH was used to

determine the presence of secondary metabolite clusters (SMGCs)

in the genomes of the DT-SynCom strains (Supplementary Material

S6_antismash_region_counts_annotated). The highest numbers of

SMGCs was found in Streptomyces resistomycificus (42 SMGCs),

followed by Streptomyces nigrescens (35 SMGCs), and Streptomyces

tauricus (34 SMGCs), while the strains with lowest number of

SMGCs had 5 SMGCs per genome respectively (Aeromicrobium

ginsengiso l i , Arthrobacter humico la , Phyl lobacter ium

brassicacearum, Phyllobacterium loti). For strains belonging to the

same genus, the number of SMGCs per strain was similar, as

expected. The most frequent SMGCs encoded terpene biosynthesis

clusters and these were found in 13 of the 16 strains (Supplementary

Material S6_antismash_region_counts_annotated). A redox cofactor

SMGC was detected in 8 genomes as the next most frequent one.

Ectoine SMGC was the only one directly associated with bacterial

drought tolerance. This is due to the function of ectoine as an

osmoprotectant. Ectoine SMGCs were found in the S. nigrescens, S.

resistomycificus, S. rishiriensis, S. tauricus and R. fascians genomes.

We also found secondary metabolite clusters that can contribute to

drought stress resistance indirectly, for example, through nutritive,
TABLE 1 Drought stress tolerance of the members of the dominant genera within the bacterial culture collection sorted by barley developmental
stage and land use type.

Factor Phyllobacterium Pseudomonas Streptomyces Rhizobium Mesorhizobium

Total 78.7 ± 20 a 52.1 ± 21 c 68.4 ± 18 b 80.0 ± 20 a 61.6 ± 24 bc

BBCH 37-39 79.8 ± 25 a 42.9 ± 17 c 69.9 ± 19 ab 78.0 ± 21 ab 60.5 ± 32 abc

BBCH 75-77 77.4 ± 15 a 63.2 ± 20 b 67.4 ± 18 b 89.4 ± 10 a 61.5 ± 20 b

OF 75.2 ± 22 a 58.4 ± 23 b 68.7 ± 19 b 78.5 ± 17 a 79.0 ± 18 a

CF 84.2 ± 16 a 49.4 ± 20 c 68.2 ± 17 b 83.6 ± 26 a 50.4 ± 21 c
Drought stress tolerance was quantified as relative difference in colony size on polyethylene glycol medium compared to control medium. Values are given in percentage growth on polyethylene
glycol supplemented medium (arithmetic means ± standard deviation); higher values indicate better growth on YME with polyethylene glycol. Statistically significant differences within each
genus across treatments according to Kruskal-Wallis and Dunn post-hoc tests are indicated by different letters (P < 0.05). BBCH 37-39, stem elongation stage; BBCH 75-77, grain filling state; OF,
organic farming; CF, conventional farming.
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protective and signaling roles. These include SMGCs encoding

siderophore biosynthesis, detected in genomes of A. humicola, both

Priestia strains (P. aryabhattai, P. megaterium), and all four

Streptomyces strains (S. nigrescens, S. resistomycificus, S. rishiriensis,

S. tauricus). SMGCs associated with arylpolyene biosynthesis were

found in the genomes of the proteobacteria P. poae, R. alamii, R.

viscosum and the actinobacteria R. fascians. SMGCs associated with

melanin production were found only in the genomes of S.

resistomycificus and S. tauricus.

To collect in vitro evidence for PGP traits, members of the DT-

SynCom were tested for different traits (Figure 4; Supplementary

Figure 2B, Supplementary Material S7_pgpt_experimental_data).

Most Actinobacteria strains showed cellulose degrading activity with

the highest activities for S. tauricus, S. resistomycifus and S. rishiriensis.
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In contrast, none of the Firmicutes, Proteobacteria or Rhodococcus

fascians (belonging to Actinobacteria) showed cellulose degrading

activity (Figure 4; Supplementary Figure 2B). All DT-SynCom

members except Pseudomonas poae showed chitinase activity.

Highest activity was displayed by S. nigrescens. All DT-SynCom

species solubilized phosphate in vitro (Figure 4; Supplementary

Figure 2B). A majority of species from phylum Proteobacteria were

strong phosphate solubilizers (with halo formation on selective media)

as were three Actinobacteria species: Streptomyces nigrescens,

Streptomyces resistomycifus, and Streptomyces rishiriensis (Figure 4;

Supplementary Figure 2B). Rhizobium spp. appear to be weak

phosphate solubilizers while both Firmicutes taxa (Priestia spp.) were

moderate phosphate solubilizers. Weak (Arthrobacter humicola) to

moderate siderophore biosynthesis activity was detected in all other
FIGURE 3

(A) Taxonomic tree of the bacterial strains selected for the Drought-Tolerant Synthetic bacterial Community (DT-SynCom) for barley. Species
identifiers are NCBI taxonomic IDs of closest known strains based on partial 16S rDNA homology. (B) Heatmap showing mean distances (in mm) as
measured in a pairwise growth challenge assay on solid agar media for all possible pairs of strains. Negative distances indicate pairs growing into
one another.
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Actinobacteria species except for Streptomyces spp. (Figure 4;

Supplementary Figure 2B). Both species from genus Priestia (phylum

Firmicutes) as well as a majority of the species from phylum

Proteobacteria also displayed weak siderophore biosynthetic activity.

Phyllobacterium loti and Pseuodomonas poae both showed moderate

siderophore biosynthetic activity as indicated by their ability to grow on

selective media with accompanying surface discoloration (Figure 4;

Supplementary Figure 2B). Besides four species (Aeromicrobium

ginsengisoli, Priestia aryabhattai B8W22, Mesorhizobium ciceri,

Phyllobacterium loti) all consortium members showed ACC

deaminase activity in vitro (Figure 4; Supplementary Figure 2B).

Rhodococcus fascians, Streptomyces rishiriensis, Streptomyces tauricus,

and Rhizobium alamii showed strong ACC deaminase activity, with the

rest showing moderate activity. IAA biosynthesis was found in all

species except Mycolicibacterium montmartrense (Actinobacteria),

Rhodococcus fascians (Actinobacteria), Mesorhizobium ciceri

(Proteobacteria), Phyllobacterium brassicacearum (Proteobacteria).
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3.5 In vitro effects of DT-SynCom member
application on seed germination and early
growth

To test the effects on barley seed germination and seedling

growth in vitro, seeds were treated with individual DT-SynCom

strains and grown in vitro in a growth chamber for four days.

None of the strains inhibited the germination of barley seeds

(Figure 5). Treatment with Aeromicrobium ginsengisoli increased

root biomass in seedlings (Figure 5A) while decreasing leaf moisture

content (Figure 5F). Inoculation with Pseudomonas poae decreased

leaf biomass (Figure 5B), root length (Figure 5C), and leaf length

(Figure 5D). Inoculation with Rhodococcus fascians decreased leaf

length (Figure 5D) and increased leaf moisture content (Figure 5F).

Application of Rhizobium viscosum decreased leaf length

(Figure 5D). None of the strains affected root moisture content in

a statistically significant manner (Figure 5E).
TABLE 2 Bacterial genome assembly and annotation metrics of 16 barley rhizosphere isolates composing the DT-SynCom.

Species
Genome size/N50/GC

content (%)
Contigs

Completeness (%)
Illumina/Nanopore

Coverage
Illumina/Nanopore

#
Proteins

Actinobacteria

Aeromicrobium
ginsengisoli

4.1 Mb/4.0 Mb/69 2 99.48 63/265 4069

Arthrobacter humicola 5.0 Mb/4.8 Mb/65 2 99.71 59/574 4578

Mycolicibacterium
montmartrense

7.6 Mb/7.4 Mb/67 2 100.00 38/204 7310

Rhodococcus fascians 5.4 Mb/4.4 Mb/65 3 99.94 56/409 5087

Streptomyces nigrescens 9.3 Mb/9.3 Mb/71 2 99.91 32/248 7990

Streptomyces
resistomycificus

10.9 Mb/10.8 Mb/70 3 99.89 24/186 9473

Streptomyces rishiriensis 9.5 Mb/9.3 Mb/71 2 100.00 28/147 8252

Streptomyces tauricus 10.1 Mb/10.1 Mb/71 1 99.70 NA/241 8698

Firmicutes

Priestia
aryabhattai B8W22

5.6 Mb/5.4 Mb/38 10 99.43 68/311 5654

Priestia megaterium
NBRC 15308

6.0 Mb/5.4 Mb/38 14 99.43 61/379 6082

Pseudomonadota

Mesorhizobium ciceri .64 Mb/6.4 Mb/63 1 99.51 50/84 6128

Phyllobacterium
brassicacearum

5.6 Mb/3.7 Mb/57 3 100.00 57/270 5495

Phyllobacterium loti 6.2 Mb/4.4 Mb/56 4 100.00 41/76 6223

Pseudomonas poae 5.5 Mb/5.5 Mb/61 1 99.77 46/84 4748

Rhizobium alamii 7.8 Mb/4.6 Mb/60 3 99.38 34/54 7591

Rhizobium viscosum 7.5 Mb/4.6 Mb/60 14 99.38 36/218 7263
fr
Species names are those of best matches identified on the basis of partial 16S rDNA phylogeny. “lc” – longest contig is circular; “lnc” – longest contig is not circular. Unit “K” is thousands. Values
in column “Coverage” apply for Illumina and Nanopore. Completeness was calculated using CheckM. Isolate Streptomyces tauricus was assembled using only long reads; other samples were
assembled using both long and short reads.
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Similarly to germination study, seedling inoculation with

individual strains did not result in seedling growth inhibition

(Figure 6). Inoculation with Streptomyces resistomycificus

increased leaf moisture content while treatment with

Mesorhizobium ciceri decreased it (Figure 6F). Root moisture

content was increased after the treatment with Rhodococcus

fascians, Streptomyces resistomycificus, Streptomyces tauricus,

Phyllobacterium brassicacearum, Rhizobium alamii (Figure 6E).

None of the strains affected root and leaf biomass, or root and

leaf length in a statistically significant manner (Figures 6A–D).
3.6 Greenhouse trial for the evaluation of
barley growth and drought tolerance after
DT-SynCom application

Severe wilting of barley under drought as measured by differences

in first leaf angle was attenuated by treatment with DT-SynCom

(Figure 7). Effects of DT-SynCom on barley when watered sufficiently

(control) or exposed to 2 weeks drought (drought) was tested

subsequently (Figure 8). Leaf length increased but leaf dry weight

decreased in the DT-SynCom treatment in the control conditions

(Figures 8C, F). Under drought, DT-SynCom application tended to

increase leaf length, but the difference was not significant.

Additionally, DT-SynCom application contributed to an increase in

leaf dry weight during drought stress (Figures 8C, F); this appears to
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be statistically insignificant potentially due to the presence of an

outlier. In general, drought stress caused a strong reduction of leaf

biomass with SynCom application attenuating this reduction but not

in a statistically significant manner (Figure 8F). Application of

SynCom did not show significant differences in lead count (Figure

8A), number of yellow leaves (Figure 8B), plant height (Figure 8D) or

root dry weight (Figure 8E).
4 Discussion

In this study, we assembled a drought-tolerant synthetic

bacterial community (DT SynCom) for barley. It comprises

sixteen strains isolated from barley rhizospheres that, according

to genome sequencing, in vitro characterization and inoculation

tests, complement each other in their potential to support the

drought tolerance of barley.
4.1 Advantages and challenges of
constructing a drought-tolerant synthetic
community

The synthetic microbial communities (SynCom) is an emerging

approach, designed to study plant microbe interaction in a way that

more closely mimics plant microbiome (under controlled
FIGURE 4

Potential plant growth promoting traits (PGPTs) detected by barley DT-SynCom genome annotation and observed by in vitro activity assays.
Numbers indicated number of genes associated with that particular PGPT. Colored boxes indicate whether PGPT activity was measurable by in vitro
assay. Grey - no in vitro assay performed; green - activity detected; orange - no activity detected. Phyla are indicated in brackets before species
names: Act - Actinobacteria, Fir - Firmicutes, Pro - Proteobacteria.
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conditions). Compared to single strain inoculations, using multiple

strains has shown to significantly improve the effect on quantitative

plant traits (Yang et al., 2021), which might be explained by

synergistic effect on plant growth promotion (Azarbad and

Junker, 2024). In the context of drought stress, using multiple

strains can offer a range of drought-mitigating mechanisms and

may be more resilient than relying on a single strain, ultimately

enhanc ing p l an t drough t to l e r ance and expand ing

research possibilities.

One of the most important decisions when designing a SynCom is

the choice of its size, which mainly depends on the aim of the study to

be performed. Larger SynComs attempt to build a microbial

community which represents the whole microbiome. They usually

consist of a few hundred strains that are representative of the original
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phylogenetic diversity (Bai et al., 2015), thus increasing functional

diversity, however the large size impairs the reproducibility of the

SynCom (Xu et al., 2025). In a low-complexity SynCom, such as the

DT-SynCom, representativeness is reduced to most commonly two to

30 strains per consortium (Xu et al., 2025). Using a lower number of

strains may increase experimental reproducibility, causality, and allow

for a more accurate analysis of microbe-plant interactions (Vorholt

et al., 2017). For example, using a low complexity SynCom enables the

monitoring of individual strain abundancies and their activities (Jorrin

et al., 2024). The results so far indicate that DT-SynCom induces

drought tolerance in barley.

When designing a SynCom for drought stress tolerance, strain

compatibility is an important factor to exclude possible antagonism

or strain competition for resources. To ensure that none of the
FIGURE 5

In vitro germination effects of DT-SynCom members on barley seeds. Individual DT-SynCom members were applied to barley seeds, and the
seedlings were grown in vitro for four days. Root and leaf biomass (A, B), root and leaf lengths (C, D) and moisture contents (E, F) were estimated at
harvest. Asterisks indicate difference to control (no inoculation) value according to ANOVA, with * P < 0.05 and ** P < 0.01.
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bacterial strains, such as the members of Streptomyces (Schrey et al.,

2012) were strong producers of antimicrobials, interbacterial

antagonism was tested and found to be negligible, at least in vitro.

Although reporting on pairwise strain compatibility in SynComs is

rare (Marıń et al., 2021), the near total absence of antagonism

observed between strains in this study (Figure 3B) appears to be

consistent with similar behavior reported in strains from wheat (Ijaz

et al., 2019). Given that the DT-SynCom strains were selected from

the field where it is very likely that their habitats in the rhizosphere

overlap, it is also therefore likely that antagonistic pairs would have

already been selected out of the rhizobial community. This

observation is also consistent with the reporting that, in

SynComs, negative interactions were more predominant between

species from different kingdoms and positive (or non-negative
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interactions) more predominant in interactions between species

from within the same kingdom (Durán et al., 2018).
4.2 Effects of DT-SynCom on early barley
growth and drought tolerance

Our in vitro tests on early seedling growth (Figure 6) showed

that individual strains had either no effect, or a positive effect, on

plant growth. This raises the question of the effect of the individual

strains upon barley hosts under drought. Previous reports present a

very mixed picture regarding the effects of applying single strains

from consortia individually upon the same host species. For

example Yin et al. (2022), showed that while seven different
FIGURE 6

In vitro growth effects of DT-SynCom members on barley seedlings. Individual DT-SynCom members were applied to five days old barley seedlings,
and the seedlings were grown in vitro for five days. Root and leaf biomass (A, B), root and leaf lengths (C, D) and moisture contents (E, F) were
estimated at harvest. Asterisks indicate difference to control (no inoculation) value according to ANOVA, with * P < 0.05 and ** P < 0.01.
frontiersin.org

https://doi.org/10.3389/fbrio.2025.1572294
https://www.frontiersin.org/journals/bacteriology
https://www.frontiersin.org


Rigerte et al. 10.3389/fbrio.2025.1572294
SynComs reduced the wheat rot disease caused by Rhizoctonia

solani AG8, inoculation with SynComs were not significantly better

in this regard in comparison to inoculation with individual strains

from these SynComs. Similarly, Minchev et al. (2021) reported that

while the application of a SynCom reduced tomato root and foliar

diseases, it was not more effective than inoculation with the most

successful single strain from the consortium. Contrarily, Berendsen

et al. (2018) tested the ability of single strains or their mixtures to

induce stress response against foliar Hpa infection in Arabidopsis

thaliana hosts and showed that while none of the single strains

significantly reduced Hpa spore production, a three-strain

consortium exhibited a stronger protective effect by significantly

lowering spore numbers compared to non-colonized control plants.

Likewise Fujiwara et al. (2016), demonstrated that single strain

inoculations were not effective against the fungal phytopathogen

Fusarium oxysporum, whereas paired strains were. It has also been

argued by Jansson et al. (2023) that since multi-species
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communities have been studied for a much shorter time than

single-strain inoculants, a direct comparison of the two

approaches may not be instructive due to irreconcilable biases

present in existing data and studies. In the context of drought

tolerance, it appears that the effectiveness of single strain vs.

SynCom application may be further confounded by the level of

drought stress, as evidenced by the findings of Gao et al. (2024) who

reported that, in pot experiments with Neopallasia pectinate, while

single strains were better than SynComs at promoting plant growth

under no water stress, the opposite was true for moderate water

stress (35% WHC). We were unfortunately unable to examine this

issue in our study due to logistical and resource constraints, as

therefore posit that a pattern of effectiveness of SynCom application

(as compared to single strain application) as observed by Gao et al.

(2024) is to be expected with our SynCom also.

To investigate whether and to what extent each bacterial strain

of the DT-SynCom contributes to plant drought tolerance in a
FIGURE 7

Synthetic community application reduces wilting in barley. (A) Average leaf angle of the first three leaves of barley seedlings. Different letters indicate
statistically significant differences between treatments (p < 0.05, ANOVA and Tukey HSD test); a corresponds to more wilted leaves, while b
corresponds to less wilted leaves. (B) Example of corresponding wilting/wilted phenotype in the drought treatment without and with DT-SynCom.
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community context, drop-out experiments can be performed

(Carlström et al., 2019). For this purpose, each bacterium should

be dropped out individually from the initial inoculum. Such studies

have been performed in the Arabidopsis system with root and leaf

bacteria and have proven to be valuable. For example, they have

shown how the assembly of the leaf bacterial community is subject

to priority effects and how, for example, missing strains can invade

an already established microbiota (Carlström et al., 2019). In the

context of plant phosphate nutrition, they have shown how, in the

absence of a particular taxon of the SynCom, plant shoots
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accumulate higher levels of orthophosphate (Pi) than shoots

colonized with the full SynCom (Finkel et al., 2019). In short, an

important direction to explore is the testing of different

SynCom compositions.

The main indicator of the effectiveness of this SynCom in

mitigating drought stress in this study is reduced leaf wilting in the

hosts (Figure 7). How DT-SynCom achieves reduced wilting in barley

is not yet clear, although the trait spectrum and gene repertoire of the

bacteria provides material for hypotheses to be tested. The effects on

plant gene expression by wilting are complex, involving hundreds to
FIGURE 8

The effects of drought stress (Drought) and addition of the DT-SynCom (SynCom) on barley. Barley was grown with and without DT-SynCom in
potting soil for 3 weeks, followed by 2 weeks of reduced watering for half of the pots. (A) Leaf count, (B) number of yellowed leaves, (C) leaf length,
(D) plant height, (E) root dry weight, and (F) leaf dry weight were measured at harvest thereafter. Different indicate differences according to ANOVA
and Tukey HSD test (P < 0.05). Bar heights and whiskers represent means and standard deviations respectively. Treatments that share a letter are not
significantly different from each other.
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thousands of genes (Devi et al., 2015), and future work should use RNA

sequencing to compare the wilted and DT-SynCom leaves. For a better

understanding of the system, this should be accompanied by light

microscopic analysis of the leaves and transpiration measurements.

Wilting is essentially a passive motion that reduces exposed leaf

area to reduce water consumption and is triggered by loss of turgor

pressure in the cells (Fang and Xiong, 2015). This suggests that

application of the SynCom potentially enhanced water availability

in the hosts. In general, bacteria can improve plant drought

tolerance through various traits that enhance water retention,

root growth and stress resistance (Ojuederie et al., 2019; Xu et al.,

2025). Among the relevant PGPTs, ACC deaminase likely plays an

important role in mitigating leaf wilting as it can prevent excessive

ethylene accumulation, which is a plant phytohormone well known

for hastening leaf senescence and, in the process, leaf wilting (Lim

et al., 2007) and plant growth promoting bacteria possessing ACC

deaminase have been demonstrated to delay wilting in tomato hosts

(Taiwo and Akintokun, 2025). However, ethylene is also an

important signaling molecule in plant stress responses, playing a

role in adaptive mechanisms such as root growth modulation and

stomatal regulation. Therefore, rather than completely inhibiting

ethylene production, bacterial ACC deaminase here may help fine-

tune ethylene levels, preventing premature senescence while still

allowing necessary stress signaling. This balance can be crucial to

increase plant drought tolerance. Likewise, strains carrying genes

for IAA biosynthesis were also of relevance as this trait would help

enhance water transport to and through the roots (and thereby

water availability in the leaves) by affecting auxin dynamics in the

host (Roychoudhry and Kepinski, 2022). Finally, phosphate

solubilization and transport are also relevant to leaf wilting as

phosphate availability affects virtually every facet of plant health

(López-Bucio et al., 2002). These PGPTs were found in the

following 8 SynCom strains: M. montmartrense (Actinobacteria),

R. fascians (Actinobacteria), S. resistomycificus (Actinobacteria), S.

rishiriensis (Actinobacteria), S. tauricus (Actinobacteria), P. poae

(Pseudomonadata), R. alamii (Pseudomonadata), and R. viscosum

(Pseudomonadata). As none of these strains are Firmicutes, it is

presumably possible that Firmicutes bacteria do not predominate in

the mechanisms that prevent leaf wilt under drought stress. Our

recent work also suggests that general stress resistance may be

induced by DT-SynCom. It primes plant defense systems and

improves resistance to powdery mildew infection (Corina Vlot,

Anna Sommer, L.R., unpublished).
4.3 Selection of DT-SynCom members and
their genomic traits relevant to drought
stress

As suggested by Jing et al. (2024), the assembly and

reconstitution of the barley DT-SynCom was based not only on

broad taxonomy, but also on the final properties of the strains,

namely the abundance patterns in amplicon sequencing analysis,

related taxonomic identities and the functional traits of the bacteria.

The DT-SynCom members were not only associated with ASVs,
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under ambient climate in the GCEF (Breitkreuz et al., 2021a) and

more abundant under low soil moisture in a greenhouse pot

experiment with soil from Bad Lauchstädt (Breitkreuz et al.,

2021b), but they also expressed osmotic stress tolerance and

potential plant growth promoting activities in vitro.

We expected that a similar bacterial growth rate is important to

achieve similar numbers and resource use by bacterial cells of each

isolate in the consortium. For this reason, some potentially

interesting isolates, such as Leclercia adecarboxylata,

Pseudomonas donghuensis, and Streptomyces canus were excluded

due to very low growth rates. In general, the DT-SynCom from this

study is largely consistent with the “reductionist”-style SynComs

reported in literature (Liu et al., 2019; Qi et al., 2022; Liu et al., 2019;

Qi et al., 2022) with both its approach in terms of construction (e.g.,

choice of culturing media), composition (16 strains in comparison

to the median 13.5 strains), and diversity (mainly comprising

Proteobacteria, Actinobacteria, and Firmicutes) (Marıń et al.,

2021) Although SynComs reported in literature appear to be

enriched for genus Pseudomonas (Marıń et al., 2021) the DT-

SynCom of this study is enriched for genus Streptomyces.

In our drought tolerance SynCom we identified the following

four major functional groups that each contribute to plant resilience

through different mechanisms: 1) stress mitigation and hormonal

regulation (ACC deaminase, IAA biosynthesis), 2) Nutrient

acquisition and osmotic regulation (phosphate solubilization and

transport), 3) resource mobilization (cellulose and chitin

degradation, 4) iron acquisition and oxidative stress protection

(siderophore solubilization and transport) (Figure 4). These

groups highlight the potential of our SynCom to improve drought

tolerance in barley by helping to regulate plant hormones, improve

nutrient uptake, promote microbial interactions and enhance stress

resistance. The genes for IAA biosynthesis were found in all 16

genomes (Figure 4), suggesting an increased auxin production

capacity of the SynCom. The ability of IAA-producing

rhizobacteria to promote root growth, increase lateral root

formation, enhance water and nutrient uptake, and contribute to

coleoptile elongation has been well studied (Park et al., 2021;

Metoui Ben Mahmoud et al., 2020; Spaepen et al., 2007;

Ahumada et al., 2022), supporting the role of IAA-producing

bacteria in plant drought resistance (Etesami and Glick, 2024).

Phosphate solubilization and transport gene groups were another

two important groups identified in all 16 genomes. Phosphorus is

the second most limiting macronutrient for crop growth after

nitrogen, and low levels of soluble phosphate can lead to plant

phosphorus deficiency even in soils with adequate total phosphate

(Gyaneshwar et al., 2002). Drought stress has been shown to reduce

plant phosphorus levels in a variety of soils and plant species

(Nagatoshi et al., 2023), highlighting the potential of DT-SynCom

to alleviate plant drought stress in a variety of ways. Additionally,

genes for siderophore biosynthesis and transport were also present

in all 16 genomes. Although this trait does not directly enhance

drought tolerance, it can still support plant growth by alleviating

iron deficiency and supporting physiological and biochemical

processes in plants under stressed soil conditions (Xu et al., 2021).
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4.4 Impact of barley growth stage on
bacterial isolates of the culture collection

In the original barley rhizosphere culture collection, several 16S

rDNA affinities were found from both growth stages of barley, suggesting

that they may be able to colonize the rhizosphere throughout plant

development. Such potentially rhizosphere-competent and resilient

bacteria could make an important contribution to the synthetic

consortium (Amaya-Gómez et al., 2020; Karimi et al., 2022). Indeed,

the DT-SynCom includes 7 isolates Mesorhizobium ciceri,

Phyllobacterium brassicacearum, P. loti, Priestia aryabhattai,

Rhizobium viscosum, Rhodocccus fascians and Streptomyces rishiriensis,

that were plated on agar from both growth stages.
4.5 The barley rhizosphere microbiome in
the context of wheat-associated microbial
diversity

The barley rhizosphere bacterial culture collection was obtained

from the same field experiment and in the same manner, on

Pikovskaya agar with tricalcium phosphate, as that described for

wheat (Breitkreuz et al., 2020), and not surprisingly, the 16S genera of

the strains in the barley collection were similar to that earlier report.

Strains of Phyllobacterium, Streptomyces, and Pseudomonas are

abundant in both culture collections. However, while Pseudomonas

isolates were more abundant in the wheat rhizosphere particularly in

the stem elongation stage, Phyllobacterium spp. were more abundant

at this stage in barley rhizosphere. Phenotypic differences between

isolates, host developmental stage and land use type related

differences in osmotic stress tolerance of the bacterial strains

themselves were also observed (Table 1). The earlier 16S rDNA

amplicon sequencing analysis of the same rhizosphere samples in the

field (Breitkreuz et al., 2021a) also identified host developmental stage

and land use as strong drivers of barley rhizosphere community

composition, supporting the representation patterns of the strains in

the barley and wheat (Breitkreuz et al., 2020) culture collections.
4.6 Future perspectives and limitations of
the current study

Detection and isolation of several drought-enriched taxa from barley

rhizosphere may provide plants with drought-tolerant traits that can

improve barley drought resilience and our findings showed its

effectiveness in reduced leaf wilting in the hosts (Figure 7), however

while our experiments were conducted in a reproducible manner,

controlled conditions and sterile seeds were used for the growth assays

and pot experiments, thereby limiting the ability to direct our findings to

real soil environments. We have shown here the production of indole-3-

acetic acid, which stimulates root growth and increases water uptake.

With the DT-SynCom application we found no changes in root biomass

and no apparent changes in root architecture, including lateral root

formation, but future work in the greenhouse and field should include

analysis of root architecture to investigate this in detail. The consortium
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was made up of strains isolated from the rhizosphere of the cultivar

Antonella, but the barley cultivar used for the experiments was Golden

Promise. Golden Promise is a susceptible cultivar suitable for plant

drought response research, but the study would have benefited from

testing several barley cultivars, including the original host of the isolated

rhizobacteria, to gain a deeper understanding of the effect of the drought-

tolerant bacterial consortium on barley. Further experiments should be

conducted in non-sterile soil, preferably under field conditions, to further

explore the potential of DT-SynCom to improve drought tolerance in

barley. Additionally, testing different SynCom compositions could have

been an interesting direction to explore. For example, a study by Niu et

al. (2017) examined the role of individual strains in a seven-strain

SynCom assembled from maize roots by removing a single strain at a

time. Similarly, Yin et al. (2022) created ten different SynComs from 14

bacterial strains isolated from the wheat rhizosphere and tested their

efficiency to protect wheat form infection by Rhizoctonia solani AG8. In

our study, strains carrying genes for ACC deaminase and IAA

biosynthesis appear to be the most beneficial for plant drought

tolerance. Testing the SynCom with and without these particular

strains could have helped highlight the importance of individual

members within the SynCom.

5 Conclusions

The potential of plant growth promoting bacteria in sustainable

agricultural production has been recognized, mostly for reducing

fertilization or improving plant health, but less frequently for

improving plant drought tolerance. In this study, we provide

evidence that colonization by a drought-tolerant bacterial SynCom

promotes drought tolerance in barley. The introduced bacteria were

obtained from the rhizosphere of barley, cultivated under future

drought conditions and whole genome annotation revealed the

presence of genes that translate into plant support. Screening for

plant growth promoting traits (such as ACC utilization, IAA

production, cellulose and chitin degradation and siderophore

production) confirmed the expression of plant-beneficial activities.

Strain-by-strain testing on barley showed no inhibition of barley

growth or germination, while greenhouse experiments suggested

SynCom’s ability to reduce barley leaf wilting under drought

conditions. Further experiments are now being carried out to

investigate and optimize the interactions between barley and DT-

SynCom. Key remaining questions include how many members of

the DT-SynCom are present during evoked barley drought tolerance

and what their molecular phenotypes are (Jorrin et al., 2024). As the

DT-SynCom contains both mineral phosphate solubilizing and

siderophore-producing strains, as well as strains capable of

degrading chitin and cellulose, their potential involvement in

rhizosphere carbon and nutrient cycling shall also be investigated.
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Amaya-Gómez, C. V., Porcel,M., Mesa-Garriga, L., andGómez-Álvarez,M. I. (2020). A
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