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Water deficit tolerance is critical for plant fitness and survival, especially when successive

drought events happen. Specific soil microorganisms are however able to improve plant

tolerance to stresses, such as those displaying a 1-aminocyclopropane-1-carboxylate

(ACC) deaminase activity. Microorganisms adapted to dry conditions can be selected

by plants over time because of properties such as sporulation, substrate preference,

or cell-wall thickness. However, the complexity and interconnection between abiotic

factors, like drought or soil management, and biotic factors, like plant species identity,

make it difficult to elucidate the general selection processes of such microorganisms.

Using a pot experiment in which wheat and barley were grown on conventional

and organic farming soils, we determined the effect of water deficit history on soil

microorganisms by comparing single and successive events of water limitation. The

analysis showed that water deficit strongly impacts the composition of both the total

microbial community (16S rRNA genes) and one of ACC deaminase-positive (acdS+)

microorganisms in the rhizosphere. In contrast, successive dry conditions moderately

influence the abundance and diversity of both communities compared to a single dry

event. We revealed interactive effects of the farming soil type and the water deficit

conditioning treatment. Indeed, possibly due to better nutrient status, plants grown

on soils from conventional farming showed higher growth and were able to select

more adapted microbial taxa. Some of them are already known for their plant-beneficial

properties like the Actinobacteria Streptomyces, but interestingly, some Proteobacteria

were also enriched after a water deficit history under conventional farming. Our approach

allowed us to identify key microbial taxa promoting drought adaptation of cereals, thus

improving our understanding of drought effects on plant-microbe interactions.

Keywords: drought legacy, ACC deaminase, PGPR, organic and conventional farming, wheat, barley, acdS gene,

amplicon sequencing
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INTRODUCTION

Plants interact with a large diversity of microorganisms in
soils, especially in the rhizosphere, the zone directly influenced
by the roots. The microbial communities differ between plant
species or genotypes and may have various effects on plant
health (Raaijmakers et al., 2009; Berendsen et al., 2012). To
deal with different stressors, plants recruit beneficial microbes
into their rhizospheres (Naylor and Coleman-Derr, 2018),
which are summarized as plant growth-promoting rhizobacteria
(PGPR). The action spectrum of these PGPR comprises
a range of functional traits including biofertilization, root
growth stimulation, pathogen suppression, rhizoremediation,
and induction of systemic resistance. These processes often are
the result of modifications in plant hormone production levels
(Lugtenberg and Kamilova, 2009; Vacheron et al., 2013; Backer
et al., 2018). Ethylene is a phytohormone that plays a central role
in plant development and plant responses to stress conditions,
especially at the root level (Tanimoto et al., 1995; Mattoo and
Suttle, 2017). Since ethylene biosynthesis increases in response
to environmental biotic and abiotic stresses, the production of
ethylene can serve as an indicator of the susceptibility of plants to
different stressors (Morgan and Drew, 1997; Balota et al., 2004).
Lowering ethylene concentrations in stressed plants, the enzyme
1-aminocyclopropane-1-carboxylate (ACC) deaminase encoded
by the acdS gene in some PGPR, degrades the ethylene precursor
ACC to ammonia and α-ketobutyrate (Glick, 2005, 2014). This
microbial ACC deaminase-based reduction of plant stress has
already been demonstrated for different environmental stressors,
such as flooding, drought, heat, cold, pathogen colonization, as
well as high concentrations of salt, heavy metals, and organic
pollutants (Gamalero and Glick, 2012).

In relation to the present global change, drought events are
predicted to increase in frequency and intensity (Spinoni et al.,
2018; Hari et al., 2020), which will have significant impacts
on plant production as well as on biogeochemically relevant
soil processes (Fahad et al., 2017; Canarini et al., 2021). Plants
produce increased amounts of ethylene upon imposition of
drought stress, and thereby, stress susceptible plants produce
higher levels of ethylene than stress-tolerant ones (Balota et al.,
2004). The stress releasing action of ACC deaminase containing
(acdS+) PGPR strains is based on a negative influence on ethylene
production on plant growth combined with the support of
the antioxidative systems of the plant (Jaemsaeng et al., 2018;
Gowtham et al., 2020; Murali et al., 2021). At the functional
level, extensive literature exists on the positive effect of the
inoculation of acdS+ PGPR strains to increase drought tolerance
and mitigate drought stress in plants (e.g., Arshad et al., 2008;
Shakir et al., 2012; Danish et al., 2020). However, these studies
have been performed with a limited set of bacteria, whereas
in nature plants are constantly interacting with a multitude
of microorganisms with different functional properties. Plant
and microbe partners involved in these interactions form the
holobiont, which is considered as being the unit of selection
in evolution (Zilber-Rosenberg and Rosenberg, 2008) driving
acclimation and/or adaptation processes, especially under
stress pressure.

Under drought conditions, plants exhibit an altered carbon
allocation and root exudate composition (Sanaullah et al., 2012;
Gargallo-Garriga et al., 2018), which results in the restructuring
of rhizosphere microbial communities (Berg and Smalla, 2009;
Santos-Medellín et al., 2017; Zhalnina et al., 2018; Canarini
et al., 2021). Members of these restructured plant-associated
microbiota can contribute to plant survival by fostering short-
term acclimation through the production of phytohormones or
exopolysaccharides (direct response) and long-term adaptation
(after several plant growth cycles) to drought stress through the
selection of an adapted microbial community (Lau and Lennon,
2012; Marasco et al., 2012; Vurukonda et al., 2016). Drought
history, i.e., the consequences of recurrent drought events, may
affect soil processes or plant performance via the impact on the
soil microbial community (Canarini et al., 2021; Munoz-Ucros
et al., 2022). The impact of drought history has been analyzed
in terms of resistance (the ability of the community to tolerate
the disturbance) and resilience (the ability of the community
to recover from the disturbance after rewetting; Griffiths and
Philippot, 2013) after short periods of drought (de Nijs et al.,
2019; Veach and Zeglin, 2020; Leizeaga et al., 2021). The
processes of resistance and resilience concern rapid responses
during or directly following the stress. In contrast, long-term
adaptation to stress implies the selection of adapted microbial
communities harboring beneficial functions after recurrent stress
events in order to better tolerate subsequent stress (Evans et al.,
2014; Bastida et al., 2017). In this context, the role of the selection
of adapted PGPR to support the plant under stress is unclear.

Plant–soil feedback describes the relative growth of a plant
in its own conspecific soil, compared to its growth with
heterospecific soil that has been conditioned by another plant
species (Bever et al., 1997). Plant–soil feedback (PSF) occurs
when plants alter soil properties such as nutrient availability or
secondary metabolite spectra, but also modify plant-associated
microbial communities (Bennett and Klironomos, 2019). PSF
has traditionally been studied in greenhouse experiments and
without considering abiotic or biotic drivers, although it has
lately become evident that changes in the environment can
affect both the strength and the direction of the PSF (De
Long et al., 2019). For instance, the previous drought can not
only modify PSF, affecting con- and heterospecific plant growth
responses and mediating drought legacy effects on microbial
communities, but also influence plant and microbial responses to
subsequent drought (Kaisermann et al., 2017). By influencing the
abundance and composition of plant beneficial microorganisms,
for instance, that of the acdS+ population, plant-soil feedback
and drought history could influence plant growth. Thus, a direct
link between water deficit history effect on acdS+ plant-beneficial
microbial communities and increased plant drought resistance
remains to be substantiated (de Vries et al., 2020).

Recently an approach for quantification and characterization
of these PGPR was developed by Bouffaud et al. (2018), which
uses specific PCR primers to target ACC deaminase-producing
microorganisms. The acdS gene is highly conserved among
microorganisms (bacteria and micro-eukaryotes) and is thus
a suitable marker to assess the ACC deaminase functional
communities and dynamics in the context of drought. Studies
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based on this approach have shown that the abundance and
diversity of acdS+ microorganisms were modulated by plant
species and plant genotype (Bouffaud et al., 2018), by field
conditions, and, for maize, by the plant developmental stage
(Renoud et al., 2020) as well as by soil depth (Gebauer et al.,
2021). What is missing so far, is an analysis of the impact of water
deficit on acdS+ communities under different farming systems.
The α-diversity of microbial communities in organic farming
systems is often described to be higher than that in conventional
farming systems (Hartmann et al., 2015; Lupatini et al., 2017;
Harkes et al., 2019), which increases the potential of the PGPR
community to support plant growth in this land-use system (Hole
et al., 2005; Jangid et al., 2008; Gomiero et al., 2011). Enriching
acdS+ microorganisms in the rhizosphere represents an efficient
means of stimulating plant growth during abiotic stress (Glick,
2014). Thus, an investigation of how the history of water deficit
influences acdS+ gene community abundance and composition,
and how this is related to agricultural management may provide
essential insights into the potential of acdS+ soil bacteria to
maintain crop production in the context of global change.

With respect to earlier studies on acdS gene markers, and
since drought history experiments have shown that legacy effects
interact with abiotic and biotic drivers (Kaisermann et al.,
2017; Bennett and Klironomos, 2019; Canarini et al., 2021), we
investigated here how the presence of cereals, cereal species,
and farming systems modulate the legacy effect of water deficit
on the acdS+ microbial community. To this end, we set up a
pot experiment using Chernozem soil collected at conventional
and organic farming plots of the experimental platform Global
Change Experimental Facility (GCEF; Schädler et al., 2019)
(Figure 1). Wheat (Triticum aestivum L.), as the first, and
diploid barley (Hordeum vulgare L.) as the fifth most extensively
cultivated cereal crop worldwide (www.fao.org/faostat), were
chosen as model systems. The aim of the current study was
to examine the impact of soil water deficit history, i.e., history
of water scarcity, on the microbial community composition of
wheat and barley grown under water deficit in a second year.
For this approach, we analyzed both (i) the total prokaryote
community using 16S rRNA gene amplicon sequencing (Illumina
MiSeq) as well as (ii) the abundance and community composition
of the functional group of acdS+ microorganisms (qPCR and
Illumina MiSeq).

This work was based on three hypotheses. We first
hypothesized that the presence of plants stimulates the selection
of microbial communities and was further driven by water deficit
history. We expected positive PSF in con-specific soil (wheat
in the first and the second year of the experiment), assuming
that with the same plant, the microbial community is already
selected to dry conditions and niches in the rhizosphere that were
present during the first period of water deficit will also be present
during the second period of water deficit. Our second hypothesis
was raised by the fact that bacterial diversity is expected to be
higher under organic farming that represents limited resources
but provides more niches (Thakur et al., 2020) and a broader
functional pool of soil microorganisms to cope with drought
stress. It stated that water deficit history modifies the microbial
community assembly and that this effect is stronger in organic

farming. Last, the third hypothesis was raised by reports on
plant beneficial community selection by the rhizosphere (Mendes
et al., 2014; Yuan et al., 2018). We hypothesized that the
interaction between the history of water deficit and farming
systems particularly impacts the acdS+ community composition
in the rhizosphere and selects taxa adapted to dry conditions.

MATERIALS AND METHODS

Soil Collection and Experimental Design
The pot experiment was conducted over two complete vegetation
periods, a conditioning phase in the first year and an application
phase in the second year (Figure 1). The experimental setup of
the conditioning phase has been published in Breitkreuz et al.
(2021). Briefly, the soil was collected from the upper 15 cm
of organic (OF) and conventional (CF) farming plots of the
Global Change Experimental Facility (GCEF, Schädler et al.,
2019) at the UFZ field research station in Bad Lauchstädt, Central
Germany [51◦2393599N 11◦5295599E, 118m above sea level,
average annual temperature: 9.7◦C (1993 to 2013)]. The soil
type at the research station is a fertile, loamy Haplic Chernozem
(Altermann et al., 2005). The organic and conventional farming
systems were implemented in autumn 2013. The conventional
management comprises a rapeseed-wheat-barley crop rotation
and the application of mineral NPK fertilizer, pesticides, and
plant growth regulators. In contrast, organic management is
conducted according to the EU regulation for organic agriculture
(European Union, 2007), i.e., without applying plant protection
or growth products. Moreover, mineral N fertilizer is replaced
by the inclusion of legumes in the crop rotation (legume-wheat-
barley). Besides the biological nitrogen fixation via legumes,
fertilizers in the organic management are exclusively applied
as rock phosphate and patentkali (K-Mg-S). The pre-adapted
soils were homogenized and sieved (10mm). For the pot
experiment, 9.3 kg Chernozem was weighed in bags, mixed with
fertilizers and water (60% of soil type-specific maximum water
holding capacity;WHC), and filled in 7 L Kick–Brauckmann pots
(STOMA GmbH, Siegburg, Germany). The applied fertilizers
were selected in accordance with the guidelines for conventional
and organic farming. Phosphorus (P), potassium (K), and
nitrogen (N) sources for conventional farming were triple super
phosphate, 60 % K2O (60er Kali), and ammonium nitrate, while
for organic farming they were granulated raw phosphate (Physalg
25), Muriate of potash (patentkali), and urea, respectively. Both
conventional and organic farming pots were equally fertilized
with 2 g N, 1 g P, and 2 g K. Further addition of 0.5 gMg (MgSO4),
0.15 g FeCl3, and a mixture of micronutrients (A–Z solution
by Hoagland and Snyder, 1933) was exclusive for conventional
farming pots.

The pots were first subjected to a conditioning phase,
comprising a four-factorial-design (Breitkreuz et al., 2021).
Briefly, the pots were filled with soil, which originated from
field experiments in Thyrow (Albic Luvisola, sandy soil) and
Bad Lauchstädt (Haplic Chernozem, fertile soil) and was long-
term adapted to either conventional or organic farming systems.
We further decided on two different winter wheat genotypes
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FIGURE 1 | Experimental design. During the conditioning phase (October 2016 to July 2017), pots were filled with soil from the Global Change Experimental Facility

(GCEF) managed under conventional or organic farming. Approimately two-thirds of the pots were planted with winter wheat, and one-third remained unplanted. Half

of the pots were well-watered (60% maximum soil water content; WHC) while the other half were exposed to water deficit conditions (25% WHC), and appropriate

fertilizer was applied for OF and CF (Breitkreuz et al., 2021). Plants were removed in July 2017, and the soil remained in the respective pots till April 2018 at 4◦C. The

application started in April to July 2018, with a water deficit (25% WHC) applied to all pots, and no further fertilization was applied. The pots planted with winter wheat

during the conditioning phase were used to grow summer wheat or summer barley, while the unplanted pots remained with bare soil (n = 5 pots). CD: “single water

deficit,” control and dry conditions, DD: “water deficit history,” dry conditions and dry conditions.

with different site specifications to grow (demanding vs. non-
demanding) and compared them to unplanted pots as control.
Winter wheat was sown with either fungicide-treated seeds per
pot for the conventional farming treatment or 16 untreated
seeds per pot for the organic farming treatment. The pots were
randomly placed on trolleys in a cold greenhouse and kept at
60%WHCover the winter of 2016/17. To guarantee germination,
seeds were initially watered from the top until the plants reached

the three-leaf stage. In March 2017, plants were equally adjusted
to a number of 12 per pot and the watering treatment started.
For this purpose, half of the pots were set to 25% WHC. The
final design was thus: 2 soil types × 2 farming systems × 3
plant treatments × 2 watering systems x 5 replicates of each
treatment = 120 pots. The water content was controlled daily
by weighing the pots and adding the lost water. We observed
that the prokaryotic communities were comparable between the
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two wheat cultivars (Breitkreuz et al., 2021). After the harvest of
wheat plants and bare soil in July 2017, the pots were kept at 4◦C
to preserve the adapted microbial communities. We expected
that the microbial communities would remain stable during the
storage in the cold room, but we are aware that to be absolutely
sure about this, an analysis of pots before and after the storage
would have been important to address this issue.

In April 2018, the application phase started. No further
fertilization was applied to preserve adapted communities from
the conditioning phase. Summer wheat (“Quintus,” approved
18th December 2013, W. von Borries-Eckendorf GmbH & Co.
KG, Germany) and summer barley (“Avalon,” approved 20th
December 2012, Saatzucht Josef Breun GmbH & Co. KG,
Germany) were sown (12 plants per pot) in the pre-adapted
pots from the conditioning phase (Figure 1). Both plants species
are characterized by broad acceptance of cultivation sites and
moderate resistance to drought. The pots were randomly placed
on trolleys in a cold greenhouse. To guarantee germination, the
seeds were initially watered from the top until the plants reached
the three-leaf stage. Thereafter, all pots were subjected to dry
conditions (25% WHC), and water loss was compensated daily
from the bottom. Shortly before sampling, during the flowering
stage in June 2018, above-ground plant heights were determined.

Three plants per pot were harvested to obtain a replicate.
Fresh and dried (at 60◦C) above-ground biomass was recorded.
The soil that was closely attached to the roots, considered the
rhizosphere, was carefully collected by brushing, frozen in liquid
nitrogen, and stored at−80◦C (rhizosphere “wheat” or “barley”).
From each pot without plants (“bare soil”), three soil cores were
pooled, sieved to 2mm, frozen in liquid nitrogen, and stored at
−80 ◦C. A total of five replicates (each composed of the three
pooled rhizosphere or core soils) were analyzed in this study for
each treatment of the application phase. The application phase
treatments were termed after watering treatments applied in the
first and second year: CD (“single water deficit,” control and dry
conditions) and DD (“water deficit history,” dry conditions and
dry conditions).

Construction of 16S rRNA Gene and acdS

Libraries and Sequencing
To analyze the microbial community composition of the
samples, DNA of 400mg soil was extracted (n = 5 for
each treatment) with the DNeasy PowerSoil kit (QIAGEN,
Hilden, Germany) according to the manufacturer’s instructions.
DNA purity and quantity were measured with a NanoDrop
(ThermoFisher Scientific, Waltham, MA, USA) and extracts
stored at −20◦C. The amplification of the bacterial 16S rRNA
gene V4 region was performed with the universal primer pair
515f and 806r (Caporaso et al., 2011), and the partial acdS gene
was amplified using the primers acdSF5 and acdSR8 (Bouffaud
et al., 2018), both in duplicate. Primers were equipped with
Illumina adapter sequences (Nextera XT Index Kit, Illumina,
San Diego, CA, USA). To obtain high-fidelity amplification,
PCR was performed using Kapa Hifi HotStart ReadyMix (KAPA-
Biosystems, Wilmington, MA, USA). The PCR was performed in
a S1000 Thermal Cycler (Bio-Rad Laboratories, Hercules, CA,

USA): Initial denaturation at 95◦C for 5min, followed by 25
cycles of 98◦C for 20 s, 55◦C for 15 s, 72◦C for 15 s−16S rRNA
gene/30 cycles of 65◦C for 10 s, 72 ◦C for 10 s—acdS, and final
elongation at 72◦C for 5min. PCR products were purified using
AMPure XP beads. To assign the sequences to the respective
samples, an index PCR was performed using the Illumina
Nextera XT Index Kit and Kapa Hifi HotStart ReadyMix (KAPA
Biosystems, Wilmington, MA, USA). The indexed PCR was
performed in an S1000 Thermal Cycler (Bio-Rad Laboratories,
Hercules, CA, USA): 8 cycles of 95◦C for 30 s, 55◦C for 30 s, and
72◦C for 30 s. PCR products were again purified with AMPure
XP beads and quantified with Quant-iT PicoGreen dsDNA Assay
Kit (Invitrogen, Life Technologies, Carlsbad, CA, USA) following
the manufacturer’s instructions. For sequencing, samples were
pooled, and the pool’s size and quality were checked with an
Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA,
United States). Paired-end sequencing was performed on 16S
rRNA and acdS libraries using the Illumina MiSeq system. Raw
sequences are accessible in the Short Reads Archive under the
Bioproject PRJNA783187.

Sequence Data Processing
For both amplicon datasets, only reads with the expected
amplification primers were kept, and reads without these primers
were removed from further analysis. Primer sequences of the 16S
rRNA gene amplicons were removed using cutadapt version 1.18.
The obtained sequences were analyzed using dadasnake version.7
(Weißbecker et al., 2020; https://github.com/a-h-b/dadasnake)
which depends on the open-source program R’s (version 3.6.1;
R Core Team 2017) DADA2 package (Callahan et al., 2016). The
16S rRNA gene amplicon reads were truncated to a minimum
base quality of 11 and overall maximum expected error of 5, with
a minimum length of 150 and 100 nt of the forward and reverse
reads. The shorter acdS amplicon reads were truncated to 100
and 90 nt for the forward and reverse reads with a minimum
base quality of 11 and a maximum expected error of 0.7. For
both genes, read pairs were merged with zero mismatches, and
exact sequence variants were determined to be used as ASVs
(Amplicon Sequence Variants). Chimeric reads were removed
using the DADA2 “consensus” algorithm (Callahan et al., 2016).
Subsequently, the 16S rRNA gene amplicon sequence variants
were taxonomically assigned using the mothur implementation
of the ‘Bayesian Classifier’ (Schloss et al., 2009) against the
SILVA database (version 132, non-redundant at 99%; Quast et al.,
2013). The acdS sequences were aligned against an in-house
acdS database extracted from FunGene (Fish et al., 2013) using
BLASTn (version 2.7.1), according to Bouffaud et al. (2018). The
16S rRNA gene amplicons ASVs that were not assigned to the
kingdoms Bacteria or Archaea were removed, and for the acdS
amplicons, ASVs not assigned taxonomically using BLASTnwere
also removed.

Real-Time Quantitative PCR
The 16S rRNA and acdS genes were quantified in all samples
using primers with Illumina linkers for 16S rRNA genes and
linker-free acdSF5/acdSR8 primers for acdS genes (Bouffaud
et al., 2018). For real-time PCR master mix was prepared to
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contain 0.5 µl of each primer with a concentration of 10µM
and ∼20 ng of DNA and made up to a final volume of 15 µl
with 2x iQ SYBR Green Supermix. Amplification was run in the
iCycler iQ5 (Bio-Rad Laboratories) with the following program:
45 cycles of 94◦C for 15 s, 67◦C for 15 s, 72◦C for 15 s−16S rRNA
gene/67◦C for 15 s, 72◦C for 15 s–acdS. The amount of acdS genes
was normalized by the 16S rRNA gene copy numbers according
to the comparative method of Livak and Schmittgen (2001).

Statistics
All statistical analyses and visualizations were performed in R
(version 3.6.1; R Core Team, 2017). Fresh and dry plant weights
were compared using the Kruskal–Wallis test followed by Dunn’s
test, as the data were not normally distributed. The effects of the
different treatments on plant height as well as on the relative gene
expression from qPCR were analyzed using ANOVA followed by
Tukey’s HSD test. Since the relative gene expression datasets were
partly highly skewed, in addition to ANOVA and Tukey tests,
the Kruskal–Wallis test followed by post-hoc tests were carried
out using the Fisher’s least significant difference criterion and
Benjamini-Hochberg correction in “agricolae” package. Shannon
index was calculated for each sample using the “vegan” package
and the effect of the treatments on the microbial diversity
was tested by the Kruskal–Wallis test followed by Fisher’s LSD
post-hoc test with Benjamini-Hochberg adjustment. ASV patterns
were cross-compared with permutational multivariate analysis
of variance (PERMANOVA; Anderson, 2001) using the “vegan”
package. The effects of the plant, conditioning, and farming on
the dominant taxa were tested by PERMANOVA. The effect of
water deficit history on differential abundance was tested using
DESeq2 for the ASVs representing at least 0.05% of the unrarefied
reads (Love et al., 2014), comparing the farming system and the
factor plant independently. Correlations between acdS and 16S
rRNA gene read numbers were analyzed by Spearman’s rank
correlation test.

RESULTS

Plant Growth
Plant growth was strongly affected by farming management (CF
> OF, P < 0.001 for both dry weight and height) (Figure 2).
Thereby, the biomass of both portions of cereal was lower under
organic (OF) than under conventional farming (CF), but this
difference was only significant in the DD treatment (Figure 2A,
P < 0.001 and P = 0.003, for barley and wheat, respectively).
In addition, plant height was higher in CF than in OF for both
crops in DD and CD (Figure 2B). The effect of water deficit
conditioning (DD vs. CD) on the plant parameter was limited
to a negative impact of water deficit conditioning on the height
of the barley plants, in both OF and CF (P < 0.001, Figure 2B).
Interestingly, water deficit conditioning tended to have a positive,
but not significant, effect on barley dry weight under CF.

Relative Abundance of acdS-Carrying
(acdS+) Microorganisms
To investigate whether the relative abundance of acdS+

microorganisms was affected by the treatments, the amplification

levels of acdS genes were normalized with the abundances of 16S
rRNA genes using the1Ctmethod (Livak and Schmittgen, 2001).
When all rhizosphere samples (without differentiating by plant
species, farming system, or water conditioning) were compared
to the bare soil samples, we observed that acdS genes were less
abundant in bare soil than in rhizosphere soil (P < 0.001). More
precisely, this difference was significant in CD under CF for
barley (P = 0.03) and under OF for wheat (P = 0.006, Figure 3).
When the effect of water conditioning on the relative abundance
of acdS genes was tested for the plant rhizosphere samples, no
significant difference was found between CD andDD. However, a
significant positive effect of the water conditioning on the relative
abundance of the acdS+ community was found in the bare soil
samples (P = 0.02).

Effects of Water Deficit History, Land Use,
and Plant Presence on Bacterial
Community Composition and Diversity
Barley and wheat rhizospheres, as well as bare soil samples,
were subjected to 16S rRNA and acdS gene amplicon
sequencing. In total, 2,225,931 16S rRNA and 4,406,511
acdS sequencing reads formed 1,849 ASVs and 4,945
ASVs, respectively. The rarefaction curves are presented
in Supplementary Figure S1. The sequences were rarefied
to the smallest read numbers per sample (16S rRNA gene
20,058 reads; acdS gene 54,660 reads). Altogether, the 16S
rRNA gene reads covered a broad phylogenetic range, and
the 10 most abundant classes corresponded to Actinobacteria,
Alphaproteobacteria, Gammaproteobacteria, Thermoleophilia,
Chloroflexi, Gemmatimonadetes, Bacteroidia, Blastocatellia,
Nitrososphaeria, and Verrucomicrobiae. By contrast, the
acdS amplicons were largely associated with only two phyla,
Actinobacteria, and Proteobacteria. The majority, 79.6% of
the rarefied reads, were affiliated with Actinobacteria, mainly
of the families Streptomycetaceae, Intrasporangiaceae, and
Nocardioidaceae. Almost a fifth of the acdS reads (19.6%)
corresponded to Proteobacteria. While 0.8% were unclassified
(u.) bacteria, we also gathered 0.0014% corresponding to
fungi in the Ascomycota. In order to verify if the changes in
the total bacterial community between the treatments were
also visible at the acdS community level, all genera from
the acdS and 16S rRNA gene communities were compared
with each other. In total, 32 genera were identified in both
communities, 18 belonging to the Actinobacteria and 14 to the
Proteobacteria. Significant correlations between the distribution
patterns of 16S rRNA and acdS gene reads were found for five
genera identified from the very abundant ones, Saccharothrix,
Amycolatopsis, Marmoricola, Tetrasphaera, and Streptomyces
(Supplementary Figure S2), as well as Achromobacter (P =

0.021, rho 0.3) and u.Microbacteriaceae (P = 0.006, rho−0.36).
Permutational analysis of variance indicated that plant

presence was the main factor driving both 16S rRNA (R2 =

0.36, P < 0.001) and acdS (R2 = 0.22, P < 0.001) community
composition (Table 1). Moreover, Shannon diversity indices of
the bacterial (Supplementary Figure S3a) and acdS communities
(Supplementary Figure S3b) were overall higher in bare soil
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FIGURE 2 | Plant growth measures for each treatment, (A) dry weight per plant and (B) mean height. Values correspond to the average, and error bars to the

respective standard error, of five pot, replicates. Letters show the statistical differences between treatments according to the Kruskal–Wallis test followed by Fisher’s

LSD post-hoc test with Benjamini-Hochberg P-value adjustment. CD, no water deficit conditioning; DD, water deficit conditioning.

FIGURE 3 | Relative abundances of microorganisms with genes encoding for ACC deaminase. Abundance data obtained by qPCR were normalized with 16S rRNA

gene abundances and calculated using the 1Ct method (Livak and Schmittgen, 2001). Values correspond to the average, and error bars to the respective standard

error, with five pot, replicates. Letters show the statistical differences between all treatments according to ANOVA followed by Tukey’s HSD post-hoc test. CD: “single

water deficit,” control and dry conditions, DD: “water deficit history,” dry conditions and dry conditions.

than in rhizosphere samples. This difference was detected for
both targeted genes and for all treatments. Although significant,
the explanatory values for the effects of conditioning (CD or DD,
16S rRNA: R2 = 0.07, P < 0.001; acdS: R2 = 0.04, P = 0.002) and

farming system (16S rRNA: R2 = 0.05, P< 0.001; acdS: R2 = 0.05,
P < 0.001) on community composition were comparatively low.
In total, 60% of the total variance in the total prokaryotic, and
46% of the variance in the acdS+ community composition could
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TABLE 1 | PERMANOVA of the 16S rRNA and acdS gene composition.

All treatments

(including bare soil)

Wheat and barley

treatments

R2 P-value R2 P-value

16S rRNA gene

Plant 0.36 <0.001 0.03 0.067

Farming 0.05 <0.001 0.11 <0.001

Conditioning 0.07 <0.001 0.17 <0.001

Farming ×

conditioning

0.01 0.112 0.04 0.044

Farming × plant 0.04 0.035 0.02 0.342

Conditioning ×

plant

0.05 0.004 0.02 0.526

Farming ×

conditioning ×

plant

0.02 0.253 0.02 0.652

Residual 0.40 0.60

acdS

Plant 0.22 <0.001 0.05 0.002

Farming 0.05 <0.001 0.11 <0.001

Conditioning 0.04 0.002 0.07 <0.001

Farming ×

conditioning

0.02 0.044 0.05 0.008

Farming × plant 0.05 0.011 0.03 0.07

Conditioning ×

plant

0.05 0.009 0.03 0.098

Farming ×

conditioning ×

plant

0.03 0.088 0.02 0.405

Residual 0.54 0.63

The ASV composition was considered for all treatments, to determine the effect of plant

(wheat, barley, and bare soil), farming system (organic and conventional farming), and

watering condition during the conditioning phase (CD and DD). The additional analysis of

only barley and wheat treatments was used to analyze the effect of the plant species on

the 16S rRNA gene base and acdS+ community compositions. Significant factors (P <

0.05) are indicated in bold.

be explained by the sole effects of plant presence, water deficit
conditioning, and farming alone or by its interaction.

Since the strong difference between the absence and the
presence of plants masked the potential effects of plant identity,
the rhizosphere samples were again analyzed separately from the
bare soil ones. In this subset, the three factors explained 40% of
the total variance in the 16S rRNA and 37% of the total variance
in the acdS+ community composition. Plant species identity
(barley or wheat) had no impact on the total bacterial community
composition, but a significant effect on acdS+ community
composition (R2 = 0.05, P = 0.002). Furthermore, the farming
system (R2 = 0.11, P < 0.001) and water conditioning (R2 =

0.07, P < 0.001), as well as the interaction between these factors,
significantly shaped acdS community composition (Table 1), in
particular for barley (Figure 4). A similar pattern was found for
16S rRNA gene composition, whereby conditioning (R2 = 0.17,
P < 0.001) and farming system (R2 = 0.11, P < 0.001) were
the main drivers (Figure 4). Crop-dependent effects were also
found for Shannon indices (Supplementary Figure S3). Thus,

for barley, the lowest diversity indices comparing all treatments
were found for both acdS and 16S rRNA genes in OF under
DD (P = 0.004 and P = 0.032 for acdS and 16S rRNA genes,
respectively). For wheat, only the Shannon index of 16S rRNA
genes was negatively impacted by the history of water deficit
under OF, with a lower index in DD than in CD (P = 0.015).
In contrast, the Shannon index of the acdS community in the
rhizosphere of wheat was positively influenced by water deficit
history under CF (DD > CD, P = 0.02) and further by farming
soil type in DD (CF > OF, P < 0.001).

Distribution of Dominant Bacterial Genera
Across Treatments
The 20 most abundant genera identified in the wheat and barley
rhizospheres, as well as in the bare soil samples contributed
on average 52.1 % to the total 16S rRNA gene amplicon
reads (Supplementary Figure S4). Out of these, one genus was
assigned to Archaea and 19 genera to Bacteria. Within the
bacteria, the phylum of Actinobacteria was represented by six
genera and Proteobacteria by five genera. Other phyla comprised
each of two genera of Gemmatimonadetes (Gemmatimonas
and u. Gemmatimonadaceae), Acidobacteria (Acidobacteria
SG6 and RB41), and Chloroflexi (JG30 KF CM45 and KD4
96), and one genus of Verrucomicrobia (C. Udeobacter) and
Bacteroidetes (u. Chitinophagaceae), respectively. The relative
abundances of the 20 most abundant 16S rRNA gene-based
genera varied among treatments (Supplementary Table S1). As
for the whole community, three-way ANOVA performed on
each of the 20 most abundant 16S rRNA gene-based genera
showed that the presence/identity of the plant and then the
farming and conditioning significantly shaped their distribution
(Supplementary Table S1, Supplementary Figure S4). Genera
from u. Chitinophagaceae, Gemmatimonas, and Acidobacteria
subgroup 6 were only affected by the plant presence but not by the
farming system or the conditioning. For both plant rhizosphere
samples, a farming effect was found for Rhodanobacter (OF
> CF) and Glycomyces (CF > OF), and a conditioning effect
for C. udeobacter and Chloroflexi JG30-KF-CM45 (CD > DD)
as well as for Dyella and Nocardioides (DD > CD). Finally, a
farming and a conditioning effect were present for both plant
rhizospheres, with a prevalence of u. Nitrososphaeraceae, KD4
96 and u. Solirubrobacterales in the CF and CD treatments and
Sphingomonas and Streptomyces in the OF and DD treatments
(Supplementary Table S1).

The acdS sequences from the 20 most abundant genera
in the rhizosphere and bare soil represented on average 92%
of the total number of reads (Figure 5). The sequences were
either affiliated with the Actinobacteria (79.6 % of total reads)
or the Proteobacteria (19.6 % of total reads). Actinobacteria
were represented by 13 genera distributed among five different
orders: one genus from the Streptomycetales, five genera from the
Micrococcales, two from the Propionibacteriales, two from the
Pseudonocardiales, one from the Geodermatophilales and from
the Micromonosporales and the group of u. Actinobacteria. The
seven genera belonging to the Proteobacteria corresponded to
six genera of the order Burkholderiales and one of u. Bacteria.
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FIGURE 4 | Non-metric multidimensional scaling showing the effects of the farming system and watering during the conditioning phase per plant treatment. NMDS

was performed on Amplicon Sequence Variants (ASV) using the Bray-Curtis dissimilarity matrix. The small circles correspond to the geometric center (centroid) of

each treatment, and the lines indicate the distance of the samples to the centroid. Data from the 16S rRNA gene-based analysis are shown in subfigures a-c and

acdS gene analyses are presented in subfigures d-f, for barley (A,D), wheat (B,E), and the pots without plants (C,F). Results of the PERMANOVA are indicated in

each plot (n = 5 pots). CF: conventional farming, OF: organic farming, CD: “single water deficit,” control and dry conditions, DD: “water deficit history,” dry conditions

and dry conditions.

Three-way ANOVA analyses showed that 19 out of the 20 most
abundant acdS genera were significantly affected by at least
one factor (Figure 5 and Supplementary Table S1), with the
exception of the Burkholderia (Proteobacteria). These abundant
genera were strongly affected by the plant presence, but also
by the farming system and the conditioning, or their combined
effects. In contrast to the 16S rRNA gene-based analysis, only
two genera were only impacted by the plant presence without the
direct effect of farming or conditioning. The other 18 genera were
impacted in the plant rhizosphere by the effect of the farming
system (five genera), conditioning (four genera), or by both (eight
genera) (Supplementary Table S1).

Water Deficit History Responsive Genera of
the acdS+ Community in the Rhizosphere
Due to the higher effect of water conditioning on the acdS+
bacteria in the rhizosphere (Table 1), their higher relative
abundance in the rhizosphere compared to the bulk soil (P <

0.001) and the hypothesis that this functional group of bacteria
helps the plant to face stress conditions, the bare soil was not
analyzed to determine the effect of water deficit conditioning. The
abundances of the unrarefied rhizosphere ASVs representing at
least 0.05% of the acdS+ reads corresponding to 377 ASVs with

at least 1,400 reads were determined, and the log2 fold changes
between CD and DD were calculated (Supplementary Table S2).

For both plants and under both farming systems,
122 conditioning-responsive ASVs were detected
(Supplementary Table S2), including 87 with a fold change
higher than two (Figure 6). The results showed that the effect of
conditioning on the abundance of acdS+ ASVswas often planting
species- and farming system-specific (Figure 6). Much higher
abundances of ASVs under water deficit conditioning (DD)
treatment (log2 fold change < −12) were highly associated with
samples from CF, especially ASVs associated with Actinobacteria.
Interestingly, a significantly higher abundance of several ASVs
corresponding to Marmoricola sp. were only found under OF.
In addition, some Actinobacteria ASVs were only detected
under DD (log2 fold change < −20) and this pattern was found
independently of the farming condition. In contrast, the ASVs
detected only in the treatments without drought conditioning
(CD, log2 fold change > 20) were exclusively found in the wheat
treatments, independently of the farming condition.

DISCUSSION

Climate predictions suggest an increased probability of summer
drought in Central Europe (Spinoni et al., 2018; Hari et al.,
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FIGURE 5 | Distribution of the 20 most abundant genera across all treatments based on the acdS dataset. CF, conventional farming; OF, organic farming; B, barley;

W, wheat; BS, bare soil; CD, “single water deficit,” control and dry conditions; DD, “water deficit history,” dry conditions and dry conditions; n = 5 pots.

2020), which represents a threat to plant water and nutrient
uptake. This threat is supposed to be mitigated by plant-
beneficial rhizobacteria (de Vries et al., 2020). Drought legacy
effects may have a strong effect on soil functioning, by long-
term adaptations in the microbial community composition
and microbial-mediated plant functioning. For the first time,
this study analyzed the impact of successive dry conditions
on the diversity and community composition of the acdS+

functional group of microbes potentially contributing to plant
stress tolerance. We show that the rhizosphere prokaryotes
and especially the acdS+ community are adaptable to water
limitations. The impact of the watering regime during the
application phase on the microbial communities indicates a
legacy of water deficit.

Water Deficit Conditioning Structures the
Microbial Community, Especially in the
Rhizosphere
We expected in our first hypothesis that the response to water
deficit conditioning by the microbial communities would be
specific for planted and non-planted pots due to the selection of
specific microbes by the roots. Our results show that this proved
to be the case. We observed that plant presence was the main
factor influencing both 16S rRNA and acdS gene diversity, and
this was reflected by distinct community compositions in bare
soil and in the rhizosphere of both barley and wheat. We would
like to point out that we did not perform an analysis of the soil
outside the rhizosphere in the planted pots, which would have
been an important supplementary control treatment. Due to the
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FIGURE 6 | Relative abundances of the acdS+ ASVs significantly impacted by drought conditioning. Taxa were identified using DESeq2 and P-value < 0.05, and

log2-fold changes between respective treatments are represented. CF, conventional farming; OF, organic farming; CD, “single water deficit,” control and dry

conditions; DD, “water deficit history,” dry conditions and dry conditions; n = 5 pots.

strong selection effect of plants in combination with adaptation
to water stress conditions, the microbial community is supposed
to be less complex in the rhizosphere soil (Mendes et al., 2014),
which was confirmed by the lower diversity (Shannon index)
of the total bacterial as well as the ACC deaminase microbial
communities in the rhizosphere treatments compared to the
bare soils. However, despite this reduced diversity, water deficit
conditioning-induced community shifts were more obvious
in the rhizosphere than in the bare soil. As root exudation
changes under drought conditions (Preece and Peñuelas, 2016),
these results suggest specialization of the taxa recruited in the
rhizosphere in order to help the plant to face the stress.

Farming Systems Select Taxa After
Recurrent Drought Events
Soils under organic farming are often a reservoir of higher
microbial diversity and activity than soils under conventional
farming due to higher soil organic carbon levels (Lori et al., 2017;
Harkes et al., 2019), which may lead to a stronger plant-beneficial

response to stress. However, contrary to our second hypothesis,
we found that several taxa were enriched in the plant rhizosphere
under conventional farming after the water deficit conditioning.
Similarly, while the diversity of the acdS+ community decreased
in the rhizosphere under organic farming in DD, it increased
in DD under conventional farming. Noteworthy, this higher
diversity of plant-beneficial, acdS+ taxa under conventional
farming was not visible at the level of the entire bacterial
community, suggesting that plants under water deficit specifically
selected plant beneficial organisms to counteract the stress.

These farming type-specific effects on microbial communities
are in line with the indicator species that were identified from
agricultural soils after short drought stress by Kundel et al.
(2020). Under moderate drought, plants release more organic
acids in their root exudates, especially the drought-tolerant
ones (Song et al., 2012). Organic acids stimulate microbial
activity in the rhizosphere (Macias-Benitez et al., 2020). In our
samples under conventional farming, plants had a better fitness
due to the fertilization amendments in CF, which may lead
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to higher exudation rates of these organic acids, and to the
selection of the plant-beneficial ACC deaminase bacteria after
a successive period of water deficit. Consequently, the acdS+

taxa specifically enriched in the rhizosphere after water deficit
conditioning potentially represent good indicators of drought-
adapted microbes.

History of Water Deficit and Farming
Systems Affect Strongly the acdS+

Community in the Rhizosphere
The majority of the dominant microbial taxa were influenced
by water deficit conditioning, which may be surprising, as not
all microbial individuals within a genus have similar functions,
and the effect of a particular treatment might be diluted at a
certain phylogenetic level. During the conditioning phase, the
predicted abundance of ACC deaminase-related genes was higher
in organic farming communities of well-watered soils compared
to drought treatment (Breitkreuz et al., 2021). This difference
in abundance was not observed in the DD samples of organic
farming of barley or wheat in the present study. However, and
presumably, as a result of this, the Shannon index was lower in
organic farming DD, especially in the barley rhizosphere. This
suggests that the acdS+ community was already under selection
during the conditioning phase, especially by water limitation in
organic farming, and some less abundant taxa might have been
already selected and their proportions increased. Consequently,
the selection during the conditioning phase may have led to a
decrease in Shannon index at the application phase that was
further enhanced by hetero-specific plant-soil feedback which
means changing the plant from wheat in the conditioning phase
to barley in the application phase.

In this study, we found several ASVs from acdS+

Proteobacteria and Actinobacteria enriched by water deficit
conditioning in the conventionally managed soils. Proteobacteria
are generally described to be less abundant after drought stress.
Indeed, after the conditioning phase, abundances of species
belonging to phyla Acidobacteria, Chloroflexi, Firmicutes, and
Latescibacteria were significantly increased under drought,
while Proteobacteria decreased (Breitkreuz et al., 2021). This
negative trend may be balanced by the plant-growth-promoting
properties Proteobacteria often possess, like ACC deaminase. For
that reason, Proteobacteria are commonly inoculated on plants
to improve drought stress tolerance. In line with our results, the
enrichment of the acdS+ Variovorax paradoxus under drought
as well as its beneficial effect on plant growth under drought
was already shown (Belimov et al., 2009; Teijeiro et al., 2019).
Several Actinobacteria were also more abundant after water
deficit conditioning. Bouffaud et al. (2018) already described
the dominance of acdS+ Actinobacteria in the rhizosphere, and
their consistent enrichment in soil by drought is established
(Hartman and Tringe, 2019), as they are mostly known to be
drought-tolerant, due to their strong cell wall and drought
avoidance by spore formation (Pérez Castro et al., 2019). The
genus Streptomyces was the most abundant acdS+ genus and
its abundance was enhanced by conditioning with limited
water. Members of this Gram-positive genus are characterized

as drought tolerant and plant-beneficial (Schrey and Tarkka,
2008; Breitkreuz et al., 2020), which we could also confirm
within our study. We particularly identified ASVs corresponding
to several Streptomyces species enriched by water limitation
conditioning, including S. mutabilis, S. resistomycificus, S. scabiei,
and S. viridochromogenes. These Streptomyces species have
a strong potential to affect the growth of wheat and barley.
S. viridochromogenes has been characterized as the producer
of the herbicide phosphinothricin tripeptide (Schwartz et al.,
2004), whereas S. mutabilis promotes wheat growth and disease
resistance (Toumatia et al., 2016). And finally, the biology of
S. scabiei is complex and isolate specific; whereas pathogenic S.
scabiei strains produce thaxtomins and suppress plant defense
responses causing growth reduction and scab formation in
potatoes (Bignell et al., 2010), other strains of the same species
produce staurosporine and control effectively wheat take-all
disease (Wen et al., 2012). However, their positive impact on the
plant under drought has not yet been described.

Effect of Plant Identity
While the effect of plant identity on the overall community was
comparably low, it had a strong effect on the acdS+ community,
as it was suggested in our third hypothesis. This indicates a
strong selection by plant species, likely caused by differential
rhizodeposition. Wheat root exudates have been described to
differ considerably from those of barley, most notably by the
abundance and composition of dominant mugineic acids, and
also by differences in the relative quantities of amino acids (Fan
et al., 2001). Wheat plants seemed to be less impacted by water
deficit conditioning, as reflected by their similar plant heights
in the two treatments. The associated microbial communities
displayed even higher diversity indices under conventional
farming. One explanationmay come from the use of winter wheat
as a model plant during the first year of the experiment, i.e.,
the conditioning phase. The close relationship between winter
and summer wheat, probably selecting specifically adapted taxa,
may have favored the growth of summer wheat plants more than
barley in the application phase. This implies that by changing
the crop, the positive effect of water deficit history decreased.
Similarly, Kaisermann et al. (2017) found that drought legacy
effects on plant growth were at their strongest in soils that were
conditioned with the same plant species.

Does Niche Selection Explain the History
of Water Deficit?
Differences in the water supply were applied during the
conditioning, 25 vs. 60%WHC, and a constant water deficit, 25%
WHC, during the application phase. Drought legacy effects on
bacterial communities have been reported both after consecutive
drought periods (Evans et al., 2014; Bastida et al., 2017) like in
our experiment, but also after the drought was terminated (de
Vries et al., 2018). A well-supported explanation for changes in
microbial composition in response to chronic low soil moisture
is niche selection (Evans et al., 2014) leading to an enrichment of
taxa that are drought tolerant compared to those that are sensitive
to drought. As a result, entire soil microbial communities could
develop drought tolerance through time (Bastida et al., 2017),
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which could lead to increased rates of microbial activity at
low soil moistures. When the changes are introduced in the
context of plant community and plant-soil feedback, the changes
may ultimately sustain the beneficial impact of rhizosphere
organisms on plant growth (Canarini et al., 2021). In line with
the holobiome concept of the extended plant phenotype, these
consequent stages of selection may contribute to overall plant
fitness upon drought stress (Liu et al., 2020). Our data support
the idea of niche selection by two consecutive drought periods
and suggests that resistance of the acdS+ community is sustained
by a highly dynamic community structure. These high dynamics
is in line with our observations on the maize rhizosphere acdS+

community; they were strongly modulated by soil type, but also
by soil depth (Gebauer et al., 2021) and the developmental stage
of maize (Renoud et al., 2020).

CONCLUSIONS AND PERSPECTIVES

We demonstrated that water deficit can induce a modification
of the community of the specialized plant beneficial prokaryotes
that remains detectable during a successive period of low
soil moisture in the following year. This result adds to the
information on rhizosphere microbial selection by drought
and emphasizes that plant growth-promoting bacteria can be
especially responsive to abiotic stress. Future work should
target how long the difference between the conditioned and
unconditioned communities holds up, and whether it vanishes
after a period of optimal watering. Members of the acdS+

community were mainly selected from proteobacterial and
actinobacterial species pools, which in the overall community
made up the majority of rhizosphere-associated microorganisms.
Members of many of the identified taxa can be readily isolated by
cultivation, and experiments with synthetic communities would
reveal their functional potential. That the responses are distinct
in bare soils and rhizospheres, and further modulated by the
farming conditions, underlines the context-dependency of the
community responses, but hints also that a change in community
structure might buffer the negative impacts of water deficit.
Future work should thus investigate how these drought-adapted
rhizosphere acdS+ communities represent ACC deaminase
activity and support plant performance. This can be used to
identify tipping points, thresholds of water deficit severity, or
length where even the stress-adapted community cannot sustain
plant growth.
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