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Abstract
Background  Growing evidence suggests that soil microbes can improve plant fitness under drought. However, in 
potato, the world’s most important non-cereal crop, the role of the rhizosphere microbiome under drought has been 
poorly studied. Using a cultivation independent metabarcoding approach, we examined the rhizosphere microbiome 
of two potato cultivars with different drought tolerance as a function of water regime (continuous versus reduced 
watering) and manipulation of soil microbial diversity (i.e., natural (NSM), vs. disturbed (DSM) soil microbiome).

Results  Water regime and soil pre-treatment showed a significant interaction with bacterial community composition 
of the sensitive (HERBST) but not the resistant cultivar (MONI). Overall, MONI had a moderate response to the 
treatments and its rhizosphere selected Rhizobiales under reduced watering in NSM soil, whereas Bradyrhizobium, 
Ammoniphilus, Symbiobacterium and unclassified Hydrogenedensaceae in DSM soil. In contrast, HERBST response 
to the treatments was more pronounced. Notably, in NSM soil treated with reduced watering, the root endophytic 
fungus Falciphora and many Actinobacteriota members (Streptomyces, Glycomyces, Marmoricola, Aeromicrobium, 
Mycobacterium and others) were largely represented. However, DSM soil treatment resulted in no fungal taxa and 
fewer enrichment of these Actinobacteriota under reduced watering. Moreover, the number of bacterial core 
amplicon sequence variants (core ASVs) was more consistent in MONI regardless of soil pre-treatment and water 
regimes as opposed to HERBST, in which a marked reduction of core ASVs was observed in DSM soil.

Conclusions  Besides the influence of soil conditions, our results indicate a strong cultivar-dependent relationship 
between the rhizosphere microbiome of potato cultivars and their capacity to respond to perturbations such as 
reduced soil moisture. Our study highlights the importance of integrating soil conditions and plant genetic variability 
as key factors in future breeding programs aiming to develop drought resistance in a major food crop like potato. 
Elucidating the molecular mechanisms how plants recruit microbes from soil which help to mitigate plant stress and 
to identify key microbial taxa, which harbour the respective traits might therefore be an important topic for future 
research.
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Introduction
Ongoing global warming leads to rapid changes in 
precipitation patterns and temperature, resulting in 
increased drought stress in many regions worldwide, 
which poses challenges for crop productivity and subse-
quently global food security [1, 2], as it induces numer-
ous adverse effects on plants including decreased growth, 
biomass, photosynthetic activities and an increase in oxi-
dative damages [3–5]. Thus, drought tolerance is one of 
the major aims in breeding programs for crops [6]. Potato 
is the most produced vegetable crop worldwide [7], and 
among the hundreds of commercial cultivars, there is a 
considerable variation in drought tolerance [8–10]. Since 
very short periods of water shortage can lead to sub-
stantial yield loss [11], potato is generally regarded as 
drought-sensitive crop [12]. Drought susceptibility has 
been mainly attributed to its shallow root system [13, 
14] with weak soil penetration [15, 16], but there are also 
complex environmental interactions [17]. The devel-
opment of potato roots is regulated by auxin signaling 
pathways, however, in addition, diverse factors includ-
ing early tuber initiation, elevated nitrate concentrations, 
and plant age collectively suppress further root growth, 
ultimately leading to the reduced root length density 
observed in potatoes [15]. Thus, besides breeding efforts 
in potato [18], additional approaches particularly the use 
of plant growth promoting and fortifying microbes are 
considered an important component to improve plant 
health and performance [19, 20].

Positive effects of soil microbial diversity have been 
associated with soil multifunctionality (nutrient cycling, 
primary production, litter decomposition etc.) [21]. 
Particularly, microbes inhabiting the plant rhizosphere 
and their complex interactions with the host plant sig-
nificantly affect plant morphology, physiology, growth, 
development, and health [22]. Therefore, plant-microbe 
interactions are thought to play a critical role in the fast 
adaptation of plants to environmental stress conditions 
[23].

Considered as the second plant genome [24–26], the 
rhizosphere microbiome contributes to a broad spectrum 
of functions including plant nutrition, defense against 
plant pathogens, and adaptation to abiotic and biotic 
stresses [27, 28]. Rhizosphere microbial populations are 
influenced by a complex combination of factors. Among 
these, soil acting as microbial seed bank plays the most 
significant role in determining the composition of rhizo-
sphere microbial communities as shown for populus [29], 
cotton [26] and soybean [30], as well as for potato with 
cultivars grown in two different soils recruiting different 
microbial communities [31].

The rhizosphere microbiome can also be affected by 
environmental factors including drought. Drought-
induced transformations in the microbiome have been 

attributed to changes in plant physiology and biochemis-
try, which compromise the quantity of carbon compound 
efflux and root exudate compositional profiles [32–34]. 
Moreover, varieties (cultivars) of a number of plant fami-
lies with different levels of drought tolerance showed dis-
tinct responses to drought in their respective rhizosphere 
microbiomes as evidenced in alfalfa [35], sugarcane [36], 
broomcorn millet [37], rice [38] and tomato [39]. These 
differences include the recruitment of Proteobacteria 
or Firmicutes members in drought tolerant and Actino-
bacteria in drought sensitive cultivars [36, 37]. Another 
study involving 18 grass species demonstrated that Acti-
nobacteria enrichment was more pronounced as the 
plant-microbe interactions increased (endosphere > rhi-
zosphere > surrounding soil) [40], implying that they are 
important for plant response to drought. This was further 
exemplified in an inoculation assay, in which the root col-
onization of the Actinobacteria genus Streptomyces was 
consistent with increased root growth of Sorghum bicolor 
under drought [41]. These results underline that specific 
microbial taxa are associated with plant growth under 
drought.

Diverse mechanisms behind microbial-mediated 
drought resistance in plants have been previously 
reported, notably those modulating phytohormone levels 
in stressed plants [42]. This includes mechanisms reduc-
ing levels of the plant stress hormone ethylene by amino-
1-cyclopropane carboxylate (ACC) deaminase-producing 
bacteria [43], particularly in drought-enriched Actino-
bacteria [44]. The microbial production of auxins has also 
been suggested to improve root traits related to drought 
tolerance such as root length, number of root tips and 
surface area [45].

There is no clear pattern on how drought affects fungal 
communities in soil and plant rhizosphere. While many 
studies showed no or minor effects of drought on fungal 
community composition [40, 46–48], other studies found 
significant changes under drought [38, 49, 50].

In potato, little is known on how drought affects the 
interactions between potato and its rhizosphere micro-
biomes. The aim of this study was to investigate the 
potential role of the rhizosphere microbiome in sus-
taining potato growth under reduced soil moisture. We 
introduced in our system, plant genetic variability by 
using two potato cultivars of contrasting drought toler-
ance. Additionally, plants were cultivated in diverse soil 
conditions consisting of a soil with a natural microbi-
ome and another with an artificially reduced microbi-
ome. This factor was included in the system given that 
the rhizosphere microbiome is significantly influenced 
by the soil microbial background. We compared the rhi-
zosphere microbiome (bacteria, fungi) of each cultivar 
between continuous and reduced watering. Given that 
plants interact with a myriad of microorganisms at the 
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roots, resulting in unique rhizosphere microbial associa-
tions that respond to environmental conditions [23], we 
hypothesized that when drought tolerance is mediated in 
potato by the recruitment of beneficial microbes, the rhi-
zosphere microbiome would be affected in a cultivar-spe-
cific manner under reduced watering, with the resistant 
cultivar exhibiting a more drought adaptive microbiome 
than the sensitive cultivar (H1).

For the soil with an artificially reduced microbiome, 
we hypothesized that when the rhizosphere microbiome 
plays a dominant role in drought tolerance of the two 
potato cultivars, then a reduction of the soil microbiome 
would result in lower drought tolerance under reduced 
watering in both cultivars (H2).

Materials and methods
Soil sampling and analysis of physico-chemical properties
In spring 2020, top of luvisol (0–20  cm) characterised 
as a silty loam was obtained from the Gut-Roggenstein 
experimental station (latitude 48.1879670, longitude 
11.3342012, 508  m above sea level), Technical Univer-
sity of Munich in Southern Germany. The soil contained 
1.27% total carbon and 0.1% total nitrogen resulting in 
a C:N ratio of 12.7. In previous years, the site under-
went consecutive crop rotations such as summer barley 
in 2015, sugar beet in 2016, rapeseed in 2017, wheat in 
2018, winter barley in 2019 and sugar beet in 2020. The 
soil was sieved with a 2-mm diameter mesh and divided 

into two portions. One was autoclaved for 20  min at 
121  °C (to reduce soil microbial biomass and diversity) 
and the other was left in its native state. Before potting 
and planting, both soils were stored at 8 °C for 7 days.

Bare NSM and DSM soils (source soils) were character-
ised for microbial biomass carbon (Cmic) and nitrogen 
(Nmic), using chloroform fumigation-based extraction 
method [51, 52], which were calculated as the difference 
between total dissolved organic carbon (DOC) and nitro-
gen (DON) in fumigated and non-fumigated samples, 
with an extraction efficiency coefficient (kec) value of 0.45 
for carbon [52] and ken value of 0.54 for nitrogen [53]. 
Inorganic nitrogen (NH4

+ and NO3
−), pH, soil texture 

(clay, silt and sand contents), magnesium (Mg), phospho-
rus (P2O5) and potassium (K2O) as well as the maximum 
water holding capacity (mWHC) were also determined 
using standard protocols. Details on protocols used and 
soil characteristics are summarised in the supplementary 
document (Table S1, S2).

Experimental design
Two potato (Solanum tuberosum) cultivars were used in 
this experiment (Fig.  1), MONI referenced as drought-
resistant and HERBSTRFREUDE (HERBST used 
throughout the text) considered as drought-sensitive 
(personal observation, K. Treder).

Additional information about the two cultivars is avail-
able on the European cultivated potato database [54]. 

Fig. 1  Experimental design of the greenhouse experiment using two in vitro propagated potato cultivars (MONI, HERBST) acclimated in native soil with 
natural microbiome (NSM) and autoclaved soil with disturbed microbiome (DSM) for 14 days. After transfer to 1.5 L pots containing the corresponding 
soils, plants were grown for another 14 days under continuous watering (60% maximum water holding capacity (mWHC)). After 28 days, plants grown 
either in NSM or DSM soils were divided in two groups, one was constantly kept under continuous watering whereas the second was kept under reduced 
watering (RW = 30% mWHC). 14 days after imposition of water regimes, root, stem, leaf samples were taken to assess growth traits and rhizosphere soil 
samples were collected for bacterial and fungal community analyses. Created with BioRender.com
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Both cultivars were vegetatively propagated as tissue 
cultures at the Institute of Plant Breeding and Acclima-
tion in Bonin (Bonin, Poland). Plant tissues were grown 
in test tubes under in vitro conditions using Murashige 
and Skoog nutrient medium for approximately 8 weeks. 
Certified healthy plants (pathogen-free) were delivered 
to Helmholtz Munich (Neuherberg, Bavaria, Germany). 
Agar plugs attached to the roots of the plantlets were 
gently removed with tweezers and tap water. Plantlets 
were immediately transferred to 0.3 L (7 × 7 × 8 cm) pots 
filled with NSM or DSM soils and allowed to acclimate 
for 2 weeks. During the acclimation period, the early-
stage plants were watered thrice per week.

The acclimated plants were afterwards transferred to 
1.5  L (11 × 11 × 12  cm) pots, in which they were grown 
in a greenhouse for 14 days under optimal conditions 
(RH: 65%; day/night temperature: 22  °C/18 °C day/night 
natural photoperiod: 16/8) and maintained with con-
tinuous watering (CW = 60% mWHC). Subsequently, 
plants grown either in NSM or DSM soils were divided 
in two groups, one was continuously kept under continu-
ous watering whereas the second was kept with reduced 
watering (RW = 30% mWHC). The entire trial was con-
ducted without applying fertilisers to not influence the 
soil microbiome. Three unplanted pots each filled with 
NSM and DSM soils served as controls for water content 
adjustments throughout the experiment. 14 days after 
plants were imposed to the two water regimes the experi-
ment was completed. Plant growth parameters including 
stem height, leaf dry mass, root length and fresh weight 
were measured. The soil adhering to the plant roots, 
defined as the rhizosphere, was collected per plant. Based 
on 2 soil pre-treatments x 2 water regimes x 2 cultivars x 
5 replicates, the experiment yielded 40 rhizosphere sam-
ples for analyses. After autoclaving and prior to planting, 
NSM and DSM source soils were sampled for assess-
ment of the initial soil microbiome (T0). Source soils and 
rhizosphere samples were stored at -80  °C until DNA 
extraction.

DNA extraction and library preparation for amplicon 
sequencing
DNA was extracted from 400 mg of soil samples taken at 
T0 and from the rhizosphere at day 42, according to [55]. 
Empty extraction tubes were used as negative controls to 
check for contamination during the process. The concen-
tration of total DNA extracts was quantified in duplicate 
using SpectraMax Gemini EM Microplate Spectrofluo-
rometer (Molecular Devices, CA, USA) and Quant-iT 
PicoGreen dsDNA assay kit (Thermo Fischer Scientific, 
Waltham, USA) according to the manufacturer’s instruc-
tions. All samples were stored at -20  °C until further 
analysis.

The ITSmix3/ITSmix4 primer pair [56], was used to 
amplify the ITS2 region of the fungal nuclear rDNA. PCR 
was performed with an initial denaturation phase at 95 °C 
for 15  min and 30 cycles of 30  s denaturation at 95  °C, 
30 s annealing at 55 °C and 1 min extension at 72 °C and a 
final extension of 10 min at 72 °C. PCR reaction mixtures 
contained 2 µl of 10 ng DNA templates, 0.2 µl of 10 pmol 
of each primer, 2.5  µl of 3% BSA, 12.5  µl of NEBNext 
High-Fidelity 2x PCR Master Mix (New England Bio-
labs, Frankfurt am Main, Germany) and 7.6 µl of DEPC-
treated water, resulting in a total volume of 25 µl.

Amplification of the V4 region of the bacterial 16S 
rRNA gene required the use of universal primer pair 
515F/806R [57, 58]. PCR was performed under the fol-
lowing conditions: an initial denaturation phase at 98 °C 
for 1 min and 30 cycles of 10 s denaturation at 98 °C, 30 s 
annealing at 55 °C and 30 s extension at 72 °C and a final 
extension for 5 min at 72 °C. PCR reaction mixtures con-
tained 2.6 µl of 10 ng DNA templates, 0.2 µl of 10 pmol 
of each primer, 2.5  µl of 3% BSA, 12.5  µl of NEBNext 
High-Fidelity 2x PCR Master Mix (New England Biolabs, 
Frankfurt am Main, Germany) and 7 µl of DEPC-treated 
water.

PCR products were verified in 1% agarose gels, followed 
by MagSi NGSprep Plus bead purification (Steinbrenner, 
Wiesenbach, Germany). The quality and quantity of puri-
fied amplicons and the presence of primer dimers were 
checked with DNF-473 Standard Sensitivity NGS Frag-
ment Kit (1-6000  bp) on a fragment analyser (Agilent 
Technology, Santa Clara, California, USA). Amplicons 
were diluted to 2ng/µl. 8-cycle indexing PCR was per-
formed in a reaction mixture (25  µl) using 2  µl of each 
indexing primer (Nextera® XT Index Kit v2; Illumina, 
San Diego, California, United States), 12.5  µl NEBNext 
High-Fidelity 2x PCR Master Mix, 1.5  µl DEPC-treated 
water and 5  µl of 10 ng purified amplicon. The indexed 
amplicons underwent a second round of purification, fol-
lowed by quality and quantity control as described above. 
Prior to sequencing, samples were normalised to 4 nM 
and equimolarly pooled into a single Eppendorf tube. 
Paired-end sequencing was carried out using the MiSeq 
® Reagent kit v3 (600 cycles) (Illumina Inc., San Diego, 
California, USA).

Pre-processing of sequencing data
Raw sequencing data were analysed using the Galaxy web 
platform [59]. After the raw data were imported into the 
platform, forward and reverse FASTQ files were used to 
build their respective dataset lists. Forward and reverse 
dataset lists were trimmed with a minimum read length 
of 50 using the Cutadapt function [60]. Quality control 
for the forward and reverse reads was performed via 
FastQC [61]. Subsequently, data analysis was performed 
using the DADA2 pipeline (Galaxy Version 1.20) [62]. The 
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following trimming and filtering parameters were consid-
ered for 16S rRNA analysis: 20 bp were removed n-termi-
nally and reads were truncated at position 230 (forward) 
and 180 (reverse) with expected error of 3 and 4, respec-
tively. For the ITS2 region analysis, forward reads were 
trimmed to 20–220 bp, reverse reads to 20–160 bp and 
same number of expected errors was used. After merging 
reads, the resulting unique amplicon sequence variants 
(ASVs) were used for taxonomic assignments. ASVs are 
biological sequences discriminated from errors, allow-
ing the detection of single-nucleotide differences over the 
sequenced genes.

For bacterial taxonomic assignment, ASVs were trained 
against SILVA database v138.1 with 0.99 confidence 
threshold. Fungal ASVs were taxonomically assigned 
using UNITE fungi database v9.0 released for QIIME 
with 0.99 confidence threshold [63]. Amplicon sequences 
from bacteria and fungi were aligned and phylogenetic 
trees were constructed. The R language and environment 
v4.2.1 were used for downstream analysis. Using Bio-
conductor decontam package v1.13.0 [64], contaminant 
sequences were filtered leveraging the negative controls, 
along with ASVs assigned to chloroplast and mitochon-
dria. A phyloseq object was created for each of bacterial 
and fungal datasets using the Phyloseq package v1.42.0. 
Singletons (ASVs represented by only one read across all 
samples) were removed. Furthermore, only ASVs consis-
tently found in 80% of the biological replicates (4 out of 
5) in each sample collection were kept for downstream 
analysis. We employed Total-Sum Scaling (TSS) for data 
normalization. TSS involves transforming the abundance 
table into a relative abundance table by scaling the data 
according to the library size of each sample.

Statistical analyses
Bare NSM and DSM soils were characterised regarding 
physico-chemical properties and statistical differences 
were calculated either with a paired Student t-test or 
Wilcoxon test. Shapiro-Wilk test was used to assess the 
normality of the distribution in each group prior to con-
ducting the t-test. p-values greater than the significance 
level of 0.05 indicate that the distribution is not signifi-
cantly different from a normal distribution.

Statistical differences between plant growth parameters 
in soil pre-treatment were calculated using the non-para-
metric Wilcoxon test. Throughout the text, the signifi-
cance level for all statistical tests was set at 0.05.

For α-diversity estimation of bacterial and fungal com-
munities in the plant rhizosphere, observed species and 
Shannon index were calculated across sample groups 
and visualized using the packages Microbiome v1.20.0 
and ggplot2 v3.4.0, respectively. Wilcoxon test was con-
ducted to assess the effect of soil pre-treatment and water 
regimes on the α-diversity. To partition the source of 

variance, the relative contribution of soil pre-treatment, 
and water regimes was assessed using a permutational 
multivariate analysis of variance (PERMANOVA) based 
on UniFrac dissimilarity matrices as implemented in the 
adonis2 function (R package vegan v2.6-4).

The analysis of differentially abundant taxa across sam-
ple groups was conducted with LEfSe as implemented 
in the diff_analysis function (Bioconductor R package 
MicrobiotaProcess, v1.10.2) under one-against-all mode 
(i.e., one taxon is significantly different only when it is 
significantly different against all remaining treatments). 
In brief, a Kruskal-Wallis test, followed by a Wilcoxon 
test were used to isolate differentially abundant features. 
For overall abundance comparison between continuous 
and reduced watering across all microbial taxa, logarith-
mic LDA score threshold set to 2.5 was calculated and 
any taxa with α less than 0.05 were defined to be sig-
nificantly different between water regimes. To provide 
a comprehensive comparison of microbial abundance 
across sample groups, the LEfSe analysis between con-
tinuous and reduced watering samples was performed at 
genus level.

Comparative Venn diagram analysis was performed 
to identify overlapping ASVs between the two culti-
vars amongst soil pre-treatment and water regimes. The 
shared microbiomes under the different treatments were 
defined using ASVs that were found in 80% of the rep-
licates in each sample group with a relative abundance 
threshold of 0.001. The analysis was computed with the 
function amp_venn of the package ampvis2 (v2.7.34). 
The function amp_heatmap from the same package was 
used to visualise the shared microbiome composition and 
their relative abundances.

Results
Plant growth parameters
Plant growth parameters revealed that soil pre-treat-
ment and water regimes had no significant effect on root 
length of the cultivar MONI, whereas HERBST exhibited 
a significant reduction of its root length and root fresh 
weight when grown in DSM soil under reduced watering 
(Fig.  2A and Supplementary Figure S1). Aboveground, 
both treatments did not affect stem height in either culti-
var (Fig. 2B). Surprisingly, MONI cultivated with reduced 
watering in DSM soil showed a significantly higher 
leaf dry weight compared to NSM soil (Fig.  2C) but no 
change in leaf dry weight of HERBST was observed.

Effect of soil pre-treatment and water regimes on diversity 
and composition of rhizosphere microbiomes
Soil autoclaving significantly reduced the starting micro-
bial biomass (Cmic and Nmic) (Supplementary Table 
S2), microbial diversity (Supplementary Figure S2 and 
S3), and induced changes in the microbial composition 
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(Supplementary Figure S4). In addition, soil autoclaving 
increased DOC, DON and inorganic N (NH4

+) (Supple-
mentary Table S2). As expected, pre-treatment of soil 
resulted in lower bacterial α-diversity of the rhizosphere 
microbiome in DSM soil, and in rhizosphere samples 
from both cultivars, MONI (Observed: Wilcoxon test, 
p = 0.00013) and HERBST (Observed: Wilcoxon test, 
p = 2.2e-05) (Table 1 A). In comparison to the continuous 
watering, reduced watering had no significant effect on 
bacterial α-diversity of MONI, but consistently resulted 
in higher diversity in the cultivar HERBST (Fig. 3A).

Soil pre-treatment significantly affected fungal 
α-diversity, being lower in DSM soil for the two cul-
tivars, MONI (Observed: Wilcoxon test, p = 0.00027) 
and HERBST (Observed: Wilcoxon test, p = 0.00026) 

(Table  1B) whereas the effect of the two water regimes 
was insignificant (Fig. 3B).

PERMANOVA revealed that soil pre-treatment sig-
nificantly altered bacterial composition in the rhizo-
sphere of both cultivars, MONI (weighted UniFrac, 
R2 = 0.895, p = 0.001), and HERBST (weighted UniFrac: 
R2 = 0.866, p = 0.001). In contrast, water regimes did not 
affect the bacterial composition in MONI (weighted Uni-
Frac: R2 = 0.011, p = 0.17) however, we found a significant 
interaction of water regimes with soil pre-treatment in 
HERBST (weighted UniFrac: R2 = 0.021, p = 0.05). Fungal 
community was also driven by soil pre-treatment in both 
cultivars, MONI (weighted UniFrac, F = 9.7419, p = 0.001) 
and HERBST (weighted UniFrac, R2 = 0.647, p = 0.001) 
but not influenced by water regimes.

Table 1  Effect of soil pre-treatment (natural (NSM) vs. disturbed (DSM) soil microbiome) on α-diversity (Shannon index, observed 
species) of A) bacterial and B) fungal communities in the rhizosphere of two potato cultivars (MONI, HERBST). A non-parametric 
Wilcoxon test (p < 0.05, n = 10) was applied to calculate significant differences across sample groups
A
Cultivars α-Diversity group1 group2 p p.adj p.format p.signif Method
MONI Shannon NSM DSM 0.000011 0.000011 1.10E-05 **** Wilcoxon
MONI observed NSM DSM 0.00684 0.0068 6.80E-03 ** Wilcoxon
HERBST Shannon NSM DSM 0.0000217 0.000022 2.20E-05 **** Wilcoxon
HERBST observed NSM DSM 0.0000217 0.000022 2.20E-05 **** Wilcoxon
B
Cultivars α-Diversity group1 group2 p p.adj p.format p.signif Method
MONI Shannon NSM DSM 0.0000217 0.000022 2.20E-05 **** Wilcoxon
MONI observed NSM DSM 0.0000266 0.00027 2.70E-04 ** Wilcoxon
HERBST Shannon NSM DSM 0.0000217 0.000022 2.20E-05 **** Wilcoxon
HERBST observed NSM DSM 0.000264 0.00026 2.60E-04 **** Wilcoxon

Fig. 2  Plant growth parameters. (A) root length (B) stem height and (C) leaf dry weight of two potato cultivars MONI and HERBST were compared 
between native soil with natural microbiome (NSM, turquoise green) and autoclaved soil with disturbed microbiome (DSM, brown) under continuous 
watering (CW) and reduced watering (RW). Horizontal bars within boxes are the median. The tops and bottoms of the boxes represent 75th and 25th 
quartiles, respectively. The two vertical lines outside the boxes represent the whiskers. The colored dots stand for the individual observations. A non-
parametric Wilcoxon test (p < 0.05, n = 5) was applied to calculate significant differences across sample groups and numbers above the boxes indicate 
the statistical p-values
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Microbial responders
We observed that MONI cultivated in NSM soil under 
continuous watering had a higher abundance of Actino-
bacteria compared to HERBST in the similar conditions 
(Supplementary Figure S5). Linear Discriminant Analysis 
Effect Size (LEfSe) revealed that rhizosphere bacteria and 
fungi identified as potential responders significantly dif-
fered across water regimes, cultivars, and pre-treatment 
of the soil (Fig.  4). For MONI, Proteobacteria (unclas-
sified Rhizobiales and Rhodanobacteraceae), Verruco-
microbia (Ellin 517) and Actinobacteriota (unclassified 

Microtrichales) were identified as potential responders in 
reduced watering samples from NSM soil whereas those 
were Proteobacteria (Bradyrhizobium), Bacillota (Ammo-
niphilus), Firmicutes (Symbiobacterium) and Hydrogene-
dentes (unclassified Hydrogenedensaceae) from DSM soil 
(Fig. 4A). For HERBST grown in NSM soil, responders to 
the reduced watering included mainly Actinobacteriota 
lineages (Streptomyces, Marmoricola, Aeromicrobium, 
Glycomyces, Mycobacterium, unclassified Acidimicrobiia 
and 0319-7L14) and a Myxococcota (unclassified Sanda-
racinaceae). In DSM soil, although potential responders 

Fig. 4  Linear Discriminant Analysis (LDA) combined with Effect Size (LEfSe) plot of (A) bacterial and (B) fungal genera identified as potential responders 
of continuous watering (CW, blue) and reduced watering (RW, red) in the rhizosphere of two potato cultivars MONI and HERBST grown in either native 
soil with natural microbiome (NSM) and autoclaved soil with disturbed microbiome (DSM). Only features meeting an LDA significant threshold ≥ 2.5 and 
p-values < 0.05 for factorial Kruskal–Wallis and pairwise Wilcoxon tests are displayed

 

Fig. 3  Microbial α-diversity in rhizosphere. Shannon index and observed species of rhizosphere (A) bacterial and (B) fungal communities of two potato 
cultivars MONI and HERBST grown either in soil with natural (NSM) or disturbed (DSM) microbiomes were compared between continuous watering (blue) 
and reduced watering (red). Boxplots display the medians, tops and bottoms of the boxes represent 75th and 25th quartiles, and whiskers outside this 
range; dots illustrate the individual observations in each sample group. A non-parametric Wilcoxon test (p < 0.05, n = 5) was applied to calculate significant 
differences across sample groups and numbers above the boxes indicate the corresponding p-values
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of reduced watering included fewer Actinobacteriota 
(Marmoricola, Nocardioides, Acidimicrobiia unclassi-
fied), de novo taxonomic groups such as Proteobacteria 
(Novosphingobium, Sphingobium, Hirshia, Caenimonas, 
unclassified Devosiaceae and Comamonadaceae), Myxo-
coccota (Sandaracinus) and Acidobacteriota (unclassi-
fied Vicinamibacterales and Vicinamibacteraceae) were 
also observed (Fig. 4A). With respect to fungal commu-
nities, potential responders of reduced watering in NSM 
soil consisted of Ascomycota (Magnaporthiopsis, and 
unclassified Helotiales) in MONI and the genera Falci-
phora and Neocosmospora in HERBST (Fig. 4B). In DSM 
soil, no taxa indicative of water regimes were observed in 
the rhizosphere of these two cultivars.

Shared microbiomes across soil pre-treatment and water 
regimes
In NSM soil, both cultivars shared the highest amount 
of bacterial ASVs under reduced watering, i.e., 342 ASVs 
representing 67.8% of the total read count (Fig.  5B), 
compared to 264 ASVs (62.3%) under continuous water-
ing (Fig.  5A). Phylum-based analysis revealed a similar 
composition of the microbiomes shared by the two cul-
tivars under continuous watering and reduced watering, 
but slight changes occurred in the relative abundances 
(Fig. 6A, B). Actinobacteriota were by far the most abun-
dant phylum followed by Proteobacteria, Acidobacteri-
ota and Chloroflexi. Compared to continuous watering, a 
slight increase and decrease in the proportions of Acti-
nobacteriota and Acidobacteriota, respectively, was 
observed under reduced watering, whereas Proteobacte-
ria and Chloroflexi remained relatively stable (Fig. 6A, B). 
At the genus level, Gaiella, Arthrobacter, Nocardioides 

and unclassified Gaiellales, MB-A2-108, 67 − 14, were the 
most represented Actinobacteriota; Hyphomicrobium 
and Ellin6067 in Proteobacteria; unclassified Vicinami-
bacterales and Vicinamibacteraceae in Acidobacteriota 
and unclassified KD4-96, Gitt-GS-136, JG30-KF-CM45 
in Chloroflexi (Supplementary Figure S6A, B). In DSM 
soil, MONI and HERBST also shared a microbiome 
under continuous watering (109 ASVs accounting for 
63% total read count) and reduced watering (115 ASVs 
representing 65.3% total read count) (Fig.  5C, D). Soil 
pre-treatment overall changed the composition of the 
shared microbiome at the phylum level in DSM soil by 
increasing the relative abundances of Proteobacteria, 
Planctomycetes, Bacteroidota, Firmicutes and Verru-
comicrobia at the expense of Actinobacteriota, Acido-
bacteriota, Chloroflexi and Gemmatimonadota (Fig. 6C, 
D). For HERBST cultivated in DSM soil, Actinobacteri-
ota increased under reduced watering, but their propor-
tion remained marginal compared to the corresponding 
treatment in NSM soil. At the genus level, SH-PL14 was 
differentially abundant, especially enriched in MONI 
and depleted in HERBST under reduced watering treat-
ment. Sphingomonas also decreased in HERBST under 
reduced watering but not in MONI (Supplementary Fig-
ure S6C, D). Comparing the two cultivars, the number of 
core ASVs was relatively consistent in MONI rhizosphere 
regardless of the soil pre-treatment (Table  2), while in 
HERBST, core ASVs were considerably lower in DSM soil 
compared to NSM soil (Table 2).

In NSM soil, the two cultivars exhibited overlapping 
fungal ASVs, with a slightly higher number observed 
under reduced watering (62 ASVs accounting for 89.2% 
of the total read count) compared to continuous watering 

Fig. 5  Venn diagram showing the number of unique (colored ellipses) and shared (white ellipses) bacterial and fungal ASVs to two potato cultivars MONI 
(dark orange) and HERBST (light orange) grown in native soil with natural microbiome (NSM) and autoclaved soil with disturbed microbiome (DSM), 
under continuous watering (CW; A, C, E, G) and reduced watering (RW; B, D, F, H). Respective read percentages are indicated in the brackets. Only ASVs 
found in the 80% of each sample collection with relative abundance of 0.001 were considered for analysis. Non-core represents the part of ASVs and 
percentage of reads not included in the frequency and abundance cut-offs
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(56 ASVs representing 85.7% of the total read count) 
(Fig.  5E, F). Shared ASVs were mostly assigned to the 
phylum Ascomycota (Supplementary Figure S7). At the 
genus level, Podospora, Trichoderma and Falciphora were 
among the top 10 taxa under reduced watering, but not 
under continuous watering (Fig.  7A, B). Interestingly, 
Podospora and Falciphora were not found under continu-
ous watering (Supplementary Figure S7E). Phialophora 
increased in proportion under reduced watering com-
pared to continuous watering in both cultivars, whereas, 
Gibellulopsis remained stable in HERBST, but decreased 
in MONI under reduced watering relative to continuous 
watering (Fig.  7A, B). In DSM soil, shared fungal ASVs 
were strongly reduced irrespective of water regimes 
(Fig.  5G-H). Under continuous watering, 3 ASVs were 
shared, belonging to the genera Acremonium and Exophi-
ala; under reduced watering, it was only 1 ASV, namely 
Acremonium (Fig. 7C, D).

Discussion
We investigated the rhizosphere microbiome of potato 
under reduced soil moisture. To understand the influence 
of the genetic variability, we used two cultivars of potato 
with contrasting levels of drought tolerance. Lastly, 
the contribution of soil conditions in our system was 
assessed through the manipulation of the soil microbial 
biomass, diversity and composition by soil autoclaving.

Interestingly, soil pre-treatment had no significant 
influence on growth parameters of both cultivars under 
continuous watering. However, the combination of DSM 
treatment with reduced watering significantly reduced 
the root length and root fresh weight in the sensitive 
cultivar HERBST but did not affect root length of the 
resistant cultivar MONI. Roots play a critical role in 
plant adaptation to abiotic stress including water acqui-
sition, nutrient uptake to the plant and interaction with 
microorganisms in the rhizosphere [65, 66]. Further-
more, increased productivity of plants under drought has 
been correlated with key morphological traits influenc-
ing the root length and surface area of root systems [67]. 
An inverse relationship (i.e., the larger the root system, 
the smaller the yield decline) has been observed under 
drought, suggesting that cultivars with deep root sys-
tems may be drought-resistant [68]. In a previous study 
[69], it was shown that two drought tolerant cultivars of 
potato (GWIAZDA and TAJFUN), developed elongated 
roots when challenged with drought, whereas in drought 
susceptible cultivars (OBERON and CEKIN), the root 
length was unchanged under drought. These observa-
tions are not consistent with our results, potentially due 
to the choice of cultivars, the magnitude of the drought 
stress, pot size and the plant growth stage at the time 
of the treatment (tuber initiation). Potato responses 
towards drought were reported to vary with phenological 

Table 2  Summary of bacterial core ASVs in the rhizosphere of two potato cultivars MONI and HERBST across soil pre-treatment and 
water regimes
Cultivars MONI HERBST
Soil pre-treatment NSM DSM NSM DSM

Water regimes CW RW CW RW CW RW CW RW
Core ASVs 283 362 340 251 680 858 133 139

Fig. 6  Composition of shared bacterial community. Heatmap displays the top 10 phyla in the shared microbiome of two potato cultivars MONI and 
HERBST grown in native soil with natural microbiome (NSM) and autoclaved soil with disturbed microbiome (DSM), under continuous watering (CW; A, 
C) and reduced watering (RW; B, D). Numbers in the heatmap indicate the relative abundance of each taxon across sample groups
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stage, genotype, and stress severity [13, 70]. Nevertheless, 
another study showed a reduction in root length under 
drought in potato [71], supporting our findings from the 
cultivar HERBST. However, this reduction was only vis-
ible in our study when plants were cultivated in the soil 
with strongly reduced microbial diversity, suggesting a 
potential positive relationship between soil microbiome 
diversity and root growth.

Response of the rhizosphere microbiome to water 
reduction is cultivar dependent
Many studies have previously demonstrated that soil 
acting as the microbial reservoir is the main contribu-
tor to the rhizosphere microbiome [29–31]. This has 
been confirmed in our study by the strong impact soil 
pre-treatment had on the rhizosphere microbial com-
munities (bacteria and fungi) of potato. Differences 
observed between NSM and DSM rhizosphere microbi-
omes can be explained by their respective source soils. 
In fact, soil autoclaving significantly reduced the starting 
microbial biomass (Cmic and Nmic), microbial diversity, 
and induced changes in the microbial composition. In 

addition, soil autoclaving increased inorganic N (NH4
+), 

DON and DOC. As previously observed elsewhere, 
increase in DOC following autoclaving reflect the release 
of dissolved nutrients from dead cells into the soil [72]. 
Therefore, DSM soil was enriched in carbon sources 
which can be easily used for growth by hetero- and copi-
otrophic microbes, and which induce a complete restruc-
turing of microbial communities. As discussed below, 
this may notably favour the rapid colonization of bacteria 
such as Proteobacteria or Bacteroidota in the plant rhi-
zosphere [73]. Nevertheless, it is important to emphasize 
that this study did not intend to investigate the effect of 
soil autoclaving on the subsequently acquired rhizo-
sphere microbiome. We rather employed this technique 
to manipulate the diversity of the natural soil microbi-
ome in order to study the interaction between two potato 
cultivars with different drought tolerance and differ-
ently diverse rhizosphere microbiota, specifically under 
reduced soil moisture.

Fig. 7  Composition of shared fungal community. Heatmap displays the top 10 genera in the shared microbiome of two potato cultivars MONI and 
HERBST grown in native soil with natural microbiome (NSM) and autoclaved soil with disturbed microbiome (DSM), under continuous watering (CW; A, C) 
and reduced watering (RW; B, D). Numbers in the heatmap indicate the relative abundance of each taxon across sample collections
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Soil with natural microbiome (NSM)
Increasing evidence supports the role of root associated 
microbial communities in plant responses to environ-
mental stresses. We hypothesized that when drought 
tolerance is mediated in potato by the recruitment of 
beneficial microbes, the rhizosphere microbiome would 
be affected in a cultivar-specific manner under reduced 
soil moisture, with the resistant cultivar MONI exhibit-
ing a more adaptive microbiome under drought than the 
susceptible cultivar HERBST (H1). In NSM soil, MONI 
showed a stable rhizosphere microbiome regardless 
of the water regimes and potentially recruited less but 
drought tolerant microbes such as Rhizobiales [38] under 
reduced watering. We witnessed a significant response 
to the reduced watering in HERBST rhizosphere micro-
biome (diversity and composition), resulting in poten-
tial recruitment of well-known drought-responsive taxa 
mainly in the Actinobacteriota phylum [38, 40, 41], 
and the root endophytic fungus Falciphora [74]. Thus, 
although there is a host-dependent differentiation in the 
rhizosphere microbiome under reduced watering, we 
found no support for H1. Previously, tomato cultivars 
thoroughly selected for drought tolerance were used to 
compare their rhizosphere microbiome under full and 
deficit irrigation regimes [39]. As observed for MONI, 
the tolerant tomato cultivar showed unchanged bacte-
rial and fungal diversity irrespective of the irrigation 
treatment, which the authors attributed to a buffering 
effect exerted by the tolerant cultivar on its rhizosphere 
[39]. In contrast, a significant increase in bacterial diver-
sity during deficit irrigation was shown for the sensitive 
tomato cultivar [39], consistent with our observations in 
HERBST rhizosphere. Specialized metabolites produced 
by Solanum plants, especially α-tomatine in tomato and 
α-solanine in potato [75], two glycoalkaloids with known 
antimicrobial effects [76, 77] have been suggested to 
reduce the growth of many bacterial families in soil [78]. 
Increased microbial α-diversity suggests that reduced 
watering could interfere with the production of these 
metabolites in drought-sensitive cultivars of Solanaceae.

Cultivar-dependent response to reduced watering 
observed in our study can likely be attributed to root 
exudates, which are recognized as the primary factor 
in shaping the composition of the rhizosphere microbi-
ome [79–82]. Root exudates do not only depend on plant 
genotypes [83, 84], their quantity and quality may also 
change under drought conditions [34, 85, 86]. For exam-
ple, increase in organic acids in the root exudates under 
moderate drought conditions stimulated microbial activi-
ties in the rhizosphere [87, 88]. Furthermore, Actinobac-
teria have been positively correlated with some of the 
exuded organic acids such as salicylic acid and Gamma-
aminobutyric acid (GABA) [89]. Nevertheless, the under-
lying mechanisms responsible for the active selection 

of monoderm bacteria, such as Actinobacteriota, under 
drought as demonstrated elsewhere [36–38, 40, 41, 90] 
and confirmed in HERBST rhizosphere, warrant further 
investigation.

Interestingly, in NSM soil, in the rhizosphere of the 
resistant cultivar MONI grown under continuous water-
ing Actinobacteria were high in relative abundance, 
whereas in the sensitive cultivar HERBST, they were only 
enriched under reduced watering. These findings are 
in line with a study using sugarcane, where the authors 
demonstrated that when cultivated under optimal water-
ing, the rhizosphere of a tolerant cultivar was rich in 
Actinobacteria and Alphaproteobacteria, while the sensi-
tive cultivar was enriched in Actinobacteria solely under 
drought [36]. However, for other plants species, differ-
ent response patterns were found including alfalfa where 
in the rhizosphere of the tolerant cultivar grown under 
well-watered conditions, Proteobacteria and Bacteroide-
tes were prevalent and increased under drought in the 
sensitive cultivar [35]. These observations support the 
assumption, that the observed abundance of drought-
tolerant bacteria in the rhizosphere of drought-tolerant 
plant cultivars under optimal water conditions as well 
as under drought cannot be generalized but are plant 
specific and recruiting mechanisms may differ accord-
ingly [36]. Under drought, Rhizobiales were enriched 
in MONI rhizosphere whereas in other studies, it was 
Acidobacteria in tolerant alfalfa [35], and Bacilli in tol-
erant sugarcane [36]. This may suggest that different 
plant families have different strategies and there is no 
uniform pattern of recruitment in drought tolerant cul-
tivars. In contrast to the resistant cultivar, we observed 
a stronger response to reduced watering in the rhizo-
sphere of the sensitive cultivar HERBST. Notably, this led 
to the selection of several Actinobacteria members. Our 
results align with previous observations in susceptible 
sugarcane and broomcorn millet cultivars [36, 37], and 
suggest that the rhizosphere of sensitive cultivars, being 
less prepared under optimal watering, are much more 
affected by drought disturbances, which consequently 
drive the significant changes in the rhizosphere micro-
biome. Actinobacteria recruitment and their activity are 
stimulated by changes in root metabolism induced by 
drought stress [41]. Moreover, this selection of Actino-
bacteria was more pronounced as plant-microbe inter-
actions increased (endosphere > rhizosphere > bulk soil) 
[40], implying that they play an important role in plant 
response towards drought. Drought responsive Actino-
bacteria in HERBST rhizosphere included Streptomyces, 
Glycomyces, Marmoricola, Aeromicrobium, Mycobac-
terium and others. While Streptomyces was enriched in 
drought-treated potato rhizosphere [90], an inoculation 
assay of a strain of this genus to Sorghum bicolor reported 
its effective colonization of plant and root development 
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under drought [41]. One of drought tolerance mecha-
nisms by which plants mitigate damages of reactive oxy-
gen species (ROS) is the release of hydrogen peroxide 
(H2O2) [91], which has been associated with the pres-
ervation of apical root growth during drought [92]. The 
ability of many Streptomyces isolates to mitigate ROS 
damage in plants [93, 94] may potentially be linked to 
their recruitment under drought. Although some Strep-
tomyces species were reported as plant pathogens [95, 
96], our results indicate that the recruitment of this 
genus in HERBST rhizosphere may potentially have posi-
tive implications for plant fitness especially root growth 
under reduced soil moisture. Another mode of action of 
microbial-mediated response is the modulation of phyto-
hormone levels [97, 98] such as ethylene. The latter plays 
a critical role in plant responses to stress, especially at 
the root level [99, 100]. Many drought-responsive Acti-
nobacteria contain the acdS gene encoding the enzyme 
1-amino cyclopropane-1-carboxlate deaminase (ACCd) 
[44]. This enzyme can effectively degrade the direct eth-
ylene precursor (ACC) to ammonia and α-ketoglurate, 
thereby reducing ethylene biosynthesis under drought. 
The analysis of acdS gene showed an enrichment of Mar-
moricola in the rhizosphere of drought stressed barley 
[44]. The selection of this genus in HERBST rhizosphere 
suggests that the reduction of ethylene biosynthesis may 
be associated with root growth in HERBST, as this mech-
anism has been demonstrated under drought, flooding, 
heat, cold, pathogen colonization etc. [101]. Interestingly, 
Falciphora was observed as responders to reduced water-
ing in HERBST rhizosphere. This genus was previously 
reported as plant endophyte and its co-cultivation with 
Arabidopsis thaliana improved lateral root growth via 
regulation of auxin biosynthesis, signalling and transport 
in plant [74]. The selection of Falciphora along HERBST 
rhizosphere under reduced watering may underline the 
putative role of root endophytes in plant growth particu-
larly under abiotic stress [102]. Potato is often regarded 
as a drought-sensitive crop, mainly attributed to its shal-
low and sparse root system [12]. Taken together, our 
results suggest that both cultivars grown in NSM soil 
recruited beneficial microbes that potentially support 
root growth under reduced soil moisture. Our findings 
corroborate reports indicating that fungal communities 
generally exhibit a high level of drought tolerance, as only 
a limited number of fungal taxa exhibited responses to 
the reduced watering [49]. Nevertheless, it is evident that 
the taxa influenced by the reduced soil moisture were 
either directly affected by drought (saprotrophs) or indi-
rectly by their root associated lifestyle [103], suggesting a 
differential drought tolerance also in fungal communities 
as reported by [104].

Soil with disturbed microbiome (DSM)
We hypothesized that when the rhizosphere microbi-
ome plays a dominant role in drought resistance of the 
two potato cultivars, then a reduction of the soil micro-
bial diversity would result in lower drought tolerance 
under reduced watering in both cultivars (H2). Surpris-
ingly, despite the reduction of microbial diversity in the 
source soil, the rhizosphere microbiome (bacteria and 
fungi) of the resistant cultivar MONI was unaffected (α 
and β diversity) by the reduced watering regime. Fur-
thermore, a restricted number of bacterial responders to 
reduced watering was found in the rhizosphere of MONI 
in DSM soil, similarly to NSM soil. This stability in the 
rhizosphere could have supported growth parameters of 
MONI and perhaps increased its leaf dry weight. How-
ever, the sensitive cultivar HERBST showed significant 
changes in bacterial communities under reduced water-
ing when plants were grown in DSM soil. Moreover, the 
latter induced the recruitment of other potential micro-
bial responders such as Proteobacteria, Acidobacteri-
ota and fewer Actinobacteriota under reduced watering. 
Acidobacteriota generally decrease in relative abundance 
under drought [38, 40], suggesting that some of members 
in this phylum are sensitive to drought. We argue that 
this substitution, however incomplete, of drought toler-
ant Actinobacteriota by Proteobacteria and Acidobacte-
riota could be one of the reasons behind the significant 
reduction in root length of HERBST cultivated under 
reduced watering. Therefore, since the plants were dif-
ferentially affected by reduced watering in DSM soil, we 
reject H2. Interestingly, we were able to find that in the 
two potato cultivars, none of plant growth parameters 
was affected under continuous watering, despite the 
strong effect of soil pre-treatment on rhizosphere micro-
bial communities. These findings suggest that plants 
may have a more pronounced interaction with their rhi-
zosphere microbiome when experiencing reduced soil 
moisture than under optimal watering.

In contrast to the bacterial communities, fungi were 
not affected by water regimes and no potential responsive 
taxa were detected in the rhizosphere for either cultivar 
in DSM soil. In line with our observations, previous stud-
ies reported a less pronounced and even non-existent 
effect of drought on the structure of fungal communi-
ties in soil and root associated microbiomes [40, 46–48]. 
This may partly be attributed to fungal spores which are 
highly persistent towards drought stress. In this respect 
also Streptomycetes and other Actinobacteria must be 
discussed as it cannot be excluded that their high relative 
abundance in the drought affected soils is partly related 
to their potential to form inactive forms, which cannot be 
differentiated from vegetative cells using an DNA based 
metabarcoding approach. Fungal communities in our 
study were less diverse than bacterial communities in 



Page 13 of 16Martins et al. BMC Microbiology          (2023) 23:377 

NSM soil, as previously showed elsewhere [39, 49], and 
the soil autoclaving had almost eradicated them from the 
plant rhizosphere. This could lead to the non-selection of 
drought responsive fungal taxa such as Falciphora in the 
rhizosphere of HERBST, which we suggest may increase 
the susceptibility of this cultivar in conditions of reduced 
watering.

Cultivars had a shared microbiome across soil pre-
treatment and water regimes
Our study reveals the existence of shared microbiomes 
between the different sample groups providing evidence 
in the two potato cultivars of similar patterns in their 
rhizosphere microbiome composition, irrespective of 
the treatments. Regarding the bacterial communities, it 
appears that Actinobacteriota play a crucial role as the 
main drivers of the response to the water regimes in the 
native soil. In addition to the reasons mentioned earlier 
in this discussion, these bacteria possess physiological 
(degrading recalcitrant compounds, sporulation) and 
structural characteristics (thicker peptidoglycan cell wall) 
[34] that allow them to thrive in dry environments. Thus, 
their strong interaction with the host rhizosphere may 
participate in the alleviation of stress in the two potato 
cultivars. Gaiella, Nocardioides, Arthrobacter, Marmori-
cola and Streptomyces were the most shared Actinobac-
teriota. Gaiella was found very abundantly in soil with 
reduced moisture and is involved in nitrogen cycling 
[105]. The other genera Nocardioides [106], Arthrobacter 
[107], Marmoricola [44] and Streptomyces [41, 90] have 
been reported as plant growth promoting rhizobacteria 
with ability to produce auxins, siderophore and many 
other compounds [108]. Members of the fungal genera 
Falciphora (often associated with an endophytic lifestyle 
[102]) and Trichoderma (with strain specific drought tol-
erance [109]) increased in relative abundance and have 
been previously recognized to encompass drought tol-
erant strains that potentially could sustain plant growth 
under stressful conditions. However, this assumption 
needs further investigations.

We also found that the rhizosphere of MONI had a 
relatively consistent number of bacterial core ASVs com-
pared to HERBST, irrespective of soil pre-treatment and 
water regimes. Another striking finding was that DSM 
soil pre-treatment led to a complete restructuring of the 
shared microbial communities of the rhizosphere. This 
restructuring was characterized by Proteobacteria and 
other fast-growing bacterial taxa emerging as the main 
drivers of the response to water regimes. Specifically, 
we observed a substantial decrease in the relative abun-
dance of Actinobacteriota, Chloroflexi, Acidobacteriota 
among many others, while there was a marked increase 
in Proteobacteria, Bacteroidota, Verrucomicrobiota, and 
Firmicutes. We suggest that the resistant cultivar MONI, 

which demonstrated the ability to recruit members of 
Proteobacteria and Verrucomicrobiota (LEfSe analysis) in 
NSM soil, could be able to adapt quickly in DSM soil even 
when subjected to reduced watering. In contrast, the sen-
sitive cultivar HERBST, which showed a preference for 
Actinobacteriota, was not able to establish in DSM soil, 
an interaction as strong as that observed in the NSM soil 
under reduced watering. Furthermore, drought-respon-
sive fungal taxa found in NSM soil were not observed 
in the shared microbiomes in DSM soil. Collectively, 
reduction in Actinobacteriota combined with absence of 
drought responsive fungi in the shared microbiomes may 
explain reduced root length of HERBST under reduced 
soil moisture.

Conclusion
In summary, we demonstrate that potato cultivars of dif-
ferent drought tolerance engage with distinct microbial 
players when exposed to the same stress conditions, sug-
gesting a link between host-microbial differentiation and 
the plant capacity to respond to drought. We found that 
the resistant cultivar had already drought tolerant taxa 
in its rhizosphere under continuous watering and there-
fore moderately changed its microbiome under reduced 
watering. Conversely, the sensitive cultivar selected these 
drought tolerant taxa only when reduced watering was 
imposed. Our study contributes to reducing knowledge 
gaps regarding the interactions of potato plants and their 
rhizosphere microbiomes under reduced soil moisture. 
However, a number of spore-forming taxa was found 
in the microbiome. This points out the need of using 
metagenomic and metatranscriptomic approaches in the 
future to assess the activity of microbial communities in 
the rhizosphere of potato plants under drought. Further 
research work on these cultivars (MONI and HERBST) 
considering factors such as plant developmental stage, 
soil type, and farming system, all of which can influence 
microbial community composition, will provide valuable 
insights into the role of the rhizosphere microbiome in 
sustaining potato growth and production under drought 
stress in the field condition with complex environmen-
tal interactions. In general, our data clearly demonstrate 
the importance of both factors soil microbiome and 
plant genotype for the development of a stable microbial 
community in the rhizosphere which mitigate abiotic 
and most likely also biotic stressors. Therefore, eluci-
dating the underlying mechanisms how plants recruit 
their microbiome from soil might be an important issue 
for future research, as this information might be of high 
value for future targeted plant breeding programs ensur-
ing the development of a “healthy” plant microbiome 
belowground.
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