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Potato root-associated microbiomes adapt  «==

to combined water and nutrient limitation
and have a plant genotype-specific role
for plant stress mitigation

Hanna Faist', Friederike Trognitz', Livio Antonielli', Sarah Symanczik?, Philip J. White* and Angela Sessitsch'

Abstract

Background Due to climate change and reduced use of fertilizers combined stress scenarios are becoming increas-
ingly frequent in crop production. In a field experiment we tested the effect of combined water and phosphorus
limitation on the growth performance and plant traits of eight tetraploid and two diploid potato varieties as well as
on root-associated microbiome diversity and functional potential. Microbiome and metagenome analysis targeted
the diversity and potential functions of prokaryotes, fungi, plasmids, and bacteriophages and was linked to plant traits
like tuber yield or timing of canopy closure.

Results The different potato genotypes responded differently to the combined stress and hosted distinct microbiota
in the rhizosphere and the root endosphere. Proximity to the root, stress and potato genotype had significant effects
on bacteria, whereas fungi were only mildly affected. To address the involvement of microbial functions, we investi-
gated well and poorly performing potato genotypes (Stirling and Desirée, respectively) under stress conditions and
executed a metagenome analysis of rhizosphere microbiomes subjected to stress and no stress conditions. Func-
tions like ROS detoxification, aromatic amino acid and terpene metabolism were enriched and in synchrony with the
metabolism of stressed plants. In Desirée, Pseudonocardiales had the genetic potential to take up assimilates pro-
duced in the fast-growing canopy and to reduce plant stress-sensing by degrading ethylene, but overall yield losses
were high. In Stirling, Xanthomonadales had the genetic potential to reduce oxidative stress and to produce biofilms,
potentially around roots. Biofilm formation could be involved in drought resilience and nutrient accessibility of Stirling
and explain the recorded low yield losses. In the rhizosphere exposed to combined stress, the relative abundance

of plasmids was reduced, and the diversity of phages was enriched. Moreover, mobile elements like plasmids and
phages were affected by combined stresses in a genotype-specific manner.

Conclusion Our study gives new insights into the interconnectedness of root-associated microbiota and plant stress
responses in the field. Functional genes in the metagenome, phylogenetic composition and mobile elements play

a role in potato stress adaption. In a poor and a well performing potato genotype grown under stress conditions,
distinct functional genes pinpoint to a distinct stress sensing, water availability and compounds in the rhizospheres.
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Background

Potato (Solanum tuberosum) is the world’s 4th most pro-
duced staple crop, after maize, wheat, and rice. Potato
production has been considered to be severely impacted
due to global warming and drought and a yield decline of
18-32% in the period between 2040 and 2069 has been
predicted [1]. Also, this crop typically has a high phos-
phorus (P) demand and low P uptake efficiency [2], and
P is required for early plant development and for tuber
production [3]. Efforts are ongoing to improve tolerance
of potato to various abiotic stresses, primarily to drought,
by intensive crop breeding, e.g., by enhancing photosyn-
thetic performance [4]. In addition, the plant microbiome
has the potential to alleviate plant stress [5] and may be
modulated to improve potato production.

Plant microbiomes, i.e., plant-associated microbial
communities and their “theatre of activity” [6] are highly
complex, consisting of bacteria, archaea, fungi, oomy-
cetes, protists, and viruses, and can be essentially found
in all plant tissues and compartments. Plant micro-
biota are important for plant growth and health and are
involved in key functions such as nutrient mobilization,
protection against pathogens or improving plant resil-
ience to abiotic stress [7]. Well studied plant compart-
ments for microbial life include the rhizosphere [8] the
endosphere [9] and the phyllosphere [10]. The rhizo-
sphere is a hotspot of microbial diversity and activity
utilizing root exudates and sloughed off plant cells as
nutrient sources [8]. After colonizing the rhizoplane
microorganisms may also enter roots, either passively
e.g., via wounds or actively using cellulolytic enzymes
and may thrive in the root endosphere and/or translocate
to above-ground plant tissues [9]. Microbial communities
in different plant compartments are clearly different from
each other, indicating strong influence of host-specific
factors [7, 9]. Whereas microbiota components of the
rhizosphere at a coarse level are similar for various plant
species, there is generally a greater influence of the host
plant on endophytes [7]. In addition, stress conditions,
plant development and the plant genotype are major
drivers of plant microbiota [11, 12].

Recent work has indicated that also soil microbiomes
alter plant fitness and competition under drought [13]
and that root microbiome compositional changes cor-
relate with drought stress tolerance across plant species
[14]. Several studies have shown that drought affects
the composition of root microbiota, particularly favour-
ing monoderm bacteria such as Actinobacteria, which
are known to be more resistant to desiccation than
diderms [13-16]. The effect of plant phosphorus star-
vation on plant microbiomes is less well investigated.
Finkel et al. [17] recently showed that the phosphate
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starvation response of Arabidopsis has a large effect on
the plant-associated bacterial and fungal communities,
whereas different types of P-fertilizers did not show a
major influence on below-ground microbial communi-
ties [18].

Only few microbial mechanisms are known to be
responsible for alleviating plant drought stress. Bacte-
ria producing the enzyme ACC deaminase are promi-
nent candidates for the improvement of drought stress
resilience [19]. This enzyme is responsible for lowering
the levels of ethylene in the plant by cleaving the plant-
produced ethylene precursor l-aminocyclopropane-
1-carboxylate (ACC) to ammonia and 2-oxobutanoate,
modulating ethylene signalling [20]. Other known
mechanisms include the detoxification of reactive oxy-
gen species (ROS) [21, 22] or modulating abscisic acid
metabolism [23]. With regard to supporting plants in
P acquisition, microorganisms are known to solubi-
lize poorly available P pools. Particularly phosphatases
released by microorganisms mediate mobilization of
soil P via mineralization of organic P [24].

The plant genotype greatly determines plant traits
like resilience to drought [25] or P utilization efficiency
[3], but also influences microbiome structure and func-
tions [26, 27]. Very recently, it has been proposed to
rather focus on the host phenotype rather than geno-
type as a predictor and readout of microbiome function
[28]. This proposed view also supports the underly-
ing hypothesis of our work, i.e., that—together with
other parameters such as stress—the potato genotype
and particularly the phenotype direct the structure
and functions of the associated root and rhizosphere
microbiome. Along these lines we assessed various
phenotypic traits of ten field-grown Solanum tubero-
sum (eight tetraploids belonging to group Tuberosum;
two belonging to the diploid group Phureja) genotypes,
particularly those related to the resilience to combined
water stress and P limitation and related these traits
to the plant microbiome. We furthermore had the
hypothesis that plant genotypes showing a contrasting
phenotype (like stress resilience) host distinct micro-
biota equipped with different functions to interact with
plants and to support their stress resilience. To address
this, we performed a metagenomic analysis of rhizos-
phere microbiomes of two contrasting genotypes and
particularly investigated potential functions involved in
the observed plant phenotype. As plasmids and phages
have been reported to act as drivers of ecological and
evolutionary processes [29, 30] and are important
mediators of horizontal gene transfer, we also used the
metagenomic data to elaborate the effects of stress and
plant genotype on plasmids and phage communities.
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Fig. 1 Microbial diversity of potato plants. Beta-diversity of the 166 potato-associated microbiota is shown in a non-metric multidimensional
scaling (NMDS) ordination based on the Bray—Curtis distance according to sample type (shape of the symbols) and stress (colour) (A, D). Samples
with similar composition cluster. Significance was calculated using a permutation test. Alpha-diversity indicated (B, E) by the Shannon index and
(C, F) the number of different ASVs, the richness of a sample. Significance was determined by Wilcoxon-tests. * < =0.1, ** < =0.05, *** < =0.01

NS = not significant

Results
Ten potato genotypes (Additional file 1: Table S1) were
grown in the field with a combined stress of reduced irri-
gation and no phosphate fertilizer (Additional file 1: Fig.
S1A, B), termed here “combined stress” for simplicity. For
all measured time points, soil moisture was highest in the
deep soil layers and reduced in the top soil and was differ-
ent between stress conditions (Additional file 1: Fig. S1C,
D). Comparing the number of young tubers eight weeks
after planting, half time to canopy closure, final yield, and
above ground biomass (foliage) of potato grown under
combined stress and under conditions without water and
P limitation revealed that different genotypes exhibited
different stress responses. The stress effect on tuber yield
correlated significantly with the effect on above-ground
biomass (Additional file 1: Fig. SIE) but a reduced num-
ber of young tubers during tuber filling correlated with
stress resilience in tuber yield (Additional file 1: Fig. SIF).
This indicates that a delay in growth under continuous
but reduced water supply and P limitation is beneficial
for stress resilience of the potato plants.

High throughput amplicon sequencing of 166 sam-
ples revealed a total of 5.8 M 16S rRNA gene sequences

and 3.6 M ITS sequences after removing plant-derived
sequences. Those were grouped into 20,114 (1302 occur-
ring in at least three samples) different bacterial and
941 (76) fungal amplicon sequence variants (ASVs). On
average the samples contained 34 k+19 k bacterial and
21 k+18 k fungal ASVs. From two contrasting geno-
types (Desirée=high yield loss under combined stress,
Stirling=1low yield loss under combined stress), we ana-
lysed the functional potential of the rhizosphere micro-
bial communities of plants grown under the different
stress conditions by shotgun metagenomics. We obtained
136 M £ 17 M sequences per sample and in total 1633 M
paired sequences. A 98% subset of all classified reads
belonged to bacteria, 1.2% to phages, 0.7% to archaea and
0.1% to fungi. Reads of plasmids summed up to 6.2% of
all reads classified with the Kraken-Braken method.

Sample type and stress shape the microbial diversity

and structure of potatoes

The nonmetric multidimensional scaling (NMDS) ordi-
nation of the amplicon dataset showed that the structural
differences in the microbial community composition
were mostly influenced by the sample type (Fig. 1A, D
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environmental fit, bacteria: R2=0.79, p value <0.001,
fungi: R2=0.45, p value<0.001) followed by stress
(bacteria: R2=0.09, p value <0.001, fungi: R2=0.06, p
value <0.001). The calculation of a general linear model
of the values of NMDSI] resulted in a significant influ-
ence of each sample type on the bacterial composition
(soil, p value<0.001; rhizosphere, p value<0.001; root,
p value<0.001) but the fungal rhizosphere composition
did not differ significantly from the other sample types
(soil, p value<0.001; rhizosphere, p value=0.94; root,
p value<0.001). A general linear model of the scores of
NMDS2 suggested a significant influence of combined
stress on the microbiota (bacteria: stress, p value <0.001;
no stress, p value <0.001; fungi: stress, p value <0.001; no
stress, p value<0.001). The highest richness (=number
of different amplicon sequences) was found in the rhizo-
sphere followed by soil and root samples (Fig. 1C, F).
Both, richness and Shannon Index, revealed a reduction
in microbial diversity in the rhizosphere under combined
stress conditions. In roots a significant reduction was
only observed for bacteria (Fig. 1B, E). Additionally, the
diversity of archaea, which were analysed by metagenom-
ics only, was increased under combined stress (Shannon
Index: stress =3.47, no stress =3.27, p value=0.015).

Common stress reactions of the microbial composition
in various potato genotypes
The most abundant phyla in the rhizosphere included
Proteobacteria, Actinobacteria, Bacteroidetes, Ascomy-
cota, Mortierellomycota and Basidiomycota (Additional
file 1: Fig. S2). At the genus level the rhizosphere con-
tained mostly Sphingomonas, Flavobacterium, Strep-
tomyces, Mortiella, Solicoccozyma and Pseudeurotium.
Roots were additionally dominated by the phyla Firmi-
cutes as well as Olpidiomycota and by the genera Bacil-
lus, Paenibacillus and Microdochium (Additional file 1:
Fig. S3). Under combined stress conditions Actinobac-
teria, Sphingobacteriales and Variovorax were enriched,
while Proteobacteria, Flavobacteriales and Olpidiomy-
cota were reduced in roots and the rhizosphere. We
observed sample type-specific stress reactions like the
enrichment of Xanthomonadales in rhizosphere sam-
ples and Clostridia in roots under stress conditions. In
contrast to Xanthomonadales and Clostridia, the abun-
dance of other Gammaproteobacteria and Firmicutes
was reduced under combined stress (Fig. 2). Similarly,
different members of the Leotiomycetes showed differ-
ent responses, Theloboales were enriched and Helotiales
were reduced in the rhizosphere under combined stress.
At the highest taxonomic resolution of the amplicon-
dataset, we identified 174 ASVs showing significantly

Page 4 of 19

different abundance in one of the two stress treatments
(Additional file 1: Table S2): (i) root endosphere: 6 fungal
and 46 bacterial ASVs; (ii) rhizosphere: 4 fungal and 118
bacterial ASVs. Interestingly only three ASVs, all belong-
ing to Actinobacteria, were significantly enriched in both
root and rhizosphere samples under combined stress:
Nonomuraea sp. ASV_90, Streptomyces sp. ASV_268 and
Streptomyces sp. ASV_9.

The reduced shotgun-dataset confirmed the enrich-
ment of Actinobacteria and other stress-specific bac-
terial taxa but detected more significant differences in
Alphaproteobacteria compared to the amplicon data-
set (Additional file 1: Fig. S4A). Regarding archaea in
the reduced shotgun-dataset, Methanococci were more
abundant under cultivation conditions without water and
P limitation, while Halobacteriales, Haloferacales and
Methanomicrobia were enriched under combined stress
(Additional file 1: Fig. S4B). In total 17 good quality
metagenome assembled genomes (MAGs) were identi-
fied (Additional file 1: Table S3). Five MAGs (3 Actino-
bacteria, 2 Proteobacteria) were more abundant and four
(all Proteobacteria, genus Sphingobium) were depleted
under combined stress (Additional file 1: Table S4).

Genotype-specific differences in stressed potato plants
The Bray—Curtis distance showed that the microbial
communities were more similar for samples belonging
to the same genotype than to different genotypes. Still,
the main effect on the microbiota is explained by the
applied combined stress conditions (Additional file 1:
Fig. S5A). Concordantly, general linear models revealed
significant effects for stress and genotype in root and
rhizosphere samples (Additional file 1: Table S5). Com-
munity structures according to combined stress and
genotype were most prominent in the subset of rhizobac-
teria leading to distinct clusters in the PCoA (Additional
file 1: Fig. S5B). Noticeable is the separation of the dip-
loid (Additional file 1: Fig. S5B, dark red and light red)
vs. tetraploid (other colours) potatoes under combined
stress. The fungal community in roots and rhizosphere
as well as the bacterial community in roots were also
significantly affected by combined stress and genotype
but less profoundly (Additional file 1: Fig. S5, Table S5).
In general, the F-value of the factor stress reduced from
the rhizosphere to the root microbiota (Additional file 1:
Table S5A) indicating a lower stress effect on root micro-
biota as compared to the rhizosphere. Also, fungi were
less affected than bacteria. In contrast, the F-value of the
factor genotype was similar between subsets, indicating a
constant effect of the genotype on the microbiota (Addi-
tional file 1: Table S5).



Faist et al. Environmental Microbiome

Bacteria

Dyadobacter
Emticicia

Ladihabitans.

Spirosomaceae

Page 5 of 19

(2023) 18:18

Fungi

Naganishia
Tausonia

Torula

B -

TordlaBeae Filobasidiaceae
Mrakiaceae

Microbacterium
Piskurozymaceae,

Paenarthrobacter Intrasporangiaceae
c

Amycolatopsis
Heterogastridium

AgariGostibomycetes

ccales

valieria

Caulobacteraceae

Xanthobacteraceae

Rhizosphere

Bradyrhizobium Rhizoma]e&lphaproteobac
Prof

Rhizobiaceae

Rahnella

Mesorhizob Qi Sphingomonadales

Enterobacteriaceae
Novosphigobium.
( Sphingomonas
Sphingobium Xanthomg

Gemmatimonas Bacte

Gemmatimonadetes

Micro: Nakamurella s
ioi Sacgharomycetales,
No& Blas(vaz:oc'(::’&ée ! i Basiggycon
Theloriectria
ccharomycetes ium
Myfmecridium ) v
Nectriaceae Olpidi
Propionibacteriales myces
P 4 Ascomycota
ceae Hypocreales. Mortierellomycota
tospora Plectosphaerella »
Sordariomycetesl-eotiomycetes,
Streptosporangiales o lebolales Mortierell
Caténulisporales Nonomuraea gligceae ogella
Actin teria ) Hu ales Xylariales  Hel Pseudeurotium
Catenulispora Occallatibacter
dob . Tricho Cistella
goobaclody Acidobacteriales Lasiosphaeriaceae Microdechium
) Tetracladium,
Monographella HyBnoscyphus
Planctomycetes Granulicella Bagil o
P ) Saccharimonadaceae acilius
Patescibacteria
Chloroflexi e Bacillales
Firmicutes
Paenibacillus Log 2 ratio
Roseiflexaceae
nadales Clostdial — —
! ostridiales
Aclgglobacter Lachnospiraceae [=] (<] N o (\l o) o
N © © o o o «
Clostridiaceae | | |
Rhizobacter
udoduganella
D Soligogeozyma
mezaWaea .
Actinoallomurus sonella g, ococous Pyrenoghaetopsis ASPergilus oy oaymaceas Filobasidium
di Tortla
ocardia Didymella Cucurbitariaceae Cyberlindnera FidlGiaies

Tausonia

Didymellaceae

Microb:
MEmoetacoad! rynebacteriales Endopligma Pleosporales Eurotiales Tremdllomycetes
eptomyces
Chionosphaeraceae
Sphingobacterium T ia b Eurotiomycates
Pedobacter ycota
n Saccharomycetes
Nocardioidaceae e " : ; .
Ci Salinispora Sphin cteriaceae s @i Nectriaceae idium
Micromonospora, aroclagum Asodeer ol
Silvani etaleS  sphingol vobacterium Hypocreales
Glyeomyces Mortierellomycota
Caulobacteraceae Skermanella A Catenulispora Fl
Caedibacteraceae 1a B 'd P D
) cemnienss Leotiomycetes. q
Caulobacterales' Solihacteraies acteroidia Cytophagales Glomeréllales. i Mortierella
O Bacteroidetes ytophag: Xylafiales Thelebolales )
o Devési Azospirilales  Myxoco Saccharimonadaceae Plectosphaerella Pseudeurotium
SR Stifioona SO0 [
m Patescibacteria el @ H
izobi Gemmatimonadetes . Hyponectriaceae
Rhizobiales Gemmatimonadaceae pgiy Chaetorniaceae ) Hyiloscypha::eae
clus Lasiosphaeriaceae Cistella
C.ovat Humieta Monographella
Xanthobacteraceae Cercophora
‘Sphingomonadales jales Limnochordaceae Parachiamydiaceae Trichocladium - podospora
Sl " Hymenoseyphus  Tetracladium
Armatimonadales acillus:
Enterobecteriacene.
Sphingomonadaceae: Xantt ng::'g‘ teobacteria .
Sphingomonas Ennjarobacter Fi Planococcaceae
Rodenobacieracee
Arenimones Pseudomonadales ceae
. A Staphyldeoccus
Acinetobacter §
Cloéfrilia Lactococous oniphius L 2 H
Pseudomenadaceae
varyoerda eiGprcfeobactorialed og 2 ratio

Psoudoduganela  Pseudomonas

Peptostreptocodtadede S
Nivosdspha  Rheobicter :
Burkholderiaceae d 3 il © N o Oo
¢ N © © o o o «
Duganella, )Vorax Ruminiclostridium e ; : A
Herbaspiri _—
. Gracilibacter
ftia Lachnospiraceae

Fig. 2 Changes in microbial composition according to stress. Fungal (B, D) and bacterial A, C) composition of rhizosphere (A, B) and root (C, D)
samples. Each node represents a taxonomic rank. Different taxonomic ranks are shown, starting from the highest rank (largest grey nodes) to the
genus level at the end of the branches. Coloured nodes represent taxa which are significantly enriched (orange) or reduced (green) under stress

(Wilcoxon test< =0.05)



Faist et al. Environmental Microbiome (2023) 18:18 Page 6 of 19
A rhizosphere bacteria
| Il
yield losq ok k *opked
foliage losg ok A * [
canopy closure del *| * o | #[=4
# young tubers loss *faa *(# . | 9 3
largest y. tuber red fid *
phylamm.
order
O—==UITIUTIN====0NON0— Nﬁ—‘l\)b\l
WUTLIOW R OOOUINOOO—=0ON OO BNOOW
NNUIOWNOO—=0=0NWORW WoOVWOVON
o O-Hho - O o
B rhizo fungi
[\ V \i
yield loss ko k
foliage loss .
canopy closure del. * # ﬁﬂ - I *
# young tubers loss AHECE |- B B |- D 1
largest y. tuber red fwmagi =« oo« + « 4| | x| x| |
hyla aEE = [ . BN = memTTEEE -
grger
WNB==00WW NONNIOUIO =N=NNWO—N00=NW.HUINNO bbWNﬁ
NOOANN=N NOAON=0 MUIORNN=NOOWNTILINGT  NooUTh
coUTOYNW  Woo \10\8\1 O W v NI HOW

C root bacteria

yield loss H:. CEEE Phyla
; « Acidobacteria |
foliage loss | wn » Patescibacteria |
canopy closure del.|. Actinobacteria |
Proteobacteria
# young tubers loss * .. Armatimonadte)tes s
Verrucomicrobia
largesty. tuber red }* Bacteroidetes ]
gmr ?i Firmicutes
SRaNwIREnaN N Gemmatimonadetes
OWEOFTONNOWRN WS Ascomycota | |
WO Basidio I cota ]
N — Mortierellomycota
Correlation coefficient: rkonn Y =
| | N
<=-0.8 -05 0o O 0.5 >=0.8 Order
negative correlation with plant stress ositive correlation with plant stress response| |Pseudonocardiales Il
resgponse indicating that the given ASV is Indicatin that the given pASV is more P Xanthomonadales |
more abundant in Tesilient genotypes abundant in stress'Sensitive genotypes
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Correlating diversity and microbial abundance with stress
responses of tetraploid potato plant growth

Different potato genotypes showed different phenotypic
stress response patterns including effects on final yield,
foliage, half-time to canopy closure, number of young
tubers and diameter of the largest young tuber (see also
Additional file 1: Fig. S1E,F). The abundance of some
ASVs correlated with the phenotypic stress responses
of potato plants, which could be grouped in clusters

(Fig. 3, Additional file 1: Table S6). For instance, Xan-
thomonadales sp. ASV_465, Chitinophaga arvensicola
ASV_499 and Occallatibacter sp. ASV_869 were more
abundant in the rhizosphere of potato genotypes with
a stable yield (Fig. 3A, ***, cluster III). In contrast, Fla-
vobacterium sp. ASV_30 in the rhizosphere and Strep-
tomyces sp. ASV_168 in roots were most abundant in
genotypes that suffered from high yield loss under com-
bined stress. The abundance of most microbes correlated
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highly significantly with a faster half-time canopy clo-
sure (Fig. 3A VI, 3C 1V, ***). One example is Dyadobacter
sp. ASV_47 that correlated to half-time canopy closure
in root and rhizosphere samples. The fungi Trichocla-
dium opacum ASV_44 and Mortierella hyalina ASV_24
occurred in the rhizosphere of stress-resilient genotypes
and correlated with tuber yield (Fig. 3B, I).

The rhizosphere metagenomes of potato plants exposed
to combined stresses and unstressed conditions have
distinct functional potentials

Shotgun metagenomic sequencing revealed a huge
impact of combined stress on gene abundance (Addi-
tional file 1: Table S7). Of 17,548 genes and gene frag-
ments in the bacterial dataset, 31% were more abundant
under stress and 27% were more abundant in no-stress
samples. More than 2000 stress indicator genes belonged
to Actinobacteria, represented by Pseudonocardiales and
Propionibacteriales, whereas 800 genes belonged to Beta-
and Gammaproteobacteria represented by Xanthomo-
nadales and Comamonadales (Fig. 4A). Merging all
taxa, we identified 14 functional groups (KEGG C-level,
Fig. 4B, details in Additional file 1: Table S8) that were
more abundant in rhizosphere metagenomes under com-
bined stress conditions, including (i) sugar-, (ii) amino
acid- and (iii) vitamin/cofactor metabolism as well as (iv)
base excision repair. Most functions were mainly repre-
sented by Beta- and Gammaproteobacteria under con-
ditions without water and P limitation, whereas under
combined stress Actinobacteria increased in proportion
matching the increase of Actinobacteria under the same
conditions in the amplicon dataset. Within Actinobacte-
ria, taurine and hypotaurine metabolism and terpenoid
backbone biosynthesis were over-represented in rhizos-
phere metagenomes under combined stress conditions
while within Beta- and Gammaproteobacteria biofilm
formation, fatty acid biosynthesis, biotin metabolism
and mismatch repair were over-represented functions.
Beyond KEGG C-level we identified KEGG modules
composed of stress indicator genes (Additional file 1:
Table S9) and presented a selection in Fig. 4C. Repre-
sented by Actinobacteria, a glycine betaine/proline sugar-
ABC-transporter was more abundant under combined
stress. Furthermore, under these conditions underlying
genes for trehalose biosynthesis were more abundant in
rhizosphere metagenomes.

In addition to drought, plants were exposed to P limi-
tation. Concordantly, the OmpR two-component sys-
tem involved in phosphate assimilation and a phosphate
ABC-transporter were more abundant under combined
stress but only in Actinobacteria (Additional file 1:
Table S9). Also, the heme biosynthesis, pentose phos-
phate and leucine degradation pathways were more
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abundant under combined stress (Fig. 4C). Rhizosphere
microbiota of stressed plants showed a higher genomic
potential to produce (i) isoprenoids (C5 non-mevalonate
pathway, C10—C20) and (ii) precursors of aromatic acids
and secondary metabolites via the shikimate pathway
(Fig. 4C). Summarizing the reads at the higher functional
level, KEGG B, revealed an increased abundance of reads
assigned to biosynthesis of secondary metabolites such
as geosmin (Additional file 1: Table S8). Among the 12
functional groups more abundant in samples from condi-
tions without water and P limitation (Fig. 4B, and more
detailed in Additional file 1: Table S8, FDR<0.01) were
cell motility and protein export. Surprisingly, the func-
tion glutathione metabolism and four genes similar to
the glutathione-S-transferase being involved in detoxi-
fication, were more abundant in metagenomes under
conditions without combined stress (Additional file 1:
Fig. S6B). Within Beta- and Gammaproteobacteria glu-
tathione metabolism was over-represented in samples
from conditions without water and P limitation along
with carbohydrate metabolism and carbon fixation in
prokaryotes (Fig. 4B). Moreover, all five orthologous
gene families of urea ABC-transporters were enriched in
rhizosphere metagenomes under non-stresses conditions
(Additional file 1: Table S9A).

Functional potential in rhizosphere metagenomes differ
between a well and a poorly performing potato genotype
Out of the well and poorly performing genotypes we
selected two that grew next to each other, ensuring that
they had access to the same pool of soil bacteria for rhizo-
sphere enrichment. Furthermore, we selected Desirée as
a poor performer because it is a widely grown cultivar.
Desirée produced 7.7 kg tubers under stress, which rep-
resents a loss of 55% compared to cultivation conditions
without combined stress, while Stirling performed better
producing a yield of 9.3 kg, i.e., a loss of only 38%. Under
combined stress 1562 genes from Xanthomonadales
(Fig. 5A, green) were more abundant in the Stirling rhizo-
sphere metagenomes while 1703 genes from Pseudono-
cardiales (dark red) were more abundant in the Desirée
metagenome (Additional file 1: S10). In samples from the
treatment without stress application Xanthomonadales
were more abundant in Desirée and Pseudonocardiales
more abundant in Stirling (Additional file 1: Fig. S7).
Propinobacteriales (more abundant in Stirling) and Fla-
vobacteria (more abundant in Desirée) preferred one
genotype regardless of the stress conditions.

Distinct functional groups dominated, i.e., were most
abundant in sequence numbers by distinct taxonomic
groups (Fig. 5B). In Desirée, Actinobacteria together
with Beta- and Gammaproteobacteria dominated most
functional groups while in Stirling mainly Beta- and
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Gammaproteobacteria dominated most functions.
More sequences were assigned to lipopolysaccharide
biosynthesis in Stirling and the function was over-
represented in Beta- and Gammaproteobacteria in the
rhizosphere of Stirling compared to Desirée (Fig. 5B).
Similarly, biofilm formation and fatty acid biosynthesis
via the Raetz pathway, together with genes for ABC-
transporters of lipoproteins and lipophospholipids,

belonged mainly to Xanthomonadales and were con-
cordantly more abundant in Stirling (Fig. 5C, details:
Additional file 1: Tables S11 & S12). Other Stirling-
associated Xanthomonadales were, based on their
metagenome information, likely involved in (i) the con-
version of L-cysteine via glutathione to L-glutamate
(glutathione metabolism), (ii) the conversion of taurine
to 5-glutamyltaurine (Additional file 1: Table S12E)



Faist et al. Environmental Microbiome (2023) 18:18

(iii) fructose uptake (phosphotransferase system, PTS,
Fig. 5C) (iv) the production of auxin by the tryptophan
2-monooxygenase (iaaM) (Additional file 1: Fig. S8A)
and (v) in the type II secretion system (Additional file 1:
Table S12E). One rhizosphere MAG MeBa083 was clas-
sified as Lysobacter (order Xanthomonadales, Addi-
tional file 1: Table S4) and contained two bacteriocin-,
two lanthipeptide-, one arylpolyene and one polyketide
synthase-like region. Carbohydrate metabolism and
carbon fixation pathways in prokaryotes were over-
represented in Actinobacteria from Stirling compared
to Actinobacteria from Desirée rhizosphere metagen-
omes (Fig. 5B). In total five glutathione-S-transferases
from three different taxa were more abundant in Stir-
ling metagenomes (Additional file 1: Fig. S8A).

In rhizosphere metagenomes genes for steroid deg-
radation were more abundant and over-represented
within Actinobacteria from Desirée compared to Act-
inobacteria from Stirling (Fig. 5B). Additionally, folate
biosynthesis, biotin and beta-alanine metabolism were
over-represented in Actinobacteria from Desirée rhizo-
sphere metagenomes. In general, genes with assigned
function that were more abundant in Desirée belonged
mainly to Pseudonocardiales (Fig. 5A). Their assigned
potential functions included purine degradation to urea
and diverse transporter genes for (i) sugars (raffinose,
chitobiose, sorbitol, ribose, D-xylose) (ii) oligopeptide
and (iii) tetrathionate (Additional file 1: Table S12J).
Branched amino acid and C4-dicarboxylate transport
genes were from Comamonadaceae and Pseudonocardi-
ales, while more abundant amino acid urea transporter
genes were only detected in Comamonadaceae (Fig. 5C).
Genes involved in plant growth promotion, such as ACC-
deaminase and a pyrroloquinoline quinone biosynthesis
gene, were found in Pseudonocardiales (Additional file 1:
Fig. S7B). Phosphate ABC-transporter genes were more
abundant in the stressed rhizosphere metagenomes of
both genotypes: from Pseudonocardiales in Desirée and
from Xanthomonadales in Stirling. Biotin metabolism
was over-represented in Actinobacteria from Desireé and
in Beta- and Gammaproteobacteria from Stirling indicat-
ing that different genotype-indicator taxa can have the
same function under combined stress.

Plasmids and phages—mobile elements in potato
rhizosphere metagenomes

Besides functional genes, mobile elements varied
between stress treatments: (i) Shannon diversity of
phages increased under combined stress (Fig. 6A) and
(ii) the relative amount of plasmid sequences was lower
in samples under combined stress conditions (Fig. 6B).
Interestingly, in rhizosphere metagenomes the Shannon
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diversity of antibiotic resistance genes on plasmids was
higher in stress compared to unstressed conditions
(Fig. 6C), indicating a selective advantage of bacterial
plasmids harbouring antibiotic resistance genes. Of 7010
phages detected in rhizosphere metagenomes, three
were more abundant in non-stress and 49 in stress con-
ditions (Additional file 1: Table S13A). Similarly, of 1535
plasmids detected in rhizosphere metagenomes, 49 were
more abundant in non-stress and 104 more abundant in
stress conditions (Additional file 1: Table S13B). Notice-
ably, 68 of the 104 taxa in which plasmids were more
abundant under combined stress belonged to Streptomy-
ces. Most plasmids changed in the same ratio as bacte-
ria (Fig. 6D, diagonal line) but some plasmids were more
abundant in rhizospheres of one of the treatments (with
or without combined stress), although the bacterial abun-
dance did not change (Fig. 6D, vertical line).

In addition, we observed differences in mobile ele-
ments between the genotypes under stress: (i) the rela-
tive number of phages (Fig. 6B) and (ii) the diversity of
plasmids (Fig. 6A) was higher in metagenomes of the
poorly performing genotype Desirée compared to Stir-
ling. One hundred and six phages and 10 plasmids were
more abundant in Desirée rhizosphere metagenomes
(Additional file 1: Table S14). Three bacterial taxa, Cupr-
iavidus nantongensis, Enterobacter asburiae and Lac-
tobacillus plantarum, had a higher portion of plasmids
despite minor changes in their whole genomes (Fig. 6E,
vertical line). In rhizosphere metagenomes of Stirling
compared to Desirée, 37 phages and 67 plasmids were
more abundant. This included the plasmids of four Xan-
thomonas species (Additional file 1: Table S14). Two
bacterial taxa, Labrenzia sp. THAF35 and Trichormus
variabilis had a higher portion of plasmids despite minor
changes in their whole genomes (Fig. 6E, vertical line).
But in general, most plasmids were co-enriched with
their bacterial hosts (Fig. 6DE, diagonal line). For phages
no exact host ID is available.

Discussion

Due to climate change, reduced use of fertilizers or avail-
ability of nutrients combined stress scenarios become
increasingly relevant in crop production. Here, we show
that for potato combined stress, i.e., water and phospho-
rus limitation, has a tremendous impact on the potato
holobiont at all levels, from microorganisms to phages
and from microbial composition to functions, all asso-
ciated with severe impacts on plant traits. Overall, the
responses resemble those typically reported for drought
stress suggesting that water limitation had a more
severe impact, however, less information is available on
the impact of phosphorus limitation (e.g., on microbi-
omes). Microbial composition and functions in the root
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environment indicate stress-adapted plant—microbe
interactions. Belowground microbes suffer directly
from reduced soil moisture as water lacks as a transport
medium, solvent, and resource. However, we and Gao
et al. [31] found diversity changes due to water limitation
(or combined water and P limitation in our study) mainly

in the rhizosphere but not in bulk soil samples, indicat-
ing an impact of distinct root deposits and exudates on
microbial communities under stress. In general, under
drought stress monoderm bacteria like Actinobacteria
were found to be enriched in most field samples while
chaotropic, mobile, diderm bacteria, like Proteobacteria,
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were found to be reduced [11, 15]. These findings are well
in line with those of our study. However, we found that
under water and P limitation Xanthomonadales were
more abundant in the rhizosphere but not in roots sug-
gesting a compartment-specific adaption to these stress
condition. Furthermore, Micrococcales (Actinobacteria)
were depleted under combined stress while still most
Actinobacteria like Streptomyces and Pseudonocardiales
were enriched in the rhizosphere.

In roots, the Actinobacteria Propionibacteriales and
Streptosporangales were additionally enriched, indicat-
ing an adaption to plant metabolism besides e.g., drought
resistance of the bacteria by sporulation or thick cell
membranes. In contrast to the bacterial root community,
combined stress only marginally influenced the fungal
root community. One exception was the phylum of the
plant pathogens Olpidium (depleted in rhizosphere and
roots under combined stress) that propagate as motile
spores [32]. Also, motile bacteria and their genetic poten-
tial for flagella assembly were depleted under combined
stress. In the rhizosphere, the fungal taxa Sordariales
were favoured while Pleosporales were depleted by com-
bined stress like in grassland soils under drought [33].

Metagenome analysis of the rhizosphere revealed that
half of all detected genes was differentially abundant in
rhizosphere metagenomes under combined stress and
non-stress conditions indicating strong stress effects on
microbial functions. Various sugars serve as osmopro-
tectants, and pathways of ‘fructose-/ mannose metabo-
lism’ and ‘ascorbate- / aldarate metabolism’ were more
abundant in rhizosphere metagenomes under stress. The
higher abundance of the pathways ‘base extinction repair’
and ‘fatty acid biosynthesis’ under combined stress sug-
gests an adaptation of the microbial community towards
a higher tolerance of DNA and membrane damaging
agents such as reactive oxygen species (ROS). ROS are
detoxicated by antioxidant systems that utilize cofactors,
like (i) the pentose phosphate pathway with the potential
to maintain NADPH availability (ii) vitamin B6 (pyri-
doxine) metabolism, (iii) pantothenate and coenzyme A
biosynthesis and (iv) heme biosynthesis, which were all
enriched functions under the stress condition applied.
Furthermore, genes in Beta- and/or Gammaproteo-
bacteria involved in biotin metabolism were enriched.
Cofactors are involved in root growth [34] and root col-
onization [35], defence [36] and may directly promote
plant growth by alleviating osmotic and oxidative stresses
[37, 38]. The enrichment of diverse cofactors in this study
points to their importance for diverse plant-microbe
interactions under stress.

We identified more genes involved in the biosyn-
thesis of trehalose under combined water and P limi-
tation, pinpointing to a potential contribution of

Page 12 of 19

trehalose-producing bacteria to enhanced plant tolerance
of drought [39]. Furthermore, Actinobacteria carrying
genes involved in terpenoid backbone biosynthesis were
over-represented in rhizosphere metagenomes under
stress conditions, suggesting a role of terpenoids in stress
mitigation. Besides terpenoid biosynthesis, the potential
of terpenoid degradation of steroids was higher in micro-
bial metagenomes under combined stress only in the
poorly performing potato cultivar Desirée.

The pathways of sulfonic amino acid taurine metabo-
lism and the sulphur relay system were mainly repre-
sented by Actinobacteria and more abundant under
combined stress in the rhizosphere. Even within Actino-
bacteria the taurine metabolism was over-represented
in the rhizosphere under stress conditions, indicat-
ing the recruitment of Actinobacteria active in sulphur
metabolism. This links water or P limitation to sulphur
metabolism, as suggested by Kaya et al. [40]. Phospho-
rus limitations decrease selenate and selenite adsorption
of soils [41] and promote selenium uptake in wheat [42].
Interestingly, within Beta-/and Gammaproteobacteria
the selenocompound metabolism was over-represented
in the rhizosphere of Stirling under stress conditions,
indicating that recruitment of Beta- and/or Gammapro-
teobacteria active in selenocompound metabolism in
Stirling rhizospheres might be a reaction to reduced P
availability.

Functions in rhizobacteria match distinct growth strategies
of potato genotypes under stress

Canopy cover and tuber bulking of potato plants depend
on environmental and genetic factors and influence
potato performance under drought [43]. Although a
direct impact of root-associated bacteria on root growth
[44], maturity shifts [45] and above stress reponses [46]
were shown, we are aware that the plant genotype itself
with its physiological proporties will substantially impact
plant stress response. Nevertheless, it is likely that plant
stress response will be additionally influenced by micro-
bial effects or even a plant physiological response might
be induced by microorganisms. Here, various bacterial
phyla and bacterial or fungal ASVs correlated in distinct
genotypes with high and small yield losses as well as other
plant traits. Therefore, we assume that microorganisms
might have contributed to the minimal delay of the can-
opy closure of the variety Desirée under combined stress
compared to Stirling. Typically involved microbial func-
tions include (i) ACC deaminase enabling the bacteria to
degrade the plant stress hormone ethylene and (ii) a gene
known as plant growth promotion factor involved in pyr-
roloquinoline quinone biosynthesis [47], which we found
in this study in Pseudonocardiales genomes found in the
variety Desirée. Furthermore, the Pseudonocardiales had
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genes encoding sugar and branched amino acid ABC
transporters as well as C4-dicarboxylate two component
systems, pinpointing to the uptake of photosynthesis-
derived plant exudates [48].

Most microbes in the roots and rhizosphere corre-
lated with only a minimal canopy closure delay but none
of those also correlated with genotypes having lower
yield losses under combined stress. Only a Streptomy-
ces ASV_62 was abundant in the rhizospheres and roots
of potato plants with delayed young tuber development
under water and nutrient limitation, a trait which corre-
lated with lower yield loss under combined stress. Con-
cordantly in Arabidopsis thaliana bacterial inoculation
delayed plant development to overcome long-term water
deficits [40], indicating that beneficial microbes delaying
plant development at early stages under combined stress
might be interesting for agricultural application.

In the rhizosphere of the good performer Stirling
compared to Desirée we detected more abundant genes
from biofilm pathways and modules like lipopolysac-
charide production including the Raetz pathway, the
transport of lipoproteins and phospholipids [49]. Xan-
thomonadales are known to produce biofilms in soils
and rhizosphere, alone but also in consortia [50, 51]. In
this study candidates for multispecies biofilms are the
genera Granulicella, Streptomyces and Leifsonia that co-
occurred with Xanthomonadales (Fig. 3, cluster III) and
were described to produce exopolysaccharides [52] or
to be present in biofilms [53]. Sponge-like biofilms can
maintain moisture in the rhizosphere under drought [54],
may contain antimicrobial substances [49] and facilitate
transport of some minerals and nutrients, which could
explain the high abundance of Xanthomonadales in the
well-performing genotypes in this study. Moreover, Stir-
ling rhizosphere metagenomes hosted genes encoding
tryptophan 2-monooxygenase (iaaM) from Xanthomo-
nadales potentially involved in plant-microbe interac-
tions [55]. Interestingly, Na et al. [56] found that under
drought the slower growing genotype of Panicum mil-
ianceaum L., just like the slower growing Stirling in this
study, harboured more Lysobacter (Xanthomonadales) at
flowering, indicating a potential role of some Xanthomo-
nadales in stress-induced growth delay. Under conditions
without stress, Xanthomonadales were more abundant in
the faster growing genotype Desirée, whereas this group
was enriched in a stress-dependent manner in the rhizo-
sphere of Stirling.

The role of mobile genetic elements in rhizobacterial
adaptions to combined stress

Plasmids and bacteriophages (phages) in bacteria often
harbour operons or genes for virulence, quorum sens-
ing, antibiotic resistance, and secondary metabolism.
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Mobile elements may be exchanged between bacteria to
accumulate in populations if needed, thereby enabling
a fast adaption to environmental conditions. However,
there are high energy costs to maintain plasmids and the
lysis of infected bacteria for lytic phage propagation [30].
While plasmids and phages within plant microbiomes
have been rarely described, particularly those involved in
drought and nutrient stress tolerance, we found signifi-
cant differences in plasmids and phages occurring under
combined stress and unstressed conditions. Overall, the
relative abundance of plasmids was reduced under com-
bined water and P limitation, probably because of the
high maintenance costs of plasmids. However, specific
plasmids were more abundant under combined stress.
These plasmids either multiplied in their parent strain
or spread to other bacteria and included for instance
plasmids from Variovorax sp. and Cupriavidus sp., both
known for comprising strains which improve tolerance
of plants to drought [57, 58]. Strikingly, the plasmids
of Cupriavidus sp. were over-represented in Desirée,
indicating a genotype-specific advantage under stress
encoded on those plasmids. Phages, in contrast to plas-
mids, increased in relative abundance under stress in a
genotype-specific manner. Phages typically undergo two
different replication cycles, lytic or lysogenic. In the lytic
cycle, phages replicate inside host cells, which results in
lysis of the host cell and release of progeny viruses. In
the lysogenic cycle, temperate phages integrate in the
host chromosome (as prophages) and the lysogenized
bacterium becomes immune to further infections by the
same virus. Plant microbiota are exposed to stressful
conditions such as the presence of toxic compounds (e.g.,
ROS) when plants are under stress. Such conditions may
induce prophages to enter the lytic cycle further induc-
ing microbial and phage community shifts and potential
induction of horizontal gene transfer. In the rhizosphere
of the good performer Stirling, the suggested biofilm
could limit the relative abundance of phages [59]. So far,
very little information exists on the role of phages in the
plant environment. However, we know from the human
gut that phages play a major role in microbiome develop-
ment and adaptation [60] and think that plant-associated
phages merit further investigation to understand their
role in microbiome modulation and adaptation.

Conclusion

Our results pinpoint to distinct functions and taxa in
rhizobacteria that match the distinct phenotypic potato
stress responses but to which extent they manipulate
plant growth or whether they react to the plant-cho-
sen growth strategy remains to be elucidated. Besides
inter-taxon stress adaptions, we identified changes in
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plasmid and phage diversity and relative abundance
indicating intra-taxon genome adaptions to combined
stress in a genotype-specific manner. Mobile elements
act faster on genomes than genome adaption through
replication and might play an important role in bacte-
rial stress adaption over the time period of a growing
season. In this study potatoes were cultivated under
constant but reduced water supply (combined with P
limitation), therefore, a slower potato growth increased
the total amount of water available over the complete
life cycle. If rhizobacteria and phages shape the pheno-
typic stress pattern of potato plants, engineering root-
associated microorganisms and phages could be used
to ensure a plant stress response matching the needs
and watering regime of the farmer.

Methods

Experimental site, set-up, and sampling

On the 1th of May 2018, at the James Hutton Institute
in Dundee, Scotland, ten Solanum tuberosum geno-
types (eight tetraploids belonging to group Tubero-
sum; two belonging to the diploid group Phureja) were
planted in clay soil (edaphic soil factors, April 2018, pH:
6; Lime req, Arable: 2.5t/ha; Lime req, Grass: 0.0 t/ha;
Extractable Phosphorus: 12.2 mg/l; Extractable Potas-
sium: 242.0 mg/l; Extractable Magnesium: 174.0 mg/l;
Extractable Calcium: 1700 mg/l; Extractable Sodium:
12.80 mg/l; Extractable Sulphur: 1.8 mg/l; Extractable
Copper: 20.9 mg/l; Extractable Manganese: 3.9 mg/l;
Extractable Boron: 0.83 mg/l; Extractable Zinc: 11 mg/];
Organic Matter, LOI: 7.04%). Per variety a character set
is available in the European Cultivated Potato Database
(www.europotato.org/). The genotypes were grown in
polytunnels (9.2 m width x 100 m length; c.f. [61] and
ploidy as well as maturity classes are listed in the Addi-
tional file 1: Table S1. Two treatments were established:
(i) conventional fertilizer application (Defra RB209,
ORIGIN 14-14-21, 1050 kg ha™!, N=ammonium
nitrate) at planting with supplemental irrigation (two
to three 30 min. applications per week) and (ii) con-
ventional fertilizer application but without phospho-
rus fertilizer and with reduced irrigation. The watering
was performed as required and this was based on daily
soil moisture measurements made at 100, 200, 300
and 400 mm depth using a Delta T PR2 probe (Delta
T Devices, Cambridge, UK) at 20 access tube locations
buried throughout the experimental plots. Irrigation
was performed at the surface using a drip irrigation
system. Probe). Soil moisture values are shown in Addi-
tional file 1: Fig. S1C and D. For microbial analysis soil
and plant samples were taken from the 7th to 10th
July, i.e., after 52 days after planting, at constant warm
weather. Each plot consisted of two genotype and two
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border rows (Additional file 1: Fig. S1A, B). Bulk soil
was sampled at random sites between the plots. Out
of eight plants per row in a plot, four with a similar
growth but not the border plants, were selected for
analysis. Using a potato fork, whole plants with root
systems were removed and a representative collection
of 6-10 dirty but shaken root branches (no stolons)
were collected into 50 ml tubes, stored in a cooling box
and samples were prepared for DNA extraction at the
same day. At destructive microbiome sampling, the
largest diameter of each tuber (all called young tubers)
was recorded. In an adjacent experiment, the half-time
to canopy development as well as yield loss (foliage and
tuber; Additional file 1: Fig. S1E,F) were determined.

Sample preparation and DNA extraction

Soil samples were homogenized and particles larger than
0.5 cm were removed. Tubes containing the roots and
25 ml of sterile water were shaken for 3 min. Centrifuga-
tion of the suspension for 10 min at 4000 x g sedimented
the rhizosphere soil. Root samples were (i) washed under
running tap water, (ii) surface sterilized by submerging
them for 5 min in 2.5% NaOCI enriched with one drop
of Tween 20, (iii) washed three times in sterile water and
(iv) dried in the oven (85 °C) overnight. Cut roots (length
0.5 cm) were frozen at —80 °C and homogenized twice
for 1.5 min in a TissueLyser at 30 Hz in two different
orientations. Root powder (40+5 mg), rhizosphere soil
(200+£ 50 mg) and bulk soil (250 £ 10 mg) were stored at
—20 °C in aliquots till DNA extraction, which was per-
formed according to the Qiagen DNeasy Power Soil Kit.
The 2 ml reaction tubes were shaken for 10 min twice in a
TissueLyser at 20 Hz.

Amplicon and shotgun metagenomic sequencing and data
processing

Amplicon library was prepared in a two-step PCR
approach according to Samad et al. [62]. The following
primers bind to targeted DNA in the first PCR: (i) for
bacteria 799f-illumina 5'-TCG TCG GCA GCG TCA
GAT GTG TAT AAG AGA CAG AAC MGG ATT AGA
TAC CCK G-3; 1175r-illumina 5'-GTC TCG TGG
GCT CGG AGA TGT GTA TAA GAG ACA GAC GTC
RTC CCC DCC TTC CTC -3’ and (ii) for fungi ITS1f-
illumina 5'-TCG TCG GCA GCG TCA GAT GTG TAT
AAG AGA CAG CTT GGT CAT TTA GAG GAA GTA
A-3" and ITS2-illumina 5'-GTC TCG TGG GCT CGG
AGA TGT GTA TAA GAG ACA G GCT GCG TTC TTC
ATC GAT GC-3". Each sample was processed in (i) four
biological replicates and (ii) three technical replicates
to (i) consider biological variance and (ii) reduce ran-
dom PCR effects. Bacterial amplicons of 480 bp from
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root-DNA were extracted from 2% agarose gels. enriched
via gel extraction. In the second PCR we indexed each
sample with primers of the Nextera XT Index Kit (Illu-
mina, Inc, USA). A blank DNA-isolation without mate-
rial and a control library (D6305, ZymoBIOMICS, USA)
were included. The samples were sequenced on an Illu-
mina MiSeq at the Competence Unit Bioresources of the
AIT Austrian Institute of Technology in Tulln. Illumina
MiSeq reads were filtered with Bowtie2 v2.3.4.3 [63] to
avoid the presence of Illumina PhiX contamination and
quality was preliminarily checked with FastQC v0.11.9
[64]. Primers were stripped using Cutadapt v1.18 [65].
Sequences were quality filtered, trimmed, denoised and
amplicon sequence variants (ASVs) were generated with
DADA2 v1.14 [66]. Denoised forward and reverse ASV
sequences were merged, and chimeras were removed.
Filtered ASVs were checked using Metaxa2 v2.2.1 [67]
and ITSx v1.1.2 [68], respectively, for targeting the pres-
ence of V3-V4 16S rRNA and ITS1 region, in bacterial
sequences and fungal sequences. Taxonomic assignment
of 165-rRNA-gene ASVs and ITS-based ASVs was per-
formed using the RDP classifier [69] of DADA2 against
the SILVA v138 [70] database and UNITE 8.2 [71] data-
base, respectively. BIOM objects (i.e., count matrices
equipped with taxonomic information) with bacterial
and fungal counts were built and imported into the R sta-
tistical environment.

For shotgun metagenomics the DNA was cleaned fol-
lowing the Microcon Ultracel YM-30 (Merck, Germany)
protocol. Using three biological replicates, the Vienna
Bio Core Facility prepared the DNA library with the
NGS DNA Library Prep Kit (Westburg, Netherlands)
and 2 x 150 bp sequencing was conducted on a NovaSeq
(Illumina, USA). Illumina’s PhiX reads were filtered out of
the sequencing data with Bowtie2 v2.3.4.3 [56]. Filtered
reads were processed using fastp v0.20.1 [72] with a cut-
ting-by-quality sliding-window approach from 5 to tail
and 3’ to the front of each read. The selected window size
was 4 bp with a minimum quality of Q20. Adapters were
auto-detected and removed. A quality check was carried
out with FastQC v0.11.9 [64]. Fastp and FastQC output
summaries, respectively, were inspected using MultiQC
v1.9 [73]. The metagenomic reads were used to generate
four different datasets. (i) BIOM tables of archaea, bacte-
ria, fungi, phages and plasmids; (ii) metagenome assem-
bled genomes (MAGs); (iii) abundance table of reads
mapping against the antibiotic resistance gene database;
and (iv) annotated genes and gene-fragments with their
abundance.

Ad (i) In more detalil, filtered reads were classified with
Kraken2 v2.0.9 [74] (confidence=0.1) against archaeal,
bacterial, and fungal genomes downloaded from the
NCBI Reference Sequence Database (RefSeq), using the
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kraken-build routine. The fungal sequence database was
then integrated with all fungal genomes available in Gen-
Bank, downloaded using the “ncbi-genome-download”
script [75]. The plasmid sequence database was built
upon data available from NCBI's RefSeq repository. Bac-
teriophage sequences were downloaded from GenBank
using the NCBI’s E-utilities [76]. All sequences were
downloaded, and databases were built between July and
August 2020. Abundance estimation of Kraken2 results
was inferred using Bracken v2.6.0 [77] and BIOM tables
were generated using the kraken-biom v1.0.1 [78] utility.

Ad (ii) Classified archaeal, bacterial, and fungal reads,
respectively, were then assembled using MEGAHIT
v1.2.9 [79]. Metagenomic assemblies were performed
following the recommended settings for low-depth soil
metagenomic data and only assembled contigs with a
minimum length of 1000 bp were kept. Contigs were
later checked by BLAST search against the entire NCBI
nt database (downloaded in August 2020) and hits were
processed employing BlobTools v1.1.1 [80]. Gene pre-
diction and annotation of archaeal and bacterial con-
tigs were carried out with MetaProdigal v2.6.3 [81] and
Prokka v1.14.5 [82]. Gene prediction of fungal contigs
was performed with GeneMark-ES Suite v4.33 [83]. The
binning of metagenomic contigs was carried out with
MetaBat 2 [84] and MaxBin v2.2.7 [85]. For MetaBat 2,
an iterative strategy was adopted by looping the binning
with all possible combinations of values for “—maxP”
(percentage of contigs for binning) and “—minS” (mini-
mum edge score for binning) in a range of min=60
and max =95, with an increment of 5, whereas for the
“—maxEdges” parameter (maximum number of edges
per node), the values ranged between min=200 and
max = 500, with an increment of 50 at each loop. Each
resulting binning set was than evaluated with CheckM
[86] by considering a completeness>50%, a contami-
nation < 10% and total number of bins. For MaxBin, a
probability threshold of 0.8 was chosen. For both Meta-
Bat 2 and MaxBin, the minimum required length of
each MAG was set to 1500 bp. MetaBat 2 and MaxBin
outputs, respectively, were then combined using DAS
Tool v1.1.2 [87], with a score threshold of 0.25. Final
MAGs quality was then assessed using CheckM and
taxonomy classification was assigned with GTDB-Tk
v1.3.0 [88].

Ad (iii) The antimicrobial resistance (AMR) reference
gene data (PRJNA313047) were downloaded on 11t of
June 2020 and sequences were used to build a BLAST
database. Magic-BLAST [89] was utilized to map previ-
ously classified Kraken-Bracken reads against the AMR
database, with a similarity of 99%. Alignment files were
processed with SAMtools v1.10 [90] and BamTools
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v2.5.1 [91] and mapping results were used to build a
table for statistical analysis.

Ad (iv) Magic-BLAST [89] was used to map clas-
sified reads against a database built upon previously
predicted genes from bacterial metagenomic contigs.
BAM alignment files were processed, and a table was
generated for further analysis. Functional annotation of
predicted proteins was carried out with eggNOG v2.0.3
[92] against the eggNOG DB v5.0.1 [93] and the output
was filtered as follows: we excluded (i) non-bacterial tax
levels (ii) unspecific gene functions (matching to more
than three different KEGG orthologous) and (iii) KEGG
functions related to human diseases. The annotation of
gene clusters for secondary metabolite biosynthesis was
performed with antiSMASH v5.2.0 [94].

Data analysis

Data analysis was done in R studio using the packages phy-
loseq [95], tidyverse [96] to organize data and vegan [97]
and RAM for ecological measurements. Bray—Curtis dis-
tance estimated the bacterial community dissimilarities
between the individual samples. The resulting beta-diver-
sity was visualized through nonmetric multidimensional
scaling (NMDS), principal coordinate analysis (PCoA)
or boxplots. A general linear model evaluated the coeffi-
cients of stress-treatment, sample type or genotype for the
NMDS or PCoA-scores. Analysis of variance (ANOVA)
tested the relevance of this model for our data. Species
richness corresponds to the number of distinct ASVs and
alpha diversity to the Shannon index. Significant differ-
ences in the alpha diversity and microbial species richness
between sample types were calculated using the Wilcoxon
test for p value smaller 0.05. For further analyses reproduc-
ible reoccurring core microbiota (detected in at least three
out of four replicates) were considered. The taxonomic
networks determined by metacoder R-package [98] used
the Wilcoxon-test for colouring significant differences
in taxonomic abundance at each taxonomic rank. Fold
changes for ASVs were calculated by DESeq2 [99] and dis-
tinct ASVs selected by a false discovery rate (FDR) smaller
than 0.05. Core ASVs in samples under stress conditions
that correlated in normalized abundance with phenotypic
stress responses of tetraploid potatoes were determined
via spearman correlations and a p value smaller than 0.05.
Stress response per genotype represents the percentual
change between yield, foliage mass, half-time canopy clo-
sure, number young tubers and diameter of largest tuber
under stress and non-stress conditions. Abundance tables
of the shotgun dataset for taxa, MAGs, antibiotic resist-
ance genes and eggNOG annotated-genes were analysed
in the same way as ASV-tables but differentially filtered.
We considered taxa that occurred in two out of three rep-
licates, antibiotic resistance genes with a coverage larger
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than 20% in two out of three replicates, eggNOG gene frag-
ments with a coverage larger than 50% in two out of three
replicates. To identify distinct abundances at a higher func-
tional level the associated reads were summarized and used
for Foldchange analysis [99]. To identify over-represented
functions within one taxonomic group we combined per
sample sequences assigned either to (i) Actinobacteria, (ii)
Alphaproteobacteria or (iii) Beta-/and Gammaproteobac-
teria and their lower taxonomic ranks by eggNOG (best
taxonomic level). Normalized reads were DESeq2’s median
of ratios. In the KEGG-database each pathway consists of
several KEGG-orthologues. Distinct abundant pathways
were considered if we detected at least five differentially
abundant gene-fragments that represented at least five dis-
tinct KEGG-orthologues. Additionally, KEGG functions at
Level C were removed if less than 20% of known KEGG-
orthologues were present in our dataset. All significant
differentially abundant assembled genes were assigned to
pathways by the web-tool KEGG Mapper-Search & Color
Pathway [100] to identify submodules. Analyses were visu-
alized in R by ggforce [101], pheatmat [102], formattable
[103] and ggplot2 [104]. Layout was adapted in Inkscape
(https://inkscape.org).

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/540793-023-00469-x.

[ Additional file 1. Supplementary Information. }

Acknowledgements

We thank Branislav Nikolic and Theresa Ringwald form AIT for their support
in laboratory work. We also acknowledge Natacha Bodenhausen from the
Research Institute of Organic Agriculture (FiBL) for help in designing the
sampling protocol. We thank our colleagues from the James Hutton Institute
(Lawrie Brown, Timothy George, Susan Mitchell, David Roberts, Jacqueline
Thompson, and Gladys Wright) for potato cultivation, stress application, phe-
notypic potato trait measurements and the support in the laboratory. Finally,
we are very grateful to the whole SolACE-team, who gave feedback at early
stages of the study.

Author contributions

AS conceived and designed the research plan. HF, PW, SS and FT performed
research. LA supported the bioinformatics analysis, which was mostly done by
HF. HF wrote the paper with contributions of AS and FT. All authors read and
approved the final manuscript.

Funding

This study is part of the SOlACE (https://www.solace-eu.net/) project and
has received funding from the European Union’s Horizon 2020 research and
innovation programme under grant agreement N°727247.

Availability of data and materials

The datasets generated and analysed during the current study are available in
the NCBI repository, in the bioproject PRINA720816.

Declarations

Ethics approval and consent to participate
Not applicable.


https://inkscape.org
https://doi.org/10.1186/s40793-023-00469-x
https://doi.org/10.1186/s40793-023-00469-x
https://www.solace-eu.net/

Faist et al. Environmental Microbiome

(2023) 18:18

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Bioresources Unit, AIT Austrian Institute of Technology, Konrad-Lorenz-StraRe
24,3430 Tulln, Austria. *Soil Science Department, Research Institute of Organic
Agriculture (FiBL), Ackerstrae 113, 5070 Frick, Switzerland. The James Hutton
Institute, Invergowrie, Dundee DD2 5DA, UK.

Received: 15 April 2022 Accepted: 10 February 2023
Published online: 14 March 2023

References

1.

Hijmans RJ. The effect of climate change on global potato production.
Am J Potato Res. 2003;80(4):271-9. https://doi.org/10.1007/bf02855363.
Dechassa N, Schenk M, Claassen N, Steingrobe B. Phosphorus efficiency
of cabbage (Brassica oleraceae L. var. capitata), carrot (Daucus carota L),
and potato (Solanum tuberosum L). Plant Soil. 2004;250:215-24. https://
doi.org/10.1023/A:1022804112388.

Wacker-Fester K, Uptmoor R, Pfahler V, Dehmer KJ, Bachmann-Pfabe

S, Kavka M. Genotype-specific differences in phosphorus efficiency of
potato (Solanum tuberosum L.). Front Plant Sci. 2019. https://doi.org/10.
3389/fpls.2019.01029.

Dahal K, Li X-Q, Tai H, Creelman A, Bizimungu B. Improving potato stress
tolerance and tuber yield under a climate Change scenario—a current

overview. Front Plant Sci. 2019;10:563. https://doi.org/10.3389/fpls.2019.

00563.

Inbaraj MP. Plant-microbe interactions in alleviating abiotic stress—a
mini review. Front Agron. 2021. https://doi.org/10.3389/fagro.2021.
667903.

Berg G, Rybakova D, Fischer D, Cernava T, Verges MC, Charles T,

et al. Microbiome definition re-visited: old concepts and new
challenges. Microbiome. 2020;8(1):103. https://doi.org/10.1186/
540168-020-00875-0.

Trivedi P, Leach JE, Tringe SG, Sa T, Singh BK. Plant-microbiome interac-
tions: from community assembly to plant health. Nat Rev Microbiol.
2020;18:607-21. https://doi.org/10.1038/541579-020-0412-1.

Philippot L, Raaijmakers JM, Lemanceau P, van der Putten WH. Going
back to the roots: the microbial ecology of the rhizosphere. Nat Rev
Microbiol. 2013;11:789-99. https://doi.org/10.1038/nrmicro3109.
Compant S, Cambon MC, Vacher C, Mitter B, Samad A, Sessitsch A. The
plant endosphere world—bacterial life within plants. Environ Microbiol.
2020. https://doi.org/10.1111/1462-2920.15240.

Vorholt JA. Microbial life in the phyllosphere. Nat Rev Microbiol.
2012;10:828-40. https://doi.org/10.1038/nrmicro2910.

Xu L, Coleman-Derr D. Causes and consequences of a conserved bacte-
rial root microbiome response to drought stress. Curr Opin Microbiol.
2019;49:1-6. https://doi.org/10.1016/j.mib.2019.07.003.

Pfeiffer S, Mitter B, Oswald A, Schloter-Hai B, Schloter M, Declerck S,

et al. Rhizosphere microbiomes of potato cultivated in the High Andes
show stable and dynamic core microbiomes with different responses
to plant development. FEMS Microbiol Ecol. 2017. https://doi.org/10.
1093/femsec/fiw242.

Fitzpatrick CR, Mustafa Z, Viliunas J. Soil microbes alter plant fitness
under competition and drought. J Evol Biol. 2019;32:438-50. https://
doi.org/10.1111/jeb.13426.

Fitzpatrick CR, Copeland J, Wang PW, Guttman DS, Kotanen PM,
Johnson MTJ. Assembly and ecological function of the root micro-
biome across angiosperm plant species. Proc Natl Acad Sci U S A.
2018;115:E1157-65. https://doi.org/10.1073/pnas.1717617115.
Santos-Medellin C, Edwards J, Liechty Z, Nguyen B, Sundaresan V.
Drought stress results in a compartment-specific restructuring of the
rice root-associated microbiomes. MBio. 2017. https://doi.org/10.1128/
mBio.00764-17.

Naylor D, DeGraaf S, Purdom E, Coleman-Derr D. Drought and host
selection influence bacterial community dynamics in the grass root

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

Page 17 of 19

microbiome. ISME J. 2017;11:2691-704. https://doi.org/10.1038/ismej.
2017.118.

Finkel OM, Salas-Gonzalez |, Castrillo G, Spaepen S, Law TF, Lima Texeira
PPJ, Jones CD. The effects of soil phosphorus content on plant micro-
biota are driven by the plant phosphate starvation response. PLOS Biol.
2019;17(11):23000534. https://doi.org/10.1371/journal. pbio.3000534.
Leech FJ, Richardson AE, Kertesz MA, Orchard BA, Banerjee S, Graham P.
Comparative effect of alternative fertilisers on pasture production, soil
properties and soil microbial community structure. Crop Pasture Sci.
2019. https://doi.org/10.1071/cp19018.

Glick BR, Cheng Z, Czarny J, Duan J. Promotion of plant growth by ACC
deaminase-producing soil bacteria. Eur J Plant Pathol. 2007;119:329-39.
https://doi.org/10.1007/510658-007-9162-4.

Glick BR, Penrose DM, Li J. A model for the lowering of plant ethylene
concentrations by plant growth-promoting bacteria. J Theor Biol.
1998;190:63-8. https://doi.org/10.1006/jtbi.1997.0532.

Sessitsch A, Hardoim P, Doring J, Weilharter A, Krause A, Woyke T, et al.
Functional characteristics of an endophyte community colonizing rice
roots as revealed by metagenomic analysis. Mol Plant Microbe Interact.
2012;25:28-36. https://doi.org/10.1094/MPMI-08-11-0204.
Sheibani-Tezerji R, Rattei T, Sessitsch A, Trognitz F, Mitter B. Transcrip-
tome profiling of the endophyte Burkholderia phytofirmans PsJN
indicates sensing of the plant environment and drought stress. MBio.
2015;6:00621-e715. https://doi.org/10.1128/mBio.00621-15.

Ngumbi E, Kloepper J. Bacterial-mediated drought tolerance: Current
and future prospects. Appl Soil Ecol. 2016;105:109-25. https://doi.org/
10.1016/j.aps0il.2016.04.009.

Hinsinger P, Herrmann L, Lesueur D, Robin A, Trap J, Waithaisong K,

et al. Impact of roots, microorganisms and microfauna on the fate of
soil phosphorus in the rhizosphere. Ann Plant Rev. 2015;48:375-407.
https://doi.org/10.1002/9781118958841.ch13.

Inbaraj MP. Plant-microbe interactions in alleviating abiotic stress—a
mini review. Front Agron. 2021;3:28. https://doi.org/10.3389/fagro.2021.
667903.

Leopold DR, Busby PE. Host genotype and colonist arrival order

jointly govern plant microbiome composition and function. Cur Biol.
2020;30:3260-6. https://doi.org/10.1016/j.cub.2020.06.011.

Simonin M, Dasilva C, Terzi V, Ngonkeu ELM, Diouf D, Kane A, et al. Influ-
ence of plant genotype and soil on the wheat rhizosphere microbiome:
evidences for a core microbiome across eight African and European
soils. FEMS Microbiol Ecol. 2020;96:fiaa67. https://doi.org/10.1093/
femsec/fiaa067.

Wagner MR. Prioritizing host phenotype to understand microbiome
heritability in plants. New Phytol. 2021;232:502-9. https://doi.org/10.
1111/nph.17622.

Koskella B, Brockhurst MA. Bacteria—phage coevolution as a driver of
ecological and evolutionary processes in microbial communities. FEMS
Microbiol Rev. 2014;38:916-31. https://doi.org/10.1111/1574-6976.
12072.

Obeng N, Pratama AA, van Elsas JD. The significance of mutualis-

tic phages for bacterial ecology and evolution. Trends Microbiol.
2016;24:440-9. https://doi.org/10.1016/j.tim.2015.12.009.

Gao C, Montoya L, Xu L, Madera M, Hollingsworth J, Purdom E, et al.
Fungal community assembly in drought-stressed sorghum shows sto-
chasticity, selection, and universal ecological dynamics. Nat Commun.
2020;11:34. https://doi.org/10.1038/541467-019-13913-9.

Teakle DS, Thomas BJ. Effect of heat on zoospore motility and
multiplication of Olpidium radicale and O. brassicae. Ann Appl Biol.
1985;107(1):11-5. https://doi.org/10.1111/).1744-7348.1985.tb0 1542 x.
de Oliveira TB, de Lucas RC, Scarcella ASA, Contato AG, Pasin TM,
Martinez CA, et al. Fungal communities differentially respond to warm-
ing and drought in tropical grassland soil. Mol Ecol. 2020;29:1550-9.
https://doi.org/10.1111/mec.15423.

ShiH, Zhu JK. SOS4, a pyridoxal kinase gene, is required for root hair
development in Arabidopsis. Plant Physiol. 2002;129:585-93. https://
doi.org/10.1104/pp.001982.

Streit WR, Joseph CM, Phillips DA. Biotin and other water-soluble vita-
mins are key growth factors for alfalfa root colonization by Rhizobium
meliloti 1021. Mol Plant Microbe Interact. 1996;9(5):330-8. https://doi.
0rg/10.1094/mpmi-9-0330.


https://doi.org/10.1007/bf02855363
https://doi.org/10.1023/A:1022804112388
https://doi.org/10.1023/A:1022804112388
https://doi.org/10.3389/fpls.2019.01029
https://doi.org/10.3389/fpls.2019.01029
https://doi.org/10.3389/fpls.2019.00563
https://doi.org/10.3389/fpls.2019.00563
https://doi.org/10.3389/fagro.2021.667903
https://doi.org/10.3389/fagro.2021.667903
https://doi.org/10.1186/s40168-020-00875-0
https://doi.org/10.1186/s40168-020-00875-0
https://doi.org/10.1038/s41579-020-0412-1
https://doi.org/10.1038/nrmicro3109
https://doi.org/10.1111/1462-2920.15240
https://doi.org/10.1038/nrmicro2910
https://doi.org/10.1016/j.mib.2019.07.003
https://doi.org/10.1093/femsec/fiw242
https://doi.org/10.1093/femsec/fiw242
https://doi.org/10.1111/jeb.13426
https://doi.org/10.1111/jeb.13426
https://doi.org/10.1073/pnas.1717617115
https://doi.org/10.1128/mBio.00764-17
https://doi.org/10.1128/mBio.00764-17
https://doi.org/10.1038/ismej.2017.118
https://doi.org/10.1038/ismej.2017.118
https://doi.org/10.1371/journal.pbio.3000534
https://doi.org/10.1071/cp19018
https://doi.org/10.1007/s10658-007-9162-4
https://doi.org/10.1006/jtbi.1997.0532
https://doi.org/10.1094/MPMI-08-11-0204
https://doi.org/10.1128/mBio.00621-15
https://doi.org/10.1016/j.apsoil.2016.04.009
https://doi.org/10.1016/j.apsoil.2016.04.009
https://doi.org/10.1002/9781118958841.ch13
https://doi.org/10.3389/fagro.2021.667903
https://doi.org/10.3389/fagro.2021.667903
https://doi.org/10.1016/j.cub.2020.06.011
https://doi.org/10.1093/femsec/fiaa067
https://doi.org/10.1093/femsec/fiaa067
https://doi.org/10.1111/nph.17622
https://doi.org/10.1111/nph.17622
https://doi.org/10.1111/1574-6976.12072
https://doi.org/10.1111/1574-6976.12072
https://doi.org/10.1016/j.tim.2015.12.009
https://doi.org/10.1038/s41467-019-13913-9
https://doi.org/10.1111/j.1744-7348.1985.tb01542.x
https://doi.org/10.1111/mec.15423
https://doi.org/10.1104/pp.001982
https://doi.org/10.1104/pp.001982
https://doi.org/10.1094/mpmi-9-0330
https://doi.org/10.1094/mpmi-9-0330

Faist et al. Environmental Microbiome

36.

37.

38.

39.

40.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

(2023) 18:18

Zhang S, Yang X, Sun M, Sun F, Deng S, Dong H. Riboflavin-induced
priming for pathogen defense in Arabidopsis thaliana. J Integr Plant Biol.
2009;51:167-74. https://doi.org/10.1111/}.1744-7909.2008.00763 X.
Palacios OA, Bashan Y, de-Bashan LE. Proven and potential involvement
of vitamins in interactions of plants with plant growth-promoting
bacteria—an overview. Biol Fertil Soils. 2014;50:415-32. https://doi.org/
10.1007/500374-013-0894-3.

Havaux M, Ksas B, Szewczyk A, Rumeau D, Franck F, Caffarri S, et al.
Vitamin B6é deficient plants display increased sensitivity to high light
and photo-oxidative stress. BMC Plant Biol. 2009;9:130. https://doi.org/
10.1186/1471-2229-9-130.

Vilchez JI, Garcia-Fontana C, Roman-Naranjo D, Gonzalez-Lopez J,
Manzanera M. Plant drought tolerance enhancement by trehalose
production of desiccation-tolerant microorganisms. Front Microbiol.
2016;7:1577. https://doi.org/10.3389/fmicb.2016.01577.

Kaya C, Senbayram M, Akram NA, Ashraf M, Alyemeni MN, Ahmad P. Sul-
fur-enriched leonardite and humic acid soil amendments enhance tol-
erance to drought and phosphorus deficiency stress in maize (Zea mays
L.). Sci Rep. 2020;10:6432. https://doi.org/10.1038/541598-020-62669-6.
Eich-Greatorex S, Krogstad T, Sogn TA. Effect of phosphorus status of
the soil on selenium availability. J Plant Nutr Soil Sci. 2010;173:337-44.
https://doi.org/10.1002/jpIn.200900004.

Li HF, McGrath SP, Zhao FJ. Selenium uptake, translocation and
speciation in wheat supplied with selenate or selenite. New Phytol.
2008;178:92-102. https://doi.org/10.1111/j.1469-8137.2007.02343 X.
Aliche EB, Oortwijn M, Theeuwen TPJM, Bachem CWB, Visser RGF, van
der Linden CG. Drought response in field grown potatoes and the
interactions between canopy growth and yield. Agric Water Manag.
2018;206:20-30. https://doi.org/10.1016/j.agwat.2018.04.013.

Baldan E, Nigris S, Romualdi C, D'Alessandro S, Clocchiatti A, Zottini M,
et al. Beneficial bacteria isolated from grapevine inner tissues shape
Arabidopsis thaliana roots. PLoS ONE. 2015;10:e0140252. https://doi.
org/10.1371/journal.pone.0140252.

Bresson J, Varoquaux F, Bontpart T, Touraine B, Vile D. The PGPR strain
Phyllobacterium brassicacearum STM196 induces a reproductive delay
and physiological changes that result in improved drought tolerance in
Arabidopsis. New Phytol. 2013;200:558-69. https://doi.org/10.1111/nph.
12383.

Hou S, Wolinska KW, Hacquard S. Microbiota-root-shoot-environment
axis and stress tolerance in plants. Curr Opin Plant Biol. 2021;62:102028.
https://doi.org/10.1016/j.pbi.2021.102028.

Choi O, Kim J, Kim JG, Jeong Y, Moon JS, Park CS, et al. Pyrroloquinoline
quinone is a plant growth promotion factor produced by Pseudomonas
fluorescens B16. Plant Physiol. 2008;146:657-68. https://doi.org/10.
1016/j.agwat.2018.04.013.

Zhalnina K, Louie KB, Hao Z, Mansoori N, da Rocha UN, Shi S, et al.
Dynamic root exudate chemistry and microbial substrate preferences
drive patterns in rhizosphere microbial community assembly. Nat
Microbiol. 2018;3:470-80. https://doi.org/10.1038/541564-018-0129-3.
Castiblanco LF, Sundin GW. New insights on molecular regulation

of biofilm formation in plant-associated bacteria. J Integr Plant Biol.
2016;58:362-72. https://doi.org/10.1111/jipb.12428.

Berendsen RL, Vismans G, Yu K, Song Y, de Jonge R, Burgman WP, et al.
Disease-induced assemblage of a plant-beneficial bacterial consortium.
ISME J. 2018;12:1496-507. https://doi.org/10.1038/541396-018-0093-1.
Ren D, Madsen JS, Sorensen SJ, Burmolle M. High prevalence of biofilm
synergy among bacterial soil isolates in cocultures indicates bacterial
interspecific cooperation. ISME J. 2015;9:81-9. https://doi.org/10.1038/
ismej.2014.96.

Kielak AM, Barreto CC, Kowalchuk GA, van Veen JA, Kuramae EE. The
ecology of Acidobacteria: moving beyond genes and genomes. Front
Microbiol. 2016;7:744. https://doi.org/10.3389/fmicb.2016.00744.

Guo Q, ShiM, Chen L, Zhou J, Zhang L, LiY, et al. The biocontrol agent
Streptomyces pactum increases Pseudomonas koreensis populations in
the rhizosphere by enhancing chemotaxis and biofilm formation. Soil
Biol Biochem. 2020. https://doi.org/10.1016/].50ilbi0.2020.107755.
Kumar M, Mishra S, Dixit V, Kumar M, Agarwal L, Chauhan PS, et al. Syn-
ergistic effect of Pseudomonas putida and Bacillus amyloliquefaciens
ameliorates drought stress in chickpea (Cicer arietinum L.). Plant Signal
Behav. 2016;11:e1071004. https://doi.org/10.1080/15592324.2015.
1071004,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Page 18 of 19

Costacurta A, Mazzafera P, Rosato YB. Indole-3-acetic acid biosynthesis
by Xanthomonas axonopodis pv. citri is increased in the presence of
plant leaf extracts. FEMS Microbiol Lett. 1998;159:215-20. https://doi.
org/10.1111/j.1574-6968.1998.tb 12863 x.

Na X, Cao X, Ma C,Ma S, Xu P, Liu S, et al. Plant stage, not drought stress,
determines the effect of cultivars on bacterial community diversity

in the rhizosphere of broomcorn millet (Panicum miliaceum L.). Front
Microbiol. 2019;10:828. https://doi.org/10.3389/fmicb.2019.00828.
Pereira SIA, Abreu D, Moreira H, Vega A, Castro PML. Plant growth-
promoting rhizobacteria (PGPR) improve the growth and nutrient use
efficiency in maize (Zea mays L.) under water deficit conditions. Heliyon.
2020;6:205106. https://doi.org/10.1016/j.heliyon.2020.e05106.

Sharp RG, Chen L, Davies WJ. Inoculation of growing media with the
rhizobacterium Variovorax paradoxus 5C-2 reduces unwanted stress
responses in hardy ornamental species. Sci Hortic. 2011;129:804-11.
https://doi.org/10.1016/j.scienta.2011.03.016.

Scanlan PD. Bacteria-bacteriophage coevolution in the human gut:
implications for microbial diversity and functionality. Trends Microbiol.
2017:25:614-23. https://doi.org/10.1016/).tim.2017.02.012.

Hansen MF, Svenningsen SL, Roder HL, Middelboe M, Burmolle M. Big
impact of the tiny: bacteriophage-bacteria interactions in biofilms.
Trends Microbiol. 2019;27:739-52. https://doi.org/10.1016/}.tim.2019.04.
006.

Wishart J, George TS, Brown LK, White PJ, Ramsay G, Jones H, et al. Field
phenotyping of potato to assess root and shoot characteristics associ-
ated with drought tolerance. Plant Soil. 2014;378:351-63. https://doi.
0rg/10.1007/511104-014-2029-5.

Samad A, Trognitz F, Compant S, Antonielli L, Sessitsch A. Shared and
host-specific microbiome diversity and functioning of grapevine and
accompanying weed plants. Environ Microbiol. 2017;19:1407-24.
https://doi.org/10.1111/1462-2920.13618.

Langmead B, Salzberg SL. Fast gapped-read alignment with Bowtie 2.
Nat Methods. 2012;9:357-9. https://doi.org/10.1038/nmeth.1923.
Andrews S. FastQC: a quality control tool for high throughput sequence
data. Available online at: http://www.bioinformatics.babraham.ac.uk/
projects/fastqc. 2010.

Martin M. Cutadapt removes adapter sequences from high-throughput
sequencing reads. EMBnet J. 2011;17:10-2. https://doi.org/10.14806/ej.
17.1.200.

Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP.
DADAZ2: High resolution sample inference from lllumina amplicon data.
Nat Methods. 2016;13:581-3. https://doi.org/10.1038/nmeth.3869.
Bengtsson-Palme J, Thorell K, Wurzbacher C, Sjéling A, Nilsson RH.
Metaxa2 Diversity Tools: easing microbial community analysis with
Metaxa2. Eco Inform. 2016;33:45-50. https://doi.org/10.1016/j.ecoinf.
2016.04.004.

Bengtsson-Palme J, Ryberg M, Hartmann M, Branco S, Wang Z, Godhe
A, et al. Improved software detection and extraction of ITS1 and ITS2
from ribosomal ITS sequences of fungi and other eukaryotes for analy-
sis of environmental sequencing data. Methods Ecol Evol. 2013;4:914-9.
https://doi.org/10.1111/2041-210X.12073.

Wang Q, Garrity GM, Tiedje JM, Cole JR. Naive Bayesian classifier for
rapid assignment of rRNA sequences into the new bacterial taxonomy.
Appl Environ Microbiol. 2007;73:5261-7. https://doi.org/10.1128/AEM.
00062-07.

Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, et al. The SILVA
ribosomal RNA gene database project: improved data processing and
web-based tools. Nucleic Acids Res. 2013;41(Database issue):D590-6.
https://doi.org/10.1093/nar/gks1219.

Nilsson RH, Larsson K-H, Taylor AFS, Bengtsson-Palme J, Jeppesen TS,
Schigel D, et al. The UNITE database for molecular identification of
fungi: handling dark taxa and parallel taxonomic classifications. Nucleic
Acids Res. 2019;47:D259-64. https://doi.org/10.1093/nar/gky1022.
Chen S, Zhou Y, Chen Y, Gu J. fastp: an ultra-fast all-in-one FASTQ
preprocessor. Bioinformatics. 2018;34:i884-90. https://doi.org/10.1093/
bioinformatics/bty560.

Ewels P, Magnusson M, Lundin S, Kéller M. MultiQC: summarize analysis
results for multiple tools and samples in a single report. Bioinformatics.
2016;32:3047-8. https://doi.org/10.1093/bioinformatics/btw354.


https://doi.org/10.1111/j.1744-7909.2008.00763.x
https://doi.org/10.1007/s00374-013-0894-3
https://doi.org/10.1007/s00374-013-0894-3
https://doi.org/10.1186/1471-2229-9-130
https://doi.org/10.1186/1471-2229-9-130
https://doi.org/10.3389/fmicb.2016.01577
https://doi.org/10.1038/s41598-020-62669-6
https://doi.org/10.1002/jpln.200900004
https://doi.org/10.1111/j.1469-8137.2007.02343.x
https://doi.org/10.1016/j.agwat.2018.04.013
https://doi.org/10.1371/journal.pone.0140252
https://doi.org/10.1371/journal.pone.0140252
https://doi.org/10.1111/nph.12383
https://doi.org/10.1111/nph.12383
https://doi.org/10.1016/j.pbi.2021.102028
https://doi.org/10.1016/j.agwat.2018.04.013
https://doi.org/10.1016/j.agwat.2018.04.013
https://doi.org/10.1038/s41564-018-0129-3
https://doi.org/10.1111/jipb.12428
https://doi.org/10.1038/s41396-018-0093-1
https://doi.org/10.1038/ismej.2014.96
https://doi.org/10.1038/ismej.2014.96
https://doi.org/10.3389/fmicb.2016.00744
https://doi.org/10.1016/j.soilbio.2020.107755
https://doi.org/10.1080/15592324.2015.1071004
https://doi.org/10.1080/15592324.2015.1071004
https://doi.org/10.1111/j.1574-6968.1998.tb12863.x
https://doi.org/10.1111/j.1574-6968.1998.tb12863.x
https://doi.org/10.3389/fmicb.2019.00828
https://doi.org/10.1016/j.heliyon.2020.e05106
https://doi.org/10.1016/j.scienta.2011.03.016
https://doi.org/10.1016/j.tim.2017.02.012
https://doi.org/10.1016/j.tim.2019.04.006
https://doi.org/10.1016/j.tim.2019.04.006
https://doi.org/10.1007/s11104-014-2029-5
https://doi.org/10.1007/s11104-014-2029-5
https://doi.org/10.1111/1462-2920.13618
https://doi.org/10.1038/nmeth.1923
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1016/j.ecoinf.2016.04.004
https://doi.org/10.1016/j.ecoinf.2016.04.004
https://doi.org/10.1111/2041-210X.12073
https://doi.org/10.1128/AEM.00062-07
https://doi.org/10.1128/AEM.00062-07
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/nar/gky1022
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1093/bioinformatics/btw354

Faist et al. Environmental Microbiome

74.

75.
76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91

92.

93.

94.

(2023) 18:18

Wood DE, Lu J, Langmead B. Improved metagenomic analysis

with Kraken 2. Genome Biol. 2019,20:257. https://doi.org/10.1186/
$13059-019-1891-0.

Blin K. kblin/ncbi-genome-download, https://github.com/kblin/ncbi-
genome-download. Python. 2019.

Sayers E. A General Introduction to the E-utilities. National Center for
Biotechnology Information (US); 2010.

Lu J, Breitwieser FP, Thielen P, Salzberg SL. Bracken: estimating species
abundance in metagenomics data. Peer) Comput Sci. 2017,3:e104.
https://doi.org/10.7717/peerj-cs.104.

Dabdoub S. smdabdoub/kraken-biom https://github.com/smdab
doub/kraken-biom. Python. 2021.

Li D, Liu C-M, Luo R, Sadakane K, Lam T-W. MEGAHIT: an ultra-fast single-
node solution for large and complex metagenomics assembly via
succinct de Bruijn graph. Bioinformatics. 2015;31:1674-6. https://doi.
org/10.1093/bioinformatics/btv033.

Dominik RL, Georgios K, Tim B, Jason S, Sujai K. BlobTools v1.0.1.
Zenodo; 2017.

Hyatt D, Chen G-L, LoCascio PF, Land ML, Larimer FW, Hauser LJ.
Prodigal: prokaryotic gene recognition and translation initiation site
identification. BMC Bioinform. 2010;11:119. https://doi.org/10.1186/
1471-2105-11-119.

SeemannT. Prokka: rapid prokaryotic genome annotation. Bioinformat-
ics. 2014;30:2068-9. https://doi.org/10.1093/bioinformatics/btu153.
Borodovsky M, Lomsadze A. Eukaryotic Gene Prediction Using
GeneMark.hmm-E and GeneMark-ES. Curr Protoc Bioinformatics.
2011,CHAPTER:Unit-4.610. https://doi.org/10.1002/0471250953.bi040
6s35.

Kang DD, Li F, Kirton E, Thomas A, Egan R, An H, et al. MetaBAT 2: an
adaptive binning algorithm for robust and efficient genome recon-
struction from metagenome assemblies. Peer). 2019. https://doi.org/10.
7717/peerj.7359.

Wu Y-W, Simmons BA, Singer SW. MaxBin 2.0: an automated binning
algorithm to recover genomes from multiple metagenomic datasets.
Bioinformatics. 2016;32:605-7. https://doi.org/10.1093/bioinformatics/
btv638.

Parks DH, Imelfort M, Skennerton CT, Hugenholtz P, Tyson GW. CheckM:
assessing the quality of microbial genomes recovered from isolates,
single cells, and metagenomes. Genome Res. 2015;25:1043-55. https://
doi.org/10.1101/gr.186072.114.

Sieber CMK, Probst AJ, Sharrar A, Thomas BC, Hess M, Tringe SG, et al.
Recovery of genomes from metagenomes via a dereplication, aggrega-
tion and scoring strategy. Nat Microbiol. 2018;3:836-43. https://doi.org/
10.1038/541564-018-0171-1.

Chaumeil P-A, Mussig AJ, Hugenholtz P, Parks DH. GTDB-Tk: a toolkit to
classify genomes with the Genome Taxonomy Database. Bioinformat-
ics. 2020;36:1925-7. https://doi.org/10.1093/bioinformatics/btz848.
Boratyn GM, Thierry-Mieg J, Thierry-Mieg D, Busby B, Madden TL. Magic-
BLAST, an accurate RNA-seq aligner for long and short reads. BMC Bio-
informatics. 2019;20:405. https://doi.org/10.1186/512859-019-2996-x.

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, et al. The
sequence alignment/map format and SAMtools. Bioinformatics.
2009;25:2078-9. https://doi.org/10.1093/bioinformatics/btp352.
Barnett DW, Garrison EK, Quinlan AR, Stromberg MP, Marth GT. Bam-
Tools. Bioinformatics. 2011;27:1691-2. https://doi.org/10.1093/bioin
formatics/btr174.

Huerta-Cepas J, Forslund K, Coelho LP, Szklarczyk D, Jensen LJ, von Mer-
ing C, et al. Fast genome-wide functional annotation through orthol-
ogy assignment by eggNOG-mapper. Mol Biol Evol. 2017,34:2115-22.
https://doi.org/10.1093/molbev/msx148.

Huerta-Cepas J, Szklarczyk D, Heller D, Hernandez-Plaza A, Forslund SK,
Cook H, et al. eggNOG 50: a hierarchical, functionally and phylogeneti-
cally annotated orthology resource based on 5090 organisms and 2502
viruses. Nucleic Acids Res. 2019;47:D309-14. https://doi.org/10.1093/
nar/gky1085.

Medema MH, Blin K, Cimermancic P, de JagerV, Zakrzewski P, Fischbach
MA, et al. antiSMASH: rapid identification, annotation and analysis of
secondary metabolite biosynthesis gene clusters in bacterial and fun-
gal genome sequences. Nucleic Acids Res. 2011;39:W339-46. https://
doi.org/10.1093/nar/gkr466.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Page 19 of 19

McMurdie PJ, Holmes S. phyloseq: an R package for reproducible
interactive analysis and graphics of microbiome census data. PLoS ONE.
2013. https://doi.org/10.1371/journal.pone.0061217.

Wickham H, Averick M, Bryan J, Chang W, McGowan L, Francois R, et al.
Welcome to the Tidyverse. J Open Source Softw. 2019. https://doi.org/
10.21105/j0ss.01686.

Oksanen J, Blanchet FG, Friendly M, Kindt R, Legendre P, McGlinn D,

et al. vegan: Community Ecology Package. 2020.

Rice P, Longden |, Bleasby A. EMBOSS: the European molecular biology
open software suite. Trends Genet. 2000;16:276-7. https://doi.org/10.
1016/50168-9525(00)02024-2.

Love MI, Huber W, Anders S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol. 2014;15:550.
https://doi.org/10.1186/513059-014-0550-8.

Kanehisa M, Sato Y. KEGG Mapper for inferring cellular functions from
protein sequences. Protein Sci. 2020;29:28-35. https://doi.org/10.1002/
pro.3711.

Pedersen TL. ggforce: Accelerating ‘ggplot2’ In: 2020: R package version
0.3.2. https://CRAN.R-project.org/package=ggforce.

Kolde R. pheatmap: pretty Heatmaps. In: 2019: R package version 1.0.12.
https://CRAN.R-project.org/package=pheatmap.

Ren K, Russell K. formattable: Create 'Formattable’ Data Structures. In:
2021: R package version 0.2.1. https://CRAN.R-project.org/package=
formattable.

Ginestet C. ggplot2: elegant graphics for data analysis. J R Stat Soc a
Stat. 2011;174:245. https://doi.org/10.1111/}.1467-985X.2010.00676_9.x.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC



https://doi.org/10.1186/s13059-019-1891-0
https://doi.org/10.1186/s13059-019-1891-0
https://github.com/kblin/ncbi-genome-download
https://github.com/kblin/ncbi-genome-download
https://doi.org/10.7717/peerj-cs.104
https://github.com/smdabdoub/kraken-biom
https://github.com/smdabdoub/kraken-biom
https://doi.org/10.1093/bioinformatics/btv033
https://doi.org/10.1093/bioinformatics/btv033
https://doi.org/10.1186/1471-2105-11-119
https://doi.org/10.1186/1471-2105-11-119
https://doi.org/10.1093/bioinformatics/btu153
https://doi.org/10.1002/0471250953.bi0406s35
https://doi.org/10.1002/0471250953.bi0406s35
https://doi.org/10.7717/peerj.7359
https://doi.org/10.7717/peerj.7359
https://doi.org/10.1093/bioinformatics/btv638
https://doi.org/10.1093/bioinformatics/btv638
https://doi.org/10.1101/gr.186072.114
https://doi.org/10.1101/gr.186072.114
https://doi.org/10.1038/s41564-018-0171-1
https://doi.org/10.1038/s41564-018-0171-1
https://doi.org/10.1093/bioinformatics/btz848
https://doi.org/10.1186/s12859-019-2996-x
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1093/bioinformatics/btr174
https://doi.org/10.1093/bioinformatics/btr174
https://doi.org/10.1093/molbev/msx148
https://doi.org/10.1093/nar/gky1085
https://doi.org/10.1093/nar/gky1085
https://doi.org/10.1093/nar/gkr466
https://doi.org/10.1093/nar/gkr466
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.21105/joss.01686
https://doi.org/10.21105/joss.01686
https://doi.org/10.1016/s0168-9525(00)02024-2
https://doi.org/10.1016/s0168-9525(00)02024-2
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1002/pro.3711
https://doi.org/10.1002/pro.3711
https://CRAN.R-project.org/package=ggforce
https://CRAN.R-project.org/package=pheatmap
https://CRAN.R-project.org/package=formattable
https://CRAN.R-project.org/package=formattable
https://doi.org/10.1111/j.1467-985X.2010.00676_9.x

	Potato root-associated microbiomes adapt to combined water and nutrient limitation and have a plant genotype-specific role for plant stress mitigation
	Abstract 
	Background 
	Results 
	Conclusion 

	Background
	Results
	Sample type and stress shape the microbial diversity and structure of potatoes
	Common stress reactions of the microbial composition in various potato genotypes
	Genotype-specific differences in stressed potato plants
	Correlating diversity and microbial abundance with stress responses of tetraploid potato plant growth
	The rhizosphere metagenomes of potato plants exposed to combined stresses and unstressed conditions have distinct functional potentials
	Functional potential in rhizosphere metagenomes differ between a well and a poorly performing potato genotype
	Plasmids and phages—mobile elements in potato rhizosphere metagenomes

	Discussion
	Functions in rhizobacteria match distinct growth strategies of potato genotypes under stress
	The role of mobile genetic elements in rhizobacterial adaptions to combined stress

	Conclusion
	Methods
	Experimental site, set-up, and sampling
	Sample preparation and DNA extraction
	Amplicon and shotgun metagenomic sequencing and data processing
	Data analysis

	Anchor 24
	Acknowledgements
	References


