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ABSTRACT

Crops are often simultaneously threatened by abiotic and
biotic stress factors but the stress response of the plant
holobiont is not well understood, despite the high importance of
this response to ensure future plant production. Therefore, the
aim of this study was to assess the impact of individual and
combined abiotic (ionic and osmotic) and biotic (Verticillium
dahliae and Fusarium oxysporum) stress factors on plant
performance and on the bacterial composition of the root
endosphere in tomato. Structure and function of the microbiota
was analyzed by 16S ribosomal RNA gene amplicon sequencing
and a complementary cultivation approach, including in vitro and
in vivo assays. Under all stress conditions, tomato growth and
photosynthetic activity was reduced. Combined abiotic stressors
with F. oxysporum but not with V. dahliae infection led to an
additive negative effect on plant performance. All stress
conditions induced a microbiome shift, and changed the relative

abundance of phyla such as Firmicutes and classes of
Proteobacteria. Endophytes identified as Bacillus, Paenibacillus,
and Microbacterium spp. showed tolerance to abiotic stress
conditions and plant beneficial effects. Stressor-specific
enrichments of beneficial bacteria in the root were discovered
(e.g., Paenibacillus in roots infected with F. oxysporum and
Microbacterium in roots infected with V. dahliae). Interestingly,
endophytes that were able to promote plant growth were
obtained only from roots exposed to individual biotic and
combined abiotic and biotic stress conditions but not individual
abiotic stressors. Our study revealed stressor-specific
enrichment of beneficial bacteria in tomato roots, which has
implications for novel plant protection strategies.
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The demand for agricultural products is steadily increasing due to
the growing world population. However, the discrepancy between
the required food and the global agricultural output is alarming and
has dramatically worsened (Fróna et al. 2019). In addition, inten-
sive agricultural management practices expose plants to enhanced
stress conditions due to abiotic factors such as osmotic stressor and
salinity, with negative effects on crop yield and quality (Francini
and Sebastiani 2019). Due to climate change, crops were more fre-
quently subjected to both abiotic and biotic stress factors, which has
led to an increase in the frequency and severity of disease outbreaks
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(Pandey et al. 2017). Approximately 50 and 30% of yield loss in
recent years in global agricultural production systems have been at-
tributed to abiotic and biotic stress conditions, respectively (Kumar
and Verma 2018).

An abiotic stress factor of increasing importance for agriculture is
salinity; yield loss has been predicted to surpass US$27 billion per
year worldwide (Qadir et al. 2014). Elevated levels of salt (electrical
conductivity [EC] > 4 dS/m) such as Ca2+, Mg2+, SO4

2–, and NaCl
reduce the ability of most plants to take up water. Similar effects on
cellular and metabolic processes are observed under dry conditions
(osmotic stressor) (Fathi and Tari 2016). Therefore, salinity exerts a
dual-type of stressor on plants by acting as (i) ionic stressor and (ii)
osmotic stressor (Munns 2005). Osmotic stressors are considered
to be one of the major climatic constraints for crop yield (Lesk et al.
2016). The limited availability of nutrients in dry conditions nega-
tively affects plant development and growth, and results in oxidative
stress (Ma et al. 2019). Nutrients used for plant growth and biomass
production generally require water for their solubility and transloca-
tion (Singh and Singh 2004). Furthermore, biotic stress conditions
induced by pests and pathogens have been estimated to provoke
20 to 30% of global yield losses (Delgado-Baquerizo et al. 2020).
Hence, plant protection has an important role in securing the grow-
ing food demand. Diseases due to soilborne fungal pathogens such
as Fusarium oxysporum f. sp. lycopersici and Verticillium dahliae in
tomato (Solanum lycopersicum L.) are difficult to control. Tomato
is the most important vegetable in the world (Akköprü and Demir
2005), and both pathogens cause vascular wilt disease by entering
the host via the roots and subsequent colonization of the vascular
system. As a result, the vascular system is plugged with fungal ma-
terial and host reaction products, restricting water transport to the
upper part of the plants (Essarioui et al. 2016; Song et al. 2020).
The pathogens can survive for a long time in soil by employing dif-
ferent strategies. V. dahliae forms microsclerotia and F. oxysporum
forms chlamydospores as survival structures. Current agricultural
practice, usually characterized by high inputs of synthetic pesti-
cides, does not provide the means to efficiently reduce the yield
loss caused by soilborne pathogens (Trivedi et al. 2017). Therefore,
novel plant and stress protection strategies are urgently required.

Plant-associated microorganisms are involved in plant protec-
tion against abiotic and biotic stress factors (Xu and Coleman-Derr
2019). Members of the plant microbiota facilitate nutrient uptake
by the plant, improve nutrient use efficiency, interact with phytohor-
mones, and induce systemic resistance in plants, resulting in pro-
motion of plant growth and health (Brader et al. 2014; Santoyo et al.
2016). Endophytes are a central part of the plant microbiota and be-
lowground tissues are commonly associated with a higher number
of endophytes compared with aboveground parts (Hardoim et al.
2015). Endophytes with inherent capability of salt or osmotic tol-
erance and plant growth promotion (PGP) traits are expected to be
useful for sustainable treatments to support plants in stress mitiga-
tion (Prittesh et al. 2020). Previous findings indicate that a fraction
of belowground or root-colonizing endophytes may be selected by
the plant from the rhizosphere and contribute to functional traits of
the phytobiome (İnceoğlu et al. 2012). For example, abiotic stres-
sors have been shown to weaken plant immune function and, thus,
lead to an increased susceptibility against pathogens (Bostock et al.
2014; Suzuki et al. 2014). In modern plant production systems, cul-
tivated plants are often simultaneously exposed to both abiotic and
biotic stress factors. Little is known about their response to such
conditions.

Therefore, this study aimed to evaluate the impact of individual
and combined abiotic (ionic and osmotic) and biotic (F. oxysporum
f. sp. lycopersici and V. dahliae) stress factors on tomato growth, on
the plant’s sensitivity to pathogens, and on the composition of the

tomato root endosphere microbiota. We focused on bacterial endo-
phytes and, especially, on their plant-beneficial parts that promote
plant growth or confer tolerance to biotic and abiotic stress factors
(Bergna et al. 2018). The mentioned stress factors can induce several
metabolic alterations in the plants and, eventually, influence plant
growth and resilience to diseases (Ma et al. 2020). It is assumed
that these alterations in plant response also affect plant microbiota
composition and function. Because of the similar effects induced by
salinity and osmotic stressors on metabolic processes such as nu-
trient and water uptake, comparable impacts of these stress factors
on the root endosphere microbiota were expected. Furthermore, the
colonization of the vascular system of the plant by both pathogens
has an influence on the host response to the pathogens that may
change as well the root microbiota composition. In addition, we
hypothesized that (i) combined abiotic and biotic stress conditions
should result in synergistic effects on plant growth and susceptibil-
ity to pathogens and (ii) the plant will enrich microbes in the root
endosphere adapted to the respective stress conditions imposed, in-
cluding microbes that support the plant in stress mitigation. Hence,
plants exposed to stress factors can serve as a source for beneficial
microbes useful for plant growth promotion (PGP) and protection.

MATERIALS AND METHODS

Design of the plant experiment. Cultivation of the tomato
cultivar Hildares (Hild Samen GmbH, Marbach, Germany) was
performed as described previously (Buhtz et al. 2017). Briefly,
tomato seeds were surface sterilized by immersion in 0.7% sodium
hypochlorite solution for 3 min and rinsed seven times with sterile
distilled water. Surface-sterilized seeds were sown in trays filled
with sterile quartz sand (0.5- to 1.0-mm particle size) and main-
tained in a growth chamber (York, Mannheim, Germany) until the
two-leaf stage. Seedlings (one per pot) were transferred into pots
(10 by 10 by 12 cm) containing a mixture of coarse sand (2.0- to
3.0-mm particle size), quartz sand (0.5- to 1.0-mm particle size),
and sandy soil in a ratio of 9:2:2. The sandy soil was obtained from
an uncultivated field site at the Institute of Vegetable and Ornamen-
tal Crops (IGZ), Grossbeeren, Germany (52°33′N, 13°22′E). The
seedlings were grown under a 16-h photoperiod (light at 400 μmol
m–2 s–1) with day and night temperatures of 25 and 20°C, respec-
tively, and a relative humidity (RH) of 72 to 80%. Each treatment
included 20 replicates (one plant per replicate) which were arranged
in a Latin-square design. The pots were watered regularly according
to the water-holding capacity of the substrate (40%) by weighing
the pots. A nutrient solution, consisting of Ca(NO3)2 � 4H2O at
590.4 µg ml–1, KNO3 at 253.0 µg ml–1, KH2PO4 at 68.1 µg ml–1,
MgSO4 � 7H2O at 246.5 µg ml–1, H3BO3 at 2.9 µg ml–1, MnCl2 �
4H2O at 1.8 µg ml–1, ZnSO4 � 7H2O at 0.2 µg ml–1, CuSO4 � 5H2O
at 0.1 µg ml–1, Na2MoO4 � 2H2O at 0.1 µg ml–1, and ferric EDTA
at 41.5 µg ml–1; EC = 2.0 dS m–1; and pH 5.8, was regularly used
to water the plants.

Plants were harvested 3 weeks after stress induction, correspond-
ing to the 16- to 30-leaf stage, depending on the type of stress im-
posed. Before harvest, the net photosynthesis rate was measured
at day cultivation conditions (25°C, 72% RH) and a photosynthet-
ically active radiation of 400 µmol m–2 s–1 using the gas analyser
LICOR 6400. At harvest, shoot and root biomass were recorded.
Roots were also used for metagenomic DNA extraction and isola-
tion of bacterial root endophytes.

Induction of abiotic and biotic stress conditions. For abiotic
stress experiments, plants were exposed to following conditions:
salinity, referred to as ionic stressor (I) in the following sections,
osmotic stressor (O), and combined ionic-osmotic stressors (IO).
The stress conditions were induced at the two- to three-leaf stage
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of the tomato plants after transplanting the seedlings into the pots.
Control plants (C) were watered with half-strength nutrient solution
(see above, EC = 2 dS m–1). Ionic stress condition was introduced
by watering with nutrient solution supplemented with NaCl (EC
= 5 dS m–1) until the salinity of the substrate reached 10 dS m–1.
This level of salinity in the substrate was achieved within 7 days of
watering, which was then maintained throughout the experiment.
Osmotic stress condition was induced by adjusting and maintaining
40% of saturated water content using nutrient solution. Combined
ionic and osmotic stress factors (IO) were induced by watering with
NaCl-supplemented nutrient solution (EC = 5 dS m–1) to 40% of
saturated water content and until the salinity in the pots reached 10
dS m–1. This level was achieved after watering with saline nutrient
solution for 9 days and was maintained thereafter.

For the biotic stress experiments, plants were inoculated with
20 ml of spore suspension of 107 spores ml–1 for V. dahliae (V) or
105 conidia ml–1 for F. oxysporum (F) at the one- to two-leaf stage.
The success of root colonization by the pathogens was confirmed by
PCR with extracted root DNA using respective pathogen-specific
primers and conditions described earlier (Buhtz et al. 2017; Ma
et al. 2010).

Preparation of the fungal pathogen inoculum. Verticillium
dahliae. The pathogen V. dahliae GU060637 was maintained
on potato dextrose agar (PDA) (Merck, Darmstadt, Germany).
Mycelial suspensions for plant inoculation were prepared as
described previously (Buhtz et al. 2017). Briefly, 100 ml of
sucrose-sodium nitrate (SSN) media was inoculated with six agar
discs (size = 5 mm) and shaken at 25°C for 1 week. Afterward,
200 ml of fresh SSN media was added to the flask and the fungal
suspension was cultivated for two additional weeks under described
conditions. The mycelium was filtrated, blended, and centrifuged
for 2 min at 13,000 × g. The pellet was rinsed twice by resuspension
in sterile distilled water. The inoculum density was determined
using a Thoma chamber and adjusted to 107 spores ml–1.

Fusarium oxysporum. Isolate Fol007 was grown on PDA for
5 days, then overlayed with sterile distilled water. Within this time
period, the implemented isolate produced mainly microconidia.
To separate the microconidia from the mycelium, the suspension
was passed through filter paper. The number of microconidia was
counted using a Thoma chamber and adjusted to 105 conidia ml–1.

High-throughput amplicon sequencing of 16S ribosomal
RNA gene fragments. To analyze the impact of individual and
combined abiotic and biotic stress factors on the composition of
bacterial root endophytes of tomato, amplicon sequencing of the
16S ribosomal RNA (rRNA) gene was carried out. For each treat-
ment, 5 of the 20 plants were merged to continue analysis, with four
replicates per treatment. Root DNA (500 mg of root material) was
extracted using the FastDNA Spin kit for soil (MP Biomedicals,
Irvine, CA, U.S.A.) according to the manufacturer’s instructions.
Bead beating was performed on a Precellys 24 tissue homogenizer
(Bertin GMBH, Frankfurt am Main, Germany) following general
operation recommendations. Purity and concentration of the ex-
tracted DNA was evaluated with a Nanodrop1000 (Thermo Fisher
Scientific, Waltham, MA, U.S.A.). For the generation of gene frag-
ment amplicons via PCR, the following reaction mix (10 μl) was
used: 5 μl Taq&GO (2×), 0.1 μl of 10 μM each primer (F515 and
R806) (Caporaso et al. 2011), 0.25 μl of 50 μM mPNA (ggcaagt-
gttcttcgga) (PNA Bio, Newbury Park, CA, U.S.A.), 0.25 μl of 10
μM pPNA (ggctcaaccctggacag) (PNA Bio), and 3.3 μl of molecular
biology-grade water. The following PCR program was used: 94°C
for 3 min; 35 cycles at 94°C for 45 s, 50°C for 60 s, and 72°C for 90
s; and a final extension for 10 min at 72°C. Library preparation and
sequencing on an Illumina MiSeq instrument was conducted by a
commercial sequencing provider (GATC Biotech, Germany). Data

analysis of 16S rRNA gene fragment sequences was performed
using QIIME 2 (version 2019.4) (Bolyen et al. 2019). Demulti-
plexing was conducted with the “demux emp-paired” plugin. Qual-
ity control and chimera removal was performed with the DADA2
pipeline (dada2 denoise-paired) (Callahan et al. 2016). Taxonom-
ical assignment was executed using SILVA 16S database (version
128; feature-classifier classify-sklearn).

Isolation of bacterial endophytes from roots. Bacterial endo-
phytes were isolated from tomato roots 3 weeks after stress treat-
ment. Following surface sterilization in 70% ethanol for 30 s and in
2.5% sodium hypochlorite for 3 min, roots were rinsed seven times
with sterile water. Only roots for which surface sterility was con-
firmed by imprinting the roots on tryptic-soy agar (TSA) (Carl Roth
GmbH, Karlsruhe, Germany) were included in further analysis. The
root samples were cut into nine equally sized sections, which were
used for isolation of bacteria and total community DNA extrac-
tion. The root sections were homogenized in a Mixer Mill MM40
(Retsch GmbH, Haan, Germany) in 2-ml Eppendorf tubes contain-
ing six metal beads (2.4 mm) until a fine powder was obtained.
Then, 250 mg of homogenized root material was diluted in 0.1 M
phosphate-buffered saline (PBS) and 100 μl of the suspension was
spread on TSA (10%, supplemented with cycloheximide at 100 mg
liter–1 and thiabendazole at 50 mg liter–1). Agar plates were incu-
bated for 4 to 6 days at 20°C. Colonies were counted for the full plate
and all colonies from one-quarter of each plate as well as bacteria
with distinct visible morphological characteristics were picked and
restreaked on fresh TSA until pure cultures were obtained. Stocks
were prepared by growing the isolates in tryptic-soy broth (TSB)
(Carl Roth GmbH) and subsequently storing them at −80°C in 25%
glycerol.

Identification of cultivated bacterial root endophytes by 16S
rRNA gene sequencing. First classification of isolated bacterial
root endophytes was done using matrix-assisted laser desorption-
ionization time-of-flight mass spectrometry (Maldi Biotyper,
Bruker Daltonics, Germany) as described previously (Elsawey et al.
2020), to include only unique strains in further analyses. The iso-
lates were further identified by amplification and sequencing of the
16S rRNA gene. Briefly, a colony PCR (25 μl of total volume) was
carried out in the following reaction mix: 12.5 μl of 2× MyTaq Mix
(Bioline, Luckenwalde, Germany), 2.5 μl each of forward (27F:
5′-AGA GTTT GAT CMT GGC TCAG-3′) and reverse (1492R:
5′-GRT ACC TTG TTA CGA CTT-3′) primers (Kocher et al. 1989;
Weisburg et al. 1991), 5.5 μl of molecular biology-grade H2O, and
2 μl of glycerol stock as DNA template. The PCR was carried out in
a Biometra thermocycler as follows: initial denaturation for 5 min
at 95°C; 30 cycles of 15 s at 95°C, 15 s at 55°C, and 30 s at 72°C;
followed by a final extension for 10 min at 72°C. Successful am-
plification was confirmed using agarose gel electrophoresis. PCR
products were sequenced by Eurofins (Eurofins, Berlin, Germany)
using the forward primer 27F. Only isolates for which sequences
of at least 500 bp in length were obtained were kept for further
analysis. Classification of reads was done using BLAST (Altschul
et al. 1990) and the NCBI nucleotide database. To assess the
α-diversity of isolates, operational taxonomic units (OTUs) of 97%
sequence similarity were obtained using USEARCH (Edgar 2010).

In vitro characterization of endophytes. To assess whether cul-
tivable tomato root endophytes adapted to the respective stress fac-
tors, the obtained isolates were tested for tolerance to ionic and
osmotic stress factors in vitro. Traits tested for in vitro included
antagonism against F. oxysporum; production of siderophores,
indole-3-acetic acid (IAA), chitinase, and 1-aminocyclopropane-
1-carboxylate (ACC) deaminase; and phosphate solubilization.

Ionic stress tolerance was assessed by growing bacterial isolates
on nutrient broth medium (Carl Roth GmbH) supplemented with
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0, 2.5, 5, 7.5, and 10% NaCl (Sigma-Aldrich, Taufkirchen, Ger-
many). Osmotic stress tolerance was assessed on nutrient broth
medium supplemented with 0, 10, 20, and 30% polyethylene gly-
col 6000 (Sigma-Aldrich). The isolates were grown in flat-based
96-well plates (Sarstedt, Nümbrecht, Germany) with three repli-
cates of each isolate and incubated for 7 days at 28°C. The growth
rate of the bacteria was determined by measurement of the optical
density (OD) of the broth at 600 nm (OD600) after 7 days.

The ability of the isolates to produce IAA was determined based
on the colorimetric method described by Gordon and Weber (1951)
as well as Khabbaz et al. (2015), with some modifications. A precul-
ture was initiated by inoculating 5 ml of TSB with overnight cultures
of the respective isolate and then incubating for 48 h at 28°C and
175 rpm. The precultures (100 μl) were inoculated with 3 ml of
supplemented nutrient broth (SNB) medium (Setlow and Kornberg
1969) and incubated for a further 72 h in the dark. The IAA levels
were determined from the supernatant as described by Tang and
Bonner (1948).

The production of siderophores was qualitatively detected us-
ing the method described previously (Schwyn and Neilands 1987).
Briefly, bacterial isolates were grown on agar plates containing
the ferric complex chromeazurol S at 28°C for 7 days. Isolates
with an orange-to-yellow halo were considered to be siderophore
producers.

The ability to solubilize phosphate was tested on Pikovskaya agar
medium (Pikovskaya 1948). Isolates were spotted onto the agar
and incubated for 7 to 10 days at 28°C. Phosphate-solubilization
activity was indicated by the development of clearing zones around
the bacterial colonies (Naik et al. 2008).

ACC deaminase production was tested as described by Dworkin
and Foster (1958). Isolates were grown in Dworkin Foster medium
which contained ACC as sole nitrogen source. Precultures of bac-
terial isolate in SNB (5 ml) were incubated for 16 h at 28°C and
150 rpm; then, 10 μl of the respective culture was used to inoculate
200 μl of the modified DF medium in 96-well plates. The produc-
tion of ACC deaminase was estimated qualitatively after another
incubation for 16 h at 28°C and 150 rpm by measuring the OD600

before and after incubation. An increased OD600 after incubation
indicated growth and, thus, the ability to utilize ACC as nitrogen
source.

The antagonistic potential to inhibit mycelial growth of F. oxys-
porum was tested using a dual-culture assay. TSA agar plates (10%)
were streaked with the bacteria along four orthogonal lines in the
center. Then, the plates were incubated for 24 h at 28°C. Subse-
quently, agar plugs (diameter = 5 cm) with F. oxysporum were
placed between the streaked lines. After another incubation for 96 h
at 28°C, clearing zones indicated inhibition of fungal growth.

Extracellular chitinolytic activity of the endophytes was deter-
mined by the use of colloidal chitin agar medium, which consisted
of 10% TSA supplemented with 4% (wt/vol) colloidal chitin. After
an incubation for 5 to 10 days at 28°C, clearing zones around the
bacterial colonies indicated the production of extracellular chiti-
nases (Nagpure and Gupta 2013).

The number of isolates with functional traits tested in vitro was
calculated in relation to the total number of endophytes obtained
from the roots of plants exposed to the respective stress conditions.

PGP assay in vivo. All root-derived bacterial isolates were
tested for their ability to promote plant growth under growth con-
ditions as described above. For this, tomato plants (Hildares) were
transferred to pots at the one- to two-leaf stage and arranged in a
randomized block design, with four replicates for each tested iso-
late and three plants per replicate. Bacterial isolates were grown
overnight at 28°C in 3 ml of TSB and centrifuged for 5 min at
4,000 × g; then, the supernatant was discarded and the pellet was

resuspended in 5 ml of 0.1 M PBS. This procedure was repeated
three times to wash the cells. The density of bacterial cells was
measured using a spectrophotometer at 600 nm and plants were
inoculated with 1 ml of bacterial suspension with 106 cells ml–1.
Control plants were inoculated with 1 ml of 0.1 M PBS. Plants were
harvested 1 week after inoculation with bacterium.

Testing selected endophytes on plant growth under individual
and combined stress conditions. The root endophytes were scored
based on their tolerance to osmotic and ionic stress and the potential
for PGP in vitro and in vivo. Each in vitro and in vivo trait counted as
one toward the rating. The six highest-scoring isolates were tested
for PGP under individual and combined abiotic and biotic stress
factors. For this, surface-sterilized seeds (50 seeds) were coated by
vortexing the seeds with 50μl of the bacterial suspension at 108 cells
ml–1 prior to seeding in sterile quartz sand. The tomato plants were
cultivated as described above. At the one- to two-leaf stage, plants
were treated again with 5 ml of bacterial solution (108 cells ml–1).
The biotic stress conditions in plants were induced by inoculation of
20 ml of a conidial suspension of V. dahliae (107 conidia ml–1) at the
two- to three-leaf stage. Additional ionic stress condition (I) in the
biotic-stressed plants was induced after 24 h of pathogen inoculation
by regularly watering with nutrient solution, EC of 5.0 dS m–1 and
pH 5.8. Under combined abiotic and biotic stress treatments, plants
were exposed to salinity stressor after 24 h of pathogen inoculation
by regularly watering with nutrient solution, EC of 5.0 dS m–1 and
pH 5.8. The plants were harvested after 21 days of exposure to stress
conditions.

Statistical analysis. Statistical analysis was carried out using
R version 3.5.0 (R Core Team). Data were tested for normality
and comparisons were carried out using Dunnett’s test or Dunn’s
test for normal and not-normal data, respectively. When applica-
ble, Fisher’s exact test was used together with Cramer’s V (Cv)
and the odds ratio (Or), which were reported in addition to the P
value. Comparisons were made between individual abiotic or bi-
otic treatments with controls (i.e., F, V, I, O, and IO versus C) and
between combined treatments and their respective abiotic control
(e.g., IF and IV versus I). Statistically differentially abundant am-
plicons between these groups were detected using DESeq2 (Love
et al. 2014) using raw counts and the default procedure described
in the package’s vignette. Analyses of α- and β-diversity was car-
ried out using rarified sequence counts (i.e., random subsamples of
sequencing reads were taken in a way that, for the sample set, each
sample had the same number of sequencing reads). The analyses of
α-diversity were carried out using the package vegan using func-
tions diversity and species number (Oksanen et al. 2020). Results
for the Gini-Simpson and Shannon-Wiener indices were reported
using the expected number of species calculated with the exponen-
tial function of R’s base package. Phylogenetic trees and UniFrac
distances were obtained using QIIME2 (Bolyen et al. 2019). Sta-
tistical analyses on distance matrices were carried out using the
function adonis of the vegan package.

RESULTS

Effects of biotic and abiotic stress factors on plant character-
istics. Plant growth (root and shoot) was significantly reduced by
individual biotic (F. oxysporum and V. dahliae) and abiotic (ionic
and osmotic) stress conditions compared with controls 3 weeks
posttreatment (wpt), with the exception of individual F. oxysporum
stress factor on shoot biomass (Table 1). Treatment of plants under
ionic or osmotic stress conditions with F. oxysporum led to further
significant reduction of shoot and root mass compared with indi-
vidual ionic or osmotic stress treatment (IF versus I, OF versus O),
whereas this was not the case for V. dahliae (Table 1). Simultaneous
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treatment of tomato plants with biotic stress under combined abiotic
conditions had no additional negative effect on plant growth (root
and shoot mass, shoot length) (IOF versus IO, IOV versus IO).

Using the LI-6400 Photosynthesis System (LI-COR Biosciences,
Lincoln, NB, U.S.A.) we also measured net photosynthesis rate
3 wpt. Tomato leaf net photosynthesis rate did not change signifi-
cantly under individual ionic stress conditions compared with con-
trols. Contrastingly, a decrease in leaf net photosynthesis rate was
observed for tomato plants infected with the pathogens (F. oxy-
sporum or V. dahliae) and for plants subjected to osmotic (O) and
combined abiotic stress factors (IO) (Table 1). An additive effect
on photosynthetic activity was found under ionic and both abiotic
stressors (IO) with F. oxysporum (IF and IOF) while combined abi-
otic stress factors with V. dahliae (IV and IOV) did not lead to
reduced leaf net photosynthesis rate.

Composition of the bacterial root endosphere microbiota.
16S rRNA gene fragment sequencing (Illumina MiSeq, 2 × 300 bp)
of the four replicates per treatment (i.e., 48 sequencing libraries
in total) resulted in 1.38 × 105 sequences per replicate on av-
erage. One replicate from treatment OF was removed due to
low sequence read count (118 reads). Across all samples, reads
were primarily classified as Alphaproteobacteria (33.5% of all as-
signed reads), Betaproteobacteria (19.6%), Gammaproteobacteria
(14.7%), Firmicutes (11%), and Bacteroidetes (6.1%) (Fig. 1A).
The relative abundance of several bacterial phyla in tomato roots
was significantly (P < 0.05, DESeq) decreased under ionic stress
conditions (candidate division WPS, Planctomycetes, Verrucomi-
crobia) and inoculation with V. dahliae (Chlamydiae, Deltapro-
teobacteria, Firmicutes, Planctomycetes, and Verrucomicrobia)
whereas the relative abundance of other taxa increased under ionic

TABLE 1
Plant parameters of Hildares tomato plants 3 weeks after stress treatmentx

Shoot fresh mass (g/plant) Root fresh mass (g/plant) Photosynthesis rate (µmol CO2/m s)

Treatmenty Mean P z Mean P z Mean P z

C 17.3 − 5.4 − 21.1 −
F 14.3 0.157 3.2 <0.0001 12.3 <0.0001

V 11.6 0.003 3.7 0.021 15.2 0.009

I 7.6 <0.0001 2.8 <0.0001 18.3 0.370

IF 4.7 0.030 1.0 <0.0001 9.3 0.000

IV 9.4 0.104 3.0 0.989 18.2 0.993

O 8.8 <0.0001 2.7 0.001 14.3 0.004

OF 7.4 0.037 1.3 <0.0001 16.3 0.182

OV 7.9 0.224 2.4 0.184 14.5 0.969

IO 7.9 <0.0001 1.9 <0.0001 12.6 <0.0001

IOF 7.3 0.723 1.3 0.330 9.7 0.170

IOV 7.4 0.805 2.0 0.426 16.2 0.071

x Plants were grown in pots and subjected to individual and combined abiotic and biotic stress conditions.
y Statistical test: Dunnett’s test. C = controls, F = inoculation with Fusarium oxysporum, V = inoculation with Verticillium dahliae, I = ionic stress

factor, and O = osmotic stress factor.
z Comparisons made by Dunnett’s test: F, V, I, O, and IO to C; IF and IV to I; OF and OV to O; and IOF and IOV to IO.

Fig. 1. Effect of individual abiotic and biotic treatment on root-associated bacterial communities of Hildares tomato plants 3 weeks posttreatment. A,
Phylum-level composition; B, α-diversity (effective number of species based on the Shannon index); and C, β-diversity (Bray-Curtis dissimilarity) of
the tomato root microbiota. Significance in B: Dunnett’s test; asterisk (*) indicates P < 0.05. C = nontreated plants, F = inoculation with Fusarium
oxysporum, V = inoculation with Verticillium dahliae, I = ionic stress factor, O = osmotic stress factor, and PCo = principal coordinate.
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stress conditions (Alphaproteobacteria, Bacteriodetes, Betapro-
teobacteria, and Gammaproteobacteria) and in the exclusive treat-
ment with V. dahliae (Acidobacteria, Chloroflexi, and Oligoflexia)
(Supplementary Table S1). Only one phylum (candidate division
WPS) was significantly differentially abundant for condition IO
while no significantly differentially abundant phyla were detected
for F and O (Supplementary Table S1).

Significant changes of root bacterial community profiles upon
treatment of tomato plants with individual and simultaneous abi-
otic and biotic stress factors were found. A tendency for decreased
α-diversity upon subjecting plants to individual biotic and abiotic
stress factors was detected (Fig. 1B). This effect was most consis-
tent for individual ionic stress factors (I) because it was statistically
significant for all three indices and least pronounced for inocula-
tion with V. dahliae; statistical significance was not reached for
either index (Fig. 1B; Supplementary Fig. S1). The overall root
microbiota composition (β-diversity) was significantly influenced
by all single treatments except for inoculation with F. oxysporum
(Fig. 1C; Table 2). Interestingly, root endophytic β-diversity was
most strongly affected by V. dahliae, as indicated by the highest R2

value for each considered β-diversity index (Bray-Curtis, Jaccard,
unweighted UniFrac, and weighted UniFrac) (Table 2).

Additionally, differential abundance of bacterial amplified se-
quence variants (ASVs) upon application of individual biotic and
abiotic stress factors (F, V, I, and O) and IO compared with non-
treated controls (C) was tested using DESeq2 with 70 (F), 366 (V),
51 (I), 113 (O), and 158 (IO) differentially abundant ASVs being
detected, respectively. Most of the ASVs were only statistically
significantly different in one treatment (Supplementary Fig. S2).

The effect of combined biotic and abiotic treatment on the plant
root microbiota (i.e., IF and IV versus I, OF and OV versus O,
IOF and IOV versus IO) showed that abiotic stress factors with V.
dahliae (IV, OV, and IOV) had a significant effect on the relative
abundance of several bacterial phyla. Specifically, it led to a statisti-
cally significant decrease in relative abundance of the phyla Firmi-
cutes, Actinobacteria, Planctomycetes, Verrucomicrobia (OV), and
Chlamydiae (IOV) (Supplementary Table S1). These were similar
phyla observed for inoculation with V. dahliae alone (Firmicutes,
Planctomycetes, and Chlamydiae), Proteobacteria (class Deltapro-
teobacteria), and Verrucomicrobia. No statistically significant dif-
ferences were detected for simultaneous exposure to two abiotic
stress factors with F. oxysporum compared with the respective in-
dividual abiotic stress conditions (Fig. 2A). However, the com-
bination of abiotic stressors and inoculation with F. oxysporum

TABLE 2
Influence of individual abiotic and biotic stress factors and combined abiotic and biotic stress conditions on the overall bacterial

community composition within the root microbiota of Hildares tomato plants compared with controls using permutational multivariate
analysis of variancew

Metric Individual stressx R 2 P adjy Combined stress R 2 P adjz

Bray-Curtis V 0.54 <0.05 IF 0.27 0.085

Bray-Curtis O 0.39 <0.05 IV 0.25 0.085

Bray-Curtis I 0.37 <0.05 OF 0.24 <0.05

Bray-Curtis IO 0.29 <0.05 OV 0.63 <0.05

Bray-Curtis F 0.19 0.059 IOF 0.23 <0.05

Bray-Curtis IOV 0.32 <0.05

Jaccard V 0.42 <0.05 IF 0.29 <0.05

Jaccard IO 0.34 <0.05 IV 0.22 <0.05

Jaccard O 0.30 <0.05 OF 0.28 <0.05

Jaccard F 0.26 <0.05 OV 0.31 <0.05

Jaccard I 0.25 <0.05 IOF 0.29 0.059

Jaccard IOV 0.22 0.059

Unweighted UniFrac V 0.35 <0.05 IF 0.16 0.202

Unweighted UniFrac I 0.28 <0.05 IV 0.19 0.116

Unweighted UniFrac IO 0.28 <0.05 OF 0.19 0.171

Unweighted UniFrac O 0.23 <0.05 OV 0.33 0.060

Unweighted UniFrac F 0.16 0.168 IOF 0.19 0.087

Unweighted UniFrac IOV 0.21 0.087

Weighted UniFrac V 0.58 <0.05 IF 0.19 0.171

Weighted UniFrac I 0.43 <0.05 IV 0.19 0.171

Weighted UniFrac O 0.38 <0.05 OF 0.28 <0.05

Weighted UniFrac IO 0.27 0.071 OV 0.80 <0.05

Weighted UniFrac F 0.19 0.204 IOF 0.12 0.691

Weighted UniFrac IOV 0.12 0.168

w Values in bold indicate treatment with V. dahliae and italics indicate significant effects.
x F = inoculation with Fusarium oxysporum, V = inoculation with Verticillium dahliae, I = ionic stress factor, and O = osmotic stress factor.
y Adjusted P value (P adj) comparisons made with F, V, I, O, and IO to C.
z Comparisons made: IF and IV to I, OF and OV to O, and IOF and IOV to IO.
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(IF, OF and IOF) significantly increased bacterial α-diversity in
roots of OF and IOF plants compared with the respective abiotic
treatment alone (O and IO) (Fig. 2B). This effect was only statis-
tically significant for species richness from roots of OF and IOF
plants (Fig. 2B).

Indices of β-diversity were most consistently influenced by com-
bined osmotic and biotic stressors (Fig. 2C; Table 2). A particularly
strong effect was detected for the combination of osmotic stress con-
ditions with V. dahliae (R2 values from 0.31 to 0.80 depending on
the index; permutational multivariate analysis of variance).

Composition of the cultivable bacterial root endosphere
microbiota. The effect of individual and combined biotic and abi-
otic stress conditions on the composition of the bacterial root endo-
sphere microbiota was assessed by isolation of 683 root-bacterial
endophytes. The highest number of isolates was obtained in treat-
ment IOV (86 isolates), followed by C (n = 76), IV (n = 75), OV
(n = 70), O (n = 69), V (n = 56), F (n = 46), IO (n = 46), I
(n = 45), OF (n = 40), IOF (n = 39), and IF (n = 35). The major-
ity of isolates was assigned to the genera Bacillus (219 isolates,
32.1%), Paenibacillus (n = 118, 17.3%), Microbacterium (n =
114, 16.7%), Rhizobium (n = 20, 2.9%), and Methylobacterium
(n = 17, 2.5%) using partial 16S rRNA gene sequencing (Table 3).
The enrichment of certain bacterial genera within isolates obtained
from the different treatments revealed a higher percentage of the
genus Paenibacillus from tomato roots exposed to individual (F)
and, interestingly, combined stress treatments with F. oxysporum
(IF, OF, and IOF) (Table 3). However, this was only statistically

significant for F and IF tested using Fisher’s exact test (Table 4). In
contrast, endophytes assigned to the genus Microbacterium were
significantly more frequently isolated from the roots infected with
V. dahliae (V) (Table 4). For individual treatments compared with
controls, the fraction of isolates classified as Agrobacterium was
significantly lower in most libraries (Tables 3 and 4).

To assess bacterial α-diversity, isolates were clustered based on
their 16S rRNA gene sequences into OTUs. OTUs of 97% se-
quence similarity were obtained using USEARCH (Edgar 2010).
OF yielded the most diverse set of isolates (effective number of
species [ENS] based on the Shannon-Wiener index = 18.3], while
IOV had the most detrimental effect on bacterial α-diversity (ENS =
7.7) (Supplementary Fig. S3B). Strikingly, inoculation with F. oxys-
porum often led to an increase in the diversity of cultivable bacteria
(F versus C, IF versus I, OF versus O).

Functional characteristics of cultivable root endophytes. An
altered number of bacterial root endophytes with ionic stress tol-
erance was only detected under individual ionic stressor (I) (en-
richment; P < 0.05, Cv = 0.24, Or = 2.7) and in treatment with V.
dahliae (V) (depletion; P < 0.05, Cv = 0.22, Or = 0.35). Combina-
tion of ionic stress condition with V. dahliae (IV) negated this effect
(Fig. 3A; Supplementary Table S2). In contrast, tomato root en-
dophytes tolerant to osmotic stress condition were enriched un-
der abiotic treatments I, O, and IO (P < 0.05, Fisher’s exact test;
Supplementary Table S2). Combination of abiotic and biotic stress
conditions (IF and IV versus I, IOF and IOV versus IO) negated
this effect (Fig. 3B).

Fig. 2. Effect of combined biotic and abiotic treatment on root-bacterial microbiota in Hildares tomato plants 3 weeks posttreatment. A, Phylum-level
composition, B, α-diversity; and C to E, β-diversity (Bray-Curtis dissimilarity) of the tomato root-associated microbiota. Significance in B: Dunnett’s
test; asterisk (*) indicates P < 0.05. F = inoculation with Fusarium oxysporum, V = inoculation with Verticillium dahliae, I = ionic stress factor, O =
osmotic stress factor, and PCo = principal coordinate.
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TABLE 3
Percentage of root bacterial endophytes at genus level obtained from Hildares tomato plants exposed to individual and combined biotic

and abiotic stress conditionsz

Genus C F V I IF IV O OF OV IO IOF IOV IO IOF IOV Avg

Achromobacter 1.3 0 5.4 0 0 1.3 0 0 0 0 0 0 0 0 0 0.7

Aeromicrobium 0 0 0 0 0 1.3 0 0 0 0 0 0 0 0 0 0.1

Agrobacterium 14.5 2.2 0 0 0 1.3 0 0 0 0 0 2.3 0 0 0 2.2

Agromyces 0 0 0 0 0 2.7 0 0 0 0 0 0 0 0 0 0.3

Arthrobacter 0 0 5.4 0 0 0 2.9 0 0 4.3 0 0 2.9 0 0 1

Azospirillum 0 0 0 0 0 0 0 0 0 4.3 0 0 0 0 0 0.3

Bacillus 28.9 21.7 19.6 53.3 31.4 10.7 15.9 30 24.3 28.3 51.3 69.8 15.9 30 24.3 32.1

Beijerinckia 0 0 0 0 0 1.3 0 0 0 0 0 0 0 0 0 0.1

Bradyrhizobium 0 0 0 0 0 0 2.9 0 1.4 0 0 0 2.9 0 1.4 0.4

Brevibacillus 0 0 0 0 0 0 0 2.5 0 0 0 0 0 2.5 0 0.1

Brevibacterium 0 0 0 0 0 0 1.4 0 0 0 0 0 1.4 0 0 0.1

Burkholderia 1.3 0 0 0 0 0 0 0 1.4 0 0 0 0 0 1.4 0.3

Castellaniella 0 0 0 0 0 1.3 0 0 0 0 0 0 0 0 0 0.1

Cellulosimicrobium 0 2.2 0 4.4 0 1.3 0 0 1.4 0 0 0 0 0 1.4 0.7

Cohnella 1.3 6.5 0 0 0 0 1.4 0 0 0 10.3 0 1.4 0 0 1.3

Comamonas 2.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.3

Cupriavidus 2.6 2.2 0 0 0 0 0 0 0 6.5 0 0 0 0 0 0.9

Curtobacterium 0 0 0 0 0 0 0 0 0 2.2 0 0 0 0 0 0.1

Devosia 0 0 0 2.2 0 4 5.8 0 0 0 0 0 5.8 0 0 1.2

Ensifer 2.6 2.2 1.8 0 0 4 1.4 0 0 2.2 0 2.3 1.4 0 0 1.6

Enterobacter 0 0 0 0 0 13.3 0 0 0 2.2 0 0 0 0 0 1.6

Fontibacillus 0 4.3 0 0 5.7 2.7 0 0 0 0 0 0 0 0 0 0.9

Herbaspirillum 1.3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.1

Leifsonia 0 4.3 1.8 0 0 0 0 0 5.7 0 0 1.2 0 0 5.7 1.2

Lysinibacillus 1.3 0 0 0 2.9 0 1.4 5 1.4 4.3 0 0 1.4 5 1.4 1.3

Mesorhizobium 0 2.2 0 0 0 2.7 1.4 0 0 0 0 0 1.4 0 0 0.6

Methylobacterium 2.6 2.2 0 2.2 0 0 4.3 2.5 4.3 6.5 2.6 2.3 4.3 2.5 4.3 2.5

Microbacterium 11.8 15.2 39.3 20 2.9 16 21.7 15 27.1 17.4 0 7 21.7 15 27.1 16.7

Nocardia 0 0 0 0 0 0 0 0 2.9 0 0 0 0 0 2.9 0.3

Ochrobactrum 0 0 0 0 0 2.7 0 0 0 0 0 0 0 0 0 0.3

Paenibacillus 7.9 34.8 16.1 15.6 51.4 5.3 14.5 40 20 4.3 23.1 8.1 14.5 40 20 17.3

Pantoea 0 0 0 0 0 18.7 0 0 0 4.3 0 0 0 0 0 2.3

Pedobacter 0 0 0 0 0 0 1.4 0 0 2.2 0 0 1.4 0 0 0.3

Phyllobacterium 1.3 0 1.8 0 0 0 1.4 0 0 0 0 0 1.4 0 0 0.4

Pimelobacter 0 0 0 0 0 0 0 0 0 0 0 1.2 0 0 0 0.1

Pseudomonas 3.9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.4

Pseudoxanthomonas 1.3 0 0 0 0 1.3 0 0 2.9 0 0 0 0 0 2.9 0.6

Psychrobacillus 1.3 0 0 0 2.9 0 0 2.5 1.4 0 5.1 0 0 2.5 1.4 0.9

Ralstonia 3.9 0 1.8 2.2 0 1.3 5.8 0 0 6.5 0 0 5.8 0 0 1.9

Rhizobium 5.3 0 1.8 0 0 1.3 11.6 2.5 0 4.3 0 3.5 11.6 2.5 0 2.9

Shinella 0 0 1.8 0 0 0 0 0 0 0 5.1 0 0 0 0 0.4

Sphingobium 0 0 0 0 0 0 1.4 0 0 0 0 0 1.4 0 0 0.1

Sphingomonas 0 0 0 0 0 0 2.9 0 1.4 0 0 0 2.9 0 1.4 0.4

Sphingopyxis 0 0 0 0 0 5.3 0 0 0 0 0 0 0 0 0 0.6

Sporosarcina 0 0 0 0 2.9 0 0 0 0 0 0 0 0 0 0 0.1

Stenotrophomonas 0 0 0 0 0 0 0 0 1.4 0 0 0 0 0 1.4 0.1

Streptomyces 2.6 0 1.8 0 0 0 0 0 1.4 0 0 0 0 0 1.4 0.6

Tardiphaga 0 0 0 0 0 0 0 0 1.4 0 0 0 0 0 1.4 0.1

Thermomonas 0 0 0 0 0 0 0 0 0 0 0 2.3 0 0 0 0.3

Viridibacillus 0 0 1.8 0 0 0 0 0 0 0 0 0 0 0 0 0.1

z C = controls, F = inoculation with Fusarium oxysporum, V = inoculation with Verticillium dahliae, I = ionic stress factor, O = osmotic stress factor, and Avg = average. Values in bold indicate more frequently
isolated endophytes.
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Additionally, isolates classified as Bacillus (P = 1.04 × e–06,
Cv = 0.21, Or = 2.53) and Pantoea (P < 0.1, Cv = 0.10,
Or = 3.49) were more likely to be tolerant to ionic stress con-
dition compared with the average of all other isolates (Supple-
mentary Table S3). Strains of the genera Agrobacterium (P =
1.63 × e–04, Cv = 0.16, Or = 0), Paenibacillus (P = 1.62 ×
e–04, Cv = 0.16, Or = 0.41), and Enterobacter (P = 0.025, Cv
= 0.10, Or = 0.17) were significantly depleted for isolates with
tolerance to osmotic stress condition compared with all other iso-
lates combined (Supplementary Table S4). In contrast, strains of

TABLE 4
Proportion of bacterial genera isolated from roots of Hildares
tomato plants exposed to individual or combined abiotic and

biotic stress conditions based on a cultivation dependent
approachy

Treatmentz Genus P adj Cv Or

IOF Microbacterium 0.0039 0.4788 0

O Agrobacterium 0.0079 0.3185 0

I Agrobacterium 0.0151 0.3035 0

V Agrobacterium 0.0151 0.3072 0

IO Agrobacterium 0.0400 0.2787 0

IV Bacillus 0.0004 0.4485 0.1369

IOV Microbacterium 0.0122 0.3212 0.1721

IOV Bacillus 0.0452 0.2567 3.4949

V Microbacterium 0.0070 0.3678 5.2368

IF Paenibacillus 0.0012 0.4389 6.8434

F Paenibacillus 0.0070 0.4005 6.9812

IV Pantoea 0.0004 0.3971 Inf

IV Enterobacter 0.0041 0.3269 Inf

y P adj = adjusted P value (Benjamini-Hochberg) Fisher’s exact test
(only significant results are shown), Cv = Cramer’s V, Or = odds
ratio, and Inf = infinite.

z C = controls, F = inoculation with Fusarium oxysporum, V = in-
oculation with Verticillium dahliae, I = ionic stress factor, and O =
osmotic stress factor. Comparisons made by Fisher’s exact test: F,
V, I, O and IO to C; IF and IV to I; OF and OV to O; and IOF and
IOV to IO.

the genera Bacillus (P = 0.0089, Cv = 0.12, Or = 1.67) and
Microbacterium (P = 0.012, Cv = 0.11, Or = 1.87) comprised
more isolates with tolerance to osmotic stressor (Supplementary
Table S3).

The prevalence of PGP traits (IAA, siderophore, and ACC deam-
inase production and phosphate solubilization) and antagonistic
potential (chitinase production and inhibition of F. oxysporum) in
the isolate collection was quite different for each property, with
only 4.6% of endophytes inhibiting mycelial growth of F. oxyspo-
rum compared with 87% of endophytes producing ACC deaminase.
Many of the treatments enriched for one or more PGP traits, most
often for IAA or ACC deaminase (Table 5; Supplementary Table
S5). Interestingly, the overall number of PGP traits per isolate was
increased upon inoculation with F. oxysporum (F compared with C,
IF compared with I, IOF compared with IO) (Fig. 4; Supplemen-
tary Table S5). Moreover, enrichment of specific PGP traits was
found for certain bacterial genera. For example, isolates classified as

Fig. 4. Functional traits in bacterial root endophytes from Hildares
tomato plants exposed to individual and combined abiotic and biotic
stressors. Traits tested for (in vitro): antagonism against F. oxysporum;
production of siderophores, indole-3-acetic acid (IAA), chitinase, and
1-aminocyclopropane-1-carboxylate (ACC) deaminase; and phosphate
solubilization. Individual treatments (F, V, I, O, and IO) were compared
with C. Combined biotic and abiotic treatments were compared with their
respective abiotic control (e.g., IF versus I). Significance (Dunnett’s test):
asterisk (*) indicates P < 0.05. C = nontreated plants, F = inoculation
with Fusarium oxysporum, V = inoculation with Verticillium dahliae, I =
ionic stress factor, and O = osmotic stress factor.
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Fig. 3. Effect of individual and combined abiotic and biotic stress conditions on tolerance of root endophytes from Hildares tomato plants to A, ionic
(7.5% NaCl) and B, osmotic (30% polyethylene glycol) stressors. Asterisks (*) indicate significance of individual treatments (F, V, I, O, and IO) with
the control (C) and combined biotic and abiotic treatments to their respective abiotic control (e.g., IF versus I) according to Fisher’s exact test (P <

0.05). C = nontreated plants, F = inoculation with Fusarium oxysporum, V = inoculation with Verticillium dahliae, I = ionic stress factor, and O =
osmotic stress factor.
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Microbacterium were more likely to have the potential for phos-
phate solubilization (P < 0.001, Cv = 0.19, Or = 2.74, Fisher’s
test) while Agrobacterium isolates were depleted for siderophore
production (P < 0.001, Cv = 0.20, Or = 0.083) (Supplementary Ta-
ble S6). Finally, presence of tolerance for ionic stress was predictive
for the number of PGP traits detected in an isolate (linear regression,
P < 0.001).

Effect of root endophytes on plant growth in vivo. In total, 199
root endophytes significantly modulated tomato growth in green-
house experiments (P ≤ 0.1; 58 promoted growth and 141 inhibited
growth). Endophytes which promoted plant growth were obtained
only from individual biotic and combined biotic and ionic stress
treatments (Fig. 5). Plant-growth-inhibiting isolates were found in
isolate libraries from all treatments (Fig. 5). Isolates classified as
Pantoea were enriched for PGP traits (P < 0.05, Cv = 0.15, Or =
5.14, Fisher’s exact test). Isolates with tolerance to ionic stressor
were more likely to promote plant growth. Of the 187 isolates with
tolerance to ionic stressor, 30 (16.04%) showed PGP in the green-

house experiment, compared with 8.51% of nontolerant isolates
(P < 0.05, Cv = 0.11, Or = 2.05, Fisher’s exact test).

Effect of selected root endophytes on plant growth under abi-
otic stress conditions. Although none of the isolates had a statis-
tically significant effect on plant growth under individual abiotic
stress conditions, all root endophytes improved growth of tomato
plants inoculated with V. dahliae (Fig. 6A). Two isolates, IV30 and
IV95, were chosen for testing their growth-promoting effect under
combined biotic (V. dahliae) and abiotic (ionic) stress factors (Ta-
ble 6). IV30 only showed a trend for promoting plant growth (P ≤
0.1, Dunnett’s test) while IV95 statistically significantly improved
plant growth (P < 0.05, Dunn’s test) (Fig. 6B).

DISCUSSION

Stress conditions affects plant performance differently and
combined stress factors are not necessarily additive. In the
present study, we detected additive effects on tomato growth under

TABLE 5
Number of cultivable root endophytes isolated from Hildares tomato with plant-growth-promoting traits depending on individual and

combined abiotic and biotic stress conditionsz

ACC deaminase
production IAA production

Phosphate
solubilization Siderophore activity

Antagonism against
Fusarium oxysporum Chitinase activity

TRT + − + (%) + − + (%) + − + (%) + − + (%) + − + (%) + − + (%)

C 59 17 77.6 B 27 49 35.5 28 41 40.6 A 42 18 70.0 B 3 73 3.9 B 4 65 5.8 B

F 28 2 93.3 A 29 8 78.4 16 18 47.1 A 11 12 42.3 B 6 31 16.3 A 5 21 19.2 A

V 49 4 92.5 A 23 30 43.4 20 33 37.7 A 30 15 71.4 C 3 50 5.7 B 4 46 8.0 B

I 34 11 75.6 B b 11 34 24.4 10 35 22.2 B a 27 12 69.2 B a 2 43 4.4 B a 4 40 9.1 B a

IF 23 4 85.2 a 29 6 82.9 12 19 38.7 a 15 6 71.4 a 2 33 5.7 a 3 23 11.5 a

IV 73 2 97.3 a 33 41 44.6 23 48 32.4 a 33 27 55.0 b 0 75 0.0 a 3 68 4.2 a

O 44 7 86.3 B a 29 22 56.9 21 26 44.7 A a 41 5 89.1 A b 0 51 0.0 B a 3 44 6.4 B b

OF 22 2 91.7 a 25 7 78.1 11 17 39.3 b 14 6 70.0 c 2 32 5.9 a 5 18 21.7 a

OV 37 1 97.4 a 33 5 86.8 18 18 50.0 a 37 0 100.0 a 2 36 5.3 a 1 32 3.0 b

IO 27 19 58.7 C b 13 33 28.3 20 24 45.5 A a 24 7 77.4 B b 0 46 0.0 B b 0 44 0.0 b

IOF 36 1 97.3 a 7 32 17.9 17 21 44.7 a 23 10 69.7 b 6 33 15.4 a 0 42 0.0 b

IOV 71 5 93.3 a 18 58 23.7 15 59 20.3 b 68 5 93.2 a 2 74 2.6 b 8 65 11.0 a

z TRT = treatment, ACC = 1-aminocyclopropane-1-carboxylate, IAA = indole-3-acetic acid, F = inoculation with Fusarium oxysporum, V =
inoculation with Verticillium dahliae, I = ionic stress factor, O = osmotic stress factor, and symbols + and – indicate with and without the
respective trait, respectively. Numbers followed by uppercase letters indicate significance by individual treatments (F, V, I, O, and IO) with the
control (C), and lowercase letters indicate combined biotic and abiotic treatments to their respective abiotic control (e.g., IF versus I) according
to Fisher’s exact test (P < 0.05).

TABLE 6
Comparison of bacterial root endophytes from Hildares tomato plants with plant-growth-promotion (PGP) potential using in vitro and in

vivo assaysz

In vivo PGP In vitro PGP
Tolerance (%) to

stress

Code Classification 1st 2nd 3rd IAA S PS ACC Chit Ant Ionic Osmotic Rating

IV95 Bacillus licheniformis 1 1 1 1 1 − 1 1 1 10 30 8

V71 Bacillus sp. KJ-16 1 1 1 1 1 − 1 1 1 10 30 8

IV22 Pantoea agglomerans 1 1 1 1 1 1 1 − − 7.5 30 7

IV30 Microbacterium paraoxydans 1 1 1 1 1 1 1 − − 7.5 30 7

OV31 Microbacterium oleivorans 1 1 1 1 1 1 1 − − 7.5 30 7

z Each in vitro and in vivo trait was scored with 1 for the rating. First, second, and third in vivo experiments; indole-3-acetic acid (IAA) production;
S = siderophore activity; PS = phosphate solubilization; 1-aminocyclopropane-1-carboxylate (ACC) deaminase production; chitinase (Chit)
activity; and Ant – antagonism against Fusarium oxysporum.
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combined abiotic stress conditions with F. oxysporum (treatments
IF and OF) but not for simultaneous challenge of plants with V.
dahliae (IV and OV) (Table 1). Recent findings suggest that an abi-
otic stressor in combination with a pathogen can either limit or in-
crease disease susceptibility of the plant (Pandey et al. 2015; Ramu
et al. 2016; Suzuki et al. 2014). The interaction between abiotic and
biotic stressors is known to be mediated by hormone-signaling path-
ways in the plant that alter the host–pathogen relationship (Atkinson
and Urwin 2012). This can include plant responses at the molec-
ular level or affect pathogenicity factors of the pathogen such as
the production of cell-wall-degrading enzymes or secretion of ef-
fectors to suppress basal defense in plants (Essarioui et al. 2016;
Song et al. 2020). For instance, a downregulation of genes asso-
ciated with plant response against abiotic stress was shown to be
induced in potato by Rhizoctonia solani (Zrenner et al. 2021). An
abiotic stressor can weaken plant defenses and enhance their sus-
ceptibility to pathogens and, thus, result in additive effects on plant
performance (Atkinson and Urwin 2012; Suzuki et al. 2014); we
have shown this for Fusarium but not for Verticillium. The latter is
an ubiquitously occurring endophyte, and pathogenic behavior in
plants is often associated with additional abiotic stressors such as
drought and high temperature (Rybakova et al. 2020).

Stress altered the composition of the root endosphere micro-
biota and induced a stress-specific shift. We confirmed our pri-
mary hypothesis that both abiotic and biotic stressors induce alter-
ations in the composition of the tomato root endosphere microbiota.
It can be assumed that limited photosynthetic activity in stressed
plants also alters the pattern of root exudation (Gargallo-Garriga
et al. 2018) and, thus, affects the composition of the rhizosphere
microbiota (Sasse et al. 2018). Impacts on the rhizosphere micro-
biota likely also translate into compositional changes of the root
endosphere microbiota, as revealed by α- and β-diversity analyses
in the present study. The lowest α-diversity was found in ionically
stressed plants. Previous studies showed contrary results and re-
ported an increase in bacterial root diversity in plants exposed to
an ionic stressor (Yaish et al. 2016; Yang et al. 2016). In this con-
text, the tolerance of the plant species itself and its microbiota to an
ionic stressor seems to play a crucial role. The majority of bacterial
root endophytes were assigned to the phylum Proteobacteria, the
most representative phylum within the plant microbiome (Bergna
et al. 2018; Bulgarelli et al. 2013). However, the relative abundance
of some proteobacterial classes (e.g., Gammaproteobacteria and
Deltaproteobacteria) varied depending on the stress factor.

Fig. 5. Percentage of bacterial root endophytes with plant growth pro-
motion (PGP) and plant growth inhibition (PGI) effect on Hildares tomato
plants. Isolates were isolated from Hildares tomato plants grown under
individual and combined abiotic and biotic stress conditions. C = non-
treated plants, F = inoculation with Fusarium oxysporum, V = inocula-
tion with Verticillium dahliae, I = ionic stress factor, and O = osmotic
stress factor.

The overall shift in bacterial root endosphere diversity (β-
diversity) was substantially more pronounced when exposed to
V. dahliae in comparison with F. oxysporum (Fig. 1C). A shift in
the plant microbiome due to pathogen infection was also found by
Erlacher et al. (2014) and Köberl et al. (2017). Contrary to our
results, Erlacher et al. (2014) observed an increased α-diversity
after pathogen infection in lettuce, whereas Köberl et al. (2017)
also detected a lower root endosphere diversity in banana plants
infected with Fusarium spp. Interestingly, in our study, an increase
of α-diversity of the tomato root endosphere community was found
under simultaneous abiotic stress conditions with F. oxysporum but
not with V. dahliae compared with individual abiotic stress. Hence,
root endosphere diversity seems to be affected by the nature of
plant–pathogen interactions.

We observed an impact of stress conditions on the relative abun-
dance of distinct taxa in the tomato root endosphere, including a
reduced relative abundance of Firmicutes in the pathogen treatments
and under individual ionic stress conditions. Lee et al. (2021) also
found a lower relative abundance of Firmicutes in the tomato rhizo-
sphere of diseased compared with healthy plants. Members of this
phylum are known to protect plants against pathogens. A substan-
tially higher relative abundance of the class Betaproteobacteria was
found in roots infected with V. dahliae compared with roots colo-
nized by Fusarium spp. It is known, for instance, that Burkholderia
phytofirmans can produce ACC deaminase. Tiwari et al. (2018)
demonstrated that this compound can contribute to enhanced plant
stress tolerance against V. dahliae. Therefore, future studies should
include analysis of microorganism- and plant-produced metabo-
lites involved in mitigating effects of biotic and abiotic stressors. In
ionic-challenged plants, the root endosphere microbiota was dom-
inated by the class Gammaproteobacteria, which contains crucial
constituents of the plant microbiota (Erlacher et al. 2014; Köberl
et al. 2017). However, their contribution to plant protection de-
pends on the abundance of potentially plant-beneficial species such
as Pseudomonas spp. In contrast to biotic and ionic stressors, an
increased relative abundance of Firmicutes and Actinobacteria was
detected in the roots exposed to the individual osmotic stressor
(Fig. 1A). Xu and Coleman-Derr (2019) reported that an osmotic
stressor induced a near-universal enrichment of Gram-positive bac-
teria in the roots, as was observed in this study. Karlowsky et al.
(2018) noted that the enrichment of monoderm bacteria is mostly
driven by an interaction within the plant host rather than by the
ability of monoderms to withstand dry environments.

In all abiotic treatments that included V. dahliae (IV, OV, and IOV)
an increase in the relative abundance of the class Alphaproteobac-
teria was found compared with the respective control or Fusarium
treatment (Fig. 2A). A number of Alphaproteobacteria, including
Rhizobium and Azospirillum spp., provide functions that are ben-
eficial for their interaction with plants such as traits involved in
nitrogen fixation (Pini et al. 2011). Under ionic and osmotic stress
conditions, the availability of nutrients to the plants is limited. An
increase in relative abundance of Alphaproteobacteria might be in-
volved in the observed enhanced plant stress tolerance in the V.
dahliae-infected plants compared with the Fusarium treatments.

Treatments resulted in an enrichment of stress-specific ben-
eficial bacteria. It was hypothesized that tomato plants under
stress conditions enrich for bacterial endophytes with plant-growth-
promoting traits. The characterization of cultivable root endophytes
confirmed that stressors affected the composition of the root endo-
sphere microbiota. Based on 16S rRNA gene amplicon sequences,
most endophytes were classified as members of the phylum Pro-
teobacteria. In contrast, the majority of cultivable root endophytes
were assigned to the phylum Firmicutes. This contrasting observa-
tion may be explained by the low proportion of plant endophytes
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Fig. 6. Effect of selected root endophytes (IV22 = Pantoea agglomerans, IV30 = Microbacterium paraoxydans, IV95 = Bacillus licheniformis, OV31 =
M. oleivorans, and V71 = Bacillus sp. KJ-16) on plant dry mass of Hildares tomato plants A, inoculated with Verticillium dahliae (V) and B, under
combined ionic and biotic stress conditions (IV). C = the control treatment. Plant dry mass 3 weeks after stress treatment was analyzed. Error bars =
standard error of means. Significance of each treatment or endophyte to the control (C) or of the endophytes to the combined stress treatment (IV)
is indicated by asterisks (Dunn’s or Dunnett’s test, as appropriate; P < 0.05).

that are cultivable. Distinct genera, including Bacillus, Paenibacil-
lus, and Microbacterium, were isolated from all conducted treat-
ments. Although the cultivation-independent approach indicated a
reduced relative abundance of Firmicutes under the ionic stressor, a
high number of Bacillus isolates was obtained from this treatment
and most of them showed tolerance to both abiotic stressors applied
(Table 3). Various root-associated Bacillus spp. have been de-
veloped as biocontrol agents due to their plant-protection ability
(Andrić et al. 2020; Chowdhury et al. 2015). Beneficial effects on
plants were also shown for Paenibacillus strains (Hussain et al.
2020), which were obtained at a higher rate from treatments with F.
oxysporum (F, IF, IOF, and OF). This suggests that colonization of
tomato roots by F. oxysporum favors members of this genus within
the root endosphere microbiota. Moreover, a significantly higher
number of the cultivable endophytes was obtained, especially, from
plants infected with F. oxysporum that showed antagonistic proper-
ties and functional traits that are likely involved in PGP, based on in
vitro assays (Fig. 4). This indicates that the plant enriched those ben-
eficial microbes under stress conditions and highlights the role of
endophytes in plant stress mitigation. In contrast, Microbacterium
strains were obtained at higher rates from treatments with V. dahliae
(IV, OV, and OIV), although the phyla Actinobacteria accounted for
a low relative abundance, based on cultivation-independent analy-
sis. A high proportion of these endophytes were tolerant to the os-
motic stressor. In accordance with findings of Li et al. (2017), a high
rate of tomato root endophytes showed tolerance to the respective
ionic or osmotic stressors in vitro (Fig. 3). Hence, abiotic stressors
seem to enrich the fraction of root endophytes with the respective
tolerance. The support of the host plant’s tolerance to biotic and
abiotic stressors by beneficial microorganisms partially depends on
their traits related to plant stress mitigation. Interestingly, all en-
dophytes able to promote plant growth in vivo were isolated from
tomato plants subjected to biotic stress factors (Fig. 5). The overall
number of plant-growth-promoting traits tested in vitro was often
higher in these endophytes (F versus C, IF versus I, OV versus O,
and IOF and IOV versus IO) (Fig. 4). However, the presence of
PGP traits in vitro had no predictive power for successful PGP in
vivo and highlighted the importance of in vivo experiments. Using
a screening score (Krechel et al. 2002), five root endophytes as-
signed to the genera Bacillus, Microbacterium, and Pantoea with
PGP and disease suppression effects were selected for additional
experiments in this study. PGP effects under abiotic stress were

previously shown for Bacillus and Pantoea strains (Nautiyal et al.
2013; Panwar et al. 2016; Wang et al. 2012). However, all selected
endophytes were not able to confer plant stress tolerance under the
tested conditions (I and O), although the strains were able to pro-
duce ACC deaminase, which can likely confer stress tolerance in
various crops (Saikia et al. 2018; Vurukonda et al. 2016).

Overall, the results of this study provided new insights into stress-
factor-dependent effects on the composition of the tomato root en-
dosphere microbiota and linked them to potential consequences for
plant health. Our results indicate that tomato plants can specifi-
cally adapt to prevalent environmental or stress conditions by en-
richment of beneficial microorganisms which support the plant in
stress mitigation. Shifts in the root endosphere microbiota can in-
duce changes in plant–microbe interactions, including alteration of
plant metabolism, depending on the applied stressor. Furthermore,
plants grown under biotic or abiotic stress condition can be a source
for beneficial bacterial strains, which alleviate the impact of biotic
stressor. For the selection of beneficial strains, in vivo experiments
are always necessary. Microbiome as well as genome analyses are
valuable tools to support such selection processes.

Data availability. The Illumina 16S rRNA gene fragment library
was deposited at the European Nucleotide Archive under bioproject
number PRJEB48124. The samples can be accessed directly via
accession numbers ERS7695290 to ERS7695337.
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