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Abstract: This study investigated the drought protection effects of six fungal and bacterial inoculants
and ten consortia thereof on vegetative growth, nutritional status, and tuberization of potato under
controlled and field conditions. It was hypothesized that microbial consortia offer improved drought
protection as compared with single strains, due to complementary or synergistic effects, with dif-
ferential impacts also of N fertilization management. Under NO3

− fertilization, a 70% reduction in
water supply over six weeks reduced shoot and tuber biomass of non-inoculated plants by 30% and
50%, respectively, and induced phosphate (P) limitation compared to the well-watered control. The P
nutritional status was significantly increased above the deficiency threshold by three single-strain in-
oculants and eight consortia. This was associated with the presence of the arbuscular mycorrhizal fun-
gus (AMF) inoculant Rhizophagus irregularis MUCL41833 (five cases) and stimulation of root growth
(five cases). Additionally, Bacillus amyloliquefaciens FZB42 and AMF + Pseudomonas brassicacearum
3Re2-7 significantly reduced irreversible drought-induced leaf damage after recovery to well-watered
conditions. However, the microbial inoculants did not mitigate drought-induced reductions in tuber
biomass, neither in greenhouse nor in field experiments. By contrast, NH4

+-dominated fertilization
significantly increased tuber biomass under drought stress (534%), which was further increased
by additional AMF inoculation (951%). This coincided with (i) improved enzymatic detoxification
of drought-induced reactive oxygen species (ROS), (ii) improved osmotic adjustment in the shoot
tissue (glycine betaine accumulation), (iii) increased shoot concentrations of ABA, jasmonic acid, and
indole acetic acid, involved in drought stress signaling and tuberization, and (iv) reduced irreversible
drought-induced leaf damage. Additional application of bacterial inoculants further improved ROS
detoxification by increasing the production of antioxidants but stimulated biomass allocation towards
shoot growth at the expense of tuber development. The results demonstrated that microbial consortia
could increase the probability of drought protection effects influenced by the form of N supply.
However, protective effects on vegetative growth do not necessarily translate into yield benefits,
which can be achieved by adequate combination of inoculants and fertilizers.

Keywords: drought; nitrogen; oxidative stress; PGPMs; potato; ROS detoxification; tuber yield

1. Introduction

Potato (Solanum tuberosum L.) is the world’s third most important stable food crop in
terms of yield and consumption [1,2]. Root morphology is characterized by a shallow root
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system which can limit the uptake of water and nutrients from deeper soil layers [3]. This
is particularly marked for the acquisition of sparingly soluble nutrients such as phosphorus
(P), largely dependent on adaptive responses including root growth promotion, mycorrhizal
colonization, and/or root-induced chemical modifications for P mobilization [4]. Since
adaptations for solubilization of sparingly soluble soil P forms are not widely expressed
in potato plants, the limitations related to root system architecture may explain the high
demand of the potato crop for adequate P availability in the rooting zone [5]. This is further
exacerbated under drought stress conditions [6], which reduces the solubility and transport
of mineral nutrients to the root surface andy inhibits root growth and activity [7]. Drought
stress also affects the physiological processes of carbon partitioning, which ultimately
inhibits stolon and tuber formation, and finally reduces tuber yield [8]. It has been projected
that global potato yield potential will decrease by 10–19% between 2010 and 2039, and by
18–32% from 2040 to 2069 in the absence of any adaptation measure [9,10], suggesting the
need for the implementation of suitable approaches to alleviate drought stress in potato.

The application of plant growth-promoting microorganisms (PGPMs) is discussed as a
potential perspective to increase drought resistance of crops and stabilize yields in agricul-
tural lands prone to water limitation [11,12]. Various beneficial effects of PGPMs on plant
growth and productivity under water deficit have been documented in the literature [13,14].
These microorganisms can colonize roots internally (e.g., arbuscular mycorrhizal (AM)
fungi [15] or develop at the root surface (e.g., Bacillus sp.) [16], increasing the accumulation
of mineralnutrients, e.g., N and P [17] or stimulating root growth [18], which, in turn,
promotes nutrient acquisition. Mechanisms often reported comprise increased production
of exopolysaccharides (EPS), phytohormones, and 1-amino-cyclopropane-1-carboxylate
(ACC) deaminase that counteract excessive production of ethylene with inhibitory effects
on root growth [19,20]. A recent meta-analysis covering 150 published studies revealed
superior yield performance of PGPM inoculants in dry climates as compared with temper-
ate climate zones [21]. However, reproducibility of the expected PGPM effects under field
conditions remains a major challenge [22].

Recent studies have shown that inoculation with microbial consortia could be more
effective than single inoculants in improving plant performance due to possible synergistic
interactions between different microbial inoculants [23,24]. Complementary properties of
differentially adapted microbial strains may offer an advantage, particularly under variable
environmental conditions, as demonstrated by [25].

The performance of microbial inoculants also appears to be influenced by the form
of nitrogen (N) supply. In comparison with nitrate as a major N source, ammonium-
dominated fertilization has been reported to increase root colonization by some fungal
and bacterial PGPMs [26,27]. The microbial inoculants produced phytohormones, stim-
ulated root growth, and promoted rhizosphere acidification to improve the acquisition
of sparingly soluble nutrients (i.e., P, Zn, Mn), particularly under neutral or alkaline soil
pH, resulting in better plant growth and development [27–29]. Particularly for potato
cropping systems, fertilizer placement of P and stabilized ammonium have been reported
to overcome problems of P limitation [5] with the strongest responsiveness on light- and
drought-affected soils [30].

Based on this background information, the present study was conducted with the
following objectives:

(i) to characterize the drought-protective potential of microbial strains and strain combi-
nations with PGPM potential under controlled greenhouse conditions.

(ii) to characterize under field conditions the drought-protective potential of the best-
performing microbial strains and strain combinations pre-selected in the controlled
experiments.

(iii) to characterize the response of plants treated with drought-protective single-strain in-
oculants and microbial consortia to NH4

+ supply, using NO3
- fertilization as a control.

(iv) to identify underlying modes of action.
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It was hypothesized that (i) microbial consortia will demonstrate superior drought-
protective performance compared with single-strain inoculants; (ii) the performance will
be further improved by ammonium-dominated fertilization acting via improved nutrient
acquisition supporting the expression of physiological drought adaptations.

2. Materials and Methods

The study comprised two greenhouse experiments conducted at the Institute of Crop
Science, University of Hohenheim, Stuttgart, Germany (48◦42′44.6′′ N 9◦12′30.4′′ E) and
one field trial conducted by Agroscope, Nyon, Switzerland (46◦23′59′′ N 6◦14′08′′ E) under
irrigated and non-irrigated conditions.

2.1. Greenhouse Experiments

The potato cultivar (Solanum tuberosum L. cv Alonso) was used for the greenhouse
experiments. The soil used (silty clay–loam, pH.7.1) was collected from a research field at
the University of Hohenheim (Heidfeldhof research station) and was sieved with 5 mm
mesh size before pot filling. The physicochemical characteristics of the soil are summarized
in Supplementary Table S1. Pots were filled with a substrate mixture that comprised 2.5 kg
air-dried soil and 2.5 kg washed quartz sand to improve the soil structure. Additional
fertilizer supply is reported in the description of the individual experiments.

The method described by [31] was employed to determine the water-holding capacity
(WHC) of the substrate. For this purpose, metal cylinders (5 cm Ø and 15 cm length) fitted
with a sieve at the bottom were filled with the sand–soil substrate. To prevent the substrate
from passing through the sieve, a layer of gravel quartz stones (0.3–0.5 mm in diameter)
was added at the bottom.

2.1.1. Potato Culture

Potato tubers (size: 3.5–5.5 cm) were pre-germinated in boxes for 2 weeks at 15 ◦C
in the dark and then 3–4 weeks with illumination until the emergence of 1–2 well-grown
sprouts. Suitable sprouts with similar growth were selected and separated from the mother
tuber along with a 1–2 cm2 cube of tuber tissue by cutting with a disinfected sharp knife.
The cut potato cubes with sprouts were then kept on a clean filter paper for drying for 24 h
to induce the formation of a suberin layer, sealing the moist cut surface of tuber tissue to
restrict pathogen infections. After drying, potato cubes with sprouts (approx. 10–12 g FW)
were selected and planted into culture pots at a depth of 5 cm. After planting, the top
surface of the substrate was covered with 300 g coarse quartz sand to minimize evaporation
loss and crust formation (Supplementary Figure S3).

2.1.2. Maintenance Culture of Inoculants

Microbial strains were provided by participants of the EU project SoLACE GA No
727247 (summarized in Supplementary Table S2) and maintained on suitable agar media:
Kings B medium for Pseudomonas strains; pepton/yeast medium (5 g pepton + 1g yeast
extract +10 g glucose +1.5 g KH2PO4 + 3.0 g K2HPO4 +15 g agar per liter) for Herbaspirillum
and Kosakonia; Potato Dextrose Agar (PDA) for Trichoderma strains and Paraburkholderia. The
inoculum of the arbuscular mycorrhizal fungus (AMF) Rhizophagus irregularis MUCL41833
was provided as a spore preparation in a formulation of alginate beads [32].
Bacillus amyloliquefaciens FZB42 (renamed Bacillus velezensis FZB42) was provided as a com-
mercial stabilized endospore formulation (RhizoVital® fl. FZB42, ABITEP, Berlin, Germany).

2.1.3. Preparation and Application of Inoculants

For AMF inoculation, 12.5 g pot−1 of alginate bead formulation with R. irregularis
MUCL 41833 was mixed with the substrate during the pot filling (25 ± 15 propagules
per fresh alginate bead, or 1000 ± 600 propagules per g of fresh alginate beads) [32]. The
remaining inoculants were applied by soil drenching close to the stems of the plants in
the 4–5 leaf stage (8 days after planting). For the application of the Trichoderma strain, the
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mycelium, which had completely covered the agar plate and formed green spores, was
scratched from the agar medium and suspended in phosphate-buffered saline solution
(PBS). For each experiment, the mycelium from 3 agar plates was suspended to a volume
of 400 mL to apply 20 mL suspension per pot. The bacterial strains were applied with
suspension aliquots of 20 mL adjusted to 107 cfu mL−1, which resulted in a final application
rate of 109 cfu plant−1. The RhizoVital® fl. FZB42 Bacillus formulation was diluted with
water before the application according to manufacturer instructions to reach an application
concentration of 107 cfu ml−1. For the remaining bacterial strains, agar cubes with bacterial
colonies were transplanted from the culture plates to an Erlenmeyer flask filled with
100 mL tryptic soy medium (TSM, Sigma-Aldrich, Darmstadt, Germany) and incubated
on a rotary shaker (Multitron, Infors HT, Bottmingen, Switzerland) at 120 rpm for 24 h
at 28 ◦C. Thereafter, the optical density (absorbance 600 nm) of the bacterial suspension
was determined spectrophotometrically (NanoDrop 2000C, Thermo Fisher, MA, USA) and
adjusted with TSM to reach the absorbance corresponding to 107 cfu mL−1, as previously
determined for each strain by plating dilution assays (Supplementary Table S3).

2.1.4. Setup of Pot Experiment I

The first pot experiment was conducted for screening the most effective drought-
protective microbial inoculants, improving nutrient uptake, plant performance, and tu-
berization of potato plants exposed to water limitation. The experiment was conducted
from November 2017 to February 2018 with 18 different treatments and four replicates.
The plants were grown in a greenhouse under semi-controlled conditions with a total
eight hours of additional artificial light, in the morning (05:00–07:00 and 08:00–10:00) as
well as in the evening (16:00–18:00 and 19:00–21:00) using 400 W high-pressure sodium
lamps (SON-T AGRO 400, Philips Lighting GmbH, Germany). The average light intensity
was 275 µM m−1 s−1. The temperature was maintained at 16–28 ◦C (average tempera-
ture 22 ◦C) during day and night, with an average relative humidity of 41% during the
experimental period.

Before pot filling, NPK fertilization was applied by mixing fertilizer solutions with the
culture substrate: N (50 mg kg−1 using Ca (NO3)2), P (50 mg kg−1 using Ca(H2PO4)2), and
K (150 mg kg−1 using K2SO4). Six microbial inoculants provided by SolACE project part-
ners [33] were tested individually or in combination as specified in Supplementary Table S2.
The potato plants were grown for three weeks under well-watered conditions at 70% of
the substrate water-holding capacity (WHC), daily adjusted by gravimetric determination
(establishment phase), followed by a drought stress period of six weeks (20–25% WHC)
and four days recovery at 70% WHC. Non-stressed controls were maintained at 70% WHC
throughout the culture period.

2.1.5. Setup of Pot Experiment II

Four promising microbial inoculants (viz. P. brassicacearum 3Re2-7, B. amyloliquefaciens
FZB42, Herbaspirillum sp, and R. irregularis MUCL 41833), identified with respect to drought-
protective functions during the first experiment, were further investigated in a second pot
experiment testing perspectives to further improve the performance of plants in presence
of ammonium-dominated N fertilization. The experiment was conducted from May to
August 2018 with nine different treatments and five replicates (Supplementary Table S4).
Two forms of nitrogen fertilizers were applied as NO3

− (50 mg N kg−1 substrate, using
Ca (NO3)2) and NH4

+ (50 mg N kg−1 substrate, using 3,4-Dimethylpyrazolphosphate
(DMPP)-stabilized ammonium sulphate (NovaTec® solub 21, Compo Expert, Münster,
Germany). In addition, K (150 mg K kg−1 substrate) was applied as K2SO4, all mixed
in the substrate before pot filling. In face of the high soil P status identified during the
first experiment and the potential for P solubilization by ammonium-induced rhizosphere
acidification on soils with neutral pH [7], no additional P fertilization was applied in this
experiment. The plants were watered at 70% WHC for three weeks before the initiation of
drought stress for six weeks at 20–25% WHC. Afterwards, all plants were again watered
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at 70% WHC during a recovery phase for two weeks until harvest. Non-stressed control
plants were watered to 70% WHC for the whole duration of the experiment.

2.1.6. Visual Rating of Plant Performance

To quantify the degree of drought-induced damage, a visual scoring scheme was used
to estimate plant performance during the drought phase and after recovery. The scoring
scheme ranged between 1 = marginal damage and 10 = severe damage, based on plant
growth performance and visual symptoms of drought-induced damage (wilting, chlorosis,
leaf necrosis). The rating was performed two times for all plants and average scores were
used to estimate the final visual plant performance (Supplementary Figure S3).

2.1.7. Harvest of Plant Material

Throughout the experimental period, several non-destructive measurements were car-
ried out such as plant height, total number of leaves per plant−1, and number of damaged
(chlorotic, necrotic) leaves recorded during the establishment phase, recovery phase, and
before final harvesting of plants. At the end of the recovery phase, the youngest undamaged
and fully developed leaves were collected, immediately wraped with aluminum foil, and
shock frozen in liquid nitrogen. Subsequently, the leaf samples were stored at −80 ◦C
for analysis of stress metabolites and hormones. For final harvest, plant shoots were cut
at their base removing adhering soil particles, and finally weighed for determination of
fresh shoot biomass. All shoot samples were oven dried at 60 ◦C (TKL 10, Ehret GmbH
Emmendingen, Germany) until achieving constant weights for recording shoot dry weight.
The plants’ roots were carefully washed out of the soil substrate and dried with tissue
papers for determination of root fresh weight. For root length measurement, fresh root
samples were preserved in 70% (v/v) ethanol. Aliquots of root samples were used for dry
weight determination. Tubers were thoroughly washed and dried with tissue papers prior
to fresh weight recordings and the number of tubers from each plant was counted.

2.1.8. Root Length Measurement

Aliquots of preserved root samples were cleaned with distilled water to remove
ethanol. The root samples were submerged into a water film in a transparent Perspex tray,
spread evenly, and scanned using a flatbed scanner (Epson Expression 1000 XL, Tokyo,
Japan). Then, the digitalized images were analyzed using the WinRHIZO software package
V. 2009c 32-Bit (Regent Instruments, Quebec, QC, Canada) to estimate the total root length.

2.1.9. Analysis of Mineral Nutrients

Dried shoot material was homogenized to a fine powder using a grinding mill (Labor
Scheibenschwingmühle 100A, Sieb Technik GmbH, Mühlheim-Ruhr, Germany). Samples
of dry grinded shoots weighing 250 mg were used for total N determination with a Vario
max CN macro-elementar analyser (Elementar Analysensysteme, Hanau, Germany). The
shoot P, K, Mg, Ca, Mn, Zn, Cu, Si, and Fe were measured after microwave digestion.
Then, 250 mg dry plant material, 2 mL distilled water, 5 mL HNO3, and 4 mL H2O2
were added into digestion tubes, mixed with a vortex mixer and kept for 30 min for
reaction. Subsequently, the tubes were put into a microwave digestion unit at 1400 W for
1 h (ETHOS lab Professional Microwave Systems, MLS, Leutkirch, Germany) and then
cooled for 30 min. The digested samples were added to conical flasks and the volume was
adjusted to 25 mL with dH2O. After shaking and filtration, the samples were ready for
analysis. Phosphorous was determined spectrophotometrically (Hitachi U-3300, Tokyo,
Japan) according to the method of [34], while K and Ca were measured by flame absorption
spectrometry (Eppendorf-ELEX6361, Netheler + Hinz, Hamburg, Germany) and Mg, Mn,
Fe, Cu, and Zn were determined by atomic absorption spectrometry (iCE 3000 series,
Thermo Fischer, Dreieich, Germany).
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2.1.10. Determination of Stress Metabolites and Hormonal Profiling

Plant material collected from undamaged leaves after drought stress recovery was
used for the determination of selected stress metabolites after homogenization of shock-
frozen plant tissues in liquid nitrogen.

Proline analysis was conducted spectrophotometrically at 520 nm after acetic acid
and acid ninhydrin derivatization [35]. Glycine betaine determination was performed
according to the spectrophotometric method of [36] with modifications described by [37].
The 1,1-diphenyl-2-picrylhydrazyl radical (DPPH) method was used to evaluate the free
radical scavenging activity of antioxidants in plant tissue [29]. Hydrogen peroxide levels
were determined spectrophotometrically at 390 nm as described [35]. Ascorbate peroxidase
(APX) activity was recorded according to the spectrophotometric method described by [38].
A Spectrophotometer U-3300 (Hitachi, Tokyo, Japan) was used for all spectrophotomet-
ric determinations.

UHPLC-MS analysis of phytohormones in shoot tissues was carried out on a Velos
LTQ System (Thermo Fisher Scientific, Waltham, MA, United States) fitted with a Synergi
Polar column, 4 µ, 150 × 3.0 mm, (Phenomenex, Torrance, CA, USA) according to the
method described by [29].

2.2. Field Trial

The field trial was designed as a four-factor experiment with two replications. In
addition to potato varieties, three factors were arranged as a randomized complete block
design (RCBD). These factors were: (i) inoculation, (ii) irrigation, and (iii) phosphorus
supply. The inoculation factor was randomized in the two replication blocks and had four
levels: no inoculation, inoculation of consortium 1, consortium 2, and consortium 3. The
subfactor irrigation was randomized into the main plots and had two levels: irrigated and
rainfed. In addition, the phosphorus fertilization factor displayed two rates of P application,
0 kg ha−1 and 36 kg ha−1 and was randomly applied to the subfactor irrigation. Finally, the
variety factor was not randomized and subordinated to the phosphorus factor. It contained
cv. Pentland Dell, cv. Sarpo Mira, cv. Maris Piper and cv. Désirée. Each plot was planted
with one line of 25 plants for each variety. All the plots were surrounded by buffer rows
of cv. Laura. The varieties were planted in the same order inside of each plot: from left to
right one line of cv. Sarpo Mira, one line of cv. Désirée, one line of cv. Pentland Dell and
online of cv. Maris Piper.

The trial was located at the Agroscope research station (Nyon, Switzerland) on clay–
loam soil (40% sand, 37% loam, 23% clay), pH 7.6; Corg 2–3%. Seed tubers were planted at
a rate of one seed piece per 0.32 m and with 0.75 m row spacing (Supplementary Figure S2).

2.2.1. Fertilization and Irrigation

Application of phosphorus was carried out at planting at a rate of 36 kg ha−1 (triple super-
phosphate). Additionally, the following fertilizer rates were applied in all lines: 120 kg ha−1 of
nitrogen (urea), 372 kg ha−1 of potassium (potassium chloride), and 20 kg ha−1 of magnesium
(34.5% magnesium sulfate + 65.5% magnesium carbonate). Before the soil water content
reached the onset of stress for the potato plants (determined empirically), irrigation was
performed in irrigated lines at a rate of 20 L per m2. From a water tank filled with the exact
amount of water needed for the irrigated plots, individual graduated watering cans were
then used to split the water equally between the plots.

2.2.2. Microbial Inoculants, Formulation, Dosage, and Application

Three consortia were inoculated. Consortium 1 contained Rhizophagus irregularis
MUCL41833 and Pseudomonas brassicacearum 3Re2-7. Consortium 2 was a combination of
Rhizophagus irregularis MUCL41833 and Paraburkholderia phytofirmans PsJN, and consortium
3 was composed of Rhizophagus irregularis MUCL41833, Paraburkholderia phytofirmans PsJN,
and Trichoderma asperelloides A. The Trichoderma strain and the two bacterial strains were sus-
pended solutions specified in Supplementary Table S5. Rhizophagus irregularis MUCL41833
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was integrated into alginate beads. Preparation of alginate beads was performed according
to the protocol of [32]. On the day of planting, the tubers were laid on the soil mechani-
cally with the help of a potato planter. Each tuber was then picked up and dipped in the
formulation containing the corresponding inoculant, while 10 alginate beads were placed
on the tuber empty spot. The seed potato was then put back in place before the rest of the
formulation was poured on top of it. The hills were formed after the application of the
inoculum. All the lines were irrigated after hills formation, at a rate of 20 L per m2.

2.3. Experimental Design and Statistical Analysis of Greenhouse Experiments

The first experiment was laid out in a completely randomized block design with four
replicates per treatment and 18 different variants. The second experiment was arranged in
a completely randomized design using five replicates per treatment with nine treatments.
For statistical analyses, the software SAS 9.4 (SAS Institute Inc., Cary, NC, USA) was used.
Data sets were tested with a one-way ANOVA followed by t-grouping, comparing different
microbial treatments (p ≤ 0.05).

2.4. Statistical Analysis of the Field Trial

Soil analyses conducted before planting revealed a high content of phosphorus in the
soil. Because of this, we could not generate an impacting difference in soil phosphorus
availability. The first analysis of variance revealed no impact of P fertilization on yield and
other parameters. To simplify the analysis, the P fertilization treatment was suppressed
and considered as two supplementary replications. Yield results were analyzed in R [39] in
the environment R studio [40] with the function ssp. plot from the package agricolae [41].
Repetitions were described as blocks, inoculation as the main plot factor, irrigation as
the subplot factor, and variety as the subplot factor. Treatments with significant effects
were subjected to the least significant difference (LSD) test to reveal significant differences
between the corresponding levels, with the LSD test function from the package agricolae.

3. Results
3.1. Pot Experiment I: Plant Growth Parameters

Drought stress significantly reduced shoot dry weight (SDW) as compared to well-
watered plants (29%), and no significant effects of microbial inoculants were noticed
compared to drought-stressed plants without inoculants (Table 1). However, a general
trend for increased shoot elongation rates induced by the microbial inoculants was recorded
during the six-week drought stress phase (Figure 1), with significant effects for the single-
strain inoculant FZB42 (300%) and the consortia KH (267%) and P&R (420%). Drought
stress significantly reduced total tuber weight (50%) without significant effects on the
number of tubers per plant. Treatments with microbial inoculants had no effects on total
tuber weight or number of tubers per plant (Table 1).

Root biomass was significantly affected by drought stress (Table 1) with a signifi-
cant decline in root dry weight (RDW) as compared to well-watered plants (39%), and
a reduction in total root length of 46%. A trend for increased root biomass production,
reaching values not significantly different from the well-watered control, was recorded
for two single-strain inoculants (3Re27, FZB42) and three consortia (P&R, PaT, P4R) with
a similar trend for root length induced by three single-strain inoculants (3Re27, FZB42,
TA) and three consortia (P&R, PaT, P4R). The root-to-shoot biomass ratio was significantly
increased by 3Re2-7 as compared to controls (Table 1).
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Table 1. Effect of plant growth-promoting microorganisms on shoot dry weight (SDW), root dry
weight (RDW), root length (RL), root/shoot ratio, tuber weight, number of tubers per plant, and
individual tuber weight (ITW) of potato under drought stress.

Variants SDW
(g Plant−1)

RDW
(g Plant−1)

RL
(cm Plant−1)

Root/Shoot
Ratio

Tuber
Weight

(g Plant−1)

Tuber
Number
Plant−1

PC 7.53 a 0.49 a 6149 a 0.096 bc 71.86 a 3.5 a

NC 5.35 bc 0.30 c 3347 b 0.094 bc 35.88 bc 2.8 a
PsJN 5.26 bc 0.32 bc 3059 b 0.092 bc 29.72 bc 2.3 a
KCZ 5.48 bc 0.32 bc 3380 b 0.081 bc 35.64 bc 3.0 a
AM 5.18 bc 0.30 c 3299 b 0.096 bc 28.09 c 2.8 a
TA 5.22 bc 0.35 bc 3610 ab 0.092 bc 38.93 bc 3.0 a

3Re27 6.17 b 0.43 ab 4425 ab 0.120 a 29.36 bc 3.0 a
FZB 6.02 bc 0.40 abc 4123 ab 0.102 ab 31.86 bc 2.5 a
PPS 5.76 bc 0.37 bc 3637 ab 0.096 bc 31.72 bc 3.0 a
KH 5.21 bc 0.30 c 2927 b 0.083 bc 29.51 bc 3.0 a

KHR 5.53 bc 0.31 c 3019 b 0.084 bc 32.89 bc 3.0 a
P8R 6.00 bc 0.40 abc 3656 ab 0.097 abc 26.17 c 3.0 a
PaR 5.40 bc 0.35 bc 3465 b 0.090 bc 43.79 b 3.3 a
PaT 6.16 b 0.39 abc 3399 b 0.098 ab 26.30 c 3.0 a
P4R 5.71 bc 0.39 abc 3746 ab 0.102 ab 36.61 bc 3.3 a
PT 5.05 c 0.29 c 2737 b 0.087 bc 35.29 bc 2.8 a
RT 5.27 bc 0.34 bc 3371 b 0.091 bc 34.98 bc 3.0 a

PaRT 5.49 bc 0.30 c 2955 b 0.073 c 28.12 c 3.5 a
PC: well-watered control; NC: non-inoculated drought control; PsJN: P. phytofirmans PsJN, KCZ: Pseudomonas sp.
KCZ43, AM: R. irregularis MUCL 41833, TA: T. asperelloides A, 3Re2-7: P. brassicacearum 3Re2-7, FZB:
B. amyloliquefaciens FZB42, PPS: P. protegens 3BS + P. jessenii 17BS, KH: Kosakonia sp. + Herbaspirillum sp., KHR:
Kosakonia sp. + Herbaspirillum sp. + R. irregularis MUCL 41833, P8R: P. brassicacearum 3Re2-7 + R. irregularis
MUCL 41833, PaR: P. phytofirmans PsJN + R. irregularis MUCL 41833, PaT: P. phytofirmans PsJN + T. asperelloides
A, P4R: Pseudomonas sp. KCZ43 + R. irregularis MUCL 41833, PT: P. brassicacearum 3Re2-7 + T. asperelloides
A, RT: R. irregularis MUCL 41833 + T. asperelloides A, and PaRT: P. phytofirmans PsJN + R. irregularis MUCL
41833 + T. asperelloides A l. Means of 4 replicates. In each column, different letters indicate significant differ-
ences among treatment means of four replicates (p ≤ 0.05).
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Figure 1. Effect of plant growth-promoting microorganisms on shoot elongation rate of potato
measured after 6 weeks of drought stress. The substrates treated with or without (NC = negative
control) microbial inoculants viz. P. phytofirmans PsJN (PsJN), Pseudomonas sp. KCZ43 (KCZ),
R. irregularis MUCL 41833 (AM), T. asperelloides A (TA), P. brassicacearum 3Re2-7 (3Re), B. amyloliquefaciens
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FZB42 (FZB), P. protegens 3BS + P. jessenii 17BS (PPS), Kosakonia sp. + Herbaspirillum sp. (KH), Kosakonia
sp. + Herbaspirillum sp. + R. irregularis MUCL 41833 (KHR), P. brassicacearum 3Re2-7 + R. irregularis
MUCL 41833 (P8R), P. phytofirmans PsJN + R. irregularis MUCL 41833 (PaR), P. phytofirmans
PsJN + T. asperelloides A (PaT), Pseudomonas sp. KCZ43 + R. irregularis MUCL 41833 (P4R),
P. brassicacearum 3Re2-7 + T. asperelloides A (PT), R. irregularis MUCL 41833 + T. asperelloides A (RT),
and P. phytofirmans PsJN + R. irregularis MUCL 41833 + T. asperelloides A (PaRT). PC = positive control
under well-watered conditions. Bars represent mean values ± SEM (n = 4). Significant differences
(p ≤ 0.05) are indicated by different letters.

3.1.1. Visual Evaluation of Drought Stress Symptoms

To detect irreversible drought-induced leaf damage, evaluations of wilting, chlorosis,
and necrosis were performed at the end of the six-week drought stress period and after
recovery under well-watered conditions, (Figure 2). Inoculation with microbial consortia
PPS, KH, and P8R significantly reduced drought-induced leaf damage by 37%, 41%, and
37%, recorded at the end of the drought stress phase. After re-supplying water to 70%
of WHC, the potato plants exhibited rapid recovery particularly from wilting symptoms
within four days. However, a general trend for a reduction in irreversible leaf damage
after recovery to well-watered conditions was recorded for all inoculants except PT and
PaRT, with significant effects induced by the single-strain inoculant FZB42 (40%) and the
consortium P&R (50%) reaching final rankings < 2, similar to the well-watered control (PC)
(Figure 2).
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Figure 2. Visual scoring of drought stress symptoms (wilting, chlorosis, necrosis; 0 = no dam-
age, 10 = severely damaged) at the end of 6-week drought stress and after 1 week of recovery
under well-watered conditions. The substrates treated with or without (NC) microbial inoculants
viz. P. phytofirmans PsJN (PsJN), Pseudomonas sp. KCZ43 (KCZ), R. irregularis MUCL 41833 (AM),
T. asperelloides A (TA), P. brassicacearum 3Re2-7 (3Re), B. amyloliquefaciens FZB42 (FZB), P. protegens
3BS + P. jessenii 17BS (PPS), Kosakonia sp. + Herbaspirillum sp. (KH), Kosakonia sp. + Herbaspirillum
sp. + R. irregularis MUCL 41833 (KHR), P. brassicacearum 3Re2-7 + R. irregularis MUCL 41833 (P8R),
P. phytofirmans PsJN + R. irregularis MUCL 41833 (PaR), P. phytofirmans PsJN + T. asperelloides A (PaT),
Pseudomonas sp. KCZ43 + R. irregularis MUCL 41833 (P4R), P. brassicacearum 3Re2-7 + T. asperelloides
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A (PT), R. irregularis MUCL 41833 + T. asperelloides A (RT) and P. phytofirmans PsJN + R. irregularis
MUCL 41833 + T. asperelloides A (PaRT), PC = positive control under well-watered conditions. Bars
represent mean values ± SE (n = 4). Different letters indicate significant differences (p ≤ 0.05).

3.1.2. Mineral Nutritional Status

With the exception of phosphate (P), potassium (K), and magnesium (Mg), the nu-
tritional status of non-inoculated plants was sufficient, as indicated by the shoot mineral
nutrient concentrations (Table 2a). However, at the end of the culture period, the N status
of well-watered plants with the highest growth activity was critical. Severe phosphate
limitation was recorded particularly for the non-inoculated control plants exposed to
drought stress (Table 2a), associated with a significant decline (36%) in P shoot accumula-
tion (Table 2b). A general trend for increasing the P nutritional status was recorded for all
microbial inoculants (Table 2a), also reflected in increased shoot P accumulation (Table 2b).
Significant improvements of the P status above the deficiency threshold were mediated by
three out of six single-strain inoculants (AM, 3Re2-7, FZB42) and eight out of ten consortia
(PPS, KH, KHR, P&R, PaT, P4R, PT, RT). The AMF Rhizophagus irregularis MUCL 41833
improved the P status in five out of seven inoculants. The single-strain inoculants PsJN
and TA were effective only in consortia, but PsJN was ineffective in combination with
AMF (Table 2).

Although the N status was sufficient in drought-affected plants, shoot nutrient concen-
trations were further increased by microbial inoculants with significant effects of two single
strains (PsJN, AM), and six consortia (PPS, KH, KHR, P&R, PT, RT) for K nutrition and
one single-strain (PsJN) and four consortia (PPS, KH, KHR, PT) in case of the N nutritional
status. No inoculant effects were detectable for Mg, Mn, and Zn nutrition (Table 2).

3.2. Field Experiment

PGPM inoculation did not impact yield significantly for all tested potato varieties,
P fertilization, and irrigation treatments. However, statistical analysis revealed that irri-
gation (p < 0.001) and variety (p < 0.001) both had an impact on harvested tuber weight
(Supplementary Figure S1). Interaction between the different treatments did not provide
any significant effect on yield. Post hoc tests revealed that rainfed lines (27.2 t·ha−1) pro-
vided less yield in comparison with irrigated ones (36.4 t·ha−1). In addition, cv. Désirée
(35.3 t·ha−1) and cv. Maris Piper (34.4 t·ha−1) were not significantly different, but both
yielded more than cv. Pentland Dell (30.4 t·ha−1) and cv. Sarpo Mira (27 t·ha−1) which
provided similar yields.

3.3. Pot Experiment II

The pot and field experiments with nitrate- or urea-based N fertilization revealed
the absence of inoculant effects for alleviation of yield decline in drought-affected potato
plants (Table 1; Supplementary Figure S1). Nevertheless, the beneficial impact on nutrient
status and vegetative growth observed in the pot experiment suggested further research
to optimize the strategy for application of the inoculants. In a follow-up experiment, the
potential benefits of stabilized ammonium fertilization reported for potato on drought-
affected soils [30] were investigated with a selection of effective single-strain inoculants
(AM, FZB42) and strain combinations (AM + 3Re2-7, AM + Herbaspirillum, AM + FZB42).
Drought-affected potato plants supplied with stabilized ammonium fertilization with and
without microbial inoculants were compared with a well-watered control. Additional
controls comprised well-watered and drought-affected plants with nitrate fertilization.
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Table 2. Effect of microbial inoculants on shoot concentrations (a) and shoot accumulation of nutrients
(b) in potato plants exposed to drought stress treatments with and without microbial inoculants and
in well-watered controls.

(a) Concentrations P K N Mg Mn Zn

Deficiency threshold 2.5 mg·g−1 60 mg·g−1 30 mg·g−1 7.0 mg·g−1 30 µg·g−1 30 µg·g−1

PC 2.12 c-e 44.8 h 33.1 e 5.72 bc 38.3 c 104.2 a

NC 1.87 e 54.3 fg 43.6 cd 6.03 abc 56.7 ab 93.3 a
PsJN 2.38 a–e 61.0 abc 49.3 ab 6.42 ab 59.2 ab 100.8 a
KCZ 2.26 a–e 55.4 d–g 45.6 bcd 6.28 abc 54.6 ab 67.2 a
AM 2.50 a–d 60.8 abc 46.0 bc 6.18 abc 58.9 ab 73.5 a
TA 2.22 b–e 55.3 efg 43.7 cd 6.55 ab 57.8 ab 94.2 a
3Re 2.65 abc 57.4 b–g 45.9 bc 6.51 ab 53.3 b 77.0 a
FZB 2.49 a–d 56.3 c–g 45.3 bcd 5.53 c 54.4 ab 82.9 a
PPS 2.78 a 61.4 ab 48.7 ab 6.35 abc 53.8 ab 82.6 a
KH 2.70 ab 62.9 a 51.0 a 6.57 ab 56.2ab 81.4 a
KHR 2.45 a–d 59.9 a–e 49.2 ab 6.35 abc 56.0 ab 86.1 a
P&R 2.51 a–d 59.4 a–e 45.9 bc 5.89 bc 51.8 b 73.8 a
PaR 2.00 de 57.7 b–g 45.5 bcd 6.87 a 58.8 ab 86.9 a
PaT 2.78 a 59.3 a–f 47.0 abc 6.20 abc 56.9 ab 91.9 a
P4R 2.57 a–d 54.1 g 45.8 bc 6.22 abc 54.3 ab 84.7 a
PT 2.54 a–d 60.4 a–d 48.5 ab 6.85 a 59.5 ab 68.4 a
RT 2.68 abc 63.7 a* 41.3 d 6.58 ab 57.9 ab 64.7 a
PaRT 2.06 de 56.7 b–g 46.8 abc 6.47 ab 62.2 a 84.2 a

(b) Contents
Macronutrients (mg·plant−1) Micronutrients

(µg·plant−1)

P K N Mg Mn Zn

PC 15.95 ab 337.0 a–d 249.2 a–f 43.02 a 288.3 a 780.7 a

NC 10.18 c 291.4 cd 232.6 def 32.00 c 300.9 a 513.6 ab
PsJN 12.67 abc 321.1 a–d 257.7 a–e 33.61 bc 313.1 a 522.5 ab
KCZ 12.31 abc 303.1 bcd 248.0 a–f 34.43 bc 298.9 a 373.8 b
AM 12.97 abc 312.9 a–d 235.8 c–f 31.70 c 301.4 a 367.4 b
TA 11.59 bc 286.1 d 225.3 ef 34.11 bc 302.3 a 502.7 b
3Re 16.95 a* 353.4 ab* 281.0 ab 39.09 ab 323.6 a 465.1 b
FZB 15.11 abc 338.8 a–d 272.4 abc 32.62 bc 325.4 a 503.7 b
PPS 16.23 ab* 351.5 abc 278.9 ab 36.59 abc 308.6 a 485.0 b
KH 14.34 abc 327.4 a–d 264.8 a–e 33.97 bc 292.3 a 430.0 b
KHR 13.58 abc 329.9 a–d 270.5 a–d 35.15 bc 307.0 a 482.6 b
P8R 14.91 abc 353.6 ab 272.4 abc 35.43 bc 312.1 a 453.8 ab
PaR 10.73 c 311.5 a–d 245.2 b–f 37.12 abc 318.5 a 459.9 b
PaT 17.05 a 363.8 a 287.2 a 38.06 abc 350.8 a 558.5 ab
P4R 14.68 abc 308.8 a–d 261.4 a–e 35.54 bc 309.3 a 479.6 b
PT 12.66 abc 302.7 bcd 243.4 b–f 34.79 bc 302.3 a 332.8 b
RT 13.97 abc 335.0 a–d 216.0 f 34.73 bc 305.7 a 342.1 b
PaRT 11.33 bc 312.1 a–d 257.4 a–e 35.63 bc 340.7 a 467.3 b

PC: well-watered control; NC: non-inoculated drought control; P. phytofirmans PsJN (PsJN), Pseudomonas
sp. KCZ43 (KCZ), R. irregularis MUCL 41833 (AM), T. asperelloides A (TA), P. brassicacearum 3Re2-7 (3Re),
B. amyloliquefaciens FZB42 (FZB), P. protegens 3BS + P. jessenii 17BS (PPS), Kosakonia sp. + Herbaspirillum sp. (KH),
Kosakonia sp. + Herbaspirillum sp. + R. irregularis MUCL 41833 (KHR), P. brassicacearum 3Re2-7 + R. irregularis
MUCL 41833 (P8R), P. phytofirmans PsJN + R. irregularis MUCL 41833 (PaR), P. phytofirmans PsJN + T. asperelloides
A (PaT), Pseudomonas sp. KCZ43 + R. irregularis MUCL 41833 (P4R), P. brassicacearum 3Re2-7 + T. asperelloides
A (PT), R. irregularis MUCL 41833 + T. asperelloides A (RT), and P. phytofirmans PsJN + R. irregularis MUCL
41833 + T. asperelloides A (PaTR). Means of 4 replicates. In each column, different letters indicate significant
differences (p ≤ 0.05), *: significant difference as compared to non-inoculated drought control.

3.3.1. Plant Growth Parameters

Under well-watered conditions, the form of N supply had no significant impact on
SDW, RDW, and tuber yield (Table 3), but RL was significantly reduced by NH4

+ supply
(22%) (Table 3). Drought stress significantly reduced SDW preferentially in NH4

+-treated
plants (33.4%), while RDW remained unaffected with a general trend for increased RL,
particularly under NH4

+ supply (34.2%). However, by far the largest drought-induced
biomass reduction was recorded for tuber yield in plants with NO3

− fertilization (97.7%)
and 84.9% under NH4

+ supply, without significant effects on the number of tubers per
plant. As compared with NO3

− supply, NH4
+ fertilization significantly increased tuber
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weight under drought stress (534%), which was further increased by AM inoculation (951%)
but reached only 24–25% of the well-watered controls. The remaining inoculants had no
significant effects on tuber weight under drought stress. Only FZB tended to increase SDW
(Table 3).

Table 3. Effect of plant growth-promoting microorganisms and form of N fertilizer on shoot dry
weight (SDW), root dry weight (RDW), root length (RL), tuber weight, number of tuber, and individual
tuber weight (ITW) under drought stress conditions.

N Form Treatments SDW
(g·Plant−1)

RDW
(g·Plant−1)

RL
(cm·Plant−1)

Tuber Weight
(g·Plant−1)

Tuber Number
Plant−1

ITW
(g)

NO3
− Well-watered 13.92 ± 0.68 a 0.64 ± 0.05 ab 6086 ± 254 c 141.19 ± 4.77 a 3.0 ± 1.0 a 68.0 ± 18.3 a

Drought stress 11.74 ± 0.26 bc 0.66 ± 0.04 a 6543 ± 281 c 3.23 ± 2.02 d 1.8 ± 0.6 ab 2.9 ± 2.1 b

NH4
+

Well-watered 13.69 ± 1.04 ab 0.51 ± 0.05 b 4721 ± 287 d 135.61 ± 5.61 a 1.8 ± 0.2 ab 83.3 ± 17.9 a
Drought stress 8.71 ± 0.66 f 0.55 ± 0.06 ab 6336 ± 349 c 20.48 ± 5.53 bc 1.2 ± 0.2 b 19.4 ± 6.1 b

AM 9.37 ± 0.55 df 0.53 ± 0.03 ab 6931 ± 158 bc 33.97 ± 1.38 b 1.4 ± 0.2 b 27.2 ± 4.4 b
AM+3Re2-7 9.15 ± 0.81 ef 0.55 ± 0.01 ab 6708 ± 146 c 17.13 ± 5.83 cd 1.6 ± 0.4 ab 12.8 ± 5.5 b

AM+Her 9.36 ± 0.99 def 0.53 ± 0.07 ab 6419 ± 424 c 13,63 ± 5.22 cd 1.2 ± 0.5 b 13.1 ± 5.5 b
FZB 11.11 ± 0.93 cde 0.57 ± 0.05 ab 6296 ± 366 c 13.52 ± 6.55 cd 1.4 ± 0.5 b 12.4 ± 6.9 b

AM+FZB 11.30 ± 0.38 cd 0.65 ± 0.03 a 7850 ± 351 a 10.28 ± 5.22 cd 0.8 ± 0.2 b 10.3 ± 5.2 b

PGPM inoculation of plants exposed to drought, AM: R. irregularis MUCL 41833, 3Re2-7: P. brassicacearum 3Re2-7,
Her: Herbaspirillum sp., and FZB: B. amyloliquefaciens FZB42. Means and SE of five replicates. In each column,
different letters indicate significant differences (p ≤ 0.05).

In well-watered plants, the relative biomass distribution between roots, shoots, and
tubers showed a clear dominance of tuber biomass (60%) and was not affected by the form of
N supply. Under drought stress, relative root and shoot biomass allocation increased at the
expense of tuber biomass. The total biomass of the drought-affected plants was very similar
in all treatments, but compared with NO3

− supply, biomass allocation for tuber formation
increased under NH4

+ fertilization, particularly in combination with single-strain AM
inoculation. By contrast, for the remaining inoculants, shoot biomass allocation increased
at the expense of tuber biomass in the NH4

+ variants, while root biomass remained largely
unaffected (Table 4).

Table 4. Total fresh plant biomass and relative biomass distribution of potato plants at harvest
inoculation in plants exposed to drought.

NO3WW NO3D NH4WW NH4D NH4D
+AM

NH4D
+P&R

NH4D
+H&R

NH4D
+FZB

NH4D
+AM+FZB

Total [g] 233.5 a 95.6 c 227.1 a 87.5 c 106.9 b 90.0 c 85.5 c 94.5 c 95.9 c

Relative biomass distribution %

Shoot 36.7 87.4 37.9 68.8 62.1 73.2 76.3 78.2 80.5

Tuber 60.4 3.0 59.7 23.4 31.8 18.8 15.7 14.3 10.7

Roots 2.8 9.6 2.4 7.8 6.1 8.0 8.0 7.5 8.8

AM: Rhizophagus. irregularis MUCL 41833, P&R: Pseudomonas. brassicacearum 3Re2-7+AM, H&R:
Herbaspirillum sp.+AM, and FZB: Bacillus. amyloliquefaciens FZB42. FZB+R = FZB+AM, NO3 = nitrate fertil-
ization, NH4 = stabilized ammonium fertilization, WW = well-watered, D = drought different letters indicate
significant differences (p ≤ 0.05).

3.3.2. Rating of Drought Stress Symptoms

As a more objective criterion for the evaluation of visual drought stress symptoms, the
number and percentage of leaves expressing senescence symptoms (wilting, intense chloro-
sis, and necrosis) was determined at the end of the drought stress period. Drought stress
significantly increased the number of senescent leaves without differences between the
forms of N supply. However, the application of microbial inoculants in the ammonium vari-
ants decreased the degree of leaf damage with significant reductions in the treatments with
AM, AM+Her, and AM+FZB42 as compared with the non-inoculated control (Figure 3).
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sp. (AM+Her), and R. irregularis MUCL 41833 + B. amyloliquefaciens FZB42 (AM+FZB) under well-
watered (PC No D) and drought (NC D) conditions. Bars represent mean values ± SEM (n = 5), 
different letters indicate significant differences (p ≤ 0.05). 
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Figure 3. Visual evaluation of irreversibly damaged leaf number (chlorosis, necrosis) and percentage
relative to the total number of leaves at the end of the 6-week drought period. The substrates treated
with or without microbial inoculants viz. R. irregularis MUCL 41833 (AM), R. irregularis MUCL 41833
+ P. brassicacearum 3Re2-7 (AM+3Re), R. irregularis MUCL 41833 + Herbaspirillum sp. (AM+Her), and
R. irregularis MUCL 41833 + B. amyloliquefaciens FZB42 (AM+FZB) under well-watered (PC No D)
and drought (NC D) conditions. Bars represent mean values ± SEM (n = 5), different letters indicate
significant differences (p ≤ 0.05).

3.3.3. Plant Nutritional Status

Under well-watered conditions, potato plants exhibited N, P, K, and Mg shoot concen-
trations below the reported deficiency thresholds, while the other nutrients reached the
threshold (Ca, Mn, Cu) or were markedly above (Fe, Zn). The form of N supply had no
significant effects on nutrient concentrations and content in the shoot tissue in well-watered
plants (Table 5). After recovery from the drought stress treatment, the concentration of N, P,
and K was significantly increased compared to the well-watered controls but reached the
deficiency threshold level only for N. However, NH4

+ supply in drought-affected plants
was associated with a significantly lower shoot content of all nutrients as compared with
NO3

− fertilization. In most cases, microbial inoculants provided no significant increase
in shoot nutrient concentration or content. Only the AM-FZB combination increased the
content of macronutrients in the shoot tissue as compared with the non-inoculated control
with significant effects for N, Mg, and Ca and the highest increase (36%) for P (Table 5).
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Table 5. Effect of plant growth-promoting microorganisms and form of N fertilizer on shoot nutrient concentrations (A) and content (B) in potato plants under
drought stress.

(A) Nutrient
Concentrations P K N Mg Ca Mn Fe Zn Cu

Deficiency
Threshold 2.5 mg·g−1 60 mg·g−1 30 mg·g−1 7.0 mg·g−1 15 mg·g−1 30 µg·g−1 40 µg·g−1 30 µg·g−1 6 µg·g−1

NO3
− Well-watered 1.19 ± 0.07 f 24.0 ± 0.7 c 13.1 ± 0.4 c 2.88 ± 0.19 cd 20.3 ± 0.8 a 29.2 ± 0.5 bcd 172.4 ± 18.8 a 56.7 ± 4.6 ab 5.85 ± 0.9 b

Drought stress 2.19 ± 0.09 a 39.6 ± 1.7 ab 30.5 ± 1.2 a 3.31 ± 0.16 abc 18.3 ± 0.8 abc 32.4 ± 0.8 ab 175.7 ± 16.7 a 48.9 ± 2.5 ab 9.29 ± 0.9 a

NH4
+

Well-watered 1.32 ± 0.13 ef 21.6 ± 0.5 c 12.5 ± 0.5 c 2.71 ± 0.11 d 17.2 ± 0.9 bc 26.1 ± 1.2 d 187.8 ± 22.8 a 60.1 ± 7.2 a 7.15 ± 1.1 ab

Drought stress 1.81 ± 0.08 cd 41.4 ± 1.7 a 30.8 ± 1.3 a 3.48 ± 0.14 ab 19.2 ± 1.0 ab 32.5 ± 1.4 ab 171.6 ± 21.5 a 53.5 ± 3.2 ab 8.73 ± 0.7 ab

AM 1.54 ± 0.05 de 38.2 ± 0.6 ab 28.7 ± 0.9 ab 3.59 ± 0.09 ab 20.1 ± 0.4 a 33.2 ± 0.4 a 168.1 ± 15.5 a 57.5 ± 5.2 ab 7.72 ± 0.7 ab

AM+3Re2-7 1.89 ± 0.06 bc 40.6 ± 1.9 a 31.1 ± 1.4 a 3.58 ± 0.19 ab 19.5 ± 1.3 ab 32.6 ± 1.7 ab 162.6 ± 14.7 a 57.8 ± 5.4 ab 9.57 ± 2.2 a

AM+Her 2.11 ± 0.15 ab 40.4 ± 2.4 a 31.2 ± 1.5 a 3.66 ± 0.22 a 19.2 ± 1.5 ab 30.5 ± 1.0 abc 156.2 ± 23.9 a 54.4 ± 5.7 ab 9.00 ± 1.1 a

FZB 1.87 ± 0.12 bc 35.8 ± 0.5 b 26.8 ± 1.0 b 2.98 ± 0.16 cd 16.0 ± 1.2 c 29.1 ± 1.8 bcd 162.3 ± 13.4 a 50.5 ± 2.4 ab 8.56 ± 0.8 ab

AM+FZB 1.92 ± 0.10 abc 36.0 ± 0.7 b 27.2 ± 0.7 b 3.16 ± 0.08 bcd 16.1 ± 0.7 c 28.8 ± 1.5 cd 146.6 ± 11.6 a 46.7 ± 2.5 b 8.89 ± 0.6 ab

(B) Nutrient contents
Macronutrients (mg·plant−1) Micronutrients(µg·plant−1)

P K N Mg Ca Mn Fe Zn Cu

NO3
−

Well-watered 16.5 ± 1.1 bcd 333.7 ± 14.2 cd 181.9 ± 6.6 d 39.6 ± 1.4 a 280.2 ± 6.0 a 406 ± 19 a 2373 ± 205 a 792.5 ± 85.4 a 80.7 ± 11.3 ab

Drought stress 25.7 ± 0.8 a 463.0 ± 10.9 a 357.0 ± 6.2 a 38.7 ± 0.9 ab 214.4 ± 5.2 c 380 ± 8 ab 2065 ± 210 ab 573.9 ± 31.2 b 109.5 ± 12.0 a

NH4
+

Well-watered 18.3 ± 3.0 bcd 294.6 ± 19.2 d 170.2 ± 10.1 d 36.7 ± 1.6 abc 231.6 ± 5.4 b 352.5 ± 13 bc 2482 ± 143 a 798.1 ± 58.4 a 95.1 ± 11.1 ab

Drought stress 15.9 ± 1.8 cd 358.3 ± 21.1 bc 266.6 ± 15.5 c 30.0 ± 1.3 e 164.3 ± 4.3 e 280 ± 10 e 1491 ± 206 c 465.6 ± 41.7 b 74.7 ± 4.9 b

AM * 14.4 ± 0.9 d 356.5 ± 16.4 bc 267.3 ± 7.7 c 33.5 ± 1.2 cde 187.5 ± 7.3 d 311 ± 18 cde 1593 ± 210 c 537.5 ± 55.4 b 72.3 ± 4.9 b

AM+3Re2-7 17.3 ± 1.6 bcd 366.2 ± 20.0 bc 280.4 ± 12.9 bc 32.1 ± 0.9 de 174.0 ± 2.6 de 293 ± 11 de 1441 ± 29 c 520.6 ± 46.3 b 85.2 ± 16.3 ab

AM+Her 20.1 ± 3.1 abcd 368.8 ± 21.9 bc 286.5 ± 21.1 bc 33.4 ± 1.9 cde 174.1 ± 7.7 de 282 ± 22 e 1367 ± 60 c 498.4 ± 48.9 b 82.4 ± 9.1 ab

FZB 21.1 ± 2.8 abc 396.0 ± 29.6 b 294.3 ± 16.2 bc 32.5 ± 1.1 de 173.2 ± 4.1 de 317 ± 10 cde 1777 ± 147 bc 554.3 ± 32.4 b 94.6 ± 11.2 ab

AM+FZB 21.7 ± 1.2 ab 406.3 ± 6.2 b 307.1 ± 9.0 b 35.6 ± 0.5 bcd 181.0 ± 4.3 d 324 ± 12 cd 1642 ± 99 bc 525.4 ± 21.4 b 100.2 ± 6.4 ab

PGPM inoculation in plants exposed to drought: AM: R. irregularis MUCL 41833, 3Re2-7: P. brassicacearum 3Re2-7, Her: Herbaspirillum sp., and FZB: B. amyloliquefaciens FZB42. In each column, different letters indicate
significant differences among treatment means (p ≤ 0.05). Means and SE of five replicates.
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3.3.4. Stress Metabolites in Leaves

Drought stress significantly increased the accumulation of reactive oxygen species
(ROS: H2O2) in leaf tissues of potato plants as compared to well-watered conditions
(610–740%), still detectable even after a two-week recovery period, independent of the
form of N supply (Figure 4a). Application of microbial consortia gradually decreased H2O2
concentrations with significant effects for the treatments with FZB42 and the combinations
of AM and bacterial inoculants (Figure 4a). A trend for increased shoot accumulation
of the osmo-protectant glycine betaine was detectable in drought-affected plants even
after 2 weeks recovery under well-watered conditions, independent of the N supply form
(Figure 4c). However, only in the presence of microbial inoculants, glycine betaine con-
centrations were significantly increased by 200–330%. In contrast to glycine betaine, the
accumulation of the osmo-protective amino acid proline was not affected by drought stress
treatments but was significantly increased by NH4

+ fertilization and reached the highest
levels in AM-inoculated plants (Figure 4b). The other inoculants had no significant effects
on proline accumulation, which was three orders of magnitude lower as compared with
glycine betaine (Figure 4b).
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Figure 4. Effect of plant growth-promoting microorganisms and form of N fertilizer on leaf H2O2 con-
centration (a), proline concentration (b), glycine betaine concentration (c), ascorbate peroxidase (APX)
activity (d), and total antioxidants (e) in potato plants under drought stress conditions. The substrates
treated with or without microbial inoculants viz. R. irregularis MUCL 41833 (AM), R. irregularis MUCL
41833 + P. brassicacearum 3Re2-7 (AM+3Re), R. irregularis MUCL 41833 + Herbaspirillum sp (AM+Her),
and R. irregularis MUCL 41833 + B. amyloliquefaciens FZB42 (AM+FZB) under well-watered (NoD)
and drought (D) conditions. PC = well-watered controls without inoculants, NC = drought-stressed
controls without inoculants. Bars represent mean values ± SEM (n = 5), different letters indicate
significant differences (p ≤ 0.05).

Following declining concentrations of H2O2, all microbial inoculants significantly
increased the activity of ascorbate peroxidase (APX) in the leaf tissue (95–114%), respon-
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sible for enzymatic detoxification of H2O2 to H2O, which was only marginally increased
in drought-affected plants without microbial inoculation (28–54%) (Figure 4d). How-
ever, drought stress significantly reduced the non-enzymatic, anti-oxidative potential after
drought recovery, particularly in plants with NO3

− supply followed by the combination
of AM inoculation with NH4

+ fertilization and NH4
+-fed plants. By contrast, the other

inoculants significantly increased the accumulation of antioxidants compared with the
non-inoculated control (Figure 4e).

3.3.5. Hormonal Status of Drought-Affected Plants

The leaf hormonal status was recorded for a selection of inoculant treatments showing
the strongest effects on vegetative growth or tuber formation. Among the tested hormones,
gibberellic acid, zeatin, and salicylic acid remained below the detection limits in drought-
affected plants after two weeks of recovery under well-watered conditions (Figure 5). The
concentrations of indole acetic acid (IAA), abscisic acid (ABA), and jasmonic acid (JA) were
not affected by the form of N supply. However, AM inoculation significantly increased
the shoot concentrations of the detected phytohormones by approximately 50% without
further effects by combined application with the bacterial inoculant FZB42 (Figure 5).
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Figure 5. Effects of plant growth-promoting microorganisms on accumulation of phytohormones
indole acetic acid—IAA (a), Abscisic acid—ABA (b), and jasmonic acid—JA (c) in fresh leaf tissue of
potato plants under drought stress. The substrates treated without (NoBE) or with microbial inocu-
lants viz. R. irregularis MUCL 41833 (AM) and R. irregularis MUCL 41833 + Bacillus. amyloliquefaciens
FZB42 (AM+FZB). Bars represent mean values ± SEM (n = 5), different letters indicate significant
differences (p ≤ 0.05).
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4. Discussion

In facing increasing challenges for agricultural production related to climate change,
the use of selected microbial inoculants to increase abiotic stress tolerance of crops is
a strategy extensively discussed in the recent past [12,42]. Although a wide range of
drought-protective properties triggered by plant-microbial interactions is documented in
the literature, the limited reproducibility of the expected effects under field conditions
remains a major challenge [43,44]. Factors determining the successful establishment of
plant–inoculant interactions [45] in the rhizosphere are still poorly understood. This applies
similarly for the exploitation of complementary or synergistic effects of a combination of
inoculants with different properties, combinations with non-microbial biostimulants or
different fertilizers [25,27,28,42,46]. In this context, the present study aimed to investigate
the drought protection potential of selected bacterial and fungal inoculants with docu-
mented plant-beneficial properties, applied as single-strains or as consortia, under nitrate
and ammonium forms of nitrogen (N) supply.

4.1. Screening for the Effects of Drought Protection Inoculants under NO3
− Fertilization

In a standardized greenhouse screening system, significant reductions, both in shoot
and root growth of drought-affected potato plants (Table 1) indicated the impact of severe
drought stress. By contrast, moderate water limitation usually leads to adaptive reductions
in shoot growth and can even stimulate root development [47]. Inhibition of root growth is
one of the most important factors limiting the acquisition of sparingly soluble nutrients such
as P and K [48] under conditions of severe drought. Accordingly, P deficiency was charac-
teristic for drought-affected plants (Table 2), and restoration of the P status was the most
widespread beneficial effect of the various microbial inoculants used in the present study.
This may be attributed in part to the improved spatial acquisition of P mediated by the AMF
inoculant (Rhizophagus irregularis MUCL4833) and to bacterial strains having mycorrhizal
helper functions and/or P solubilizing properties [49–51], as well as the stimulation of root
growth as recorded, e.g., for Bacillus amyloliquefaciens FZB42 or Pseudomonas brassicacearum
3Re2-7 inoculants (Table 1). As a confirmation of earlier studies, underlining the superior
performance of microbial consortia over single-strain inoculants [25], improved P acqui-
sition was more frequently recorded for microbial consortia (eight out of ten inoculant
combinations) as compared with three out of six investigated single strains. However,
the recorded increase in P shoot concentrations was not significantly different between
single-strain inoculants vs. consortia (Table 2). The improved P nutritional status may
explain a general trend for increased vegetative shoot growth of inoculated plants recorded
during the drought period (Figure 1). By contrast, other drought protection functions,
such as reducing irreversible drought-induced leaf damage, were more restricted to certain
inoculants or consortia, such as FZB42, KH, or P&R (Figure 2). Unfortunately, none of
the recorded benefits on vegetative growth induced by the inoculants could be translated
into improvements of tuber yield, which was reduced by 50% under drought stress as
compared to non-stressed plants (Table 1). This observation was also confirmed in the field
experiment conducted in Switzerland (Supplementary Figure S1).

4.2. Effects of Drought Protection Inoculants under NH4
+ Fertilization

Although various beneficial traits of the selected inoculants were identified, supporting
the vegetative development of drought-affected potato plants, the obvious lack of responses
in tuber yield in the pot and field experiments suggests the need for further optimization
of the inoculation strategy. Therefore, in a second experiment, stabilized NH4

+ fertilization
was applied instead of NO3

− supply. The N-form modification was selected because
certain benefits of NH4

+ nutrition had been reported for potato, especially on light- and
drought-affected soils [30]. Root-induced rhizosphere acidification, triggered by NH4

+-
dominated N fertilization, may also contribute to Ca-P solubilization at a recorded soil
pH of 7.1 [7], thereby counteracting P deficiency detected in the drought-affected potato
plants (Table 2). Moreover, beneficial effects of NH4

+-fertilization on root colonization
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and auxin production of various inoculants (e.g., strains of Trichoderma, Bacillus, and
Pseudomonas) have been repeatedly reported in the literature [27,46]. Consequently, a
commercial ammonium sulfate fertilizer, stabilized with the synthetic nitrification inhibitor
DMPP (3,4-dimethylpyrazolphosphate), was applied in combination with a selection of
single-strain inoculants (AM, FZB42) and consortia (AM+3Re27, AM+Herbaspirillum sp.,
AM+FZB42), showing beneficial effects in the previous screening experiment. In terms of
the high potentially plant-available P content of the substrate (Supplementary Table 1) in the
optimum range [52] and the expected additional P solubilization induced by ammonium
fertilization, no additional P fertilization was applied in this case.

4.3. Effects on Plant Growth and Nutritional Status

Under well-watered conditions, no effect of N fertilization form (NO3
− or NH4

+) was
noticed on plant biomass production, nutritional status, or tuber yield at the end of the
11-week culture period. This corroborates the results of [53] and [54] on tuber yield. The N,
P, K, and Mg nutritional status detected by leaf analysis was in the deficiency range [55]
and may reflect the intense translocation of shoot nutrients to the developing tubers, which
comprised 60% of the total plant biomass (Table 4). The analysis of the P nutritional status
did not reveal any indication of P solubilization induced by NH4

+ fertilization (Table 3). A
high pH buffering capacity of the respective soil, counteracting NH4

+-induced rhizosphere
acidification, may offer an explanation in this case [7]. Intensification of proton extrusion
via local root proliferation induced by placement of NH4

+ fertilizers has been discussed as
a strategy to overcome these limitations [56].

Drought stress reduced the total plant biomass by approximately 60%, independent
of the form of N supply or microbial inoculant. However, a massive N-form effect was
recorded for biomass partitioning between shoot, roots, and tubers of drought-affected
plants (Table 4). Tuber biomass reached 3% of the total plant fresh weight under NO3

−

fertilization, but it reached 23% in the presence of NH4
+ and even 32% in NH4

+-fertilized
plants with AM inoculation, leading to the highest tuber biomass production in drought-
affected plants. In contrast to the first pot experiment, this was not associated with an
increased P status of AM-inoculated plants (Table 5), suggesting that benefits in tuber
yield could not be related to improved AM-mediated P acquisition in this case. Obviously,
the significant contribution of the AMF inoculant to P acquisition was only possible via
improved spatial acquisition of the more soluble fertilizer P sources, supplied only in the
first pot experiment [7] but not for native soil P as an exclusive P source in the second pot
experiment. No comparable effects were detectable for the other microbial inoculants.

4.4. Effects of AMF on Oxidative Stress Protection and Osmotic Adjustment

In the drought-stressed control plants, a massive N-form-independent increase in
ROS (H2O2) accumulation (610–740%), associated with a reduction in total antioxidants in
young, fully developed leaves, was still detectable two weeks after drought stress recov-
ery (Figure 4). This suggests an incomplete re-establishment of ROS detoxification in the
drought-affected plants during the recovery phase. By contrast, the analysis of physiolog-
ical stress indicators in inoculated plants revealed a significant contribution of the AMF
inoculant to the systemic induction of adaptations towards drought-induced ROS detoxi-
fication and osmotic adjustment (Figure 4), as similarly reported in other studies [57,58].
This finding indicates a persisting stress-priming effect of the AMF inoculant, detectable
even two weeks after recovery to well-watered conditions. AMF inoculation increased
the activity of ascorbate peroxidase as a central component for enzymatic detoxification of
H2O2 via conversion to H2O [59]. Additionally, the shoot accumulation of glycine betaine
was significantly increased (Figure 4), which combines functions in osmo-protection and
oxidative stress defense [60]. Accordingly, this was associated with a significant increase
in ABA and JA concentrations (Figure 5) known to be involved in ROS defense signaling
and synthesis of osmolytes [60–62]. A concomitant decline in drought-induced leaf dam-
age (Figure 3) underlined the drought protection potential of the observed physiological
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modifications induced by the AMF inoculant. Similarly, upregulation of ABA and JA accu-
mulation by AM inoculation has been reported in various plant species and is additionally
discussed as a factor in promoting AMF colonization [57,58] by the downregulation of
plant defense against biotrophic fungi [63].

4.5. Effects of AMF on Tuberization

Shoot accumulation of proline, known as osmo-protectant, under drought and salinity
stress increased in response to NH4

+ fertilization, particularly in drought-affected plants
with AMF inoculation (Figure 4). However, the recorded concentration of proline was in
the nano-molar range and three orders of magnitude lower as compared with the osmo-
protectant glycine betaine, suggesting another role of proline accumulation in this case.
Apart from functions in osmotic adjustment and ROS protection, proline accumulation
has also been reported in the context of N re-translation during the induction of leaf
senescence [64], which is also stimulated by ABA and JA [65]. Since the carbon partitioning
from source leaves to developing tubers as sink organs can be promoted by increasing
the ABA-GA ratio [66], the increased JA and ABA concentration in AM-inoculated plants
(Figure 5) may be responsible for the induction of preferential assimilation and nutrient
translocation from source leaves to tubers. (Table 4). The related initiation of leaf senescence
may explain the increased tuber biomass and leaf accumulation of proline as a consequence
of the intensification of this process in AM-inoculated plants. In general, the AM inoculant
promoted a hormonal signature in the shoot tissue, characteristic of both the induction of
drought stress adaptations and stimulation of tuberization. Increased IAA concentrations
(Figure 5) have been reported to stimulate the growth of stolons, while a high ABA/GA
ratio (with GA concentrations below the detection limit in our study) was shown to favor
tuber growth [67,68].

4.6. Effects of Bacterial Inoculants and Microbial Consortia

A completely different scenario was recorded for the bacterial inoculants or inoculant
consortia. Compared with the single-strain AMF inoculant, the potential for ROS detoxi-
fication was further increased by bacterial inoculants and consortia. This was indicated
by additional leaf accumulation of antioxidants together with increased APX activities,
resulting in the lowest levels of ROS (H2O2) accumulation (Figure 4). In contrast to glycine
betaine, proline concentrations were not significantly increased and associated with the low-
est values for tuber biomass. This metabolic pattern suggests a particularly efficient ROS
detoxification as previously reported, e.g., for other Bacillus-based PGPR inoculants [69,70],
promoting vegetative growth and counteracting stress-induced leaf senescence [71]. The
delayed leaf senescence and stimulation of vegetative growth may also explain the shift in
resource allocation favoring shoot biomass production at the expense of tuber growth in
these treatments (Table 4).

A similar situation may apply to the potato plants in experiment 1 supplied with nitrate
and P fertilization known to support cytokinin synthesis, which stimulates shoot growth,
delays leaf senescence, reduces ABA [72], and consequently suppresses tuberization at
higher concentrations [54]. It remains to be established whether the observed promotion
of vegetative growth at the expense of tuber formation is characteristic only for the early
stages of tuberization investigated in the present study and may be compensated in later
stages of plant development. However, the absence of inoculant effects recorded under
field conditions (Supplementary Figure S1) suggests suboptimal effects also in the long run.

4.7. Concluding Remarks

The results of the present study demonstrate that the investigated inoculants were
able to mitigate drought stress in potato. The application of microbial consortia obviously
increased the probability of the expression of beneficial and complementary effects, but
the absolute effect size was not necessarily superior to the use of efficient single-strain
inoculants. The observed benefits comprised (i) an improved P nutritional status, (ii) root
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growth stimulation by selected bacterial inoculants, (iii) improved osmotic adjustment
(AMF and bacteria), (iv) improved enzymatic ROS detoxification (AMF and bacteria),
(v) non-enzymatic ROS detoxification via production of antioxidants (mainly bacteria), and
(vi) hormonal signatures (with increased levels of ABA, jasmonic, and indole acetic acid),
promoting the induction of drought stress adaptations and tuberization by AMF inocula-
tion. The benefits of microbial inoculants concerning final tuber yield were particularly
expressed under ammonium fertilization and restricted to single-strain AMF inoculation,
while microbial consortia rather counteracted stress-induced leaf senescence and promoted
vegetative growth at the expense of tuberization. The results suggest significant and se-
lective interactions of microbial inoculants with factors and plant signalling pathways
not only involved in the induction of drought adaptations but also in tuberization. More
detailed knowledge of the respective interactions seems to be necessary for the success-
ful selection and application of suitable microbial inoculants as drought protectants in
potato production.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/horticulturae10010102/s1, Figure S1: Tuber yield, in tons
per hectare, for the field trial conducted in Switzerland. Potato varieties are presented separately along
the horizontal axis, while irrigated and rainfed treatments were split between top and bottom panels,
respectively. Colours represent control (red) or inoculations of consortia (R.irreg = Rhizophagus irregularis
MUCL 41833; P. brass = Pseudomonas brassicacearum 3Re2-7; P. phyt = Paraburkholderia phytofirmans
PsJN; T. asper = Trichoderma asperelloides A, Figure S2: The potato field experiment with drip irrigation
vs rainfed conditions during early growth (a) and 45 days after planting (b), Figure S3: Pot experi-
ments: Regeneration of potato plants (cv Alonso) from tuber cuttings (a), rooting in planting substrate
(b) and young potato plant in the 4–5 leaf stage used for soil drenching with inoculants (c). Potato
plant at 9 weeks after sowing grown under well-watered conditions (d) and after 6 weeks of drought
stress with 20–25 % substrate water-holding capacity (e); Table S1: Physical and chemical properties
of the soil used for the greenhouse experiments, Table S2: Treatments, microbial strains and strain
combinations used for experiment I, Table S3: Optical density corresponding to 107 cfu mL−1 for each
bacterial inoculant strain (pure liquid TSM as blank to adjust the NanoDrop™ spectrophotometer),
Table S4: Treatments, microbial strains and strain combinations used for experiment II, Table S5:
Formulation and dosage of PGPM strains in the field trial.
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