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Introduction

Drought is considered to be one of the main abiotic stress-
ors limiting agricultural productivity, and the frequency 
of droughts could increase in the coming years. Drought 
causes soil water stress for vegetation, which determines 
various morphological, physiological and biochemical con-
sequences for agriculturally relevant plant species (Berg 
and Sheffield 2018).

For wheat (Triticum spp.), one of the most widely culti-
vated crops in the world, soil moisture deficit is associated 
with a disruption of normal plant growth through reduced 
nutrient assimilation, mobilisation and accumulation and a 
decrease in relative water content (Nyaupane et al. 2024; 
Sjulgård et al. 2025). This results in delayed seed germina-
tion, reduced seed and seedling vigour, reduced leaf area, 
accelerated leaf senescence and a decrease in dry aerial 
weight, plant height, number of tillers and leaves per plant 
(Ali et al. 2019). However, the root is not as affected as the 
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Abstract
One of the main abiotic stresses that threaten the survival of wheat (Triticum spp.) is drought. The present work aims to 
evaluate the ability of different plant growth promoting microorganisms (PGPMs) to alleviate the effects of dehydration in 
wheat and to understand the mechanisms involved. Wheat seeds (Triticum aestivum L. ssp. cv. ‘Galera’) inoculated with 
the strains Priestia megaterium CD_FICOS_01, Peribacillus frigoritolerans CD_FICOS_02, Pseudomonas canadensis 
CD_FICOS_03, Azotobacter chroococcum CD_FICOS_04 or Pichia kluyveri CD_FICOS_05 were exposed to prolonged 
drought by water shortage after which agronomic parameters, biochemical markers of abiotic stress and expression of 
genes related to plant response to water stress were measured. The behaviour of the PGPM strains evaluated varied in 
alleviating plant water stress, allowing two groups to be differentiated. The application of strains CD_FICOS_01, CD_
FICOS_02 and CD_FICOS_03 resulted in an enhancement of crop production, with increases in aerial fresh biomass of 
59%, 18%, and 38%, respectively, compared to the control. These strains also stimulated ethylene and/or abscisic acid 
metabolism. In contrast, strains CD_FICOS_04 and CD_FICOS_05 were also able to promote mechanisms related to the 
plant response to abiotic stress (MDA, proline, H2O2), but did not exert any physiological effect at plant level. In fact, 
they reduced the yield, with decreases in aerial fresh biomass of 43% and 21%, and in aerial dry biomass of 33% and 
20%, respectively.
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upper part as it expands in search of water (Ali et al. 2019). 
Drought also affects reproduction by altering gametogen-
esis, fertilisation, embryogenesis and endosperm develop-
ment. Photosynthesis is also negatively influenced by water 
stress by decreasing chlorophyll content and slowing elec-
tron transport in photosystem II (Nyaupane et al. 2024). 
An inefficient electron transport chain results in increased 
production of reactive oxygen species (ROS) which include 
non-radical molecules such as hydrogen peroxide (H2O2) 
and singlet oxygen (1O2) and free radicals such as hydroxyl 
radical (OH−) and superoxide anion (O2−). These cause 
lipid peroxidation, mutations and fragmentation of peptide 
chains, oxidation, breakage and mutations in DNA, and ulti-
mately lead to programmed cell death (Ahmad et al. 2018; 
Li et al. 2022).

On the other hand, the plant has adaptive mechanisms 
that allow it to cope with drought stress. ROS also act as 
messengers that trigger the expression of drought resistance 
genes such as those coding for antioxidant enzymes like 
superoxide dismutase, ascorbate peroxidase, peroxidase, 
catalase and glutathione peroxidase. These enzymes act 
by neutralising or scavenging ROS thereby reducing oxi-
dative damage (Ahmad et al. 2018; Nyaupane et al. 2024). 
Osmotic imbalance resulting from water deficit is counter-
acted by the accumulation of organic and inorganic solutes 
in the cytosol that cause a decrease in osmotic potential 
and maintain cell turgor. These are solutes such as glycine 
betaine, sugars, polyols and amino acids, with a prominent 
role for proline (Sallam et al. 2019). Plant hormones play an 
important regulatory role in increasing tolerance to water 
stress. Auxins, cytokinins and gibberellins mainly control 
cell differentiation and elongation by positively regulating 
plant development and growth (Abhinandan et al. 2018; Li 
et al. 2023; Wahab et al. 2022). However, their activity is 
normally suppressed in stressful conditions while resources 
are allocated to key processes as part of a strategy to allevi-
ate the damage experienced (Abhinandan et al. 2018). At the 
same time, plant sensitivity to abscisic acid (ABA) which 
acts as a central regulator of abiotic stress tolerance in wheat 
is increased (Abhinandan et al. 2018; Zulfiqar et al. 2024). 
Signalling mediated by this phytohormone causes stomata 
closure to prevent water loss through transpiration which 
also has its negative effects on photosynthetic rate (Wahab 
et al. 2022). In addition, it stimulates the expression of stress 
response genes leading to the production of late embryo-
genesis abundant proteins and dehydrins and stimulates the 
synthesis of antioxidant enzymes and osmoprotectants such 
as the aforementioned proline (Chaves et al. 2003; Raza et 
al. 2019; Wahab et al. 2022). Exogenous application of sali-
cylic acid also stimulates proline production leading to pres-
ervation of photosynthetic activity in wheat (Abhinandan et 
al. 2018; Talaat 2023). It also enhances the ROS-scavenging 

system by promoting the production of the antioxidants glu-
tathione and ascorbate, regulates transpiration rate, stomata 
movement and reduces membrane electrolyte leakage and 
lipid peroxidation (Abhinandan et al. 2018; Talaat 2023; 
Wahab et al. 2022). In contrast, the gaseous hormone eth-
ylene can antagonise the regulatory effect of ABA under 
drought conditions by influencing stomata closure and grain 
filling (Abhinandan et al. 2018). Jasmonic acid, brassino-
steroids and strigolactones play a positive role in response 
to water stress, but is still poorly understood in wheat (Abhi-
nandan et al. 2018; Talaat 2023).

In recent years, these natural drought adaptation mecha-
nisms have been enhanced mainly through two anthropo-
genic strategies such as conventional breeding or its variants 
like Mutation Breeding and Marker-Assisted Breeding and 
the transgenic approach (Gontia-Mishra et al. 2020; Srivas-
tava 2019; Wang et al. 2025). However, crop improvement 
for abiotically stressed environments is limited by aspects 
such as its long duration and cost, the high degree of vari-
ability of selection environments under stress that vary from 
year to year and the large size of the wheat genome that 
hinders the breeding process by any genetic method (Sriv-
astava 2019). In addition, the low frequency of transforma-
tion, the possibility of transgene silencing with consequent 
reduction of transgene expression and its possible negative 
effects on grain yield in the absence of stress together with 
ethical issues and restrictions on the subject in some parts 
of the world limit the use of genetic engineering (Srivastava 
2019).

A cost-effective and eco-friendly alternative or comple-
mentary tool to these strategies is the use of plant growth-
promoting microorganisms (PGPM), such as plant-growth 
promoting rhizobacteria (PGPR), actinomycetes and 
mycorrhiza (Aljeddani et al. 2024; Gontia-Mishra et al. 
2020; Hanaka et al. 2021; Lastochkina et al. 2019). These 
microorganisms are able to mitigate the effects of drought 
on the plant by several mechanisms including regulation of 
phytohormonal activity, 1-aminocyclopropane-1-carboxyl-
ate (ACC)-deaminase activity, accumulation of osmolytes, 
volatile compounds, antioxidant defence, exopolysaccha-
ride production and a morphological change of the root 
(Lastochkina et al. 2019; Zhang et al. 2025). In the case 
of wheat, there are numerous studies reporting the abil-
ity of bacteria of the genera Azospirillum, Bacillus, Pae-
nibacillus, Burkholderia, Ochrobactrum, Pseudomonas, 
Herbaspirillum, Rhizobium, Mesorhizobium, Burkholderia, 
Azotobacter, Arthrobacter and Dietzia to stimulate plant 
tolerance to drought (Bouremani et al. 2024; Lastochkina et 
al. 2019; Salem et al. 2024). In this context, the objectives of 
this work were: (i) to comparatively evaluate the potential 
of four bacterial strains belonging to four different genera 
(Azotobacter, Pseudomonas, Peribacillus and Priestia) and 
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one fungal strain (Pichia) to enhance drought stress toler-
ance in wheat, measuring the agronomic response of plants 
under drought conditions inoculated with the microbes; (ii) 
to evaluate the mechanisms underlying the tolerance pro-
moted by these strains. The evaluation of such mechanisms 
was carried out by measuring changes in biochemical mark-
ers of abiotic stress and in the expression profiles of genes 
related to plant response to water stress.

Materials and Methods

Bacterial Strains and Growth Conditions

Priestia megaterium strain CD_FICOS_01 and Peribacillus 
frigoritolerans strain CD_FICOS_02 were isolated from soil 
samples of irrigated pepper crops in Zamora (Spain), Pseu-
domonas canadensis strain CD_FICOS_03 and Azotobacter 
chroococcum strain CD_FICOS_04 were isolated from soil 
samples of citrus crops located in the Valencian Community 
(Spain) and Pichia kluyveri strain CD_FICOS_05 was iso-
lated from the surface of grapes grown in León (Spain). The 
strains were selected for their different in-vitro and in-planta 
PGPM properties, as listed in Table 2, in previous assays 
among a broader battery of promising PGP bacteria. CD_
FICOS_02, CD_FICOS_03 and CD_FICOS_04 were also 
evaluated for their ability to protect tomato plants against 
Botrytis cinerea (Mazuecos-Aguilera et al. 2025). However, 
strains CD_FICOS_01 and CD_FICOS_05 are cited for the 
first time in this work and are registered in the Spanish Type 
Culture Collection (Colección Española de Cultivos Tipo, 
CECT) by Ficosterra S.L. for patent purposes (CECT no. 
30922, CD_FICOS_01; CECT no. 13224, CD_FICOS_05).

Taxonomic identification of the strains CD_FICOS_01 
and CD_FICOS_05 involved amplification and sequencing 
of the 16  S rRNA gene by Macrogen (The Netherlands). 
The obtained sequences were processed and deposited at 
GenBank (accession no. PQ061798.1, Priestia megate-
rium CD_FICOS_01; accession no. PQ757234.1, Pichia 
kluyveri CD_FICOS_05) and compared with those from the 
EzTaxon-e server (https://www.ezbiocloud.net/; Chalita et 
al. 2024).

Strains CD_FICOS_01, CD_FICOS_02, CD_FICOS_03 
and CD_FICOS_05 were routinely maintained on Tryptic 
Soy Agar (TSA) medium (Sigma-Aldrich, Madrid, Spain) 
while strain CD_FICOS_04 was maintained on Ashby-
mannitol agar (5 g.L− 1 Mannitol, 0.2 g.L− 1 K2HPO4, 0.2 g.
L− 1 MgSO4-7H2O, 0.2 g.L− 1 NaCl, 0.1 g.L− 1 CaSO4, 0.1 g.
L− 1 CaCO3, 15 g.L− 1 agar).

Determination of PGP Traits

A range of assays was conducted for the five strains included 
in the study to assess their plant growth-promoting proper-
ties. Every assay was performed using three independent 
biological replicates. For plate-based methods, each bio-
logical replicate was further evaluated using three separate 
colony measurements. The dataset available for this study 
consisted of the final consolidated values for each isolate.

Siderophore Production

Siderophore production was determined by assessing the 
formation and size of an orange halo on chrome azurol S 
(CAS) agar medium after inoculation with cells of the 
strains and incubation at 28  °C for 72  h (Alexander and 
Zuberer 1991; Schwyn and Neilands 1987). The sidero-
phore production index (SPI) was estimated by dividing the 
sum of colony diameter and orange halo diameter by colony 
diameter (Abirammi et al. 2018).

P Solubilisation

Qualitative measurement of inorganic phosphate solubilisa-
tion capacity was assessed on YED-P medium (2 g.L− 1 yeast 
extract, 10 g.L− 1 glucose, 4 g.L− 1 Ca₃(PO₄)₂ as the insoluble 
phosphorus source, 12 g.L− 1 agar) (Peix et al. 2004). Iso-
lates were grown on YED-P medium and incubated at 28 °C 
for 5–7 days. The formation of a transparent halo in the cul-
ture medium around each colony was assessed to indicate 
the solubilisation of phosphate present in the medium. The 
phosphate solubilisation rate was calculated by measuring 
colony diameter and halo diameter using the formula of Edi-
Premono et al. (1996).

In those strains that showed a solubilization halo in the 
qualitative analysis, quantitative measurement was per-
formed according to Murphy and Riley (1962). For this 
purpose, 160 µL of inoculum from each strain (1.8·10⁸ 
CFU.mL− 1) were inoculated into 40 mL of liquid NBRIP 
medium (10 g.L− 1 glucose, 5 g.L− 1 MgCl2·6H2O, 0.25 g.
L− 1 MgSO4·7H2O, 0.2  g.L− 1 KCl, 0.1  g.L− 1 (NH4)2SO4, 
5  g.L− 1 Ca3(PO4)2) at pH 7, in 250 mL flasks, and incu-
bated at 30 °C at 120 rpm for 7 days. Every 24 h, 1.5 mL 
was extracted from each culture and centrifuged at 8000x g 
for 15 min. 1 mL of the supernatant was mixed with 9 mL 
of distilled water to estimate the soluble phosphate content 
using the molybdenum blue colorimetric method. To 10 mL 
of the mixture, 2 mL of reagent (10:3:6:1 sulfuric acid solu-
tion: ammonium molybdate solution: ascorbic acid solution: 
potassium antimonyl tartrate solution mixture (v/v) were 
added, and after standing for 10 min in the dark, the absor-
bance was measured at 882  nm. Molybdenum blue binds 
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bacterial mass of those that did grow was subsequently cul-
tured in TSB and incubated overnight at 28 °C and 200 rpm.

The bacterial mass was centrifuged at 8000x g at 4 °C, 
the supernatant was discarded, and the pellet was resus-
pended in 7.5 mL of liquid DF salts minimal medium. 45 µL 
of 0.5 M ACC were added, and the mixture was incubated 
overnight at 28 °C and 200 rpm. After this time, the cells 
were washed three times with 0.1 M Tris-HCl (pH 7.6) and 
centrifuged successively at 8000x g at 4 °C. The bacterial 
mass was stored at -20 °C.

The ACC deaminase activity of each strain was mea-
sured according to Honma and Shimomura (1978), which 
indirectly measures the enzyme’s activity by measuring the 
production of α-ketobutyrate, a product of the enzyme’s 
hydrolytic activity on ACC.

Each bacterial biomass obtained using the above pro-
cedure was resuspended in 1 mL of 0.1  M Tris-HCl (pH 
7.6) and centrifuged at 16000x g for 5 min. The pellet was 
resuspended in 600 µL of 0.1 M Tris-HCl (pH 8.5), 30 µL 
of toluene were added, and an aliquot was stored at 4 °C for 
subsequent protein activity determination.

200 µL of the toluened cells were mixed with 20 µL of 
0.5 M ACC, and after incubation at 30 °C for 15 min, the 
reaction was stopped with 1 mL of 0.56 M HCl. After cen-
trifugation for 5 min at 16000x g at room temperature, 1 mL 
of the supernatant was transferred to a test tube, along with 
800 µL of 0.56  M HCl and 300 µL of 2,4-dinitrophenyl-
hydrazine (0.2% in 2 M HCl). The mixture was incubated 
at 30 °C for 30 min, 2 mL of 2 N NaOH were added, and 
the amount of α-ketobutyrate produced (in µmol) was deter-
mined by comparing the absorbance at 540 nm of the sam-
ple with an α-ketobutyrate standard curve (Sigma-Aldrich, 
Madrid, Spain).

Protein concentration was determined using the Bio-Rad 
Protein Assay kit (Hercules, CA, USA), based on the Brad-
ford method (1976), which quantifies protein by measur-
ing the colour change of Coomassie Brilliant Blue G-250 
reagent at 595  nm compared to a bovine serum albumin 
standard curve. Aliquots of toluened cells stored at 4  °C 
were used for the analysis. 26.5 µL of these cells were 
mixed with 173.5 µL of 0.1 M Tris-HCl (pH 8) and 200 µL 
of 0.1 N NaOH. The mixture was shaken, boiled for 10 min, 
cooled, and mixed again. 2 mL of the previously diluted dye 
and 40 µL of the sample were added to a test tube, the tube 
was shaken, and the absorbance was measured.

Experimental Design with Wheat Plants

The wheat (Triticum aestivum L.) cultivar used in the exper-
iments was ‘Galera’. Seeds were disinfected with 70% (v/v) 
ethanol for 1 min and 20% (v/v) bleach for 5 min and pre-
germinated by incubation at 26 °C in the dark in a humidified 

to soluble phosphorus, forming phosphomolybdenum blue, 
which causes a measurable colour change at this wave-
length. The solubilized phosphorus content was determined 
using a standard curve.

K Solubilisation

The solubilisation capacity of inorganic potassium was 
evaluated qualitatively in modified Aleksandrov medium (5 
g.L-1 glucose, 0.5 g.L-1 MgSO4.7H2O, 0.005 g.L-1 FeCl3, 2 
g.L-1 Ca3(PO4)2, 2 g.L-1 AlKO6Si2, 15 g.L-1 Agar, 0.1 g.L-1 
CaCO3 and bromothymol blue (20 mL from a stock 50 mg 
/10 mL ethanol 70%) (Rajawat et al. 2016). Mica (potas-
sium aluminium silicate) was used as a source of insoluble 
potassium. This method involves direct visualisation of a 
yellow halo around the potassium solubilising colonies on 
the plates by including bromitol blue as an acid-base indi-
cator and incubating the plates at 28 °C for 48–72 h. The 
potassium solubilisation index is based on the size and 
intensity of the yellow shift.

IAA Production and ACC Deaminase Activity

Auxin synthesis capacity was determined according to Kha-
lid et al. (2004). For each isolate, 500 µL of a 3·10⁸ CFU.
mL− 1 suspension in sterile saline, obtained from bacterial 
growth on Petri dishes with TSA medium, was transferred to 
a test tube containing 4 mL of Tryptic Soy Broth (TSB) liq-
uid medium (Sigma-Aldrich, Madrid, Spain) and incubated 
for 3 days in the dark with shaking at 28 °C. Subsequently, 
500 µL of the culture were transferred to test tubes with 4 mL 
of JMM medium (O’Hara et al. 1989) supplemented with 
0.167 g.L− 1 L-tryptophan and incubated for a further 4 days 
in the dark with shaking at 28 °C. After incubation, bacte-
rial concentration was estimated by measuring the optical 
density at 600 nm. Then, 1.5 mL from each test tube were 
centrifuged at 5000x g for 10 min. 1 mL of the supernatant 
was mixed with 1 mL of Salkowski reagent (0.01 M FeCl3, 
34.3% (v/v) perchloric acid). The mixture was allowed to 
stand for 30 min, and the optical density was measured at 
535 nm. Auxin production was determined by quantifying 
IAA equivalents in µg.mL− 1, by comparison with a standard 
curve of known IAA concentrations.

The ACC deaminase activity of the isolates was assessed 
according to Penrose and Glick (2003), consisting of three 
parts: bacterial biomass production, ACC deaminase activ-
ity measurement, and protein concentration measurement.

For bacterial biomass production, strains were cultured 
in Petri dishes with DF salts medium (Dworkin and Foster 
1958), using 0.5 M ACC as the sole nitrogen source, and 
incubated for 2 days at 28  °C. Strains that did not grow 
in this medium lacked ACC deaminase activity, while the 
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according to the subsequent analyses. In five replicates, the 
soil plant analysis development (SPAD) value of the chlo-
rophyll index of the five plants of each replicate was deter-
mined using a SPAD-502 chlorophyll sensor (SPAD-502 
Minolta Co. Ltd., Osaka, Japan) by measuring the last fully 
developed leaf. Fresh weight (FW) and dry weight (DW) of 
the whole plant were also measured. Dry weights were mea-
sured after drying the plant material in an oven at 70 °C to 
constant weigh. The water content of the plants was calcu-
lated using the formula (FW - DW)/FW according to Zhang 
and Blumwald (2001).

The plants from the other three replicates were frozen 
in liquid nitrogen and ground into powdered shoot tissue 
(leaves and stems) to be subjected to biochemical analy-
sis to determine the content of malondialdehyde (MDA), 
hydrogen peroxide, proline and ABA as biochemical param-
eters indicating the level of water stress in the plant.

Finally, the plant from the remaining three replicates was 
also frozen in liquid nitrogen and ground into powdered 
shoot tissue and the expression levels of four genes involved 
in the plant response to drought stress were evaluated by 
quantitative reverse transcription PCR (RT-qPCR).

Biochemical Analysis

Lipid Peroxidation (MDA Content)

The level of lipid peroxidation in shoot tissue was per-
formed by the thiobarbituric acid (TBA) test according to 
Velikova et al. (2000) and Heath and Packer (2022) which 
determines MDA as the end product of lipid peroxidation. 
Three biological replicates were analysed per treatment. A 
total of 0.1 g of pulverised shoot tissue was homogenised 
in 1 mL of a 0.1% (w/v) trichloracetic acid (TCA) solution. 
After centrifuging the mixture for 20 min at 10000x g, 0.5 
mL of the supernatant was transferred to a tube containing 
1 mL of 0.5% (w/v) TBA in 20% (w/v) TCA. The result-
ing volume was incubated at 100 °C for 30 min after which 
the reaction was stopped by placing the tube on ice and 
centrifuged for 5 min at 10000x g. The absorbance of the 
supernatant was measured at 532 and 600 nm. The amount 
of MDA, in µmol MDA.g− 1 fresh weight, was determined 
by Lambert-Beer’s law with a molar extinction coefficient 
of 155 mM.cm− 1 (Heath and Packer 2022), an optical path 
length of 1 cm and the absorbance value resulting from the 
subtraction between the absorbances at 600 and 532 nm.

Hydrogen Peroxide Content

The hydrogen peroxide content was determined according 
to Velikova et al. (2000). Each treatment was analysed using 
three biological replicates. For the assay, 0.1 g of powdered 

Petri dish for 48 h. The pregerminated seeds were planted in 
1 L pots containing a mixture of washed sterile vermiculite 
and sterile soil (1:3) as a substrate and grown in a phytotron 
with a photoperiod of 16 h of light at 23 °C and 8 h of dark-
ness at 15 °C. Before planting the pregerminated seeds, the 
pots of all treatments were watered with 200 mL of distilled 
water.

The treatments consisted of the independent inocula-
tion of the four bacterial strains and one fungal strain 
(CD_FICOS_01, CD_FICOS_02, CD_FICOS_03, CD_
FICOS_04 and CD_FICOS_05) in wheat plants exposed 
to drought water shortage, in order to evaluate the micro-
bial protective activity by comparison with two controls 
consisting respectively of uninoculated and stressed (USC) 
and uninoculated and non-stressed (UNSC) wheat plants. 
The experimental design was completely randomised and 
each treatment consisted of eleven pots each containing five 
wheat plants.

Microbial inoculation was carried out immediately after 
transplanting the pregerminated seed to the pots with 1 mL 
per seed of the appropriate strain culture at 1.54·107 CFU.
mL− 1. The inoculation of the control treatments was replaced 
by 1 mL of distilled water. The strains CD_FICOS_01, 
CD_FICOS_02, CD_FICOS_03 and CD_FICOS_05 were 
produced in TSB by incubation at 28 °C and 80 min− 1 for 
48  h. Strain CD_FICOS_04 was produced in modified 
Ashby-mannitol liquid medium (5 g.L− 1 mannitol, 0.6 g.L− 1 
K2HPO4, 0.2 g.L− 1 MgSO4-7H2O, 0.2 g.L− 1 NaCl, 0.1 g.
L− 1 CaSO4, 0.3 g.L− 1 CaCO3) by incubation at 28 °C and 
80 min− 1 for 72  h. The final concentrations of the inocu-
lants were estimated by counting 10-fold serial dilutions on 
plates containing the same medium used in the culture.

Four days after sowing, all pots were watered with 200 
mL of Hoagland solution at half the usual nutrient concentra-
tion (0.5 M Ca(NO3)2; 0.5 M KNO3; 0.5 M MgSO4·7H2O; 
0.5 M KH2PO4; 20 mg.L− 1 Fe EDTA; 0.5 M CaCl2; 0.5 M 
KCl; 1.43 g.L− 1 H3BO3; 0.905 g.L− 1 MnCl2·4H2O; 0.055 g.
L− 1 ZnCl2; 0.025  g.L− 1 CuSO4·5H2O and 0.0125  g.L− 1 
Na2MoO4·2H2O). From this point on and for the remain-
ing time that the experiment lasted, 24 more days, irrigation 
was stopped in the water-stressed treatments. In contrast, 
the non-stressed control pots were watered weekly until the 
end of the experiment, alternating between half concentra-
tion Hoagland solution and distilled water. All of the above 
watering was done on a bottom plate to avoid washing out 
the bacteria. Seven days before the end of the experiment, 
all inoculated plants received a booster inoculation with 1 
mL of the corresponding strain culture at the same concen-
tration as the first inoculation. The booster inoculation for 
the seedlings of both controls was 1 mL of distilled water.

At harvest (28 days after first inoculation), the eleven 
replicates of each treatment were divided into three groups 
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of 10% methanol and 90% Tris-buffered saline (TBS) buf-
fer (pH 7.8) (Barnawal et al. 2017). Phytohormone levels 
in the resulting mixture were determined by Enzyme-linked 
immunosorbent assay (ELISA) using the Phytodetek® ABA 
Test Kit (Agdia Inc., Elkhart, IN, USA), according to the 
manufacturer’s instructions.

RNA Extraction and Purification and Analysis of 
Gene Expression

Total RNA was extracted from pulverised shoot tissue using 
the Direct-zol™ RNA MiniPrep kit (Zymo Research, Irvine, 
CA, USA) according to the manufacturer’s recommenda-
tions. Subsequently, RNA was treated with the TURBO 
DNA-free™ Kit (Invitrogen, ThermoFisher Scientific Inc., 
Waltham, MA, USA) to remove trace DNA and its integ-
rity and purity was checked by electrophoresis on 1% (w/v) 
agarose gels and by quantification on a NanoDrop 2000 
spectrophotometer (ThermoFisher Scientific Inc., Waltham, 
MA, USA). Treated, DNA-free RNA was used for cDNA 
synthesis, following the protocol of the Reverse Transcrip-
tion System A3500 kit (Promega, Madison, WI, USA) and 
then checked for integrity by PCR. Samples from three dif-
ferent biological replicates were obtained.

Gene expression analysis was performed by RT-qPCR. 
The qPCR reaction components and thermocycling con-
ditions followed the Universal qPCR Master Mix Luna® 
(New England Biolabs® Inc., Ipswich, MA, USA) using the 
T. aestivum actin gene as endogenous reference gene. All 
primers used in RT-qPCR experiments are listed in Table 1 
and the efficiency of each pair was calculated using six serial 
dilutions of cDNA as template and all showed efficiencies 
greater than 97%. All reactions were performed on a Strate-
gene Mx3005P thermal cycler (Agilent Technologies, Santa 
Clara, CA, USA) according to the manufacturer’s instruc-
tions for the use of SYBR® Green as quantifier and the 
QuantStudio™ Design & Analysis Software v1.5.1 (Ther-
moFisher Scientific Inc., Waltham, MA, USA) was used for 
the analysis of the data. The 2−ΔΔCt method (Pfaffl 2001) was 

shoot tissue was homogenised in an ice bath with 1 mL of a 
0.1% (w/v) TCA solution. After centrifuging the mixture for 
15 min at 12000x g, 0.5 mL of the supernatant was added 
to a mixture of 0.5 mL 10 mM K2HPO4 (pH 7.0) and 1 mL 
1 M KI. After incubation in the dark for 1 h, the absorbance 
of the supernatant was measured at 390 nm. The hydrogen 
peroxide content, in mM H2O2.100mg− 1 fresh weight, was 
obtained using a standard curve.

Proline Content

The analysis was performed on three biological replicates 
for each treatment. 0.1  g of powdered shoot tissue was 
mixed with 1 mL of ethanolic extract (70:30 ethanol: water 
mixture (v/v). Then, 500 µL of the homogenate was pooled 
in a screw-cap tube with 1000 µL of the reaction mix (nin-
hydrin 1% (w/v) in acetic acid 60% (v/v), ethanol 20% (v/v) 
and after mixing, the tube was incubated at 95 °C for 20 min. 
Finally, the tube was allowed to cool to room temperature, 
centrifuged at 10000 rpm for 1 min and the absorbance of 
the supernatant was measured at 520  nm. The concentra-
tion of proline, in µg.gFW− 1, was obtained using a standard 
curve for which 500 µL of ethanolic extract was replaced by 
100 µL of 0.2, 0.5, 1, 2 or 5 mM proline completed with up 
to 400 µL of ethanol: water (40:60 (v/v) (Carillo and Gibon 
2011).

ABA Content

To measure the concentration of ABA in plant sample tis-
sues, three biological replicates were processed per treat-
ment, each prepared from 0.1 g of powdered shoot tissue 
that was mixed with 1.6 mL of extraction solution (80% 
methanol, 100 mg.L− 1 butylated hydroxytoluene (BHT), 
and 0.5  g.L− 1 citric acid monohydrate). The mixture was 
incubated under stirring and at 4 °C overnight after which 
it was centrifuged at 1000x g for 20 min and the superna-
tant was transferred to a new tube where it was dried under 
vacuum. The pellet was resuspended in 1 mL of a mixture 

Table 1  Oligonucleotides used in RT-qPCR
Oligonucleotide Ace. No.* Sequence (5’-3’)
TaAct-Fwd AB181991a ​C​G​A​A​A​C​C​T​T​C​A​G​T​T​G​C​C​C​A​G​C​A​A​T
TaAct-Rev AB181991a ​A​C​C​A​T​C​A​C​C​A​G​A​G​T​C​G​A​G​C​A​C​A​A​T
TaDreb2- Fwd DQ021908a ​C​G​G​A​G​A​T​G​C​A​G​C​T​T​C​T​T​G​A​T​T
TaDreb2- Rev DQ021908a ​G​A​T​C​T​C​G​A​G​C​G​A​C​G​G​G​T​A​C​T​T
TaCat1- Fwd E16461a ​C​C​A​T​C​T​G​G​C​T​C​T​C​C​T​A​C​T​G​G
TaCat1- Rev E16461a ​A​G​A​A​C​T​T​G​G​A​C​G​G​C​C​C​T​G​A
TaCtr1- Fwd 100286402b ​G​C​T​G​C​T​C​T​T​G​T​T​G​A​A​T​C​C​T​G​T​T​G
TaCtr1- Rev 100286402b ​A​T​C​C​A​C​A​A​T​G​C​T​T​G​A​A​A​A​C​G​A​A
TaCYP707A1- Fwd EU430344a ​G​C​G​C​A​C​C​T​C​T​T​C​A​A​G​C​C​T​A
TaCYP707A1- Rev EU430344a ​C​G​A​A​G​A​T​G​G​A​C​A​G​C​A​A​T​G​C
*GenBank accession number (a) or GenBank gene ID (b)
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values to the other strains. Therefore, CD_FICOS_01 and 
CD_FICOS_05 were selected together with the other three 
strains for this plant drought stress assay among a battery of 
bacteria due to their PGP characteristics and their ability to 
enhance plant biomass production in previous trials (data 
not shown).

Effect of PGPM Inoculation on Plant Growth and 
Other Physiological Parameters

Drought stress conditions reduced growth, measured as 
fresh and dry plant weight, water content and chlorophyll 
content of wheat plants. The observed differences between 
uninoculated stressed control (USC) and UNSC were sta-
tistically significant for all parameters (Table 3; Fig. 1a–d). 
Under water stress conditions, only CD_FICOS_02 signifi-
cantly increased the aerial dry biomass with respect to USC, 
while interestingly the others reduced it (Table 3; Fig. 1b). 
On the other hand, the treatments CD_FICOS_01, CD_
FICOS_02, CD_FICOS_03 and CD_FICOS_05 increased 
the water content of the plants with respect to the USC, 
although only for CD_FICOS_01 and CD_FICOS_03 the 
increase was statistically significant, resulting in a statisti-
cally significant increase in aerial fresh biomass (Fig.  2). 
Conversely, CD_FICOS_04 produced a non-statistically 
significant reduction of water content with respect to USC, 
but a significant reduction of the FW (Table 3; Fig. 1c and 

employed for the calculation of relative expression levels of 
each gene. Three replicate techniques of each cDNA were 
analysed to calculate the mean and standard deviation.

Statistical Analysis

All statistical analyses were performed using IBM SPSS 
Statistics v29. Data were expressed as mean ± standard devi-
ation and the Shapiro-Wilk test and Levene’s test were used 
to test for fit to a normal distribution and homoscedastic-
ity of variances, respectively. Differences among treatments 
were analysed by one-way analysis of variance (ANOVA), 
followed by Fisher’s least significant difference (LSD) post 
hoc test when significant effects were detected. Differences 
were considered statistically significant at p < 0.05.

Results

Physiological Properties of Selected Isolates

The strain CD_FICOS_01 showed the capacity to pro-
duce siderophores, solubilise phosphates, solubilise potas-
sium, ACC deaminase activity and with IAA production 
being the highest of all the strains considered (Table  2). 
On the other hand, CD_FICOS_05 only presented potas-
sium and phosphate solubilisation capacity, but in similar 

Table 2  Plant growth–promoting activities of the isolates used in the plant drought stress assay
Strain Siderophore 

production index 
(SPI)

Phosphate solubilization ACC deaminase 
activity (µmol ACC. 
mg− 1 prot.h− 1)

IAA production (µg
IAA.10− 8 CFU)

Potassium 
solubi-
lization 
(scale 
0–4)

Phosphate solubiliza-
tion index (PSI)

Solubilized P 
(µg.mL− 1)

CD_FICOS_01 2.30 ND 57.02 107.60 10.68 3.00
CD_FICOS_02a 2.34 2.22 56.61 115.32 9.72 2.00
CD_FICOS_03a 2.68 3.13 63.54 99.29 5.61 4.00
CD_FICOS_04a 2.86 2.41 64.41 15.90 4.64 3.00
CD_FICOS_05 ND 2.74 ND ND ND 4.00
a The strains CD_FICOS_02, CD_FICOS_03 and CD_FICOS_04 were analysed by Mazuecos-Aguilera et al. (2025). ND: no activity detected 
for the corresponding strain under the assay conditions. Values shown correspond to the consolidated result from three independent replicates

Table 3  Mean ± standard deviation per pot for fresh biomass, dry biomass, plant water content and SPAD chlorophyll index for each treatment. 
Treatments: USC = uninoculated and stressed control; UNSC = uninoculated and non-stressed control; CD_FICOS_01–05 = plants inoculated with 
strains CD_FICOS_01–05. Percentage variation (Δ (%)) is expressed relative to USC. Data were analysed by one-way ANOVA followed by LSD 
test. Different letters indicate statistically significant differences among treatments (p < 0.05). Five pots were used per treatment (n = 5)
Treatment Fresh weight Dry weight Water content Chlorophyll index

g Δ (%) g Δ (%) % Δ (%) SPAD value Δ (%)
CD_FICOS_01 1.11b ± 0.06 + 58.78 0.35d ± 0.01 -12.59 68.29a ± 2.07 + 68.30 46.63a ± 1.61 + 45.81
CD_FICOS_02 0.83cd ± 0.06 + 18.30 0.45b ± 0.02 + 13.08 44.91b ± 3.10 + 10.69 37.65cd ± 1.62 + 17.72
CD_FICOS_03 0.97bc ± 0.03 + 38.36 0.31e ± 0.01 -21.64 67.71a ± 2.05 + 66.90 35.51de ± 1.82 + 11.05
CD_FICOS_04 0.40f ± 0.06 -43.21 0.27f ± 0.02 -33.03 27.44c ± 9.87 -32.38 24.88f ± 1.43 -22.21
CD_FICOS_05 0.56e ± 0.03 -20.52 0.32de ± 0.01 -19.88 41.71bc ± 4.35 + 2.81 42.59ab ± 1.91 + 33.16
USC 0.70de ± 0.08 0.40c ± 0.01 40.57bc ± 5.78 31.98e ± 2.27
UNSC 7.14a ± 0.06 + 919.05 1.37a ± 0.01 + 244.28 80.71a ± 0.20 + 98.93 41.69bc ± 0.97 + 30.3
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compared to USC, and this was statistically significant in 
all cases. For MDA (Table 4; Fig. 3b), all inoculation treat-
ments except CD_FICOS_01 caused an increase in the 
accumulation of the compound compared to USC plants, 
but this was only statistically significant in treatments CD_
FICOS_03, CD_FICOS_04 and CD_FICOS_05. Regard-
ing the ABA concentration (Table  4; Fig.  3d), the results 
of CD_FICOS_02 and CD_FICOS_05 were not statistically 
significant, although the tendency was that these two strains 
caused a decrease in hormone accumulation compared to 
the USC, while CD_FICOS_01, CD_FICOS_03 and CD_
FICOS_04 had the opposite effect and this was statistically 
significant for CD_FICOS_01 and CD_FICOS_03. In rela-
tion to H2O2, the dispersion of the results led to a lack of sta-
tistically significant differences in the case of all treatments 
and the inoculation with CD_FICOS_05 caused the most 
intense decrease of peroxide compared to USC, but it was 
not statistically significant either (Table 4; Fig. 3a).

a). A statistically significant effect of CD_FICOS_01, CD_
FICOS_02, CD_FICOS_04 and CD_FICOS_05 treatments 
with respect to USC was observed on the chlorophyll lev-
els of the stressed plants, which were in all cases, except 
CD_FICOS_04, higher than those of the stressed control 
(Table 3; Fig. 1d).

Effect of PGPM Inoculation on the Biochemical 
Parameters of the Plant

Drought stress conditions increased the accumulation of 
proline, MDA and ABA in USC plants compared to UNSC 
plants. This increase was statistically significant for these 
parameters, except for ABA (Table 4; Fig. 3b–d). In con-
trast, H2O2 accumulation was not affected by drought stress 
(Table 4; Fig. 3a). Inoculation of plants under drought con-
ditions resulted in proline accumulation (Table 4; Fig. 3c), 
through an increase in the amino acid concentration, 

Fig. 1  Effect of inoculation of the five strains on (a) fresh weight, (b) 
dry weight, (c) water content and (d) chlorophyll of wheat plants under 
water-stress conditions at the early vegetative stage (CD_FICOS_01: 
P. megaterium, CD_FICOS_02: P. frigoritolerans, CD_FICOS_03: 
P. canadensis, CD_FICOS_04: A. chroococcum, CD_FICOS_05: 
P. kluyveri). Non-inoculated wheat plants under water-stress condi-

tions (USC) and non-inoculated wheat plants under non-stress condi-
tions (UNSC). Values are expressed per pot. Each bar represents the 
mean ± standard deviation of five replicates. Different letters indicate 
statistically significant differences among treatments according to one-
way ANOVA followed by Fisher’s least significant difference (LSD) 
test (p < 0.05)
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in gene transcript levels compared to USC. CD_FICOS_05 
treatment also showed the same behaviour, but this result 
was not significant. However, CD_FICOS_04 had the 
opposite effect and was not significant. With respect to 
TaDreb2 (Fig.  4d), inoculation with CD_FICOS_04 and 
CD_FICOS_05 increased the transcript level of the gene 
compared to USC, while inoculation with CD_FICOS_01, 
CD_FICOS_02 and CD_FICOS_03 decreased it, although 
the differences were only statistically significant when 
comparing CD_FICOS_01 and CD_FICOS_03 with USC. 
Mean Ct values for all genes and treatments are provided in 
Supplementary Table S1.

Effect of PGPM Inoculation on the Expression of 
Plant TaCat1, TaCtr1, TaCYP707A1 and TaDreb2 
Genes

Among the non-inoculated plants, water stress caused 
a statistically significant increase in TaCat1, TaCtr1, 
TaCYP707A1 and TaDreb2 gene expression (Fig.  4a–d). 
Inoculation of stressed plants resulted in a statistically 
significant reduction of TaCYP707A1 expression levels 
compared to USC in all cases except for CD_FICOS_05, 
where it increased, although this change was not statistically 
significant (Fig. 4c). All PGPM treatments caused a reduc-
tion in TaCat1 transcript accumulation compared to USC 
(Fig. 4a), although the differences were only significant for 
CD FICOS_01, CD FICOS_02 and CD FICOS_03, with the 
first one causing the greatest reduction of all. In the case 
of TaCtr1 (Fig.  4b), CD_FICOS_01, CD_FICOS_02 and 
CD_FICOS_03 treatments showed a significant reduction 

Table 4  Mean values ± standard deviation per pot of H₂O₂, MDA, proline and ABA levels in wheat plants under each treatment. Treatments: 
USC = uninoculated and stressed control; UNSC = uninoculated and non-stressed control; CD_FICOS_01–05 = plants inoculated with strains CD_
FICOS_01–05. Percentage variation (%Δ) is expressed relative to USC. Data were analysed by one-way ANOVA followed by LSD test. Different 
letters indicate statistically significant differences among treatments (p < 0.05). Three pots were used per treatment (n = 3)
Treatment H2O2 MDA Proline ABA

mM.100mg− 1 FW Δ (%) nmol.g− 1 FW Δ (%) µg.g− 1 FW Δ (%) picomol.mL− 1 Δ (%)
CD_FICOS_01 0.12ab ± 0.07 -6.34 29.35b ± 0.52 -1.80 88.27a ± 0.40 + 59.15 2297.66a ± 389.92 + 805.58
CD_FICOS_02 0.18a ± 0.09 + 36.42 30.80b ± 0.56 + 3.02 76.82a ± 0.65 + 38.50 144.31cd ± 26.48 -43.12
CD_FICOS_03 0.12ab ± 0.04 -10.35 36.71a ± 0.98 + 22.81 86.96a ± 4.24 + 56.79 836.79b ± 102.65 + 229.80
CD_FICOS_04 0.10ab ± 0.03 -21.86 37.25a ± 1.38 + 24.60 82.20a ± 1.85 + 48.20 598.13bc ± 47.07 + 135.74
CD_FICOS_05 0.05b ± 0.01 -63.50 38.17a ± 1.19 + 27.70 84.99a ± 15.10 + 53.24 174.38cd ± 8.63 -31.27
USC 0.13ab ± 0.03 29.89b ± 0.14 55.46b ± 3.02 253.72cd ± 82.72
UNSC 0.14ab ± 0.02 + 6.53 9.59c ± 0.21 -67.91 1.05c ± 0.01 -98.10 6.50d ± 0.53 -97.44

Fig. 2  Representative wheat plants from each treatment at the early 
vegetative stage, photographed at the end of the experiment: non-
inoculated wheat plants under water-stress conditions (USC), non-
inoculated wheat plants under non-stress conditions (UNSC), and 

plants inoculated with strains CD_FICOS_01 (P. megaterium), 
CD_FICOS_02 (P. frigoritolerans), CD_FICOS_03 (P. canadensis), 
CD_FICOS_04 (A. chroococcum) and CD_FICOS_05 (P. kluyveri). 
Scale bar = 10 cm
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compared to USC plants resulting in higher fresh biomass, 
although interestingly, only CD_FICOS_02 (Peribacillus 
frigoritolerans) increased the aerial dry biomass (Table 3; 
Fig. 1). Different strains of Priestia and Pseudomonas gen-
era have been shown to have a positive effect on relative 
water content or fresh biomass in wheat or mung bean under 
water or salt stress (Kour et al. 2020; Prasad et al. 2025; 
Sarma and Saikia 2014; Shahid et al. 2022). Peribacillus 
also increased shoot dry weight and leaf water content in 
Arabidopsis under dehydration stress (Nourashrafeddin et 
al. 2024).

However, the significant reduction of aerial biomass, 
fresh and dry, and the non-significant reduction of water 
content as a result of the inoculation with Azotobacter 
chroococum (CD_FICOS_04) indicates that this strain, that 
is a good N-fixer, is not a good option for helping the plant 
to cope with water stress situations (Table 3; Fig. 1). In the 
literature it is described that other strains of A. chroococum 

Discussion

Morphological and Physiological Aspects

Drought stress conditions affect various molecular, bio-
chemical, physiological, morphological and ecological 
traits and processes in plants. At the agronomic level, crop 
yield and biomass quality are severely affected. In our work, 
the comparison between UNSC and USC revealed a sharp 
decrease in aerial biomass and water content as a result of 
the drought stress reflecting a common drought adaptation 
strategy of plants (Seleiman et al. 2021). However, PGPM 
can promote plant water uptake and retention by stimulat-
ing root development, production of different extracellular 
polysaccharides, osmolytes and proteins (Gontia-Mishra et 
al. 2020; Zhang et al. 2025). In our work, CD_FICOS_01 
(Priestia megaterium) and CD_FICOS_03 (Pseudomonas 
canadensis) significantly increased plant water content 

Fig. 3  Effect of inoculation of the five strains on the concentrations 
of (a) H2O2, (b) MDA, (c) proline and (d) ABA in the shoot tissue of 
wheat plants under water stress conditions (CD_FICOS_01: P. megate-
rium, CD_FICOS_02: P. frigoritolerans, CD_FICOS_03: P. canaden-
sis, CD_FICOS_04: A. chroococcum, CD_FICOS_05: P. kluyveri). 
Non-inoculated wheat plants under water stress conditions (USC) and 

non-inoculated wheat plants under non-stress conditions (UNSC). 
Values are expressed per pot. Each bar represents the mean ± standard 
deviation of three replicates. Different letters indicate statistically sig-
nificant differences among treatments according to one-way ANOVA 
followed by Fisher’s least significant difference (LSD) test (p < 0.05)
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However, due to the substrate used in the experiment, no 
soil structure improvement parameters were evaluated in 
our experiment.

Under water stress conditions, chlorophyll content is 
known to decrease due to the activation of chlorophyllase, 
impairment of synthesis enzymes or oxidative damage to the 
chloroplast (Rijal et al. 2021). In our experiment, USC plants 
showed a significant decrease in chlorophyll content while 
plants inoculated with CD_FICOS_01, CD_FICOS_02 and 
CD_FICOS_05 showed a significant increase compared to 
USC plants (Table 3; Fig. 1d). The recovery of chlorophyll 
levels in these cases could be explained by the accumulation 
of proline in the inoculated plants, since a protective effect 
of proline on chlorophyll has been reported. The amino acid 

and A. vinelandii can increase the relative water content in 
eggplant grown under drought stress (Kiran et al. 2022), 
although with no influence on shoot fresh and dry weights. 
However, in other cases several strains of Azotobacter 
increased shoot dry weight or plant height in maize under 
drought stress (Shirinbayan et al. 2019).

The fungal strain CD_FICOS_05 from Pichia kluyveri 
had a negligible effect on water content and fresh biomass, 
but a reduction of dry biomass (Table 3; Fig. 1). However, it 
has been reported that strains of the genus Pichia had a posi-
tive influence on the total water stable aggregates in inocu-
lated soils which has been associated with increased water 
availability to plants and could be caused by the produc-
tion of extracellular polysaccharides (Ramya et al. 2021). 

Fig. 4  Effect of inoculation of the five strains on gene expression of 
(a) TaCat1, (b) TaCtr1, (c) TaCYP707A1 and (d) TaDreb2 in the shoot 
tissue of wheat plants under water stress conditions (CD_FICOS_01: 
P. megaterium, CD_FICOS_02: P. frigoritolerans, CD_FICOS_03: 
P. canadensis, CD_FICOS_04: A. chroococcum, CD_FICOS_05: P. 
kluyveri). Non-inoculated wheat plants under water stress conditions 
(USC) and non-inoculated wheat plants under non-stress conditions 
(NUSC). Expression ratios were normalised by using the T. aestivum 

actin gene as an endogenous control. The value of 1.0 was denoted 
for the transcript level of all genes in USC plants. Each bar represents 
the mean ± standard deviation of three technical replicates for each of 
the three biological replicates per treatment. Different letters indicate 
statistically significant differences among treatments according to one-
way ANOVA followed by Fisher’s least significant difference (LSD) 
test (p < 0.05)
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CD_FICOS_04 and CD_FICOS_05 treatments than in 
the USC (Table 3; Fig. 3b). There is some controversy on 
how to interpret the MDA levels, because on the one hand 
a reduction in MDA and H2O2 synthesis is considered an 
indicator of plant tolerance to drought conditions (Abiala 
et al. 2023; Crespo-Barreiro et al. 2025; Marik et al. 2024; 
Kiran et al. 2025; Kiran et al. 2022; Shahid et al. 2022), and 
in this sense MDA can be used as an indicator of oxidative 
damage to plant membranes if its level remains high. On the 
other hand, an increase in MDA may indicate acclimation 
processes rather than damage if its removal and the regula-
tion of redox signalling are working properly (Morales and 
Munné-Bosch 2019), as MDA can play a beneficial role by 
activating regulatory genes involved in plant defence and 
development under oxidative stress conditions acting as a 
protective mechanism. Similar to our results, a transient 
increase in MDA levels was observed in rosemary plants 
under saline stress, but no signs of oxidative damage due to 
activation of an antioxidant system were observed (Tounekti 
et al. 2011). Therefore, the role of MDA as harmful or pro-
tective depends on its production, removal and modulation 
of signalling (Morales and Munné-Bosch 2019). Thus, in 
our study, the observed increase in MDA levels in drought-
stressed plants, exacerbated by the inoculation with CD_
FICOS_03, CD_FICOS_04 and CD_FICOS_05 could have 
different meanings. In CD_FICOS_03 could be a sign of 
plant protection against drought stress, because it is associ-
ated with a better fresh biomass production and water status, 
whereas in CD_FICOS_04 and in CD_FICOS_05 it could 
be a sign of a stress situation that reduced plant growth.

TaCat1 encodes for a catalase enzyme that plays an 
important role in controlling ROS homeostasis by catalys-
ing the decomposition of H2O2, and it is also associated with 
oxidative stress. In our work, transcript levels of this gene 
were increased in USC compared to UNSC and the differ-
ence was statistically significant. Similarly, previous reports 
suggest an increase in TaCat1 transcription in wheat grown 
under drought stress (Barquero et al. 2022; Gontia-Mishra 
et al. 2016). The application of CD_FICOS_01, CD_
FICOS_02 and CD_FICOS_03 induced a significant reduc-
tion of gene expression in the plants under drought stress 
while the other inoculums did not induce statistically sig-
nificant changes, but a tendency to decrease transcript levels 
was observed (Fig. 4a). This result correlates with previous 
studies in which a down-regulation of TaCat1 or a decrease 
in the activity of the enzyme was observed in PGPM-inocu-
lated wheat plants under drought or salinity stress ((Ahmad 
Ansari et al. 2023; Barquero et al. 2022; Gontia-Mishra et 
al. 2016). The decrease in TaCat1 expression is compatible 
with the results of H2O2 levels that we observed in the inoc-
ulated plants. A decrease in TaCat1 transcript accumulation 
would have resulted in a lower catalase activity, insufficient 

acts as a scavenger of ROS inside the chloroplast and to 
increases the stability of the membranes of this organelle 
under abiotic stress conditions (Gadallah 1999; Spormann 
et al. 2023). Inoculation with these strains seems to increase 
proline accumulation compared to the USC control, with the 
differences being significant in all of them. The exception 
would be CD_FICOS_04 as it caused a significant increase 
in proline levels, but a reduction in SPAD measures, also 
significant, compared to USC (Table 3; Fig. 3c). This could 
point to differences in the mechanisms of action involved in 
this strain compared to the others. Although the improve-
ment of the chlorophyll level as a result of inoculation 
with PGPM in plants under water or salt stress conditions 
is quite common (Abiala et al. 2023; Al-Shammari et al. 
2025; Marik et al. 2024; Pradhan et al. 2018; Shahid et al. 
2022; Shirinbayan et al. 2019), sometimes it is related with 
an increase of proline level (Abiala et al. 2023; Marik et al. 
2024; Kiran et al. 2022; Kour et al. 2020; Ma et al. 2020; 
Pradhan et al. 2018) and sometimes with a decrease (Ma 
et al. 2020; Shahid et al. 2022). In concrete, Shahid et al. 
(2022) found a reduction in proline concentration concomi-
tantly with an increase in chlorophyll levels and leaf relative 
water content in wheat. Proline acts as a stress signal as well 
as an osmoprotectant and these differences may depend on 
the bacterial and plant species involved, their interaction, 
and the type and degree of stress (Shahid et al. 2022).

In addition, proline could improve the water status of 
stressed plants by inhibiting water flow through its effect on 
membrane stability and reducing transpiration through its 
effect on stomatal regulation (Gadallah 1999). In this way, 
the significant improvement of the water status of stressed 
plants inoculated with CD_FICOS_01 and CD_FICOS_03 
could be explained by the significant increase of proline.

Oxidative Stress

H2O2 and MDA are commonly used as markers of oxidative 
damage, the latter being the end product of polyunsaturated 
fatty acid peroxidation in cells (Zhang et al. 2021). In gen-
eral, H2O2 levels are related to MDA levels and both increase 
under water stress, as H2O2 promotes lipid peroxidation.

It is interesting to note that H2O2 levels remained 
unchanged in controls and most treatments (Table  3; 
Fig. 3a). This result could be due to the activation of the ROS 
detoxification systems by the plant in response to stress, 
which would have brought the levels of the molecule in the 
stressed plants in line with those of the unstressed plants 
without an apparent influence of the treatment with PGPM. 
However, MDA levels showed a slightly different pattern 
of variation than H2O2, as MDA was significantly higher 
in all drought-stressed plants weather inoculated or not, 
and MDA was also significantly higher in CD_FICOS_03, 
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Some PGPBs can play an important role in stress-induced 
ethylene responses via indole-3-acetic acid (IAA) produc-
tion and ACC deaminase activity. Ethylene is derived from 
methionine, which is converted to S-adenosyl-L-methio-
nine (SAM) by SAM synthetase, and then ACC synthetase 
converts SAM to ACC, which will ultimately give rise to 
ethylene. In plants inoculated with ACC deaminase-pro-
ducing PGPBs under abiotic stress, bacterial ACC deami-
nase is induced in response to plant stress-induced ACC 
and hydrolyses excess ACC in the plant to ammonia and 
α-ketobutyrate and reduces deleterious ethylene levels. At 
the same time, some ACC deaminase-producing PGPBs can 
utilise tryptophan and other small molecules present in root 
exudates and convert them into IAA, which is used by plant 
roots together with their endogenous IAA and can regu-
late plant development. IAA can also induce transcription 
of ACC synthase leading to increased levels of ACC and 
ultimately ethylene or ammonia and α-ketobutyrate depend-
ing on bacterial ACC deaminase activity (Kang et al. 2019; 
Naing et al. 2021). In our work, strains CD_FICOS_01, 
CD_FICOS_02, CD_FICOS_03 and CD_FICOS_04 are 
IAA producers and have ACC deaminase activity. It is pos-
sible that the positive influence observed in CD_FICOS_01 
and CD_FICOS_03 on plant growth parameters is due to 
their ACC deaminase activity which would have reduced 
plant ethylene levels, compensating for the stimulation of 
this molecule produced by bacterial IAA, and contributed 
to drought tolerance. On the other hand, in CD_FICOS_04 
with lower ACC deaminase activity compared to the other 
three strains, but similar IAA synthesis activity, ethylene 
would have reached levels detrimental to plant growth 
(Table 2).

ABA Metabolism

Ctr1 expression is also influenced by ABA, the production 
of which is stimulated by drought stress, as we observed 
when we compared the ABA rate of USC and UNSC, 
although this result was not statistically significant. This 
hormone acts as a primary signal for plants to respond to 
drought by triggering a variety of physiological processes 
(Aslam et al. 2022). In our experiment, considering only the 
stressed plants, whether inoculated or not, the downregula-
tion of TaCtr1 was associated with higher levels of ABA; 
particularly CD_FICOS_01 and CD_FICOS_03 showed the 
lowest expression of TaCtr1, as low as the unstressed con-
trol, and concomitantly the higher levels of ABA (Table 3; 
Fig. 3d). Bi et al. (2010) also observed that ABA applica-
tion in wheat and Arabidopsis inhibited TaCtr1 expression, 
which recovered after ABA removal. It has been reported in 
the literature (Arkhipova et al. 2020; Barnawal et al. 2017; 
Barquero et al. 2022; Crespo-Barreiro et al. 2025) that the 

to reduce the levels of the compound. However, TaCat1 
belongs to a gene family consisting of numerous genes in T. 
aestivum L. each of which responds differently depending 
on the tissue, the developmental stage of the plant and envi-
ronmental stress conditions (Al Khallaf et al. 2025; Zhang 
et al. 2022). Therefore, the decreased expression of TaCat1 
in inoculated plants could have been compensated by the 
increased expression of one or more other members of the 
family while keeping the H2O2 concentration at a stable 
level or causing the tendency to decrease observed in the 
treatment with CD_FICOS_05.

Ethylene Metabolism

Under abiotic stress conditions, the ethylene-mediated plant 
response participates in osmotic adjustments, oxidative 
stress management and on development to arrest or redi-
rect plant growth and nutrient distribution thereby increas-
ing stress tolerance (Abhinandan et al. 2018). Furthermore, 
depending on the severity and duration of stress, the stress-
induced ethylene responses can have a detrimental effect 
on crop yield (Abhinandan et al. 2018). Ctr1 encodes for 
Constitutive Triple Response 1, a serine/threonine kinase 
that plays a key role in ethylene signal transduction through 
its interaction with ethylene receptors. Ctr1 is found inter-
acting directly with receptors which keeps it in an active 
state and can inactivate downstream components by phos-
phorylation thereby negatively regulating signalling path-
way. In contrast, in the presence of ethylene, it is sensed by 
the receptors and its binding leads to inactivation of Ctr1. 
As a consequence, the transcriptional cascade response is 
activated resulting in the expression of ethylene-responsive 
genes (Barnawal et al. 2017; Jakubowicz et al. 2019). In 
our study, TaCtr1 expression was induced by the effect of 
water stress while treatments with CD_FICOS_01, CD_
FICOS_02 and CD_FICOS_03 downregulated it (Fig. 4b). 
These results are in agreement with those obtained by Bar-
quero et al. (2022) where TaCtr1 was induced in wheat after 
prolonged exposure to drought while inoculation of stressed 
plants with two strains of Rhizobium leguminosarum caused 
a decrease in its expression and a concomitant increase in 
growth parameters compared to stressed and non-inocu-
lated plants, the same as we observed for CD_FICOS_01, 
CD_FICOS_02 and CD_FICOS_03, which could reflect the 
ability of Priestia, Peribacillus and Pseudomonas strains 
to alleviate drought stress through their influence on the 
ethylene signalling pathway. However, different or oppo-
site behaviours to this have also been described for TaCtr1 
under drought stress conditions (Barnawal et al. 2017). The 
fact that TaCtr1 is a member of a family of genes that can 
function differently in different regulatory pathways could 
explain these results (Bi et al. 2010).
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2014; Manjunatha et al. 2022; Sarma and Saikia 2014). In 
any case, as with TaCtr1, the expression pattern of TaDreb2 
indicates that gene expression can be modulated in different 
ways during drought stress and by inoculation with PGPMs.

Conclusions

This work shows the variation in the different roles and 
strategies that PGPMs play to communicate with the host 
under water stress depending on the plant and bacterial spe-
cies involved and the severity of the environmental stress. 
The behaviour of the five PGPM strains tested varied in 
alleviating water stress in wheat plants according to the spe-
cies, ultimately producing positive or neutral or negative 
effects on plant growth. On the one hand, treatments with 
strains CD_FICOS_01, CD_FICOS_02 and CD_FICOS_03 
yielded improvements in fresh and/or dry biomass of wheat 
plants which could be attributed to their simultaneous 
potential to produce IAA and ACC deaminase. In addi-
tion, ABA signalling would also have been involved in the 
improvement in growth rate of stressed plants stimulated by 
CD_FICOS_01 and CD_FICOS_03. Conversely, inocula-
tion with CD_FICOS_04 and CD_FICOS_05 resulted in 
a reduction of agronomic parameters. Our results suggest 
that these isolates have the capacity to promote mechanisms 
related to the plant response to abiotic stress, but they did 
not have a determinant effect on drought stress.
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inoculation of wheat with different strains of the genera 
Bacillus, Pseudomonas, Arthrobacter and Rhizobium coun-
teracted the increase in ABA caused by salt or water stress in 
the aerial part of the plant while a strain of the genus Dietzia 
had no significant effect on the hormone. In our experiment, 
plants inoculated with the PGPM showed either a slight but 
not significant reduction in the ABA rate, or an increase, 
which was statistically significant for CD_FICOS_01 and 
CD_FICOS_03, the PGPM strains that better maintained 
the plant’s water status.

CYP707A1 is a gene encoding for a key 8′-hydroxylase 
which is involved in the catabolism ABA to maintain endog-
enous ABA levels within a tolerable range for the plant 
during drought stress. Therefore, its expression generally 
increases in response to drought stress as in peanut (Long et 
al. 2019) and in soybean (Zheng et al. 2012), or CYP707A3 
in Arabidopsis (Umezawa et al. 2006). The same was 
observed in our work. Moreover, CYP707A1 was induced 
upon salt stress in tomato regardless the presence of an inoc-
ulum of Pseudomonas (Mellidou et al. 2021). However, the 
gene was downregulated upon drought stress in wheat and 
inoculation of stressed plants with Rhizobium upregulated it 
(Barquero et al. 2022). The opposite effect had Pseudomo-
nas inoculation on CYP707A1, CYP707A2 and CYP707A3 
in tomato seedlings under salt stress (Dong et al. 2024). Our 
results for CD_FICOS_01 and CD_FICOS_03 point in the 
same direction as Dong et al. (2024) and indicate that these 
strains enhanced the drought tolerance by increasing the 
accumulation of ABA and decreasing the expression of the 
gene TaCYP707A1 involved in the degradation of the hor-
mone (Fig. 4c).

Water stress also caused an increase in TaDreb2 expres-
sion, while its expression pattern in the treatments depended 
on the inoculated species, with CD_FICOS_01 and CD_
FICOS_03 showing the lowest mean relative expression 
level of all treatments with respect to USC (Fig. 4d). Dreb2 
codes for a dehydration-responsive element binding protein, 
a transcription factor that regulates the expression of a set 
of genes that respond to abiotic stress and increase plant 
tolerance to stress (Komal et al. 2025). These results are 
consistent with previously reported studies in which PGPM 
inoculation resulted in water stress-induced gene repress-
ing in several plant species (Barquero et al. 2022; Gontia-
Mishra et al. 2016). Moreover, since TaDreb2 induction 
may be either ABA-dependent or ABA-independent man-
ner, the increased levels of the hormone present in Priestia 
and Pseudomonas treatments would point to an ABA-inde-
pendent regulation of this transcription factor (Aslam et 
al. 2022; Barquero et al. 2022). However, there are also 
studies reporting the opposite effect by both water deficit 
stress and PGPM inoculation (Barnawal et al. 2017; Fer-
rante et al. 2024; Gagné-Bourque et al. 2015; Kim et al. 
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