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Abstract
The current research was carried out to evaluate the stress tolerance potential of durum wheat plants, in response to the 
inoculation of native plant growth-promoting bacteria (PGPB), through assessing PSII photochemistry and photosynthetic 
traits, as well as grain yield and plant height, and to investigate the possibility of using PGPB as a sustainable alternative or 
in combination with traditional fertilization plans. A greenhouse experiment included chemical/microbiological fertiliza-
tion and stress (salinity and drought) treatments. The results indicated that the application of bacterial consortium of four 
PGPB markedly augmented some biochemical and functional traits in photosystem II, such as effective quantum yield of 
PSII photochemistry (Y(II)), electron transport rate of PSII (ETR), photosynthesis capacity, transpiration rate and stomatal 
conductance in unstressed plants, and prevented severe changes in the mentioned traits under drought and salinity conditions. 
The application of PGPB contributed to enhanced grain yield, too. Furthermore, a better performance of the PGPB inocu-
lation was found in combination with half-dose of the recommended chemical fertilizers. In conclusion, PGPB inoculants 
maintain or improve the photosynthesis efficiency of durum wheat, grain yield and plant height, particularly under stress 
conditions, and can help to minimize the consumption of chemical fertilizers.
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Abbreviations
BF	� Seed treatment with commercial bio-fertilizer
CF	� Soil treated with chemical fertilizers
Chla	� Chlorophyll a
ChlF	� Chlorophyll florescence
Co	� Control treatment (no fertilization)
DAS	� Days after sowing
ETR	� Electron transport rate
Fv/Fm	� Maximum efficiency of PSII photochemistry in 

dark-adapted leaves
I	� PGPB inoculation treatment
NPQ	� Non-photochemical quenching

PGPB	� Plant growth-promoting bacteria
qL	� Coefficient of photochemical fluorescence 

quenching assuming that all reaction centers 
share a common light-harvesting antenna

qN	� Non-photochemical quenching coefficient
qP	� Photochemical quenching coefficient
Y(NO)	� Quantum yield of non-regulated energy loss in 

PSII
Y(NPQ)	� Quantum yield of light-induced NPQ
Y(II)	� Effective quantum yield of PSII photochemistry

Introduction

Durum wheat (Triticum durum Desf.) is one of the most 
widely grown cereals all over the Mediterranean region, 
where crops are continuously subjected to environmental 
stresses, particularly salinity and drought (Guidi and Calat-
ayud 2014; Chairi et al. 2019), as the main environmental 
factors constrain crops productivity by affecting physiolog-
ical processes (Nowicka et al. 2018). In fact, crop plants 
may activate the physiological and biochemical defense 
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mechanisms to withstand these stresses for example altering 
their morphology and the photosynthesis response (Kam-
ran et al. 2020). Since changes in photosystem activity are 
primary detrimental effects of abiotic stresses (Guidi and 
Calatayud 2014), evaluations of chlorophyll fluorescence 
(ChlF) and gas exchange, two powerful non-destructive and 
non-invasive techniques and indicators of photosynthetic 
energy conversion efficiency in crops, can be very useful 
to analyze the plant ecophysiological responses to stressful 
situations (Salvatori et al. 2014; Yaghoubian et al. 2016).

On the other hand, the average acquisition and accumula-
tion of N, P, K and Zn by wheat plants are around 15–30, 
3–5, 3–6 and 0.03–0.06 kg for each ton of grain yield, 
respectively (Prasad 2010; Paulsen et al. 2016; Duncan et al. 
2018). Therefore, very large amounts of mineral fertiliza-
tion inputs are generally used to provide crop plants with 
the essential nutrients, not only because of low availabil-
ity of some nutrients in soil (e.g. N and P) for crop uptake 
(Bakhshandeh et al. 2015; Balasubramanian et al. 2015) but 
also of low solubility of some of them (e.g. Zn) in soil that 
can be too slow to meet crop nutrient requirements (Rengel 
2015). This issue is associated with the prices and avail-
ability of fertilizer inputs as the most important challenge 
facing today’s farmers (Meena et al. 2017), especially in 
Italy, one of the Mediterranean countries and the second-
world producer of durum wheat with 4 million tons of grain 
in 2018 (ISTAT 2018).

Therefore, growing attention has arisen to find the envi-
ronmentally friendly and cost-effective strategies, e.g. the 
utilization of plant growth-promoting bacteria (PGPB) 
inoculants to decrease the adverse impacts of stresses and 
the use of chemical inputs while reducing harmful effects 
on the food security and agro-ecosystem sustainability (Pii 
et al. 2016; Yaghoubi Khanghahi et al. 2018a). Several 
mechanisms of enhanced tolerance to stress, induced by 
these beneficial bacteria, have recognized, such as reinforc-
ing the plant metabolism by releasing plant hormones and 
growth regulators (Meena et al. 2017; Kanagendran et al. 
2019), stimulating plant defense mechanisms by promoting 
antioxidant activity and scavenging of reactive oxygen spe-
cies (Kanagendran et al. 2019), biosynthesizing the 1-amino 
cyclopropane-1-carboxylate deaminase (ACC deaminase) 
which relieves the hypersensitive response upon ethylene-
induced stress (Chatterjee et al. 2018; Kanagendran et al. 
2019), and increasing nutrient solubilization and biological 
nitrogen fixation (Pii et al. 2015). Unfortunately, relatively 
few studies have explored the photosynthesis responses of 
crop plants treated by the PGPB inoculations to stressful 
conditions. Therefore, the main objectives of this research 
were to investigate the possibility to use PGPB, as a sustain-
able alternative, or in combination with traditional fertili-
zation plans, and to evaluate the stress tolerance potential 
of durum wheat plants in response to PGPB inoculations 

through assessing PSII photochemistry and photosynthetic 
traits. We hypothesized that the inoculation of native PGPB 
strains, previously isolated from a durum wheat field, is able 
to augment significantly, in comparison to traditional man-
agements, the photosynthetic performance by changing the 
photosynthesis capacity, chlorophyll fluorescence parame-
ters and gas exchanges, in plants grown in non-stress condi-
tion as well as in saline and drought stress.

Materials and methods

Pot experiment

A pot experiment was carried out in a completely rand-
omized design with 3 replications; 105 pots were used in 
this experiment (7 fertilization levels × 5 drought/saline 
stress levels × 3 replications; fertilization and stress condi-
tions are below described). Soil collection was done from 
the same durum wheat field from which the PGPB strains 
were isolated. The soil was clay loam with 0.99% organic 
C, 270 μg C g−1 microbial biomass C, 10.4 C:N ratio, 31% 
water content at field capacity (− 0.3 Mpa), 17% wilting 
point (− 15 Mpa), 0.44 dS m−1 electrical conductivity of 
the soil saturation extract (EC), and pH 7.5. Plants were 
grown for 124 days in the greenhouse with a constant light/
temperature regime (20 °C, 14 h light, and 10 h dark). Fur-
thermore, pots were rotated weekly to avoid edge effects.

Plant growth‑promoting bacteria strains

Four bacterial strains with potential plant-promoting traits, 
including Acinetobacter pittii (phosphate-solubilizing), Aci-
netobacter oleivorans (potassium-solubilizing), Acinetobac-
ter calcoaceticus (zinc-solubilizing) and Comamonas testo-
steroni (nitrogen-fixing), previously isolated from a durum 
wheat field, were used as bio-inoculants. The isolation and 
identification of these bacterial strains, their solubilizing and 
fixation ability are fully described in Yaghoubi Khanghahi 
et al. (2020).

Cross‑streak test between co‑inoculated strains

A bacterial compatibility test was carried out before the 
use of a consortium of four PGPB strains. In this regard, 
each bacterial strain was cultivated in Nutrient Agar (NA) 
medium at 29 °C for three days. After that, the second strain 
was streaked at an angle of approx. 90° going outward from 
the emerged colonies of the first strain; the plate was incu-
bated at 29 °C for other three days (Santiago et al. 2017). 
We considered its results as evidence of the compatibility 
of PGPB strains since neither inhibition zone nor antago-
nistic symptom was observed in plates. Finally, we used 
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a consortium of the four PGPB bacteria for inoculation 
treatment.

Preparation of PGPB inoculums and seed treatments

The inocula were grown in Nutrient Broth (NB) medium, 
starting from a NA plate 24 h bacterial culture, under agita-
tion at 100 rpm for 24 h at 29 °C. After centrifugation at 
5000 rpm for 5 min, the pellets of the concentrated bac-
terial cultures were washed by a potassium chloride 0.9% 
w/v sterile solution. The optical density of bacterial suspen-
sion at 600 nm was brought to 0.6–0.7, showing a count of 
10–6 CFU ml−1.

Seeds (var. Furio Camillo) were surface-sterilized by 
shaking for 10 min in sodium hypochlorite solution (1%) 
and washing several times with sterile water. Seeds and 
soil were inoculated with PGPB bacterial suspension (I 
treatment) before planting and every three weeks, respec-
tively. Simultaneously to the PGPB treatment, commercial 
bio-fertilizer (BF, formulated by SIMCRO Crop Science, 
Italy) was used for seeds and soil inoculation. Seeds used for 
chemical fertilizers (CF) and control (Co) treatments were 
treated with potassium chloride 0.9% w/v sterile solution 
(Table 1). After germination of inoculated/treated seeds in 
each pot, six healthy seedlings were selected and kept until 
harvesting time.

Chemical fertilization treatment

Chemical fertilizers (CF) treatment was applied utilizing 
ammonium sulfate (21% N; 290 kg ha–1; divided into three 
parts and added before planting, at tillering and flowering 
stages), mono-ammonium phosphate (52% P2O5 and 11% N; 

115 kg ha–1), potassium sulfate (44% K2O; 75 kg ha–1) and 
zinc oxide (75% Zn; 10 kg ha–1).

Drought/saline stress treatment

Five levels of stress included a non-stress (control), two 
levels of drought at 40% and 60% of field capacity and two 
levels of salinity (75 mM NaCl and 150 mM NaCl), which 
were applied at the booting stage (63 days after sowing, 63 
DAS), when the head of the durum wheat plants developed 
and became visible beneath the sheath on the stalk. Plants 
were treated with the saltwater solution every three days 
(until 81 DAS) by dividing the solution volume into three 
parts and adding to the pots gradually every 2–3 h, to avoid 
osmotic shock.

Chlorophyll concentration and photosynthetic 
pigments

Flag leaves of durum wheat plants were used for measuring 
from each treatment at 84 DAS. Leaf chlorophyll concen-
tration and relative chlorophyll content (SPAD value) were 
measured by chlorophyll concentration meter (MC-100, 
Apogee instruments, USA) and portable chlorophyll meter 
(SPAD–502, Minolta, Japan), respectively. Fresh samples of 
flag leaves (1.0 cm2) were used to determine the chlorophyll 
a (Chla), b (Chlb) and carotenoids content according to the 
Porra (2002) method. Briefly, samples were incubated in 
methanol at room temperature for 24 h in darkness. Then, 
the absorption at visible wavelengths of 665.2 (A665.2), 652.4 
(A652.4) and 470 (A470) nm was determined using a spectro-
photometer (Ultrospec 4000, Pharmacia Biotech Inc. USA). 
The following equations were used to calculate the Chla, 
Chlb and carotenoid content (Yaghoubian et al. 2016):

Gas exchange and chlorophyll fluorescence 
parameters

The LI-COR portable photosynthesis system (LI-COR 6400/
XT, USA) was used to estimate the stomatal conductance, 
transpiration and photosynthesis rate of the flag leaves at 
89 DAS between 11 am and 1 pm. ChlF parameters were 
estimated from the flag leaves at 92 DAS using a Pulse 

(1)Chla
(

�g cm−2
)

= 16.72A665.2− 9.16A652.4

(2)Chlb
(

�g cm−2
)

= 34.09A652.4− 15.28A665.2

(3)
Carotenoid

(

�g cm−2
)

=

(

1000A470− 1.63 Chla− 104.96 Chlb
)/

221

Table 1   Different levels of fertilization treatment including PGPB 
inoculation, chemical fertilizers and commercial bio-fertilizer

I inoculation of seed using beneficial bacterial consortium. Pots were 
also inoculated by bacterial suspension every 3 weeks; BF seed treat-
ment with commercial bio-fertilizer. Pots were also treated every 
3  weeks, simultaneously to the PGPB treatment; CF adding chemi-
cal fertilizers to the soil; ½ CF half-dose of recommended chemical 
fertilizers; Co control treatment (no chemical and microbiological fer-
tilizer)

Biofertilizer PGPB inocula-
tion

Chemical ferti-
lizer

Treatments

− − − Co
−  +  − I
 +  − − BF
− −  +  CF
−  +   +  CF + I
− −  +  ½ CF
−  +   +  ½ CF + I
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Amplitude Modulated fluorometer (PAM–2500, Walz, 
Germany), as described by Genty et al. (1989). Dark leaf 
clips (DLC-8) were used to acclimate the leaves to dark 

for 15 min before the measurements and consequently the 
basal fluorescence (F0) and the maximum fluorescence 
(Fm) level were measured without interference of ambient 
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light. Accordingly, the leaf was exposed to low intensity 
light (< 0.1 μmol photons m−2 s−1, red light). Afterwards, a 
saturating light pulse (> 8000 μmol photons m−2 s−1, white 
light) was turned on for 1 s (one pulse). The maximum quan-
tum yield of PSII was estimated on dark-adapted leaves as 
Fv/Fm = [(Fm − F0)/Fm] where Fv is the variable fluores-
cence. The effective quantum efficiency ΦPSII was evaluated 
as (Fm′ − F)/Fm′, where F is the steady-state fluorescence and 
Fm′ is the maximum fluorescence measured in light-exposed 
leaf samples. Other estimated parameters included the pho-
tosynthetic electron transport rate (ETR, μmol electrons 
m–2 s–1), the quantum yield of light-induced non-photochem-
ical quenching [Y(NPQ) = (F/Fm′) – (F/Fm)], the quantum 
yield of non-regulated energy dissipation [Y(NO) = F/Fm], 
the non-photochemical quenching [NPQ = (Fm – Fm′)/Fm′], 
the coefficient of non-photochemical fluorescence quench-
ing [qN = 1 − (Fm′ − F0)/(Fm − F0)], the coefficient of pho-
tochemical fluorescence quenching based on a model of 
separate photosynthetic units [qP = (Fm′ − F)/(Fm′ − F0′)] and 
coefficient of photochemical fluorescence quenching assum-
ing that all reaction centers share a common light-harvesting 
antenna [qL = qP × (F0′/F)] (Bilger and Björkman 1990.

All six durum wheat plants from each pot were harvested 
at 124 DAS and then the grain yield per plant and plant 
height were determined. All statistical analyses including 
a two-way analysis of variance (ANOVA), the least signifi-
cant difference (LSD) test and multiple linear regression 
(backward method), as well as drawing the graphs, were 
performed using the SigmaPlot software.

Results

Our findings in non-stress conditions showed that all ferti-
lizer levels improved the concentration of photosynthesis 
pigments and chlorophyll concentration as compared to the 
unfertilized treatment. In particular, Chla, Chlb and carot-
enoids contents, SPAD value and chlorophyll concentration 
(determined by MC-100 chlorophyll concentration meter) 
in PGPB-inoculated pots were 8.8, 41, 4.5, 6.9 and 10.5% 
higher than those in unfertilized pots, respectively. When 
PGPBs were combined to half-dose of chemical fertilizer 

(I + ½CF), these increments were 30.4, 10.8, 40.5, 9.6 and 
25.5%, respectively (Table S1). The highest amounts of 
chlorophyll and SPAD values were obtained from combined 
treatment of bacterial inoculants and a full dosage of chemi-
cals (I + CF treatment) under non-stress condition, equal to 
561.3 µmol m−2 and 53.5, which were 45 and 21% higher 
than those in unfertilized plants, 31 and 14% more than 
PGPB-inoculated plants, and 24 and 10% higher that plants 
treated by chemical fertilizers (Table S1). Chlb and carot-
enoids contents were almost higher under the mild stress 
than control and severe levels, for both drought and salinity 
conditions, with a few exceptions. Accordingly, Chlb and 
carotenoid reached the maximum value in PGPB inoculation 
(I) and I + CF treatments, respectively (Table S1).

All the considered ChlF parameters were influenced by 
fertilization treatments that also induced Y(NPQ) and qN 
to decrease in comparison to the unfertilized treatment, in 
both unstressed and stressed plants, except for mild salin-
ity level. The values varied from 0.004 to 0.049 and 0.047 
for Y(NPQ) (Fig. 1), and from 0.022 and 0.025 to 0.188 
and 0.190 for qN in the drought and salinity, respectively 
(Table S2). Similarly, Y(NO) slightly (3–7%; Fig. 1) and 
NPQ intensely (24–56%; Table S2) decreased by fertiliza-
tion treatments in comparison to the unfertilized treatment in 
unstressed plants. Unlike non-stress conditions, no specific 
response to the fertilization and stress treatments appeared 
in these parameters. Nevertheless, their amount increased 
at all levels of fertilization treatment under the stress as 
compared to the same fertilization level in non-stress. For 
example, NPQ in drought and salinity were 2.3 and 5 times 
higher than non-stress as affected by inoculation treatment 
(I). In opposite, qP slightly increased by applying the ferti-
lization treatments in both non-stress and stress conditions. 
The highest values of qL were obtained from the CF (0.94) 
and BF (0.92) treatments under the mild level of drought and 
salinity, respectively, while the minima were 0.69 and 0.74 
(Co treatment) under the severe drought and control level of 
salinity (Table S2).

No statistically significant difference was observed 
between treatments in terms of Fv/Fm in both stress condi-
tions. However, this parameter decreased under stress condi-
tion and increased by fertilization treatments as compared to 
the control. The ratio of Fv/Fm varied from 0.75 and 0.76 to 
0.80 in the drought and salinity, respectively (Table S2). A 
similar trend was observed for Y(II) in both stresses. Almost 
all the fertilization treatments, especially the application of 
PGPB inoculants alone or combined with the chemical ferti-
lizers, significantly increased the Y(II) values in comparison 
to the unfertilized treatment in both unstressed and stressed 
plants In case of drought, this parameter reached the highest 
value for I + ½CF treatment, equal to 0.755, 0.715 and 0.710 
in the non-stress, mild and severe stress levels, which were 
3.5, 2.7 and 7.1% higher than that in unfertilized plants, 1, 

Fig. 1   Effective quantum efficiency of PSII (Y(II)), quantum yield 
of light-induced non-photochemical quenching (Y(NPQ)) and quan-
tum yield of non-regulated energy dissipation (Y(NO)) as affected by 
fertilization treatments in severe, mild and control levels of drought 
(a, b and c) and salinity (d, e and f), respectively. I inoculation of 
seed using beneficial bacterial consortium. Pots were also inoculated 
by bacterial suspension every 3 weeks; BF seed treatment with com-
mercial bio-fertilizer. Pots were also treated every 3 weeks, simulta-
neously to the PGPB treatment; CF adding full dose of recommended 
chemical fertilizers to the soil; CF/2 half-dose of recommended 
chemical fertilizers; Co control treatment (no chemical and microbio-
logical fertilizer)

◂
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1.3 and 4% more than CF treatment, and 0.3, 0 and 2.5% 
higher than I treatment at the same stress levels, respectively. 
Also, the highest Y(II) values in the non-stress, mild and 
severe levels of salinity were detected in I + ½CF, CF and 
I + CF which were 3.5, 4.8 and 5% more than that in the 
unfertilized plants at the same salinity levels, respectively 
(Fig. 1).

Photosynthetic capacity and transpiration rate in the 
drought stress were significantly higher in plants grown 
under the fertilization treatments, especially in the control 
and mild levels of stress. PGPB inoculations (I treatment) 
significantly increased the photosynthetic capacity and tran-
spiration rate as compared to the unfertilized plants (19 and 
41%, respectively) under non-stress condition, which were 
non-significantly lower than CF treatment (2.4 and 3.8%, 
respectively). This increment by the I treatment was not sig-
nificant in other levels of drought; however, the values were 
higher than the unfertilized plants, equal to 4.2 and 27.7% 
in the mild and 8.9 and 24.5% in the severe drought. Nev-
ertheless, there were no statistically significant differences 

between PGPB inoculations treatment and CF, I + CF and 
I + ½CF treatments. However, the strongest photosynthetic 
capacity at the mild salinity level was observed in the CF 
treatment, but PGPB-inoculated plants had higher photosyn-
thetic capacity under the severe salinity, which was 14.8% 
more than that in unfertilized plants at the same salinity level 
(Fig. 2).

The maximum electron transport rate (ETR) of PSII in 
non-stress conditions belonged to the I and I + ½CF treat-
ments, which were slightly more than the CF and BF treat-
ments (Table 2). ETR values varied from 0.278 and 0.288 
to 0.317 μmol electrons m−2 s−1 in the drought and salin-
ity, respectively. Almost the same trend was observed at 
other levels of drought stress, except for BF treatment. In 
this regard, the highest ETR value was obtained from CF 
treatment at the mild level of salinity, while only I + CF and 
I + ½CF treatments were able to improve this parameter at 
the severe level of salinity (Table 2).

All fertilizer treatments, especially the PGPB inocula-
tions, improved the stomatal conductance as compared to 

Fig. 2   Photosynthesis capac-
ity and transpiration rate in 
response to the chemical/
microbiological fertilization 
managements under drought (a) 
and salt (b) stresses. I inocula-
tion of seed using beneficial 
bacterial consortium. Pots were 
also inoculated by bacterial sus-
pension every 3 weeks; BF seed 
treatment with commercial bio-
fertilizer. Pots were also treated 
every 3 weeks, simultaneously 
to the PGPB treatment; CF add-
ing full dose of recommended 
chemical fertilizers to the soil; 
CF/2 half-dose of recommended 
chemical fertilizers; Co control 
treatment (no chemical and 
microbiological fertilizer)
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the unfertilized plants under non-stress conditions. Accord-
ingly, the higher rate of stomatal conductance was observed 
in I + CF, which was significantly greater than control, 
BF and ½CF, but was not statistically superior to the CF, 
I and I + ½CF. This parameter varied from 0.033 (Co at 
the severe drought) and 0.025 (Co at the severe salinity) 
to 0.168 mmol m–2 s–1 (CF in unstressed plants) (Table 2). 
However, the same results were recorded at the mild and 
severe levels of drought, but more interesting results were 
obtained from salinity stress. In this respect, only the plants 
treated with chemical fertilizer (CF and ½CF) had higher 
rate of stomatal conductance in comparison with unferti-
lized plants at the mild level of salinity, while this rate was 
non-significantly decreased by other fertilizer treatments 
(Table 2).

All fertilization treatments significantly improved the 
grain yield in comparison with unfertilized treatment in both 
unstressed and stressed plants. Under non-stress, grain yield 

reached the maximum value, 1.15 gr per plant, in I + CF 
treatment (~ 121, 53, 13 and 9% higher than the unfertilized 
treatment, and I, CF and I + ½CF treated plants, respec-
tively). Similar results were observed in the mild drought 
and in both mild and severe salinity, while the maximum 
grain yield under the severe drought obtained by I and 
I + ½CF treatments, equal to 0.46 and 0.44 gr per plant, 
respectively. Moreover, the effect of PGPB inoculation (I) 
on grain yield was lower (-13%) than CF in the mild salin-
ity, while its effect was higher (+ 3%) in the severe salinity 
level (Table 3). Similarly, in both mild and severe drought, 
the heights of inoculated plants were 60 and 59 cm, which 
was 2 and 13% higher than the I + CF treatment, respectively. 
Conversely, the tallest plants were found in I + CF treatment 
under the mild and severe salinity, which were 3 and 6% 
taller than I treatment, respectively (Table 3).

Table 2   Estimation of stomatal conductance and electron transport rate (ETR) as affected by fertilization and stress treatments, as well as their 
increment rates in comparison to the unfertilized treatment in each stress level

Values with the same letter(s) are not significantly different from each other according to the LSD test (P > 0.05)
I inoculation of seed using beneficial bacterial consortium. Pots were also inoculated by bacterial suspension every 3 weeks; BF seed treatment 
with commercial bio-fertilizer. Pots were also treated every 3 weeks, simultaneously to the PGPB treatment; CF adding full dose of recom-
mended chemical fertilizers to the soil; ½ CF half-dose of recommended chemical fertilizers; Co control treatment (no chemical and microbio-
logical fertilizer)

Stress Fertilizer Drought Salinity

Stomatal 
conductance

Increment 
rate

ETR Increment 
rate

Stomatal 
conductance

Increment 
rate

ETR Increment rate

mmol 
m–2 s–1

% μmol 
m−2 s−1

% mmol 
m–2 s–1

% μmol 
m−2 s−1

%

Control Co 0.09 cd – 0.31 a–f – 0.09 cd – 0.31 a–g –
I 0.15 ab 53.5 0.32 ab 3.3 0.15 ab 53.5 0.32 a 3.3
BF 0.12 bc 24.9 0.31a–d 2.3 0.12 bc 24.9 0.31 a–c 2.3
CF 0.16 a 70.4 0.31 a–c 2.6 0.16 ab 70.4 0.31 ab 2.6
½ CF 0.12 bc 30.2 0.31 a–e 2.0 0.12 bc 30.2 0.31 a–d 2.0
I + CF 0.17 a 77.8 0.32 ab 2.9 0.17 ab 77.8 0.32 ab 2.9
I + ½ CF 0.14 ab 50.3 0.32 a 3.6 0.14 ab 50.3 0.32 a 3.6

Mild stress Co 0.03 f – 0.29 f–i – 0.05 ef – 0.29 h –
I 0.08 de 167.8 0.30 b–g 2.4 0.04 ef − 9.1 0.29 gh 1.4
BF 0.04 f 40.6 0.30 a–g 3.1 0.04 ef − 20.9 0.30 c–h 3.5
CF 0.06 d–f 113.1 0.30 d–h 1.4 0.07 de 53.2 0.30 b–h 4.5
½ CF 0.06 d–f 105.4 0.29 f–i − 0.34 0.06 d–f 41.8 0.29 h 0
I + CF 0.09 cd 204.4 0.30 b–g 2.4 0.04 ef − 1.5 0.29 h 0.7
I + ½ CF 0.10 cd 222.5 0.30 b–g 2.4 0.03 ef − 32.4 0.30 c–h 3.8

Severe stress Co 0.03 f – 0.28 i – 0.03 f – 0.29 e–h –
I 0.05 ef 56.9 0.29 f–i 4.7 0.06 d–f 116.4 0.30 h − 2.0
BF 0.04 f 15.0 0.30 e–h 6.5 0.07 de 185.0 0.29 f–h − 1.3
CF 0.05 ef 52.1 0.29 g–i 3.2 0.06 d–f 151.6 0.30 f–h − 0.7
½ CF 0.04 ef 31.7 0.28 hi 2.1 0.04 ef 62.2 0.30 d–h 0
I + CF 0.06 d–f 78.1 0.29 g–i 4.0 0.05 d–f 106.7 0.31 a–e 5.1
I + ½ CF 0.05 ef 42.8 0.30 c–h 7.2 0.05 ef 85.8 0.31 a–f 3.4
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Following the regression of the linear model, the rela-
tionships between the grain yield and photosynthesis 
capacity significantly fitted under drought (R2 = 0.70; 
P < 0.01) and salinity (R2 = 0.39; P < 0.05) conditions 
(Fig. 3). The multiple linear regression (backward elimi-
nation method) was used to explain which of the main pho-
tosynthetic variables could be more useful to estimate the 
photosynthetic capacity of plants under fertilization treat-
ments and stress conditions. The results indicated a quite 
different response of leaves to the drought and salinity 
stress. Accordingly, transpiration rate, Y(NPQ), Y(NO) and 
Y(II) were identified as the independent variables which 
had the most impact on photosynthetic capacity (depend-
ent variable) in the drought-stress condition (R2 = 0.96). 
On the other hand, stomatal conductance seems to be 
more useful to predict the photosynthetic capacity under 
salinity stress (R2 = 0.88). The rankings of the parameters 
were stomatal conductance > Y(NPQ) > Y(NO) > Chl 

Table 3   Durum wheat grain yield and plant height as affected by fertilization and stress treatments, as well as their increment rates in compari-
son to the unfertilized treatment in each stress level

Values with the same letter(s) are not significantly different from each other according to the LSD test (P > 0.05)
I inoculation of seed using beneficial bacterial consortium. Pots were also inoculated by bacterial suspension every 3 weeks; BF seed treatment 
with commercial bio-fertilizer. Pots were also treated every 3 weeks, simultaneously to the PGPB treatment; CF adding full dose of recom-
mended chemical fertilizers to the soil; ½ CF half-dose of recommended chemical fertilizers; Co control treatment (no chemical and microbio-
logical fertilizer)

Stress Fertilizer Drought Salinity

Grain yield Increment rate Plant height Increment rate Grain yield Increment rate Plant height Increment rate

g/plant % cm % g/plant % cm %

Control Co 0.52 gh – 61.00 cd – 0.52 ij – 61.00 fg –
I 0.75 cd 45.0 71.00 a 16.4 0.75 de 45.0 71.00 a 16.4
BF 0.64 e 23.3 67.67 ab 10.9 0.64 f–h 23.3 67.67 –-c 10.9
CF 1.03 b 98.3 68.33 ab 12.0 1.03 b 98.3 68.33 a–c 12.0
½ CF 0.60 ef 16.2 64.00 bc 4.9 0.60 g-i 16.2 64.00 c–f 4.9
I + CF 1.15 a 121.1 68.33 ab 12.0 1.15 a 121.1 68.33 a–c 12.0
I + ½ CF 1.05 b 102.1 69.33 ab 13.7 1.05 ab 102.1 69.33 a 13.7

Mild stress Co 0.35 lm – 55.33d–g – 0.36 k – 61.00 fg -
I 0.54 fg 55.1 60.00 c–e 8.4 0.76 c–e 111.9 67.33 a–d 8.6
BF 0.47 g–i 35.1 57.33 d–f 3.6 0.62 g–i 71.9 63.00 d–g 1.6
CF 0.76 cd 116.6 57.67 c–f 4.2 0.86 c 137.8 67.00 a–e 8.1
½ CF 0.40 i–l 14.6 55.33 d–g 0.0 0.63 gh 74.2 66.67 a–e 7.5
I + CF 0.83 c 135.7 59.00 c–e 6.3 0.86 c 138.7 69.33 a 11.8
I + ½ CF 0.72 d 104.8 57.67 c–f 4.2 0.73 ef 103.6 62.67 e–g 1.1

Severe stress Co 0.26 n – 46.33 h – 0.35 k – 51.67 i –
I 0.46 h–j 78.1 59.00 c–e 27.3 0.61 g–i 73.1 64.67 b–f 25.2
BF 0.29 mn 11.2 50.00 gh 7.9 0.54 h–j 55.4 58.67 gh 13.5
CF 0.40 j–k 51.9 54.00 e–g 16.5 0.59 g–i 69.7 59.33 gh 14.8
½ CF 0.29 mn 11.2 54.00 e–g 16.5 0.49 j 38.6 55.33 hi 7.1
I + CF 0.38 kl 47.3 52.00 f–h 12.2 0.69 e–g 96.0 68.67 ab 32.9
I + ½ CF 0.44 i–k 67.3 55.33 d–g 19.4 0.55 h–j 56.9 59.33 gh 14.8

Fig. 3   The relationship between grain yield and photosynthesis 
capacity as affected by fertilization and stress treatments
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Table 4   Multiple linear regressions (backward method) among photosynthetic capacity (dependent variable) and 7 photosynthetic variables 
(independent variables) influenced by fertilization management under stress conditions (N = 21)

Constant y-intercept, the value at which the regression line crosses the y-axis; Y(II) effective quantum efficiency of PSII; Y(NPQ) quantum yield 
of light-induced non-photochemical quenching; Y(NO) quantum yield of non-regulated energy dissipation; ETR photosynthetic electron transport 
rate

Model Drought stress Salinity stress

Independent variables Standardized coef-
ficients (Beta)

Significance level Independent variables Standardized coef-
ficients (Beta)

Significance level

1 (Constant) 0.149 (Constant) 0.811
Stomatal conductance 0.242 0.273 Stomatal conductance 0.649 0.118
Transpiration capacity 0.770 0.010 Transpiration capacity 0.143 0.754
Chl concentration − 0.101 0.281 Chl concentration − 0.096 0.508
Y(NPQ) 3.037 0.142 Y(NPQ) − 0.166 0.766
Y(NO) 2.916 0.142 Y(NO) − 0.178 0.756
Y(II) 7.351 0.123 Y(II) 0.526 0.903
ETR − 1.838 0.503 ETR − 0.563 0.900

2 (Constant) 0.144 (Constant) 0.815
Stomatal conductance 0.305 0.127 Stomatal conductance 0.641 0.104
Transpiration capacity 0.720 0.010 Transpiration capacity 0.160 0.703
Chl concentration − 0.115 0.206 Chl concentration − 0.090 0.495
Y(NPQ) 2.997 0.138 Y(NPQ) − 0.153 0.771
Y(NO) 2.908 0.134 Y(NO) − 0.166 0.760
Y(II) 5.741 0.135 ETR − 0.028 0.975

3 (Constant) 0.057 (Constant) 0.017
Stomatal conductance 0.185 0.290 Stomatal conductance 0.643 0.090
Transpiration capacity 0.793 0.005 Transpiration Capacity 0.59 0.694
Y(NPQ) 3.858 0.053 Chl concentration − 0.089 0.449
Y(NO) 3.720 0.052 Y(NPQ) − 0.138 0.242
Y(II) 6.955 0.055 Y(NO) − 0.150 0.320

4 (Constant) 0.048 (Constant) 0.003
Transpiration capacity 0.995 0.000 Stomatal conductance 0.774 0.000
Y(NPQ) 4.044 0.043 Chl concentration − 0.095 0.399
Y(NO) 3.879 0.044 Y(NPQ) − 0.156 0.145
Y(II) 7.243 0.047 Y(NO) − 0.172 0.212

5 – – – (Constant) 0.002
– – – Stomatal conductance 0.736 0.000
– – – Y(NPQ) − 0.125 0.204
– – – Y(NO) − 0.160 0.236

6 – – – (Constant) 0.001
– – – Stomatal conductance 0.848 0.000
– – – Y(NPQ) − 0.157 0.105

7 – – – (Constant) 0.000
– – – Stomatal conductance 0.942 0.000

Model summary

Model Adjusted R square Std. error of the estimate Adjusted R square Std. error of 
the estimate

1 0.958 0.257 0.870 0.443
2 0.960 0.247 0.879 0.427
3 0.958 0.254 0.887 0.412
4 0.957 0.255 0.893 0.401
5 – – 0.895 0.398
6 – – 0.892 0.404
7 – – 0.881 0.424
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concentration > transpiration capacity > ETR > Y(II) 
(Table 4).

Discussion

The present research aimed to test four beneficial bacte-
rial strains belonging to Acinetobacter and Comamonas 
genera, as bio-inoculant (applied alone or combined with 
the recommended dose or half-dose of the chemical fer-
tilizers), as well as a commercial bio-fertilizer, on leaf 
photosynthetic capacity of durum wheat, in non-stress and 
stress (mild and severe saline and drought) conditions. 
Our PGPB strains had enormous ability to transform the 
insoluble phosphate, potassium and zinc in the soil into 
soluble forms, to produce indole acetic acid (IAA), as well 
as to fix N2 gas (Yaghoubi Khanghahi et al. 2020). It has 
already been reported that the nutrients supplied by ferti-
lizers play a crucial role in the photosynthetic machinery 
structures, containing various mechanisms, such as gas 
exchange systems, yield of PSII photochemistry and elec-
tron transport chain, as well as biosynthesis of chlorophyll 
(Yong et al. 2010; Acosta-Motos et al. 2017). In accord-
ance with our results, there are many studies that reported 
the increment of grain yield and plant height in response 
to PGPB inoculation (Meena et al. 2017; Yaghoubi Khang-
hahi et al. 2018c).

Plants treated with combined treatments of PGPB 
inoculants and chemicals (I + ½CF and I + CF) had signifi-
cantly higher Chla content and chlorophyll concentration 
than untreated control plants in both stress and non-stress 
conditions. Actually, the increment of leaf chlorophyll 
concentration, as the light-harvesting antenna associated 
with PSI and PSII reaction center in the thylakoid mem-
brane, can protect the photosynthetic machinery upon sub-
sequent application of PGPB inoculation, likely owing to 
enhanced production of IAA (Kanagendran et al. 2019), 
1-aminocyclopropane-1-carboxylate (ACC) deaminase 
activity (Kumar et al. 2019) and bio-availability of soil 
nutrients (Yaghoubi Khanghahi et al. 2018b; Hagaggi and 
Mohamed 2020). A significant relationship between plant 
photosynthetic pigments and leaf nutrient concentration, 
such as N, P and K, has been widely found in crops (Liu 
et al. 2019; Yaghoubi Khanghahi et al. 2019a).

Similar to our findings, Shah et al. (2017) reported the 
decrease in Chla content and SPAD values in wheat leaves 
under stress. Also, the increment of 8–12% in Chl content 
and SPAD value was found by inoculations of P and K 
solubilizing bacteria as compared to non-inoculated seed-
lings (Bakhshandeh et al. 2015, 2018). On the other hand, 
Chlb and carotenoids increased in our research, especially 
in PGPB-inoculated plants, under mild stress levels. This 
may be due to the different response of pigments under 

environmental stress (Bahari et al. 2013; Sayyad-Amin 
et al. 2016). In fact, carotenoids, composed of carotenes 
and xanthophylls, have the fundamental role in harvesting 
light energy for photosynthesis, dissipating of excess light 
energy and providing protection to reaction centers under 
stress (Acosta-Motos et al. 2017). Moreover, the increase 
in Chlb could be most probably due to an increase in the 
amount of the major antenna complex of PSII where Chlb 
is bound (Yaghoubi Khanghahi et al. 2019a).

Fv/Fm ratio in the present research was observed from 
0.777 to 0.799. This parameter, expressing the maxi-
mum efficiency of PSII photochemistry in dark-adapted 
leaves, has been usually reported between 0.79 and 0.85 in 
unstressed plants (Chojak-Kozniewska et al. 2018; Malinská 
et al. 2020). Nevertheless, it is proved that Fv/Fm ratio is less 
sensitive and responsive to the stresses in comparison with 
the effective quantum yield of PSII (Y(II)) (Malinská et al. 
2020), especially to the mild stress conditions (Salvatori 
et al. 2017). In fact, the ChlF originates from de-excitation 
of the first excited singlet-state of Chla molecules (Roháček 
2002) and has a significant correlation with Chl content 
(Yaghoubi Khanghahi et al. 2019a). Therefore, this can 
explain why the main ChlF parameters, such as Y(II), ETR, 
Y(NPQ) and Y(NO), were most affected by the same treat-
ments which had the greatest effect on Chl content (PGPB 
inoculation, especially in combination with the half-dose of 
CF) under both non-stress and stress conditions.

It has also been reported that stress can result in decreas-
ing in ETR and Y(II) in the photochemical quenching pro-
cess, while increasing in qN, NPQ, and Y(NPQ) as non-
photochemical quenching mechanisms (Acosta-Motos et al. 
2015; Ikbal et al. 2014). When the absorbed light energy 
by the photosystem in the stressed plants is over the photo-
synthesis capacity, NPQ, as an energy-dissipative mecha-
nism in PSII, significantly increases (Jia et al. 2008). Other 
mechanisms are Y(NPQ) and Y(NO), which are defined as 
the yield for dispersion by down regulatory processes and 
the other non-photochemical energy losses, respectively 
(Kramer et al. 2004). In the current research, due to the 
greater photochemical efficiency of the PSII (Y(II)) in the 
fertilized-treated plants, the increment in NPQ, Y(NPQ), and 
Y(NO) rates were lower than those in control plants. How-
ever, NPQ and Y(NPQ) at the severe level of drought and 
Y(NO) at the mild and severe levels of salinity were not sig-
nificantly influenced by fertilization treatments. This may be 
evidence of different mechanisms of plants to tolerate stress-
ful situations. Similarly, Shu et al. (2013) stated that the 
stress intensity and its duration affect how the photochemi-
cal and non-photochemical quenching parameters in plants 
change. Also, in all drought levels, the maximum Y(II) was 
detected in plants under half-dose of CF combined with the 
PGPB inoculations. Similar results were observed for pho-
tosynthesis capacity, stomatal conductance and transpiration 
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rate, as the bacterial inoculation treatment improved these 
parameters, especially at half-dose of CF, as compared to 
the full dose of CF. The main explanation of these findings 
may be related to the accumulation of salts in the soil due to 
large amounts of chemical fertilizers application (Evangelou 
1983). In our case, this problem was associated with drought 
stress and affected photosynthesis traits, particularly at the 
severe level of drought. These findings are consistent with 
Zulkarami et al. (2012), who reported that the accumulation 
of salts in the soil during plant growth due to the higher elec-
trical conductivity levels of chemical fertilizers also affected 
the effectiveness of bio-inoculants.

Since it has already proved that ETR was slightly 
decreased in stress-tolerant plants (Acosta-Motos et  al. 
2017) and there is also a high correlation between ETR and 
CO2 assimilation rate in plants (Maxwell and Johnson 2000), 
it seems that our bio-inoculants treatments are able to allevi-
ate the negative effects of stresses, in particular the salinity, 
as compared to the unfertilized treatment. Similarly, Li et al. 
(2013) and Yaghoubi Khanghahi et al. (2019a) reported the 
positive impacts of soil beneficial microorganisms on miti-
gation of the inhibition of the PSII reaction center, increas-
ing the ETR and consequently improving the photochemical 
process and light transformation.

Decreases in stomatal conductance, as an indicator of 
tolerance to stress, have been reported in several previous 
studies under stress conditions (Gómez-Bellot et al. 2013; 
Acosta-Motos et al. 2017). Regression analysis indicated 
that stomatal conductance had lower relation to ETR and 
Y(II) in the saline stress condition and seems to be more 
independent from stomatal conductance on that condition 
as compared to the drought. Since ETR and Y(II) under 
drought were lower than those in saline stress (as shown in 
figure S1), it can be supposed that the photo-inhibition was 
exacerbated under drought due to the excitation of excess 
energy dissipation (Wang et al. 2016). It can be concluded 
that the durum wheat fertilized-plants under saline stress 
had more ability to keep photosynthesis instead of alterna-
tive electron consuming processes, such as photorespiration 
and Mehler reactions (Flexas and Medrano 2002; Yaghoubi 
Khanghahi et al. 2019a), due to a greater potential to main-
tain their ETR capability and Y(II) efficiency under lower 
stomatal conductance values. On the other hand, linear mod-
els related to grain yield and photosynthesis capacity showed 
the lower relationship under salinity (R2 = 0.39; P < 0.05) 
than that in drought (R2 = 0.70; P < 0.01), however, both 
relations were statistically significant. This is a sign of the 
interactions of photosynthetic sink-source balance in crops 
under different conditions limiting growth, which showed 
that the photosynthesis capacity may make a contribution in 
growing plant organs and stem elongation rather than sink 
organs (grain) under salinity, as compared to the drought.

Given the results of the current research, at the mild salin-
ity level, stomatal conductance in plants under PGPB inocu-
lation and commercial bio-fertilizer treatments was lower 
than that in the unfertilized plants, while this parameter non-
significantly increased by chemical fertilizer treatments at 
the same salinity level (mild). Moreover, almost the same 
trend was observed for Chla, Chl concentration, Fv/Fm, ETR, 
Y(II), transpiration capacity and photosynthesis rate, which 
were lower in mild salinity stress than the severe salinity and 
non-stress levels. It seems that mild salinity (75 mM NaCl) 
did not induce the PGPB–plant interactions to activate some 
specific salt tolerance mechanisms, as they were probably 
active in severe salinity. However the grain yield in inocu-
lated plants by I treatment, as well as the plant height in all 
fertilization treatments, did not change significantly under 
mild salinity in comparison to the unstressed plants, while 
the grain yield in CF treatments (CF, I + ½CF and I + CF) 
decreased under mild salinity. This could be interpreted by 
the capability of our PGPB, especially Comamonas testo-
steroni (a N2 fixing bacterium), which showed the higher 
growth under salt stress (1% NaCl concentration) in vitro 
condition (Yaghoubi Khanghahi et al. 2020), as compared 
to the common PGPB. Probably, this is the reason why the 
amount of these parameters in severe salinity was higher 
than those in severe drought, when PGPB inoculation was 
applied. It has already proved that PGPB can help the crop 
plants to cope with the salinity by the accumulation of osmo-
protectants and phytohormones signaling (Vandana et al. 
2020), the improvement of ion homeostasis and transport 
(Ilangumaran and Smith 2017), the expression of the specific 
genes (Nautiyal et al. 2013) and by affecting the carbohy-
drate metabolism and transport, as the main key source–sink 
relationship, which can result in enhanced photosynthesis 
capacity (Vandana et al. 2020).

Plants regulate the transpiration process by controlling 
the stomata on the leaf surface, which play a crucial role in 
maintaining water balance in the leaves under stress. There-
fore, the lower stomatal conductance in unfertilized treat-
ment under stress resulted in a lower transpiration rate. Ris-
ing temperature in the plant canopy can occur under stress, 
especially in severe drought, due to the transpiration via the 
cuticle, which can lead to stomatal closure and a higher res-
piration rate in plant tissues (Acosta-Motos et al. 2017). This 
condition can result in lower photosynthetic capacity under 
stress, particularly in unfertilized treatment. Nevertheless, 
the decline in stomatal conductance and transpiration rate 
is one of the causes of the photosynthetic capacity reduc-
tion, because this parameter can be also dropped owing to 
other non-stomatal limitations, such as the disturbance of 
the photosynthetic electron chain and/or the inhibition of the 
Calvin Cycle enzymes (Chaves et al. 2009; Acosta-Motos 
et al. 2017). This could be the main explanation why there 
was a difference between drought and salinity in terms of 
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prediction of the photosynthesis capacity, as analyzed by 
multiple linear regressions. Accordingly, stomatal conduct-
ance was identified as the main parameter affecting photo-
synthesis capacity in salt-treated plants. Therefore, in our 
research, restriction of photosynthetic capacity in the salinity 
was closely associated with stomatal rather than non-stoma-
tal factors. In contrast, transpiration rate, Y(NPQ), Y(NO) 
and Y(II) were the most important variables affecting pho-
tosynthetic capacity in drought-treated plants. Although it 
has been reported that the early plants’ responses to drought 
and salinity are very similar (Navarro et al. 2008), our results 
indicated different responses to the long-term stress, espe-
cially by the application of PGPB inoculation combined with 
the CF.

In the light of the results, the consortium of our native 
PGPB strains, notably in combination with half-dose of 
chemicals, can be utilized not only for upgrading the PSII 
photochemical system in non-stress condition, but also 
for maintaining the function of photosynthetic system 
under drought and salinity, and consequently contributing 
to enhanced grain yield. In fact, bacterial inoculation was 
able to compete with half and full doses of CF. As already 
reported, the application of PGPB inoculation can reduce 
the consumption of chemicals (Yaghoubi Khanghahi et al. 
2018c) and augment their efficiency (Yaghoubi Khanghahi 
et al. 2019b; Bakhshandeh et al. 2020) to achieve sustain-
able crops’ productivity (Meena et al. 2017). Furthermore, 
the combination of efficient PGPB can induce systemic tol-
erance against drought and salinity via several direct and 
indirect mechanisms (Vandana et al. 2020).

Conclusion

Our results showed that the utilization of beneficial bacte-
rial inoculants, as a bacterial consortium, can improve some 
photosynthetic parameters when compared to traditional 
fertilization plans, posing a valid alternative for a sustain-
able agriculture. More relevantly, the PGPB inoculation 
markedly improved some biochemical and functional traits 
in photosystem II, such as the effective quantum yield of 
PSII (Y(II)), the electron transport rate of PSII (ETR), the 
photosynthesis capacity, the stomatal conductance and the 
transpiration rate in unstressed plants, and prevented drastic 
changes in the mentioned traits under drought and salin-
ity conditions. We also found a better performance of the 
PGPB inoculation in combination with half-dose of the rec-
ommended chemical fertilizers. Therefore, PGPB inoculants 
can help to minimize the use of chemical fertilizers by main-
taining the photosynthesis efficiency of durum wheat leaves, 
particularly under stress conditions.
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