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A B S T R A C T

Legumes have a significant role in increasing soil sustainable fertility. Plant growth-promoting bacteria
(PGPB) could be a significant part of agricultural sustainability. To investigate the PGPB-induced alterations
in fenugreek (Trigonella foenum-graecum) morpho-physiological traits, nutrient absorption, and dry matter
production, an experiment was carried out with two levels of seed priming (unprimed and PGPB bio-prim-
ing) and four fertilization methods (control, PGPB fertigation [B], nutrients foliar application [F], and B+F. The
results indicated that the highest leaf nitrogen (5.22 %) was observed in PGPB bio-priming and nutrients
foliar application treatments by 1.7 times greater than the control. The highest leaf potassium and phospho-
rus were observed in the B+F-treated plants, which were 1.19 and 2.14 times higher compared with the con-
trol, respectively. The B+F-treated plants showed the highest leaf K+/Na+ ratio which was »3 times higher
compared with the control. The seed-primed plant’s leaf, stem, and total plant dry matter were 34, 13, and
24 % greater than the unprimed treatment, respectively. B+F also increased the leaf, stem, root, and total dry
matter of plants by »50, 45, 37, and 47 %, respectively, compared with the control. Generally, the combined
treatment (seed bio-priming + PGPB fertigation + nutrients foliar application) more efficiently improved the
fenugreek morpho-physiological traits and dry matter production.

© 2023 SAAB. Published by Elsevier B.V. All rights reserved.
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Introduction

The Fabaceae family, with more than 730 genera and 19,000 spe-
cies, is the third-largest plant family among angiosperms and the sec-
ond-most important plant family in crop production systems after
cereals (Graham and Vance, 2003). Legumes have a significant role in
improving the sustainability of soil fertility (Stagnari et al., 2017),
supplying fodder (Castro-Montoya et al., 2019), and human health
and dietaries (Dove et al., 2011). The medicinal species belonging to
the Fabaceae family are considered for their nutritional values, phar-
maceutical aspects, and beneficial chemical compounds (Neves et al.,
2017). The noticeable chemical compounds of this family, including
flavonoids, alkaloids, coumarins, and other metabolites, are used in
the treatment of various diseases (Wink, 2013).

Fenugreek (Trigonella foenum-graecum) is a well-known medicinal
species belonging to the Fabaceae family with tissues containing
compounds such as calcium, phosphorus, iron, protein, carotene, and
vitamin C (Korat Avni et al., 2019). Fenugreek is cultivated in arid and
semi-arid regions and is traditionally used as a vegetable and condi-
ment in diets (Basu et al., 2019). In traditional medicine of various
nations, including Iran, fenugreek has a long history of use, and it has
important therapeutic qualities, such as analgesic, anti-inflammatory,
anti-cancer, anti-diabetic, and reducing blood sugar, cholesterol, and
triglyceride levels (Wani and Kumar, 2018).

Desirable growth and development of a plant in an agricultural
system require supplying the nutritional requirements (Etienne et al.,
2018). Applying biological fertilizers is one of the most highly-valued
strategies in integrated nutritional management in a sustainable agri-
cultural system (Akhzari et al., 2018). The bio-fertilizers, especially
the plant growth-promoting bacteria (PGPB), are a functional group
of free-living microorganisms (Nofal and Rezk, 2009), which can con-
vert the nutritional elements from an inaccessible to an available
form during biological processes (Veresoglou et al., 2012). Moreover,
these organisms may cause an improvement in the root system and
nutritional status of plants (Mandal et al., 2007). Using PGPB as a
group of bio-materials for seed bio-priming is one of the methods of
seed bio-enhancement (Singh et al., 2018). These bacteria influence
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different plant growth indices through various mechanisms, includ-
ing the production and release of plant growth regulators, nitrogen
fixation, solubilization of insoluble nutrients such as phosphate, and
biological control of the plant pathogenic agents (Vejan et al., 2016).

The foliar application of nutrients has received particular atten-
tion due to the considerably increasing productivity of crops, which
improves the plant-required nutrient uptake and use efficiency
(Ahmad et al., 2018). The environmental pollution caused by chemi-
cal fertilizer overuse can be controlled by their foliar application,
reducing the soil-applied chemical fertilizers (Rajesh and Paulpandi,
2013). The foliar application of nutrients, particularly micronutrients
like Iron, Zinc, Manganese, Copper, and Boron, is considered an
approach in agricultural science due to various beneficial impacts
such as mitigating element deficiency, ease of fertilizer application,
and preventing the elements fixation in the soil compared with their
soil application (Wissuwa et al., 2008). It has been shown that the
foliar application of macro and micronutrients within the range of
plant growing requirements increased plant growth, the dynamics of
internal and external biological activities, and the functional integrity
of cellular structures of the plants (Gendy et al., 2015).

Regarding the importance of reducing the application of chemical
fertilizers to reach sustainable agriculture goals, a more in-depth
understanding of the biofertilizers effects such as PGPB should be
developed. Therefore, the present study aimed to evaluate the mor-
pho-physiological traits and dry matter production of fenugreek
plants affected by bio-fertilizers as seed priming, fertigation, and
foliar application.

Materials and methods

Experimental site and procedure

This study was carried out at the Research Greenhouse of the Fac-
ulty of Agriculture, the Ferdowsi University of Mashhad, in 2018.
Fenugreek seeds (Neyshabur ecotype) were provided by the Research
Center for Plan Sciences, Ferdowsi University of Mashhad, Iran. Uni-
form seeds were sown in 5-L plastic pots containing sterilized field
soil and sand in a 1:1 (v/v) ratio as substrate in a greenhouse at 16/8
h day/night photoperiod, natural irradiance of 700§50 mmol m�2 s�1

PAR, average day/night temperature of 24/16°C, and relative humid-
ity of 40§5 %. Seeds were sown at the 2 cm soil depth and two pots
(six plants each) were considered for each replication per treatment.
The physio-chemical characteristics of the soil are presented in
Table 1. The plants were irrigated every 5 days to the field capacity.
The chemical characteristics of irrigation water are presented in
Table 2.

Treatments and application of PGPB

Seed priming in two levels: 1) no priming as control [N] and 2)
bio-priming with the mixture of plant growth-promoting bacteria
[PGPB] (nitro, phosphor, and potassium power bacter, Dayan
Table 1
The physio-chemical characteristics of field soil.

Soil texture EC (mS.m�1) pH Organic matter ( %) Organic

Silty-Clay-Loam 2.63 7.97 0.71 0.41

Table 2
The chemical characteristics of irrigation water.

EC (dS.m�1) pH Na (meq.l�1) Ca (meq.l�1) Co3�2 (meq.l�1

1.2 8.2 5.0 3.0 0.2
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company, [P]), and fertilization in four levels: 1) control, 2) fertigation
with the mixture of plant growth-promoting bacteria (nitro, phos-
phor, and potassium power bacter, Dayan company, [B]), 3) nutrients
foliar application (silicon, calcium wafer, potassium wafer, and
micronutrients, Dayan company, [F]), and 4) fertigation with the mix-
ture of plant growth-promoting bacteria + nutrients foliar application
[B+F] were considered as the experimental factors (Table 3).

For seed bio-priming, Nitro Bacter, Phospho Power Bacter, and
Potash Power Bacter (5 ml each) were dissolved in 1 L of water (25°
C). Then, the seeds were soaked in the solution for 10 h and were
washed and spread away from each other, and dried in the air under
the shadow. The seeds were then inoculated again with 15 ml of the
mixture of PGPB, and ten seeds were sown in the pots. After estab-
lishment (4�6 true leaves), the seedlings were thinned to 6 plants
per pot. The moisture content of pots was checked every three days
to maintain the field capacity during the developmental stages.

Ten days after tinning, 2 ml of Silicon was dissolved in 1 l of water
(0.2 %; 25°C), and was foliar applied. A week after the foliar applica-
tion of Silicon, the Calcium Wafer (0.2 %) was foliar applied, and one
week after the foliar application of the Calcium Wafer, Potash Wafer
(0.2 %) along with micronutrients (0.1 %) was foliar applied. Each
stage of the foliar application was performed twice over the develop-
mental stage and before the flowering. The plans were also fertigated
five times with the biological fertilizers of Khosheh Parvaran Zistfana-
var Company (5 ml l�1 from each PGPB).

Sampling and measurements

Photosynthetic pigments
At the beginning of the flowering stage (70 days after planting;

DAP), the content of the photosynthetic pigment was measured using
a handheld SPAD chlorophyll meter (Minolta 502) from the second
youngest fully developed leaf from the top of plants. The measure-
ments were done three times for all plants in each pot and averaged.
Leaf chlorophyll a, b, and a+b content (100 mg fresh weight) were
measured using a spectrophotometer (Model SP/3000 Plus) (Arnon,
1949).

Morphological traits
Plants were harvested and separated into shoots and roots 90

DAP. Plant height and the number of lateral branches were measured.
Leaf area per plant was measured using a leaf area meter (Li-1300).
Roots were rinsed thoroughly, and the root characteristics such as
root area, diameter, and length were measured using a scanner
(Image Analysis - Delta-T Devices). The above and belowground dry
matter (DM) were also calculated after 72 h oven-drying (75°C).

Leaf nutrients
Dried leaves (0.3 g) were used to determine the element’s content.

Leaf nitrogen, phosphorus, potassium, and sodium content were
measured by the Kjeldahl method (Bremner and Mulvaney, 1982),
spectrophotometer (Model SP/3000 Plus) (Olsen and Sommers,
carbon ( %) Nitrogen ( %) Phosphorus (ppm) Potassium (ppm)

0.04 20 480

) HCO3
� (meq.l�1) Cl� (meq.l�1) Mg++ (meq.l�1) SAR

3.1 4.0 3.8 2.7



Table 3
Ingredients of the biological and chemical fertilizers (Khosheh Parvaran Zistfanavar
Company).

Fertilizer Ingredients

Dayan Nitro-Bacter Azotobacter sp. + Azospirillum sp. + Bacillus sp.
(107 per milliliter)

Dayan Phospho-Power Bacter Bacillus sp. + Pseudomonas sp. (107 per milliliter)
Dayan Petas-Power Bacter Bacillus sp. + Pseudomonas sp. (107 per milliliter)
Dayan Silicon Silicon (20 %) + Potassium (15 %)
Dayan CalciumWafer CaO (19 %) + Nitrogen (10 %)
Dayan Potass Wafer K2O (54 %) + P2O5 (45 %)
Dayan Micro-Mix Chelated Iron (6000 ppm), Boron (14000 ppm),

Manganese (13000 ppm), Copper (3600 ppm),
Molybdenum (130 ppm), Zinc (136000 ppm),
Cobalt (60 ppm), Sulfur (32000 ppm), Silicon
(3100 ppm), and Vitamins B1, B2, B3, B6, and c
(10000 ppm)

Fig. 1. Leaf SPAD index of fenugreek plants treated by seed PGPB bio-priming and fer-
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1982), and flame photometer (Model 310C) (Tandon and Tandon,
1993), respectively.
tilization. PGPB: plant growth-promoting bacteria, N: Non-priming, P: Priming, C: Con-
trol (non-fertilized), B: PGPB fertigation, F: PGPB foliar application. Means with a
similar letter(s) are not significantly different (Duncan’s multiple range, p � 0.05).
Statistical analysis

The experiment was designed as a completely randomized design
(CRD) in a factorial scheme (two seed priming and four fertilization)
with three replications (n = 18). Analysis of variance (ANOVA) was
performed using SAS v. 9.3, and means were compared by Duncan’s
multiple range test at a 5 % probability level (SAS, 2011).
Results

SPAD

The results showed that seed priming, fertilization, and their
interaction significantly affected leaf SPAD (Table 4). Generally, the
leaf SPAD of the primed seeds was higher than the N (unprimed)
(Fig. 1). The highest leaf SPAD was obtained from the primed seed (P)
and fertigated by PGPB (B) + nutrient foliar application (F) (P+B+F),
5.2 times higher compared with N and non-fertilized plants (Fig. 1).
Leaf chlorophyll content

Leaf chlorophyll b content was significantly affected by the seed
priming and fertilization treatments (Table 4). However, leaf chloro-
phyll a and total chlorophyll content were only affected by the fertili-
zation treatments (Table 4). The highest chlorophyll a and b content
were observed in the B+F-treated plants by 95 and 55 % increases,
respectively, compared with the control (Table 5). Also, PGPB-primed
seeds showed the highest chlorophyll b content (0.25 mg g�1)
(Table 5). The highest total chlorophyll content (0.99 mg g�1) was
also obtained from B+F treatment with an increase of 80 % compared
with the control (Table 5).
Table 4
ANOVA results of the effect of seed bio-priming, fertilization, and their interaction on morp

S.O.V. SPAD Chla Chlb Chlt LA PH

P 643.66** 0.0018ns 0.0070* 0.0160ns 6813.16** 206.24**

F 1661.50** 0.1307** 0.0084** 0.2026** 4028.78** 147.55**

P £ F 96.91** 0.0013ns 0.0010ns 0.0028ns 354.73ns 0.96ns

E(T) 3.81 0.0038 0.0012 0.0044 159.62 3.34
C.V 4.07 11.6 15.0 8.7 7.9 6.0

ns, *, ** are non-significant, and Significant at 5 and 1 % of probability levels, respectively. P:
Chla: chlorophyll a, Chlb: chlorophyll b, Chlt: total chlorophyll, LA: leaf area, PH: plant hei
matter, PDM: plant dry matter, RA: root area, RL: root length
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Leaf area

The plant leaf area was affected by the seed priming and fertiliza-
tion treatments (Table 4). According to the results, the leaf area of
seed-primed plants was 24 % higher than that of the unprimed
(Table 5). The B+F-treated plants showed the highest leaf area which
was 50 % higher compared with the control plants (Table 5).

Plant height

Seed priming and fertilization significantly affected plant height
(Table 4). Seed-primed plants showed a higher plant height by 18 %
than the unprimed treatment. The B+F-treated plants also showed
the highest plant height, which was »50 % higher compared with the
control (Table 5).

Number of lateral branches

The number of lateral branches was significantly affected by seed
priming and fertilization (Table 4). The number of lateral branches of
seed-primed plants was 18 % higher than the unprimed (Table 5).
The B+F-treated plants also showed the highest number of lateral
branches, »74 % higher compared with the control (Table 5).

Leaf, stem, root, and total dry matter

The results indicated that seed priming and fertilization signifi-
cantly affected leaf, stem, root, and total plant dry matter (Table 4).
Leaf, stem, and total plant dry matter of the seed-primed plants were
0.72, 0.99, and 2.13 g plant�1, respectively, 34, 13, and 24 % greater
ho-physiological characteristics of fenugreek plants

LB SDM LDM RDM PDM RA RL

5.19* 0.61** 0.04** 0.009* 1.20** 54468.18** 337776.1**

11.70** 0.10** 0.06** 0.02** 0.53** 44721.89** 277335.1**

0.58ns 0.01ns 0.001ns 0.001ns 0.006ns 5714.35** 35436.6**

0.70 0.003 0.002 0.001 0.008 363.35 2253.3
13.9 7.0 6.7 9.2 4.8 4.7 4.5

seed PGPB-priming and F: PGPB fertilization. PGPB: plant growth-promoting bacteria,
ght, LB: lateral branches, SDM: stem dry matter, LDM: leaf dry matter, RDM: root dry



Table 5
Mean comparison of morpho-physiological characteristics of fenugreek plants affected by seed bio-priming and fertilization.

Treatment SPAD Chla (mg g-1) Chlb (mg g-1) Chlt (mg g-1) LA (cm2) PH (cm) LB (no.) SDM (g) LDM (g) RDM (g) PDM (g) RA (cm2) RL (cm)

Priming
N 42.81b 0.52a 0.21b 0.73a 141.63b 27.53b 5.54b 0.65b 0.63b 0.40a 1.71b 353.68b 880.78b

P 53.16a 0.54a 0.25a 0.79a 175.31a 33.40a 6.47a 0.99a 0.72a 0.43a 2.13a 448.97a 1118.05a

Fertilization
C 23.45c 0.37d 0.18c 0.55c 126.73c 23.75c 4.53c 0.66c 0.53c 0.35c 1.55c 286.18d 712.66d

B 53.00b 0.48c 0.23bc 0.71b 154.25b 29.93b 5.75b 0.80b 0.66b 0.40b 1.88b 391.20c 974.21c

F 55.25b 0.56b 0.23b 0.79b 163.41b 32.98a 5.85b 0.85b 0.71b 0.43b 1.98b 439.96b 1095.65b

B + F 60.26a 0.71a 0.28a 0.99a 189.50a 35.20a 7.90a 0.96a 0.80a 0.48a 2.28a 487.96a 1215.15a

Means followed by the same letters are not significantly different at p� 0.05 probability level, based on Duncan’s multiple range test (p � 0.05). N: Non-priming, P: Priming, C:
Control (non-fertilized), B: PGPB fertigation, F: BGPB foliar application. PGPB: plant growth-promoting bacteria, Chla: chlorophyll a, Chlb: chlorophyll b, Chlt: total chlorophyll,
LA: leaf area, PH: plant height, LB: lateral branches, SDM: stem dry matter, LDM: leaf dry matter, RDM: root dry matter, PDM: plant dry matter, RA: root area, RL: root length.
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than the unprimed, respectively (Table 5). The leaf, stem, root, and
total plant dry matter of the B+F-treated plants were also »50, 45, 37,
and 47 %, respectively, greater compared with the control (Table 5).
Root area and length

The results showed that the effect of seed priming, fertilization,
and their interaction was significant on the root area and root length
(Table 4). Generally, the seed priming and fertilization treatments
enhanced root area and length compared with the untreated plants.
The highest root area and length were observed in the P+B+F-treated
plants by increases about 1.93 and 2.6 times, respectively, compared
with the unprimed and unfertilized plants (Fig. 2A and B).
Leaf N, K, and P percentage

Leaf potassium and phosphorus were significantly affected by the
seed priming and fertilization treatments (Table 6). Leaf potassium
and phosphorus of the seed-primed plants were 1.74 and 0.05 per-
cent, respectively, higher than the unprimed (Table 7). Leaf potas-
sium and phosphorus of the B+F-treated plants were also 1.19 and
2.14 times, respectively, higher than the control plants (Table 7). The
results indicated that the effects of seed priming, fertilization, and
their interaction were significant on leaf nitrogen percentage
(Table 6). Generally, seed priming and fertilization increased leaf
nitrogen content. The results revealed the highest leaf nitrogen by
5.22 % in the P+B+F treatment, 70 % higher compared with the
unprimed and the control plants (Fig. 3).
Fig. 2. Root area (A) and root length (B) of fenugreek plants treated by seed PGPB bio-primin
C: Control (non-fertilized), B: PGPB fertigation, F: BGPB foliar application. Means with a simil
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Leaf Na and K+/Na+ ratio

The results showed that the main and interaction effects of seed
priming and fertilization were significant on the Na of leaves
(Table 6). The highest leaf Na was observed in the unprimed control
plants by »3 times higher Na than the N+B+F treatment (Fig. 4A).
However, the lowest leaf Na was obtained from the N+B+F and P+B+F
treatments (Fig. 4A). The K+/Na+ ratio was significantly affected by
the main and interaction effects of seed priming and fertilization
treatments (Table 6). The highest K+/Na+ ratio was observed in the N
+B+F and P+B+F treatments, which was »3 times higher compared
with the unprimed and control plants (Fig. 4B).

Discussion

Among the different priming methods, bio-compounds, including
plant growth-promoting bacteria, are one of the effective methods,
which is called bio-priming (Ashraf and Foolad, 2005). The high effi-
ciency and profitability of bio-priming have been reported in various
research (Chakraborty et al., 2013; Hafezi Ghehestani et al., 2021;
Mirshekari et al., 2012). In the present study, it was also observed
that fenugreek seeds bio-priming resulted in producing more vigor-
ous seedlings and improving seedling establishment. According to
studies, the priming technique decreased seed germination time
(Mirmahmood et al., 2015; Moori and Ahmadi-Lahijani, 2020; Wahid
et al., 2008), resulting in an increased plant vigor, which improved
the early establishment of plants and optimal utilization of food
resources (Harris et al., 2001). The results of an experiment indicated
that the seed bio-priming improved seed germination and seedling
g and fertilization. PGPB: plant growth-promoting bacteria, N: Non-priming, P: Priming,
ar letter(s) are not significantly different (Duncan’s multiple range, p � 0.05).



Table 6
ANOVA results of the effect of bio-priming, fertilization, and their interaction on fenugreek leaf
nutrient elements.

S.O.V. Potassium (K) Phosphorus (P) Nitrogen (N) Sodium (Na) K+/Na+

P 0.0969** 0.0005** 0.8999** 6.7734ns 12.0984ns

F 0.0872** 0.0013** 2.7517** 0.0028** 1095.8350**

P £ F 0.0021ns 0.0000ns 0.2685** 0.0001* 24.4057**

E(T) 0.0015 0.0000 0.0031 0.0000 4.4762
C.V 2.3828 8.1307 1.2419 7.5467 6.7138

ns, *, ** are non-significant, and Significant at 5 and 1 % of probability levels, respectively. P: seed
PGPB-priming and F: PGPB fertilization. PGPB: plant growth-promoting bacteria.

Table 7
Mean comparison of leaf nutrient elements affected
by seed priming, fertilization, and their interaction.

Treatment Potassium ( %) Phosphorus ( %)

Priming
N 1.61b 0.04b

P 1.74a 0.05a

Fertilizing
C 1.53c 0.03c

B 1.65b 0.03c

F 1.70b 0.05b

B + F 1.82a 0.06a

Means followed by the same letters are not signifi-
cantly different at p � 0.05 probability level, based
on Duncan’s multiple range test (p � 0.05). N: Non-
priming, P: Priming, C: Control (non-fertilized), B:
PGPB fertigation, F: BGPB foliar application.
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establishment (Mahmood et al., 2016). It has also been reported that
the seed bio-priming stimulated seed germination and improved
plant growth (Moeinzadeh et al., 2010).

The positive impacts of bio-priming were reflected in the subse-
quent stages of plant growth, such as root length, stem length, and
seedling dry weight (Sung and Chiu, 1995). Studies have indicated
that the main part of biochemical, molecular, and physiological pro-
cesses, including cell cycles, endosperm softening, synthesis of pro-
teins, transcriptome, and re-regulation of DNA to continuing
germination process, is related to the seed imbibition stage (Gallardo
et al., 2001; Yu et al., 2014). DNA reconstruction pathways to
Fig. 3. Leaf nitrogen content of fenugreek plants treated by seed PGPB bio-priming and
fertilization. PGPB: plant growth-promoting bacteria, N: Non-priming, P: Priming, C:
Control (non-fertilized), B: PGPB fertigation, F: BGPB foliar application. Means with a
similar letter(s) are not significantly different (Duncan’s multiple range, p � 0.05).
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maintain the integrity of the plant genome are associated with the
seed imbibition stage (Balestrazzi et al., 2015). Therefore, it can
induce synthesizing of the rootlet cell’s DNA, which can effectively
raise the rootlet length (Riha et al., 1998). In the present study, seed
bio-priming enhanced root area and root length compared with the
unprimed seed treatment. Seed priming can improve the gene
expression of antioxidant enzymes, including catalase as an essential
enzyme in the seed germination stage (Kibinza et al., 2011), which is
expressed as a critical factor in improving germination under stress-
ful conditions (Liu et al., 2007). Rouhi et al. (2011) also reported that
priming tall fescue (Festuca arundinacea Schreb.) seeds significantly
increased the root length compared with the control.

The availability of minerals is inevitable due to their crucial role in
the plant life cycle, such as metabolism, growth and development,
protection against various stresses, and yield quantity and quality
(Morgan and Connolly, 2013). Using PGPB is one of the advanced sci-
entific techniques to improve nutrient availability for plants (Fasci-
glione et al., 2015). A combination of Azotobacter and Azospirilum
increased the chlorophyll content of some species of mint (Mentha
sp.) plants due to their ability to increase plant nitrogen absorption
(El-Hadi et al., 2009). Our results also showed that the application of
PGPB enhanced the leaf chlorophyll content of fenugreek plants.
Nadeem et al. (2006) also reported an increased chlorophyll content
in maize (Zea maize) plants treated with PGPB. Working on the cumin
(Cuminum cyminum L.) ecotype, Hafezi Ghehestani et al. (2021) found
that foliar application of bacterial siderophore increased the leaves
and grain nutrient status, leaf photosynthetic pigments, and essential
oil content, leading to a higher grain yield.

The results of the present study showed that the application of
PGPB enhanced leaf nutrient elements, i.e., N, P, and K. Regarding the
improvement of nutrient absorption affected by PGPB, it was
reported that there was a significantly positive correlation between
plant biomass and the N and P content in plants (Rana et al., 2012).
Han and Lee (2006) also reported that applying symbiotic nitrogen-
fixing bacteria increased nitrogen absorption in pepper (Capsicum
annum L.) plants. The plant nutrient use efficiency was enhanced
with PGPR and AMF in an integrated nutrient management system
(Adesemoye et al., 2008). Wheat (Triticum aestivum L.) seed bio-prim-
ing reduced the plant nitrogen and phosphorus requirements during
the growth and development process compared with the unprimed
plants (Saber et al., 2012). It was also reported that N, P, and K con-
tent were significantly higher in wheat (Triticum spp.) leaves treated
with PGPB (Upadhyay and Singh, 2015).

The availability of nutrients resulting from PGPB application
improved the physiological, growth, and developmental processes of
fenugreek plants, which was in agreement with other studies that
evaluated the effect of bio-compounds on plant productivity (Amt-
mann et al., 2008; Rashid et al., 2016). It seems that the foliar applica-
tion of potassium wafer (54 % K2O and 45 % P2O5) used in our study
played a critical role in the plant physiological processes as an essen-
tial element in DNA regulation and protein synthesis. Furthermore,
the calcium wafer (19 % CaO and 10 % nitrogen) probably helped in
the organic acids balance, activating the plant’s enzymatic system,



Fig. 4. Leaf sodium content (A) and K+/Na+ ratio (B) of fenugreek plants treated by seed PGPB bio-priming and fertilization. PGPB: plant growth-promoting bacteria, N: Non-priming,
P: Priming, C: Control (non-fertilized), B: PGPB fertigation, F: BGPB foliar application. Means with a similar letter(s) are not significantly different (Duncan’s multiple range, p � 0.05).
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and improving growth. Calcium, as another important element in
physiological processes, has a vital role in cell membrane stability
and integrity, protein synthesis, improvement of the cellular water
status, and acting as a co-factor in many enzymatic activities (Demid-
chik and Shabala, 2017).

Silicon, one of the most effective elements in the soil, is another
influential element in physiological processes (Epstein, 1994). How-
ever, the accessible form of silicon is deficient in the soil for plants
(Mali and Aery, 2009). The results of different studies have shown
that foliar application of silicon could significantly affect the physio-
logical performance of plants (Merwad et al., 2018; Sapre and Vakha-
ria, 2017). Kafi et al. (2021) reported that the plant water status was
improved by the application of silicon. They found that the leaf
osmotic potential was increased by the application of NaSiO3-NPs.
Silicon wafers (20 % silicon and 15 % potassium) might increase the
plant’s potential to effectively use light by influencing the stomata
status (Putra et al., 2012) and enhancing the photosynthetic effi-
ciency (Al-aghabary et al., 2005). Silicon, through a decrease in cell
sap concentration, leads to preserving water in the plant (Liang,
1999).

The results of studies suggested that the improvement of ion
selectivity and reduction of toxic ions such as sodium is one of the
impacts of using PGPB (Ilangumaran and Smith, 2017; Shah et al.,
2017). In the present study, it was also observed that PGPB applica-
tion reduced the Na content of fenugreek leaves. Alamri and Mostafa
(2009) also observed that the application of PGPB reduced the Na
concentration and increased N, P, K, and Ca concentrations. Silicon
may improve plant growth and productivity by preventing Na+ ions
entry and accumulation. In the present study, silicon application
might reduce leaf Na content and the Na+/K+ ratio of plant leaves. Sili-
con increases the activity of the ATPase pump and facilitates sodium
removal from cells (Zhu and Gong, 2014). The Na+/H+ antiporters, by
removing sodium from the cytosol or moving it into the vacuole, play
a vital role in maintaining low sodium concentrations. Kafi et al.
(2021) also observed that foliar application of silicon compounds
improved leaf gas exchange variables, soluble carbohydrates and pro-
line content, antioxidant enzyme activities, and reduced malondial-
dehyde content and Na/K ratio in potato (Solanum tuberosum L.)
plants under saline conditions.

Leaves, as the main plant organ to perform photosynthesis, have a
vital role in producing photoassimilates. Plants can utilize light to
produce nutrients by increasing leaf area (Weraduwage et al., 2015).
The results of studies suggested that using plant nutrients as a foliar
application can improve the plant’s physiological characteristics
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during plant growth and development (Thalooth et al., 2006; Vojodi
Mehrabani et al., 2017). The results of the present study also indi-
cated that foliar application of nutrients enhanced leaf chlorophyll
content and leaf area, which was an important factor in improving
the photosynthesis and photoassimilates production of fenugreek
plants.

Greater leaf area and plant above- and below-ground biomass in
fenugreek plants were observed in the present study when PGPB was
applied. The PGPB application was also reported in increasing leaf
area by induction of indole acetic acid production in a plant (Spaepen
et al., 2009). Supplying »48 % of the total required nitrogen through
nitrogen fixation during the fenugreek growth inoculated with PGPB
increased leaf protein content (Deserrier et al., 1986). The inoculation
of fenugreek plants with PGPB also showed that these bacteria
increased seed and plant vigor index, the number of nodules, above
and below-ground biomass, and grain yield (Kumar et al., 2011). It is
been reported that biological fertilizers such as Azotobacter, Pseudo-
monas, and Azospirillium genus and their combinations significantly
increased the dry weight of fennel (Foeniculum vulgare Mill.) plants
due to the higher availability of nutrients for the plants (Mahfouz and
Sharaf-Eldin, 2007). Hegab (2018) also observed that the foliar appli-
cation of micronutrients significantly increased fenugreek yield and
improved its nutritional values.
Conclusion

The results indicated that seed bio-priming by the plant growth-
promoting bacteria and application of nutrients significantly
impacted the fenugreek plants. These bacteria improved the plant’s
physiological metabolism and nutrient uptake by increasing the
availability of nutrients for the plant. The results showed that the leaf
nitrogen content was continuously higher in PGPB-primed plants
than in the unprimed ones. Plant biomass, root area, root length, and
leaf N, P, and K content were positively affected by the PGPB treat-
ments. Leaf sodium content was decreased in the PGPB-treated
plants, while the leaf K+/Na+ ratio was enhanced. To reduce the appli-
cation of chemical fertilizers to reach sustainable agriculture, utilizing
biofertilizers such as PGPB seems applicable and efficient. Comparing
the PGPB application methods revealed that the combined treatment
(seed bio-priming + foliar application of silicon, potassium, calcium,
and micronutrients + PGPB fertigation) was more efficient in improv-
ing fenugreek morpho-physiological traits, nutrient absorption, and
dry matter production.
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