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Abstract

The ongoing deteriorationof the earth's natural resources and the increase in the use of chemical fertilizers pose serious
concerns about the future of agriculture. Biofertilizers are increasingly being used as a substitute for synthetic fertilizers
because they are perceived as being more sustainable. The objective of this study was to evaluate the effect of plant growth-
promoting rhizobacteria (PGPR) and arbuscular mycorrhizal fungi (AMF) on the growth, biochemical properties, and
nutritional status of potato (Solanum tuberosum L.) minitubers. A pot experiment was conducted via inoculation of PGPR
at five levels (Azotobacter chroococcum and Pseudomonas putida at rates of 100 and 200 mL, and control) separately and
in interaction with AMF at three levels (Funneliformis mosseae, Rhizophagus intraradices, and control) on potato plants.
The factorial experiment was designed based on a completely randomized design with 15 treatments and five replicates.
Co-inoculation of PGPR and AMF significantly improved plant growth and yield of potato minitubers. Accordingly, the
interaction of P. putida at 100 mL and R. intraradices led to increase minituber number (116%), minituber weight (181%),
shoot dry weight (248%), root dry weight (120%), chlorophyll (Chl) content (57%), carotenoid content (10%), ascorbic acid
(8%), proline (18%), total soluble solids (TSS, 49%), TSS to titration acidity (TA, 46%), phosphorus (72%), potassium (27%),
zinc (24%), and Fe (17%) compared with the control. Heat map analysis indicated that minitubers weight, shoot dry weight,
and TSS had the higher variation in potato tubers with AMF and PGPR inoculations, which can be identified as indicators
for further investigations. The interaction of R. intraradices and P. putida is effective in improving minituber yield of potato
plants, which can be beneficial for producers.
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1 Introduction

Potato (Solanum tuberosum L.) is from the Solanaceae fam-
ily and is considered the most important food product in the
world after wheat, corn, and rice because the tubers of this
plant have high nutritional value (Mushtagq et al. 2022). Pro-
ducing large quantities of mini-tubes with high quality and
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low cost, in a relatively short time and in an environmentally
friendly way, is considered a challenge in many countries
(Wasilewska-Nascimento et al. 2020) because potato tubers
can carry many pathogenic organisms that either directly
attack the underground parts of the plant or first infect the
leaves and then accumulate in the tubers (Mushtaq et al.
2022). Disease-free microtubers produced under tissue
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culture conditions have been shown to increase potato yield.
In addition, these tubers can be used in potato breeding pro-
grams, such as the use of methods for creating mutations
or for gene transfer by agrobacterium. Microtubers can be
produced and stored in the laboratory in large numbers
throughout the year and they can be transported directly to
the market without being transferred to a new environment.
Additionally, microtubers can be grown directly in the field
without an acclimatization (Wasilewska-Nascimento et al.
2020).

The lack of nutrients, particularly N and P, is one of
the challenges that potato plants encounter when trying to
develop. Beneficial soil microorganisms can improve the
rhizosphere and aid in plant nutrition (Fasusi et al. 2021).
Biofertilizers contain a selection of beneficial live microor-
ganisms that, when applied to the surface of a plant, seed,
or soil, can colonize the rhizosphere or interior of the host
plant and promote plant growth by increasing nutrient avail-
ability (Riaz et al. 2021). Plant growth-promoting rhizobac-
teria (PGPR) live in close relationships with plants and can
stimulate the absorption of nutrients and increase the level
of plant hormones in tissues. Some of these bacteria can
significantly increase the solubility of P, stable N, make anti-
biotics, produce siderophores, synthesize enzymes involved
in ethylene production, increase the release and absorption
of Mn, Zn, and, and improve the growth conditions (Fasusi
et al. 2021). Azotobacter is important in the biological fixa-
tion of N and Pseudomonas are important in converting the
insoluble forms of P into soluble forms available to the plant
(Dar et al. 2021). The benefits of inoculating plants with
PGPR have been shown to improve germination speed, root
and shoot growth, control of pathogens, soil microbial activ-
ity, and the availability of nutrients for the plant. Soil bacte-
ria are particularly important due to their catabolic diversity,
high ability in root colonization, and their ability to produce
a wide range of enzymes, siderophores, and metabolic sub-
stances (Begum et al. 2022; Riaz et al. 2021). In addition,
PGPR can produce growth hormones such as indole acetic
acid, cytokinins, and gibberellins (Riaz et al. 2021).

Using microorganisms, which are crucial in meeting the
nutritional demands of plants, is an effective way to accom-
plish the aims of sustainable agriculture. Arbuscular mycor-
rhizal fungi (AMF) have the capacity to develop and pen-
etrate compact soils and small soil pores through increasing
access to immobile nutrients (Giovannini et al. 2020). The
extensive network of external hyphae plays an important
role in strengthening the absorption of water and nutrients
from the soil, which is needed for the growth and increase
of plant production. Additionally, AMF symbiosis improves
phytoremediation efficiency, which can aid in the detoxifi-
cation of soil contaminants and ultimately enhance plant
performance (Sheteiwy et al. 2022). It has been reported
that AMF can interfere with the stomatal conductance and
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alleviate the oxidative damage by promoting enzymatic and
non-enzymatic antioxidant activities. Furthermore, AMF
can regulate patterns of expression of aquaporin genes and
osmolyte accumulations in plant tissues.

As a relatively simple and low-cost alternative strategy,
the use of PGPR and AMF is a promising tool to improve
plant growth. Due to the problems caused by the use of
chemical fertilizers, the use of biological fertilizers has
become increasingly important. Agriculture based on the
use of biofertilizers with the goal of ceasing or drastically
lowering the use of chemical inputs has received attention
in recent decades (Daniel et al. 2022). Accordingly, various
investigations have demonstrated the improvement of potato
growth and yield by inoculation with AMF (Yooyongwech
et al. 2016; Baradar et al. 2021; Mushtaq et al. 2022) and
PGPR (Pathak et al. 2019; Ekin 2019; Batool et al. 2020).
Several factors, such as soluble sugar content and titration
acidity (TA), can be used to evaluate the quality of fruits and
vegetables. The balance between these components greatly
influences how the products taste and appear (Mikiciuk
et al. 2019). However, the data about the simultaneous use
of different types of AMF and PGPR on minitubers of potato
is not available; therefore, this work aimed to discover the
changes in growth, photosynthesis pigments, osmolytes,
and minerals in minitubers of potato plants treated with an
integrated application of AMF and PGPR. The findings can
be beneficial to produce high quality minitubers for potato
growers, which is a global issue.

2 Materials and Methods
2.1 Materials

The potato tuberlets of Agria cultivar were purchased from
Zare Ghosta company, Iran. The PGPR were obtained from
the Water and Soil Research Institute of Iran.

2.2 Growth Conditions and Experimental
Treatments

This work was conducted as factorial based on a completely
randomized design with five replicates. The tuberlets were
cultivated in 3-L pots in a greenhouse with a photoperiod
of 16/8 (light/ dark) and relative humidity of 65%-80% in
the Mohagheg Ardabili University, Iran. The mean tempera-
tures of day and night during the experiment were 27 + 1
and 16 +9 °C, respectively. The soil was first sterilized with
autoclaving at 180 °C for 2 h and 1 atmosphere steam pres-
sure. Soil used for this study was loamy-clay with pH=38.1,
K=21.2%, P=0.83%, N=0.12%, organic matter=0.58%,
and calcium carbonate =15%.
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The experiment was designed as factorial with PGPR
(first agent) at five levels including Azotobacter chroococ-
cum (67B) and Pseudomonas putida (P169) at 100 and
200 mL, and control. The second agent was AMF, which
had three levels: F. mosseae (BEG 119), R. intraradices
(DAOM 197,198), and control. Therefore, 15 treatments
of the interactions of PGPR and AMF were obtained. All
strains of AMF and PGPR were provided by the Soil and
Water Research Institute, Karaj, Iran. The strains of A.
chroococcum (67B) and p. putida had previously been iso-
lated from wheat fields that had been intensively cultivated,
and they had been recorded with the World Catalogue of
Microorganisms under the designation CCSM (Culture
Collection of Soil Microorganisms) at the Soil and Water
Research institute in Karaj, Iran. A. chroococcum has mul-
tiple plant growth promotion activities like N 2-fixing activ-
ity, synthesis of siderophores, and indole-3-aceticacid stand
(Viscardi et al. 2016) and P. putida has an ability to solubi-
lize phosphates and produce auxin, which aid in the growth
of plants (Safari et al. 2020). Both species of AMF had a
close symbiosis with plants through providing water and
fundamental nutrients for corresponding plants (Darakeh
et al. 2022). For inoculation with AMF inoculum contain-
ing spores, hyphae, inoculated root segments of sorghum,
and sand was applied at the rate of 50 g per plant around the
roots (30 spores per g of soil) when plants were cultivated
(El-Sawah et al. 2021). After that, PGPR suspension was
also prepared with a concentration of 10° CFU/mL around
the roots. The inoculum was made by re-culturing in nutrient
broth (Merck) and shaking (120 rpm) for 36 h at 28 °C. The
bacteria culture was then centrifuged at 5,000 xg for 10 min
at 4 °C. Freshly generated pallet was suspended in sterile
distilled water, and the bacterial suspension's concentration
was adjusted to 10° colony-forming units (CFU) mL ™. Trri-
gation continued until the end of the experiment (90 days)
with distilled water based on soil field capacity (Darakeh
et al. 2022).

3 Weight of Plant Tissues

After harvesting the plants, shoot parts were cut from under-
ground parts, and then the shoots and roots were separately
dried in an oven at of 60 °C for 48 h to measure the weights
by a digital scale (0.001 g) (Ibrahim and El-Sawah 2022).

4 Chlorophyll (Chl) Assay

Leaf Chl contents were measured according to the method
of Arnon (1949). 0.5 g of fresh leaves were ground using
liquid nitrogen. The ground leaves were then mixed with
20 mL acetone (80%) and centrifuged for 10 min at 6000

xg. The supernatants were measured at 645 and 663 nm by
a spectrophotometer (Shimadzu UV-160) and used in the
following equations:

Chla = (19.3 x A663 — 0.86 x A645) V/100W

Chlb = (19.3x A645 — 3.6 x A663) V/100W

Total Chl = 20.2 (A645) — 8.02 (A663) x V/ (1000 x W)
Carotenoides = 100 (A4;9) — 3.27 (mgchl. a) — 104 (mg chl. b)

Where A645 and A663 are the absorbance values read
at 645 and 663 nm, respectively; V is the final volume of
acetone consumed in mL; W is fresh tissue weight.

4.1 Proline Concentration

To determine the proline content, 0.1 g of fresh leaf tissue
was mixed with 10 mL of sulfosalicylic acid (3% w / v) and
centrifuged at 4000 xg for 20 min. Then, the mixture was
supplied with 2 mL of ninhydrin acid and 2 mL of glacial
acetic acid. Simultaneously, 2 mL of standard 0, 4, 8, 12, 16,
20 mg of proline were mixed with 2 mL of ninhydrinic acid
and 2 mL of acetic acid. The samples were read at 520 nm
using a spectrophotometer (Bates et al. 1973).

4.2 Ascorbic Acid (Vitamin C) Measurement

The titration method was used to measure ascorbic acid
(Chua et al. 2000). Accordingly, 2 mL of filtered minitu-
ber extract was mixed with 2 mL of stabilizing solution of
trichloroacetic acid and then titrated with indophenol rea-
gent using a magnetic stirrer until the color changed pink.
The stability of the pink color was based on the amount of
indophenol consumed in the sample and the ascorbic acid
standard (Merck, Germany), the amount of ascorbic acid
was measured.

4.3 Preparation of Minituber Extraction

The tissue samples of minitubers were frozen in liquid nitro-
gen. Then, 5 g tissue was homogenized in 10 mL 50 mmol
L' phosphate buffer at pH 7.8. The homogenate was cen-
trifuged at 15,000 X g at 4 °C for 20 min and the superna-
tant (minituber extract) was obtained to determine further
analyses.

4.4 Titration Acidity (TA) Determination

In an Erlenmeyer flask, TA was determined by combining
5 mL of minitubers extract with 20 mL of distilled water.
The pH meter electrode was inserted into the solution, and
titration with NaOH (0.1 N) was then performed at 20 °C.
When the solution's pH reached 1.8, the titration process
was considered complete. The amount of acid in the minitu-
ber extract was determined as 1 g of acid per 100 mL of
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minituber extract (%) based on the amount of NaOH used
during the titration (Yaghoubi Farani et al. 2019):

Where A is the percentage of TA in minituber extract
(g/100 mL); V1 is the volume of NaOH (mL); N is the nor-
mality of NaOH, and VO is the amount of minituber extract
(mL).

4.5 Total Soluble Solids (TSS)

To measure TSS, some drops of minituber extract were put
in a refractometer. Before the measurement, the refractom-
eter was calibrated with distilled water and the results were
recorded as Brix (McCready et al. 1950).

4.6 Soil Minerals

For the available N status of the soil, the method outlined in
Subbiah and Asija (1956) was used. The standard approach
developed by Olsen (1954) was used to estimate the amount
of accessible P in the soil. Diethylene triamine penta acetic
acid (DTPA) was utilized following the method outlined in
Lindsay and Norvell (1978) to estimate the amount of Zn
in the soil.

4.7 Tuber Minerals

Mineral contents in potato minitubers were measured using
the dry ash technique. Nitrogen was measured by the Kjel-
dahl method (Bremner 1996) and P was measured by Ols-
en's method at a wavelength of 720 nm (Shimadzu UV3100
spectrophotometer) (Olsen 1954). According to Mason
(1963), the photometric method was used to estimate K. To

determine the content of Fe and Zn, an atomic absorption
device (AAS) was used (Karadjova et al. 2002).

4.8 Data Analysis

For data analysis, the Windows version of SAS (SAS, ver-
sion 9.3, SAS Institute, Cary, NC) was used. LSD test was
used to compare the mean values and the data were statisti-
cally assessed at a 5% probability level (P <0.05). Principal
component analysis (PCA) and agglomerative hierarchical
clustering (AHC) were performed by XLSTAT. In PCA, the
data were mainly determined by two factors; the first factor
was axis 1 (F1) and the second one was axis 2 (F2).

5 Results
5.1 Minituber Number and Weight

The number and weight of potato minitubers significantly
increased with the PGPR and AMF. The minitubers number
ranged from 2 tubers in non-application of the biofertilizers
to 4.33 minitubers in the interaction of P. putida at 100 mL
and R. intraradices. All plants treated with the PGPR and
AMF represented the higher minitubers number compared
with control plants (Table 1). In addition, tuber weight
increased with the PGPR and AMF. The highest minitubers
weight was obtained in plants treated with the interaction
of P. putida at 100 mL and R. intraradices, with a 181%
increase relative to the control. In non-AMF inoculated
plants, P. putida at 100 and 200 mL increased minitubers
weight by 83 and 100%, and A. chroococcum at 100 and

Table 1 The yield of potato tissues inoculated with plant growth-promoting rhizobacteria (PGPR) and Arbuscular mycorrhizal fungi (AMF)

PGPR AMF Minituber number Minituber weight (g) Shoot dry weight (g) Root dry weight (g)
Non-bacteria Non-AMF 2.00+£0.82c 83+0.54 ¢ 09+0.08 g 0.34+0.04 h
R. intraradices 2.33+0.47bc 9.63+0.66 g 1.63 £0.25¢f 0.57+£0.03f
F. mosseae 2.33+0.47bc 8.63+0.76 g 1.67+0.12f 0.51+0.03 ¢
100 mL P. putida Non-AMF 3.33+0.47a-c 15.23+1.99¢c-d 2.13+0.31e 049+0.03 ¢
R. intraradices 4.33+0.47a 23.33+3.72a 3.13+0.33ab 0.74+0.05a
F. mosseae 3.67+0.47ab 17.6+1.35¢ 3.3+0.28a 0.7 +0.06b
200 mL P. putida Non-AMF 3.33+0.47a-c 17.17+0.9 cd 2.73+0.12 cd 0.65+0.07 cd
R. intraradices 3.33+0.47a-c 20.37+0.86b 3+0.29bc 0.71+0.03ab
F. mosseae 3.33+0.94a-c 23.8+2.43a 2.9+0.22bc 0.6 +0.05ef
100 mL A. chroococcum Non-AMF 3.33+0.47a-c 12.9 +2.06f 1.5+0.24f 049+0.04 g
R. intraradices 2.67+0.47bc 16.37+1.33c-e 2+0.2% 0.59+0.04f
F. mosseae 3.33+0.47a-c 14.97 +£1.62d-f 2.23+0.33e 0.64 +0.06de
200 mL A. chroococcum Non-AMF 3+0.82a-c 14.37+0.5ef 2.27+0.34e 0.68+0.02bc
R. intraradices 3.33+0.94a-c 16.3+2.14c-e 2.57+0.21d 0.7+0.02b
F. mosseae 3.33+0.47a-c 14.57+1.37ef 2.57+0.12d 0.68 +0.04bc

Values are means + standard deviation (SD). Different letters show statistically significant differences among treatments at P <0.05
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200 enhanced this parameter by 55 and 73%, respectively,
compared with the control (Table 1). As a result, the simul-
taneous use of P. putida at 100 mL and R. intraradices led
to notable enhancement of minituber yield.

5.2 Shoot and Root Weight

Shoot and root weight were significantly (P <0.05) improved
by the PGPR and AMF. The interaction of F. mosseae and
P. putida at 100 yielded a higher shoot dry weight (3.3 g)
compared with other plants. Under non-PGPR application,
R. intraradices and F. mosseae yielded the higher shoot dry
weight by 81 and 85%, respectively. Moreover, the simul-
taneous use of AMF and P. putida resulted in the optimum
shoot weight of potato plants. P. putida at 100 mL along
with R. intraradices and F. mosseae led to 248 and 266%
raises in shoot weight relative to control plants (Table 1).
Like shoot weight, a notable enhancement in root weight was
observed when plants were treated with simultaneous use
of PGPR and AMF. Plants treated with P. putida at 100 mL
along with R. intraradices and F. mosseae represented 120
and 101% increases in root weight, respectively, compared
to the control. Compared to the non-PGPR inoculation treat-
ment, R. intraradices and F. mosseae respectively elevated
the root weight of potato plants by 70 and 52% (Table 1).

Fig.1 Total chlorophyll (a)

Hence, shoot and root weight showed higher amounts when
P. putida at 100 mL was used with AMF.

5.3 Photosynthesis Pigments

Chlorophyll (Chl) content increased with inoculation of
PGPR and AMF, particularly when the plants were treated
with a combination of PGPR and AMF. In plants inoculated
with only AMF, total Chl increased by 32, 53, and 24%,
respectively, when compared with control. For plants inocu-
lated with F. mosseae, the 16 and 25% enhancements in total
Chl for A. chroococcum at 100 and 200 mL and 36 and 22%
raise in this trait for P. putida at 100 and 200 mL, respec-
tively (Fig. 1a). Carotenoid showed the higher amounts when
plants were treated with the PGPR and AMF, ranging from
0.30 mg g~! in the control to 0.35 mg g~! in the interac-
tion of A. chroococcum at 200 mL and F. mosseae (Fig. 1b).
Hence, co-application of PGPR and AMF can improve Chl
amount more effectively than using either one alone.

5.4 Ascorbic Acid and Proline

The biofertilizers used in the present study elevated ascorbic
acid content. Accordingly, the interaction of P. putida at
200 mL and F. mosseae inoculation, and A. chroococcum
and F. mosseae demonstrated 15 and 11% raises of ascorbic
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acid relative to the control (Fig. 2a). Proline showed the
same trend of ascorbic acid upon the PGPR and AMF.
The maximum proline accumulation (67. 1 umol g_l) was
observed in plants treated with P. putida at 100 mL and
R. intraradices, with an 18% improvement as compared
to the control (Fig. 2b). As a result, all PGPR and AMF
had a positive role in improving ascorbic acid and proline
accumulation.

5.5 Total Soluble Solid (TSS), Titration Acidity (TA),
and TSS/TA

The PGPR and AMF led to increased TSS especially
when plants were inoculated with both PGPR and AMF.
In plants inoculated with R. intraradices, 31, 34, 46, and
50% increases in TSS relative to the control were observed
with A. chroococcum at 100 and 200 mL and P. putida at
100 and 200 mL, respectively. In addition, for plants treated
with P. putida at 200 mL, R. intraradices and F. mosseae
elevated the TSS by 30 and 18%, respectively, compared to
without AMF inoculation (Fig. 3a). In addition, TA of potato
minituber ranged from 0.37% in control to 0.42% in R. int-
raradices without PGPR inoculation (Fig. 3b). Accordingly,
TSS/TA showed an increasing trend with the use of PGPR
and AMF. In plants inoculated with R. intraradices, the use

Fig.2 Ascorbic acid (a)

of A. chroococcum at 100 and 200 mL and P. putida at 100
and 200 mL increased by 41, 42, 64, and 56% compared
to non-PGPR treatment, respectively. Among the AMF, R.
intraradices possessed a notable role in boosting TSS/TA
(Fig. 3c). Therefore, the inoculation with R. intraradices
and PGPR significantly improved TSS/TA, a key indicator
of potato quality.

5.6 Minerals

The PGPR and AMF led to notable changes in the minitu-
bers minerals of potato plants. A. chroococcum was asso-
ciated with increasing N content of potato minitubers. In
addition, A. chroococcum at 200 mL along with F. mos-
seae resulted in a 17% improvement in the N content in
the potato minitubers compared with the control (Table 2).
All biofertilizers, particularly P. putida, raised P content in
potato minitubers, with the greatest increase occurring with
the treatment that combined P. putida at 100 mL and R.
intraradices. In addition, K significantly increased with con-
current use of all biofertilizers. The treatment that combined
P. putida at 100 mL and F. mosseae increased K content
by 40% (Table 2). Zinc, a main micronutrient for plants,
was substantially enhanced by bacterial and fungal inocula-
tions. The treatment combining P. putida at 100 mL and
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Fig. 3 Total soluble solids (a),

a
titration acidity (b), and TSS/
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R. intraradices led to optimum improvement (24%) in Zn
concentration in potato minitubers relative to the control
(Table 2). Moreover, Fe content showed higher amounts
when plants were treated with bacterial and fungal inocula-
tion. It represented a 17% modification with a difference
from 1.18 mg g~! in the control plants to 1.39 mg g~! in
plants inoculated with P. putida at 100 mL and R. intraradi-
ces (Table 2). Both AMF and PGPR are useful for improving
minitubers minerals, but they have different effects.

5.7 Multivariate Analysis

According to PCA, F1 mainly justified the changes
(75.15%), while F2 only expanded 12.6% of the variations
under PGPR. All studied traits except titration acidity and
minituber nitrogen were justified by F1. Furthermore, F1
determined all treatments except A. chroococcum at 200 mL
(Fig. 4a). The similar pattern was obtained for AMF with

87.08% for F1 and 12.92% for F2. All studied treatments and
traits except N were justified by F1 (Fig. 4b).

According to AHC analyses, four different clusters were
determined for PGPR including cluster 1: control, cluster 2:
A. chroococcum at 100 and 200 mL, cluster 3: P. putida at
100 mL, and cluster 4: P. putida at 200 mL (Fig. 5a). Moreo-
ver, three cluster were specified for the three treatments of
AMF (Fig. 5b).

5.8 Heat Map

Heat map results indicated the changes of experimental
traits upon the treatments, varying from blue (the minimum
value) to red (the maximum value). Accordingly, minitu-
ber P, minituber weight, and shoot dry weight posseted the
maximum variability under PGPR (Fig. 6a). In addition, root
and shoot dry weight, minituber weight, TSS, and total Chl
showed the higher modifications upon the AMF inoculation
(Fig. 6b).
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Table 2 The minerals of potato minitubers inoculated with plant growth-promoting rhizobacteria (PGPR) and Arbuscular mycorrhizal fungi

(AMF)
Bacteria AMF N @mgg™) P (mgg™) K (@mgg™ Zn (mg g " Fe (mg g™!)
Non-bacteria Non-AMF 125+1.48 ¢ 2.7+0.37f 17.63+1.45h 0.89+0.02¢ 1.18 £0.08f
R. intraradices 12.73+0.9 fg 3.13+£0.52¢ 189+1.88¢g 0.96+0.07d 1.26 £0.02¢
F. mosseae 12.77+£0.42 fg 3.43+0.21de 20.57+0.82f 0.98 £0.06d 1.27+0.01de
100 mL Non-AMF 12.63+0.25 fg 4.2+0.45¢ 21.1+1.36ef 1.01+0.06 cd 1.26 £0.02¢
P. putida R. intraradices 1293+ 1.0le-g 4.67+0.39ab 22.53+1.72b-d 1.11+£0.05a 1.39+£0.03a
F. mosseae 13.37+£0.5¢-f 4.87+0.31a 23.37+1.43a-c 1.07+0.05ab 1.34+0.01bc
200 mL Non-AMF 13.87 +0.86b-d 4.43+0.45bc 24.03+041a 1+0.05d 1.27+£0.02¢
P, putida R. intraradices 13.3+0.45d-f 4.2+0.45¢ 23.9+1.85ab 1.04+0.02bc 1.32+0.02b-d
F. mosseae 12.97 £0.54e-g 4.5+0.24bc 24.77+1.08a 1.05+0.02bc 1.35+0.02ab
100 mL Non-AMF 13.7+0.59b-¢ 2.7+0.22e 21.6+1.72d-f 0.98 £0.04d 1.29+0.02c-e
A. chroococcum R. intraradices 13.63+0.31b-e 3.17+0.21de 20.5+1.76f 0.99+0.06d 1.32+0.02bc
F. mosseae 13.83+£0.61b-d 3.23+0.25de 22.13+1.89b-d 1.05+0.03b 1.32+0.03b-d
200 mL Non-AMF 14.17+0.31a-c 3.37+0.21de 23.37+0.84a-c 1.05+0.02bc 1.32+0.02b-d
A. chroococcum R. intraradices 14.3+0.41ab 3.33+0.09ed 23.73 +1.68ab 1.06 +0.02b 1.34+0.02bc
F. mosseae 14.67+041a 3.53+£0.09d 23.33+£1.55ac 1.08 +0.03ab 1.34+0.02bc

Values are means + standard deviation (SD). Different letters show statistically significant differences among treatments at P <0.05

6 Discussion

The present study indicated that combining AMF and PGPR
is more effective than their separate application in improv-
ing plant yield. As a result, the results suggest there is a
synergistic relationship between PGPR and AMF, which
results in an increase in the activity of microorganisms in
the soil. The greater microbial activity likely increases the
absorption of mineral elements, especially P and N, which
improves photosynthetic processes and ultimately results
in greater tuber number and weight (Pathak et al. 2019). It
appears that inoculating potato tubers with PGPR and AMF,
in addition to stimulating the production of growth regula-
tors, improved the root system, increased the plant's access
to water and nutrients, and finally increased tuber weight
(Yasmeen et al. 2019). It is also possible that these micro-
organisms can stimulate the production of siderophore and
solubilize P (Giovannini et al. 2020). Moreover, PGPR and
AMF directly affect the physical and chemical properties of
the soil, thereby increasing the weight and number of potato
tubers. Past research has also shown an increase in tuber
number and weight in potatoes when inoculated by AMF
alone (Yooyongwech et al. 2016; Ghobadi et al. 2020), and
PGPR (Ekin 2019; Batool et al. 2020; Mushtagq et al. 2022),
and with PGPR (Pathak et al. 2019).

The substantial increase in plant weight in the presence of
biofertilizers may be due to the stimulation of physicochemi-
cal and biological properties of the soil, as well as significant
impacts on the water holding capacity, which enhances plant
growth and development (Tahiri et al. 2022). The interac-
tion between PGPR with AMF enhances the growth of the

@ Springer

plant's vegetative and reproductive organs, which leads to an
increase in biomass yield by delivering the proper amounts
of essential elements including N, P, and K (Pathak et al.
2019). Additionally, as nitrogen plays a crucial function in
the development of chlorophyll and is the most effective
element in the construction of proteins, a symbiotic relation-
ship between plants and biostimulants boosts N availability
and improves plant weight (Mishra et al. 2016). PGPRs are
able to synthesize phytohormones that stimulate cell growth
and cell division. Abscisic acid (ABA), Indole-3-acetic acid
(IAA), gibberellins, and cytokinins (CKs), which are cru-
cial for plant growth, are only a few examples of growth
regulators that are promoted by the biostimulators (Meena
et al. 2020). Abscisic acid (ABA) controls plant responses to
diverse environmental challenges and plays a crucial role in
several phases of the plant life cycle, including seed develop-
ment and dormancy. IAA is a key shoot signal that controls
all facets of plant vascular development. It plays a crucial
part in controlling plant growth and manages cell elongation,
the formation of vascular tissue, and apical dominance. Fur-
thermore, cytokines (CKs) are essential for a variety of plant
growth and development processes, such as cell division,
chloroplast biogenesis, apical dominance, leaf senescence,
vascular differentiation, nutrient mobilization, shoot dif-
ferentiation, anthocyanin synthesis, and photomorphogenic
development. Gibberellic acid (GA) is a class of tetracyclic
diterpenes that has a significant impact on a number of bio-
logical processes, including seed germination, leaf growth,
stem lengthening, and fruit development. As a result, by
supporting phytohormones, PGPR and AMF significantly
contribute to plant growth. Similarly, Baradar et al. (2021)
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demonstrated the interaction between P. fluorescens and
AMEF (F. mosseae and R. intraradices) had a positive role in
the growth of potato plants.

The present study showed that the combined use of
PGPR and AMF has a notable role in photosynthesis pig-
ments. The quantity of photosynthetic pigments is one of
the most important factors affecting photosynthetic per-
formance (Meena et al. 2020). It has been discovered that
AMF and PGPR play a beneficial function in expanding
leaf surfaces, which in turn increases the amount of chlo-
rophyll on the leaves. An improved stomatal function may
improve the uptake of CO, by leaves. The symbiotic rela-
tionship between AMF and PGPR and plants can increase
the activity of the Rubisco enzyme, chloroplast activity,

ATP availability, ribulose 1,5-bs phosphate production,
and leaf N (Zahra et al. 2022). By providing essential ele-
ments for the plant and increasing the amount of water in
the plant cells, biostimualtors may increase the chloro-
phyll in plant leaves (Begum et al. 2022). The parameters
rated to plant growth like Chl and carotenoid were greatly
improved by P. putida at 100 mL, but they were not further
changed when the concentration increased to 200 mL. It
demonstrated that the amount of PGPR has a significant
impact on the ability for photosynthesis. Perhaps more
than 200 mL of P. putida imbalances ion uptake and
causes a reduction in Chl and carotenoid concentration.
The beneficial role of AMF and PGPR in improving pho-
tosynthesis content has been reported on tobacco (Begum

@ Springer
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et al. 2022) and Russian knapweed (Rasouli-Sadaghiani
et al. 2019).

TSS and TA content act as a proxy for fruit flavor and the
TSS/TA ratio is primarily used to assess the flavor and physi-
ological ripeness of fruits and tubers (Mikiciuk et al. 2019).
The reaction of plants to biofertilizers was increased TSS
and TSS/TA, which was previously demonstrated in straw-
berry (Mikiciuk et al. 2019). Although TSS and TA have
primarily been studied in relation to fruits (Mikiciuk et al.
2019; Ait Rahou et al. 2022), the current experiment sug-
gests that combining PGPR and AFM may improve the qual-
ity of potato tubers. Although the role of AMF and PGPR in
TSS and TA of potato tubers has only rarely been addressed,
Maruf et al. (2019) indicated the increase of TSS during
storage time and a decrease by vermicompost. Because of
this, TSS may react differently to organic and biofertilizers.

The interaction of AMF and PGPR increases the nutrients
including N, P, Zn, and Fe in potato minituber. These ele-
ments play an essential part in the development of higher
plants as well as several biochemical processes that take
place within plant cells. AMF's large network of exterior
hyphae excels at giving plants the necessary nutrients.
Plant nutrition, which is commonly thought of as a plant
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mechanism to increase growth, may be improved by the
AMF and PGPR symbiosis (Weisany et al. 2016). Mycorrhi-
zae are beneficial for P nutrition and the influx of P in AMF-
colonized roots can be 3—5-fold higher compared to that in
non-mycorrhizal roots (Wipf et al. 2019). AM contributes to
plant growth via the assimilation of immobile soil nutrients
such as P and Zn. It has been reported that AMF hyphae can
transfer immobile P resources to the roots, and thus play a
more important role in P uptake by their host plants. AMF
can create a network with plant roots to enhance inorganic
P acquisition by providing organic acids and phosphatases
(Weisany et al. 2016). The increased minerals in potato
tubers because of the symbiosis of AMF and plants were
demonstrated by Lone et al. (2020). Moreover, Darakeh et al.
(2022) showed that Bio and organic fertilizers significantly
improve the root and leaf nutrients of black cumin. In addi-
tion, PGPR play a significant role in growth and develop-
ment of plant through providing the availability of nutrients
in rhizosphere (Baradar et al. 2021). For instance, most
PGPR can solubilize P, which increases the amount of P ions
accessible in the soil for plant absorption (Giovannini et al.
2020). Similar to our findings, the improvement of mineral
nutrients by PGPR have been reported in different plant
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Fig.6 Heat map for traits and treatments of potato plants upon plant
growth-promoting rhizobacteria (a) and Arbuscular mycorrhizal fungi
(b). TN: tuber number, TW: tuber weight; SDW: shoot dry weight,

species (Tinna et al. 2020; Bourles et al. 2020; Mushtaq
et al. 2022). This enhancement could also be attributed to the
rhizosphere's organic acid synthesis by bacteria and plants,
which lowers soil pH and increases P, Ca, Fe, and Mn avail-
ability (Mushtaq et al. 2022). Among the biofertilizers, A.

Control

- Rhizophagus intraradices

Funneliformis mosseae

Zn
SDW

Chl
TSS -

™
RDW

RDW: root dry weight, Chl: Chlorophyll; AA: Ascorbic acid; TSS: total
soluble solids; TA: titration acidity; Az: Azotobacter chroococcum; PP:
Pseudomonas putida

chroococcum had a significant role in enhancing N, which
enhances mineralization of organic forms of N in soil and
increases root systems in plants (Mushtagq et al. 2022).
Inoculation with AMF and PGPR enhanced the con-
centrations of ascorbic acid and proline. Ascorbic acid is
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a cofactor for many enzymes in plants. This vitamin is also
involved in a variety of processes, including photosynthe-
sis, cell wall growth, cell growth and division, resistance
to environmental stresses, ethylene and gibberellin synthe-
sis, anthocyanins, and hydroxyproline synthesis (Veljovi¢-
Jovanovié et al. 2017). A biostimulator symbiosis can change
the metabolic pathways of ascorbic acid (Yasmeen et al.
2019; Rasouli et al. 2022). Similarly, increased ascorbic acid
was observed in lettuce plants exposed to AMF and seaweed
extract (Rasouli et al. 2022). Proline functions not only as an
osmotic protector but also as an antioxidant, stabilizing the
interaction of membrane and protein structures, balancing
cytoplasmic acidity, maintaining NADP/NADPH in interac-
tion with metabolism, especially during stress, and providing
the necessary regeneration factors to maintain mitochondrial
oxidative phosphorylation in the direction of ATP produc-
tion (Cacefo et al. 2023). The differences in proline levels
between treatments can be attributed to the concentration
and type of biostimulators, which produce varying amounts
of proline. Darakeh et al. (2022) on black cumin reported
increased proline under biostimulators, which is consistent
with the current findings. Eshaghi Gorgi et al. (2022) also
addressed the improvement of proline in Melissa officinalis
L. after PGPR and AMF inoculations.

According to PCA, there was a discernible correlation
between F1 and ascorbic acid, TSS, Zn, and tuner number.
Negative correlations were found between the control and A.
chroococcum at 200 mL and P. putida at 100 and 200 mL.
In the first quadrant, N, K, P, ascorbic acid, TA, Chl, and Zn
serve as the notable proxies for R. intraradices in the fourth
quadrant, while others provide the description of F. mosseae
in the fourth quadrant. It can be discovered that AMF sym-
bioses were negatively correlated with the control. Accord-
ing to the heat map, tuber weight, shoot dry weight, and
TSS were the higher modifications of potato tubers upon the
AMEF and PGPR inoculations; therefore, they can be deter-
mined as indicators for further investigations in potato tuber.
Like our results, the most variable traits under different treat-
ments of fertilizers have been reported by Nasirzadeh et al.
(2022), Ghasemzadeh et al. (2022).

7 Conclusions

The present study showed that the co-application of arbus-
cular mycorrhizal fungi and plant growth-promoting rhizo-
bacteria is more effective than their separate application on
the growth and yield of potato minitubers. In addition, based
on the type and concentration of the biostimulators, different
results can be obtained on plant yield, and accordingly, the
interaction of Rhizophagus intraradices and Pseudomonas
putida at 100 mL was more successful. This treatment also
increased the ratio of total soluble solids, which is critical
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in determining potato quality and ripening. It is possible to
establish a scenario for potato farmers based on economic and
qualitative factors using the nutritional value, total solids, and
titration acid under beneficial biostimulators.
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