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Abstract. Drought stress is one of the main constraints limiting worldwide crop
production. Arbuscular mycorrhizae (AM) and plant growth-promoting bacteria
(PGPB) such as Azotobacter chroococcum and Azospirillium lipofrum have been shown to
alleviate drought stress effects. Therefore, the interaction effect of AM fungi [Glomus
mosseae, G. etunicatum, and a mix of these (G. mix), and PGPB bacteria (4zotobacter
chroococcum + Azospirillium lipofrum)] was investigated in 1-year-old walnut seedlings
(cv. Chandler) under normal and drought stress conditions. Drought stress reduced
growth (plant height, root length, number of leaves, and fresh weight) and leaf nutrient
content (N, P, and Zn) significantly of walnut plants. In contrast, proline, total soluble
sugar, starch peroxidase enzyme activity, and total phenolic content of walnut leaves
increased under this stress. Application of fungi or bacteria, and especially their
simultaneous use, alleviated the negative effects of drought stress on walnut seedlings.
AM fungi and PGPB increased significantly the content of some metabolites, including
total phenolic content, proline level, peroxidase activity, total soluble sugar, and starch
content as well as peroxidase enzyme activity. This led to an increase in walnut plant
growth under the drought stress condition. Among AM fungi, G. etunicatum was more
effective in reducing drought stress symptoms than either G. mosseae or the G. mix of
fungi. In conclusion, use of G. etunicatum, along with PGPB, can reduce negative effects
of drought stress on walnut seedlings.

Walnuts (Juglans regia L.) are the third
most important nut crop in terms of world
trade and the second most important nut crop
(after cashews) in the world in terms of
production (Food and Agriculture Organiza-
tion, 2017). This nut tree is cultivated around
the world for its highly nutritious kernels and
resilient wood (Vahdati et al., 2014). Also,
walnuts are an important food source in some
Middle Eastern countries (Lotfi et al., 2019).
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Walnuts have a high water requirement, and
their production and growth are affected
severely by drought stress (Vahdati et al.,
2009). In recent years, climate change has
increased temperatures and altered precipita-
tion regimes, which has led to an increase of
drought stress in many areas, and therefore a
serious decline in crop production, especially
for high-water requirement crops such as
walnuts.

Drought stress resulting from anthropo-
genic climate alteration is a serious constraint
on fruit production and distribution world-
wide (Zia-ur-Rehman et al., 2018). Drought
stress problems are most severe in arid and
semiarid regions, and they reduce suitable
land use (Garcia-Tejero et al., 2012). Exploit-
ing the genetic potential for drought toler-
ance is the most sustainable and efficient
way to alleviate the effects of drought stress
(Vahdati and Lotfi, 2013). Drought-tolerant

varieties enable avoidance, escape, or toler-
ance of drought stress (Basu et al., 2016).
However, increasing drought tolerance
by breeding is very complicated (Sahebi
et al., 2018). In addition to exploiting genetic
potential, effects of drought stress can be
ameliorated by agronomic practices (Farooq
et al., 2009), including use of soil microor-
ganisms that are symbiotic with plants. These
organisms can fix atmospheric N, solubilize
P, stimulate plant growth by synthesizing
growth-promoting substances, enhance de-
composition of plant residues to release vital
nutrients, and increase humic content of soils,
providing an environmentally benign ap-
proach to nutrient management and im-
proved ecosystem function (Wu et al,
2005). AM fungi are widespread microor-
ganisms that have symbiotic associations
with the roots of ~80% of terrestrial plant
species (Evelin et al., 2009). AM fungi
promote plant growth and improve plant
establishment by increasing nutrient and
water relations. In particular, they can in-
crease uptake of immobile nutrients, espe-
cially P (Manjunath and Habte, 1988). In
addition, they improve soil structure and
plant tolerance to biotic and abiotic stresses
(Evelin et al., 2009; Habte et al., 2001).

Several studies have reported that AM
fungi are able to alleviate salinity and
drought stress through increased efficiency
of water and nutrient absorption and water
translocation (Evelin et al., 2009; Pickles
and Simard, 2017; Wu et al., 2013; Yang
et al.,, 2014). Enhancement of drought
tolerance by AM fungi is a complex pro-
cess involving a combination of physio-
logic, physical, nutritional, and cellular
effects (Wu et al., 2013). Increased water
uptake and transfer to plants occurs
through fungal hyphae. Water and nutri-
ents that are absorbed by AM hyphae move
by apoplastic fluid flow into host plant
roots (Barzana et al., 2012). AM fungi also
can increase the (osmotic potential) yg of
plant roots by contributing to the accumu-
lation of osmoticants, including proline,
free amino acids, and sugars (Kubikova
et al., 2001; Yooyongwech et al., 2013).
AM fungi can also change plant root sys-
tem architectures in favor of increased
water absorption under drought stress con-
ditions by increasing the number of lateral
roots, root branching density, root diame-
ter, root length, and root mortality (Wu
etal., 2012, 2013).

In addition to AM fungi, PGPB can also
play important roles in host plant health and
alleviation of drought stress. PGPB can
promote plant growth and yield under both
normal and stress conditions (Viscardi et al.,
2016). Azotobacter chroococcum is an
N-fixing PGPB that has been shown to
promote plant growth under a variety of soil
types and climatic conditions, and the bac-
terium A. chroococcum is able to ameliorate
negative effects of abiotic stresses (Romero-
Perdomo et al., 2017). Viscardi et al. (2016)
reported that some strains of 4. chroococ-
cum could alleviate drought stress effects in
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tomato plants. Another PGPB, Azospirillium
lipofirum, mitigates negative impacts of abi-
otic stress by fixing N, producing auxins,
and increasing root growth (Arzanesh et al.,
2011; Ramos et al., 2002).

Most studies on the effects of AM fungi
and PGPB on drought stress have been
limited to agronomic crops, especially ce-
reals. Only a few have investigated the
impact of AM and PGPB on fruit crops under
normal and stress conditions. Because of the
increased severity of drought stress in recent
years, and the positive effects of AM fungi
and PGPB on alleviation of drought stress in
other plants, this study was conducted to
examine the effect of AM fungi and PGPB
(Azotobacter chroococcum and Azospirillium
lipofrum) on the amelioration of negative
effects of drought in walnut trees, with the
aim of increasing growth and production in
walnut orchards.

Materials and Methods

Plant materials and treatments. The
plants used were 1-year-old walnut seedlings
of Juglans regia cv. Chandler planted in
10-kg plastic pots containing sterilized sandy
loamy soil (electrical conductivity, 0.62
dS-m™'; pH, 7; K, 2042 ppm; P, 4.94 ppm;
N, 500 ppm). For evaluating interaction
effects of AM fungi and PGPB on walnut
seedlings under stress and normal conditions,
this experiment was conducted as a factorial
completely randomized design with three
factors (AM fungi, PGPB, and drought stress)
and four replications. AM fungi treatments
included Glomus mosseae, G. etunicatum, a
mix of both (G. mix), and a control. The
PGPB treatment consisted of either a mix of
Azotobacter chroococcum and Azospirillium
lipofrum or a control. Two water conditions
(normal or drought stress) were used. Before
planting the walnut seedlings, the soil was
inoculated with 10 g AM fungi (80 active
propagules/g) or 10 mL (10® mix of bacteria/
mL) PGPB, provided by the Soil and Water
Research Institute of Iran.

All plants were placed in a greenhouse
with the same conditions and management.
Five months after inoculation of AM fungal
and PGPB treatments, drought stress was
applied by withholding water for 20 d.
During the experiment, the soil of pots was
sampled daily to determine the soil water
potential and soil moisture content to de-
termine the water retention curve. Also, all
studied traits were measured at the beginning
and end of the drought stress period.

Plant growth characteristics. Plant height
and root length were measured by ruler. Plant
fresh weight was measured by digital scale.
The percentage of leaf abscission was calcu-
lated by dividing the number of abscised
leaves by the total number of leaves. These
data were recorded 1, 4, 8, 12, and 20 d after
applying drought stress.

Estimation of total N, P, and Zn. Total N
was determined using the Kjeldahl method
(Bradstreet, 1954). P and Zn concentrations
were determined by inductively coupled
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plasma—mass spectrometry (Masson et al.,
2010).

Physiologic and biochemical characteristics.
Chlorophyll, proline, total soluble sugar,
starch, and total phenolic content, and per-
oxidase enzyme activity were determined.
The relative amount of chlorophyll was
measured using an SPAD 502 (Konica
Minolta, Inc., Japan). Total soluble sugar
and starch contents of leaves were extracted
with 80% hot ethanol and determined by the
phenol-sulfuric acid method according to
Chow and Landhausser (2004). Total phe-
nolic content of leaves was determined using
Folin—Ciocalteu reagent (Blainski et al.,
2013). Free proline content in walnut leaves
was determined using the method of Bates
et al. (1973). For this purpose, a 0.1-g leaf
sample was homogenized in 10 mL sulfosa-
licylic acid (3%). After filtration, 2 mL
ninhydrin and 2 mL glacial acetic acid were
added to 2 mL filtrate and incubated for 1 h at
100 °C. Then, 4 mL toluene was added to the
reaction mixture and vortexed for 15-20 s.
The chromophore containing toluene was
measured at 520 nm using a spectrophotom-
eter (Lamda 25; Perkin Elmer, Waltham,
MA). The proline concentration was deter-
mined according to a standard curve.

Peroxidase activity of leaf samples was
determined using the method of Kar and
Mishra (1976). For this purpose, 1 g fresh
materials was homogenized in cold phos-
phate buffer (0.05 M at pH 6.5). The homog-
enate was centrifuged at 10,000 g, for 10
min. The clear supernatant was considered
the enzyme source. Then, 5 mL of the assay
mixture (including 1 mL of the 20x diluted
enzyme extract, 125 uM phosphate buffer,
50 uM H,0,, and 50 uM pyrogallol) was
incubated at 25 °C for 5 min, after which the
reaction was stopped by 0.5 mL H,SO, (5%
v/v). The absorption rate of the supernatant
was read at 420 nm by spectrophotometry
(Lambda 25; Perkin Elmer).

Statistical analysis. Analysis of variance
was performed using SAS software (ver. 9.2;
SAS Institute, Inc., Cary, NC). Means of
samples were compared using Duncan’s mul-
tiple range test at 1% and 5% probability levels.

Results

Plant growth characteristics. Analysis
showed that drought stress, AM fungi, and
PGPB treatments, as well as drought stress X
AM fungi and AM fungi X PGPB, had a
significant effect on walnut plant height (P <
0.01). G. etunicatum and G. mosseae fungi
increased plant height significantly under
both normal and drought stress conditions.
The shortest plant height (26.70 cm) was
observed in the control (without AM fungi
treatment) under drought stress conditions
(Fig. 1). PGPB alone (4zotobacter chroococ-
cum + Azospirillium lipofrum) improved
walnut plant height (P < 0.01), but tallest in
this experiment was obtained using the com-
bined treatments of G. mosseae + PGPB or G.
etunicatum + PGPB, which were not signif-
icantly different from each other (Fig. 2).
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Fig. 1. Effect of arbuscular mycorrhizae fungi on
walnut plant height under normal and drought
stress conditions.
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Fig. 2. Effect of arbuscular mycorrhizae fungi and
plant growth-promoting bacteria (PGPB) on
walnut plant height.

G. etunicatum fungi increased fresh
weight under both normal and drought stress
conditions. G. mosseae fungus caused greater
fresh weight than the G. mix under normal
watering, but the G. mix treatment resulted in
greater weight of plants than G. mosseae
under the drought condition. The lowest fresh
weight was observed in the control (no AM
fungi) treatment in both normal watering and
drought situations (Fig. 3). Fresh weight of
plants was also increased by PGPB treatment
under normal and drought stress conditions
(Fig. 4). The greatest fresh weight of seed-
lings (360 g) was obtained by simultaneous
application of PGPB and G. etunicatum
fungus (Fig. 5).

The walnut plants treated by G. etunica-
tum showed the greatest number of leaves
under both drought stress and normal condi-
tions. The next greatest number of leaves was
observed with the G. mosseae treatments, but
differences between these two fungi were not
significant under either water regime (Fig. 6).

Application of AM fungi and PGPB
combined increased number of walnut leaves
significantly compared with the control
(without AM and PGPB) treatment (Fig. 7).
In other words, these symbiotic microorgan-
isms, but especially AM fungi, prevent leaf
abscission.
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Fig. 3. Effect of arbuscular mycorrhizae fungi on
the fresh weight of walnut seedlings under
normal and drought stress conditions.
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Fig. 4. Effect of plant growth-promoting bacteria
(PGPB) on fresh weight of walnut seedlings
under normal and drought stress conditions.
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Fig. 5. Effect of arbuscular mycorrhizae fungi and
plant growth-promoting bacteria (PGPB) on
fresh weight of walnut seedlings.

In general, drought stress caused the
walnut leaf abscission. The greatest percent-
age of leaf abscission was observed in the
control treatment (without AM fungi) under
drought stress (18 leaves/plant). AM fungi
prevented leaf abscission significantly in the
drought stress condition, probably as a result
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Fig. 6. Effect of arbuscular mycorrhizae fungi on
number of walnut leaves under normal and
drought stress conditions.
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Fig. 7. Effect of arbuscular mycorrhizae fungi and
plant growth-promoting bacteria (PGPB) on
number of walnut leaves.

& Control
18 | @G. mosseae

B G. efunicatum
16

aG. mix

leaf abscission (%)
=

Normal

Drought stress

Fig. 8. Effect of arbuscular mycorrhizae fungi on
walnut leaf abscission under normal and
drought stress conditions.

of increased water absorption by AM fungi
(Fig. 8).

The longest root length (26 cm) was
obtained by application of G. etunicatum
fungus under normal water conditions. In
contrast, the shortest root length (5 cm) was
observed in the no-AM treatment (control)
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Fig. 9. Effect of arbuscular mycorrhizae fungi on
walnut root length under normal and drought
stress conditions.
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Fig. 10. Effect of plant growth-promoting bacteria
(PGPB) on root length of walnut seedlings
under normal and drought stress conditions.
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Fig. 11. Effect of arbuscular mycorrhizae fungi and
plant growth-promoting bacteria (PGPB) on
walnut root length.

under drought stress. In general, the use of
AM fungi caused a significant increase in
root length under both normal and water
stress conditions (Fig. 9).

Application of PGPB (4zotobacter chroo-
coccum + Azospirillium lipofrum) improved

1089



root growth in both normal and drought stress
treatments. There was a significant difference
in root length between the control (no PGPB)
and PGPB treatment under both conditions
(Fig. 10).

The simultaneous application of G. etuni-
catum mycorrhiza and PGPB further in-
creased root length significantly. Mycorrhiza
and symbiotic bacteria combined stimu-
lated the greatest root growth of walnut
seedlings. The shortest roots were observed
in the control (no AM, no PGPB) treatment
(Fig. 11).

Evaluation of total N, P, and Zn contents.
Drought stress and AM fungi, but not PGPB,
affected N, P, and Zn concentrations of
walnut leaves significantly (P < 0.01). The
interaction of drought stress X AM fungi also
had significant effects on these nutrients (P <
0.05). The greatest concentrations of N, P,
and Zn occurred under normal conditions.
Among the AM treatments, use of G. etuni-
catum, especially under normal watering,
gave the greatest levels of P and Zn, whereas
the greatest level of N was observed under
normal watering when treated with the G.
mix. The lowest concentrations of N, P, and
Zn were observed in leaves of walnut seed-
lings not treated by AM fungi (Table 1).

Physiologic and biochemical characteristics.
AM fungi and PGPB had significant effects on
chlorophyll content (P < 0.01). In contrast, the
effect of drought stress on chlorophyll content
was not significant. Figure 12 shows the effect of
the AM fungi and PBPB interaction on chloro-
phyll content. The highest and the lowest
chlorophyll contents were observed in the com-
bined G. etunicatum + PGPB treatment and in
the control (no AM or PGPB) treatment, re-
spectively. No significant difference was ob-
served between AM fungi treatments when
applied either alone or in combination with
PGPB (Fig. 12).

Independent effects of AM fungi, PGPB,
and drought stress on proline, total soluble
sugars, total starch, peroxidase activity (P <
0.01), and total phenolic content (P < 0.05)
were significant. Their bipartite interactions
(drought stress X AM fungi; drought stress x
PGPB and AM fungi X PGPB) were also
significant for these traits. Also, the interac-
tion of drought stress X PGPB on proline,
total soluble sugar, and starch concentrations
was not significant. Under drought stress,
AM fungi increased proline, total soluble
sugar, starch, peroxidase enzyme activity,
and total phenolic content significantly. The
greatest accumulation of these was observed
in the G. etunicatum treatment under drought
stress. Walnut seedlings without AM treat-
ment (control) under normal watering had the
lowest concentrations of these components.
There was no significant difference in proline
content among the AM fungi under stress.
Also, the amount of peroxidase enzyme
activity in the G. etunicatum and G. mix
treatments under drought stress condition
showed no significant difference (Table 2).

AM fungi in combination with PGPB also
increased these biochemical traits significantly
relative to the no-AM control (Table 3).
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Table 1. Effect of arbuscular mycorrhizae (AM) fungi on leaf nitrogen (N), phosphorus (P), and zinc (Zn)
concentrations of walnut under normal and drought stress conditions.

Water condition AM fungi N (%) P (ppm) Zn (ppm)

Normal Control 4.81+0.7 cd® 1.52+0.05d 1.2+0.03d
G. mosseae 5.63+0.07b 1.63 +0.05¢ 1.58+0.02 ¢
G. etunicatum 5.40+0.08 b 1.98+0.04 a 1.89 £ 0.04 a
Glomus mix 6.42+0.05a 1.75+0.05b 1.68 £0.05 ¢

Drought stress Control 4.17+£0.06 d 148 +£0.04d 0.88 £0.03 ¢
G. mosseae 491+0.07¢ 1.61 £0.04 ¢ 1.60 +£0.03 ¢
G. etunicatum 4.96+0.07 ¢ 1.78 £0.03 b 1.78 £0.03 b
Glomus mix 5.00 + 0.06 be 1.73+0.03 b 1.65+0.03 ¢

“Means within each column with the same letter are not significantly different.

Plants treated with both G. etunicatum and
PGPB had the greatest amount of proline,
total soluble sugar, starch, and total phenolic
contents and the greatest peroxidase activity.
Walnut seedlings without treatment, or
treated with PGPB only, had the lowest
concentrations and activity. There was little
difference in the examined traits between the
AM treatments without PGPB (Table 3).

PGPB increased peroxidase enzyme ac-
tivity under drought stress compared with the
control (no PGPB) under the normal condi-
tion (Fig. 13). The same result was observed
in terms of total phenolic content of walnut
leaves (Fig. 14). In the other words, walnut
seedlings incubated with PGPB under
drought stress showed increased peroxidase
activity (6.50 absorbance/min/mg protein)
and total phenolic content (21.10 mg gallic
acid equivalent/100 g). Walnut seedlings un-
der the normal condition without the PGPB
treatment had the lowest amount of peroxi-
dase activity and total phenolic content
(Figs. 13 and 14).

Discussion

Environmental stresses, especially drought,
low temperature, and salt, determine geo-
graphic distribution of plants and affect
plant growth and production dramatically
(Rapparini and Penuelas, 2014; Vahdati and
Lotfi, 2013). Drought stress is a key environ-
mental constraint on crop production. In
recent years, climate change has increased
areas affected by drought stress (Alizadeh
et al., 2015). Symbiotic microorganisms play
a key role in ecosystems. Symbiotic microor-
ganisms such as mycorrhizal fungi or N-
fixing bacteria ameliorate water and nutrient
absorption and subsequently improve plant
performance (Jacoby et al., 2017). Several
previous studies have demonstrated that AM
fungi and PGPB can alleviate drought stress
in a large number of plants (Arzanesh et al.,
2011; Augé, 2001). In confirmation of this,
our results show that AM fungi, along with
PGPB, improve walnut growth characteris-
tics, including plant height, fresh weight, and
number of leaves.

Symbiotic microorganisms, especially
AM fungi, alleviate drought stress by im-
proving water uptake and transport, and
enhance nutrient uptake, especially P and N
(Augé 2001). One of the main mechanisms
regulating plant water uptake under drought
stress is by reducing the yg through accu-
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Fig. 12. Effect of arbuscular mycorrhizae fungi and
plant growth-promoting bacteria (PGPB) on
leaf chlorophyll content of walnut.

mulations of low-molecular weight solutes
(Martinez et al., 2004). Under drought
stress, AM fungi increase biosynthesis of
metabolites—mainly proline and sugars—
which provide osmotic adjustment in plant
roots and leaves. In addition, AM fungal
hyphae act like additional plant roots, creat-
ing an efficient pathway for increased wa-
ter and nutrient transport and uptake (Rapparini
and Penuelas, 2014). In our study, AM fungi
and PGPB increased the biosynthesis of some
metabolites, including soluble sugar and pro-
line, and contributed to improved walnut
plant growth.

Proline is an important amino acid that
protects cells from oxidation and acts as a
regulator to reduce yg of plant roots and
leaves. Drought stress induces a dramatic
increase in proline concentration in phloem
sap (Lotfi et al., 2009). Deposition of proline
increases in roots of water-stressed plants,
leading to increased water uptake. Proline
then moves to leaves via phloem trans-
port (Girousse et al., 1996). We found that
drought stress increased proline accumula-
tion (Lotfi et al., 2010, 2019). Also, AM fungi
and PGPB increased proline concentration
significantly in walnut leaves, which likely
helps walnut plants to cope with drought
stress. We also found that AM and PGPB
increased total soluble sugar in walnut leaves.
Soluble sugars are also important os-
motic adjustors in plants (Tan et al., 2006).
They act as osmoprotectors, correlated with
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Table 2. Effect of fungi on some biochemical traits of walnut under normal and drought stress conditions.

Starch Total phenolic
Proline Total soluble concn Peroxidase activity content
Water condition AM fungi (mg-g™") sugar (mg-g~' DW) (mg-g”' DW) (absorbance/min/mg) (mg GAE/100 g)
Normal Control 4.87+1.02¢ 5.08+0.95d 6.74 +0.78 d 580+0.52¢ 1480 £ 0.72 f
Glomus mosseae 1720+ 142 b 9.40+0.87 ¢ 1232+ 0.83 ¢ 6.21+0.61 c 16.74 + 0.64 ef
G. etunicatum 19.21 + 1.35 ab 10.35+0.93 ¢ 13.07+ 1.0l ¢ 6.30+0.63 ¢ 21.01 £0.63 ¢
Glomus mix 17.62+1.10 b 10.02+1.02 ¢ 11.78 £0.93 ¢ 6.30+0.57 ¢ 18.50 + 0.55 de
Drought Control 750+ 135¢ 6.33+0.85d 10.01 £1.21¢ 6.25+0.38¢ 19.75£0.72 cd
G. mosseae 2055+ 1.11a 13.24 +1.01 ab 19.23+0.76 b 7.82+0.52b 22.05+0.68 ¢
G. etunicatum 2144+ 120a 16.50 £0.92 a 23.62+0.99a 9.01 £0.67 a 29.85+0.81a
Glomus mix 20.51+1.38a 13.82+1.08 b 19.81 £0.92b 8.72 £ 0.46 ab 24.58 £0.55b

“Means within each column with the same letter are not significantly different.
AM = arbuscular mycorrhizae; DW = dry weight; GAE = gallic acid equivalent.

Table 3. Effect of arbuscular mycorrhizae (AM) fungi and plant growth-promoting bacteria (PGPB) on some biochemical traits of walnut.

Total phenolic

Proline Total soluble sugar Starch concn Peroxidase activity content
PGPB bacteria AM fungi (mg-g™) (mg-g”' DW) (mg-g”' DW) (absorbance/min/mg) (mg GAE/100 g)
Control Control 599+ 1.57f 402+124c¢ 5.01+097d 537+0.75b 16.10£0.43 f
Glomus mosseae 18.03 £1.31d 11.00 £ 1.05b 1272 +£0.89 ¢ 6.58+0.57b 1890+ 0.47 ¢
G. etunicatum 1845+1.42b 14.02+095a 1519+ 1.12 ¢ 7.12+049b 2480+0.42b
Glomus mix 18.06 £ 1.2 cd 10.74 £ 1.12b 13.60 £ 1.05 ¢ 6.86 +0.73 b 21.00 £0.39d
PGPB bacteria Control 6.25+1.78 ¢ 500+ 1.11¢ 6.83+093d 6.25+0.73 b 18.44£0.44 ¢
G. mosseae 1824+ 134 ¢ 11.02+1.01 b 16.20 £ 0.90 be 842 +0.61a 19.85 £ 0.42 de
G. etunicatum 1877+ 142 a 15.10£1.03 a 22.10+£0.88 a 93+£0.62a 26.20 £0.41 a
Glomus mix 18.18 £1.20 cd 10.77+£1.15b 18.70 £ 1.21 ab 9.01 +0.57 a 22.10+0.39¢
“Means within each column with the same letter are not significantly different.
DW = dry weight; GAE = gallic acid equivalent.
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Normal Drought stress

Fig. 13. Effect of plant growth-promoting bacteria
(PGPB) on peroxidase activity of walnut leaves
under normal and drought stress conditions.

osmotic adjustment and turgor maintenance,
and stabilize protein and membranes (Ingram
and Bartels, 1996).

Reactive oxygen species are induced and
accumulate under drought stress (Carvalho,
2008). Enhancement of antioxidant enzyme
activity is a mechanism for reducing the
negative effects of drought stress by reducing
oxidative stress (Lotfi et al., 2019). Zhu et al.
(2011) reported that peroxidase activity in
leaves of maize plants inoculated with AM
fungi was greater than in nonmycorrhizal
plants. Our results also demonstrate that
AM fungi reduce drought and oxidative stress
by increasing peroxidase enzyme activity
(Wu and Zou, 2009).

Symbiotic microorganisms can enhance
micronutrient uptake directly (Ramos et al.,
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Normal  Drought stress

Fig. 14. Effect of plant growth-promoting bacteria
(PGPB) on total phenolic content of walnut
leaves under normal and drought stress condi-
tions. GAE = gallic acid equivalent.

2002). Our results show that AM fungi in-
creased nutrient absorption, especially N and
P. Mycorrhizae are, in most cases, not essen-
tial for plant life, especially if soil nutrient
levels are high, but mycorrhizae are usually
present and beneficial. When nutrient supply
is poor, growth improvement resulting from
the addition of mycorrhizae can be substan-
tial. Mycorrhizae are especially important for
the absorption of P. In addition to promoting
nutrient uptake, mycorrhizae help protect
roots from disease and can assist in water
uptake. Enhancement of nutrient uptake by
AM fungi and PGPB is a fundamental mech-
anism in ameliorating the adverse effects of
drought stress on plant growth (Rapparini and
Penuelas, 2014).

under drought stress conditions. In conclu-
sion, we suggest inoculation of walnut
plants with AM fungi (especially G. etuni-
catum) and PGPB before planting in an
orchard, particularly in areas likely subject
to drought stress, to improve walnut plant
growth and to sustain crop production.
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