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Arbuscular mycorrhiza induces
low oxidative burst in drought-
stressed walnut through
activating antioxidant defense
systems and heat shock
transcription factor expression
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Arbuscular mycorrhizal fungi (AMF) have important roles in enhancing drought
tolerance of host plants, but it is not clear whether and how AMF increase
drought tolerance in walnut (Juglans regia). We hypothesized that AMF could
activate antioxidant defense systems and heat shock transcription factors (Hsfs)
transcription levels to alleviate oxidative damage caused by drought. The
walnut variety ‘Liaohe No. 1" was inoculated with Diversispora spurca and
exposed to well-watered (WW, 75% of the maximum soil water capacity) and
drought stress (DS, 50% of the maximum soil water capacity) for 6 weeks. Plant
growth, antioxidant defense systems, and expressions of five JrHsfs in leaves
were studied. Such drought treatment inhibited root mycorrhizal colonization,
while plant growth performance was still improved by AMF inoculation.
Mycorrhizal fungal inoculation triggered the increase in soluble protein,
glutathione (GSH), ascorbic acid (ASC), and total ASC contents and ascorbic
peroxidase and glutathione reductase activities, along with lower hydrogen
peroxide (H,0O,), superoxide anion radical (O,""), and malondialdehyde (MDA)
levels, compared with non-inoculation under drought. Mycorrhizal plants also
recorded higher peroxidase, catalase, and superoxide dismutase activities than
non-mycorrhizal plants under drought. The expression of JrHsf03, JrHsf05,
JrHsf20, JrHsf22, and JrHsf24 was up-regulated under WW by AMF, while the
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expression of JrHsf03, JrHsf22, and JrHsf24 were up-regulated only under
drought by AMF. It is concluded that D. spurca induced low oxidative burst in
drought-stressed walnut through activating antioxidant defense systems and
part Hsfs expressions.

KEYWORDS

arbuscular mycorrhiza, heat shock transcription factor, reactive oxygen species, symbiosis,

water stress

Introduction

Walnuts (Juglans regia L.) are an important nut crop in the
world, with the second highest yield of nut crops (Behrooz et al.,
2019). Walnut kernels can not only be consumed directly, but
also include a large amount of unsaturated fatty acids and a
variety of active ingredients (Luca et al, 2018). Among them, the
high content of polyphenols in walnuts makes them effective as
antioxidants and free radical scavengers (Ebrahimzadeh et al.,
2013). Walnut trees are influenced by soil drought stress (DS)
because of their high water demand (Vahdati et al., 2009).

Arbuscular mycorrhizal fungi (AMF) establish symbiotic
associations with various plants (Wu et al, 2013). AMF can
help the host to acquire nutrients from the soil, especially
difficult-to-move elements, and thus increase plant growth
(Ho-Plagaro et al., 2021). Studies indicated that AMF
inoculation enhanced drought tolerance of host plants through
various underlying mechanisms, as outlined by Cheng et al.
(2021). One important mechanism is the ability of AMF to
mitigate oxidative burst by enhancing antioxidant defense
systems of the host (Zou et al., 2021). The population of AMF
has been observed in rhizosphere of walnuts (Ma et al., 2021),
and AMF inoculation contributed to walnut growth (Wang,
2015; Huang et al., 2020). Combining AMF (Glomus
fasciculatus) inoculation with foliar fertilization would increase
plant growth as well as the survival of walnuts (Ponder, 1984). In
addition, AMF (Diversispora spurca) inoculation accelerated
nutrient uptake of walnuts such as P and K (Huang et al,
20205 Thioye et al., 2022). Potted studies had shown the role of
AMEF in drought tolerance of walnut plants. Behrooz et al. (2019)
reported that AMF (G. mosseae and G. etunicatum) significantly
increased contents of some metabolites (e.g., total phenols and
proline) in walnut plants under DS. Moreover, AMF also
promoted plant growth and nutrient acquisition in walnut
plants (Thioye et al., 2022), and thereby improved the
adaption of walnut plants in response to DS. The study of Liu
et al. (2021) showed the an endophytic fungus (Serendipita
indica) triggered the enhancement in superoxide dismutase
(SOD), catalase (CAT), and peroxidase (POD) activities in
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walnut plants under soil water deficit, accompanied by the
reduction of superoxide anion free radical (O,"") and
hydrogen peroxide (H,O,) levels, thus alleviating drought-
induced oxidative burst. These results suggested that symbiotic
fungi can alleviate oxidative burst in walnut under drought by
activating antioxidant defense systems. However, it is unclear
whether the dominant AMF strain, D. spurca (Huang et al,
2020), has similar functions in response to drought as S. indica.

Heat shock transcription factors (Hsfs) are key components
of signal transduction and also regulate the response of genes to
stress (Si et al., 2021). Moreover, Hsfs members such as SPL7,
HsfA1b, HsfA4a, and HsfA8 are involved in the homeostasis of
reactive oxygen species (ROS) under DS conditions (Hoang
et al, 2019). In addition, Hsfs can sense ROS in plant cells,
and Hsfs are an important regulator to control oxidative burst
under stress (Miller et al., 2008).

Although AMF has been shown to enhance drought
tolerance in many plants, it is not clear whether and how a
dominant strain, D. spurca, enhances drought tolerance in
walnuts. We hypothesized that AMF could activate antioxidant
defense systems and Hsfs transcription levels to alleviate
oxidative damage caused by drought. Hence, the present study
was performed to analyze effects of D. spurca on plant growth,
antioxidant enzyme activities, antioxidant concentrations,
transcription levels of Hsfs, ROS levels, and degree of
membrane lipid peroxidation in leaves of walnuts subjected
to DS.

Materials and methods

Plant culture, mycorrhizal inoculation,
and soil water regimes

Walnut seeds of ‘Liache No. 1’ variety were pre-disinfected
with 75% ethanol and germinated in autoclaved sands at room
temperature. Subsequently, the seedlings having four leaves were
transplanted into 2.4-L plastic pots containing 2.05 kg
autoclaved mixture of sand and soil in the volume ratio of 1:

frontiersin.org


https://doi.org/10.3389/fpls.2022.1089420
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Ma et al.

3. Mycorrhizal fungal inoculums were applied to the rhizosphere
of walnut seedlings at the time of plant transplanting. The AMEF-
inoculated treatment (+AMF) received 150 g inoculum (23
spores/g) of D. spurca per pot, and the non-AMF-inoculated
treatment (-AMF) received both 2 mL of 25 um of inoculum
filtrates and 150 g of autoclaved mycorrhizal inoculum per pot.
The origin and propagation of the D. spurca strain were
described in detail by Huang et al. (2020).

After plant transplanting, two soil moisture regimes (75%
and 50% of the maximum soil water capacity) were performed
according to the result of Li et al. (2020). The water content of
potted soil was controlled at 75% of the maximum soil water
capacity (well-watered, WW). After 7 weeks, half of the treated
plants continued to maintain under WW conditions, and the
other half of the treated plants was adjusted to 50% of the
maximum soil water capacity (DS). The soil moisture was
monitored by daily weighing, and the reduced water was
supplemented immediately, so as to maintain the designed soil
moisture condition. Such DS treatment was maintained for 6
weeks, and the seedlings were harvested. All the plants were
grown in a greenhouse with a light density of 1360 lux, a relative
air humidity of 66%, and a temperature of 28°C/22°C
(day/night).

Experimental design

The experiment was a completely randomized block design
consisting of two factors: (i) D. spurca inoculation (+AMF) and
non-inoculation (-AMF); and (ii) soil moisture regimes with
WW and DS. A total of four treatments in the experiment were
arranged, coupled with five replicates (two pots as a replicate)
per treatment.

Measurements of mycorrhizal
development and plant growth

Stem diameter, plant height, and leaf number per plant were
measured before harvesting. Shoot and root biomass was weighed
after the harvest. Root mycorrhizas were stained using the trypan
blue described by Phillips and Hayman (1970). Mycorrhizal
fungal colonization degree (%) = (mycorrhizal colonized root
length/total length of root segments examined) x 100. Hyphal
length in the soil was determined as per the method of
Bethlenfalvay and Ames (1987).

Measurements of ROS levels and degree
of membrane lipid peroxidation in leaves

Malondialdehyde (MDA, an indicator of the degree of
membrane lipid peroxidation) concentrations in leaves were

Frontiers in Plant Science

03

10.3389/fpls.2022.1089420

assayed by the thiobarbituric acid colorimetry (Sudhakar et al,
2001). HO, and O, levels were assayed by the 1 mol/L KI
colorimetric method and the hydroxylamine reaction,
respectively (Li et al., 2022).

Measurements of non-enzymatic
antioxidant concentrations in leaves

Soluble protein concentrations in leaves were measured as
per the protocol described by Bradford (1976). Ascorbic acid
(ASC) and glutathione (GSH) in leaves were extracted by
grinding 0.15 g of leaf samples with 6 mL of 5%
trichloroacetic acid into a homogenate and centrifuging at
15,000xg for 10 min (Wu et al., 2006). ASC and GSH
concentrations in the supernatant were measured according to
the method described by Li (2009). In addition, the 1 mL
supernatant was incubated with 0.5 mL of 60 mmol/L
dithiothreitol for 10 min to reduce the dehydroascorbic acid
(DHA). The reaction solution was then incubated with 5%
trichloroacetic acid, 0.4% phosphoric acid, 0.5%
bathophenanthroline, and 0.03% FeCls, and the absorbance at
534 nm was measured for total ascorbic acid (TASC)
concentrations. The DHA content was obtained by subtracting
ASC from TASC.

Measurements of antioxidant enzyme
activities in leaves

Extraction and activity of CAT were carried out by UV
spectrophotometry (Li et al., 2022). POD activity was
determined using the guaiacol (0.05 mol/L) method (Li et al.,
2022). Ascorbate peroxidase (APX) and glutathione reductase
(GR) activities were assayed by the protocol outlined by Wu et al.
(2006). Fe-SOD, Mn-SOD, and Cu/Zn-SOD activities were
measured by the Enzyme-Linked Immunosorbent assay using
the corresponding kit (ml902210, mll614100, and ml201168)
(Shanghai Enzyme-link Biotechnology Co., Ltd., Shanghai,
China), on the basis of the user manual.

Measurements of expression levels of
JrHsfs in leaves

Based on the identification of Hsfs in walnuts by Liu et al.
(2020), the sequence of walnut Hsfs genes (JrHsf03, JrHsf05,
JrHsf20, JrHsf22, and JrHsf24) was extracted from the walnut
genome (https://www.ncbi.nlm.nih.gov/genome/?term=
txid2249226 [orgn]). Primer sequences (Table 1) were
designed using Primer premier 5.0. The TaKaRa MiniBEST
plant RNA kits (9769; Takara, Dalian, China) were used to
extract leaf total RNA according to the user manual. After

frontiersin.org


https://www.ncbi.nlm.nih.gov/genome/?term=txid2249226
https://www.ncbi.nlm.nih.gov/genome/?term=txid2249226
https://doi.org/10.3389/fpls.2022.1089420
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Ma et al.

TABLE 1 Specific primer sequences of genes used for qRT-PCR.

Gene Gene ID Primer sequences (5’ —3’)
name
JrHsf03 LOC109009449  F: TGCTTATGATGTCATGGCAGAGA
R: TCCTCCTCTAAATCCACCCAAA
JrHsf05 LOC108997276  F: AGACTCCCCAATCAAGAGGAAAG
R: CCGCAGCAAGGTTTTAGCA
JrHsf20 LOC108992254  F: AGGTTGTTCTTGAGCTTTCGATG
R: GGTAGGTTTTGGTGAGGAATGG
JrHsf22 LOC109011524  F: GAACGGGGTTTGTAGTATGGTCTC
R: GACACTTGGCTCGCACTTCTT
JrHsf24 LOC108989320  F: GAAGACGTACATGCTGGTGGAG
R:
TATGCTTGAAAAGTGTAGGGAGGAG
188-rRNA LIHL01052714.1_7 F: GGTCAATCTTCTCGTTCCCTT

R: TCGCATTTCGCTACGTTCTT

checking the integrity and concentration, the RNA was reversely
transcribed into cDNA using the PrimeScript  RT reagent kits
with gDNA Eraser (RR047A; Takara, Dalian, China). The cDNA
was used as a template for qRT-PCR amplification using 18S-
rRNA as a house-keeping gene. Prior to performing qRT-PCR,
the selected primers and melting curves had been checked to
determine the reliability of the relative quantification results.
Real-time fluorescence quantitative expression analysis was
performed using a fluorescent dye method with three
biological replicates of each treatment, and relative expression
of genes was calculated using the 27**“ method (Livak and
Schmittgen, 2001).

Data analysis

Statistical analysis was performed with two-factor analysis of
variance, based on the SAS software 8.1v (SAS Institute Inc.,
Cary, NC, USA). The Duncan’s multiple range test at the 0.05%

10.3389/fpls.2022.1089420

level was used to compare the significant difference
among treatments.

Results
Root mycorrhizal colonization

No mycorrhiza was observed in the roots of walnut
inoculated without D. spurca, and the degree of mycorrhizal
colonization on the roots of walnut inoculated with D. spurca
ranged from 62.9% to 73.5% (Table 2). Soil water deficit
significantly inhibited the degree of root mycorrhizal
colonization by 14.4%, compared to WW treatment. Soil
drought treatment and AMF inoculation significantly
interacted on root mycorrhizal colonization.

Plant growth responses

Drought treatment obviously inhibited the growth of walnut
seedlings, while mycorrhizal introduction improved plant
growth (Table 2). D. spurca inoculation only significantly
increased plant height under WW by 29.3%, whereas it
increased plant height, stem diameter, and leaf number per
plant under DS significantly by 36.1%, 47.2%, and 14.4%,
respectively. AMF-inoculated seedlings exhibited 25.2%
significantly higher biomass under WW and 29.4% higher
biomass under DS, compared with non-inoculated seedlings. A
significant interaction between drought treatment and

mycorrhizal inoculation occurred on biomass production.

ROS levels

Drought treatment significantly induced an increase in leaf
H,0, and O, concentrations by 20.3% and 152.6% in

TABLE 2 Effects of AMF (Diversispora spurca) on root mycorrhizal colonization and plant growth performance of walnut under well-watered

(WW) and drought stress (DS).

Treatments Root mycorrhizal colonization (%) Plant height(cm) Stem diameter(mm) Leaf number per plant

WW+AMF 73.5 + 3.8a 47.2 £ 4.8a
WW-AMF 0.0 £ 0.0c 36.5 + 5.6b
DS+AMF 629 + 4.1b 36.2 +2.2b
DS-AMF 0.0 £ 0.0c 26.6 +7.8¢
Significance

DS o -
AME o -
DSxAMF b NS

Biomass
(g/plant)
6.7 + 0.4a 36.6 + 3.2a 34.8 + 1.6a
6.0 + 0.9ab 34.6 + 3.0a 27.8 + 2.0b
5.3 + 0.4b 334 +2.8a 27.7 + 4.3b
3.6 + 0.8¢ 292 +2.6b 214+ 1.7¢
*t ok ot
- % -
NS NS *

Data (means + SD, n = 4) followed by different letters among treatments indicate significant differences at the 5% level. * P < 0.05; ** P < 0.01; NS, not significant at the 0.05 level.
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uninoculated plants and by 32.2% and 98.7% in inoculated
plants (Figures 1A, B). However, the inoculated plants with D.
spurca recorded significantly lower leaf H,O, and O,
concentrations by 44. 5% and 41.7% under WW and by 27.7%
and 80.2% under DS, respectively, compared with the
uninoculated plants. A significant interaction between
drought treatment and AMF inoculation occurred on O,
concentrations (Table 3).

Degree of membrane lipid peroxidation

The DS treatment significantly promoted MDA levels in
both inoculated and uninoculated plants by 29.7% and 157.6%,
respectively, relative to the WW (Figure 2). On the other hand,
inoculated walnut plants showed significantly lower MDA levels
by 13.8% under WW and 126.1% under DS. There was a
significant interaction between drought treatment and AMF
inoculation for MDA levels (Table 3).

10.3389/fpls.2022.1089420

Non-enzymatic antioxidant
concentrations

Compared to the WW treatment, the DS treatment triggered
a distinct decrease in soluble protein and DHA concentrations in
inoculated and uninoculated plants, but induced an increase in
GSH, ASC and TASC concentrations in inoculated and
uninoculated plants (Figures 3A-E). Under WW conditions,
soluble protein, ASC and TASC concentrations were increased
by 40.54%, 141.57% and 3.79% in inoculated plants, compared
to uninoculated plants (Figures 3A, C, E). Under DS conditions,
soluble protein, GSH, ASC and TASC concentrations of
inoculated plants were increased by 112.50%, 9.52%, 91.89%
and 4.17%, compared to that of uninoculated plants (Figures 3A,
B, C, E). AMF inoculation caused the decrease in DHA
concentrations by 52.46% and 110.78% under WW and DS,
respectively, compared with non-AMF inoculation (Figure 3D).
No significant interaction between drought treatment and AMF
inoculation occurred on non-enzymatic antioxidants (Table 3).

A B
300 - . 180 .

~ 160
= 250 §‘
= b Z 1401
20 200 20 120
g [ g 100 b
w150 1 ~
< ) c

> P
2100 Z o0 d

S L, 40

o 50 o

= 5 © a0 \

0 0

WW+AMF WW-AMF DS+AMF  DS-AMF

FIGURE 1

WW+AMF WW-AMF DS+AMF DS-AMF

Effect of AMF (Diversispora spurca) on leaf H,O, (A) and O, (B) concentrations of walnut under well-watered (WW) and drought stress (DS).
Data (means + SD, n = 4) are significantly different (P < 0.05) if followed by different letters above the bars.

TABLE 3 Significance of variables between AMF and non-AMF colonized walnut seedlings grown in well-watered (WW) and drought stress (DS).

Variables DS AMF DSxAMF
H,0, w o NS
0, x o -
MDA ot xf ox
Soluble protein ** ** NS
GSH h e NS
ASC h b NS
DHA b e NS
TASC h b NS
Mn-SOD h e NS
Fe-SOD ot x o

Variables DS AMF DSxAMF
Cu/Zn-SOD el e NS
CAT - - o
POD o o NS
APX - - %
GR - - NS
JrHsf03 o ** NS
JrHsf05 NS * o
JrHsf20 o ** NS
JrHsf22 - - -
JrHsf24 b *x NS

NS, not significant at the 0.05 level. ¥, P <0.05; **, P <0.01.
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WW+AMF WW-AMF DS+AMF DS-AMF

FIGURE 2

Effect of AMF (Diversispora spurca) on leaf malondialdehyde (MDA) concentrations of walnut under well-watered (WW) and drought stress (DS).
Data (means + SD, n = 4) are significantly different (P < 0.05), if followed by different letters above the bars.

Antioxidant enzyme activities

The DS treatment significantly increased various antioxidant
enzyme activities compared to WW treatment, independent of
AMF inoculation or not (Figures 4A-E). In addition, under
WW, Mn-SOD, Fe-SOD, CAT, POD, APX and GR activities
were increased by 8.8%, 8.9%, 570.2%, 142.3%, 98.7% and 76.0%

in inoculated plants compared to uninoculated plants,
respectively; under DS, Mn-SOD, Cu/Zn-SOD, CAT, POD,
APX and GR activities were increased by 13.8%, 1.7%, 340.4%,
80.5%, 106.3% and 77.2% in inoculated plants compared to
uninoculated plants, respectively. A significant interaction
between DS and AMF treatment occurred on Fe-SOD, CAT,
and APX activities (Table 3).
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FIGURE 3

30

WW+AMF WW-AMF DS+AMF DS-AMF

Effect of AMF (Diversispora spurca) on leaf soluble protein (A), GSH (B), ASC (C), DHA (D), and TASC (E) concentrations of walnut under well-watered
(WW) and drought stress (DS). Data (means + SD, n = 4) are significantly different (P < 0.05), if followed by different letters above the bars.
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FIGURE 4

Effect of AMF (Diversispora spurca) on leaf superoxide dismutase (SOD) (A), catalase (CAT) (B), peroxidase (POD) (C), ascorbate peroxidase (APX)
(D), and glutathione reductase (GR) (E) activities of walnut under well-watered (WW) and drought stress (DS). Data (means + SD, n = 4) are
significantly different (P < 0.05), if followed by different letters above the bars.

Hsfs expression levels in leaves

Drought treatment up-regulated expressions of JrHsf03,
JrHsf20, Jrhsf22 and JrHsf24 in inoculated and uninoculated
walnut plants, compared to WW treatment (Figure 5). However,
DS also induced JrHsf05 expressions in uninoculated plants, but

147 = ww+aAwmF
WW-AMF
12 - DS+AMF

=3 DS-AMF

1Ve expression
—
® =]

down-regulated JrHsf05 expressions in inoculated plants. AMF
inoculation significantly up-regulated expressions of JrHsf03,
JrHsf05, JrHsf20, JrHsf22, and JrHsf24 under WW by 4.42-fold,
2.57-fold, 3.15-fold, 2.60-fold, and 1.95-fold, respectively,
compared to non-AMF treatment; under DS, AMF up-
regulated expressions of JrHsf03, Jrhsf22, and JrHsf24 by 1.32-

a

a

N

6 %

k= \
\

X

2 \

\

FIGURE 5

JrHsf03 JrHsf05 JrHsf20 JrHsf22 JrHsf24

Effect of AMF (Diversispora spurca) on Hsfs gene expression levels in leaves of walnut under well-watered (WW) and drought stress (DS). Data
(means + SD, n = 3) are significantly different (P < 0.05), if followed by different letters above the bars.
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fold, 1.96-fold, and 1.39-fold, respectively, compared to non-
AMEF inoculation, with no effect on the expression of JrHsf05 and
JrHsf20. A significant interaction between drought treatment
and AMF inoculation occurred on JrHsf05 and JrHsf22
expression (Table 3).

Discussion

Soil drought inhibited mycorrhizal
colonization, while AMF still promoted
walnut growth under drought

Our study indicated that the DS treatment reduced the
degree of root colonization by D. spurca in walnut seedlings.
Similar result was reported in trifoliate orange (Liang et al.,
2021) and peanut (Bi et al., 2021). Such reduction of mycorrhizal
colonization under DS is due to the decrease in roots, host’s
carbohydrates, and root exudates by DS, thus inhibiting spore
germination and mycorrhizal colonization (Tyagi et al.,, 2017).
Inoculation with D. spurca significantly promoted plant growth
performance of walnut seedlings, which is attributed to the fact
that AMF enhanced the uptake of mineral nutrients such as P,
Zn and Cu, along with water absorption by mycorrhizal
extraradical hyphae (Cheng et al,, 2021).

AMF activated enzymatic and
non-enzymatic antioxidant
defense systems to mitigate
oxidative burst under drought

Under stress, plants produce electron overflow in
chloroplasts, mitochondria, peroxisomes, and plasma
membranes, and thus lead to excess accumulation of ROS
such as H,O, and O™, which thus triggers oxidative damage
(Cao et al, 2022). This study showed that the soil drought
triggered oxidative burst (H,O, and O,") in leaves of
mycorrhizal and non-mycorrhizal walnut plants, thus
increasing the degree of membrane lipid peroxidation, in
accordance with increased MDA levels. However, D. spurca-
inoculated walnut plants presented significantly lower ROS and
MDA levels than uninoculated plants, suggesting that inoculated
plants suffered relatively lower oxidative damage than
uninoculated plants (Abd_Allah et al, 2015). This finding is
consistent with that on trifoliate orange (Zhang et al., 2020) and
lettuce (Kohler et al., 2009).

Soil drought causes oxidative damage to plants, while plants
also have enzymatic (e.g., SOD, POD, and CAT) and non-
enzymatic (e.g., soluble protein, ASC, and GSH) antioxidant
defense systems to reduce ROS levels (Verma et al, 2019).
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Soluble proteins are involved in the metabolic process and are
related to the water holding capacity of cells and the protective
role in cell membranes (Lu et al., 2012). Our study showed that
soil drought treatment inhibited soluble protein concentrations
in walnut leaves, while AMF inoculation promoted soluble
protein concentrations, suggesting that the inoculated plants
had stronger water retention of cells and protective effect on cell
membranes than uninoculated plants. Cao et al. (2022) found
that Piriformospora indica, but not G. versiforme, also
significantly increased leaf and root soluble protein
concentrations in Satsuma mandarin, under cold temperature,
but not favorable temperature conditions, implying that AMF-
mediated changes in soluble protein depend on AMF species,
host genotypes, and environmental stresses.

ASC-GSH cycle regulates the balance of redox state of plant
cells and is an important pathway for ROS removal (Miller et al.,
2010). Meanwhile, GSH maintains cell function and regulates
the state of sulthydryl groups, and ASC as an electron donor
participates in substance transformation (Noctor, 2006). In this
cycle, ASC is first oxidized to monohydroascorbic acid
(MDHA), in which APX utilizes ASC as an electron donor to
remove H,0, (Wang et al, 2012). In our study, inoculated
walnut plants under two soil moisture conditions showed
significantly higher ASC and TASC concentrations and
stronger APX activities than uninoculated plants, implying
that AMF activates ASC to scavenge more H,0, of the host
caused by drought. In addition, AMF inoculation also increased
GSH concentrations of walnut plants while decreased DHA
concentrations under DS. It is known that MDHA can
undergo disproportionation reaction to produce ASC and
DHA (Qadir et al., 2022). DHA uses GSH as the substrate to
generate GSSG and ASC under the action of dehydroascorbate
reductase, and GSSG further combines with NAD(P)H as an
electron donor to generate GSH under the action of GR (Li et al.,
2010). Lower DHA levels and higher GSH levels and GR activity
in mycorrhizal plants under DS mean that mycorrhizal plants
convert more DHA to ASC and modulate more accumulation of
GSH under the action of GR, as compared with non-mycorrhizal
plants. Al-Arjani et al. (2020) also reported the elevation in GR
and APX activities in Ephedra foliata plants after inoculated with
AMF under DS. Saroy and Garg (2021) also observed that
Rhizoglomus intraradices distinctly increased APX and GR
activities and GSH, TASC, ASC, and GSSH concentrations in
two pigeon pea genotypes under Ni stress. Glomus viscosum-
inoculated Cynara scolymus plants also exhibited higher ASC
and GSH concentrations than non-inoculated plants, along with
elevated APX activities, for resisting the fungal pathogen
Verticillium dahliae (Villani et al., 2021). These results indicate
that mycorrhizal plants have a stronger ASC-GSH cycle to
remove more H,0, induced by stresses than non-mycorrhizal
plants, thus maintaining lower oxidative damage.
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In ROS scavenging enzymes, SOD catalyzes O," to H,O,;
generated H,O, is then removed by POD and CAT (Qadir et al,
2022). In our study, three SODs, CAT, and POD activities were
enhanced by DS, indicating that the enzymatic antioxidant
defense system in walnut plants was activated in response to
drought. Additionally, mycorrhizal walnut plants recorded
higher POD, CAT, Mn-SOD, and Zn-SOD activities than non-
mycorrhizal plants under two soil moisture regime conditions.
Similar results were reported in Citrus sinensis inoculated with
three different AMF species (Li et al., 2022). He et al. (2020)
further found the induced expression of PtMn-SOD, PtCATI,
and PtPOD genes in trifoliate orange by F. mosseae under DS.
These results suggest that AMF enhanced enzymatic antioxidant
defense system to mitigate oxidative burst in response to DS.

AMF activated expressions of some Hsfs
members such as JrHsf03, JrHsf22, and
JrHsf24 under drought

Our study revealed that soil drought induced transcriptional
levels of JrHsf03, JrHsf20, Jrhsf22, and JrHsf24 in walnut plants,
independent on mycorrhizal presence. It suggests that Hsfs of
walnut can respond to DS, not limited to heat stress, which is
consistent with the results of Liu et al. (2020) in Hsfs of walnut
under DS, heat stress, and salt stress. Similar responses of Hsfs to
DS were also observed in mulberry (Zhai and Zhu, 2021) and
arabidopsis (Tan et al.,, 2015). Moreover, We also firstly observed
that JrHsf03, JrHsf05, JrHsf20, JrHsf22, and JrHsf24 were up-
regulated by AMF inoculation under WW, while only JrHsf03,
JrHsf22, and JrHsf24 were induced by AMF inoculation under
DS, indicating that AMF-mediated response of JrHsfs depends
on Hsfs types. It is not clear whether JrHsf03, JrHsf22, and
JrHsf24 are specifically induced by AMF, which needs to be
confirmed by additional studies. However, Gaude et al. (2012)
reported the inhibited expression of HsfB3 in arbuscule-
containing cortical cells of mycorrhizal roots versus cortical
cells of non-mycorrhizal roots with 3.2-fold after three weeks
of inoculation in roots of Medicago truncatula plants. These heat
shock factors were suppressed during the initial mycorrhizal
colonization (Gaude et al., 2012). Nevertheless, our study was
performed for 13 weeks along with soil drought, mycorrhizal
colonization had already been established, and thus this
suppression may be relieved. In addition, Hsfs members are
redox-sensitive transcription factors sensing ROS, transducing
and amplifying the ROS signal by various proteins and
transcription factors (e.g., WRKY) (Miller et al., 2008). In
walnut plants, Hsfs may be associated with the signaling
pathways of abscisic acid and Ca®" that regulate ROS
production (Mohanta et al., 2018; Liu et al., 2020). Hence, it is
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concluded that AMF activated some Hsfs members such as
JrHsf03, JrHsf22, and JrHsf24 to regulate ROS production, but
additional evidence needs to be presented. In addition, most of
Hsfs members are expressed highly in roots than other tissues
(Dossa et al., 2016), and mycorrhizal colonization firstly occurs
in roots. More work needs to focus on the responsive pattern of
root Hsfs to AMF colonization under drought, how AMEF-
initiated Hsfs trigger the antioxidant defense system, and
whether AMF’s Hsfs are also involved in this response.

Conclusion

In short, our study confirmed that an arbuscular mycorrhizal
fungus, D. spurca, could promote growth performance of walnut
plants exposed to DS. In the meantime, D. spurca activated
antioxidant defense systems (e.g., enzymatic defense system and
ASC-GSH cycle) and transcription levels of three Hsfs to
alleviate oxidative burst. This study firstly provides insights
into the role of AMF-regulated responses of Hsfs in possibly
mitigating ROS burst. However, future work needs to focus on
how mycorrhizal fungi initiate host or fungal Hsfs to mitigate
oxidative burst under drought.

Data availability statement

The original contributions presented in the study are
included in the article/supplementary material. Further
inquiries can be directed to the corresponding authors.

Author contributions

W-YM, Y-JX, and Q-SW designed the experiment. W-YM,
Q-YQ, and Y-NZ prepared the materials for the experiment. W-
YM, Q-YQ, Y-JX, and Y-NZ conducted the experiment. W-YM
and Q-YQ analyzed the data. W-YM wrote the manuscript. KK,
BG, AH, A-BA-A, KA, EA, and Q-SW revised the manuscript.
All authors contributed to the article and approved the
submitted version.

Funding

This work was supported by the Open Fund in Hubei Key
Laboratory of Economic Forest Germplasm Improvement and
Resources Comprehensive Utilization, Hubei Collaborative
Innovation Center for the Characteristic Resources Exploitation
of Dabie Mountains, Huanggang Normal University (202019604),

frontiersin.org


https://doi.org/10.3389/fpls.2022.1089420
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Ma et al.

the Hubei Province ‘14th Five-Year’ Major Science and
Technology Aid Tibet project (SCXX-XZCG-22016), and 2021
Undergraduate Innovation and Entrepreneurship Training
Program of Yangtze University (Yz2021328). The authors are
grateful to their sincere appreciation to the Researchers
Supporting Project Number (RSP-2021/134), King Saud
University, Riyadh, Saudi Arabia.

Acknowledgement

This work was supported by the Open Fund in Hubei Key
Laboratory of Economic Forest Germplasm Improvement and
Resources Comprehensive Utilization, Hubei Collaborative
Innovation Center for the Characteristic Resources Exploitation
of Dabie Mountains, Huanggang Normal University (202019604),
the Hubei Province ‘14th Five-Year’ Major Science and
Technology Aid Tibet project (SCXX-XZCG-22016), and 2021
Undergraduate Innovation and Entrepreneurship Training
Program of Yangtze University (Yz2021328). The authors are

References

Abd_Allah, E. F., Hashem, A., Alqarawi, A. A., Bahkali, A. H., and Alwhibi,
M. S. (2015). Enhancing growth performance and systemic acquired resistance
of medicinal plant Sesbania sesban (L.) merr using arbuscular mycorrhizal
fungi under salt stress. Saudi J. Biol. Sci. 22, 274-283. doi: 10.1016/
1.5b5.2015.03.004

Al-Arjani, A. B. F,, Hashem, A., and Abd_Allah, E. F. (2020). Arbuscular
mycorrhizal fungi modulates dynamics tolerance expression to mitigate drought
stress in Ephedra faliata boiss. Saudi ]. Biol. Sci. 27, 380-394. doi: 10.1016/
1.51b5.2019.10.008

Behrooz, A., Vahdati, K., Rejali, F., Lotfi, M., Sarikhani, S., and Leslie, C. (2019).
Arbuscular mycorrhiza and plant growth-promoting bacteria alleviate drought
stress in walnut. HortScience. 54, 1087-1092. doi: 10.21273/HORTSCI13961-19

Bethlenfalvay, G. J., and Ames, R. N. (1987). Comparison of two methods for
quantifying extraradical mycelium of vesicular-arbuscular mycorrhizal fungi. Soil
Sci. Soc Am. J. 51, 834-837. doi: 10.2136/ss52j1987.03615995005100030049x

Bi, Y. L, Zhou, H. L., Ma, S. P,, and Gao, Y. K. (2021). Effects of bacterial
inoculation on drought tolerance and phenotypic structure of peanut: Take coal
mining area of northern shaanxi as example. J. China Coal Soc. 46, 1936-1944.
doi: 10.13225/j.cnki.jecs.ST21.0499

Bradford, M. M. (1976). A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye binding.
Anal. Biochem. 72, 248-254. doi: 10.1016/0003-2697(76)90527-3

Cao, M. A,, Zhang, F., Abd_Allah, E. F.,, and Wu, Q. S. (2022). Mycorrhiza
improves cold tolerance of Satsuma orange by inducing antioxidant enzyme gene
expression. Biocell. 46, 1959-1966. doi: 10.32604/biocell.2022.020391

Cheng, S., Zou, Y. N,, Kuca, K., Hashem, A., Abd_Allah, E. F., and Wu, Q. S.
(2021). Elucidating the mechanisms underlying enhanced drought tolerance in
plants mediated by arbuscular mycorrhizal fungi. Front. Microbiol. 12, 809473.
doi: 10.3389/fmicb.2021.809473

Dossa, K., Diouf, D., and Cissé, N. (2016). Genome-wide investigation of hsf
genes in sesame reveals their segmental duplication expansion and their active role
in drought stress response. Front. Plant Sci. 7, 1522. doi: 10.3389/fpls.2016.01522

Ebrahimzadeh, M. A., Nabavi, S. F., and Nabavi, S. M. (2013). Antihemolytic
activity and mineral contents of Juglans regia L. flowers. Eur. Rev. Med. Pharmaco.
17, 1881-1883.

Gaude, N., Bortfeld, S., Duensing, N., Lohse, M., and Krajinski, F. (2012).
Arbuscule-containing and non-colonized cortical cells of mycorrhizal roots
undergo extensive and specific reprogramming during arbuscular mycorrhizal
development. Plant J. 69, 510-528. doi: 10.1111/j.1365-313X.2011.04810.x

Frontiers in Plant Science

10

10.3389/fpls.2022.1089420

grateful to their sincere appreciation to the Researchers
Supporting Project Number (RSP-2021/134), King Saud
University, Riyadh, Saudi Arabia.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

He, J. D., Zou, Y. N,, Wu, Q. S., and Kuca, K. (2020). Mycorrhizas enhance
drought tolerance of trifoliate orange by enhancing activities and gene expression
of antioxidant enzymes. Sci. Hortic. 262, 108745. doi: 10.1016/j.scienta.2018.08.010

Hoang, T. V., Vo, K. T. X,, Rahman, M. M,, Choi, S. H,, and Jeon, J. S. (2019).
Heat stress transcription factor OsSPL7 plays a critical role in reactive oxygen
species balance and stress responses in rice. Plant Sci. 289, 110273. doi: 10.1016/
j.plantsci.2019.110273

Ho-Plagaro, T., Huertas, R. L., Tamayo-Navarrete, M. A. L, Blancaflor, E.,
Gavara, N., and GarcA-Garrido, J. M. (2021). A novel putative microtubule-
associated protein is involved in arbuscule development during arbuscular
mycorrhiza formation. Plant Cell Physiol. 62, 306-320. doi: 10.1016/
j.plantsci.2019.110273

Huang, G. M., Zou, Y. N,, Wu, Q. S,, and Xu, Y. J. (2020). Mycorrhizal roles in
plant growth, gas exchange, root morphology, and nutrient uptake of walnuts.
Plant Soil Environ. 66, 295-302. doi: 10.17221/240/2020-PSE

Kohler, J., Hernandez, J. A., Caravaca, F., and Roldan, A. (2009). Induction of
antioxidant enzymes is involved in the greater effectiveness of a PGPR versus AM
fungi with respect to increasing the tolerance of lettuce to severe salt stress. Environ.
Exp. Bot. 65, 245-252. doi: 10.1016/j.envexpbot.2008.09.008

Li, L. (2009). Experimental guidance of the plant physiology module. (Beijing,
China: Science Press).

Liang, S. M., Zhang, F., Zou, Y. N, Kuca, K., and Wu, Q. S. (2021). Metabolomics
analysis reveals drought responses of trifoliate orange by arbuscular mycorrhizal
fungi with a focus on terpenoid profile. Front. Plant Sci. 12, 740524. doi: 10.3389/
fpls.2021.740524

Li, Y.L, Liu, Y. F,, and Zhang, J. G. (2010). Advances in the research on the AsA-
GSH cycle in horticultural crops. Front. Agric. China. 4, 84-90. doi: 10.1007/
s11703-009-0089-8

Liu, B, Jing, D., Liu, F., Ma, H,, Liu, X, and Peng, L. (2021). Serendipita indica
alleviates drought stress responses in walnut (Juglans regia L.) seedlings by
stimulating osmotic adjustment and antioxidant defense system. Appl. Microbiol.
Biotechnol. 105, 8951-8968. doi: 10.1007/s00253-021-11653-9

Liu, X,, Meng, P., Yang, G., Zhang, M., Peng, S., and Zhai, M. Z. (2020).
Genome-wide identification and transcript profiles of walnut heat stress
transcription factor involved in abiotic stress. BMC Genomics. 21, 474.
doi: 10.1186/s12864-020-06879-2

Livak, K. J., and Schmittgen, T. D. (2001). Ar}alysis of relative gene expression
data using real-time quantitative PCR and 2"**“* method. Methods. 25, 402-408.
doi: 10.1006/meth.2001.1262

frontiersin.org


https://doi.org/10.1016/j.sjbs.2015.03.004
https://doi.org/10.1016/j.sjbs.2015.03.004
https://doi.org/10.1016/j.sjbs.2019.10.008
https://doi.org/10.1016/j.sjbs.2019.10.008
https://doi.org/10.21273/HORTSCI13961-19
https://doi.org/10.2136/sssaj1987.03615995005100030049x
https://doi.org/10.13225/j.cnki.jccs.ST21.0499
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.32604/biocell.2022.020391
https://doi.org/10.3389/fmicb.2021.809473
https://doi.org/10.3389/fpls.2016.01522
https://doi.org/10.1111/j.1365-313X.2011.04810.x
https://doi.org/10.1016/j.scienta.2018.08.010
https://doi.org/10.1016/j.plantsci.2019.110273
https://doi.org/10.1016/j.plantsci.2019.110273
https://doi.org/10.1016/j.plantsci.2019.110273
https://doi.org/10.1016/j.plantsci.2019.110273
https://doi.org/10.17221/240/2020-PSE
https://doi.org/10.1016/j.envexpbot.2008.09.008
https://doi.org/10.3389/fpls.2021.740524
https://doi.org/10.3389/fpls.2021.740524
https://doi.org/10.1007/s11703-009-0089-8
https://doi.org/10.1007/s11703-009-0089-8
https://doi.org/10.1007/s00253-021-11653-9
https://doi.org/10.1186/s12864-020-06879-2
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.3389/fpls.2022.1089420
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Ma et al.

Li, Q. S, Xie, Y. C., Rahman, M. M., Hashem, A., Abd_Allah, E. F.,, and Wu, Q. S.
(2022). Arbuscular mycorrhizal fungi and endophytic fungi activate leaf antioxidant
defense system of lane late navel orange. J. Fungi. 8, 282. doi: 10.3390/j0f8030282

Li, J. W,, Yan, S. L., Huang, Y. C, Xia, X. X,, Chu, L. F,, Li, C. Y., et al. (2020).
Physiological and biochemical responses of pecan seedlings to drought stress. J.
Nucl. Agric. Sci. 34, 2326-2334. doi: 10.11869/j.issn.100-8551.2020.10.2326

Luca, P., Claudio, F., Cristina, C., Raffaele, T., and Mario, B. (2018). Kernel oil
content and oil composition in walnut (Juglans regia 1.) accessions from north-
Eastern Italy. J. Sci. Food Agric. 98, 955-962. doi: 10.1002/jsfa.8542

Lu, Q. Q, Song, X. S, and Yan, D. H. (2012). Effects of drought stress on
photosynthetic physiological characteristics in soybean seeding. Chin. Agric. Sci.
Bull. 28, 42-47.

Ma, W.Y,, Wu, Q. S., Xu, Y. J., and Kuca, K. (2021). Exploring mycorrhizal fungi
in walnut with a focus on physiological roles. Not. Bot. Horti Agrobo. 49, 12363.
doi: 10.15835/nbha49212363

Miller, G., Shulaev, V., and Mittler, R. (2008). Reactive oxygen signaling and
abiotic stress. Physiol. Plant. 133, 481-489. doi: 10.1111/j.1399-3054.2008.01090.x

Miller, G., Suzuki, N., Ciftci-Yilmaz, S., and Mittler], R. (2010). Reactive oxygen
species homeostasis and signalling during drought and salinity stresses. Plant Cell
Environ. 33, 453-467. doi: 10.1111/j.1365-3040.2009.02041.x

Mohanta, T. K., Bashir, T., Hashem, A., Abd_Allah, E. F., Khan, A. L., and Al-
Harrasi, A. S. (2018). Early events in plant abiotic stress signaling: interplay
between calcium, reactive oxygen species and phytohormones. Plant Growth
Regul. 37, 1033-1049. doi: 10.1007/s00344-018-9833-8

Noctor, G. (2006). Metabolic signalling in defence and stress: The central roles of
soluble redox couples. Plant Cell Environ. 29, 409-425. doi: 10.1111/j.1365-
3040.2005.01476.x

Phillips, J. M., and Hayman, D. S. (1970). Improved procedures for clearing
roots and staining parasitic and vesicular-arbuscular mycorrhizal fungi for rapid
assessment of infection. Trans. Br. Mycol. Soc. 55, 158-161. doi: 10.1016/S0007-
1536(70)80110-3

Ponder, F. (1984). Growth and mycorrhizal development of potted white ash
and black walnut fertilized by two methods. Can. J. Bot. 62, 509-512. doi: 10.1139/
B84-075

Qadir, S. U,, Raja, V., Siddiqui, W. A,, Shah, T., Alansi, S., and El-Sheikh, M. A.
(2022). Ascorbate glutathione antioxidant system alleviates fly ash stress by
modulating growth physiology and biochemical responses in Solanum
lycopersicum. Saudi J. Biol. Sci. 29, 1322-1336. doi: 10.1016/j.5jbs.2021.12.013

Saroy, K., and Garg, N. (2021). Relative effectiveness of arbuscular mycorrhiza
and polyamines in modulating ROS generation and ascorbate-glutathione cycle in
Cajanus cajan under nickel stress. Environ. Sci. Poll. Res. 28, 48872-48889.
doi: 10.1007/s11356-021-13878-7

Si, W. N,, Liang, Q. Z., Chen, L., Song, F. Y., Chen, Y., and Jiang, H. (2021).
Ectopic overexpression of maize heat stress transcription factor ZmHSf05 confers
drought tolerance in transgenic rice. Genes. 12, 1568. doi: 10.3390/genes12101568

Sudhakar, C., Lakshmi, A., and Giridarakumar, S. (2001). Changes in the
antioxidant enzymes efficacy in two high yielding genotypes of mulberry (Morus

Frontiers in Plant Science

11

10.3389/fpls.2022.1089420

alba 1.) under NaCl salinity. Plant Sci. 161, 613-619. doi: 10.1016/S0168-9452(01)
00450-2

Tan, Y., He, C. Z., and Guo, L. H. (2015). Effect of heat shock factor AtHsfAla on
physiological indexes in Arabidopsis thaliana seedlings in drought. J. Kunming
Univ. 37, 64-68. doi: 10.14091/j.cnki.kmxyxb.2015.03.015

Thioye, B., Legras, M., Castel, L., Hirissou, F., and Trinsoutrot-Gattin, I. (2022).
Understanding arbuscular mycorrhizal colonization in walnut plantations: The
contribution of cover crops and soil microbial communities. Agriculture. 12, 1.
doi: 10.3390/agriculture12010001

Tyagi, J., Varma, A., and Pudake, R. N. (2017). Evaluation of comparative effects
of arbuscular mycorrhiza (Rhizophagus intraradices) and endophyte
(Piriformospora indica) association with finger millet (Eleusine coracana) under
drought stress. Eur. J. Soil Biol. 81, 1-10. doi: 10.1016/j.ejsobi.2017.05.007

Vahdati, K., Lotfi, N., Kholdebarin, B., Hassani, D., Amiri, R., Mozaffari, M. R.,
et al. (2009). Screening for drought-tolerant genotypes of persian walnuts (Juglans
regia 1.) during seed germination. HortScience. 44, 1815-1819. doi: 10.21273/
HORTSCI.44.7.1815

Verma, G., Srivastava, D., Tiwari, P., and Chakrabarty, D. (2019). “ROS
modulation in crop plants under drought stress,” in Reactive oxygen, nitrogen
and sulfur species in plants: Production, metabolism, signaling and defense
mechanisms.. Eds. M. Hasanuzzaman, V. Fotopoulos, K. Nahar and M. Fujita
(West Sussex, UK: John Wiley & Sons Ltd.), 311-336. doi: 10.1002/
9781119468677.ch13

Villani, A., Tommasi, F., and Paciolla, C. (2021). The arbuscular mycorrhizal
fungus Glomus viscosum improves the tolerance to verticillium wilt in Artichoke
artichoke by modulating the antioxidant defense systems. Cells. 10, 1944.
doi: 10.3390/cells10081944

Wang, J. (2015). Master’s thesis. (Jingzhou, China: Yangtze University).

Wang, P., Yin, L, Liang, D., Li, C,, Ma, F. W,, and Yue, Z. (2012). Delayed
senescence of apple leaves by exogenous melatonin treatment: Toward regulating
the ascorbate-glutathione cycle. J. Pineal Res. 53, 11-20. doi: 10.1111/j.1600-
079X.2011.00966.x

Wu, Q. S., Srivastava, A. K., and Zou, Y. N. (2013). AMF-induced tolerance to
drought stress in citrus: A review. Sci. Hortic. 164, 77-87. doi: 10.1016/
j.scienta.2013.09.010

Wu, Q. S, Xia, R. X,, and Zou, Y. N. (2006). Reactive oxygen metabolism in
mycorrhizal and non-mycorrhizal citrus (Poncirus trifoliata) seedlings subjected to
water stress. J. Plant Physiol. 163, 1101-1110. doi: 10.1016/j.jplph.2005.09.001

Zhai, R. B., and Zhu, J. H. (2021). Identification and function anlysis of mulberry
heat stess trascription factor gene HSFI10-2. Sci. Sericult. 47, 111-118.
doi: 10.13441/j.cnki.cykx.2021.02.002

Zhang, F., Zou, Y. N., Wu, Q. S., and Kuca, K. (2020). Arbuscular mycorrhizas
modulate root polyamine metabolism to enhance drought tolerance of trifoliate
orange. Environ. Exp. Bot. 171, 103962. doi: 10.1016/j.envexpbot.2019.103926

Zou, Y. N., Wu, Q. S., and Kuca, K. (2021). Unravelling the role of arbuscular
mycorrhizal fungi in mitigating the oxidative burst of plants under drought stress.
Plant Biol. 23, 50-57. doi: 10.1111/plb.13161

frontiersin.org


https://doi.org/10.3390/jof8030282
https://doi.org/10.11869/j.issn.100-8551.2020.10.2326
https://doi.org/10.1002/jsfa.8542
https://doi.org/10.15835/nbha49212363
https://doi.org/10.1111/j.1399-3054.2008.01090.x
https://doi.org/10.1111/j.1365-3040.2009.02041.x
https://doi.org/10.1007/s00344-018-9833-8
https://doi.org/10.1111/j.1365-3040.2005.01476.x
https://doi.org/10.1111/j.1365-3040.2005.01476.x
https://doi.org/10.1016/S0007-1536(70)80110-3
https://doi.org/10.1016/S0007-1536(70)80110-3
https://doi.org/10.1139/B84-075
https://doi.org/10.1139/B84-075
https://doi.org/10.1016/j.sjbs.2021.12.013
https://doi.org/10.1007/s11356-021-13878-7
https://doi.org/10.3390/genes12101568
https://doi.org/10.1016/S0168-9452(01)00450-2
https://doi.org/10.1016/S0168-9452(01)00450-2
https://doi.org/10.14091/j.cnki.kmxyxb.2015.03.015
https://doi.org/10.3390/agriculture12010001
https://doi.org/10.1016/j.ejsobi.2017.05.007
https://doi.org/10.21273/HORTSCI.44.7.1815
https://doi.org/10.21273/HORTSCI.44.7.1815
https://doi.org/10.1002/9781119468677.ch13
https://doi.org/10.1002/9781119468677.ch13
https://doi.org/10.3390/cells10081944
https://doi.org/10.1111/j.1600-079X.2011.00966.x
https://doi.org/10.1111/j.1600-079X.2011.00966.x
https://doi.org/10.1016/j.scienta.2013.09.010
https://doi.org/10.1016/j.scienta.2013.09.010
https://doi.org/10.1016/j.jplph.2005.09.001
https://doi.org/10.13441/j.cnki.cykx.2021.02.002
https://doi.org/10.1016/j.envexpbot.2019.103926
https://doi.org/10.1111/plb.13161
https://doi.org/10.3389/fpls.2022.1089420
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Arbuscular mycorrhiza induces low oxidative burst in drought-stressed walnut through activating antioxidant defense systems and heat shock transcription factor expression
	Introduction
	Materials and methods
	Plant culture, mycorrhizal inoculation, and soil water regimes
	Experimental design
	Measurements of mycorrhizal development and plant growth
	Measurements of ROS levels and degree of membrane lipid peroxidation in leaves
	Measurements of non-enzymatic antioxidant concentrations in leaves
	Measurements of antioxidant enzyme activities in leaves
	Measurements of expression levels of JrHsfs in leaves
	Data analysis

	Results
	Root mycorrhizal colonization
	Plant growth responses
	ROS levels
	Degree of membrane lipid peroxidation
	Non-enzymatic antioxidant concentrations
	Antioxidant enzyme activities
	Hsfs expression levels in leaves

	Discussion
	Soil drought inhibited mycorrhizal colonization, while AMF still promoted walnut growth under drought
	AMF activated enzymatic and non-enzymatic antioxidant defense systems to mitigate oxidative burst under drought
	AMF activated expressions of some Hsfs members such as JrHsf03, JrHsf22, and JrHsf24 under drought

	Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgement
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


