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Abstract We assessed the effects of arbuscular mycorrhi-
zal fungi (AMF) Rhizophagus irregularis inoculation on salt
stress tolerance in roots of the drought-tolerant plant Elae-
agnus angustifolia. We studied a plant growth index, spore
density and hyphal length density of AMF, the Na* contents
and ultrastructure of root cells, as well as rhizosphere soil
enzyme activities of mycorrhizal and non-mycorrhizal E.
angustifolia seedlings under different salt stress. Under salt
stress, growth of E. angustifolia with mycorrhizal inocu-
lation was higher than that of non-inoculated treatments.
The spore density and hyphal length density decreased
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significantly under salt stress in rhizosphere soil of mycor-
rhizal E. angustifolia seedlings (p <0.05). The root cells of
E. angustifolia seedlings inoculated with R. irregularis at
300 mmol L~! salt had more organelles, greater integrity,
and lower root Na™ contents than those of non-inoculated
seedlings. In addition, the results showed notably higher
activities of catalase, phosphatase, urease and saccharase in
rhizosphere soil of the mycorrhizal seedlings in response to
salinity compared to those of the non-mycorrhizal seedlings.
Therefore, AMF inoculation could enhance salt stress toler-
ance in roots of E. angustifolia.

Keywords Salt stress - Arbuscular mycorrhizal fungi -
Elaeagnus angustifolia - Na™ content - Ultrastructure of
root cell - Soil enzyme

Introduction

Salinity is one of the main abiotic factors that deleteriously
affect plant development and yield (Elhindi et al. 2017,
Metwally and Abdelhameed 2018). High salt concentration
in the soil can limit plant biochemical processes, mainly
because osmosis leads to water deficits and specific ionic
effects that can lead to toxicity and nutrient imbalance (Yin
et al. 2019; Heuer 2005; Zhu and Gong 2014). In addition,
salt stress affects the ability of plant roots to absorb water by
reducing soil water potential, which increases the likelihood
of cell dehydration (Abdel-Fattah et al. 2016; Ebrahim and
Saleem 2017; Metwally and Abdelhameed 2018).
Arbuscular mycorrhizal fungi (AMF) can establish mycor-
rhizal symbioses with most terrestrial plant species (Chang
et al. 2018; Xu et al. 2016), which can lead to changes in the
morphological, nutritional and physiological state of plants.
Moreover, these effects of AMF symbioses can enhance
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plant resistance against different abiotic stresses, such as salt,
drought, and cold (Alqarawi et al. 2014a, b; Hashem et al.
2015). Shekoofeh et al. (2012) proved that inoculation with
AMEF protects Ocimum basilicum against salt stress by improv-
ing mineral uptake, chlorophyll synthesis and water use effi-
ciency. The enhanced growth of AMF-treated tomato plants
was associated with mycorrhizal-associated host plant nutrient
uptake (Hashem et al. 2015). Combining AMF and rhizobium
inoculations can also enhance plant growth, nodulation, and
nitrogen fixation of soybean under salt stress (Elsheikh and
Wood 1995; Younesi et al. 2013). Meanwhile, the number of
mycelia and vesicles, plus arbuscule formation and coloniza-
tion were reduced significantly due to salt stress (Hashem et al.
2018, 2019).

AMF can promote the growth of plants in normal and
stressed environments by improving soil enzyme activities
(Gamalero et al. 2010; Navarro et al. 2014; Alqarawi et al.
2014a, b). Soil enzymes are derived from soil microorgan-
isms and plant roots and are involved in many biological pro-
cesses (Marx et al. 2001; Shao et al. 2019), and increasing
salinity levels may reduce soil enzyme activity (Usman 2015;
Zheng et al. 2017). Raiesi and Sadeghi (2019) found that in
cadmium-contaminated ecosystems, high-salinity conditions
have a greater negative impact on soil enzyme activity than
non-saline conditions. In Zhang et al. (2014) study, the inocu-
lation of AMF and A. spartina enhanced the activities of soil
enzymes (i.e., urease, invertase, neutral and alkaline phos-
phatase) under salt stress.

Our research group has been studying the response of
arbuscular mycorrhizal seedlings to salt stress for many years.
Elaeagnus angustifolia belongs to the family Elaeagnaceae,
and is the main tree species used for salt-alkaline land res-
toration in China because of its well-developed root system
(Asgarzadeh et al. 2014; Zhang et al. 2018). Some achieve-
ments have been made in the studies of mycorrhizal resistance
enzymes, photosynthetic physiology (Sun et al. 2016; Jia et al.
2018), ion distribution (Chang et al. 2018) and proteomics
(Song et al. 2015a, b) of E. angustifolia seedlings, and we
continue using this species here to study mycorrhizal effects
on seedlings. The purpose of this study was to explore the
effects of salt stress on mycorrhizal E. angustifolia seedlings
and whether inoculation with AMF could alleviate the toxic-
ity of salt stress on plants. To do so, we measured the plant
growth index, the spore density and hyphal length density,
the content of Na* in root system, the ultrastructure of root
cells and soil enzyme activity after treatment with different
salt concentrations.
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Materials and methods
Experimental design

The experiment used a randomized complete block design
with two factors (non-mycorrhizal, abbreviated NM): myc-
orrhizal, which consisted of inoculation with Rhizophagus
irregularis (previously known as Glomus intraradices,
abbreviated RI), and four levels of the salinity factor: 0, 100,
200, and 300 mmol L~! NaCl. Each of the eight treatments
(NMy, NM, 55, NMyq9, NM4 and Ry, RI;9, RIy00, RIz00)
had ten replicates (Huaran et al. 2018; Chang et al. 2018). In
order to avoid potential bias of pot locations, the positions of
the pots were changed randomly every week.

Plant materials and soil

The seeds of E. angustifolia were provided by Heilongji-
ang Jinxiu Dadi Biological Engineering Co., Ltd., P. R.
China, and were surface-sterilized with 0.2% KMnO, for
10 min, washed for four times with sterile water, and grown
in plastic pots. Every pot contained 5 L of substrate that was
previously sterilized in an autoclave for 1 h at 121 °C for
three times on alternate days. The substrate was a mixture
of soil, peat, and vermiculite (soil:peat:vermiculite =6:2:2,
V/V; Na* content 0.24%, pH 7.8) mainly from the Forest
Botanical Garden of Heilongjiang Province (China, 45°
42" 40.09" N 126° 38" 22.23" W), and was passed through
a 5-mm sieve. The pH of the original substrate was 7.2
(Water:soil=5:1 [v/w]), organic matter content was 1.2%,
available nitrogen content was 123.4 mg kg™!, available
phosphorus content was 12.6 mg kg™, and available potas-
sium content was 76.5 mg kg~!. The conductivity of the
original soil was 0.5 ds m™".

Inoculation treatments

The RI inocula consisted of soil, spores, mycelia, and
infected root fragments. It was obtained from an open pot
culture (Sorghum bicolor L.) of R. irregularis isolated
from an area with severe salinity problems (Zhao Yue Shan
National Wetland Park, Heilongjiang Province, P. R. China,
46° 5’ 37.98" N and 125° 57" 28.43" W). At the time of
sowing, the soil was inoculated with R. irregularis. Each
pot of mycorrhiza was inoculated with 10-g R. irregularis
and planted 2 cm below the surface of the soil. The NM
group received the same number of autoclaved mycorrhiza
inoculations.

Salt stress

In order to avoid the effects of drought, water was supplied
three times a week during the entire period of plant growth.
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The plants were subjected to salt stress after about 100-days
growth sufficient for symbiotic establishment. Four levels (0,
100, 200, and 300 mmol L~ NaCl) of saline solution were
added to the soil by from a 2-mmol L' stock saline solu-
tion based on the amount of substrate in the pots. In order
to avoid osmotic shock, the content of NaCl in the soil was
gradually increased on alternate days. The desired levels of
NaCl were reached after 6 days. In order to avoid salt loss,
a tray was attached under the plastic pots.

Sampling

After one month of salt stress treatment, we harvested E.
angustifolia plants. A part of the growing plants was ran-
domly selected for each treatment and their roots were
washed three times with distilled water for the determina-
tion of mycorrhizal colonization and Na* content. The other
part was cleaned and put in 2.5% glutaraldehyde solution
and stored at 4 °C for ultrastructural observation. At the
same time, all the rhizosphere soils of E. angustifolia were
collected and screened by air drying for the determination of
spore density, mycelium quantity, and soil enzyme activity.

Experimental methods

The height and basal diameter of E. angustifolia were meas-
ured accurately with vernier calipers. Root area and root
length of E. angustifolia plants in each group were measured
with a root scanner (LC-4800, Shanghai Xintian Interna-
tional Trade Co., Ltd.) after being washed carefully under
distilled water to ensure their integrity.

Mycorrhizal colonization was evaluated by using fibrous
roots as a subsample. These were rinsed with 10% potassium
hydroxide at 90 °C for 15 min, soaked with 2% hydrochloric
acid for 5 min, and stained with acid fuchsin (Koske and
Gemma 1989). AMF spores were separated from the soil
by wet sieving and 50% sucrose centrifugation (Brundrett
et al. 1996). We determined hyphal length density in rhizo-
sphere soil of E. angustifolia by Trypan blue staining (Ren
et al. 2015).

The Na™ kurtosis of E. angustifolia root was determined
by scanning electron microscope (TM3030, HITACHI,
Japan, abbreviated SEM) and energy dispersive spectrometer
(Quantax70, HITACHI, Japan, abbreviated EDS). Fibrous
roots were fixed with 2.5% glutaraldehyde at 4 °C refrigera-
tor and trimmed with sharp blades until the trimmed sample
roots were about 1 cm. Then the roots were firmly adhered
to the sample table with silver conductive adhesive, vacuum
dried for 24 h, and sprayed with carbon. Finally, these were
placed in the SEM. The analysis voltage was 20 kV and the
beam spot was 7.2. SEM and was used to determine the sites
of mycorrhizae in roots; quantitative analysis of Na* was
carried out by EDS. The obtained Na* kurtosis value was

the mass percentage at the range sampled point; this was not
the Na™ contents per gram of root obtained in the previous
experiment.

The fibrous roots of E. angustifolia under four different
treatments (NM,,, NM;,, RI; and Rl5,) were cut to a length
of 1-2 mm, immersed in 2.5% glutaradehyde and then fixed
at 4 °C for 4 h to prevent air bubbles from entering. Then,
the samples were washed three times in phosphate buffer
solution (PBS, 0.1 mol L, pH 7.0), post-fixed with 2%
osmium tetroxide and rinsed three times again in PBS. Later,
the samples were dehydrated with acetone, impregnated, and
embedded in resin. Ultrathin sections were extracted on a
copper grid and then secondary stained with 2.5% (w/v) ura-
nyl acetate followed by staining with lead citrate. Finally, the
samples were observed and photographed by transmission
electron microscopy (H-7650, HITACHI, Japan, marked as
TEM).

The phenylbiphenyl phosphate colorimetric method,
3,5-dinitrosalicylic acid colorimetric method, sodium phe-
nol-sodium hypochlorite colorimetric method, and potas-
sium permanganate titration were used to determine the
activities of phosphatase (PHO), saccharase (SAC), ure-
ase (URE), and catalase (CAT), respectively (Guan 1986;
Akhtar et al. 2018).

Statistical analysis

Data were analyzed using SPSS version 16.0. One-way anal-
ysis of variance (ANOVA) was performed to examine the
significance of salt concentration on spore density, hyphal
contents and Na* contents. Two-way analysis of variance
(ANOVA) was performed to examine the significance of
inoculated with R. irregularis, salt, and their interactions
on plants growth and soil enzyme activities. Significant dif-
ferences between treatments were confirmed using Tukey’s
HSD test at p <0.05. Correlation analysis between salt con-
centration and each of spore density hyphal length was car-
ried out using a two-tailed Pearson test, with p <0.05 as the
level of significance. All data were plotted using Origin 8.0
software.

Results
The plant growth index of E. angustifolia

The growth of E. angustifolia changed when salt was added.
The growth of E. angustifolia inoculated with R. irregula-
ris increased significantly under salt stress compared with
non-mycorrhizal treatments (Table 1). Plant height, basal
diameter, root length, and root surface area of mycorrhizal
E. angustifolia were all significantly higher than those of
non-mycorrhizal E. angustifolia. The height of mycorrhizal
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Table 1 Effects of R. irregularis on growth of E. angustifolia under different salt concentrations

Factors Growth indices

Treatments Salt concentration Plant height (cm) Basal diameter (mm) Root length (cm) Root surface area (cm?)
(mmol L)

NM 0 45.50+0.24c 5.65+0.17b 985.73 +27.80b 146.04 +5.98¢
100 43.37+0.25d 5.30+0.13c 841.62 +89.68cde 129.52 +4.20cd
200 42.63+0.21e 4.83+0.08d 787.07 +£47.29de 107.01 £21.95de
300 39.57+0.26f 3.99+0.14e 763.64+23.34e 93.68+6.27¢

RI 0 49.07 +0.54a 6.54+0.20a 1256.7 +£22.52a 213.07+£13.04a
100 47.63+0.12b 5.86+0.19b 959.91+39.41b 189.83 +0.89b
200 45.63+0.12¢ 5.33+0.07c 928.97 +66.33bc 149.03 +6.46¢
300 43.17+0.21de 4.82+0.11d 896.56 +42.36bcd 126.96 +8.03cd

ANOVA

Sa]t sk sksksk sk R

AMF x Salt oAk ns ns ns

Values represent the mean + SD, n=5. Different letters indicate significant differences within parameters (p <0.05); ***indicate significant dif-
ferences at p <0.001; ns indicates that the interactive effect of AMF and salt on basal diameter, root length and root surface area were not signifi-

cant (p>0.05); NM, non-mycorrhizal; RI, Rhizophagus irregularis

E. angustifolia seedlings increased by 9.82%, 7.04%, and
9.10%, the basal diameter increased by 10.57%, 10.35%,
and 20.80%, the root length increased by 19.27%, 18.03%
and 18.96%, and the root surface area increased by 46.56%,
39.27%, and 35.53%, respectively, compared with non-myc-
orrhizal treatment under 100, 200 and 300 mmol L™ salt
concentration. On the whole, the growth of E. angustifo-
lia decreased with increased salt concentration. Compared
with the salt-free treatment, the height of E. angustifolia
plants treated with NM;, and Rl;,, decreased by 13.03%
and 12.02%, the basal diameter decreased by 29.38% and
26.30%, the root length decreased by 26.59% and 22.49%,
and the root surface area decreased by 42.70% and 35.90%,
respectively, when the salt concentration was 300 mmol L.
Salt and R. irregularis had no significant interactive effects
on basal diameter, root length, and root surface area
(p>0.05, Table 1); however, there was an interactive effect

Fig. 1 a Plant growth of two
treatments under 300 mmol L™
salt stress; b. photomicrographs
of structural colonization of
arbuscular mycorrhizal fungi in
the roots of E. angustifolia
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on plant height (p <0.001, Table 1). The growth of plants
was hindered by salt stress, but the growth of mycorrhizal
E. angustifolia was slightly less affected than that of non-
inoculated seedlings, suggesting that R. irregularis could
alleviate the toxicity of salt stress to plants and promote its
growth.

Colonization

Plant growth (especially plant height) in seedlings inocu-
lated with R. irregularis was higher than non-inoculated
seedings under salt stress (300 mmol L=!; Fig. 1a).

R. irregularis and E. angustifolia formed confirmed
symbioses. Mycorrhizal structures associated with root
colonization in E. angustifolia seedlings included internal
hyphae, vesicles, and arbuscules. Mycorrhizal colonization
of E. angustifolia seedlings was detected regularly in our
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samples using the method of Koske and Gemma (1989). A
small amount of hyphae appeared in the roots of E. angus-
tifolia seedlings approximately 2 months after inoculation,
but colonization was low and no vesicles were found. Once
seedlings grew for 3 months, mycorrhizal colonization of
roots increased and vesicles appeared. When seedlings grew
for 4 months, mycelia of R. irregularis in roots could be
clearly observed under the microscope, a large number of
vesicles were produced, and colonization rate reached more
than 90%. No colonization was found in non-inoculated
seedlings. We also confirmed mycorrhizal colonization of
E. angustifolia after 1 month of salt stress and there were
still over 90% colonized (Fig. 1b). Mycorrhizal colonization
of E. angustifolia seedlings was not affected by salt stress.

Spore density and hyphal length density

Spore density and hyphal length density of E. angustifo-
lia rhizosphere soil were inhibited by salt stress (Fig. 2).
With increasing salt concentration, the inhibitory effect was
greater. The spore density in rhizosphere soil under the Rl
treatment was the highest, with an average of 27.67 ind. g™
soil. The spore density of rhizosphere soil under Rl treat-
ment was the lowest, with an average content of ind. g_1
soil, and spore density increased by 33.87%, 88.63%, and
207.40% in the RI,,,, Rl,q, and Rl;,, treatments, respec-
tively, compared to the Rl treatment. The hyphal length
density of soil was highest in the RI,, treatment, with an
average concentration of 211.05 mm g~!. The hyphal length
density of soil was lowest in the Rl;,, treatment, with an
average concentration of 92.85 mm g~'. Hyphal length
density increased by 15.54%, 34.16%, and 127.31% in the
RI, (g, Rl and Rl5, treatments, respectively, compared to
the RI, treatment. There were significant differences in R.
irregularis spore density and hyphal length density in rhizo-
sphere soil depending on salt stress treatments (p <0.05),
and spore density (r=—0.999, p <0.05) and hyphal length
density (r=-0.973, p <0.05) were both significantly nega-
tively correlated with salt concentration.

Root Na™ contents

The sodium ion kurtosis of the non- mycorrhizal treatments
was higher than mycorrhizal treatments (Fig. 3)

The average Na* peak value of E. angustifolia roots was
10.13% in NM,, treatment. The average Na* peak value in
RI, treatment was 7.52%, which was 25.77% lower than
that in NM,, treatment (p <0.01). The average peak value
of Na* in NMj;, treatment was 11.84%, while that in Rl5,
treatment was 8.04%. Compared with NM,, treatment, the
average peak value of Na* in roots decreased by 32.09% in
RI;, treatment (p < 0.05; Fig. 4).

The ultrastructure of E. angustifolia root

TEM photographes of E. angustifolia root cells in NM,,
treatment showed that the whole cell structure was rela-
tively intact, including mitochondria, vacuoles and cell walls
(Fig. 5). The root cells of E. angustifolia in RI,, treatment
were closely arranged with complete cell structure. The
complete cell walls, nuclei, nuclear membranes, nucleolus
and uniformly distributed nuclear chromatin could be seen.
A large number of regular round or oval mitochondria and
vacuoles could be seen. The NM;o-treated E. angustifolia
root cells had incomplete cell structure, obvious plasmoly-
sis, degraded organelles and serious cell damage. However,
in Rl treated root cells of E. angustifolia, the cells were
still closely arranged, some organelles were degraded, the
number of mitochondria was reduced, and vacuoles were
still visible.

Rhizosphere soil enzyme activity

The activities of CAT, PHO, URE and SAC in rhizosphere
soil of E. angustifolia in both treatments decreased gradu-
ally with increased salt concentration (Fig. 6). For a given
salt concentration, the activities of CAT, PHO, and SAC in
rhizosphere soil of E. angustifolia inoculated with R. irregu-
laris were significantly higher than those in non-mycorrhizal

Fig. 2 R. irregularis spore a s b 2401
density (a) and hyphal length — 2
density (b) in rhizosphere soil ~ a ) b
of E. angustifolia under differ- 0281 ol 2 1804 = 5
ent salt concentrations (n=23). E b i x
Error bars show the standard 2 211 I 2
error. Columns with different a ¢ 5 1201
letters indicate significant dif- 3 144 sulan 5 d
ferences between treatments at §‘_ d §
p<0.05 2] I 2 601
7 =
=
0 T ™ T ™ 0 T T T L0
0 100 200 300 0 100 200 300

Salt concentration ( mmol L)

Salt concentration ( mmol L*)
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Fig. 3 Peak figure Na* determination of E. angustifolia root spectrometer under the four treatments
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Fig. 4 Na® contents in fibrous roots of E. angustifolia under salt
stress (300 mmol L™1). Error bars show the standard error. Columns
with different letters indicate significant differences between treat-
ments at p <0.05

treatments (p <0.05). The activity of URE was not signifi-
cantly different between NM,, and Rl (p > 0.05), but was
significantly different between mycorrhizal treatments under
the other three salt concentrations (p <0.05).
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At 100 mmol L~! salt concentration, the activities
of CAT, PHO, URE, and SAC in rhizosphere soil of E.
angustifolia in the NM, treatment decreased by 2.40%,
15.74%, 14.43%, and 29.01%, respectively, compared with
NM, treatment (Table 2). These differences between NM,,
and NM,, treatments were significant, except for CAT
(p <0.05). Compared with Rl treatment, the activities of
CAT, PHO, URE, and SAC in the RI,, treatment decreased
by 3.86%, 8.07%, 8.43%, and 28.26%, respectively, (p <0.05
for all but URE). At 200 mmol L~! salt concentration, the
concentrations of the above four enzymes in the NM,, treat-
ment decreased by 13.18%, 33.32%, 25.75%, and 36.71%
compared with NM,, treatment, while those in RI,, treat-
ment decreased by 9.21%, 19.48%, 16.24%, and 34.69%,
respectively, compared with RI,, treatment. At 300 mmol L=
salt concentration, the above four enzymes of NM;, treat-
ment decreased by 31.50%, 38.18%, 49.96%, and 39.85%,
respectively, compared with NM,, treatment, while those
of Rl treatment decreased by 14.80%, 40.68%, 37.21%,
and 38.99%, respectively, compared with Rl treatment.
At 200 and 300 mmol L™' salt concentration, the above
indexes of non-mycorrhizal and mycorrhizal treatments
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Fig. 5 Root cell ultrastructure
map of E. angustifolia. CW,
cell wall; M, mitochondria; N,
nucleus; Ne, nucleolus; NM,
nuclear membrane; Ka, nuclear
chromatin; IS, intercellular
space; V, vacuoles

NMO

NM300

were significantly different from those of non-salt treatments
(p<0.05). In addition, the interaction between R. irregularis
and salt concentration on URE and SAC were not signifi-
cant (p>0.05, Table 2), but it was significant for CAT and
PHO (p <0.001, Table 2). The above results showed that salt
stress can inhibit the activity of soil enzymes in E. angus-
tifolia rthizosphere; the activity of soil enzymes decreased
with increasing salt concentration. With increased salt con-
centration, the effect of mycorrhizal symbiosis between R.
irregularis and E. angustifolia was clear; the mycorrhizae
slowed the decrease of soil enzyme activity under salt stress.

Discussion

Effects of AMF on the growth of E. angustifolia
under different salt concentrations

Symbiosis between AMF and host plants can not only pro-
mote the growth and development of plants (Hashem et al.
2019), but also enhance the resistance of host plants against
different abiotic stresses (Smith and Read 2008; Hashem

2pm RI300

HV=80.0 kV
Direct Mag:10000x

Zp_m RIO 2Zpm

HV=80.0 kV
Direct Mag:20000x

HV=80.0 kV
Direct Mag:15000x

S500nm
HV=80.0 kV
Direct Mag:30000x

et al. 2018). AMF can reduce the inhibition of plant func-
tions brought on by salt stress, and increase plant height,
basal diameter, and growth, in general. AMF can increase
the biomass of both above-ground and underground parts of
plants under salt stress (Abd_Allah et al. 2015). The higher
the salt concentration in the soil, the lower the biomass of
plants (Babu et al. 2012), but inoculation of AMF can pro-
mote the growth of host plants under salt stress (Abd_Allah
et al. 2015). Bheemareddy and Lakshman (2011) demon-
strated that reduction in plant height, leaf area, and number
of leaves per plants were observed and inoculation of AMF
increased these attributes and also mitigated the salinity-
induced deleterious effects. These conclusions are consistent
with the results of our experiment.

In this experiment, we measured the growth of E. angusti-
folia height, basal diameter, root length, and root surface area
under salt stress. The height and basal diameter of E. angus-
tifolia seedlings with R. irregularis inoculation were sig-
nificantly higher than those of non-mycorrhizal plants. Salt
stress reduced the height and basal diameter of E. angustifo-
lia plants, but for a given salt concentration, the mycorrhizal
E. angustifolia grew better than non-mycorrhizal plants did.
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Taplg 2. Var.iation of enzyme Factors Soil enzyme
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levels of salt stress (mmol L1
NM 100 —0.0240 —0.1574 —0.1443 —0.2901
200 -0.1318 —0.3332 —0.2575 -0.3671
300 —0.3150 —0.3818 —0.4996 —0.3985
RI 100 —0.0386 —0.0807 —0.0843 —0.2826
200 —0.0921 —0.1948 —0.1624 —0.3469
300 —0.1480 —0.4068 -0.3721 —0.3899
ANOVA
AMF X salt HkE wk ns ns

The total length and the root system of host plants increased
following mycorrhizal treatment (Buerkert et al. 2000). The
same conclusion has been obtained when measuring root
length and root surface area in this experiment. However,
under a given salt concentration, the roots of non-mycor-
rhizal seedlings were not easy to obtain completely, broke
easily and were more fragile, while the roots of mycorrhizal
E. angustifolia were relatively easy to measure. The analysis
showed that the root system of E. angustifolia was more
vulnerable to salt stress, and R. irregularis could enhance
the salt tolerance of E. angustifolia roots and enhance the
strength of root system.
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Effects of salt stress on R. irregularis

Prior research shows that salt stress can reduce AMF spore
density (Ouziad et al. 2006), slow down the growth of myce-
lia (Hammer and Rillig 2011), and inhibit the growth of
mycelia and vesicles in roots, thus slowing down coloniza-
tion of AMF (Navarro et al. 2014). But not much is known
about the mechanism of interaction between salt stress and
AMF. In this study, salt stress was induced in seedlings of E.
angustifolia which had formed mycorrhizal symbioses. Even
under high salt stress, the colonization of mycorrhizal of
E. angustifolia seedlings was not affected. The colonization
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was still over 90% and the colonization intensity was high
(Fig. 1b). The reason for the above results may be that the
salt stress time is too short (one month), so it is necessary
to continue to trace the mycorrhizal colonization rate of E.
angustifolia under salt stress. In addition, E. angustifolia
may have a better symbiotic relationship with R. irregula-
ris under salt stress (Song et al. 2015a, b). However, Aroca
et al. (2013) demonstrated that after 5 weeks, G. intraradices
colonization decreased by 17% and 30% following 40 and
80 mmol L~! NaCl-treatment of lettuce plants compared
with non-treated plants (0 mmol L™"). Spore density and
hyphal length density decreased significantly in rhizosphere
soil with increased of salt concentration. Thus, salt stress
inhibited R. irregularis spores and mycelia in soil, and
the higher the salt concentration, the greater the inhibition
(Kumar et al. 2014).

Effect of salt stress on Na™ contents of E. angustifolia
roots in different treatments

Na™ in soil infiltrates into plant root cells with water, which
decreases intracellular water potential. When Na* enters
the plant cells in large quantities, it can disrupt the ion bal-
ance in the cells, dehydrating root cells and slowing normal
plant growth. We found that the Na* contents in roots of E.
angustifolia treated with R. irregularis was lower than that
of non-mycorrhizal treatments, which indicated that the root
Na* contents of E. angustifolia was reduced by R. irregu-
laris. Chang et al. (2018) suggested that inoculation with
AMEF promotes Nat, K*, Ca®*, and Mg?* accumulation in
the roots of E. angustifolia during treatment with salt. When
the salt concentration was 300 mmol L~!, the Na* kurtosis
value of NM;, in the roots of E. angustifolia increased sig-
nificantly. However, the trend of Na* increase in Rl roots
was not obvious. The results showed that the root system of
E. angustifolia had restrained the intake of Na* in a certain
range, thus slowing down the salt damage to the root system.
The degree of damage by Na*t to plasma membranes and
enzyme activity was reduced, and salt tolerance of E. angus-
tifolia was enhanced. However, how mycorrhizal symbiosis
reduce root uptake of Na* remains to be further studied.

Effect of salt stress on root ultrastructure of E.
angustifolia under different treatments

Roots are the most important nutrient absorption organs in
the underground part of plants and are also the plant parts
first to experience and most sensitive to salt stress. Salt stress
can also cause damage to the structure of root cells (Liang
et al. 2018). Changes in the internal structure of root cells
can affect the normal physiological growth of plants (L&u-
chli and Grattan 2014). Previous studies have shown that
when plants are exposed to salt stress, root cells will undergo

nuclear disintegration (Smith et al. 1982) and plasmolysis,
and cell walls becomes irregular (Kumar and Kumar 2014).

In this study, the internal structure of E. angustifolia
root cells under severe salt stress had more organelles and
intact cytoplasmic membranes and no plasmic wall separa-
tion when treated with mycorrhiza symbionts. The results
showed that mycorrhizae increased the salt tolerance of E.
angustifolia and reduced the salt stress injury to the root
cells of plants. The reason may be that under severe salt
stress, R. irregularis limits plant absorption of sodium ions,
thus avoiding plant toxicity (Goussi et al. 2018). Moreover,
the root cells of E. angustifolia were damaged by a large
amount of Na* in the absence of mycorrhizae. In this study,
we also found that the roots of seedlings inoculated with R.
irregularis could inhibit a large amount of Na* intake, so the
root cells were less damaged. There are few studies on the
ultrastructure of E. angustifolia roots inoculated with AMF
under salt stress. Fan et al. (2018) reported that inoculation
with F. mosseae partially maintains the grana stacking under
atrazine stress. However, the mechanism of salt tolerance
conferred by AMF to E. angustifolia needs to be further
studied by analysis of ultrastructure and molecular physi-
ological changes.

Effects of salt stress on enzyme activities in E.
angustifolia seedlings rhizosphere soil under different
treatments

Soil enzymes are secreted by soil microbes (Black 1982).
They act as catalysts in soil biochemical reactions and take
part in many important biochemical processes in soil (Ai
et al. 2015) such as plant absorption of water and nutri-
ents (Yuhui et al. 2017), redox reactions, decomposition of
humus (Eivazi et al. 2018), and the transformation of organic
compounds and microbial morphology (Qi et al. 2016). In
other words, soil enzymes are involved in the development
and change of soil, and they are important indicators of soil
activity (Du et al. 2018). The activities of SAC, PHO, URE,
and CAT in soil can indicate the cycling of soil nutrients
such as nitrogen, carbon and phosphorus (Acosta-Martinez
et al. 2018). We show that with increasing salt concentra-
tion, the activity of soil enzymes showed a downward trend,
indicating that salt stress inhibited the activity of the soil
enzymes SAC, PHO, URE, and CAT. This trend is consistent
with Raiesi and Sadeghi’s (2019) reports. However, under
a given level of salt stress, the activity of soil enzymes in
the rhizosphere of mycorrhizal E. angustifolia seedlings was
higher than that of non-mycorrhizal seedlings. In particular,
for SAC, URE, and CAT, the higher the concentration of salt
stress, the greater the difference between enzyme activity
in non-mycorrhizal and mycorrhizal treatments. The results
showed that R. irregularis can increase soil enzyme activity,
enhance soil vigor, slow down the toxic effects of salt stress

@ Springer



2072

W. He et al.

and provide better conditions for the growth of host plants.
This result also supports other related research (Ye et al.
2015; Chen et al. 2018).

Conclusion

The results of the present investigation indicate that R.
irregularis enhances the salt tolerance of E. angustifolia by
enhancing soil enzyme activity, which ameliorates the soil
environment and reduces sodium ion content (and therefore
toxicity) in roots. Alleviated salinity stress in E. angustifolia
leads to greater plant height, basal diameter, root length,
and root surface area. Hence, it is conceivable to conclude
that the right combination of AMF and E. angustifolia can
partially or completely alleviate the stress of salinity.
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