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Abstract: Salinity is the primary restriction factor for vegetation conservation and the rehabilitation
of coastal areas in Eastern China. Arbuscular mycorrhizal fungi (AMF) have been proved to have
the ability to alleviate salt stress in plants. However, the role of AMF in relieving salt stress among
indigenous trees species is less well known, limiting the application of AMF in the afforestation
of local area. In this study, a salt-stress pot experiment was conducted to evaluate the effects of
AMF on Zelkova serrata (Thunb.) Makino, a tree species with significant potential for afforestation
of coastal area. The Z. serrata seedlings inoculated with three AMF strains (Funneliformis mosseae 1,
Funneliformis mosseae 2, and Diversispora tortuosa) were subjected to two salt treatments (0 and
100 mM NaCl) under greenhouse conditions. The results showed that the three AMF strains had
positive effects, to a certain extent, on plant growth and photosynthesis under normal condition.
However, only F. mosseae 1 and F. mosseae 2 alleviated the inhibition of growth, photosynthesis,
and nutrient uptake of Z. serrata seedlings under salt stress. The two AMF strains mitigated
salt-induced adverse effects on seedlings mainly by increasing the leaf photosynthetic ability and
biomass accumulation by reducing Na+ content, increasing P, K+, and Mg2+ content, as well as by
enhancing photosynthetic pigments content and the stomatal conductance of leaves. These results
indicated that AMF inoculation is a promising strategy for the afforestation of coastal areas in
Eastern China.
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1. Introduction

Coastal areas represent unique ecosystems between ocean and land, and are globally distributed
from the Arctic and Antarctic to Tropical zones [1]. They are valuable land reserve resources, drawing
global attention for their vegetation conservation and rehabilitation [2]. The Jiangsu coastal area
is 6520 million square meters, occupying more than one-quarter of the total coastal area in China.
However, owing to complicated factors disturbing soil fertility, such as high salt accumulation, shallow
water table, and frequent inclement weather, vegetation rehabilitation of local coastal area has not been
effectively accomplished. The primary and serious limitation affecting vegetation conservation and
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rehabilitation in this area is salinity. Excess salt content in soil restricts water and nutrient absorption
by plants, adversely affecting the ion balance in plants [3]. Moreover, high salt accumulation in plants
above threshold levels could cause ion injury and oxidative damage to plants, leading to the disruption
of cell membrane integrity, metabolic disorder, weakened activities of biocatalysts, and inhibition of the
photosynthetic ability of leaves, ultimately resulting in restricted plant growth and development [4,5].

The association of plant roots with arbuscular mycorrhizal fungi (AMF) is an important ecological
strategy to help plants survive in saline environments [6]. AMF are a type of plant-growth-promoting
microorganism that can form a mutualistic relationship with more than 80% of plant species in
terrestrial ecosystems, including in saline environments [7,8]. Many researchers have reported that
AMF may increase the salt tolerance of plants and improve the rhizosphere soil environment [9,10].
The mechanisms that AMF employ to enhance the salt tolerance of plants to grow and develop
in saline environments include facilitating water and nutrient absorption through extraradicular
hyphae [3,11], maintaining more favorable K+/Na+ ratios to alleviate toxic ions effects [12],
accumulating more proline and other organic solutes to reduce osmotic stress [13], increasing the
synthesis and effectiveness of some enzymes to mitigate oxidative damage [3], inducing the expression
of stress-related genes and proteins [14], and improving rhizosphere soil health [10]. However,
knowledge of how AMF affect growth and the salt tolerance of indigenous trees species in coastal
areas, especially in Eastern China, is limited.

Zelkova serrata (Thunb.) Makino is a temperate, broad-leaved deciduous tree species of the
Ulmaceae widely distributed in the south of Yellow River, China. It belongs to two class key protected
plants of China. As an important economic and landscape indigenous tree species in Jiangsu, China,
Z. serrata timber is used for construction, especially for building temples, shrines, and high-quality
furniture. Z. serrata is well-adapted to grow in local, mildly saline soil, and is a promising candidate
for afforestation of coastal areas [15]. However, the seedlings of Z. serrata have low survival rates in
the soil of local coastal areas owing to high soil salinity, which restricts their use for afforestation of
this area. Hence, the present study was conducted based on the hypothesis that AMF could promote
the growth and salt tolerance of Z. serrata seedlings. A pot experiment was performed in a greenhouse
to determine the effect of three AMF strains (Funneliformis mosseae 1, Funneliformis mosseae 2, and
Diversispora tortuosa) on the growth (seedlings height and base diameter growth, leaf area, and biomass
of leaves, stems, and roots), photosynthesis (photosynthesis parameters, photosynthetic pigments, and
chlorophyll fluorescence parameters), relative water content and membrane stability index of leaves,
and nutrients contents (C, N, P, K+, Ca2+, Mg2+, and Na+) in the leaves and roots of Z. serrata under
salt stress (100 mM NaCl). The results obtained revealed the effects of AMF on growth, photosynthesis,
and nutrient uptake of Z. serrata seedlings under salt stress, and could contribute to gaining a better
understanding of AMF application in afforestation and vegetation rehabilitation in coastal areas.

2. Material and Methods

2.1. Plant Seedlings, AMF Inocula, and Soil

The seeds of Z. serrata were collected from healthy adult trees in Nanjing Forestry University,
China, in October 2016. Before germination, the seeds were mixed with wet sand at 1:3 ratio and
stored in a refrigerator at 4 ◦C. After 30 days, the seeds were soaked in 3 g/L KH2PO4 solution for
24 h, surface-sterilized with 75% ethanol solution for 5 min, and washed with distilled water. Then,
the seeds were allowed to germinate on culture dishes in a plant incubator under humid conditions.
The germinated seeds were transferred to a seedling-raising disk and cultivated with peat soil. Prior to
the transfer of germinated seeds, the peat soil was autoclaved at 0.14 MPa and 121 ◦C for 2 h, and the
seedlings were cultivated in phytotron under optimum conditions from March to May 2017.

F. mosseae 1, F. mosseae 2, and D. tortuosum were provided by the Institute of Plant Nutrition and
Resources, Beijing Academy of Agriculture and Forestry Sciences, China. The three AMF strains
were propagated using maize and clover as host plant. The culture substrate was yellow sand, which
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was autoclaved at 0.14 MPa and 121 ◦C for 2 h before inoculation. After 3 months, a mixture of
spores (density > 7/g), including infected root fragments, mycorrhiza, and sand were harvested as
AMF inocula.

The pot experiment was conducted in a greenhouse of Xiashu Forest Farm, Nanjing Forestry
University. The topsoil (5–30 cm) from Xiashu Forest Farm was collected, and its physicochemical
properties were determined as follows: total N, 0.03%; total P, 570.48 mg kg−1; available P,
10.00 mg kg−1; total K, 15.18 g kg−1; available K, 101.39 mg kg−1; total C, 1.55%; electrical conductivity
0.23 mS cm−1 (soil:water ratio, 1:5); and pH, 7.15 (soil:water ratio, 1:5). Before the pot experiment,
the soil was sieved through a 2-mm sieve and mixed with yellow sand and vermiculite as nursery
substrates (soil/sand/vermiculite, 1:1:1, v/v/v). The nursery substrates were autoclaved at 0.14 MPa
and 121 ◦C for 2 h, and left in the greenhouse for at least 2 weeks.

2.2. Inoculation and Experimental Design

Seedlings of uniform height (mean height 15 cm) were selected for inoculation at the beginning of
June 2017. Prior to the experiment, the pots (27-cm deep and 21-cm diameter) were soaked in 0.3%
KMnO4 solution for 3 h and washed with tap water. The experiment comprised four AMF groups:
pots inoculated with F. mosseae 1 (FM1), F. mosseae 2 (FM2), D. tortuosum (DT), and autoclaved AMF
inocula (control without AMF, NM), respectively, with each group consisting of 24 replicates, totaling
to 96 pots. Each pot was filled with 2.5 kg of autoclaved nursery substrates and 80 g of inoculum.
First, two-third of the autoclaved nursery substrates was added to the pot with the inoculum placed
under the surface of nursery substrates. Then, the seedling was transplanted to the pot, and the pot
was filled with the remaining one-third of the nursery substrates. The seedlings were cultured in
greenhouse from June 2017 to June 2018 at a temperature of 18 ◦C–35 ◦C, relative humidity of 40–80%,
day photoperiod ranging from 10 to 14 h, and a mid-day photosynthetic photon flux density (PPFD) of
about 1000 µmol m−2 s−1. The seedlings were watered six times with modified Hoagland’s nutrient
solution containing only 25% P concentration (300 mL per pot every time) during this period, and
optimum moisture conditions were maintained.

The seedlings were subjected to salt stress from the end of June 2018 to end of August 2018.
In brief, the seedlings of the four AMF groups were divided into two categories and subjected to
non-salt treatment (CK) and salt-stressed treatment (Salt), respectively. Once a week, the Salt seedlings
were watered with an aqueous solution (300 mL per pot) containing 100 mM NaCl, whereas the CK
seedlings were watered with normal water (300 mL per pot). During this period, the seedlings also
received 300 mL of modified Hoagland’s nutrient solution containing only 25% P per pot every month.

2.3. Plant Growth Parameters and AMF Colonization

The plant height and base diameter were measured before and after salt stress. The leaves, stems,
and roots were weighed after drying them at 70 C until a constant weight. The leaf area was measured
using a LA2400 Scanner (Expression 12000XL, EPSON, Long Beach, CA, USA). The fine roots were cut
into 1-cm-long segments, soaked in 10% (w/v) KOH, incubated in a water bath (90 ◦C) for 1 h, stained
with basic H2O2 (containing 30 mL of 10% (v/v) H2O2, 3 mL of concentrated NH4OH, and 60 mL of
water) for 25 min, soaked in 1% (w/v) HCl for 3 min, stained with 0.05% (w/v) Trypan Blue solution,
and placed in a water bath (90 ◦C) for 30 min [16]. Subsequently, the roots were soaked in lactic
acid-glycerol (1:1) to eliminate excess Trypan Blue solution, and examined for the presence of AMF
structures under a semi-automatic digital microscope (Leica DM5000B, Wetzlar, Germany) at 100–400×
magnification. The percentage root colonization was calculated using the following equation:

root colonization (%) =
Number of arbuscular mycorrhiza − positive segments

Total number of segments studied
× 100
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2.4. Leaf Photosynthesis, Photosynthetic Pigments, and Chlorophyll a Fluorescence

Photosynthesis parameters, including leaf net photosynthetic rate (Pn), stomatal conductance
(Gs), and transpiration rate (Tr), were measured in the third expanded leaf during the day between
09:30 and 11:30 before harvest using a portable photosynthesis system (LI-6400, LI-COR, Lincoln, NE,
USA). The parameters were determined under the following conditions: photosynthetically active
radiation, 1000 µmol m−2 s−1; CO2 concentration, 390 µmol mol−1; leaf temperature, 25 ◦C; leaf
humidity, 35–50%; and air flow rate, 0.5 dm3 min−1. The water use efficiency (WUE) was calculated as
the ratio of Pn and Tr.

Subsequently, chlorophyll fluorescence was ascertained during the day between 09:30 and 11:30
using a portable fluorometer (MINI-PAM-II, WALZ, Effeltrich, Gemany). After the leaves were
adapted to darkness for 30 min, the minimal florescence (Fo) and maximum florescence (Fm) of the
leaves were determined using a saturating pulse of about 5000 µmol m−2 s−1. Then, the leaves were
adapted to 800 µmol m−2 s−1 light, and steady state of florescence (F’), maximum florescence (Fm’),
and actual quantum yield of PSII photochemistry (φPSII) were recorded. The data obtained were
used to calculate the maximum efficiency of PSII (Fv/Fm) and quantum yield of non-photochemical
quenching (NPQ) [17]. Photosynthetic pigments, including chlorophyll a (Chl a), chlorophyll b (Chl b),
and carotenoid (Car), were extracted using 0.2 g of fresh leaves in 25 mL of 80% acetone, and the
absorbance of the extracts was determined at 663, 645, and 470 nm, respectively [18].

2.5. Leaf Water Status and Membrane Stability Index

The relative water content in the leaves was measured according to the previously method [19]
using the following formula: RWC = (fresh weight − dry weight)/(turgor weight − dry weight.
The membrane stability index was estimated using the formula [20], MSI = 1 − C1/C2, where C1 is
the electrical conductivity bridge after the leaves were heated at 40 ◦C for 30 min in a water bath, and
C2 is the electrical conductivity bridge after the leaves were boiled at 100 ◦C for 10 min in a water bath.

2.6. Leaf and Root Nutrients Content

The leaves and roots of three plants from each treatment were harvested and dried in an oven at
70 ◦C until a constant weight. Then, the dried leaves and roots were ground separately and sieved
through a 0.5-mm sieve. Subsequently, 50 mg of each sample were employed for the measurement of C
and N concentrations using an elemental analyzer (Vario MACRO cube, Elementar Trading Shanghai,
Shanghai, China). For the determination of the concentrations of other nutrients, including P, K+,
Ca2+, Mg2+, and Na+, 0.2 g of each sample was digested in 10 mL of acid mixture (HClO4:HNO3,

1:5) and diluted with double-distilled water to 100 mL. The concentration of P was determined
spectrophotometrically using ammonium molybdate blue method, whereas the concentrations of K+,
Ca2+, Mg2+

, and Na+ were ascertained with an atomic absorption spectrophotometer (AA900T, Perkin
Elmer, Norwalk, CA, USA) [21].

2.7. Statistical Analysis

Two-way analysis of variance (ANOVA) was employed to compare the treatments effects, and the
treatments means were evaluated by Duncan’s multiple range test (p < 0.05). All data analyses were
performed using SPSS19.0 (SPSS Inc., Chicago, IL, USA), and all the figures were constructed using
Origin 8.5 (OriginLab, Northampton, MA, USA).

3. Results

3.1. AMF Colonization

While vesicles, arbuscules, and hyphae were observed in the AMF-inoculated Z. serrata roots,
no mycorrhizal colonization was found in the roots of NM group (Figure 1A). FM1 and FM2 groups
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exhibited higher mycorrhizal colonization than DT group under CK and salt stress conditions
(Figure 1B). Salt significantly reduced mycorrhizal colonization in FM1 and DT groups (p < 0.05).
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Figure 1. Development of the three arbuscular mycorrhizal fungi in Z. serrata seedling roots.
(A) represents the figure of colonization status. (B) represents the figure of mycorrhizal colonization.
CK represents the control without salt and AMF. NM represents the control treatments without AMF,
FM1 represents treatments inoculated with the AMF Funneliformis mosseae 1, FM2 represents treatments
inoculated with the AMF Funneliformis mosseae 2, DT represents treatments inoculated with the AMF
Diversispora tortuosum. Different lowercase letters indicate significant differences between the three
AMF under control and salt stress at the 0.05 significance level; NS not significant, * p < 0.05, ** p < 0.01,
*** p < 0.001.

3.2. Plant Growth

Salt stress significantly decreased the growth of seedling height and diameter, leaf area, and leaf
and stem dry weight (p < 0.05) (Table 1). The increases in seedling height and diameter, as well as leaf
area in the AMF-inoculated groups, were higher than those in the NM group under CK, but were not
significant (p > 0.05). In contrast, under salt stress conditions, the growths of the seedling diameters
increased by 50% (p < 0.05), 55.55% (p < 0.05), and 16.67% after inoculation with FM1, FM2, and DT,
respectively. Nevertheless, only the FM1 group showed significant increase in the seedling leaf area
(p < 0.05).

Furthermore, there was no difference in leaf, stem, and root dry weight and leaf area between
the DT and NM groups under salt stress conditions, whereas the leaf dry weight increased by 30.95%
and 16% after inoculation with FM1 and FM2. Additionally, the stem dry weight increased by 20.71%
and 7.14% and the root dry weight increased by 22.53% and 15.49%, respectively, for the FM1 and
FM2 groups, respectively. However, no significant differences in plant growth and plant dry weight
were observed between the FM1 and FM2 groups under CK and salt stress conditions. The effect of
salt on all the indices was significant, whereas the effects of AMF and interaction of Salt and AMF
(Salt × AMF) were not, except for the effect of AMF on leaf area.
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Table 1. Effects of three AMF strains on the growth of Z. serrata seedlings.

Salt Status AM
Treatments

Growth of Seedling
Height (cm)

Growth of Seedling
Diameter (cm) Leaf Area (cm2)

Leaf Dry Weight
(g)

Stem Dry Weight
(g)

Root Dry Weight
(g)

CK NM 24.2 ± 8.5 b 3.0 ± 1.7 ab 16.0 ± 0.7 ab 7.5 ± 0.9 ab 18.6 ± 1.7 abc 9.9 ± 1.9 ab
FM1 29.2 ± 7.1 ab 3.2 ± 0.7 a 17.6 ± 0.7 a 8.7 ± 1.5 a 21.2 ± 3.7 ab 10.6 ± 2.2 ab
FM2 35.5 ± 5.4 a 2.9 ± 0.5 ab 16.5 ± 0.9 ab 8.0 ± 0.3 a 19.7 ± 3.2 abc 10.3 ± 3.6 ab
DT 30.3 ± 4.4 ab 3.1 ± 0.7 a 16.4 ± 2.0 ab 9.5 ± 1.6 a 23.3 ± 5.1 a 11.3 ± 2.2 a

Salt NM 9.5 ± 3.3 c 1.8 ± 0.4 c 10.9 ± 1.1 c 4.2 ± 1.0 c 14.0 ± 1.4 d 7.1 ± 0.9 b
FM1 8.7 ± 4.7 c 2.7 ± 0.4 ab 14.3 ± 0.6 b 5.5 ± 1.6 bc 16.9 ± 1.0 bcd 8.7 ± 0.2 ab
FM2 9.6 ± 5.4 c 2.8 ± 0.6 ab 11.6 ± 1.9 c 5.0 ± 1.3 c 15.0 ± 1.5 cd 8.2 ± 0.5 ab
DT 8.9 ± 4.5 c 2.1 ± 0.3 bc 10.2 ± 0.7 c 4.2 ± 0.2 c 14.2 ± 0.9 d 7.1 ± 1.0 b

Significance
Salt *** ** *** *** *** **

AMF NS NS ** NS NS NS
Salt × AMF NS NS NS NS NS NS

Note: CK represents the control without salt and AMF. NM represents the control treatments without AMF, FM1 represents treatments inoculated with the AMF Funneliformis mosseae 1,
FM2 represents treatments inoculated with the AMF Funneliformis mosseae 2, DT represents treatments inoculated with the AMF Diversispora tortuosum. Different lowercase letters indicate
significant differences between the three AMF under control and salt stress at the 0.05 significance level; NS not significant, * p < 0.05, ** p < 0.01, *** p < 0.001.
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3.3. Leaf Photosynthesis, Photosynthetic Pigments, and Fluorescence Parameters

The effects of salt stress and AMF on all the photosynthesis parameters were significant. Salt stress
significantly decreased Pn (µmol CO2 m−2 s−1), Gs, (mmol m−2 s−1), and Tr, (mmol H2O m−2 s−1)
(p < 0.05), but significantly increased WUE (p < 0.05) (Figure 2). A significant increase in Pn (p < 0.05)
after AMF inoculation under CK (Figure 2a) indicated that AMF enhanced the CO2 assimilation rate
of Z. serrata seedlings. However, under salt stress conditions, only the FM1 and FM2 groups showed
significant increase in Pn (p < 0.05), Gs, and Tr (p < 0.05) (Figure 2b,c). Moreover, under salt stress
conditions, WUE of the NM group was significantly higher than that of the AMF groups (p < 0.05)
(Figure 2d).
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Figure 2. Effects of salt treatments and AMF inoculation on the plant net photosynthetic rate (a),
stomatal conductance (b), transpiration rate (c), and water use efficiency (d) of Z. serrata seedlings
leaves. Vertical bars indicate the standard error of the mean (n = 9). Different lowercase letters indicate
significant differences between the three AMF under control and salt stress at the 0.05 significance level;
NS not significant, ** p < 0.01, *** p < 0.001.

While the effects of salt stress and AMF on photosynthetic pigments of Z. serrata seedlings leaves
were significant (Figure 3A–C), the influences of the three AMF strains on the photosynthetic pigments
varied. The DT group showed no changes in Chl a, Chl b, and Car both under CK and salt stress
conditions. In contrast, the FM1 and FM2 groups presented 23.78% and 9.34% increase in Chl a, 32.02%
and 12.73% increase in Chl b, and 21.37% and 8.46% increase in Car, respectively, under CK. Under the
salt stress conditions, the FM1 group presented 27.20%, 33.07%, and 17.21% increase in Chl a, Chl b,
and Car, respectively, while the FM2 group showed 10.17% and 20.05% increase in Chl a and Chl b,
respectively (Figure 3A,B).

The Fv/Fm, φPSII, and NPQ were significantly affected by salt stress, whereas only NPQ was
significantly influenced by AMF (Figure 3D–F). Salt stress decreased φPSII by 41.86% (p < 0.05) and
increased NPQ by 100.42% (p < 0.05). Among the three AMF groups, the DT group exhibited the
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most positive effect on φPSII under CK, but presented the least positive effect on φPSII under salt stress
conditions. The FM1, FM2, and DT groups demonstrated 31.38%, 17.90%, and 2.66% increase in φPSII,
respectively. In addition, the AMF groups exhibited higher mean NPQ, when compared with the NM
group, and the increase was significant under CK. In particular, the DT group showed 32.42% increase
in the value of NPQ.
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Figure 3. Effects of salt treatments and AMF inoculation on the photosynthetic pigments (A–C) and
chlorophyll fluorescence (D–F) of Z. serrata seedlings leaves. Vertical bars indicate the standard error of
the mean (n = 4). Different lowercase letters indicate significant differences between the three AMF
under control and salt stress at the 0.05 significance level; NS not significant, * p < 0.05, ** p < 0.01,
*** p < 0.001.

3.4. Leaf Relative Water Content and Membrane Stability Index

The leaf relative water content and membrane stability index were significantly affected by salt
stress. The leaf relative water content in the AMF groups was higher than that in the NM group. Under
CK, the FM1, FM2, and DT groups presented 1.46%, 1.69%, and 5.17% increase in leaf relative water
content after inoculation, respectively; however, under salt stress conditions, the values increased
by 4.58% and 2.50% after inoculation with FM1, FM2, respectively, but decreased by 1.07% (p < 0.05)
after inoculation with DT. Membrane stability index of leaf in the FM1, FM2, and DT groups slightly
increased after AMF inoculation, presenting 12.68%, 13.11%, and 11.24% increase under CK and 5.22%,
1.61%, and 2.53% increase under salt stress conditions, respectively (Figure 4).
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Figure 4. Effects of salt treatments and AMF inoculation on the relative water content and cell
membrane stability index of Z. serrata seedlings leaves. Vertical bars indicate the standard error of the
mean (n = 4). Different lowercase letters indicate significant differences between the three AMF under
control and salt stress at the 0.05 significance level; NS not significant, *** p < 0.001.

3.5. Leaf and Root Nutrients and Ions Contents

The contents of C, N, and P in the leaves and roots of Z. serrata seedlings were significantly affected
by salt stress, whereas only the P content in the roots of Z. serrata seedlings was significantly affected
by AMF inoculation. Under salt stress conditions, the contents of C, N, and P in the leaves of Z. serrata
seedlings decreased (Table 2), whereas the N content in the roots of Z. serrata seedlings increased.
There was no significant difference in the N content in the leaves and roots of seedlings in the AMF
groups and NM group. The P content in the leaves of Z. serrata seedlings increased by 18.82% and
10.59% after inoculation with FM1 and FM2 under salt stress conditions, whereas the corresponding
increase in the roots was 33.68% and 81.05%, respectively. With regard to C content, under CK, both
the FM1 and FM2 groups showed no obvious difference, whereas the DT group presented significant
increase after inoculation. Furthermore, the DT group presented no difference in the N and P uptake
under CK and salt stress conditions.

Salt stress had a considerable effect on the K+ and Na+ contents in the leaves and roots of Z. serrata
seedlings, with AMF groups showing a significant difference in the K+, Ca2+, Mg2+, and Na+ contents
in the leaves and Na+ content in the roots. Among the three AMF groups, the DT group presented
no difference in the K+, Ca2+, Mg2+, and Na+ contents in the leaves and roots under CK and salt
stress conditions. In contrast, the FM1 and FM2 groups exhibited significant variation in the K+, Ca2+,
Mg2+, and Na+ contents under salt stress conditions. In particular, under salt stress conditions, the K+

content in the leaves of the FM1 and FM2 groups increased by 25.05% (p < 0.05) and 31.67% (p < 0.05)
after inoculation, while the corresponding increase in the roots were 59.47% (p < 0.05) and 47.84%,
respectively. Moreover, the Ca2+, Mg2+, and Na+ contents in the leaves of the FM1 and FM2 groups
under salt stress conditions were higher than those in the roots. The Ca2+ content in the leaves of
the FM1 and FM2 groups under salt stress conditions increased by 13.66% and 28.09% (p < 0.05) after
inoculation, while the Mg2+ content increased by 35.05% (p < 0.05) and 49.48% (p < 0.05), respectively.
On the contrary, the Na+ content in the leaves of the FM1 and FM2 groups under salt stress conditions
decreased by 20.91% and 11.06%, while that in the roots decreased by 17.57% and 11.76%, respectively.
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Table 2. Effects of salt and AMF inoculation on leaf and root nutrient contents.

Salt Status AM Treatments C (mg/g) N (mg/g) P (mg/g) K (mg/g) Ca (mg/g) Mg (mg/g) Na (mg/g)

Leaf

CK

NM 435.1 ± 12.1 bc 23.6 ± 2.9 ab 1.2 ± 0.2 a 12.9 ± 0.4 cd 22.3 ± 1.6 bc 2.4 ± 0.3 abc 1.4 ± 0.0 d
FM1 448.3 ± 3.1 ab 24.1 ± 1.8 ab 1.1 ± 0.1 ab 11.2 ± 0.7 d 21.5 ± 1.6 bc 2.3 ± 0.1 bc 1.0 ± 0.1 d
FM2 443.6 ± 12.5 abc 24.5 ± 2.1 a 1.3 ± 0.2 a 12.5 ± 0.5 d 21.9 ± 1.5 bc 2.7 ± 0.4 ab 1.1 ± 0.1 d
DT 457.3 ± 8.3 a 22.7 ± 1.3 abc 1.2 ± 0.1 a 11.6 ± 0.6 d 18.6 ± 3.4 c 2.4 ± 0.2 bc 1.0 ± 0.1 d

Salt

NM 431.0 ± 4.1 c 20.5 ± 0.5 bc 0.9 ± 0.2 bc 14.65 ± 1.3 bc 21.0 ± 08 bc 1.9 ± 0.2 c 6.6 ± 0.1 a
FM1 432.8 ± 10.1 bc 23.4 ± 2.7 ab 1.0 ± 0.2 abc 18.3 ± 1.5 a 24.4 ± 2.1 ab 2.6 ± 0.1 ab 5.2 ± 0.4 c
FM2 432.0 ± 1.1 c 19.7 ± 2.3 c 0.9 ± 0.1 bc 19.3 ± 2.2 a 27.0 ± 4.7 a 2.9 ± 0.4 a 5.9 ± 0.5 b
DT 431.2 ± 9.0 c 19.5 ± 0.8 c 0.8 ± 0.2 c 15.1 ± 0.2 b 20.5 ± 1.6 bc 2.2 ± 0.2 bc 6.3 ± 0.4 ab

Significance
Salt ** ** *** *** NS NS ***

AMF NS NS NS ** * ** **
Salt × AMF NS NS NS ** NS NS *

Root

CK

NM 406.7 ± 0.8 b 14.4 ± 1.0 ab 1.5 ± 0.1 bc 7.1 ± 2.0 ab 17.4 ± 2.7 a 2.3 ± 0.3 a 1.1 ± 0.4 d
FM1 404.6 ± 5.4 b 14.6 ± 1.0 ab 1.4 ± 0.3 bcd 6.7 ± 0.3 b 17.5 ± 2.8 a 2.1 ± 0.4 a 1.0 ± 0.2 d
FM2 400.2 ± 1.3 b 14.1 ± 0.9 ab 2.1 ± 0.0 a 8.5 ± 0.9 a 19.9 ± 2.0 a 2.5 ± 0.4 a 1.3 ± 0.1 d
DT 420.9 ± 1.2 a 12.4 ± 0.2 b 1.3 ± 0.1 bcd 7.1 ± 0.9 ab 18.6 ± 3.9 a 2.5 ± 0.5 a 1.1 ± 0.2 d

Salt

NM 396.6 ± 4.2 b 16.0 ± 1.5 a 1.0 ± 0.1 cd 3.0 ± 0.3 d 16.6 ± 1.8 a 1.9 ± 0.2 a 7.6 ± 0.3 a
FM1 405.8 ± 9.7 b 16.0 ± 0.6 a 1.3 ± 0.4 bcd 4.8 ± 0.2 c 16.3 ± 1.3 a 2.1 ± 0.3 a 6.2 ± 0.3 c
FM2 395.8 ± 15.0 b 16.2 ± 0.8 a 1.7 ± 0.4 ab 4.5 ± 0.8 cd 18.3 ± 0.5 a 2.1 ± 0.2 a 6.7 ± 0.2 b
DT 395.7 ± 10.6 b 14.9 ± 3.6 ab 0.8 ± 0.2 d 4.1 ± 0.1 cd 15.6 ± 1.8 a 1.9 ± 0.1 a 7.6 ± 0.3 a

Significance
Salt ** ** ** *** NS * ***

AMF NS NS ** NS NS NS ***
Salt × AMF NS NS NS NS NS NS **

Notes: CK represents the control without salt and AMF. NM represents the control treatments without AMF, FM1 represents treatments inoculated with the AMF Funneliformis mosseae 1,
FM2 represents treatments inoculated with the AMF Funneliformis mosseae 2, DT represents treatments inoculated with the AMF Diversispora tortuosum. Different lowercase letters indicate
significant differences between the three AMF under control and salt stress at the 0.05 significance level; NS not significant, * p < 0.05, ** p < 0.01, *** p < 0.001.
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4. Discussion

The impact of excessive salinity on forest trees is widespread and costly all over the world [22].
High salt concentrations always damage trees, even causing death, and have severely affected the
construction of coastal wetland forests in Southeastern USA and coastal afforestation projects in China.
Some strategies have been developed to improve the salt tolerance of trees, including breeding, genetic
engineering, and microbiological techniques [23], among which the application of AMF is a relatively
cost-effective method. Although many studies have demonstrated that the inoculation of AMF can
alleviate salt stress in plants [13,24–31], they mainly focused on agriculture crops. It has been reported
that damage caused by salt stress in some tree seedlings, such as citrus (Citrus reticulata Blanco.) [26],
black locust (Robinia pseudoacacia Linn.) [32], and oleaster (Elaeagnus angustifolia Linn.) [33], were
alleviated after AMF inoculation; however, research on the effect of AMF on salt tolerance of tree
seedlings remains limited.

The colonization capacity of AMF depends on AMF species and plant species [12]. In the
present study, the three AMF species presented high colonization percentages with Z. serrata seedlings,
although the colonization percentages differed among them, which are consistent with the results of
previous studies on maize [12]. Moreover, salinity has been reported to cause a reduction in AMF
colonization percentages [12,26,32], similar to the findings of the present study, suggesting that salinity
might suppress AMF hyphal growth, sporulation, and spore germination [34,35]. Previous works have
demonstrated that AMF-inoculated plants exhibit better growth than non-inoculated plants [36,37].
For instance, mycorrhizal black locust seedlings were found to show higher shoot and root dry weight
under different salt levels [32]. Similarly, an increase in stem, leaves, and total dry weight was observed
in mycorrhizal bamboo reed (Arundo donax Linn.) plant when compared with those in non-mycorrhizal
A. donax under salt stress [28]. In the present study, the Z. serrata seedlings inoculated with F. mosseae 1,
F. mosseae 2 and D. tortuosum strains (especially F. mosseae 1 and F. mosseae 2 strains) presented higher
growth of seedling height, growth of seedling diameter, leaf area, and root, stem, and leaves dry
weight, when compared with non-mycorrhizal seedlings under both normal and salt stress conditions.
These results are in agreement with those reported in a previous study on wheat inoculated with
different AMF strains in saline soil [25], indicating that F. mosseae 1 and F. mosseae 2 strains have
higher symbiotic efficiency on Z. serrata seedlings than Glomus tortuosum. The positive impact of
AMF symbiosis on plants growth and development under salt stress could partly be attributed to the
enhancement of nutrients and water acquisition by external mycorrhizal hyphae [25,38]. However,
high salt stress may restrain the development of mycorrhizal hyphae [39]. In the present study, the
growth of Z. serrata seedlings inoculated with D. tortuosum was not better than that of non-mycorrhizal
seedlings under salt stress.

It is well known that soil salinity inhibits the photosynthetic ability of plants, resulting in decrease
in plant growth and biomass accumulation [40]. Salinity reduces the photosynthetic capability
of plants mainly by damaging the photosynthetic apparatus and diminishing the photosynthetic
pigments content [41]. Previous evidence has demonstrated that AMF can improve the photosynthetic
ability of plants mainly by enhancing the gas exchange capacity, photosynthetic pigments content,
and photochemistry and non-photochemistry of PSII and the water status of leaves [3,42]. In the
present study, the net photosynthetic rates of seedlings inoculated with F. mosseae 1 and F. mosseae 2
strains were significantly increased under salt stress conditions, which could be attributed to the
ability of the AMF strains to enhance the photosynthetic pigment content, similar to that reported
in previous studies [43,44]. The increased photosynthetic pigment content, which allows seedlings
to obtain more energy from light [44], might be related to the increase in nutrient uptake caused by
AMF [45], as indicated by the higher P and Mg contents in the seedlings inoculated with AMF. The net
photosynthetic rates of Z. serrata seedlings inoculated with D. tortuosum strain were significantly higher
under CK, but showed no difference under salt stress conditions. Additionally, the increased relative
water content and stomatal conductance in the leaves indicated that D. tortuosum strain can enhance
the photosynthetic ability of Z. serrata by elevating the gas exchange capability and water status under
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CK, as reported in a previous study [46]. Moreover, D. tortuosum inoculation led to enhanced C fixation
in Z. serrata leaves, resulting in higher total C content, which ultimately caused an increase in the
growth and biomass of the seedlings [47]. However, the influence of D. tortuosum on enhancing the
photosynthetic ability of Z. serrata seedlings disappeared under salt stress, which may be due to the
adverse effect of salt on D. tortuosum. Furthermore, although photosynthesis and photosynthetic
pigments of Z. serrata seedlings were affected by AMF, the leaf photochemical properties were not
significantly influenced by the three AMF strains, similar to what may be observed in A. donax under
salt stress [28].

Soil salinity is known to significantly inhibit the absorption of mineral nutrients by plants, and
AMF have been proven to exhibit a positive impact on mineral nutrients absorption and selection by
plants through their numerous extraradical mycorrhizal hyphae spread in the soil [8,48,49]. However,
the ability to uptake nutrients by AMF is found to vary with the fungal and plant species as well as
soil salt concentration [28,48]. For instance, F. mosseae had been reported to significantly increase the P,
N, K+, Ca2+, and Mg2+ concentrations in the shoots of wheat (Triticum aestivium Linn.) plants in saline
soil, whereas Gigaspora gergaria had no obvious effects on the nutrient uptake of wheat. In the present
study, F. mosseae 1 and F. mosseae 2 strains had obvious positive effects on nutrient uptake of Z. serrata
seedlings under salt stress conditions, when compared with non-mycorrhizal seedlings, whereas D.
tortuosum strain had no effects on the nutrient uptake of Z. serrata seedlings.

In general, a high content of Na salts in the soil can affect nutrient availability, especially
nutrient uptake, transport, or distribution within plants [50]. N is an essential macronutrient to
plants; it participates in the synthesis of proteins and serves as a constituent of plant cell components.
Salinity can interfere with N acquisition, utilization, and metabolism of plants, leading to a decrease
in plant growth [50]. A previous study demonstrated that mycorrhizal vegetable hummingbird
(Sesbania grandiflora (Linn.) Pers) and sesbania (Sesbania aegyptiaca (Linn.) Pers) had higher N
accumulation in shoots compared with non-mycorrhizal control plants [49]. However, the results of
the present study showed no obvious difference between mycorrhizal and non-mycorrhizal seedlings.
P plays a key role in the formation of an integral component of plant cell structure compounds [51].
As an essential macronutrient, the reduction of P content in plants caused by salt stress can result in
reduced and stunted growth [52]. Many reports have indicated that AMF can enhance the absorption
of P and increase its concentration in plants under salt stress conditions. In the present study, an
obvious increase in the concentration of P was noted in the leaves and roots of Z. serrata seedlings
inoculated with F. mosseae 1 and F. mosseae 2 strains under salt stress, when compared with that in
non-mycorrhizal seedlings. This increase in P content might be attributed to the extensive hyphal
network of the AMF, which cover more soil volume and increase the absorption surface area of
roots [53], or the P transport capacity of AMF was less influenced by salt stress than plants. Improved
P content in mycorrhizal plants under salt stress conditions may contribute to the maintenance of
vacuolar membrane integrity and facilitate compartmentalization of Na+ within the vacuoles and
selective ions uptake, thereby reducing the adverse impacts of salinity on growth and metabolism,
and ultimately improving plant growth [54,55]. K+ plays a key role in plant metabolism, including
stomatal movement, protein synthesis, and enzymes activation, and excess Na+ in soil can cause plants
to take up more Na+ and decrease the absorption of K+ [56]. However, uptake of K+ has been reported
to increase in plants under salt stress after AMF inoculation [8]. In the present study, a marked increase
in K+ and decrease in Na+ content in Z. serrata seedlings inoculated with F. mosseaee 1 and F. mosseae 2
strains under salt stress was observed. A higher K+: Na+ ratio in leaves and roots of mycorrhizal
seedlings prevented disruption of cellular enzymatic processes and inhibition of protein synthesis,
which might be an important mechanism of F. mosseae to alleviate salt stress in Z. serrata seedlings.
Furthermore, mycorrhization also contributed to overcoming Na+-induced Ca2+ and Mg2+ deficiencies.
A significant increase in Mg2+ content in the leaves and roots of Z. serrata seedlings inoculated with
F. mosseae 1 and F. mosseae 2 strains under salt stress was observed, similar to that reported for citrus
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seedlings inoculated with AMF [26], which might be attributed with an increase in photosynthetic
pigments content and improvements in photosynthetic ability [57].

5. Conclusions

This study demonstrated that salt stress significantly induced inhibition of growth, photosynthesis,
and nutrient uptake of Z. serrata seedlings. Although all the three examined AMF strains had positive
effects, to some extent, on the growth and photosynthesis of Z. serrata seedlings under normal condition,
only F. mosseae 1 and F. mosseae 2 strains alleviated the inhibition of growth, photosynthesis, and nutrient
uptake of the seedlings induced by salt stress. However, the effects of F. mosseae 1 and F. mosseae 2
strains on Z. serrata seedlings presented no significant difference. The two AMF strains alleviated salt
stress of the seedlings predominantly by reducing Na+ uptake, increasing P, K+, and Mg2+ uptake, and
by enhancing the photosynthetic pigments content and stomatal conductance of leaves, ultimately
resulting in an increase in photosynthesis and biomass. These findings indicated that AMF have
promising applications in the afforestation and vegetation rehabilitation of coastal areas; nevertheless,
further studies are needed to select suitable AMF species for appropriate trees.
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