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Abstract
Lespedeza formosa is an economically important shrub in the agroecosystems of southern China, where acid rain (AR) is an 
increasingly serious environmental issue. However, the roles of arbuscular mycorrhizal fungi (AMF) in adapting the plants 
to AR stress are poorly understood. In this study, L. formosa seedlings were cultivated in a greenhouse, where the inoculated 
(colonization with Rhizophagus irregularis and Diversispora versiformis, alone and in combination) and non-inoculated 
plants were treated with three AR regimes (pH 5.6, 4.0, and 2.5) to evaluate the roles of AMF under acidic conditions. The 
results showed that AR individually suppressed plant growth by inhibiting photosynthetic parameters and induced Al phy-
totoxicity in non-mycorrhizal plants. However, mycorrhizal inoculation, especially in combination, significantly increased 
the total dry weight, photosynthetic capabilities, shoot nitrogen (N) concentration (average 15.8 and 16.7 mg g−1 for non-
mycorrhizal and mycorrhizal plants, respectively) and plant phosphorus (P) concentration (average 1.6 and 2.3 mg g−1 for 
non-mycorrhizal and mycorrhizal plants, respectively) at pH 4.0, reduced N/P ratio (average 9.5 and 6.9 for non-mycorrhizal 
and mycorrhizal plants, respectively) at pH 4.0, and protected roots against Al phytotoxicity (average 2.0 and 1.4 mg g−1 for 
non-mycorrhizal and mycorrhizal roots, respectively), indicating that AMF could mitigate some of the detrimental effects of 
AR. Moreover, our findings suggest that AMF mainly benefited the plant through the combined effects of N concentrations 
and N/P ratios in shoots and Al3+ concentrations in roots under acidic conditions.

Keywords  Acid precipitation · Arbuscular mycorrhizal fungi · N acquisition · N/P ratio · Aluminum phytotoxicity · 
Mycorrhizal plants

Introduction

Acid rain (AR) is a critical global environmental issue that is 
mainly caused by atmospheric deposition of acidifying pre-
cursors, such as H2SO4 and HNO3, with annual average pH 
values below 5.6 (Liang et al. 2016; Gilani et al. 2021). Fol-
lowing Central Europe and Northeast America, the southern 
region of China has become the third area worldwide to be 
seriously affected by AR over the past several decades (Cao 
et al. 2009; Huang et al. 2019). Over 30% of China’s land 
area experiences AR, with SO4

2− being the dominant anion 
in AR (Gilani et al. 2021). Moreover, although SO2 emis-
sions have decreased with the implementation of cleaner 
policies in recent years, AR-induced environmental chal-
lenges remain in southeastern China (Wang et al. 2021; Xia 
et al. 2021), where the annual mean pH of precipitation in 
most areas is < 4.5, and certain cities have recorded rainfall 
with a significantly low pH of 2.95 (Huang et al. 2008; Wei 
et al. 2017). Previous studies have indicated that AR can 
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damage plants and induce soil acidification (Larssen et al. 
1999; Li et al. 2020). The aboveground organs of plants 
are initially affected by AR, which directly suppresses their 
light-harvesting functions by reducing chlorophyll contents, 
limiting photosynthesis and transpiration, and increasing 
water loss in foliage (Du et al. 2017; Ju et al. 2020). Mean-
while, AR-induced soil acidification accelerates the leaching 
of soil nutrients and basic cations, releasing bound Al into 
the soil solution, thereby threatening the root development 
and microbial processes of plants (Muthukumar et al. 2014; 
Maltz et al. 2019). These alterations would ultimately reduce 
biomass and stress resistance and cause annual economic 
losses of up to US$2.4 billion in China (Li et al. 2020). 
Despite the conventional strategies to mitigate the detrimen-
tal effects of AR on plants, novel technologies involving 
biological approaches, such as building symbiotic associa-
tions between host plants and arbuscular mycorrhizal fungi 
(AMF), are promising tools (Larssen et al. 1999; Aguilera 
et al. 2015).

Mycorrhizal symbiosis can reportedly assist plant per-
formance in accessing mineral nutrients with low mobil-
ity, such as phosphorus (P), from the soil as AM fungal 
hyphae can achieve greater exploration of soil, enlarge root 
absorption area, and subsequently improve tolerance towards 
biotic and abiotic stresses (Smith and Read 2008; Garg and 
Singh 2018; Pandey et al. 2019). Several AM fungi have 
been isolated from acidic edaphic environments, most of 
which belong to the Glomus and Acaulospora genera (Agu-
ilera et al. 2015). Although AR might negatively affect the 
structure and development of mycorrhizae (Clark 1997; Liu 
et al. 2020), several studies have demonstrated improved 
growth and performance of mycorrhizal plants under a 
range of acidic conditions (Medeiros et al. 1994; He et al. 
2019). For example, colonization with G. etunicatum and 
G. intraradices enhanced the dry matter yield and nutrient 
acquisition of Sorghum bicolor grown at lower pH values 
(Medeiros et al. 1994). Similarly, mycorrhizae improved the 
growth and P acquisition of Thuja occidentalis subjected 
to AR stress (Anwar et al. 2020). Furthermore, inoculation 
with A. tuberculata positively affected the shoot and root 
biomass of Calamagrostis villosa rather than that of Des-
champsia flexuosa grown under acidic conditions (Vosátka 
and Dodd 1998). Moreover, the total biomass and photosyn-
thetic capabilities of Zelkova serrata seedlings inoculated 
with Diversispora versiformis were higher than those of 
plants inoculated with Rhizophagus irregularis under AR 
stress (Wang et al. 2021). These findings indicate that the 
growth response tends to vary with host plants and AM fungi 
species (Muthukumar et al. 2014). The possible underlying 
mechanisms by which mycorrhizal plants enhance acidic 
tolerance mainly involve P (Anwar et al. 2020) or other min-
eral nutrient acquisition (Medeiros et al. 1994; Clark 1997). 
However, Chen and Lei (2019) found that mycorrhizal 

inoculation did not improve the N and P contents in the 
leaves of Koelreuteria paniculata under AR stress. It has 
been suggested that enhanced stress tolerance in plants due 
to AM association results from a combination of nutritional 
and physiological effects (Pandey et al. 2019). In addition, 
plants consisting of woody tissue appear to be more sensitive 
to acidification than dwarf or herbaceous plants (Zvereva 
et al. 2010). Therefore, it is imperative to investigate the 
roles of AM fungi in regulating the growth of woody plants 
under AR stress.

Lespedeza formosa (Vog.) Koehne, a legume widely dis-
tributed in Asia and North America (Nemoto and Ohashi 
1993), is an economically important shrub in agroeco-
systems, and is used for livestock forage, reclamation of 
degraded environments, and medicine (Zhao et al. 2006). 
Zhejiang Province, the main planting area of L. formosa 
in southeastern China, has exposed to AR most frequently, 
with pH values ranging from 5.6 to 3.8 (Gilani et al. 2021). 
Moreover, L. formosa reportedly cannot grow satisfactorily 
under acidic conditions, with the preferred pH value rang-
ing from 5.5 to 6.0 (Zhao et al. 2006). Given that L. formosa 
is a mycorrhizal plant with root colonization of up to 40% 
(He et al. 2019), we hypothesized that AM fungal inocu-
lation would mitigate the AR-induced detrimental effects 
on L. formosa with enhanced nutrient acquisition. To test 
this hypothesis, a greenhouse experiment was conducted to 
investigate the potential of AM fungi in improving the acid 
tolerance of L. formosa by using plant growth parameters, 
photosynthetic properties, and mineral nutrient acquisition 
as indicators of improved plant performance in relation to 
mycorrhizal efficiency.

Materials and methods

Plant material and AMF preparation

The L. formosa seeds and topsoil (0–20 cm) used in this 
experiment were collected from the experimental field near 
Zhejiang A & F University, Hangzhou City, Zhejiang Prov-
ince, China (30˚140ʹ N, 119˚42ʹ E). On May 11, 2018, the 
seeds were surface-disinfected using 10% (v/v) hydrogen 
peroxide for 5 min and rinsed five times with sterilized 
deionized water. Six seeds were subsequently sown in each 
plastic pot (21 × 22 × 17 cm) filled with 4 kg of soil, which 
comprised of a mixture of field soil and peat at a ratio of 
1:3 (v/v) and was sterilized by gamma irradiation at a dose 
of 25 kGy (McNamara et al. 2003). The local soil classi-
fied as Ultisols in the US Soil Taxonomy (Soil Survey Staff 
2010) had the following distinct properties: organic matter, 
22.1 mg·g−1; total N, 0.85 mg·g−1; Olson P, 0.42 mg·g−1; 
and pH 5.6 (water: soil = 5:1). Thirty days after sowing, 
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the plants (6 cm in height and eight leaves per plant) were 
thinned to two seedlings per pot.

Two dominant mycorrhizal fungal species, Rhizophagus 
irregularis [(N.C. Schenck & G.S. Sm.) C. Walker & A. 
Schüßler] (previously named G. intraradices) (BGC BJ09), 
and Diversispora versiformis [(P. Karst.) Oehl, G. A. Silva & 
Sieverd.] (previously named G. versiforme) (BGC GD01C) 
were purchased from the Institute of Plant Nutrition and 
Resources, Beijing Academy of Agriculture and Forestry 
Science, China. Rhizophagus irregularis and D. versiformis 
were originally isolated from neutral and acidic soil, respec-
tively (Wang et al. 2021). These two AMF were cultured 
individually using S. bicolor as a trap plant in a plastic pot 
with autoclaved fine sand as the substrate (Wang et al. 2018). 
After five months of culturing, the AMF inocula used in 
the experiment consisted of spores, hyphae, sand, and col-
onized root fragments of the host plant. The inocula con-
tained approximately 210 spores per 10 g of soil, which was 
determined following the method provided by Brundett et al. 
(1996). The corresponding AMF inoculum was placed in 
the growth substrate at a depth of 5 cm immediately before 
sowing the L. formosa seeds.

Experimental design

The experiments were conducted in a greenhouse near Zheji-
ang A & F University using a full factorial design consisting 
of three acid rain regimes (pH 5.6, 4.0, or 2.5) and four AMF 
inoculation regimes (inoculation with sterilized AMF as the 
control, R. irregularis, D. versiformis, or the combined inoc-
ulation of the two AMF). Each treatment included 10 repli-
cates for a total of 12 treatment combinations, resulting in 
a total of 120 pots (two seedlings per pot). The plants to be 
inoculated with AMF (AM plants) were provided with 40 g 
of R. irregularis, D. versiformis, or a combined inoculum 
comprising equal proportions of the two AMF taxa per plant. 
Non-mycorrhizal control plants (NM plants) received 40 g of 
autoclaved (121 °C, 0.11 MPa, 2 h) inoculum combining the 
two AMF and 40 mL of filtrate to minimize the differences 
in soil microflora (Evelin et al. 2012).

According to the reports of AR in most areas of Zheji-
ang Province (Zhang et al. 2007), H2SO4 and HNO3 (8:1 
by mole) were selected to prepare the acidic stock solution. 
To mimic the precipitation pH in the most AR-threatened 
areas of southern China, the pH values of AR treatments 
were set at 5.6, 4.0, and 2.5 (Gilani et al. 2021; Wang et al. 
2021). Acid solutions with pH levels of 5.6, 4.0, and 2.5 
were obtained by separately diluting the stock solution with 
distilled water (average pH was approximately 6.8). The 
simulated AR of pH 5.6 was treated as a control. Approxi-
mately 400 mL of acid solution per pot was sprinkled on the 
top of the plants every two days, which was calculated from 
the mean annual precipitation in Hangzhou City (1420 mm) 

(Song et al. 2015) and the area of plastic pot (346 cm2). At 
the end of the experiment, the corresponding AR (pH 5.6, 
4.0, and 2.5) treated plants achieved average soil pH values 
of 5.6, 4.5, and 3.8, respectively. To avoid acid shock dur-
ing fungal establishment, acid rain treatment was initiated 
on June 14, 2018, which was one month after the start of 
the experiment. Throughout the experiment, the average 
temperature and relative humidity in the greenhouse were 
maintained at 28.8 °C and 66.5%, respectively. Seedlings 
were harvested on June 14, 2019, after more than 12 months 
of AR treatment.

During harvest, the plants were carefully washed and 
separated into shoots and roots to determine the initial fresh 
biomass. The roots were further divided into two subsamples 
and their fresh weights were recorded. A root subsample 
of a known weight was used to determine the mycorrhizal 
colonization. The remaining parts of the plants were oven-
dried at 60 ºC to constant weight. The dry weight of the 
root subsample, used for measuring the AM colonization, 
was determined following the method described by Veiga 
et al. (2013). The root biomass was subsequently calculated 
by adding the dry weight of the subsample to that of the 
remaining roots.

Determination of chlorophyll contents 
and photosynthetic parameters

Immediately before harvesting, the relative chlorophyll con-
tents in ten randomly selected leaves from each treatment 
combination were determined using a chlorophyll meter 
(SPAD-502Plus, Konica Minolta, Japan). Subsequently, the 
net photosynthetic rate (Pn), stomatal conductance (gs), tran-
spiration rate (Tr), and intercellular CO2 concentration (Ci) 
were measured from 8:30 to 11:30 using an LI-6400 portable 
photosynthesis system (LI-COR Bioscience, Lincoln, NE, 
USA). Leaf photosynthetic measurements were conducted 
on leaves of four plants completely exposed to sunlight, 
which were randomly selected from each treatment combi-
nation, following the methods described by León-Sánchez 
et al. (2016). During the measurements, the leaf temperature, 
CO2 concentration, relative humidity, and photosynthetically 
active radiation were set at 27 °C, 400 μmol mol−1, 70%, and 
1200 μmol m−2 s−1, respectively. The instantaneous water 
use efficiency (WUE) was calculated as Pn/Tr.

Determination of AMF colonization

To measure the AM colonization, root subsamples of 
three plants per treatment combination were cleaned using 
10% KOH at 90 °C for 1 h, acidified with 1 M HCl for 
5 min, and stained with trypan blue (Phillips and Hayman 
1970). Mycorrhizal colonization (hyphae or vehicle) was 
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microscopically examined following the gridline intersect 
method (Giovannetti and Mosse 1980).

Measurement of plant elemental composition

Dried shoot and root samples of five randomly selected 
plants from each treatment combination were ground sepa-
rately. The N and P concentrations were determined follow-
ing the Kjeldahl acid-digestion and the molybdenum blue 
ascorbic acid methods, respectively (Allen 1989). The K+, 
Mg2+, Al3+, and S concentrations were determined follow-
ing the methods described by Rončević et al. (2014) using a 
plasma atomic emission spectrometer (ICP-AES) (Optima 
8000, Inc., PerkinElmer, USA).

Data analysis

To quantify the mycorrhizal efficiency, the mycorrhizal 
growth response (MGR) values were calculated as follows 
(Johnson et al. 2015):

where DWAMF and Avg
(

DWnon−AMF

)

 are the total dry weight 
of the mycorrhizal plants and mean dry weight of the NM 
plants under the corresponding pH conditions (n = 10), 
respectively.

The acid tolerance index (ATI) of each plant was deter-
mined as follows (He et al. 2019):

where Bi,max is the largest shoot biomass of the ten plants at 
pH 5.6 with identical AMF inoculation, and Bi is the shoot 
biomass of each of the ten plants at pH 4.0 and 2.5 (i.e., the 
pH stress conditions applied in our study). In this experi-
ment, target species with ATI values of 0.3 < ATI < 0.6 and 
ATI > 0.6 were considered moderately acid-sensitive and 
acid-tolerant, respectively.

Two-way analysis of variance (ANOVA) was performed 
to estimate the responses of plant parameters to AR and 
AMF treatments using the “aov” function of the R pro-
gramming language. Furthermore, to compare which pairs 
of treatment combinations had significantly different trait 
values, least significance difference (LSD) analyses were 
conducted using the “LSD.test” function of the “agricolae” 
package (Mendiburu 2020) in R software. In addition, we 
checked the normality using the “shapiro.test” function and 
homoscedasticity of the residuals of the performed ANOVA 
using the “levene Test” function in the “car” package (Fox 
and Weisberg 2019) of R. Partial regression was fitted to 
evaluate the effects of plant growth parameters, photosyn-
thetic properties, and nutritional acquisition on mycorrhizal 
efficiency, and Akaike’s Information Criterion values were 

(1)MGR = ln
(

DWAMF

/

Avg
(

DWnon−AMF

))

(2)ATI = 1 − (Bi,max − Bi)

/

Bi,max

used to identify the best-fit model (Burnham and Anderson 
2002). All analyses were performed using R 4.0.3 (R Core 
Team 2020). Bar graphs were generated using Origin 2018 
(Origin Lab Co., Northampton, MA, USA), and the graphs 
for partial regression were produced using the “ggforestplot” 
package (Scheinin et al. 2021) in R 4.0.3.

Results

Mycorrhizal colonization and plant growth

This study showed that nearly no root colonization (2.8–5%) 
was observed for L. formosa plants grown without AMF 
(Fig. 1). AMF inocula were highly infective at all pH lev-
els, with root colonization ranging from 16.2% to 66.7%, 
whereas the extent of mycorrhizal colonization was signifi-
cantly affected by AR (Fig. 1; Fig. S1). We observed sig-
nificant differences in root colonization induced by various 
AMF inocula. The highest root colonization (54.7%) was 
recorded in plants inoculated with the combination of R. 
irregularis and D. versiformis under highly acidic condi-
tions (pH 2.5).

AR alone did not affect the total dry weight of NM plants 
(Fig. 2A). Mycorrhizal inoculation greatly improved bio-
mass at all pH levels. At pH 4.0, the total dry weights of 
plants inoculated individually with R. irregularis and D. 
versiformis, and their combination were 28.7%, 19.2%, and 
34.9% higher than those of NM plants, respectively, whereas 
the corresponding improvements with mycorrhizal assis-
tance at pH 2.5 were 20.3%, 13.9%, and 41.6%, respectively. 

Fig. 1   Effects of arbuscular mycorrhizal fungi (AMF) on mycorrhi-
zal colonization of Lespedeza formosa under acid rain with pH 2.5, 
4.0, and 5.6. NM, Ri, Dv, and Ri + Dv represent the four AMF treat-
ments: inoculation with sterilized mycorrhizal fungi, with Rhizopha-
gus irregularis, with Diversispora versiformis and with the mixtures 
of the two fungi inoculum, respectively. Values are presented as the 
mean ± SE (n = 3). Different letters indicate a significant difference 
(P < 0.05)
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Significant differences were observed in the efficiencies of 
AMF on total dry weight, where the highest improvement 
was induced by the combined AMF inoculation at lower pH 
levels (pH 4.0 or 2.5). Additionally, AR decreased the root/
shoot ratio of AM plants, which was not affected by mycor-
rhizal inoculation (Fig. 2B). Significant interactive effects 
between AR and AMF were observed for mycorrhizal colo-
nization and total dry weight (Table S1).

Leaf photosynthesis

AR and AMF independently exerted variable effects on 
SPAD and gs (Figs.  3A and B). AR alone significantly 
decreased the Pn of NM plants (Fig. 3C). At pH 4.0 and 2.5, 
the Pn of AM plants was higher than that of NM plants, and 
the highest Pn was observed in plants inoculated with com-
bined AMF at pH 4.0. Moreover, AR significantly decreased 
the Ci of plants irrespective of mycorrhizal inoculation 
(Fig. 3D). However, the Ci of AM plants was drastically 
higher than that of NM plants, where the Ci of plants inocu-
lated with R. irregularis, D. versiformis, and their combina-
tion was 29.3%, 34.1%, and 33.6% (at pH 4.0) and 120.0%, 
120.1%, and 138.1% (at pH 2.5) higher than that of their 
non-mycorrhizal counterparts, respectively. Furthermore, 
AR alone significantly increased the Tr (Fig. 3E), which 
was significantly decreased by AMF, especially at lower 
pH levels (4.0 and 2.5). The lowest Tr was found in plants 
inoculated with the combined AMF at all pH levels. AR con-
siderably decreased the WUE of L. formosa plants (Fig. 3F). 
In addition, the WUE of AM plants was significantly higher 
than that of NM plants, especially with the inoculation of 
combined fungi at pH 4.0 and 2.5, which was 160.3% and 
358.8% higher than that of their NM counterparts, respec-
tively. Significant interactive effects were observed between 
AR and AMF on the aforementioned six photosynthetic 
traits (Table S1).

Mineral nutrient concentrations

The N concentrations in NM plants were significantly 
increased by AR alone, which exhibited variable effects 
on N concentrations in the shoots and roots (Fig. 4A). 
Mycorrhizal inoculation significantly decreased the 
N concentrations in roots, and their benefits were only 
observed in the N concentrations of shoots inoculated 
with R. irregularis at pH 4.0. Meanwhile, AR had vari-
able effects on the P and K+ concentrations in shoots and 
roots, where positive mycorrhizal efficiencies were only 
observed in the P concentrations of shoots and roots, and 
K+ concentrations in roots inoculated with R. irregularis 
and D. versiformis at pH 4.0 (Fig. 4B and C). In addition, 
AR significantly increased the Mg2+ concentrations in 
shoots and roots, whereas the mycorrhizal benefits varied 
with AMF inoculation, soil pH, and organs (Fig. 4D). In 
the shoots of AM plants, the highest Mg2+ concentrations 
were detected in plants inoculated with combined AMF 
at all pH levels. However, in mycorrhizal plant roots, 
the highest values were observed in the D. versiformis-
inoculated plants at pH 5.6 or 4.0 and in R. irregularis-
inoculated plants at pH 2.5. In this study, AR increased 
the Al3+ concentrations in the shoots and roots of NM 
plants, whereas mycorrhizal inoculation substantially 
decreased the Al3+ concentrations both in the shoots and 
roots, and the lowest values were consistently detected in 
plants inoculated with combined AMF (Fig. 4E). Moreo-
ver, both AR and AMF exerted various effects on the S 
concentrations in shoots and roots (Fig. 4F).

Furthermore, neither AR nor AMF constantly affected the N/P 
ratios of shoots and roots, which were maintained below 10 (Fig. 5). 
At pH 4.0, mycorrhizal inoculation significantly decreased the N/P 
ratio of roots, and this type of mycorrhizal efficiency was only 
observed in the N/P ratio of the shoots of D. versiformis-inocu-
lated plants. At pH 2.5, mycorrhizal inoculation improved the N/P 

Fig. 2   Effects of arbuscular mycorrhizal fungi (AMF) on total dry 
weight (A) and root/shoot ratio (B) of Lespedeza formosa under acid 
rain with pH 2.5, 4.0, and 5.6. NM, Ri, Dv, and Ri + Dv represent the 
four AMF treatments: inoculation with sterilized mycorrhizal fungi, 

with Rhizophagus irregularis, with Diversispora versiformis, and 
with the mixtures of the two fungi inoculum, respectively. Values are 
presented as the mean ± SE (n = 10). Different letters indicate a sig-
nificant difference (P < 0.05)
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ratios of shoots and roots, especially in plants with D. versiformis 
and combined AMF, and no significant differences in mycorrhi-
zal efficiencies were observed. Significant interactive effects were 
observed between AR and AMF on all the above nutrients.

Mycorrhizal benefits and their relationships 
with other plant traits

The acid tolerance index (ATI) was not affected by AR alone 
(Fig. 6A). Mycorrhizal inoculation significantly increased 
the ATI in plants, with no variations observed between the 
AM plants. The ATI values suggest that AM plants were con-
siderably more tolerant to AR than NM plants (ATI > 0.6). 
Although AR alone significantly decreased the MGR of all 
plants, AMF inoculation effectively improved the MGR, 
which promoted the growth of L. formosa (MGR > 0) 
(Fig. 6B). In addition, the highest MGR was consistently 
observed in the combined AMF-inoculated plants at lower 
pH levels (pH 4.0, 2.5). To quantify the relationship between 
MGR and other plant traits, we built a model (R2 = 0.398, 
P < 0.05) represented as follows:

where X1, X2, X3, X4, X5, and X6 represent the shoot-N, shoot-
K+, root-Al3+, root-S, shoot-Mg2+, and shoot N/P ratios, 
respectively. The N concentrations in shoots (shoot-N) and 
N/P ratios in shoots (shoot N/P ratio) were positively cor-
related with MGR, whereas the Al3+ concentration in roots 
(root-Al3+) was negatively correlated with MGR (Fig. 7A; 
Fig. S2). Furthermore, shoot-N, root-Al3+, and the shoot N/P 
ratios together accounted for 70.1% of the variance in MGR, 
which signified their vital contributions to MGR (Fig. 7B).

Discussion

In this study, AR individually suppressed plant growth 
by decreasing photosynthetic properties (such as Pn, Ci, 
and WUE) and increasing the Tr and Al3+ concentrations 
in NM plants. In contrast, mycorrhizal inoculation, espe-
cially inoculating with combined AMF, could mitigate 
some of the detrimental effects of AR by increasing the 

MGR = 0.589X1 + 0.264X2 − 0.370X3 + 0.234X4 + 0.191X5 + 0.543X6

Fig. 3   Effects of arbuscular 
mycorrhizal fungi (AMF) on 
relative chlorophyll contents 
(SPAD) (A), stomatal conduct-
ance (gs) (B), net photosynthetic 
rate (Pn) (C), intercellular 
CO2 concentration (Ci) (D), 
transpiration Rate (Tr) (E), and 
instantaneous water use effi-
ciency (WUE) (F) of Lespedeza 
formosa under acid rain with 
pH 2.5, 4.0, and 5.6. NM, Ri, 
Dv, and Ri + Dv represent the 
four AMF treatments: inocula-
tion with sterilized mycor-
rhizal fungi, with Rhizophagus 
irregularis, with Diversispora 
versiformis, and with the mix-
tures of the two fungi inoculum, 
respectively. Values for SPAD 
are presented as the mean ± SE 
(n = 10), and those for the other 
traits are stated as mean ± SE 
(n = 4). Different letters indi-
cate a significant difference 
(P < 0.05)
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total dry weight, photosynthetic capabilities, and nutrient 
acquisition, whereas decreasing the Al3+ concentrations 
in roots, supporting our hypothesis that AMF inoculation 
can alleviate the detrimental effects of AR on L. formosa. 

Furthermore, our findings revealed that mycorrhizal ben-
efits were mainly attributed to shoot-N, shoot N/P ratio, 
and root-Al3+ in L. formosa plants grown under acidic 
conditions.

Fig. 4   Effects of arbuscular mycorrhizal fungi (AMF) on nutrient 
concentrations of nitrogen (N) (A), phosphorus (P) (B), potassium 
(K+) (C), magnesium (Mg2+) (D), aluminum (Al3+) (E), and sulfur 
(S) (F) in shoot and root of Lespedeza formosa under acid rain with 
pH 5.6, 4.0, and 2.5. NM, Ri, Dv, and Ri + Dv represent the four 

AMF treatments: inoculation with sterilized mycorrhizal fungi, with 
Rhizophagus irregularis, with Diversispora versiformis, and with the 
combination of the two fungi inoculum, respectively. Values are pre-
sented as the mean ± SE (n = 5). Different letters indicate a significant 
difference (P < 0.05)
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Fig. 5   Effects of arbuscular 
mycorrhizal fungi (AMF) 
on the ratios of nitrogen to 
phosphorus (N/P ratio) in shoot 
and root of Lespedeza formosa 
under acid rain with pH 5.6, 
4.0, and 2.5. NM, Ri, Dv, and 
Ri + Dv represent the four AMF 
treatments: inoculation with 
sterilized mycorrhizal fungi, 
with Rhizophagus irregularis, 
with Diversispora versiformis, 
and with the combination of the 
two fungi inoculum, respec-
tively. Values are presented as 
the mean ± SE (n = 5). Different 
letters indicate a significant dif-
ference (P < 0.05)

Fig. 6   Effects of arbuscular mycorrhizal fungi (AMF) on acid toler-
ance index (ATI) (A) and mycorrhizal growth response (MGR) (B) of 
Lespedeza formosa under acid rain with pH 5.6, 4.0, and 2.5. NM, 
Ri, Dv, and Ri + Dv represent the four AMF treatments: inoculation 

with sterilized mycorrhizal fungi, with Rhizophagus irregularis, 
with Diversispora versiformis, and with the combination of the two 
fungi inoculum, respectively. Values are presented as the mean ± SE 
(n = 10). Different letters indicate a significant difference (P < 0.05)
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Enhanced leaf photosynthetic properties 
and biomass with mycorrhizal inoculation

Evidently, AR can exert direct and indirect impacts on vari-
ous plant physiological functions, with photosynthesis being 
the most affected (Sun et al. 2016; Chen et al. 2019). Nota-
bly, photosynthesis is the key metabolic process for plant 
growth and development (Ramlall et al. 2015). In our study, 
AR alone negatively affected the photosynthetic parameters 
(Pn, Ci, and WUE) (Fig. 3), which is consistent with previous 
studies (Wang et al. 2017; Chen et al. 2019). However, AMF 
inoculation significantly improved Pn with higher Ci and 
WUE at lower pH levels, indicating that AMF might enhance 
leaf gas exchange in L. formosa by increasing the intercellu-
lar CO2 concentration and WUE. These mycorrhizal benefits 
enhance carbohydrate accumulation and water storage in 
reserves when AR limits water uptake through roots (Chen 
et  al. 2019). Correspondingly, mycorrhizal inoculation 
considerably improved the total dry weight of L. formosa 
under acidic conditions, which is consistent with previous 
studies conducted on C. villosa grown under acidic condi-
tions (Vosátka and Dodd 1998), legumes grown at pH 4.36 
(Saif 1987), cowpea grown at pH 4.7 and 4.9 (Rohyadi et al. 
2004), and Torreya grandis grown at pH 4.0 and 2.5 (Xia 
et al. 2021). The effect of mycorrhizal support on dry matter 
production would improve plant fitness under stressful con-
ditions, allowing AMF to access additional photosynthates 
from the host plant (Pandey et al. 2019). It is suggested that 
mycorrhizal efficiencies vary with host plant species and the 
environmental conditions exposed to the plants. Meanwhile, 
the selection of sterilization methods, such as autoclaving or 

γ-irradiation, which could exert varying secondary effects 
on soil properties, may also cause differences in the mycor-
rhizal efficacies (McNamara et al. 2003).

Improving N acquisition and decreasing Al3+ 
concentrations with mycorrhizal inoculation

Our study shows that the mycorrhizal efficiencies on 
nutrient acquisition were mainly correlated with the 
N concentration in shoots rather than the P concentra-
tion; however, a clear P benefit was observed (Fig. 4 and 
Fig. 7). This finding corresponded with that of mycor-
rhizal Chrysanthemum morifolium under salinity stress 
(Wang et al. 2018), but contradicted those of mycorrhizal 
T. occidentalis (Anwar et al. 2020) and T. grandis (Xia 
et al. 2021) grown under acidic conditions. There are sev-
eral possible reasons for these contradictions. First, N is 
often limited other than P under acidic conditions (Muth-
ukumar et al. 2014). Liebig’s law of the minimum states 
that plant growth is predominantly determined by the 
most limiting factor (Anwar et al. 2020). Johnson et al. 
(2015) suggested that whether or not mycorrhizal benefits 
outweigh their costs depends on the relative availability 
of soil N and P. The plant N/P ratio is a useful indicator 
of the gradual and dynamic character of nutrient limita-
tion (N-limited vs P-limited), and N/P ratios < 10 and > 20 
generally correspond to N- and P- limited biomass pro-
duction (Güsewell 2004). In this experiment, the N/P 
ratios in shoots and roots were < 10, indicating that they 
likely underwent N-limited biomass production (Fig. 5). 
Second, there were functional differences between AM 

Fig. 7   Mean effect sizes of nutritional variables on mycorrhi-
zal growth response (MGR) (A) and the relative contributions of 
variances of nutritional variables to MGR in Lespedeza formosa 
(B). Solid lines with filled circles demonstrate significant effects 
(P < 0.05), and the dotted lines with hollowed circles represent non-
significant effects (P > 0.05). Abbreviations are as follows: Shoot-N, 

nitrogen concentration in shoot; Root-Al3+, aluminum concentration 
in root; Shoot-K+, potassium concentration in shoot; Shoot N/P ratio, 
the ratio of nitrogen to phosphorus concentration in shoot; Root-S, 
sulfur concentration in root; Shoot-Mg2+, magnesium concentration 
in shoot
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fungal species (Koide 2000). Although AMF can access 
N in either inorganic or organic forms (Smith and Smith 
2011), most studies stated that AMF do not increase the 
N availability to the same extent as P (Vosátka and Dodd 
1998; Rohyadi et al. 2004; Rohyadi 2008). This may be 
because AM fungi require more N than their hosts (John-
son et al. 2015), and it is assumed that AM fungi must 
use N to fulfill their own nutritional requirements before 
supplying it to the host (Hodge and Fitter 2013). Subse-
quently, the mycorrhizal benefits vary with the depend-
ence of AM fungi on N. Third, the characteristics of host 
plants differ. Lespedeza formosa is a legume, which needs 
more N for the growth and building association with AMF 
than the aforementioned non-legume host species (John-
son et al. 2015).

Moreover, our study found that mycorrhizal benefits 
correlated with a decrease in the root Al3+ concentrations 
(Fig. 4E and Fig. 7). In contrast with the shoot, more Al3+ 
were bound to roots, and mycorrhizal L. formosa plants 
contained lower concentrations of root Al3+ than their 
NM counterparts at pH 4.0 and 2.5. A similar decrease 
in the concentration of root Al3+ has also been reported 
previously (Raju et al. 1988; Rohyadi et al. 2004). Acidic 
soils reportedly reduce plant growth mainly due to Al 
phytotoxicity, which inhibits water and nutrient acquisi-
tion from soils and severely limits root growth (Aguilera 
et al. 2015). The lower Al3+ concentration in the roots of 
AM plants seemingly improved AR resistance. Aguilera 
et al. (2015) speculated that the mechanisms underlying 
reduced Al3+ concentration may be related to the chela-
tion of Al3+ in the rhizosphere or AMF-mediated seques-
tration, both of which reduce the availability of Al3+ ions 
and their phytotoxicity. However, the exact mechanism 
underlying the mycorrhizal benefits on Al3+ concentra-
tion in L. formosa remains unclear; therefore, this subject 
requires further study.

Mycorrhizal efficiency variations with AM fungal species 
and the underlying mechanisms

The current results showed that mycorrhizal inoculation 
improved acid tolerance in L. formosa plants, and the myc-
orrhizal efficiencies were almost positive at all pH levels 
(Fig. 6). Most interestingly, although there were no differ-
ences in the acid tolerance abilities of mycorrhizal L. for-
mosa plants, the mycorrhizal benefits varied within AMF 
species. This functional difference may be attributed to AMF 
specificity and the compatibility between AMF and host 
plants (van der Heijden et al. 1998). In comparison with sin-
gle AMF, the highest MGR was observed in combined-fungi 
inoculum under AR stress, which is inconsistent with the 
studies on T. grandis (Xia et al. 2021) and Z. serrata (Wang 
et al. 2021), where R. irregularis and D. versiformis were 

proven to be preferable choices under acidic conditions, 
respectively. Boyer et al. (2015) found that single AMF spe-
cies behave identically to the AMF mixtures when associa-
tions were built with strawberries. This enhanced mycorrhi-
zal efficiency with combined fungi is generally attributed to 
functional complementarity among AMF, which is explained 
by niche segregation and facilitation (Koide 2000). Jansa 
et al. (2008) suggested that multispecies mixtures of AMF 
could provide additional P and better enhance plant growth 
than the single AMF species. However, the exact mechanism 
of the ability of combined-AMF to bolster stress tolerance 
in L. formosa plants remains unclear.

Several mechanisms have been proposed to explain the 
mechanism by which AM symbiosis can alleviate the det-
rimental effects of AR as follows (Medeiros et al. 1994; 
Muthukumar et al. 2014; Aguilera et al. 2015; Wang et al. 
2021; Xia et al. 2021): (1) enhancement of nutrient acquisi-
tion, such as P, which is often deficient in acidic soil and 
can be achieved by two ways, i.e., by changing the root 
structure and function and the secretion of phosphatase or 
phytase enzymes by mycorrhizal roots or AM fungal hyphae 
to dissociate the bound P; (2) changes in plant physiology, 
metabolic, and biochemical activities, which are known to 
activate plant growth; (3) reducing the acquisition of Al by 
roots and its translocation within plants; (4) the production 
of exudates by extraradical fungal hyphae, which results in 
the chelation of toxic ions (especially Al or Mn); and (5) 
binding of toxic ions to AM fungal structures. In our study, 
the combination of the improved N concentrations, shoot 
N/P ratios, and reduction in the Al3+ concentration in roots 
likely work collectively to protect the mycorrhizal L. for-
mosa plants from AR stress (Fig. 7). However, Xia et al. 
(2021) suggested that the benefits imparted by AM fungi on 
T. grandis under acidic conditions could be due to the joint 
effects of root colonization, acid tolerance, shoot P, shoot 
Zn2+, and root Fe2+. Otherwise, Wang et al. (2021) specu-
lated that the higher acid tolerance of mycorrhizal Z. ser-
rata seedlings is attributed to their enhanced photosynthetic 
capabilities over those of non-mycorrhizal plants. These 
contradictories are induced by the variations in AM fungi, 
host, and the parameters determined under acidic conditions.

Conclusions

Our results showed that AMF could benefit the growth of 
L. formosa and consequently increase the AR resistance in 
plants by enhancing photosynthetic properties, increasing 
nutrient acquisition (especially shoot N, root K+, P, and 
Mg2+), improving dry matter production and releasing the 
host plant from Al phytotoxicity. Furthermore, the mycorrhi-
zal efficiencies differed between AMF species; the combined 
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inoculation of R. irregularis and D. versiformis enhanced the 
performance better than the two fungi individually. These 
results suggest that AM fungi play a vital role in the sur-
vival and growth of L. formosa, which might increase their 
strength in AR-dominant regions. Moreover, this informa-
tion highlights the need for further research on the contribu-
tion of AMF in field studies. Further studies are needed to 
demonstrate whether this conclusion is true for other host/
AMF combinations.
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