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Abstract: Leaf nitrogen (N) and phosphorus (P) are the most important functional traits in plants
which affect biogeochemical cycles. As the most widely observed plant-fungus mutualistic symbiosis,
mycorrhiza plays a vital role in regulating plant growth. There are different types of mycorrhiza with
various ecological functions in nature. Drought, as a frequent environmental stress, has been paid
more and more attention due to its influence on plant growth. Numerous studies have confirmed that
drought affects the concentration of N and P in plants, but few studies involve different mycorrhizal
types of plants. In this study, the differences of N and P between arbuscular mycorrhizal (AM) and
ectomycorrhizal (ECM) plants under different drought patterns, drought duration and cultivation
conditions were explored based on a dataset by a meta-analysis. Drought stress (DS) showed negative
effects on AM plant N (—7.15%) and AM plant P (—13.87%), and a positive effect on AM plant N:P
ratio (+8.01%). Drought significantly increased N and the N:P ratio of ECM plants by 1.58% and
3.58%, respectively, and decreased P of ECM plants by —2.00%. Short-term drought (<30 d) reduces
more N and P than long-term drought (<30 d) in AM plant species. The duration of drought did
not change the N concentration of ECM plant N, while short-term drought reduced ECM plant P.
The effects of N and P on DS also varied with different planting conditions and functional groups
between AM and ECM plants. Therefore, mycorrhizal effects and stoichiometry of N and P play a
key role in plant response to drought. So mycorrhizal effects should be considered when studying
plant responses to drought stress.

Keywords: drought stress; drought duration drought operation types; arbuscular mycorrhiza; ec-
tomycorrhiza

1. Introduction

Mycorrhiza is a symbiosis formed by mycorrhizal fungi in soil and the roots of higher
plants [1], which is one of the most important biological interactions [2]. The acquisi-
tion of plant nutrients almost always depends on the symbiotic relationship with mycor-
rhiza [3]. Mycorrhizal fungi promotes the absorption and utilization of water and mineral
elements [4], significantly reduced soil N and P loss [5], and also affects the mineralization
of N and P [6].

Arbuscular mycorrhizal fungi and ectomycorrhizal fungi are the most widely dis-
tributed mycorrhizal types in the plant kingdom. area total of 80% of land plants establish
a mutually beneficial symbiotic relationship with arbuscular mycorrhizal fungi [1,7], such
as ectomycorrhizas; however, most are commonly symbiotic with woody plants that live
in cold regions of the world. In recent decades, more and more studies have found that
the ecological functions of AM and ECM are different. Chen et al. (2022) found that soil
concentrations of soluble organic nitrogen and nitrate N in AM forest were higher than
those in ECM forest, and the nitrogen cycling and transformation process of AM forest
and ECM forest significantly differed [8]. Liu et al. (2020) believed that AM and ECM lead
to plants having different stoichiometry of N and P [9]. Shi et al. (2021) found that the
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stoichiometry of nitrogen and phosphorus in legumes was closely related to mycorrhizal
traits [10]. Cheeke et al. (2017) pointed out that various species have different types of
mycorrhiza, and functional differences between AM and ECM will lead to differences in N
and P between plants [11].

N and P, the basic elements of life on Earth, are considered to be the main sources
of plant minerals and organic nutrients [12,13]. N and P regulate photosynthesis and
decomposition of litters [14], and participate in respiration of plants. The stoichiometry of
N and P is the basic component of predicting ecological response to global change [15-17],
which is an effective indicator of plant growth limitation in soil [18], absorption of N and P
be affected by drought [19].

Drought stress (defined as water shortage in soil or atmosphere) is one of the important
abiotic factors affecting plant physiological and biochemical processes [20,21]. Drought
reduces stomatal conductance of plants, thus decreasing photosynthesis and transpiration
rates [22]. Drought affects metabolism and substance synthesis in plants by affecting the
acquisition, transport, distribution and storage of elements such as N and P [23]. He et al.
(2014) used a meta-analysis to analyze the responses of plant N, P and N:P ratio to drought
stress, and found that N and P had different responses to drought in various drought
modes, drought duration and different plant groups, but this study ignored the role of
mycorrhizal in drought [24].

Numerous studies have shown that mycorrhizae improve the drought resistance of
plants. Zhu et al. (2012) pointed out that arbuscular mycorrhiza had an impact on corn
growth, gas exchange, photosynthesis and transpiration under potted conditions. AM
alleviates the toxicity of drought stress by improving the net photosynthesis rate and the
transpiration rate of corn [25]. Augé (2004) proposed that AM, under drought conditions,
improve water relationship, root water absorption rate and leaf water potential. Thus
AM regulates the transpiration rate and enhances the photosynthesis rate [26]. ECM
directly or indirectly improve drought tolerance of plants by promoting their absorption
of water and minerals, improving photosynthesis, regulating osmotic substances and
signal molecules [27-29]. Lin et al. (2013) pointed out that arbuscular mycorrhiza and
ectomycorrhiza promote the absorption of nutrients by host plants, enhance the stress
resistance of plants and help plants cope with stress [30].

All above studies have shown that mycorrhizae have certain effects on drought stress
and nutrient absorption, However, are the effects of plant N and P in plants related to
mycorrhizal type under drought? In this study, we investigated the effects of drought
on different plants and proposed the following hypotheses: (1) The stoichiometric effects
of drought on N, P and the N:P ratio of AM and ECM plants were different. (2) The
responses of N, P and the N:P ratio of AM and ECM plants to different drought patterns
were different.

2. Results
2.1. Overall Differences in the Effects of DS on AM and ECM Plant N, P, and N:P Ratio

Analysis and comparison of 155 data results showed that drought stress had signifi-
cantly different effects on the N, P, and N:P ratio of AM and ECM plants (Figure 1). The
N, P, and NP ratio effect sizes and their 95% Cls did not overlap with 0 for AM plants,
indicating a significant DS effect. The 95% effect interval of ECM plants overlapped with
0, and there were no significant differences in ECM plant N, P and N:P ratio (p = 0.3187,
p =0.4249, p = 0.0531). These results indicated that the responses of N and P to drought
stress were obviously different between AM and ECM plants (Figure 1).

2.2. Differences of DS Type and Manipulation Time on AM and ECM Plant N

The absorption of AM and ECM plant N responded differently to the type and duration
of DS operation. For AM plants, the average effect size, in the constant-stressed type, was
significantly lower than zero (a 0.1581% reduction on average, Figure 2a). Treatment time
had an obvious effect on AM plant N absorption. The average effect size of AM plant N in
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the short-term (<90 d) treatment has a significant reduction (—0.1495%, Figure 2a), while
there was no significant difference in the long-term (>90 d) treatment. The N ECM plants
absorb varies most during drying-rewetting cycle type operations (+0.0844%, Figure 2a). As
for the effect of treatment time, ECM and AM plants are affected the most under short-term
treatment, but AM plant N are affected more than ECM plants.
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Figure 1. The error bar represents a 95% bootstrap confidence interval (CIs). If loge R 95% CI did not

overlap with zero, the effect of drought stress was considered significant. Here

difference, and “***” means very significant difference.

26

15 -

Duratien of DS

-0.3 -0.2 -0.1 0.0 041

Effect size (%)

Figure 2. Cont.

0.2 03

"

means significant

(b)
- 297 7
type I 20 . e AM
- . n ]
300 -
type I - —%—— 8
t m - 15 +—=
ype 40 —eH Maripulation type of DS
long term = 331 9
medium term = ,_,_, 54
] .13 .
Short term N | —— —— z; Duration of OS
-04 -0.2 0.0 0.2 04 0.6

Effect size (%)



Plants 2022, 11, 2429

4 of 14

(c)
] ; 29
type I . A M —————i 3
- I_.\lll
type I - é 8
type I - 15 :
p L —e—iyg
Manipulation type of DS
long term = e S
medium term e 54
Duration of DS - 3
shortterm = ~°"° e 126 13

-04 -0.2 0.0 0.2 0.4
Effect size (%)

Figure 2. The mean effects of drought on arbuscular mycorrhizal N (a), P (b), and N:P ratio (c) and
ectomycorrhizal N (a), P (b), and N:P ratio (c) were classified according to the type and duration of
drought stress (DS). Type I, constant-stressed type; type II, drying and rewetting cycle type; type
III, intermittent drying type. Short term, <30 d; medium term, 31 to 90 days; long term, >90 days.
The error bar represents a 95% bootstrap confidence interval (CI). If the 95% CI of effect size did not
overlap with zero, drought stress was considered to be the effect. The number of observations for
each category is shown next to the error bar.

2.3. Differences of DS Type and Manipulation Time on AM and ECM Plant P

The absorption of AM and ECM plant P has diverse differences in DS manipulation
type and operation time. There was the greatest impact on AM plant P during operational
treatments of the intermittent drying type (Figure 2b). The uptake of AM plant P was
different during treatment time, with the greatest impact on P uptake during short-term
treatments (+0.1852%, Figure 2b). ECM plants, in drying-rewetting cycle type, has the
highest absorption effect on P (+0.2287%, Figure 2b). Short-term treatment had the greatest
effect on P (+0.2234%, Figure 2b), and more than AM plants.

2.4. The Difference of DS Type and Manipulation Time on AM and ECM Plant N:P Ratio

For AM and ECM plant N:P ratio, the difference of operation time was distinct due to
different operation types. For AM plants, there was no significant difference in the effects
of type I and II, but the effects of type III on plant N:P ratio were extremely significant
(+0.1061%, Figure 2c). The N:P ratio of AM plants was affected by Long-term drought
treatment (Figure 2c). The opposite of AM plants, the N:P ratio of ECM plants changed
significantly under short-term drought (+0.1831%, Figure 2c).

2.5. Different Functional Groups of AM and ECM Showed Different Responses of N, P and N:P
Ratio to Drought

Drought had no effect on N in AM and ECM woody plants (Figure 3a). Drought
significantly reduced P in AM woody plants, but there was no change in P in ECM woody
plants (Figure 3a). The N:P ratio of AM woody plants increased significantly under drought
conditions, while ECM woody plant N:P ratio is not affected by drought (Figure 3a). AM
plants are further divided into herbaceous and woody plants. The responses of N, P
and N:P ratio to drought were also different between AM woody plants and herbaceous
plants. N and P of AM herbaceous plants decreased significantly, while N of AM woody
plants did not change, and P decreased significantly. Thus, it can be seen that for AM
plants, the change in N under drought conditions is mainly caused by herbaceous plants.
(Figure 3b). When woody plants were further divided into trees and shrubs, it was found
that drought stress had no effect on nitrogen of trees and shrubs in AM and ECM woody
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plants (Figure 4a). Tree phosphorus content in AM plants decreased significantly under
drought stress, this indicates that the P of AM plants in woody plants will decrease under
drought conditions mainly due to the effect of trees in woody plants. Drought had no effect
on shrub phosphorus concentration in AM and ECM plants (Figure 4b). The N:P ratio in
the tree of AM woody plants increased significantly under drought stress (Figure 4c), this

corresponds to the result in Figure 3a.
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Figure 3. Effect of drought on woody plant N, P, and N:P ratio in AM and ECM plants (a), and N, P,
and N:P ratio in herbaceous and woody AM plants (b).
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Figure 4. Effects of drought on AM and ECM plant N (a), P (b), and N:P ratio (c) were classified by

tree and shrub.
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2.6. Owverall Difference and Distribution Range of N, P, and N:P Ratio Effects of Drought on AM
and ECM Plants

In general, DS reduce the concentration of AM plant N by 7.15% on average, with a
minimum value of —0.75 (Figure 5a). The average P of AM plants decreased by 13.87%
(Figure 5¢). The N:P ratio of AM plants also increased by 8.01% on average due to changes in
N and P (Figure 5e). N of ECM plants increased by 1.58% on average, mainly concentrated
in [—0.136, 0.176] (Figure 5b). P of ECM plants decreased by 2.00% on average, and the data
in the figure were consistent with a normal distribution according to S, SS, K, and SK values,
so the P concentration of ECM plants was mainly distributed in [—0.269, 0.229] (Figure 5d),
which was much lower than that of AM plants. The N:P ratio of ECM plants also increased,
with an average increase of 3.58% (Figure 5f). The P values shown in Figure 5a—f (p < 0.001;
p = 0.468; p <0.001; p = 0.565; p = 0.017; p = 0.174), drought had a significant effect on N, P,
and the N:P ratio of AM plants but had no effect on N, P, and the N:P ratio of ECM plants,
which was consistent with the results in Figure 1.
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Figure 5. The frequency distribution of the effect size (natural log of the response ratio, LogeR) for
arbuscular mycorrhizal plant N (a), ectomycorrhizal plant N (b), arbuscular mycorrhizal plant P (c),
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ectomycorrhizal plant P (d), arbuscular mycorrhizal plant N:P ratio (e), and ectomycorrhizal plant
N:P ratio (f) to drought stress. Additionally, the mean effect size of drought stress on dendritic
mycorrhizal plant N, P, and N:P ratio and ectomycorrhizal plant N, P, and N:P ratio. The solid
curve in (a—f) is a Gaussian distribution matching the frequency data (n, number of observations).
The error bars in (f) represent 95% bootstrapped confidence intervals (Cls). The effect of drought
stress was considered significant if the 95% CI of loge R did not overlap with zero. In the figure, S
refers to skewness, SS refers to the standard error of skewness, K refers to kurtosis, and SK refers
to the standard error of kurtosis. If the IS — 01 / S5<1.96, IK — 01 /SK < 1.96, the data follows
normal distribution.

2.7. Different Effects of Pot or Field Treatment on AM and ECM Plant N, P, and N:P Ratio

We used two planting conditions altogether—pot and field. Drought has a great
influence on N concentration in both field and pot cultivations conditions, but the effect
of drought on N in field experiment is greater than that of pot cultivation experiment
(—0.1269%, Figure 6a). The absorption of P by AM plants decreased in both field and pot
experiments (by 0.1451% and 0.1317%, respectively, Figure 6b). In field experiment, the
absorption of the N:P ratio was not significantly affected, but the absorption of the N:P
ratio, in pot experiment, was positively affected (+0.0994%, Figure 6¢). For ECM plants,
field experiment had a negative effect on N absorption, but the effect was smaller than that
of AM plants. The N absorption of ECM plants had a positive effect in Pot experiment,
and more than AM plants, but P does not change (Figure 6a). There was no significant
difference in the effect of ECM plants on P in field and pot experiments (Figure 6b). The
N:P ratio of ECM plants was improved in pot experiment (+0.1092%, Figure 6c), which was
significantly higher than that under field conditions (a decrease of 0.0538, Figure 6¢). In
addition, the effect of ECM plant N:P ratio was greater than that of AM plants in both field
and pot conditions.
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Figure 6. Cont.
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Figure 6. The average effect of drought on ectomycorrhizal plant N, (a) P, (b) and N:P ratio, (c) and
arbuscular mycorrhizal plant N, (a) P, (b) and N:P ratio, (c) under field or pot experiment. The error
bar represents a 95% bootstrap confidence interval (CI). If the 95% CI of effect size did not overlap
with zero, drought stress was considered to be the effect. The number of observations for each
category is shown next to the error bar.

2.8. Effects of Other Factors on N, P, and N:P Ratio of AM and ECM Plants

In addition to drought patterns, drought time also analyzed whether species distribu-
tion and planting conditions affected plant N, P, and N:P ratio. The results showed that
planting conditions also had significant effects on plant nitrogen (p = 0.01028 < 0.05). Plant
N, P, and N:P ratio were not affected by species distribution and their cross-pollination.

3. Materials and Methods
3.1. Data Compilation

In this study, a large number of published works were consulted and mycorrhizal
types of plants in the database were determined by referring to Hempel et al. Wang B et al.
and Harley et al. [31-33]. The plants were divided into AM and ECM mycorrhizal types.
There were 103 AM and 52 ECM plants. Of the 155 plants, 67 were herbaceous and 88 were
woody. This study measured the differences of N and P content between AM and ECM
plants under different drought patterns and duration. In the study, the DS and control
treatment started with the same soil type and plant species, and were conducted under
equal spatial and temporal scales. DS in the studies was achieved by manipulating soil
water content (SWC) in controlled-environment facility (potting experiment). We noted
location, drought treatment methods, plant species and functional groups, treatment time
and the response of variables. We calculated the standard deviation and standard error
of sample size for field and pot. Drought stress in the field and pot experiments was
implemented using different time scales (from 1 days to several years) and frequencies.
We focused on the water deficit caused by DS operation type and drought duration. The
drought operation was divided into three types (Figure 7): constant-stressed type—the
control group and DS treatment were kept at a constant SWC through the duration of
the experiment (with lower SWC for the DS treatment, type I). The drying and rewetting
cycling type both control and drought treatments underwent drying and rewetting cycles,
but the drying and rewetting cycle for the DS treatment had overall lower SWC (type II).
Intermittent drying type—moisture content was reduced at a specific stage (type III). The
duration of DS was grouped into two categories: short-term treatment (0-30 d) and long-
term treatment (>90 d). On this basis, we analyzed the effects of two dominant mycorrhizal



Plants 2022, 11, 2429

9 of 14

types, AM and ECM, on N and P uptake in plants under different drought patterns and
different drought periods (Supplementary Data).

Type 1
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Figure 7. Drought stress (DS) manipulation type used in the meta-analysis. We classified DS
manipulation treatments into the following three types: (a) type I, constant-stressed type—soil water
content (SWC) in control and DS treatments is constant through the experiment with lower SWC
in the DS treatment; (b) type II, drying-rewetting cycle type—control and DS treatments have an
identical frequency of drying-rewetting cycles; however, the SWC content in the DS treatment was
lower overall; (c) type III, intermittent drying type—the SWC in the DS treatment was the same as
in the control treatment or at a lower level, but with a reduction in SWC during a specific growth

stage period.

3.2. Data Analysis

Data were expressed as the mean value + standard error. SPSS 19.0 software was used
to for statistical analysis of the effect size frequency of N, P, and the N:P ratio of AM and
ECM plants. For plant and soil parameters, we used the natural log of the response ratio as
a metric of the effect size, Loge R = Loge (X4q/Xc) = Loge (Xgq) — Loge (Xc), where X4 and X,
are the mean values of drought stress and control treatment, respectively. If log. R = 0, DS

processing is invalid.
The variance of loge R was calculated using the following formula:

v =8%/ntX?y + S%eneX?e (1)

St and Sc represent SDs of the treatment group and control group, respectively. In
addition, nt and nc were the sample sizes of the treatment group and the control group,

respectively.
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The random effects model in Meta Win 2.1 was used to calculate the average effect
size, determine the effect size and generate a 95% confidence interval (CI). Drought stress
treatments were considered significant if 95% CI did not overlap with 0. The logarithmic
mean effect size was inversely transformed and the DS effect was reported as a percentage
change compared to the control group. Using more than one observation in one study
may overexpress the effects of studies with a large number of observations. To test if
this was the case, we randomly selected one observation from each study and performed
the same analysis on only the selected observations. The average effect size calculated
for this selected database was similar to the average effect size for the entire dataset,
indicating that there was no overreach of the effects for a particular study. We used Q-Inter
statistical analysis to evaluate whether there were differences in the effects of DS operation
type (I-1V), DS duration type (short, medium and long term) and experiment type (field
and pot experiment) on AM and ECM plants. When P.,qom < 0.05, the difference is
considered significant.

4. Discussion

AM and ECM exist widely in various ecological environments [1]. In recent decades,
the role of AM and ECM in drought response has received increasing attention. Averill et al.
(2019) conducted nutrient analysis on global plants with different mycorrhizal types and
found that the acquisition strategies of N and P nutrients for AM and ECM plants differed
globally [34]. Chen et al. (2022) compared and analyzed the difference of soil nitrogen status
between AM and ECM forest types, indicating that the forest with AM species dominant
had a faster soil N cycle and a higher net nitrification rate and nitrate N concentration
than the forest with ECM species dominant [8]. Zhang et al. (2018) pointed out that on a
global scale, the absorption of N and P by AM and ECM trees showed differences with the
change in climate regions [35]. Thus, mycorrhiza plays a vital role in the ecosystem. In this
study, the effect of mycorrhizas was considered when discussing the responses of plant
N and P to drought stress. The results showed that the N and P of AM and ECM plants
differences between N and P response to drought. Many studies have proved that various
mycorrhizal types have different effects on plant growth, which is consistent with our
conclusion. Therefore, mycorrhizal types of plants should be considered when studying
the effects of drought on plants.

Our results showed that drought reduced the N concentration of AM plants but not
ECM plants, which may be caused by the difference in N absorption between AM and
ECM plants [36]. ECM mainly helps plants absorb N, while AM mainly helps plants absorb
P, which may also reveal the difference of P between the two mycorrhizal types. The
difference of N or P in AM and ECM plants may also be caused by the different living
environments of the two types of mycorrhizal plants, because AM plants tend to live in
areas where N is abundant but P is deficient, while ECM plants tend to be distributed
in areas where N is deficient. This leads to a possible greater uptake of N by ECM in
plants [1,37—41]. The P of AM plant significantly decreased, while ECM plant P had no
effect, which may also be caused by the above two reasons. The N:P ratio also changed,
with the change in N and P of AM and ECM plants. Additionally, the N:P ratio of AM
plants increased significantly, while that of ECM plants did not change.

The effects of drought on N, P, and N:P ratio were different between AM and ECM
plants, which may be related to drought pattern and drought duration. The results in
Figure 1 showed that the N concentration of AM plants decreased significantly under
continuous drought, while that of ECM plants did not change, which may be because the
negative effects of drought on AM fungi were mostly inhibited in extreme environmental
conditions [42]. In extreme or long-term drought conditions, AM fungi were inhibited in
absorption of water and N and P. The N of AM plants, under periodic drought conditions,
did not change, but ECM plants increased significantly. The P of AM and ECM plants
both decreased significantly under drying-rewetting cycle type, and AM plant P nor ECM
plant P changed under other drought conditions. This difference may be due to the fact
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that AM fungi are more symbiotic with herbaceous plants, while ECM is more symbiotic
with woody plants (Figure 3). Herbaceous plants have relatively shallow roots and mainly
absorb water and nutrients from the soil surface [43]. Figure 2 also showed that N and P
of AM and ECM plants decreased significantly under short-term drought (<30 d), while
N of AM and ECM plants was not affected under long-term drought (>90 d). The P of
AM and ECM plants also changes dramatically in the short-term drought. Similar to the
research results of He et al. (2014), DS caused short-term decreased in plant N and P, but
these effects were alleviated in the long term [24]. However, Deng et al. (2021) studied the
response of soil C and N cycles to drought in forest, shrub and grassland through Meta
analysis [44]. It was found that the higher the drought intensity and the longer the drought
duration, the greater the drought effect. The results of this study are contrary to this, and
the reasons need to be further explored.

Further analysis of AM and ECM plants (Figure 3) showed that 33 woody plants and
70 herbaceous plants were found in AM plants, and all ECM plants were woody plants.
Drought has no effect on N of AM and ECM woody plants, while drought has a significant
negative effect on N of AM herbaceous plants. Therefore, it can be seen that the N of
AM plants decreases significantly because of herbaceous plants. This may be because the
N and P concentration are different between herbaceous and woody plants [45]. The N
and P concentration of herbaceous plants are higher than those of woody plants, so the
changes in the N and P concentration of herbaceous are greater than those of woody plants
under drought conditions, which further confirms the results in Figure 1. P of AM woody
and herbaceous plants decreased significantly, while P of ECM plants did not change. By
further subdividing woody plants (Figure 4) and comparing trees and shrubs in woody
plants, it was found that trees and shrubs in AM and ECM woody plants had different
effects on N and P under drought conditions. In this study, we found that the responses of
AM and ECM plant N and P to drought stress were different due to the duration categories
(long term and short term), type of functional group (trees, shrubs, and grassland) and
experiment types (field experiment and pot experiment, Figure 6).

Fu et al. (2022) showed that AM fungal communities were very sensitive to ex-
treme drought [46]. The results of this study also showed that ECM plants had stronger
adaptability than AM plants under drought conditions (Figures 1 and 5). However, there
were also studies that proved that AM plants had stronger drought tolerance than ECM
plants [27,47,48]. There may be two reasons for the opposite results. One is caused by
data variation. There are few research data and there may be large variation. Secondly,
the planting conditions and species distribution were ignored. Our study did show that
planting conditions would have an impact on plant N (Table 1), but it was not entirely
caused by these indicators, and some of our other indicators may also have an impact. As a
result, the specific reasons for the differences still need to be further explored.

Table 1. The effect of mycorrhiza type, planting condition, species distribution and their interaction on
the N, P, and N:P ratio in AM and ECM plants based on linear mixed effect models planting conditions,
species distribution and their interaction are fixed effects. Mycorrhizal type is random effects.

Planting Conditions (PC) Species Distribution (SD) PC x SD
F P F P F P
N 6.754 0.01 3.143 0.078 1.366 0.244
P 0 0.997 0.733 0.394 0.065 0.799
N:P 2.375 0.126 0.134 0.716 0.662 0.422

5. Conclusions

The effects of drought on plant N and P are closely related to mycorrhizal types. The
N, P and N:P ratio of AM plants were significantly affected by drought, and ECM far less
so. The N, P and N:P ratio of AM plants were more sensitive to drought than ECM plants.
The responses of AM and ECM plant N, P, and N:P ratio to drought stress were related
to duration categories, functional group type and experiment type. In conclusion, these
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results revealed the role of mycorrhizas in plant response to drought and provided data
support for future exploration of AM and ECM plants in response to climate change.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/plants11182429/s1, Table S1: N and P contents and variation coefficients of
AM and ECM plants under different drought patterns and durations [31-33,49-52].

Author Contributions: M.]. and Z.S., conceptualization, validation, writing—review and editing,
and visualization. M.]., methodology and writing—original draft preparation. Z.S., software, in-
vestigation, data curation, supervision, project administration, and funding acquisition. M.J., M.Z.
(Menge Zhang), M.Z. (Menhan Zhang) and X.W., resources. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by NSFC (32171620, 31670499) and the Student Research Training
Program of Henan University of Science and Technology (2022461). Natural Science Foundation of
Henna Province (402421011901).

Data Availability Statement: The original contributions presented in the study are included in the
article/Supplementary Material, further inquiries can be directed to the corresponding author/s.

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

References

1. Smith, S.E.; Read, D.J. Mycorrhizal Symbiosis, 3rd ed.; Academic Press: London, UK, 2008.

2. Genre, A,; Lanfranco, L.; Perotto, S.; Bonfante, P. Unique and common traits in mycorrhizal symbioses. Nat. Rev. Microbiol. 2020,
18, 649-660. [CrossRef] [PubMed]

3. Van der Heijden, M.G.A.; Martin, EM.; Selosse, M.A.; Sanders, I.R. Mycorrhizal ecology and evolution: The past, the present, and
the future. New Phytol. 2015, 205, 1406-1423. [CrossRef]

4. Qiu, Q.; Bender, S.; Franz, M.A.S.; Hu, Y.L. Arbuscular mycorrhizal fungi mitigate soil nitrogen and phosphorus losses: A
meta-analysis. Sci. Total Environ. 2022, 807, 150-857. [CrossRef] [PubMed]

5. Parniske, M. Arbuscular mycorrhiza: The mother of plant root endosymbiosis. Nat. Rev. Microbiol. 2008, 6, 763-775. [CrossRef]

6. Hodge, A.; Campbell, C.D.; Fitter, A.H. An arbuscular mycorrhizal fungus accelerates decomposition and acquires nitrogen
directly from organic material. Nature 2001, 413, 297-299. [CrossRef]

7. Wu, Q.S.; Cao, M.Q.; Zou, Y.N.; Wu, C.; He, X.H. Mycorrhizal colonization represents functional equilibrium on root morphology
and carbon distribution of trifoliate orange grown in a split-root system. Sci. Hortic. 2016, 199, 95-102.

8. Chen, L,; Cai, Y.X,; Lei, HM,; Qi, X.X,; Lin, ].J.; Liao, W.; Huang, Z.X. Comparison of soil nitrogen cycling between arbuscular
mycorrhizal and ectomycorrhizal forests in a subtropical region. Chin. J. Ecol. 2022, 41, 218-226.

9.  Liu, X.Y,; Hu, YK. Carbon, nitrogen and phosphorus stoichiometry in leaves and fine roots of typical forest swamps in the Greater
Khingan Mountains. Chin. J. Appl. Ecol. 2020, 31, 3385-3394.

10. Shi, Z.Y;; Xu, S.X.; Yang, M.; Zhang, M.G.; Lu, S.H.; Chang, H.Q.; Wang, X.G.; Chen, X.N. Leaf nitrogen and phosphorus
stoichiometry are closely linked with mycorrhizal type traits of legume species. Legume Res. Int. J. 2021, 44, 81-87. [CrossRef]

11.  Cheeke, T.E.; Phillips, R.P.; Brzostek, E.R.; Rosling, A.; Bever, ].D.; Fransson, P. Dominant mycorrhizal association of trees alters
carbon and nutrient cycling by selecting for microbial groups with distinct enzyme function. New Phytol. 2017, 214, 432-442.
[CrossRef]

12. Wang, J.L.; Chen, G.F; Zou, G.Y,; Song, X.E,; Liu, EX. Comparative on plant stoichiometry response to agricultural non-point
source pollution in different types of ecological ditches. Environ. Sci. Pollut. Res. 2019, 26, 647-658. [CrossRef] [PubMed]

13.  Sun, H.F; Li, Q; Lei, Z.F; Zhang, ].B.; Song, X.Z.; Song, X.Z. Ecological stoichiometry of nitrogen and phosphorus in Moso
bamboo (Phyllostachys edulis) during the explosive growth period of new emergent shoots. J. Plant Res. 2019, 132, 107-115.
[CrossRef] [PubMed]

14. Lebauer, D.S.; Treseder, K.K. Nitrogen limitation of net primary productivity in terrestrial ecosystems is globally distributed.
Ecology 2008, 89, 371-379. [CrossRef] [PubMed]

15. Qin, Y, Yi, S.; Ren, S.; Li, N.; Chen, J. Responses of typical grasslands in a semi-arid basin on the Qinghai-Tibetan Plateau to
climate change and disturbances. Environ. Earth Sci. 2014, 71, 1421-1431. [CrossRef]

16. Sistla, S.A.; Schimel, J.P. Stoichiometric flexibility as a regulator of carbon and nutrient cycling in terrestrial ecosystems under
change. New Phytol. 2012, 196, 68-78. [CrossRef] [PubMed]

17.  Sterner, RW.; Elser, ].J. Ecological Stoichiometry: The Biology of Elements from Molecules to the Biosphere; Princeton University Press:
Princeton, NJ, USA, 2002.

18. Reich, P.B.; Oleksyn, J. Global patterns of plant leaf N and P in relation to temperature and latitude. Proc. Natl. Acad. Sci. USA

2004, 101, 11001-11006. [CrossRef]


https://www.mdpi.com/article/10.3390/plants11182429/s1
https://www.mdpi.com/article/10.3390/plants11182429/s1
http://doi.org/10.1038/s41579-020-0402-3
http://www.ncbi.nlm.nih.gov/pubmed/32694620
http://doi.org/10.1111/nph.13288
http://doi.org/10.1016/j.scitotenv.2021.150857
http://www.ncbi.nlm.nih.gov/pubmed/34626638
http://doi.org/10.1038/nrmicro1987
http://doi.org/10.1038/35095041
http://doi.org/10.18805/LR-550
http://doi.org/10.1111/nph.14343
http://doi.org/10.1007/s11356-018-3567-9
http://www.ncbi.nlm.nih.gov/pubmed/30411294
http://doi.org/10.1007/s10265-018-1070-5
http://www.ncbi.nlm.nih.gov/pubmed/30386970
http://doi.org/10.1890/06-2057.1
http://www.ncbi.nlm.nih.gov/pubmed/18409427
http://doi.org/10.1007/s12665-013-2547-0
http://doi.org/10.1111/j.1469-8137.2012.04234.x
http://www.ncbi.nlm.nih.gov/pubmed/22924404
http://doi.org/10.1073/pnas.0403588101

Plants 2022, 11, 2429 13 of 14

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.
40.

41.

42.

43.

44.

45.

46.

47.

48.

Guo, L.L.; Chen, Y.; Zhang, Z.; Fukushima, T. N: P stoichiometry in a forested runoff during storm events: Comparisons with
regions and vegetation types. Sci. World J. 2012, 2012, 257392. [CrossRef] [PubMed]

Asrar, A.A.; Abdel-Fattah, G.M.; Elhindi, K.M. Improving growth, flower yield, and water relations of snapdragon (Antirhinum
majus L.) plants grown under well-watered and water-stress conditions using arbuscular mycorrhizal fungi. Photosynthetica 2012,
50, 305-316. [CrossRef]

Manoharan, P.T.; Shanmugaiah, V.; Balasubramanian, N.; Gomathinayagam, S.; Muthuchelian, K. Influence of AM fungi on the
growth and physiological status of Erythrina variegata Linn. grown under different water stress conditions. Eur. J. Soil Biol. 2010,
46, 151-156. [CrossRef]

Farooq, M.; Hussain, M.; Wahid, A.; Siddique, K.H.M. Drought stress in plants: An overview. In Plant Responses to Drought Stress;
Aroca, R., Ed.; Springer: Berlin/Heidelberg, Germany, 2012; pp. 1-33.

Zeng, D.P; Jiang, L.L.; Zeng, C.S. Reviews on the ecological stoichiometry characteristics and its applications. Acta Ecol. Sin. 2013,
33,54-84.

He, M.Z,; Dijkstra, F.A. Drought effect on plant nitrogen and phosphorus: A meta-analysis. New Phytol. 2014, 204, 924-931.
[CrossRef] [PubMed]

Zhu, X.C.; Song, EB.; Liu, 5.Q.; Liu, T.D.; Zhou, X. Arbuscular mycorrhizae improves photosynthesis and water status of Zea mays
L. under drought stress. Plant Soil Environ. 2012, 64, 186-191. [CrossRef]

Augé, R M. Arbuscular mycorrhizae and soil/plant water relations. Can. J. Soil Sci. 2004, 84, 373-381. [CrossRef]

Lehto, T.; Zwiazek, ].J. Ectomycorrhizas and water relations of trees: A review. Mycorrhiza 2011, 21, 71-90. [CrossRef]

Xu, H.; Minna, K.; Walid, EK.; Lee, SH.; Pardo, A.G.; Cooke, ].EK.; Zwiazek, ].J. Overexpression of Laccaria bicolor aquaporin
JQ585595 alters root water transport properties in ectomycorrhizal white spruce (Picea glauca) seedlings. New Phytol. 2015, 205, 757-770.
[CrossRef]

Mobnica, S.; Bernardes, A.D.S; Rita, M.A.; André, A ; Susana, S.; Rui, M. Ectomycorrhizal inoculation with Pisolithus tinctorius
reduces stress induced by drought in cork oak. Mycorrhiza 2018, 28, 247-258.

Lin, S.S.; Sun, X.W.; Wang, X.J.; Dou, C.Y.; Li, Y.Y.; Luo, Q.Y,; Sun, L.; Jin, L. Progress and application prospect of mycorrhizal
studies in China. Acta Prataculturae Sin. 2013, 22, 310-325.

Hempel, S.; Gotzenberger, L.; Kiihn, I.; Michalski Stefan, G.; Rillig Matthias, C.; Zobel, M.; Moora, M. Mycorrhizas in the central
European flora: Relationships with plant life history traits and ecology. Ecology 2013, 94, 1389-1399. [CrossRef]

Wang, B.; Qiu, Y.L. Phylogenetic distribution and evolution of mycorrhizas in land plants. Mycorrhiza 2006, 16, 299-363. [CrossRef]
Harley, J.L.; Harley, E.L. A check-list of mycorrhiza in the British. New Phytol. 1987, 107, 741-749. [CrossRef]

Averill, C.; Bhatnagar, ].M.; Dietze, M.C.; Pearse, W.D.; Kivlin, S.N. Global imprint of mycorrhizal fungi on whole-plant nutrient
economics. Proc. Natl. Acad. Sci. USA 2019, 116, 23163-23168. [CrossRef]

Zhang, H.Y; Lu, X.T,; Hartmann, H.; Kelle, A.; Han, X.G.; Trumbore, S.; Phillips, R. Foliar nutrient resorption differs between
arbuscular mycorrhizal and ectomycorrhizal trees at local and global scales. Glob. Ecol. Biogeogr. 2018, 27, 875-885. [CrossRef]
Cornelissen, ]. H.C.; Aerts, R.; Cerabolini, B.; Werger, M.; van der Heijden, M. Carbon cycling traits of plant species are linked
with mycorrhizal strategy. Oecologia 2001, 129, 611-619. [CrossRef] [PubMed]

Read, D.J. Mycorrhizas in ecosystems. Experientia 1991, 47, 376-391. [CrossRef]

Schulze, E.-D.; Chapin, ES.; Gebauer, G. Nitrogen nutrition and isotope differences among life forms at the northern tree line of
Alaska. Oecologia 1994, 100, 406—412. [CrossRef] [PubMed]

Chapin, ES. New cog in the nitrogen cycle. Nature 1995, 377, 199-200. [CrossRef]

Michelsen, A.; Quarmby, C.; Sleep, D.; Jonasson, S. Vascular plant 15N natural abundance in heath and forest tundra ecosystems
is closely correlated with presence and type of mycorrhizal fungi in roots. Oecologia 1998, 115, 406-418. [CrossRef]

Nésholm, T.; Ekblad, A.; Nordin, A.; Giesler, R.; Hogberg, M.; Hogberg, P. Boreal forest plants take up organic nitrogen. Nature
1998, 392, 914-916. [CrossRef]

Yan, G.Y;; Lu, J.; Qiu, L.Y;; Huang, M.T; Xing, Y.J.; Wang, Q.G. Mycorrhizal characteristics of AM and ECM and their response to
environmental changes. J. Qufu Normal Univ. 2022, 48, 106-112. [CrossRef]

Jackson, R.B.; Canadell, J.; Ehleringer, ].R.; Mooney, H.A; Sala, O.E.; Schulze, E.D. A global analysis of root distributions for
terrestrial biomes. Oecologia 1996, 108, 389—411. [CrossRef]

Deng, L.; Peng, C.H.; Kim, D.G,; Li, ] W,; Liu, Y.1; Hai, X.Y.; Liu, Q.Y.; Huang, C.B.; Shangguan, Z.P.; Kuzyakov, Y.K. Drought
effects on soil carbon and nitrogen dynamics in global natural ecosystems: A meta-analysis. Earth-Sci. Rev. 2020, 214, 103501.
[CrossRef]

Tian, D.; Yan, Z.B.; Fang, J.Y. Plant ecological stoichiometry and its main hypotheses. Chin. J. Plant Ecol. 2021, 45, 682-713.
[CrossRef]

Fu, W,; Chen, B.D.; Rillig, M.C ; Jansa, J.; Ma, W.; Xu, C.; Luo, W.T.; Wu, H.H.; Hao, Z.P.; Wu, H.; et al. Community response of
arbuscular mycorrhizal fungi to extreme drought in a cold-temperate grassland. New Phytol. 2021, 234, 2003-2017. [CrossRef]
[PubMed]

Kilpelainen, ]J.; Vestberg, M.; Repo, T.; Lehto, T. Arbuscular and ectomycorrhizal root colonisation and plant nutrition in soils
exposed to freezing temperatures. Soil Biol. Biochem. 2016, 99, 85-93. [CrossRef]

Kilpelainen, J.; Barbero-Lopez, A.; Vestberg, M.; Heiskanen, J.; Lehto, T. Does severe soil drought have after-effects on arbuscular
and ectomycorrhizal root colonisation and plant nutrition? Plant Soil. 2017, 418, 377-386. [CrossRef]


http://doi.org/10.1100/2012/257392
http://www.ncbi.nlm.nih.gov/pubmed/22547978
http://doi.org/10.1007/s11099-012-0024-8
http://doi.org/10.1016/j.ejsobi.2010.01.001
http://doi.org/10.1111/nph.12952
http://www.ncbi.nlm.nih.gov/pubmed/25130263
http://doi.org/10.17221/23/2011-PSE
http://doi.org/10.4141/S04-002
http://doi.org/10.1007/s00572-010-0348-9
http://doi.org/10.1111/nph.13098
http://doi.org/10.1890/12-1700.1
http://doi.org/10.1007/s00572-005-0033-6
http://doi.org/10.1111/j.1469-8137.1987.tb00912.x
http://doi.org/10.1073/pnas.1906655116
http://doi.org/10.1111/geb.12738
http://doi.org/10.1007/s004420100752
http://www.ncbi.nlm.nih.gov/pubmed/24577702
http://doi.org/10.1007/BF01972080
http://doi.org/10.1007/BF00317862
http://www.ncbi.nlm.nih.gov/pubmed/28306929
http://doi.org/10.1038/377199a0
http://doi.org/10.1007/s004420050535
http://doi.org/10.1038/31921
http://doi.org/10.3969/j.issn.1001-5337.2022.2.106
http://doi.org/10.1007/BF00333714
http://doi.org/10.1016/j.earscirev.2020.103501
http://doi.org/10.17521/cjpe.2020.0331
http://doi.org/10.1111/nph.17692
http://www.ncbi.nlm.nih.gov/pubmed/34449895
http://doi.org/10.1016/j.soilbio.2016.04.025
http://doi.org/10.1007/s11104-017-3308-8

Plants 2022, 11, 2429 14 of 14

49.

50.

51.

52.

Fernandez, R.; Bertrand, A.; Casares, A.; Garcia, R.; Gonzalez, A.; Tamés, R.S. Cadmium accumulation and its effect on the in vitro
growth of woody fleabane and mycorrhized white birch. Environ pollu. 2008, 152. [CrossRef]

Baar, J.; Bastiaans, T.; van de Coevering, M.A; Roelofs, ].G.M. Ectomycorrhizal root development in wet Alder carr forests in
response to desiccation and eutrophication. Mycorrhiza 2002, 12.

Zhang, YM.; Ma, KM.; Qu, L.Y. Effects of AM fungus inoculation on the root system of small saddle sheep hoof beetle seedlings
under drought conditions. Acta Ecologica Sinica. 2017, 37, 2611-2619.

Chaiane, S.; Juarés José, A.; Sidney, L.S. Efficiency of the on-farm Mycorrhizal inoculant and phonolite rock on growth and
nutrition of schinus terebinthifolius and eucalyptus saligna. Rev Bras Cienc. 2017, 40.


http://doi.org/10.1016/j.envpol.2007.07.011

	Introduction 
	Results 
	Overall Differences in the Effects of DS on AM and ECM Plant N, P, and N:P Ratio 
	Differences of DS Type and Manipulation Time on AM and ECM Plant N 
	Differences of DS Type and Manipulation Time on AM and ECM Plant P 
	The Difference of DS Type and Manipulation Time on AM and ECM Plant N:P Ratio 
	Different Functional Groups of AM and ECM Showed Different Responses of N, P and N:P Ratio to Drought 
	Overall Difference and Distribution Range of N, P, and N:P Ratio Effects of Drought on AM and ECM Plants 
	Different Effects of Pot or Field Treatment on AM and ECM Plant N, P, and N:P Ratio 
	Effects of Other Factors on N, P, and N:P Ratio of AM and ECM Plants 

	Materials and Methods 
	Data Compilation 
	Data Analysis 

	Discussion 
	Conclusions 
	References

