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Abstract

In plateau wetlands, the interactions of herbaceous roots with ectorhizosphere soil mi-
croorganisms represent an important way to realize their ecological functions. Global
change-induced aridification of plateau wetlands has altered long-established functional
synergistic relationships between plant roots and ectorhizosphere soil microbes, but we
still know little about this phenomenon. In this context, nine typical wetlands with
three different moisture statuses were selected from the eastern Tibetan Plateau in this study
to analyze the relationships among herbaceous plant root traits and microbial communities
and functions. The results revealed that drought significantly inhibited the accumulation of
root biomass and surface area as well as the development of root volumes and diameters.
Similarly, drought significantly reduced the diversity of ectorhizosphere soil microbial com-
munities and the relative abundances of key phyla of archaea and bacteria. Redundancy
analysis revealed that plant root traits and ectorhizosphere soil microbes were equally
regulated by soil physicochemical properties. Functional genes related to carbohydrate
metabolism were significantly associated with functional traits related to plant root elonga-
tion and nutrient uptake. Functional genes related to carbon and energy metabolism were
significantly associated with traits related to plant root support and storage. Key genes
such as CS,gltA, and G6PD,zwf help to improve the drought resistance and barrenness
resistance of plant roots. This study helps to elucidate the synergistic mechanism of plant
and soil microbial functions in plateau wetlands under drought stress, and provides a
basis for evolutionary research and conservation of wetland ecosystems in the context of
global change.

Keywords: functional genes; moisture status; plant root traits; plant–microbe interactions

1. Introduction
Wetlands play an irreplaceable and important role in providing water for human

beings, maintaining ecological balance and reducing surface source pollution. However,
the ecological functions of wetlands are easily affected by both natural factors and human
activities [1]. In the context of global change, an increasing number of studies have shown
that drought has become a key factor affecting the ecological functions of wetlands, espe-
cially ecologically fragile high-elevation wetlands, where the effects of drought are more
significant [2]. Wetland ecological functions are related to wetland organisms, and in high-
elevation wetlands, herbaceous plants and soil microorganisms are the main providers of
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ecological functions, and their dynamic change patterns and interaction mechanisms under
drought conditions are hot spots in ecological research [3]. The Tibetan Plateau is a sensi-
tive and early warning region for global climate change [4,5], and its special topographic
conditions have nurtured rich and diverse alpine wetland ecosystems [6,7]. However, in
recent decades, owing to the combined effects of climate change and human activities, the
wetland area of the Tibetan Plateau has shown a gradual decrease in area, and the problem
of nitrogen pollution has also increased [8,9]. In this context, in-depth investigations of
wetland herbaceous plant–soil interactions are highly valuable and urgently needed.

The root system is a key organ for plant water and nutrient uptake and is able to
acutely sense and respond to changes in soil moisture. Under water stress conditions, root
structure and function are significantly altered, which in turn affects the nutrient uptake
efficiency and ultimately restricts plant growth and development [10]. Plant root functional
traits are attributes that reflect key plant life activities such as resource acquisition, water
transport and nutrient cycling [11]. Plant root–soil microbial interactions are important
drivers of ecosystem function and stability [12]. Plant roots influence the structures and
functions of soil microbial communities by secreting organic matter to provide soil mi-
croorganisms with carbon sources and energy, and by altering soil abiotic properties and
microenvironments [13–15]. As feedbacks, soil microorganisms provide essential nutri-
ents for plant growth by decomposing and transforming nutrients, and by regulating
plant growth and community structures through symbiotic, parasitic or antagonistic rela-
tionships [13,16–18]. These plant-soil microbial interactions form “plant-soil feedbacks”
(PSFs) [16,19–22], which are critical for vegetation growth, community diversity and stabil-
ity, and ecosystem functioning. PSFs can proved either positive or negative feedback that
affects the competitive advantage and diversity of communities by promoting or inhibiting
plant growth, respectively [16,19–21]. Soil microorganisms, as key players in PSF, are key
drivers of plant diversity and productivity by altering soil physicochemical properties
and directly or indirectly affecting plant growth [17,20,21]. Currently, many studies have
focused on the interactions among plant roots and soil microorganisms, but most have
concentrated on a single ecosystem type or short-term experimental conditions; however,
for ecologically fragile ecosystems such as plateau wetlands, which are significantly af-
fected by climate change, especially under prolonged drought stress, the mechanisms of
the interactions among plant roots and soil microorganisms and their impacts on ecosystem
functions are still unclear. In addition, there is a lack of in-depth studies on the mechanisms
of microbial functional genes in plant root resistance. In particular, the ectorhizosphere
soils, which are a key area for interactions among plant roots and soil microorganisms,
significantly affect plant access to nutrients, improve soil structures, and maintain plant
health through the synergistic actions of root secretions and microorganisms, and are of
irreplaceable importance for sustainable agriculture and ecosystem stability [23].

To elucidate the dynamics of and interactions among plant root functions and ectorhi-
zosphere soil microbial compositions and functions under the influence of drought, the
present study was conducted to determine the characteristics of the plant root traits and
ectorhizosphere soil microbial communities of herbaceous plants in nine wetland sample
plots located on the Western Sichuan Plateau, and to explore the changes in microbial
function and their relationships with plant root traits through macrogenome technology.

We hypothesized that (1) drought significantly inhibits herbaceous root biomass ac-
cumulation, root surface area, and volume development, and reduces the diversities of
ectorhizosphere soil microbial communities and the relative abundance of key phyla; (2) soil
physicochemical properties such as soil organic matter (SOM), total nitrogen (TN), total
phosphorus (TP), and pH play key roles in regulating herbaceous plant root traits and
ectorhizosphere soil microbial community structure, and changes in these factors further
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affect the interactions between plant roots and ectorhizosphere soil microbes; and (3) there
is a significant correlation between plant root traits of herbaceous plants and the structural
and functional genes of ectorhizosphere soil microbial communities, and specific microbial
functional genes are able to influence plant adaptations to drought stress by regulating the
growth and nutrient uptake capacity of plant roots. The findings of this study can provide a
theoretical basis for elucidating the formation of a new pattern of wetland biotic interactions
in the context of climate change, as well as support wetland conservation and restoration.

2. Results
2.1. Effects of Different Moisture Statuses on the Root Traits of Herbaceous Plants
2.1.1. Differential Analysis of the Plant Root Traits of Herbaceous Plants at the
Community Scale

Moisture status had a significant effect on plant root traits, with several indicators of
the root system showing clear trends under different moisture statuses (e.g., W1, W2, and
W3) (Figure 1). RM and RMD were highest in W1 and significantly lower in W2 and W3,
indicating that water conditions have an important effect on root biomass accumulation
(Figure 1a,f). RL and RLD did not vary much among the three moisture statuses, indicating
a relatively small response of RL to moisture status (Figure 1b,f). The RSA and RSAD did not
change significantly under W1 and W2 and were significantly lower than under W3, with
significant differences between W2 and W3 (Figure 1c,g), and no significant differences
between W1 and W3, suggesting that relatively high moisture conditions favored the
expansion of root surface areas, whereas aridification of water-deficient wetlands had a
significant inhibitory effect on the root surface areas. RV, RD and RVD showed similar
trends among the three moisture statuses, with no significant changes in W1 and W2 and
significant decreases in W3 (Figure 1d,e,h), suggesting that moisture conditions have an
important effect on root volume versus root diameter development.

2.1.2. Synergies and Trade-Offs in Herbaceous Plant Root Traits

Figure 2 shows the correlations among different root trait indicators of herbaceous
plants. The results revealed that most of the plant root traits were positively correlated
(absolute value of correlation coefficient ≥ 0.8 and p ≤ 0.001), such as the correlation
coefficients of RL and RLD, RSA and RSAD, and RV and RVD, which were 1.0. RL
was also highly positively correlated with RSA, RV, and RD, which indicated that the
trends of the changes in the root traits of the plants were highly consistent. There were
some moderate positive correlations (absolute values of correlation coefficients between
0.5 and 0.8), such as RM with RL and RSA. Low and weak correlations (absolute values
of correlation coefficient < 0.5) were not evident in the figure. Overall, there were strong
positive correlations among the plant root traits, which tended to vary synergistically.

2.1.3. Factors Influencing the Plant Root Traits in Herbaceous Plants

The interrelationships among ectorhizosphere soil physicochemical factors, herba-
ceous plant diversity indices, ectorhizosphere soil microbial diversity indices, and plant
root traits were further analyzed via redundancy analysis (Figure 3). A total of 97.02% of
the variance was explained by the two ordinations in the redundancy analysis of ectorhizo-
sphere soil physicochemical factors and plant root traits (Figure 3a). RV was significantly
correlated with pH (r2 = 0.7133, p = 0.004); TN (r2 = 0.6174, p = 0.012); and SOM (r2 = 0.5783,
p = 0.017). RD was significantly correlated with TN (r2 = 0.7037, p = 0.005); SOM (r2 = 0.6743,
p = 0.007); TP (r2 = 0.5830, p = 0.018); and pH (r2 = 0.5441, p = 0.023). In addition, RM was
significantly correlated with TK (r2 = 0.6176, p = 0.012); TN (r2 = 0.5858, p = 0.016); SOM
(r2 = 0.5834, p = 0.017); and TP (r2 = 0.5830, p = 0.017). RSA, RV, and RD are negatively
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correlated with pH, and RM was also negatively correlated with TK. pH, SOM, TN, TP, and
TK were the key ectorhizosphere soil physicochemical factors that affect plant root traits. In
the redundancy analysis of the diversity indices of herbaceous plants with respect to plant
root traits, the two ordination axes explained 95.72% of the variance (Figure 3b). The RSA
was significantly correlated with D (r2 = 0.6993, p = 0.005); H (r2 = 0.5937, p = 0.015); and
E (r2 = 0.5926, p = 0.015). RV was significantly correlated with H (r2 = 0.6738, p = 0.007);
D (r2 = 0.6253, p = 0.011); and E (r2 = 0.5054, p = 0.032). RD was significantly correlated
with H (r2 = 0.5568, p = 0.021). RSA, RV, and RD were all negatively correlated with biotic
factors, and the key herb diversity indices affecting plant root traits were D, H, and E.
In the redundancy analysis of ectorhizosphere soil microbial diversity indices with plant
root traits, the two ordination axes explained 99.26% of the variance (Figure 3c). RM and
RMD were significantly correlated with H (r2 = 0.6690, p = 0.007). RM, RMD, and H were
negatively correlated, and the key ectorhizosphere soil microbial index affecting plant root
traits was H. The other ectorhizosphere soil microbial diversity indices had no significant
effect on plant root traits.

 

Figure 1. Variability in plant root traits of herbaceous plants in different communities. W1: water-rich
wetland, W2: water-scarce wetland, W3: aridized wetland; subfigure (a) shows the effect of moisture
status on root biomass (RM, mg); subfigure (b) shows the effect of moisture status on root length (RL, cm);
subfigure (c) shows the effect of moisture status on root surface area (RSA, cm2); subfigure (d) shows the
effect of moisture status on root volume (RV, cm3); subfigure (e) shows the effect of moisture status on root
diameter (RD, mm); subfigure (f) shows the effect of moisture status on root length density (RLD, cm/cm3);
subfigure (g) shows the effect of moisture status on root surface area density (RSAD, cm2/cm3);
subfigure (h) shows the effect of moisture status on root volume density (RVD, cm3/cm3);
subfigure (i) shows the effect of moisture status on root biomass density (RMD, mg/cm3); (*: p < 0.05).
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Figure 2. Harmonized trade-offs for plant root traits (***: p < 0.001).

 

Figure 3. RDA plot of factors influencing plant root traits. S1–S9: numbering of nine sample plots with
different moisture status, where S1–S3 are water-rich wetlands (W1), S7–S9 are water-scarce wetlands
(W2), and S4–S6 are aridized wetlands (W3). (a) RDA plot showing the influence of soil physicochemical
properties on plant root trait; (b) RDA plot depicting the influence of plant diversity indices on plant
root traits; (c) RDA plot showing the influence of soil microbial diversity indices on plant root traits. RM:
root biomass, RL: root length, RSA: root surface area, RV: root volume, RD: root diameter, SOM: soil
organic matter; TN: total nitrogen; TP: total phosphorus; TK: total potassium; pH: soil pH; D: Simpson
diversity index; H: Shannon-Wiener diversity index; E: Pielou evenness index; R: species richness index.
Arrows indicate the correlation between different influencing factors and plant root traits; longer arrow
indicates longer correlation, and the direction of the arrow indicates positive correlation.

2.2. Effects of Different Moisture Statuses on Ectorhizosphere Soil Microbial Communities
2.2.1. Analysis of Ectorhizosphere Soil Microbial Community Diversities

The alpha diversities of the soil archaeal, bacterial, and fungal communities were
analyzed under different moisture conditions (Table 1). As shown in Table 1, different
moisture statuses had different degrees of influence on the alpha diversities of the soil
archaeal, bacterial, and fungal communities. Overall, there were no significant differences
in the Chao1 index, Shannon-Wiener index, or Simpson index among the archaeal, bacterial,
and fungal communities under different moisture statuses.

Table 1. Soil microbial diversity. W1: water-rich wetlands, W2: water-scarce wetlands, W3: aridized
wetlands; values represent diversity indices of soil archaeal, bacterial, and fungal communities
under different moisture regimes, which are used to assess the abundance and homogeneity of
microbial communities.

Microbial Group Treatment Chao1 Shannon-Wiener Index Simpson Index

archaea
W1 32 2.32 0.16
W2 32 2.32 0.17
W3 32 2.24 0.20
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Table 1. Cont.

Microbial Group Treatment Chao1 Shannon-Wiener Index Simpson Index

bacteria
W1 159 4.21 0.20
W2 160 4.23 0.20
W3 160 4.19 0.20

Fungi
W1 8 2.02 0.14
W2 8 2.04 0.13
W3 8 2.00 0.14

PCoA was performed for the soil archaeal, bacterial, and fungal communities under
the different treatments based on Bray-Curtis distances (Figure 4). In the PCoA analysis of
the archaeal communities, the cumulative explanation of the variance of the two principal
components was 89.06%, with a significant difference between the groups (R2 = 0.830,
p = 0.003; Figure 4a), and the archaeal communities were segregated into W1, W2, and W3
moisture statuses. In the PcoA of the bacterial communities, the cumulative variance that
was explained by the two principal components was 87.02%, with a significant difference
between groups (R2 = 0.699, p = 0.005; Figure 4b); the bacterial communities under the three
moisture statuses had high degrees of aggregation, with high degrees of overlap between
different communities. In the PcoA of fungal communities, the cumulative variance
that was explained by the two principal components was 74.03%, and the difference
between groups was significant (R2 = 0.532, p = 0.020; Figure 4c), with fungal communities
clustered together under the three moisture statuses and high degrees of overlap between
the different communities.

2.2.2. Analysis of Ectorhizosphere Soil Microbial Community Structure and Its Key Phyla

Figure 4 shows the relative abundances of ectorhizosphere soil microorganisms at the
level of major and key phyla; and the distribution characteristics of archaea (Figure 4d,g),
bacteria (Figure 4e,h), and fungi (Figure 4f) in W1, W2, and W3, respectively, were ana-
lyzed. The chord plots (Figure 4d–f) show that archaea and fungi in W1 contain a variety
of phyla and large relative abundances, with an overall trend of decreasing microbial
abundance with decreasing moisture. In contrast, bacteria had the lowest abundances in
the W2 moisture condition, which may be because bacteria need more time to acclima-
tize under drought conditions. The gates of the three microorganisms were subsequently
analyzed (Figure 4g,h). The results revealed that Candidatus_Gerdarchaeota differed
significantly under the W1 and W2 moisture statuses of archaea; under the W2 and W3
moisture statuses, Candidatus_Huberaechaea, Candidatus_Hydrothermarchaeota, Candi-
datus_Micrarchaeota, Candidatus_Thorarchaeota, Candidatus_Aenigmarchaeota, and Can-
didatus_Marsarchaeota differed significantly; under the W1 and W3 moisture statuses, Can-
didatus_Aenigmarchaeota, Candidatus_Micrarchaeota, and Candidatus_Huberaechaea
differed significantly; for the bacterial phyla, Candidatus_Gottesmanbacteria, Acidobacte-
riota, Abditibacteriota, Candidatus_Fischerbacteria, and Candidatus_Niyogi bacteria dif-
fered significantly under the W1 and W2 moisture statuses; and Candidatus_Dadabacteria,
Candidatus_Veblenbacteria, and Candidatus_Hydrothermota differed significantly under
W2 and W3 moisture status; Chlamydiota, Abditibacteriota, Candidatus_Collierbacteria,
Candidatus_Nomurabacteria, Candidatus_Yanofskybacteria, Candidatus_Pacebacteria,
Chrysiogenota, Candidatus_Bipolaricaulota, Candidatus_Eremacteria, Actinomycetota,
and Candidatus_Mcinerneyibacteriota were significantly different under W1 and W3 mois-
ture status; the fungal phyla did not differ significantly across moisture status. In this
study, the archaeal phyla Candidatus_Aenigmarchaeota and Candidatus_Marsarchaeota
showed significant decreases under drought stress, while Candidatus_Borrarchaeota and
Candidatus_Huberarchaea had higher relative abundances in water-rich wetlands.
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Figure 4. PCoA-based soil microbial community structure and its abundance pattern at key phylum
level. PCoA: Principal Coordinate Analysis, used to show the similarity of soil microbial community
structure in different sites; different colors and shapes of dots represent the sample sites under
different moisture status: red is W1, purple is W2, yellow is W3, and the further distance between the
dots indicates the greater differences in the microbial community structure; (a) is the PCoA diagram
for archaea; (b) is the PCoA diagram for bacteria; (c) is the PCoA diagram for fungi. Chordal plots
show the relative abundance of the major phyla of archaea (d), bacteria (e), and fungi (f) under
different moisture status: red is W1, blue is W2, yellow is W3;STAMP analysis identifies key taxa and
changes in relative abundance of key phyla at the phylum level for archaea (g) and bacteria (h): red is
W1, blue is W2, yellow is W3.

2.2.3. Relationships Among Ectorhizosphere Soil Microbial Community Compositions and
Environmental Factors

Figure 5 redundancy analysis revealed that for the archaeal factors at the phylum
level (Figure 5a,d), SOM was positively correlated with Candidatus_Borrarchaeota, Can-
didatus_Hydrothermarchaeota, Candidatus_Huberarchaea, Candidatus_Thorarchaeota,
Candidatus_Aenigmarchaeota, and Candidatus_Marsarchaeota were highly significantly
positively correlated, and Candidatus_Micrarchaeota and Candidatus_Thermoplasmatota
were significantly negatively correlated; TP was significantly positively correlated with Can-
didatus_Huberarchaea, Candidatus_Borrarchaeota, Candidatus_Aenigmarchaeota, Can-
didatus_Thorarchaeota, Candidatus_Hydrothermarchaeota, Candidatus_Marsarchaeota,
Candidatus_Thermoplasmatota, and Candidatus_Culexarchaeota; TN was significantly
positively correlated with Candidatus_Borrarchaeota, Candidatus_Thorarchaeota, Candi-
datus_Hydrothermarchaeota, Candidatus_Huberarchaea, Candidatus_Aenigmarchaeota,
Candidatus_Marsarchaeota, and Candidatus_Micrarchaeota were was significantly posi-
tively correlated; pH was significantly positively correlated with Candidatus_Micrarchaeota
and Candidatus_Gerdarchaeota; TK was significantly negatively correlated with



Plants 2025, 14, 2413 8 of 23

Candidatus_Borrarchaeota; and D was significantly positively correlated with Can-
didatus_Thorarchaeota and Candidatus_Marsarchaeota. For bacteria at the phylum
level (Figure 5b,e), TP was associated with Candidatus_Gottesmanbacteria,
Candidatus_Berkelbacteria, Candidatus_Giovannonibacteria, Actinomycetota, Chlamy-
diota, and Abditibacteriota, which were highly significantly positively correlated with
Candidatus_Colwellbacteria, Candidatus_Komeilibacteria, Candidatus_Bipolaricaulota, and
Candidatus_Hinthialibacterota. SOM and TN were highly significantly positively corre-
lated with all key bacterial phyla; TK was significantly positively correlated with Candi-
datus_Colwellbacteria and Actinomycetota; D was significantly positively correlated with
Candidatus_Bipolaricaulota and Candidatus_Berkelbacteria; and H was significantly posi-
tively correlated with Candidatus_Hintbialibacterota and Candidatus_Giovannonibacteria.
For fungi at the phylum level (Figure 5c,f), TP was significantly and positively correlated with
Cryptomycota, Basidiomycota, and Mucoromycota; SOM was significantly negatively corre-
lated with Zoopagomycota and Olpidiomycota; pH was significantly negatively correlated
with Chytridiomycota; TK was significantly positively correlated with Cryptomycota and Ba-
sidiomycota; D was significantly positively correlated with Cryptomycota and Basidiomycota;
Ace was significantly positively correlated with Zoopagomycota and Olpidiomycota; and H
was significantly positively correlated with Zoopagomycota and Olpidiomycota.

 

Figure 5. Relationship between key phyla of ectorhizosphere soil microorganisms and environmental
factors. The figure shows the correlation between key phyla of soil microorganisms and environmental
factors through redundancy analysis (RDA). S1–S9: numbering of nine sample plots with different
moisture status, where S1–S3 are water-rich wetlands (W1), S7–S9 are water-scarce wetlands (W2), and
S4–S6 are aridized wetlands (W3). (a,d) are RDA plots showing the relationships between archaeal key
phyla and soil physicochemical properties and soil microbial diversity indices, represented in green;
(b,e) are RDA plots showing the relationships between bacterial key phyla and soil physicochemical
properties and soil microbial diversity indices, represented in blue; (c,f) are RDA plots showing
the relationships between fungal key phyla and soil physicochemical properties and soil microbial
diversity indices, represented in pink; Different colored arrows indicate the correlation between
environmental factors and microbial phyla, with longer arrows indicating stronger correlations, and
arrow direction indicating positive or negative correlations. SOM: soil organic matter; TN: total
nitrogen; TP: total phosphorus; TK: total potassium; pH: soil pH; D: Simpson’s diversity index, which
is used to measure the diversity of the microbial community. ace: Ace index, used to estimate the
species richness of the microbial community. H: Shannon-Wiener diversity index, used to measure
the diversity of the microbial community.
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2.3. Interactions Among Herbaceous Plant Root Traits and Microbial Communities
2.3.1. Correlations of Plant Root Traits with the Relative Abundances of Species at the
Microbial Keystone Phylum Level

As shown in Figure 6, there were correlations between different microbial phyla and plant
root traits. At the level of archaea (Figure 6a), Candidatus_Aenigmarchaeota was significantly
positively correlated with RD; both Candidatus_Borrarchaeota and Candidatus_Huberarchaea
were significantly positively correlated with RM and RMD; Candidatus_Marsarchaeota was
significantly positively correlated with RV, RD, and RVD; Candidatus_Thorarchaeota was
significantly positively correlated with RM, RV, RD, RVD, and RMD; conversely, Candi-
datus_Micrarchaeota was significantly negatively correlated with RV, RD, and RVD. At
the bacterial phylum level (Figure 6b), Abditibacteriota, Candidatus_Berkelbacteria, Can-
didatus_Bipolaricaulota, and Candidatus_Gottesmanbacteria were significantly positively
correlated with RM and RMD; Candidatus_Giovannonibacteria and Chlamydiota were sig-
nificantly positively correlated with RM, RD, and RMD; Actinomycetota was significantly
positively correlated with RM, RV, RD, RVD, and RMD; and Candidatus_Colwellbacteria
was significantly positively correlated with RM, RV, RVD, and RMD. At the fungal phylum
level (Figure 6c), Basidiomycota was significantly positively correlated with RV, RD, and RVD;
Blastocladiomycota was significantly positively correlated with RM, RD, RVD, and RMD; and
Olpidiomycota was significantly positively correlated with RM, RV, RD, RVD, and RMD.

Figure 6. Heat map of correlation between plant root traits and relative abundance of species at the
key phylum level and bubble map of key functional genes of significantly related phyla. (a) Heat map
displaying the correlation between plant root traits and the relative abundance of species at the key
phylum level for Archaea; (b) Heat map showing the correlation between plant root traits and the relative
abundance of species at the key phylum level for Bacteria; (c) Heat map illustrating the correlation
between plant root traits and the relative abundance of species at the key phylum level for Fungi;
(d) Bubble map representing the key functional genes of significantly related phyla. Bubbles vary in size
from smallest to largest, representing correlations ranging from 0.2 to 0.8. The heat maps in (a–c) use a
color scale where blue indicates positive correlations and yellow indicates negative correlations. The
bubble map in subfigure d provides a visual representation of the strength and significance of correlations
between plant root traits and key functional genes. (*: p < 0.05, **: p < 0.01, ***: p < 0.001).
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2.3.2. Relationships Among Plant Root Traits and Functional Microbial Genes

The role of genes in root development and function was explored by analyzing the
correlations among different genes and plant root traits (Figure 6d) and in relation to
the function of genes in metabolic pathways (Table S1 in the Supplementary Materials).
The results revealed that the correlations of genes with plant root traits were closely
related to their functions in metabolic pathways. The fabG,OAR1, G6PD,zwf, leuA,IMS,
fabF,OXSM,CEM1 genes were highly correlated with the RL and RSA traits; the CS,gltA
gene was highly correlated with RM, RL, RSA, and RV traits; the nuoD and nuoF genes
were highly correlated with the RMD trait; and the glnA,GLUL gene was highly correlated
with the RL and RSA traits. These findings underscore the importance of specific microbial
functional genes in shaping plant root traits under different moisture statuses, which is
crucial for elucidating plant drought resilience mechanisms.

Through structural equation modeling (Figure 7), the moisture status significantly af-
fected soil factors, including SOM, TN, TP, and pH, with path coefficients of 0.962, 0.560, and
0.506 for SOM, TN, and TP, respectively, which were all significant at the p < 0.001 level, and
path coefficients of −0.614 for pH, which were also significant at the p < 0.001 level. These
soil factors significantly affected the root characteristics, with a path coefficient of 0.350 and
a significance level of p < 0.001. The root characteristics had a significant positive effect on
microbial functions, with a path coefficient of 0.752, which was significant at the p < 0.05 level.
In addition, the moisture status also had a significant positive effect directly on microbial
functions, with a path coefficient of 0.560, which was significant at the p < 0.001 level.

Figure 7. Structural equation modeling of microbial diversity and functioning. The model re-
vealed indirect effects of moisture status on herbaceous plant root traits and soil microbial functions
through soil factors such as soil organic matter—SOM, total nitrogen—TN, total phosphorus—TP,
and pH, as well as direct and indirect causal relationships between these factors (model goodness-of-
fit—GOF = 0.77). One-way arrows indicate the proposed causal relationships, and path coefficients
indicate the strength of these relationships; positive correlations are indicated by red arrows and
negative correlations by blue-colored arrows, with the width of the arrow corresponding to the
strength of the relationship. In the model, SOM, TN, TP, TK, and pH were the key soil factors affecting
plant root traits and microbial function; plant root traits had a significant positive effect on microbial
function, and moisture status also directly affected microbial function significantly and positively.
(*: p < 0.05, ***: p < 0.001.)
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3. Discussion
3.1. Response of Plant Root Traits to Moisture Status

The root system is an important organ for the exchange of material and energy be-
tween the plant body and the external environment and is in direct contact with the soil,
playing a key role in anchoring and supporting the plant body, as well as absorbing mineral
nutrients and water from the soil [24,25]. The responses of plant root traits to moisture
status are important for plant growth. The moisture status had a significant effect on the
plant root traits of the herbaceous plants (Figure 1), especially the RM and RMD, which
reached their highest values in W1 and decreased significantly in W3. This suggests that
plants tend to accumulate more biomass in well-watered environments, whereas biomass
accumulations in root systems are inhibited under drought conditions. In addition, RSA
and RV significantly declined in W3, indicating the inhibitory effect of arid conditions
on the root expansion capacity. This change may be related to the fact that plants prior-
itize the allocation of resources to other survival strategies (e.g., water storage or stress
tolerance) under drought conditions. In contrast, RD and RLD showed lower variations
across moisture statuses, suggesting that the responses of these traits to moisture changes
were relatively stable, possibly reflecting the conservative strategy of plants under differ-
ent moisture statuses. Other studies have reached conclusions similar to ours. A study
investigating the drought stress of megagrass revealed that with increasing stress, the RSA
and RV of megagrass subsequently decreased, the RM and root vigor weakened, especially
under severe drought stress, and the degree of decrease of these indices became more
significant [26]. Another study also revealed that under certain stresses, plants allocate
more biomass to the root system, and the belowground biomass increases with the degree
of stress; however, under severe drought stress, the root mass decreases drastically [27].
Moreover, megagrass preferentially allocates more assimilates to the root system when
faced with water deficit, thereby increasing the root-crown ratio and increasing the surface
area of the root system to increase water uptake [10].

The negative correlation between Shannon-Wiener diversity and root biomass (RM,
RMD) may be attributed to several factors, including altered carbon allocation under
microbial stress and changes in the soil microenvironment due to high root density [28].
High root biomass environments may lead to increased competition for resources among
microbes, potentially reducing microbial diversity [29]. Additionally, dense root systems
can alter soil porosity and oxygen availability, creating conditions that may favor certain
microbial taxa over others [30,31].

In water-rich environments, plants efficiently absorb nutrients by expanding the sur-
face areas and volumes of their root systems to support their growth and productivity [32].
In contrast, in arid environments, root contraction may be a strategy for plants to reduce
resource consumption to prioritize the allocation of resources to other survival functions
(e.g., water storage or stress tolerance) [33]. We found that SOM, TN, TP, and pH were
the key factors affecting plant root traits. RV was significantly and positively correlated
with TN and SOM, and RD was significantly and positively correlated with TN, SOM, and
TP (Figure 3a). These results are consistent with those of most previous studies [12,34,35],
showing that increased SOM and TN may promote root expansion and biomass accumu-
lation by providing more nutrients and improving the soil structure. In addition, plant
diversity (e.g., Simpson’s index and Shannon-Wiener index) was significantly correlated
with plant root traits (e.g., RSA and RV). These findings suggest that plant community diver-
sity may influence soil resource utilization efficiency by regulating plant root traits. Related
studies also support the idea that diverse plant communities may utilize soil resources more
efficiently through different combinations of plant root traits, thereby increasing ecosystem
productivity and stability [36]. Thus, soil factors and plant diversity together influence
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plant root traits, which in turn affect the plant utilization efficiency of soil resources and
the overall functioning of the ecosystem.

3.2. Ecological Functions of Soil Microbial Communities

Soil microorganisms are the most active factors in soil ecosystems; play important
roles in soil formation and development, decomposition of soil organic matter, material
and energy inputs, nutrient transformation, and fertility evolution; and are important
links in the ecological chain of the material cycle, which mainly includes bacteria, fungi,
and archaea [37]. This study revealed that the composition and structures of soil fungal
communities changed significantly with changes in soil moisture conditions (Figure 4),
with the highest abundances of key phyla of archaea, bacteria, and fungi occurring in W1,
and a significant decrease in the abundances of key phyla of archaea, bacteria, and fungi
occurring in W3, which may be related to the sensitivity of fungi to drought conditions [38].
In contrast, bacteria and archaea were more adaptable to different moisture conditions, but
still presented some changes in community structure. In one study, the sizes and structures
of the soil archaeal communities in the plateau wetlands of the Tibetan Plateau in dry and
wet years were investigated via real-time quantitative PCR and TRFLP techniques, and the
results revealed that the number of soil archaeal communities decreased significantly in dry
years [39], which is similar to the results of the present study. However, another study using
a plate counting technique to implement water stress experiments on round-leaved Cassia
potted plants reported that water stress significantly increased the numbers of bacteria,
fungi, actinomycetes, and nitrogen-fixing bacteria in the inter-root soil, and that the number
of soil fungi and actinomycetes tended to increase with increasing stress duration [40].
The differences in these findings reveal a complex response mechanism of soil microbial
communities to water stress, which is influenced by a combination of multiple factors,
including ecosystem type, soil texture, and the initial structure of the microbial community.

Although archaea and fungi account for a relatively small proportion in the micro-
bial community, they play a key role in plant root function and drought resistance [41].
The abundance of the Candidatus_Aenigmarchaeota group significantly decreases under
drought stress, which may weaken the ammonia oxidation pathway (such as the expression
of the amoA gene), thereby inhibiting the soil nitrogen cycle and affecting the drought
resistance of plants [42]. The abundance variation of Basidiomycota is also closely related
to soil structure and the root expansion capacity of plants. In water-rich wetlands, its high
abundance is conducive to lignin degradation and soil aggregate formation, enhancing
soil water retention capacity and plant root expansion capacity. However, under drought
conditions, the decrease in its abundance may lead to soil structure deterioration, restrict
plant root expansion, and weaken the drought resistance of plants [43].

Soil microorganisms significantly affect the soil organic matter content and nutrient
cycling by decomposing organic matter in the soil and converting it to inorganic matter [44].
In the process of decomposing complex organic compounds such as cellulose and lignin,
microorganisms are able to improve the soil structure and increase porosity, which in turn
enhances soil aeration and water permeability [45]. The physicochemical properties of
soil, such as pH and water content, directly affect the growth and metabolic activities
of microorganisms [46]. In this study, the effects of soil physicochemical properties on
microbial community structures were revealed via redundancy analysis (Figure 5), which
revealed that soil organic matter (SOM), total nitrogen (TN), and total phosphorus (TP)
were the main determinants of microbial community distributions [47,48].
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3.3. Relationships Among Plant Root Traits and Ectorhizosphere Soil Microbial Compositions

Plant root traits and microbial interactions are important pathways for the realization
of wetland ecosystem functions. Studies have shown that root structural and morphological
characteristics significantly affect the structures and functions of ectorhizosphere soil
microbial communities [49]. Fine roots may contribute to the diversity and activity of
inter-root microbial communities by increasing secretion of root exudates and improving
nutrient cycling. In addition, the ectorhizosphere soil microbial diversity is critical for
plant health, as it increases interference and competition with plant pathogens, thereby
preventing pathogen invasion [50,51]. In this study, RM and RMD were significantly
negatively correlated with the Shannon-Wiener diversity index. This may indicate a
greater diversity of microbial communities at lower root biomasses, reflecting a complex
mechanism of interactions between plant roots and soil microorganisms. This relationship
reveals that plants alter the soil microenvironment through root growth and metabolic
activity, which in turn affects the structure of the microbial community [52]. For example,
grassland systems with high plant diversity are able to attract more diverse microbial taxa
through root secretions, thereby maintaining the ectorhizosphere soil microbial diversity
and function [53].

Significant correlations were also shown between plant root traits and relative abun-
dances at the microbial gate level. Studies have shown that plants with different root
diameters differ in the composition of their inter-root microbial communities [49], and a
growing number of studies have demonstrated that smaller root diameters are associated
with an increased diversity of their inter-root microbial communities in a wide range of
plants, including natural shrubs, acacia, peach, and poplar, as well as in agriculturally
important crops such as maize and wheat. However, in the present study, Candida-
tus_Aenigmarchaeota in the phylum archaea was significantly positively correlated with
RD, whereas Candidatus_Micrarchaeota was significantly negatively correlated with RV,
RD, and RVD. These findings suggest that the physical properties of fine roots may limit the
colonization of certain microorganisms while providing more favorable conditions for other
microorganisms to survive [54]. At the bacterial phylum level, the phyla Abditibacteriota,
Candidatus_Berkelbacteria, and Actinomycetota were significantly positively correlated
with RM and RMD. Actinomycetes are a group of bacteria with the ability to decompose
complex organic matter, which may contribute to the accumulation of root biomass by
decomposing organic matter in the soil and releasing nutrients that can be absorbed by
plants [55]. At the fungal phylum level, Basidiomycota was significantly and positively
correlated with RV, RD, and RVD. Basidiomycota is a group of fungi with a wide range of
ecological functions, including the ability to decompose complex organic matter such as
lignin and cellulose, and their decomposition products, such as humic acids and polysac-
charides, and can combine with soil particles to form water-stable agglomerated structures
and soil colloidal complexes, thus improving soil aggregation and stability. In addition,
substances such as extracellular polysaccharides that are secreted by microorganisms dur-
ing the decomposition process contribute to the aggregation of soil particles, which further
enhances the agglomerate structure of the soil and provides favorable conditions for the
expansion and development of the root system [56].

In summary, material accumulation (e.g., root biomass) in the root systems of herba-
ceous plants in plateau wetlands was significantly correlated with the diversity of ectorhizo-
sphere soil microorganisms and their relative abundances at the phylum level. Changes in
plant root traits, especially increases in root biomass and surface area, can significantly influ-
ence the structure and function of soil microbial communities, which in turn promotes soil
nutrient cycling and plant growth [48]. Moreover, changes in microbial communities, espe-
cially in the relative abundances of certain key phyla, can also enhance plant adaptations to
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environmental stress by regulating soil nutrient availability and the root microenvironment,
and by influencing plant root uptake, support, and expansion functions [49]. The degra-
dation of plant root traits and microbial communities during wetland degradation may
lead to impaired soil nutrient cycling and restricted plant growth. Therefore, by increasing
the soil organic matter content and improving the soil structure, microbial diversity can be
improved, which in turn promotes the growth and development of the root system and
ultimately improves the productivity and stability of wetland ecosystems [50].

3.4. Relationships Among Root Functions and Ectorhizosphere Soil Microbial Functions

The complex relationship between plant roots and soil microbial functions is important
for the functional stability of ecosystems [57]. Microorganisms play a key role in the
regulatory, supportive, and provisioning functions of soil ecosystems and are the key
link between the aboveground and belowground parts of ecosystems [58,59], which can
maintain ecosystem multifunctionality by participating in the processes of decomposition
of apoplastic matter, mineralization of organic matter, production of primary matter, and
transport of matter and energy between aboveground and belowground communities [60].
This study further revealed the relationships between root function and soil microbial
function by analyzing the correlations between plant root traits and microbial function
genes. The fabG,OAR1, G6PD,zwf genes presented high correlations with RL and RSA,
whereas the CS,gltA gene presented high correlations with RM, RL, RSA, and RV (Figure 6d).
The functions of these genes in metabolic pathways is closely related to the development of
plant root traits (Supplementary Table S1).

Soil microorganisms are able to participate in metabolic pathways through key genes
(e.g., CS,gltA, G6PD,zwf, ACAT,atoB, and mcmA1) to synthesize and secrete metabolites,
such as organic acids, which in turn regulate the availability of nutrients to the root
system [61,62]. Among these genes, the CS,gltA gene promotes the accumulation of root
biomass by regulating carbon metabolism and providing the necessary energy and carbon
source to the root system [63], whereas the G6PD,zwf gene provides reducing power
and nucleic acid precursors to the root system through the pentose phosphate pathway
to support its growth and development [64]. In addition, the synergistic effects of genes
related to the biosynthesis of secondary metabolites (e.g., fabG,OAR1, G6PD,zwf) with plant
root traits suggest that the plant root system may regulate the composition and function
of the microbial community through the secretion of secondary metabolites, resulting in a
reciprocal relationship [65]. This reciprocal relationship is reflected not only in the physical
structure of the root system but also in the metabolic pathways of the microorganisms. Soil
microorganisms also influence root growth and development by regulating the synthesis
and distribution of hormones in the plant root system. Some microorganisms are able
to secrete phytohormones such as growth hormones to promote root elongation and
branching, whereas others may secrete hormones such as abscisic acid to inhibit root
overgrowth and thus optimize the root architecture in the soil environment [42]. For
example, the G6PD,zwf gene synthesizes glucose-6-phosphate dehydrogenase through the
pentose phosphate pathway, which provides cells with reducing power and nucleic acid
precursors to support root growth and development. Under adverse conditions, such as
drought or saline environments, soil microorganisms are able to enhance the resilience of
the plant root system by secreting resistance substances or regulating soil water and nutrient
status, helping plants to better adapt to environmental stresses [66–68]. For example, the
CS,gltA gene drives the tricarboxylic acid cycle (TCA cycle) by synthesizing citrate synthase,
which provides energy and carbon skeleton precursors to the root system, thus increasing
root resilience.
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In summary, there were significant correlations between plant root function genes
and ectorhizosphere soil microbial function genes. Microbial functional genes involved in
carbon metabolism, secondary metabolite synthesis, and energy metabolism are associated
with root traits that may support plant growth and stress tolerance. These associations sug-
gest a potentially mutualistic relationship that may support plant survival under adverse
conditions such as drought and also provide an important mechanism to guarantee the
stability and functional maintenance of wetland ecosystems.

3.5. Potential Applications of Microbial Functions in Wetland Ecological Restoration

In this paper, we found that drought stress significantly modulates the interactions be-
tween plant roots and ectorhizosphere soil microbial communities, as well as the expression
of functional genes in plateau wetlands. These findings provide an important theoretical
basis for ecological restoration strategies of wetlands, especially in plant selection and
microbial inoculation. Moisture status was found to have a significant effect on plant root
traits, with water-rich wetlands (W1) favoring root biomass accumulation and surface
area expansion, while aridized wetlands (W3) significantly inhibited the development of
these traits (Figure 1). In addition, plant root traits were closely related to the diversity
of ectorhizosphere soil microbial communities (Figure 6), suggesting that selecting plant
species with strong root expansion and drought tolerance may be more effective during
ecological restoration [69,70]. Plants with higher root surface area and biomass are able to
absorb water and nutrients more efficiently under drought conditions, thereby enhancing
plant survival and ecosystem stability [42,71].

In this study, we also found that the diversity of ectorhizosphere soil microbial com-
munities and the expression of functional genes differed significantly under different mois-
ture conditions. Particularly, functional genes related to carbon and energy metabolism
(e.g., CS,gltA, and G6PD,zwf) were closely related to plant root traits (Figure 6), contribut-
ing to drought tolerance and nutrient uptake in plants. These results suggest that enhancing
ectorhizosphere soil microbial communities through microbial inoculation may be an effec-
tive strategy for wetland restoration. Some studies have found that inoculation with specific
microbial strains can significantly improve plant resistance and nutrient uptake [69,72].
In wetland restoration, the introduction of microorganisms with specific functional genes,
such as those capable of synthesizing and secreting organic acids (via the CS,gltA gene),
may be considered to enhance soil nutrient availability [73,74].

In addition, microbial functional genes identified in this study, such as CS,gltA, and
G6PD,zwf, play important roles in plant drought tolerance and nutrient uptake (Figure 6).
These genes can be applied to wetland restoration through bioaugmentation techniques.
Bioaugmentation is the process of enhancing ecosystem functioning by introducing spe-
cific strains or communities of microorganisms into the ecosystem [75]. Some studies
have found that enhancing the stress resistance of wetland ecosystems can be achieved
by screening and introducing microbial strains with specific functional genes, such as
microorganisms capable of synthesizing and secreting stress-resistant substances [76,77].
Meanwhile, improving soil structure and nutrient cycling through microbial inoculation
can further promote plant growth and enhance wetland ecosystem restoration [78,79].

In summary, the findings of this study provide an important theoretical basis for
strategies related to wetland ecological restoration. The resilience and function of wetland
ecosystems can be significantly enhanced by selecting plant species with strong root expan-
sion and drought tolerance, and by introducing microbial strains with specific functional
genes. Future studies can further explore the specific application mechanisms of these
microbial functional genes in wetland restoration to develop more effective ecological
restoration strategies.
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4. Materials and Methods
4.1. Study Area

The study area is located on the eastern edge of the Tibetan Plateau (32.73◦~32.39◦ N,
102.34◦~102.41◦ E) (Figure 8). The region has a continental plateau cold–temperate monsoon
climate [80], which is characterized by short springs, long winters, and lack of summers, a
particularly limited growing season (July to September), and clear boundaries between wet
and dry seasons. The average altitude of this place reaches 3507 m, and the average annual
temperature is maintained at 1.4 ◦C, while the annual precipitation reaches 860.8 mm. The
vegetation type is typical alpine meadow vegetation, and the species composition can be
categorized into four taxa according to functional attributes: grasses, sedge, legumes, and
miscellaneous grasses [36]. In addition, the vegetation landscape of Hongyuan County,
where the study was conducted, was dominated by grasslands, with the average height
of the vegetation being about 30 cm, and the natural grasslands were widely distributed,
occupying 91.8% of the total area of the county, in which Kobresia setchwanensis Hand Mazz,
Elymus nutans Griseb, Carex atrofusca Schkuhr subsp., and Poa pratensis L. subsp. constitute
the dominant local plant populations. The average bulk density of the soil was 0.2 g/cm3.

 

Figure 8. Locations of sample sites. After investigation, we selected nine wetland sample sites with
three different moisture statuses: water-rich wetlands (W1), water-scarce wetlands (W2), and aridized
wetlands (W3) in the eastern Tibetan Plateau. (a) shows the positions of the sample sites we selected
on a small scale; (b) shows the locations of our sampling points on this large scale in the eastern part
of the eastern Tibetan Plateau. For soil sampling, we set up a 20 m × 20 m sample square within each
sample plot and randomly selected three sampling points in each sample square. Before collecting soil
samples, visible plant and animal debris and apomictic material were removed, and then periapical
soil was collected from 10 cm × 10 cm clods using a clean shovel and gently swept near the plant
roots into a plastic bag. Sampling was avoided in deep water; if shallow water was encountered, it
was drained before sampling. Subsequently, three soil samples from each sample plot were thoroughly
mixed to make a composite soil sample from which fine roots and larger plant fragments were removed.
Finally, the well-mixed soil samples were divided into two portions: one was naturally air-dried for
determination of soil nutrient content, and the other was quickly brought back to the laboratory and
stored in a −80 ◦C refrigerator for subsequent microbial sequencing analysis.
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To ensure the comparability and reliability of the study results, we endeavored to
control for differences in environmental variables when selecting the sample plots. The nine
selected sample plots were located in the same geographical area on the eastern Tibetan
Plateau, with minimal differences in climatic conditions, soil matrices, vegetation types, and
geologic environments. The elevation range of these sample plots was between 3282.53 m
and 3507 m, with a maximum elevation difference of only 224.47 m. This small elevation
difference ensured the consistency of climatic conditions among the sample plots, as the
effect of elevation on climate was negligible within the scope of this study. In addition,
the soil parent material of all the sample sites is sediment formed in the same geological
period, and the geological environment is relatively stable and has not been affected by
obvious geological tectonic activities. These conditions provide a more consistent context
for studying plant–root–microbe interactions in plateau wetlands and reduce interference
due to environmental heterogeneity.

4.2. Sample Collection and Analysis
4.2.1. Sample Collection Method

Historical remote sensing image analysis and field research were performed. Normal
wetlands with water from May to October each year (nonfreezing period) were defined as
water-rich wetlands (W1); wetlands with intermittent water were defined as water-scarce
wetlands (W2); and wetlands that once had water but are now water-scarce and arid were
defined as aridized wetlands (W3). In selecting the sample plots, we also considered
that the climatic conditions, soil matrices, vegetation types, and geological environments
among the sample plots did not differ significantly, and the maximum elevation difference
was only 224.47 m. These conditions provided a more consistent context for studying
plant–root–microbe interactions in plateau wetlands and reduced the interference caused
by environmental heterogeneity. After the initial selection of samples, further validation
was carried out via soil moisture content measurements, and three sample plots for each
moisture condition (nine in total) were selected. Three sample plots of 20 m × 20 m were
established in each sample plot, and three sampling points were randomly selected in each
sample plot for soil sampling. The use of deep water should be avoided when sampling;
if shallow water is encountered, drainage and sampling should be performed. During
sampling, after visible plant and animal debris and apomictic material were removed, a
clean shovel was used to collect ectorhizosphere soil from 10 cm × 10 cm clods, the soil
near the plant roots was gently swept to a plastic bag, and the soil of each sample plot
was thoroughly mixed to obtain a composite soil sample, and fine roots and larger plant
fragments were removed from the composite soil sample. The soil samples were mixed
well and divided into two portions, one of which naturally air dried and preserved for the
determination of soil nutrient content, and the other soil sample was quickly preserved in
the laboratory at −80 ◦C for microbial sequencing [81].

4.2.2. Determination of Soil Physical and Chemical Properties

Soil physicochemical properties were determined by referring to the soil agrochemical
analysis method of Bao Shidan [82]. Soil total potassium (TK) content was then determined
by atomic absorption spectrophotometry. Soil pH was measured using a pH monitor
(ThermoOrion-868, ThermoOrion, San, Jose, CA, USA) [7,83]. Soil organic matter content
(SOM) was determined by potassium dichromate (K2Cr2O7) oxidation method [84]. De-
termination of total soil phosphorus (TP) was conducted by wet digestion, treated with
H2SO4 and H2O2, and then by colorimetric method on a UV2800A UV spectrophotometer
(UNIC Inc., Shanghai, China) [85]. Soil total nitrogen (TN) content was determined using
an elemental analyzer (FLASH SMART CHNS/0, Bremen, Germany) [86].
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4.2.3. Determination of Root Traits in Herbaceous Plants

The collected clods were washed repeatedly; roots were screened; root length (RL, cm),
root surface area (RSA, cm2), root volume (RV, cm3), and root diameter (RD, mm) were
determined using an Epson Twain Pro (32 bit) root scanner (Epson Inc, Matsumoto, Japan)
and a Win-RHIZO root analysis system (version regular); The roots were then placed in an
oven to dry at 80 ◦C, for 36 h, after which they were removed and weighed to obtain root
biomass (RM, mg). Subsequently, root length density (RLD, cm/cm2), root surface area
density (RSAD, cm2/cm3), root volume density (RVD, cm3/cm3), and root biomass density
(RMD, mg/cm3) were calculated using the following formulas [87]:

RLD = RL/V (1)

RSAD = RSA/V (2)

RVD = RV/V (3)

RMD = RM/V (4)

where V (cm3) is the volume of soil from which the roots were extracted.

4.2.4. Measurement of Herbaceous Plant Diversity and Microbial Diversity

For plant diversity indices, four plant diversity indices—Simpson diversity index (D),
Shannon-Wiener diversity index (H), Pielou evenness index (E), and Species richness index
(R)—were selected, where R is the number of species observed in the sample, and the rest
of the diversity counting formula is as follows [88]:

Simpson diversity index (D):

D = 1 −
6

∑
i=1

Pi2 (5)

Shannon-Wiener diversity index (H):

H = 1 −
6

∑
i=1

Piln Pi (6)

Pielou evenness index (E):

E =
H

lnS
(7)

where Pi is the ratio of the number of individuals of species i to the total number of
individuals in the sample site, and S is the total number of individuals of all species in
the community.

Microbial diversity index: four microbial diversity indicators—ace index, chao index,
Simpson diversity index (D), and Shannon-Wiener diversity index (H)—were selected and
calculated by the cloud tool α-diversity index in the Meiji cloud platform.

4.2.5. Macro-Genome Sequencing Methods for Analyzing Soil Microbial Communities

In this study, we analyzed the diversity and function of soil microbial communities
in wetlands of the western Sichuan plateau using macro-genome sequencing technology.
The study area was located on the eastern edge of the Tibetan Plateau, and samples were
collected from three wetland sample plots with different moisture status, and three soil
samples were randomly collected from each sample plot for DNA extraction and physico-
chemical property analysis. DNA extraction was performed using the E.Z.N.A.® Soil DNA
Kit (OMEGA, Norcross, GA, USA), and DNA concentration and purity were determined by
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NanoDrop2000 (In-T BioTech Inc, Shanghai China). After DNA fragmentation, PE libraries
were constructed using the NEXTFLEX Rapid DNA-Seq kit (ThermoFisher, Waltham, MA,
USA) and subjected to high-throughput sequencing on the Illumina NovaSeq™ X Plus
platform (Yeasen, Shanghai China) [89]. Sequencing data were quality controlled to re-
move low-quality reads and host contamination and then spliced and assembled using
MEGAHIT (version 1.2.9) to screen contigs ≥ 300 bp as the final assembly results. ORFs
were predicted by Prodigal (version 2.60), and non-redundant gene sets were constructed
using CD-HIT (version 2.60). Use DIAMOND (version 0.8.20) to compare the gene set with
NR, KEGG, eggNOG, ARDB, CAZy, SEED and other databases to obtain species annotation
information and functional annotation information of genes.

4.3. Data Analysis and Graphing

In this study, a variety of statistical and visualization tools were used to provide a
comprehensive analysis of plant root traits and the microbial structures and diversities
of herbaceous plants under different moisture statuses. One-way analysis of variance
(ANOVA) was performed via SPSS 26.0 software on the structure and diversity of the
plant root traits and microorganisms of herbaceous plants to assess the significant effect
of moisture status. Prism 10.1.2 was used to plot bar graphs of the root trait differences in
herbaceous plants to visualize changes in plant root traits under different water conditions.
Principal coordinate analysis (PCoA) based on the Bray-Curtis distance algorithm was
used to test the similarity of archaeal, bacterial, and fungal community structure among
samples, and the PERMANOVA nonparametric test was used to analyze whether the
differences in microbial community structures among sample groups were significant. Key
archaeal, bacterial, and fungal taxa at the phylum level were identified between different
groups via STAMP analysis. Genes and metabolic pathways of soil archaea, bacteria,
and fungi that were significantly associated with plant root traits in herbaceous plants
under different moisture statuses were screened via R software (version 4.1.0), and specific
functions of these genes in metabolic pathways were identified via the official KEGG
website. The results of the descending trend correspondence analysis (DCA) revealed
that the gradient lengths of the first sorting axes of the environmental factors, herbaceous
plant root traits, and microbial communities were 0.4 and 0.5, respectively, which were less
than 3.0. Therefore, redundancy analysis (RDA) was chosen to explore the effects of soil
and biological factors on herbaceous plant root traits, as well as on the structures of the
soil archaeal, bacterial, and fungal communities, which were visualized via R software.
In addition, heatmaps based on the Pearson correlation coefficients of the relationships
between key soil microbial phyla and herbaceous plant root traits were produced through
an online website https://www.chiplot.online/ (accessed on 25 March 2025) to visualize
the correlations between them. Finally, structural equation modeling was performed via
SmartPLS4 to reveal potential causal relationships between variables. Other graphics in the
article were generated via Origin2024 software.

5. Conclusions
This study revealed root–microbe interactions in plateau wetlands under drought

conditions. Water-rich wetlands favor root biomass, surface area, and volume, whereas
aridized wetlands inhibit these traits and reduce archaeal and bacterial diversity. Root
traits correlate with soil pH, total phosphorus, soil organic matter, and microbial diver-
sity. Functional genes such as CS,gltA, G6PD,zwf are associated with root traits linked to
drought resilience. Moisture status alters soil organic matter, total nitrogen, total phospho-
rus, and pH, affecting root characteristics and microbial function. Changes in root traits
influence microbial communities, potentially promoting soil nutrient cycling and plant

https://www.chiplot.online/
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growth. Future work should focus on the functional validation of these microbial genes to
elucidate their specific roles in plant drought resilience and nutrient cycling.

6. Limitations of This Study
The sample selection for this study was limited to nine wetland sample sites, which,

although representative of the study area, may not fully capture the variability across the
region. Future studies would benefit from a broader sampling strategy incorporating more
sample sites to enhance the robustness and generalizability of the results.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/plants14152413/s1: Table S1. Metabolic pathways involved in
key functional genes.
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