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Not by Salinity Alone: How Environmental Factors 
Shape Fungal Communities in Saline Soils

Soil Biology & Biochemistry 

Soil salinity is prominent in arid and semiarid regions, especially in local 
agricultural systems. Fungi play major roles in ecosystem processes, but the 
determinants of fungal diversity and biogeographical patterns in saline agricul-
tural systems remain poorly understood. Here we performed Illumina MiSeq 
high throughput sequencing of the fungal ITS1 region from 31 soils covering 
representative saline agricultural lands in northwest China. The results showed 
that Dothideomycetes, Eurotiomycetes and Sordariomycetes were the domi-
nant taxonomic groups across all soil samples (>5% of all sequences), while 
saprotroph, pathotroph-saprotroph-symbiotroph and pathotroph were the main 
functional guilds across all soil samples. Interestingly, the fungal abundance 
and a diversity increased with increasing longitudinal gradient from 84°13¢ E 
to 89°11¢ E. Soil moisture, followed by salinity and total potassium, were the 
primary environmental drivers of the fungal community; these soil parameters 
were significantly (P < 0.05) correlated with longitude, and therefore potential-
ly result in longitudinal fungal gradients. Furthermore, the fungal community 
assembly was mainly stochastic; fungal community exhibited distance-decay 
distribution patterns, which were mainly influenced by geographical distance. 
By contrast, environmental factors (such as salinity pH, soil moisture, or nutri-
ents) mainly contributed to the variation in trophic guilds. These findings 
enhance our understanding of fungal biogeography in saline agricultural soils.

Abbreviations: CCA, canonical correspondence analysis; NTI, nearest taxon index; OTU, 
operational taxonomic unit; qPRC, quantitative polymerase chain reaction; VPA, variance 
partitioning analysis.
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Core Ideas

•	Fungal diversity exhibits a 
longitudinal gradient in saline soils.

•	Soil moisture, then salinity and 
total potassium, were the main 
environmental drivers of fungal 
communities.

•	Environmental variables were more 
important than geographical distance 
to variation in trophic guilds.

•	The fungal community assembly was 
mainly stochastic.
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Fungi are crucial components of soil ecosystems, playing 
important ecological roles as decomposers, mutualists, 
and pathogens of plants and animals (Tedersoo et al., 

2014; Fierer, 2017). Since these microorganisms are responsible 
for a suite of key processes in soils, such as carbon cycling or the 
mediation of mineral nutrition in plants, insight into the drivers 
underlying their distribution and diversity is fundamental to our 
understanding of soil ecosystem functioning (Hendershot et al., 
2017). Soil fungal distribution has been widely investigated in 
natural (Peay et al., 2013; Shi et al., 2014) and agricultural (Liu 
et al., 2015; Zhang et al., 2017; Zhang et al., 2018; Banerjee et al., 
2016a) ecosystems, however, fungal biogeographical patterns in 
saline agricultural systems remain relatively unexplored. Saline 
soils are an integral part of local agricultural systems in both arid 
and semiarid areas. For example, Xinjiang is the largest province 
in China; 32.6% of the arable land in this area consists of saline 
soils, which are used to grow agricultural plants (Xi et al., 2006). 
Despite their important functioning, far less attention has been 
directed to fungal communities in saline agricultural soils com-
pared to other terrestrial ecosystems.

A growing body of evidence has revealed that fungi follow 
similar biogeographical patterns as plants and animals (Tedersoo 
et al., 2014). Fungal richness and diversity are related to increas-
ing latitude due to the combined effects of both environmen-
tal parameters (climate, edaphic) and geographical distance 
(Tedersoo et al., 2014; Bahram et al., 2018). Saline soils in arid 
zones usually span a narrow latitudinal range and a broad lon-
gitudinal range in China (Zhang et al., 2013), which exhibit 
relatively low variation in terms of precipitation and temperature 
range. These considerations raise a pertinent question of wheth-
er there is a longitudinal gradient in the fungal community in 
saline agricultural lands. However, there are no available reports 
on microbial biogeographical distribution along longitudinal 
gradients in saline agricultural soils.

Soil fungal communities can vary in predictable ways along 
broad environmental gradients (Ge et al., 2008; Tedersoo et al., 
2014; Bahram et al., 2018). Many studies have found that soil nu-
trient content, but not pH, drives the biogeographical distribution 
of fungal communities in agricultural soils (Lauber et al., 2008; 
Rousk et al., 2010; Liu et al., 2015). However, it should be noted 
that soil samples collected in these studies were non-saline soils. 
By contrast, soils from saline agricultural systems often have high 
salinity and pH but low moisture and organic matter content. It is 
possible that salinity and/or soil moisture facilitate biogeographi-
cal patterns of fungal communities. However, it is still unclear how 
the drivers of the fungal communities in saline agricultural systems 
may differ from those in other agricultural systems.

For understanding of fungal biogeographical patterns in saline 
agricultural soils, a relevant aspect is the relative importance of con-
temporary environment gradients vs. geographical distance matrix 
from latitude and longitude (in kilometers), and stochasticity vs. 
determinism in soil fungal communities. For example, geographical 
distance related to historical processes (such as spatial isolation and 
dispersal limitation in the past) may play an important role in af-

fecting the variation of fungal communities (Tedersoo et al., 2014; 
Zhang et al., 2017). Where there are gradients in saline soil envi-
ronment, such as those related to salinity and moisture, this leaves 
little room for historical effects on fungal community patterns. It is 
unclear how much of the variation in soil fungal communities can 
be explained by geographical distance. On the other hand, previ-
ous studies have shown a dominant role for deterministic processes 
in bacterial assemblies in agricultural systems or natural ecosystems 
(Fan et al., 2017; Shi et al., 2018). Bacterial communities could 
change rapidly or be resilient after disturbance, by contrast, fungal 
response is relatively slow to disturbance and they are more likely to 
be affected by dispersal limitation (Schmidt et al., 2014). Thus, it is 
possible that assembly of fungal communities is driven by stochas-
tic processes. However, such information for fungal communities 
in saline agroecosystems is unavailable.

The specific composition of a fungal community is general-
ly organized into modes by their trophic traits, such as saprotro-
phy, symbiotrophy, and pathotrophy (Nguyen et al., 2016). The 
grouping of taxa into trophic guilds could therefore reveal com-
plementary resource sharing, competitive niche differentiation, 
similar nutrient acquisition strategies, etc. (Wang et al., 2018). 
Interestingly, major fungal taxonomic composition and func-
tional groups (e.g., saprotrophic or pathogenic fungi) are known 
to differ markedly in their range of distribution (Tedersoo et al., 
2014), suggesting that they may be governed by different factors. 
Previous research has shown how environmental variation affects 
fungal taxonomic composition (Tisthammer et al., 2016; Zhang 
et al., 2018; Maynard et al., 2019), but very little is known about 
how environmental variation affects fungal trophic guilds. This 
could be of relevance to understanding whether fungal trophic 
guilds are rigorously structured by environmental filtering.

In this study, we investigated the diversity and biogeography 
of fungi in saline agroecosystems in an oasis located between the 
Tianshan Mountains and the Gurbantunggut Desert in Xinjiang, 
which is the most representative saline agriculture region in the 
arid zone of China. The oasis extends along the east–west direc-
tion and almost 40% of agricultural soils in this region suffer from 
salinization. We used the Illumina MiSeq sequencing of fungal 
ITS1 region to test the following hypotheses and expectations:

1. Given that all sample sites were under the same climatic 
conditions, we hypothesized that there would be no 
longitudinal variation in the fungal community. Previous 
macroecological studies have shown that trends in 
latitudinal distribution of microbial communities may be 
a response to climatic properties that vary along latitudinal 
gradients (Tedersoo et al., 2014; Bahram et al., 2018).

2. We expected that similar to soil bacteria, fungal community 
composition would differ in salinity regimes and that the 
fungal community would be structured by soil salinity. 
Our previous study found that salinity drove the observed 
variation of bacterial communities in wild saline soils (Zhao 
et al., 2018).

3. We expected that environmental factors would exert a 
stronger influence than distance on fungal biogeographical 
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patterns. At a local scale (<1000 km), environmental factors 
are known to explain the variation in fungal communities 
of wetland sediments (Wu et al., 2013) and black soils 
(Liu et al., 2015). The sampling scale of the present study 
(10–410 km) was well within the local scale. Since the 
relative importance of stochasticity vs. determinism varies 
with the spatial scale and stochasticity tends to dominate in 
soil bacterial communities at a local scale (Shi et al., 2018), 
we hypothesized that stochastic processes would also play a 
key role in the fungal community. To understand whether 
the relative role of deterministic and stochastic processes 
differed between fungi and bacteria in the same area, soil 
bacteria were chosen as a case study for comparison.

4. As environmental variables are more important than 
dispersal capacity in determining the global composition 
of microbial functional groups (Bahram et al., 2018), we 
also expected fungal taxonomic composition and trophic 
guilds to respond differently to environmental distance and 
geographical distance in saline soils.

MATErIALS AnD METHODS
Study Area and Soil Sampling

The study area was established along a 410 km east–west soil-
longitudinal gradient (84°13¢ E to 89°11¢ E) across 12 counties in 
central Xinjiang, China (Fig. 1a). The climate in this area is defined 
as a temperate continental climate. The oasis receives 150 to 170 
frost-free days per annum, with a mean annual air temperature of 
5°C. The annual precipitation varies from 100 to 200 mm, and the 

annual evaporation varies from 1500 to 3200 mm. There is a special 
area (Urho municipal district, belonging to Karamay) in the north-
ernmost part of the oasis: this area has the lowest annual precipita-
tion (90–100 mm) and highest annual evaporation (3000–3100 
mm). Our sampling sites focused on the farmland in the oasis, basi-
cally all the sites under similar climatic conditions (e.g., annual pre-
cipitation between 150 and 200 mm, and the annual evaporation 
between 2000 and 2600 mm) (Cheng et al., 2002; Dong., 2005).

Soil samples were collected at 31 sites across the oasis from 
20 to 25 Sept. 2016. Geographical distance between the sam-
pling sites ranged from 5.72 to 406.98 km. At each site, four 100-
m2 areas were randomly selected. In each area, soils (0–15 cm) 
were collected at 10 sampling points and mixed to obtain one 
composite sample. In total, 124 soil samples were collected. Solid 
salt crusts and litter layer were removed by using sterile stainless 
steel shovel. Between two sampling, the shovel was sterilized 
by 75% ethanol and bleach (Fig. 1b). Soil samples were sieved 
through sterile 2-mm mesh to remove plant residues and stones. 
Samples were homogenized in a sterile glass bowl and placed 
in a sterile 50-mL centrifuge tube. The tube was kept in a zip 
lock plastic bag for storage and transferred to the laboratory in a 
cooler-box. Samples were kept for approximately 4 d in a refrig-
erator until the end of the respective sampling campaign. The 
tubes were then stored at −80°C until the soil DNA extraction 
was performed. The physicochemical properties of the soil are 
shown in Supplemental Table S1.

Fig. 1. Profiles of the study area. (a) Sampling points across saline agricultural soils in the oasis. The study area was established along a geographical distance 
of 410 km across 12 counties in north-west China. (b) Saline agricultural lands in the study area. Salts accumulated in the upper soil profile. (c) Maps of 
the fungal abundance and diversity in the study area generated through kriging: abundance (AD), phylogenetic diversity (PD), and phylotype number (Pn).
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Soil Physicochemical Properties
The soil types of the main sampling locations were Hapli-

Orthic Aridosols and Parasalic Ochri-Aquic Cambosols; sandy 
soil and sandy loam soil dominated the soil texture (Supplemental 
Table S1). Soil soluble salt content, soil moisture, available phos-
phorus and available potassium were determined by methods de-
scribed elsewhere (Bao, 2008). Soil soluble salt content was deter-
mined after drying the residue; soil moisture was measured after 
oven drying at 105°C for 24 h; available phosphorus was measured 
using a spectrophotometer (UVmini-1240, Shimadzu, Japan) and 
available potassium was determined by an atomic absorption spec-
trum analyzer (240-AA, Agilent, USA). Soil pH was measured us-
ing a pH meter after shaking a soil/water suspension (1:5, w/v) for 
30 min. Soil organic matter and total nitrogen were measured using 
a CN Analyzer (Vario Max CN, Elementar, Germany). Mineral ni-
trogen was determined using a Skalar SAN Plus Segmented Flow 
Analyzer (Skalar Analytic B.V., De Breda, the Netherlands). Ion 
concentrations were detected by inductively coupled plasma mass 
spectrometry (ELAN 9000/DRC-e, PerkinElmer, USA).

quantitative PCr Analysis
The expression of the fungal ITS1 gene was determined in a 

LightCycler 480 (Roche Applied Science) using the primer pairs 
ITS1 and ITS2 (Liu et al., 2015). All qPCR reactions were con-
ducted in triplicate with the DNA extracted from each sample act-
ing as a template. Each PCR reaction was performed in a 20 mL 
volume containing 10 mL of SYBR Premix Ex Taq (Takara, Dalian, 
China), 0.4 mL of 10 mM forward and reverse primers (each) and 2 
mL of DNA template (10 ng mL -1). The qPCR reaction program 
was as follows: 95°C for 30 s; followed by 25 cycles of 5 s at 95°C, 
30 s at 60°C for annealing and elongation, with a final extension at 
50°C for 30 s. A 10-fold dilution series of standard curves for the 
qPCR assays was generated with the target gene insert. The copy 
numbers of the fungal ITS genes were converted into per gram of 
dry soil as described previously (Sun et al., 2015).

Illumina MiSeq Sequencing
Fungal ITS1 region was amplified using ITS1 and ITS2 

primers (Liu et al., 2015). The PCR reactions were performed in a 
25-mL mixture containing 1 mL of each primer (at 10 mmol L-1), 
1 mL of template DNA (10 ng mL-1) and 22 mL of Platinum PCR 
SuperMix (Invitrogen, Shanghai, China). The following thermal 
program was used for amplification: 94°C for 4 min; followed by 
30 cycles of 94°C for 30 s, 50°C for 45 s and 72°C for 1 min; fol-
lowed by a final extension at 72°C for 10 min. Each sample was 
amplified in triplicate, and the PCR products were pooled and 
purified using an Agarose Gel DNA Purification kit (TaKaRa, 
Dalian, China). An equimolar amount of the PCR products was 
combined into one pooled sample and paired-end sequenced (2 
×300) using an Illumina MiSeq platform at Majorbio BioPharm 
Technology Co., Ltd., Shanghai, China. The raw data were pro-
cessed and analyzed using the QIIME Pipeline version 1.9.0 
(http://qiime.org; Caporaso et al., 2010). Low quality sequences 
(shorter than 300 bp in length, a mean quality score of less than 25, 

and/or that have ambiguous bases) were removed. High-quality 
sequences were assigned with UPARSE pipeline to generate op-
erational taxonomic units (OTUs) at 97% similarity threshold 
(Edgar, 2013). The taxonomic information for each ITS gene was 
determined using the Ribosomal Database Project classifier with a 
confidence threshold of 0.80 (http://rdp.cme.msu.edu/; Cole et 
al., 2005). To compare the relative differences between samples, 
30,000 sequences per sample were randomly selected for equal cal-
culations of the a- and b-diversity in each sample. Raw sequences 
were deposited in the GenBank short-read archive (Sequence 
Read Archive, accession no. SRP188211).

Statistical Analysis
We predicted the spatial distribution of fungal abundance 

and a-diversity based on kriging interpolation using the function 
autoKrige in the “automap” package in R (Hiemstra et al., 2009). 
Spearman’s correlation coefficients were used to identify signifi-
cant associations among soil chemical properties, ITS copy num-
bers, a-diversity, and the relative abundance of the taxonomic lin-
eages using SPSS Statistics Version 20.0 for Windows (IBM SPSS, 
USA). Beta-diversity of total fungal community were analyzed 
using non-metric multidimensional scaling (NMDS) plots based 
on Pairwise UniFrac distances (Clarke and Warwick, 2001; Liu 
et al., 2019b). A multivariate regression tree was used to identify 
the most important abiotic factors for fungal community com-
position (De’Ath, 2002). Soil factors were normalized in Primer 
E software (version 7.0). Significant effects of environmental 
variables on fungal b-diversity patterns between the sampling 
sites were assessed using the Mantel test analysis (Bray–Curtis 
distance). Only the factors significantly corrected with fungal 
community composition were selected to calculate the best pre-
dictor using the bioenv function in the R environment (Ladau 
et al., 2018). In addition, the selected soil factors (soil moisture, 
soil salinity, total potassium, organic matter and NH4

+-N) were 
retained for canonical correspondence analysis (CCA) and varia-
tion partition analysis (VPA) to quantify the relative contribu-
tions of the special factors and soil factor variables on the fungal 
community compositions using the “vegan” package in R version 
2.3.5 (Dalgaard, 2010; Oksanen et al., 2013). We also analyzed 
the correlation between environmental variation, spatial varia-
tion, and community by performing partial Mantel tests in the R 
environment (Bonnet and Van de Peer, 2002).

FUNGuild was used to annotate the fungal tropic groups 
(https://github.com/UMNFuN/FUNGuild; Nguyen et al., 
2016); we only accepted sequence taxonomy identity above 93% 
and a guild confidence ranking of ‘highly probable’ or ‘probable’. 
The turnover rates (Z value) of fungal community composition, 
fungal dominant phylum and trophic guilds were calculated from 
the slope of the distance-decay relationship between Sørensen 
similarity and spatial distance according to the formula:

log10 (Xd) = (−2Z) ´ log10 (d) + b
where Xd represents the pairwise Sørensen similarity; d repre-
sents the distance in meters between two samples, and b rep-
resents the intercept of the linear relationship (Ranjard et al., 
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2013). The nearest taxon index (NTI) measures the mean near-
est taxon distance (MNTD) among individuals and therefore 
estimates the ‘terminal’ phylogenetic dispersion of fungal com-
munities (Webb, 2000). Beta nearest taxon index (betaNTI) 
represents the number of standard deviations that the observed 
betaMNTD is from the mean of the null distribution; a be-
taNTI below −2 or above +2 indicates less than or greater than 
expected phylogenetic turnover, for one pair-wise comparison 
(Stegen et al., 2012). The betaNTI was calculated in phylocom 
4.2 (Hardy, 2008). Soil bacteria from the same samples were se-
quenced concurrently; the raw sequences of bacteria were depos-
ited in the GenBank short-read archive (Sequence Read Archive, 
accession no. SRP136143). We used both bacterial and fungal 
data in betaNTI analyses for comparing their assembly.

rESuLTS
Fungal Abundance and Diversity

Fungal abundance was in the range of 1.42 × 106 to 2.04 × 
107 copies per gram of dry soil (Supplemental Table S1). Fungal 
abundance was significantly correlated to many soil properties (e.g., 
soil nutrients and moisture) which was also significantly (P < 0.05) 
related to longitudinal gradient (Supplemental Tables S2 and S3). 
Fungal abundance increased with increasing geographical longi-
tude (Fig. 1c). Fungal diversity was highly variable with respect to 
both phylogenetic diversity (which ranged from 64 to 136) and 
phylotype richness (which ranged from 146 to 353) across the soils 
(Supplemental Table S1). Fungal diversity showed similar spatial 
patterns when compared to abundance (Fig. 1c). Both the phylo-
type richness (r = 0.395, P < 0.001) and phylogenetic diversity (r = 
0.379, P < 0.001) of the fungal communities increased with increas-
ing longitude (Supplemental Table S2; Supplemental Fig. S1). Of 
the soil and the site characteristics that were considered, we found 
that the correlation between fungal diversity and soil nutrients and 
moisture was similar to fungal abundance (Fig. 1; Supplemental 
Table S2). The soil nutrients and moisture generally increased with 

increasing longitude (Supplemental Table S3), which may underlie 
the longitudinal gradients in fungal abundance and diversity.

Fungal Community Composition and Structure
The 92.1% OTUs (2,829 OTUs in total) were assigned 

to Dothideomycetes, Eurotiomycetes, Sordariomycetes and 
Zyomycota_Incertae_Sedis (Fig. 2). The relative abundance of 
Dothideomycetes, Eurotiomycete and Zyomycota_Incertae_Sedis 
were significantly correlated with many edaphic soil proper-
ties such as soil salinity and soil total potassium. In contrast, 
we did not identify any relationships between soil proper-
ties and Sordariomycetes (Supplemental Table S4). Of all se-
quences (3,737,236 in total), 74.3% were assigned into eight 
fungal trophic guilds by FunGuild annotation analysis (Fig. 2). 
Similar to fungal community composition, soil properties also 
exhibited significant influence on the fungal functional guilds 
(Supplemental Table S5). Seven trophic guilds were significantly 
related to at least two edaphic soil properties (P < 0.05), while 
Symbiotroph only showed a significant negative (P < 0.05) rela-
tionship with soil salinity (Supplemental Table S5).

Fungal community structures were well divided in terms of 
longitude (Fig. 3), which was also evident from the CCA analysis 
(Fig. 4). Except for pH, most factors were correlated to fungal com-
munity composition (Supplemental Table S6). Variance partition-
ing analysis showed that 8% of the variation could be explained 
by geographical distance. Of the selected soil parameters (without 
strong autocorrelations, as screened by the BioEnv procedure), soil 
moisture, followed by salinity and total potassium, were the best 
predictors for fungal community variation; this finding was also 
reinforced by the MRT analysis (Supplemental Fig. S2).

Distance-Decay Patterns and Assembly Processes 
of the Fungal Community

To examine fungal community distribution patterns over 
spatial distance, compositional distance decay was calculated. We 

Fig. 2. Boxplot showing the relative abundance of the most dominant fungal classes (a) and fungal trophic guilds (b) in three different compartments. 
Black points represent outliers in each compartment.
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found a significant distance-decay relationship (P < 0.05) between 
fungal community and geographical distance (Fig. 5). Community 
composition turnover rates (Z-values) were evaluated from linear 
regression slopes; turnover rates of the taxa were higher than in 
the major fungal trophic guilds, indicating that fungal taxonomic 

composition was more varied than trophic guilds (Table 1). When 
we removed the effect of environmental factors or geographical 
distance, partial Mantel test results indicated that fungal com-
munity and dominant phylum showed a stronger correlation with 
geographical distance than with environmental factors (Table 2). 

Fig. 3. Fungal community compositional structure in saline agricultural soils as indicated by non-metric multidimensional scaling (nMDS) plots of 
weighted pairwise uniFrac community distances. Sampling plots have been color coded according to soil salinity.

Fig. 4. Canonical correspondence analysis (CCA) of fungal communities and soil variables (a), and variation partition analysis of geographical 
distance and soil variables on the explanation of variations of fungal community structures (b). SC, total water-soluble salt content; OM, organic 
matter; TK, total potassium; nO4

+-n, ammonium nitrogen.
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These results indicated that geographical distance played a rela-
tively more important role than environmental variation in shap-
ing fungal community distribution. In contrast, trophic guilds ex-
hibited a closer correlation with environmental factors than with 
geographical distance (Table 3), suggesting that trophic guilds 
were more likely to be affected by environmental variation.

To test whether dispersal-limited or niche-based mecha-
nisms best explain the assembly of the fungal community in 
saline soils, we calculated the betaNTI for paired samples (Fig. 
6). BetaNTI is the number of standard deviations the observed 
betaMNTD presents from the mean of the null distribution; a 
betaNTI value below −2 or above +2 indicates lesser than or 
greater than expected phylogenetic turnover or pair-wised com-
parison than expected by chance (Stegen et al., 2012). Our re-
sults showed that 54.26% of the betaNTI scores for fungi were 
included in the range of above −2 and below +2, which indi-
cated that stochastic processes governed community dynamics in 
soils. Meanwhile, 45.74% of the betaNTI scores were below −2 

or above +2, which were consistent with deterministic processes 
(Fig. 6). We also compared fungal with bacterial scores; fungi 
had higher scores (54.26%) within the −2 to +2 range than bac-
teria (40.56%) (Fig. 6), indicating stronger stochastic assemblage 
processes in fungal community dynamics.

DISCuSSIOn
Dominant Fungal Taxa in Saline Agricultural Soils

Composition of fungal communities in cultivated soils may 
be distinctly different from those in other ecosystems (Peay et al., 
2013; Shi et al., 2014; Tedersoo et al., 2014; Liu et al., 2015; Liu 
et al., 2019a). We found that fungal taxonomic composition also 
varied across agricultural ecosystems. For example, at the phylum 
level, Ascomycota and Basidiomycota were the two most abundant 
phyla observed in both cultivated black soils and saline agriculture 
soils, while Chytridiomycota (approximately 2%) was detected in 
black soils (Liu et al., 2015), but barely detected in saline soils. At 
the class level, Dothideomycetes, Eurotiomycetes, Agaricomycetes and 

Fig. 5. Distance-decay curves of similarity for fungal communities. Environmental distance was fitted on the fungal community similarity. The 
relationships between fungal community and environmental or spatial distance were evaluated by partial Mantel test.

Table 1. relationship between geographical distance and fungal dominant phylum, fungal major trophic guilds Sørensen similarity 
in saline soils.

Type Compartment Z-value† rC‡ R2 p

Taxa Ascomycota 0.039 −0.078 0.010 0.018

Basidiomycota 0.054 −0.107 0.017 0.002

Trophic Pathotroph 0.009 −0.019 0.002 0.529

Saprotroph 0.016 −0.032 0.003 0.489

Pathotroph-Saprotroph-Symbiotroph 0.037 −0.075 0.009 0.173
† Z-values were determined by the distance decay approach by the formula: Z-value = (regression coefficient)/2.
‡ RC, regression coefficient.
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Tremellomycetes were shown to be the four most dominant fun-
gal classes in black soils (Liu et al., 2015), while Dothideomycetes, 
Eurotiomycetes, Sordariomycetes and Zygomycota were the four 
dominant fungal classes in saline agriculture soils. Most of the 
members of Chytridiomycota are saprotrophic fungi, which obtain 
carbon via the degradation of organic matter (Cuadros-Orellana 
et al., 2013). Black soils are abundant in soil organic matter, which 
supports the saprophytic lifestyle of Chytridiomycota. Members of 
the Zygomycota are the early colonizing fungi of fresh substrate, 
preferring soils with a higher available N (Moore-Landecker, 
2008; Wang et al., 2018). The abundance of Zygomycota might 
be due to the fact that available N fertilizer input (e.g., 226 kg 
ha-1 in 2016) in saline agriculture soils, which was higher than 
in the black soils of northeast China (e.g., 147 kg ha-1 in 2016, 
in Heilongjiang province, the largest black soil zone of north-
east China) (data from National Bureau of Statistics of People’s 
Republic of China, http://www.stats.gov.cn/). These results sug-
gest that the abundance of fungal taxa in saline agriculture soils is 
predominantly determined by soil nutrition.

Edaphic Drivers of Fungal Community Composition
We hypothesized that fungal communities would be struc-

tured by soil salinity in saline soil. However, the results of our 
study revealed that soil moisture is a more important parameter in 
determining fungal community compositions. Although sodium 
concentration is primarily known in relation to its toxic effects in 
saline environments, many fungal hyphae contain sodium concen-
tration higher than their surrounding environment, which could 
be related to a number of critical functions. For example, turgor 
pressure in fungi is maintained by glycerol and other sugar alcohols 

that are brought in to the cells via active transport that uses sodium 
as a symporter (Scharnagl et al., 2017). It is generally accepted that 
soil moisture affects resource availability, thereby in influencing 
microbial activities (Fierer et al., 2003; Blagodatsky and Smith, 
2012; Banerjee et al., 2016b). Fungal growth needs high water ac-
tivity (i.e., low solute concentration) (Walker and White, 2017). 
Therefore, the pronounced effect of soil moisture on fungal com-
munities might be due to fungi prioritizing nutritional stress over 
sodium stress in arid zone. However, it should be noted that we 
only assessed samples at a single time point in this irrigated agricul-
ture system, and the time of irrigation and the sampling time (e.g., 
season) could have significant impact on the results.

Another important finding of the present study was that the 
variation of fungal community compositions was explained by 
total potassium (K+) content. Potassium ions may indirectly af-
fect fungal communities. For example, increasing K+ content re-
duces fine root biomass (Wurzburger and Wright, 2015). If this 
leads to a decrease in the labile carbon of root exudates, K+ ions 
may favor fungal groups that specialize on more recalcitrant car-
bon (de Boer et al., 2005; Kaspari et al., 2017). Another possibil-
ity is that K+ ions combined with other nutrients might have also 
affected the fungal communities. For example, combinations 
of nutrients (N, P, K), and especially the cation/micronutrient 
cocktail (B, Cu, Fe, Mn, Zn, Mo, Ca, Mg, and S), drives diversity 
in fungi (Kaspari et al., 2017). Collectively, soil moisture, fol-
lowed by salinity, total potassium, and organic matter were the 
best environmental drivers of fungal communities in saline soil.

Biogeographical Distribution of Fungal Communities
It has been reported that fungi show a latitudinal gradient 

in terms of diversity and climatic factors are the best predictors 
of fungal richness and diversity (Tedersoo et al., 2014; Bahram et 
al., 2018). While climate did not differ substantially across the re-
search zone in this study, we still observed strong longitudinal gra-
dient of fungal abundance and diversity in saline agroecosystems. 
Except salinity, soil moisture, organic matter and total potassium 
were significantly correlated with the longitudes, while soil mois-
ture, organic matter and total potassium were also significantly 
correlated with fungal abundance and diversity. Fungi require 
the provision of organic matter and nitrogenous compounds 
for growth and energy, and most fungi prefer a higher concen-
tration of sugar and moisture (Walker and White, 2017). This 

might explain the fungal distribution pat-
terns, that is, soil moisture, organic matter 
and total potassium correlated with the 
fungal community as those varied with 
longitudes (e.g., high soil moisture and 
organic matter/low total potassium cor-
responds with a high diversity at higher 
longitudes). Considering that there was 
no precipitation difference across the lati-
tudinal gradient in our sampling area, we 
presume that the differences of irrigation 
management caused the variation in soil 

Table 2. Influence of geographical distance and environmen-
tal heterogeneity on fungal community composition, fungal 
main phylum. ‘Env. Dist.’ represents the environmental het-
erogeneity matrix calculated with Euclidean distance and 
‘geog. Dist.’ represents the geographical distance matrix.

Organism

Effect of Env. Dist. 
(controlling for geog. Dist.)

Effect of geog. Dist. 
(controlling for Env. Dist.)

r p r p

Fungi 0.186 0.001* 0.245 0.001*

Ascomycota 0.190 0.001* 0.231 0.001*

Basidiomycota 0.121 0.002* 0.141 0.001*

Zygomycota 0.048 0.104 0.143 0.001*
* Significant at p < 0.05.

Table 3. Influence of geographical distance and environmental heterogeneity on fungal 
functional guilds. ‘Env. Dist.’ represents the environmental heterogeneity matrix calculated 
with Euclidean distance and ‘geog. Dist.’ represents the geographical distance matrix.

Organism

Effect of Env. Dist. 
(controlling for geog. Dist.)

Effect of geog. Dist. 
(controlling for Env. Dist.)

r p r p

Symbiotroph 0.076 0.002* 0.109 0.001*

Saprotroph 0.226 0.001* 0.096 0.001*

Pathotroph-Saprotroph-Symbiotroph 0.094 0.003* 0.056 0.012*

Pathotroph-Saprotroph 0.105 0.001* 0.002 0.468

Pathotroph 0.116 0.001* 0.078 0.001*

Pathogen-Saprotroph-Symbiotroph 0.071 0.041* −0.025 0.845
* Significant at p < 0.05.
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moisture. For example, almost all of the fields with relative low 
soil moisture content were distributed from Sites 3 to 19 (Fig. 1), 
which are governed by Xinjiang Production and Construction 
Corps; in these areas, water-saving irrigation is widely used 
(Su, 2013). In contrast, fields with a relatively higher soil mois-
ture content (Sites 1–2, and 20–31) are governed by Xinjiang 
Provincial Government. These areas are exposed to conventional 
methods of irrigation, which may have led to the relatively higher 
soil moisture content seen in these areas (Su, 2013).

A distance-decay relationship was observed in fungal com-
munities throughout the study area spanning 410 km, and geo-
graphical distance mainly contributes to variations on the spatial 
variation of fungal communities. Our findings are generally con-
sistent with a recent study in which geographical distance had a 
stronger influence than environmental factors on biogeographi-
cal distribution of fungal communities at the local scale (Liu et 
al., 2019a). Notably, there are still caveats in interpreting this 
pattern because of possible influence of unmeasured factors. For 
example, tillage (Sun et al., 2018), pesticides (Srinivasulu and 
Ortiz, 2017), other soil parameters such as soil microelements 
(Liu et al., 2018) and soil microbial biomass carbon (Liu et al., 
2019a) have been reported to affect fungal communities.

Stochastic Processes Drive the Assembly of 
Fungal Communities

Both deterministic and stochastic processes act concurrently 
to regulate the assembly of ecological communities (Tripathi et 
al., 2018). Variation in strength of ecological selection and rates of 
dispersal affect the relative importance of deterministic and sto-
chastic processes across time, space, and systems (Tripathi et al., 
2018). While a number of studies reported that stochasticity was 
a dominant factor in microbial communities’ assembly ( Jeraldo et 
al., 2012; Dini-Andreote et al., 2015; Shi et al., 2018), determin-
istic processes drove soil microbial communities in Namib Desert 
( Johnson et al., 2017). We found different patterns of communi-
ty assembly in fungi and bacteria. Deterministic processes played 
a dominant role in terms of the bacterial assemblage in saline soils, 
which indicates that if sample sites have distinct environmental 
patterns, then a few of their bacterial OTUs would be common 

(Shi et al., 2018). We speculate that deterministic structuring 
due to sharp environmental gradients in saline soils (e.g., salin-
ity) required microbial communities to form distinct niches and 
adaptation patterns for survival. Many forms of bacteria are bet-
ter adapted to life in barren natural systems compared to fungi 
(Schmidt et al., 2014). This is consistent with the finding that 
determinism played a dominant role in the assembly of the bacte-
rial communities at the local scale across variable environments 
(Brown and Jumpponen, 2014).

In contrast to bacteria, fungal community assembly was gov-
erned by stochasticity in saline soils. The relative abundance of 
species occurs due to chance fluctuations in populations (Shi et 
al., 2018). One possible explanation for this pattern is that larger 
microbes (e.g., fungi) are more likely to be limited by dispersal 
than smaller microbes (e.g., bacteria), which could result in a 
stronger stochastic community assembly pattern (Wilkinson et 
al., 2012; Schmidt et al., 2014). Interestingly, other studies have 
suggested a role for stochastic processes in dispersal limitation, 
past environmental conditions, mutations, and spatial distance, 
all of which can have a strong influence on the distribution of mi-
crobial communities (Whitaker et al., 2003; Martiny et al., 2006; 
Ramette and Tiedje, 2007; Martiny et al., 2011). Therefore, the 
reasons for unexplained community variation, as discussed ear-
lier, may also include stochastic processes such as mutations and 
extinction rates (Kembel, 2009; Fine and Kembel, 2011; Stegen 
et al., 2012; Zhou et al., 2014).

Environmental Variables govern  
Trophic guilds of Fungi

A recent study found that although fungal taxonomic com-
position was correlated with both geographical distance and en-
vironmental parameters, the composition of functional genes in 
fungi varied more strongly with environmental variables (Bahram 
et al., 2018). Interestingly, we found that environmental factors 
also had a stronger influence on trophic guilds than on taxonomic 
composition of fungi. It is clear that there is a strong correlation 
between farming practices and contemporary edaphic factors. 
Therefore, it appears that researchers should attach importance 
to the effect of current farming practices on soil microbes in saline 

Fig. 6. Distribution of beta nearest taxon index (betanTI) according to spatial distance in saline soil: (a) fungi, and (b) bacteria. Positive (negative) 
betanTI values indicate greater (lesser) than expected turnover in phylogenetic composition. The horizontal dotted blue line (above +2 or below 
−2 are statistically significant) and shows the 95% confidence intervals around the expectation under a neutral community assembly.
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agricultural systems. For example, membrane-facilitated drip ir-
rigation is commonly used in arid zones and is a good technique 
for water saving. However, the long-term use of this method may 
increase the secondary salinization (Liu et al., 2010). Although 
we found that salinity did not affect fungal diversity, it showed 
a significant negative relationship to symbiotrophs (symbionts), 
which receive nutrients from host cell assimilation products and 
supply mineral nutrients to host cells in exchange (Lin et al., 
2012; Wang et al., 2018). In addition, the increasing accumula-
tion of P in saline soils was due to excessive P input by farmers 
in Xinjiang (Li et al., 2011). The total P was significantly and 
positively correlated to pathotrophs (pathogens), which receive 
nutrients by causing harm to host cells. Although our data are not 
entirely conclusive, they indicate that dynamic processes exerting 
influence over fungal trophic guilds may be quite different.

COnCLuSIOnS
We found that fungi show longitudinal diversity gradients 

in the saline agricultural soils of the arid zone in north-west 
China. A relatively high diversity and abundance was observed 
in the fungal community at higher longitudes, which might be 
associated with longitudinal variation in soil moisture and nutri-
ent dynamics. Fungal communities also showed distance-decay 
patterns, and geographical distance explained the fungal spatial 
distribution better than environmental variables. In contrast, 
environmental variables displayed a stronger control on fungal 
trophic guilds than geographical distance. Determinism was 
more important in the assembly of bacterial communities while 
stochasticity dominated the assembly of fungal communities in 
saline soils. Our results, for the first time, offer insight into the 
drivers of fungal biogeography in saline agricultural ecosystems.
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