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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 di�er 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 in�uence than distance on fungal biogeographical 
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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 �tted 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 Słrensen 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 coef�cient)/2.
� RC, regression coef�cient.












