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Abstract

Purpose It is the data support and theoretical basis for the response mechanism of soil fungi to climate warming in
permafrost areas in the Greater Xing'an Mountains.

Methods We collected permafrost from the Greater Xing'an Mountains for indoor simulation experiments and took
the natural permafrost as the control (CK) and the test groups of 0 °C (T,), 2 °C(T,), and 4 °C (T5) were set. lllumina
MiSeq high-throughput sequencing technology was used to understand the changes in characteristics of fungal
communities, and the correlations were analyzed combined with the soil physicochemical properties.

Results Compared with CK, the value of pH and the content of available potassium (AK) in the three warming treat-
ment groups were significantly lower (P < 0.05), and the microbial biomass carbon (MBC) content was significantly
higher (P < 0.05). The content of total nitrogen (TN) and available nitrogen (AN) in the T; and T; groups was signifi-
cantly lower than that in the CK group (P < 0.05). A total of 11 phyla, 39 classes, 89 orders, 187 families, 361 genera,
and 522 species were obtained through fungal sequencing and divided into 1463 amplicon sequence variants (ASVs).
Ascomycota and Dimorphospora were the dominant phylum and genus, respectively, and there were differences in
the response of relative abundance of various groups at the phylum and genus levels to warming. Warming signifi-
cantly decreased the Sobs and ACE indexes of the treatment groups (P < 0.05), and the Shannon and Shannoneven
indexes also showed a downward trend. Moreover, warming significantly changed the fungal beta diversity (P < 0.01),
while the value of pH and the content of TN, MBC, and AK could significantly affect the community structure (P <
0.05), and the correlation between fungi at different phyla levels and soil physicochemical properties was different.

Conclusions These results can provide a reference for further study on the changes in composition and structure of
fungal communities and the influence factor in permafrost in the Greater Xing'an Mountains under the background
of warming.
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also experienced significant degradation (Biskaborn
et al. 2019). It is mainly manifested as the decrease
of permafrost area (Luo et al. 2019; Zhao et al. 2019),
the increase of active layer thickness (Screen and Sim-
monds 2010; Turetsky et al. 2020), and the gradual
disappearance of the island and the discontinuous per-
mafrost (Wu et al. 2010), which greatly threatens the
stability of permafrost ecosystems. On the one hand,
thawing of permafrost will not only lead to a large
number of emissions of previously stored greenhouse
gases but also accelerate the decomposition of soil
organic matter by microorganisms, thus affecting the
carbon budget balance of permafrost areas (Waldrop
et al. 2010; Pautler et al. 2010), and may lead to the
transformation of permafrost from carbon sink to car-
bon source. On the other hand, the hydrological pro-
cess in cold regions (Wu et al. 2018a), the composition,
and productivity of vegetation will also be affected by
the thawing of frozen soil, which will lead to the trans-
formation of ecosystems types, and eventually lead to
a series of ecological environment problems (Baltzer
et al. 2014).

Soil microorganisms play a key role in regulating
the biogeochemical cycle of terrestrial ecosystems and
take part in the process of organic matter decomposi-
tion and soil nutrient transformation (Guntinas et al.
2012; Ping et al. 2015). Despite the environmental
stresses of low temperature, low water, and low nutri-
ent in permafrost regions, there are still abundant
microorganisms with unique genetic characteristics
and physiological and biochemical adaptation mecha-
nisms (Tripathi et al. 2018; Mackelprang et al. 2011).
As the main decomposer of soil carbon, the change of
fungal community composition may affect the stabil-
ity of soil carbon in permafrost (Nguyen et al., 2016).
In recent years, researchers have explored the diver-
sity and distribution of soil fungi in permafrost regions
such as the Arctic (Yang et al. 2017; Lipson et al. 2015),
the Qinghai Tibet Plateau (Chen et al. 2017), and the
Greater Xing’an Mountains (Sun et al. 2018). The evi-
dence is that fungi have a certain resistance to changes
in the external environment, and warming does not sig-
nificantly affect the composition of fungal community
(Penton et al., 2013). However, there are also different
research results. For example, Wu et al. (2021) found
that warming promoted the thawing of permafrost,
resulting in a significant decrease in the abundance of
deep soil fungi and significant changes of community
composition and microbial functional structure. Chen
et al. (2020) showed that warming not only significantly
reduced the alpha diversity of fungi but also signifi-
cantly changed the fungal community structure. It can
be seen varied among relevant research results, and the
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response of permafrost fungi to warming needs further
research and demonstration.

The permafrost is in the Greater Xing’an Moun-
tains, which is located at the edge of southern of the
permafrost belt in Eurasia. It remains the main distri-
bution area of permafrost in middle and circumpolar
latitudes in China, and the degradation of permafrost
in this region was relatively significant in recent dec-
ades (Jin et al. 2007). Climate warming has caused the
reverse succession of forest vegetation in this area, and
the potential reactions such as ground temperature rise
and hydrological change may affect the microbial eco-
logical process in the whole area (Wei et al. 2010). At
present, research on the composition and diversity of
soil microbial community structure in the active layer
of the area by warming has received more attention, but
the study on the permafrost is little (Song et al. 2019;
Dong et al. 2021). Jiang (2020) studied the effect of
warming on the fungal abundance in permafrost, but
the impact of warming on fungal diversity and commu-
nity composition structure is still unknown. Therefore,
we selected the permafrost soil in the Greater Xing’an
Mountains as the research object and employed high-
throughput sequencing technology to analyze changes
in microbial community composition and structure
along with warming treatments under laboratory
incubation, analyzing the correlations and influenc-
ing factors between soil environmental factors and the
composition and diversity of fungal communities, and
discusses the mechanism of warming on permafrost
fungi. It is expected to provide reference data and theo-
retical basis for the region to deal with climate warming
and establish an accurate carbon cycle model.

Methods and materials

Study site

The sampling site was located in the Huzhong National
Nature Reserve in the Greater Xing’an Mountains, Hei-
longjiang province, China (51°49'01” N~51°49'1" N,
122°59'33" E~123°00'03"" E) (Fig. 1). This region belongs
to the cold temperate continental monsoon climate, and
it has an average annual temperature of —4 °C, a frost-
free period of fewer than 80 days, and mean annual pre-
cipitation of 458.3 mm (Yang et al. 2022). Permafrost is
widely distributed in this area, and the soil active layer
thickness of different vegetation communities is around
55-88.9 cm. The soil is mainly brown coniferous forest
soil, the dominant trees are Larix gmelinii and Betula
platyphylla; the main shrubs include Rhododendron dau-
ricum, Ledum palustre, and Vaccinium uliginosum, and
Maianthemum bifolium, and Sanguisorba officinalis is
the main herbal in this area.
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Fig. 1 Map of the field sampling sites on the Greater Xing'an Mountains

Soil sampling and experimental warming experimental
design

Specially, we select the region with better site condi-
tions and delimit three quadrats of 20 m x 20 m, which
is from in the fixed monitoring sample plot of 500 m x
500 m. Soil samples were collected from 80 to 100 cm,
belonging to the permafrost layer, which used a drill with
a diameter of 20 cm (the measured average temperature
is —2 °C). The soil samples were packed in sterile bags for
freezing treatment, transported back to the laboratory,
and then stored at —20 °C until the warming experiment
was started.

Compared with the current temperature, the Sixth
IPCC Assessment Report predicts that the temperature
may rise as high as 2.2-4.6 °C by the end of this century
(IPCC. 2021). —2 °C is the temperature of pristine soil,
0 °C is the critical temperature of permafrost thaw, 2 °C
is the melting temperature (the temperature that can be
reached by the end of this century, to simulate the melt-
ing temperature of frozen soil), and 4 °C is used to sim-
ulate a more intense melting state. Therefore, the test
control group is —2 °C (CK), and the simulated warming
test group is 0 °C (T,), 2 °C (T,), and 4 °C (T,), respec-
tively. Before the warming experiment, the obtained
soil sample was cut into segments and then mixed with
equality to form a composite sample. Test soil samples
(equal to 100 g of dry soil) collected from the composite

sample were cultured in a 1000 mL sterile wide-mouth
bottle, and per culture at 0 °C, 2 °C, and 4 °C for 3 days,
and then anaerobic culture for 15 days, with 3 repeti-
tions for each treatment (Jiang. 2020). After the warm-
ing experiment, the soil was taken out and mixed evenly
at the same temperature. Part of the pristine soils and
test soils was transferred to polyethylene bags and then
quickly frozen in liquid nitrogen for microbial commu-
nity analysis. The other part was used for the determina-
tion of soil physicochemical properties.

Soil physical and chemical analyses

The soil pH (1:10 soil:water ratio) was measured using
soil suspensions with a pH probe (PB-10, Sartorius,
Germany) (Kim et al. 2014). Microbial biomass carbon
(MBC) was determined using the chloroform fumiga-
tion-extraction method (Shang et al. 2016). The content
of total nitrogen (TN) was examined using an elemen-
tal analyzer (Elementar Vario EL III, Hanau, Germany)
(Hu et al. 2015). The soil organic carbon (SOC) content
was measured using a TOC analyzer (Vario TOC cube,
elementary) (Wu et al. 2018b). The available phosphorus
(AP) content was determined based on the sodium bicar-
bonate extraction-molybdenum antimony into colori-
metric method (Ade et al. 2018). The available nitrogen
(AN) content was determined by the alkali hydrolysis dif-
fusion method (Ade et al. 2018). The available potassium
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(AK) content was analyzed by the ammonium acetate
extraction-flame photometric method (Ade et al. 2018).

DNA extraction, amplification, and MiSeq sequencing

The total DNA was extracted from 0.5 g of each soil sam-
ples using a PowerMax® Soil DNA Isolation Kit (MO BIO
Laboratories, Inc., Carlsbad, CA, USA) according to the
manufacturer’s instructions. DNA samples were exam-
ined on a 1% agarose gel and quantified using NanoDrop
2000 spectrophotometers (Thermo Fisher Scientific,
Wilmington, DE, USA). For fungi, the gene fragments
(ITS1) were amplified by using primer ITS1F (5-CTT
GGTCATTTAGAGGAAGTAA-3’) and ITS2R (5'-GCT
GCGTTCTTCATCGATGC-3’) (White et al. 1990;
Gardes and Bruns 1993). PCR conditions were an initial
denaturation of 95 °C for 3 min, 30 cycles of 94 °C for 45
s, 55 °C for 45 s, and 72 °C for 30 s, followed by an exten-
sion at 72 °C for 8 min. PCRs were performed with 4 pL
5 x TransStart FastPfu buffer, 2 pL 2.5 mM deoxynu-
cleoside triphosphates (ANTPs), 0.8 uL of each primer (5
uM), 0.4 uL (2.5 u/pL) TransStart FastPfu DNA polymer-
ase, 10 ng of extracted DNA, and finally using ddH,O to
make up 20 pL. Every sample for 3 replicates. After mix-
ing the amplicons of the same sample, used 2% agarose
gel to recover, purified by the Kit (Axygen Biosciences,
Union City, CA, USA), and then detected and quantify
the recovered products by Quantus” Fluorometer (Pro-
mega, USA). Finally, after the establishment of library
preparation, amplicons were subjected to paired-end
sequencing on the Illumina MiSeq sequencing platform
using PE300 chemical at Majorbio Bio-Pharm Technol-
ogy Co. Ltd. (Shanghai, China). The raw sequences were
uploaded to the NCBI Sequence Read Archive database
under submission number PRJNA894101.

Bioinformatic and statistical analyses

Raw fastq files were quality filtered by fastp (https://
github.com/OpenGene/fastp, v0.19.6) (Chen et al. 2018)
and merged by FLASH (https://ccb.jhu.edu/software/
FLASH/index.shtml, v1.2.7) (Magoc and Salzberg, 2011)
with the following criteria: (1) the reads were truncated
at any site receiving an average quality score < 20 over a
50 bp sliding window. (2) Sequences whose overlap being
longer than 10 bp were merged according to their over-
lap with mismatch no more than 2 bp. (3) Sequences
of each sample were separated according to barcodes
(exactly matching) and primers (allowing 2 nucleotide
mismatching), and reads containing ambiguous bases
were removed. Then, the DADA2 (Divisive Amplicon
Denoising Algorithm 2) plug-in unit in the QIIME 2
(https://qiime2.org, v2022.2) process is used to denoise
the optimized sequence after quality control splicing and
obtained the amplicon sequence variants (ASVs) (Bolyen

Page 4 of 12

et al. 2019). Based on unite8.0/its_fungi (http://unite.ut.
ee/, v8.0) species annotation database, we used the Naive
Bayes classifier in Qiime?2 for species taxonomic analysis
of ASVs.

First, the alpha diversity index was analyzed using
Mothur (https://www.mothur.org/wiki/Download_
mothur, v1.30.2). We employed one-way ANOVAs with
an LSD test to analyze the effects of warming on the
soil physicochemical properties, the relative abundance
of fungal domain phyla and genus, and the variations of
fungal alpha diversity (Coverage, ACE, Sobs, Shannon,
and Shannoneven indexes).

Second, the community composition of fungal was
visualized by principal coordinate analysis (PCoA) based
on the Bray-Curtis dissimilarity matrices, and the permu-
tational multivariate analysis of variance (ADONIS) and
multi-response permutation procedures (MRPP) were
performed to test whether the warming of permafrost
had significant effects on fungal communities (Chen et al.
2020).

Third, the db-RDA (distance-based redundancy analy-
sis) was used to reveal the effects of soil physicochemical
properties on the composition of the fungal community,
and the Monte Carlo test was used to reveal the signifi-
cance of the impact of soil factors on the fungal commu-
nity (Liu et al. 2020). Furthermore, to further understand
the impact of soil physicochemical properties on soil fun-
gal communities, Heatmap analysis was completed at the
phyla level of fungal combined with the Pearson correla-
tion coefficient. In this study, SPSS (v25.0) was used to
complete one-way ANOVA, origin was used to draw the
abundance different chart, and the rest was completed by
VEGAN package of R (R-3.3.1) on the free online plat-
form of Majorbio Cloud Platform (www.majorbio.com)

Results

Warming effects on soil physicochemical properties
According to Table 1, most soil parameters were signifi-
cantly different from the CK after warming. The value
of pH, and the content of AK in T;, T,, and T, was sig-
nificantly lower than those in CK (P < 0.05). The content
of TN and AN in T, and T; was significantly lower than
those in CK (P < 0.05). However, the content of MBC in
T,, T,, and T; was significantly higher than in CK (P <
0.05). There was no significant difference in the content
of SOC and AP among all treatments (P > 0.05).

Fungal community composition and distribution
characteristics

A total of 421,226 optimized sequences were obtained,
with an average length of about 270 bp. After being flat-
tened by the minimum number of sample sequences,
317,376 optimized sequences were obtained, with 26,448
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Table 1 Physicochemical properties of soil samples in different temperatures

Treatments TN (g/kg) SOC (g/kg) MBC (mg/kg) AN (mg/kg) AK (mg/kg) AP (mg/kg) pH

CcK 2.59 4 0.00a 61.72+082a 50.77 £0.22d 82.72+1.35a 129.15 £ 0.65a 80.13 £ 0.63a 4.58 £0.00a
T, 2.51 £ 0.00c 60.06 = 041a 73.00 £ 0.00b 7799 £ 091b 116.35 £ 1.20c 79.83 £ 0.56a 452+ 0.01b
T, 2.58 £ 0.00a 60.92 £+ 0.00a 75.60 £ 0.00a 79.80 + 1.65ab 12182+ 1.18b 82.12 £ 043a 4.50 £ 0.00c
T3 2544+001b 59.78 £0.87a 6840 £ 0.15¢ 7683 +£0.71b 12344+ 081b 8152+ 121a 4.46 £ 0.00d

The results are reported as mean value =+ standard error (n = 3). Different letters in each column indicate significant differences among the four temperature
treatments (P < 0.05, ANOVA). CK, —2°C; T, 0°C; T,, 2 °C; T;, 4 °C. TN total nitrogen, SOC soil organic carbon, MBC Microbial biomass carbon, AN Available nitrogen, AK

Available potassium, AP Available phosphorous

sequences per sample, and 1463 ASVs were obtained
from all samples through denoise the optimized sequence
finally. Figure 2 presented the total number ASVs under
different treatments was CK > T, > T, > T, which were
626, 584, 531, and 447, respectively. There were 128 ASVs
in each treatment, and the number of unique ASVs was
T, > CK > T, > T,, which were 332, 322, 241, and 196,
respectively.

For fungal taxonomic identification, the detected
ASVs were classified into 11 phyla, 39 classes, 89
orders, 187 families, 462 genera, and 522 species. Fig-
ure 3 showed the most abundant fungal phylum in four
treatments was Ascomycota (80.47-90.09%). Other
phyla include unclassified_k__Fungi (2.21—9.43%),
Basidiomycota (3.87—7.01%), Mortierellomycota (0.57—
2.39%), and Rozellomycota (0.15—3.9%). Particularly,
the relative abundance of Ascomycete increased with
the increase of temperature and in T, and T, were sig-
nificantly higher than T; and CK (P < 0.05). The relative

T,

CK

abundance of wunclassified_k__Fungi decreased with
the increase in temperature (P < 0.05). There were sig-
nificant differences in Mortierellomycota among each
treatment, and the relative abundance of each treat-
ment was CK > T; > T, > T, (P < 0.05).

Figure 4 illustrated that the dominant fungal
genus was Dimorphospora (12.28—47.51%) in each

treatments, followed by unclassified_o__Heloti-
ales (9.75—34.22%), Pseudeurotium (5.54—11.45%),
Gyoerffyella (1.58—17.21%), Meliniomyces

(1.18—16.56%), unclassified_k__Fungi (2.21-9.43%),
unclassified_f _Hyaloscyphaceae (2.86—8.18%), and
unclassified_c__Microbotryomycetes (1.57—-2.02%).
In particular, Dimorphospora has the highest relative
abundance in T, and the lowest in T,, which is signifi-
cantly different from CK and T, (P < 0.05). The relative
abundance of wunclassified_o__Helotiales, Pseudeuro-
tium, and unclassified_k__Fungi was significant differ-

ences in each treatment (P < 0.05).

T,

Fig. 2 Venn diagram of amplicon sequence variants (ASVs) of fungal community in permafrost in different temperatures. CK, =2 °C;T,,0°G, T, 2 °C;

T, 4°C
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Fig. 3 Relative abundance differences of fungal at phyla level in different temperatures. CK, =2 °C;T,,0°C; T,, 2 °C; T;, 4 °C
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Table 2 Fungal alpha diversity index in different temperatures
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Treatments Coverage Sobs ACE Shannon Shannoneven

CK 0.9991 £ 0.0006a 296.6667 £ 10.1050a 315.3579 £ 74249 34584 + 0.0882a 0.6075 £0.0121a
T 0.9996 £ 0.0002a 266.0000 £ 16.8226b 270.5325 4+ 14.0582b 2.7153+02162b 04859 + 0.0333b
T, 0.9994 + 0.0002a 241.3333 £ 15.4308bc 247.7954 £ 12.9505bc 26733 £0.2547b 0.4867 £ 0.0405b
T3 0.9998 =+ 0.0000a 214.0000 % 11.5326¢ 215.0334 £ 11.2055¢ 3.0149 4+ 0.0530ab 0.5621 4+ 0.0041ab

The results were reported as mean value =+ standard error (n = 3). Different letters in each column indicate significant differences among the four temperature

treatments (P < 0.05, ANOVA). CK, —2°C;T,,0°C;T,, 2°C; T;, 4 °C
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Fig. 5 Principal coordinates analysis (PCoA) of soil fungal community structure in different temperatures. CK, =2 °C;T,,0°C; T,, 2°C; T;, 4 °C

Warming changes the fungal community alpha diversity
As listed in Table 2, the coverage index of each group
exceeded 0.99, suggesting that the sequencing results
could reflect the real situation of fungi in the sam-
ple. After warming treatment, fungal alpha diversity
decreased in three warming groups. Specifically, both
the observed fungal Sobs and ACE diversity indexes in
warming treatments (T;, T,, and T;) were significantly
lower than in CK (P < 0.05). In addition, Shannon and
Shannoneven indexes were the highest in CK and signif-
icantly higher than T, and T, (P < 0.05), whereas there
was no significant difference with T4 (P > 0.05).

Associations of fungal beta diversity with environmental
variables

PCoA showed that the distance among repeated samples
in each group is small, indicating that the repeatability

Table 3 Significance tests of the fungal microbial community
structure in the four temperatures

Datasets Adonis MRPP
R? P A P
All groups 0.8230 0.001%*** 0.68 0.001%**

Adonis, permutational multivariate analysis of variance (PERMANOVA); MRPP,
multi-response permutation procedures. Significant differences were denoted

in bold (P < 0.05) and marked with an * sign, *0.01 < P < 0.05, **0.001 < P < 0.01,
#**P < 0,001

of samples was well and the little difference within those
groups (Fig. 5). The explanation of PC1 and PC2 was
45.51% and 24.60%, respectively, with a total cumulative
contribution of 70.11%. Furthermore, we found that the
fungal community structure of each treatment group
was well separated in Fig. 5. Combined with the Adonis
and MRPP results from Table 3, it is confirmed that the
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fungal beta diversity differed significantly among each
treatment (P=0.001) .

In Fig. 6, the result of db-RDA showed that CAP1 and
CAP2 explained 29.04% and 21.06%, respectively, and
the two axes explained 50.10% of the differences in fun-
gal community structure in permafrost under warming
conditions. We found that fungal communities in CK and
T, were positively correlated with MBC and AP whereas
negatively correlated with SOC, AN, and pH content.
The fungal community of T, was positively correlated
with SOC, TN, AK, AN, and pH content but negatively
correlated with AP and MBC content. The fungal com-
munity of T, was positively correlated with MBC and pH
content, but negatively correlated with AP, TN, AK, SOC,
and AN content. As seen in Table 4, the Monte Carlo test
revealed that the value of pH, TN, MBC, and AK con-
tent has significant effects on the fungal community (P <
0.05).

Figure 7 and Table 5 show that Ascomycota was signifi-
cantly negatively correlated with AN (P < 0.05) and pH
(P < 0.001) but positively correlated with MBC and AP (P
< 0.05). Basidiomycota was significantly negatively corre-
lated with MBC (P < 0.01), while it was opposite with AK
(P < 0.01). Mortierellomycota was significantly negatively
correlated with MBC (P < 0.0001) but positively corre-
lated with AK (P < 0.01) and pH (P < 0.05). In addition,
Rozellomycota was only significantly negatively corre-
lated with TN and AK (P < 0.05), while unclassified_k__
Fungi was positively correlated with AN (P < 0.05) and
pH (P < 0.001).
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Table 4 Significance tests between soil physicochemical

properties and fungal community structures

Soil factors r P

TN 0.6285 0.017*
SOC 0.2412 0.348
MBC 0.9906 0.007***
AN 0.4020 0.104

AK 0.8998 0.001%%*
AP 0.4439 0.084

pH 0.7766 0.002**

Significant differences were denoted in bold (P < 0.05) and marked with an *
sign, *0.01 < P < 0.05, **0.001 < P < 0.01, ***P < 0.001

Discussion

Warming altered soil physicochemical properties

It is common knowledge that warming can alter the soil
physicochemical properties such as soil temperature,
humidity, and nutrient (Wang et al. 2019). In this study,
we found that pH decreased significantly, which was dif-
ferent from the research of the warming of frozen soil
active layer (Wu 2021). This phenomenon may be due
to differences in soil state, microbial community struc-
ture, and diversity between permafrost and active layers,
resulting in changes in microbial metabolic processes
after the thawing of permafrost (Messan et al. 2020).
Coolen and Orsi (2015) found that thawing of frozen soil
was conducive to the expression of acetylated genes, and
acetylated bacteria may be a potential source of acetic

0.8
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pH

-0.8 -

T,
T,
Ts

CK
MBC

-1 -0.8-0.6-0.4-0.2 0 02040608 1 1.2

CAP1(29.04%)

Fig. 6 Distance-based redundancy analysis (db-RDA) of soil physicochemical properties and fungal community structure
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Table 5 Correlation analysis of dominant fungal phyla and soil physicochemical properties

Phyla N socC MBC AN AK AP pH
Ascomycota 04886 0.1854 0.0171* 0.0476* 04672 0.0170* 0.0001***
Basidiomycota 0.0731 0.1358 0.0044** 0.1185 0.0090%* 0.4598 01777
Mortierellomycota 0.2988 0.4649 0.0000*** 0.1887 0.0098** 0.1425 0.0438*
Rozellomycota 0.0157* 0.4052 0.3698 0.5180 0.0116* 0.0792 0.7230
unclassified_k__Fungi 0.2440 0.1027 0.0507 0.0161* 0.5254 0.0999 0.0000%***
others 0.8279 0.8908 0.7439 0.9243 0.9557 0.5209 0.3889

TN Total nitrogen, SOC Soil organic carbon, MBC Microbial biomass carbon, AN Available nitrogen, AK Available potassium, AP Available phosphorous. Significant
differences were denoted in bold (P < 0.05) and marked with an * sign, *0.01 < P < 0.05, **0.001 < P < 0.01, ***P < 0.001

acid. With the increase of temperature, it may lead to the
accumulation of acidic metabolites and then change the
soil pH. The results showed a significant increase in MBC
content after warming, which is similar to the results
of a meta-analysis (Zhang et al. 2015), indicating that
microbes in a colder environment are extremely sensi-
tive to warming, and it will change the microbial biomass
in soil. In addition, as the driving force of soil organic
matter degradation and transformation, soil MBC can
be used to characterize the changes of soil carbon and
nitrogen nutrients (Anderson 2003). Therefore, with the
absence of exogenous carbon and nitrogen, the increase
of MBC content means an increase of microbial biomass,
while the increase in nutrient consumption will lead to a

decrease of SOC, TN, and AN content (Wu 2021). Stud-
ies also suggested that the increase of temperature pro-
motes the increase of soil microbial biomass, which may
promote the metabolism of enzymes, induce the increase
of soil respiration, and ultimately lead to the loss of soil
SOC (Li et al. 2020). However, there was no significant
difference in the SOC content among the groups in this
study, which may be caused by the short culture cycle
and the total consumption of SOC by microorganisms
in each group. The difference was that the AK content in
the warming treatment groups decreased significantly,
and the AN content in the T, and T; was significantly
lower than that in the CK. The main reason may be
that the warming increased the microbial activity, then
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accelerated the utilization of soil nutrients, and led to the
decrease of soil nutrient content in the end (Fang et al.
2020; Peng et al. 2019).

Effects of warming and soil physical and chemical factors
on the structure and diversity of soil fungal community
This study found that Ascomycota was the dominant fun-
gal phyla of permafrost; the relative abundance from CK
to T3 was 80.47%, 83.58%, 89.38%, and 90.09%, which
is similar to the previous research results (Wang et al.
2016; Cheng et al. 2020). ANOVA analysis showed that
warming affected the relative abundance of fungi at
phyla and genus levels, but different species showed dif-
ferent degrees of influence, which may be related to the
different adaptability and sensitivity of different species
to temperature (Balser and Wixon, 2009). It has been
reported that changes in the soil environment caused by
the thawing of permafrost will alter the microbial com-
munity (Patzner et al. 2021; Kluge et al. 2021). Similar to
these conclusions, our results revealed that fungal com-
munities were mainly related to pH, TN, MBC, and AK
content, which showed that the composition, structure,
and diversity of soil fungi in permafrost were affected by
carbon, nitrogen, and other nutrients (Zhang et al. 2014).
Specifically, AN was significantly negatively correlated
with Ascomycota but significantly positively correlated
with unclassified_k__Fungi. AK was positively correlated
with Basidiomycota and Mortierellomycota but nega-
tively correlated with Rozellomycota. pH was significantly
negatively correlated with Ascomycota but significantly
positively with Mortierellomycota and unclassified_k__
Fungi. Thus, it can be seen that the correlation and sig-
nificance between different fungi and soil physical and
chemical factors were different, which is probably caused
by the different utilization preference of different nutrient
elements among different fungi (Yang et al. 2022). On the
whole, pH has the most significant effect on the fungal
community at the phylum level, and it is speculated that
pH plays a major role in constructing the fungal com-
munity structure in permafrost. However, at present, the
research on the driving mechanism of pH on permafrost
microbial has mostly focused on the study of bacteria
communities, and many studies believed that pH was the
key factor in bacterial community structure (Chu et al.
2010; Kim et al. 2014). On the contrary, there were few
studies on the impact of permafrost soil fungal. Although
a few studies have found that pH can affect the structure
of fungal communities (Jiang et al. 2021), little is known
about whether pH has a significant driving contribution
to permafrost fungal communities on different scales.

In this study, the index of richness, diversity, and
evenness of fungal alpha diversity was decreased after
warming, which is similar to the research results on the
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warming of permafrost in the Tibet Plateau (Chen et al.
2020), alpine meadow (Yao et al. 2021), and lakeside wet-
land (Zhang et al. 2021). These studies have confirmed
the high sensitivity of soil microbial to temperature. Early
results showed that rare fungi were psychrophilic, cold
tolerant, and extremely sensitive to environmental fluc-
tuations lived in permafrost for a long time, and warming
stress may inhibit or even kill this temperature-sensitive
flora and then reduce alpha diversity (Ren 2018). At the
same time, warming also intensified the nutrient compe-
tition between soil microbial communities. The higher
the abundance of the dominant microbial community,
the stronger the inhibition effect on the growth and
reproduction of vulnerable microbial such as rare species
(Jousset et al. 2017).

It is worth noting that AK is significantly correlated
with the beta diversity of permafrost fungal commu-
nities in this study. Yao et al. (2017) believed that the
soil fungal community structure was closely related to
the physicochemical properties of AK, and Li and Yan
(2019) also found a significant correlation between AK
and soil fungal community structure, and those results
confirmed the importance of AK to the soil fungal com-
munity. At present, studies have found that AK has a
significant correlation with the beta diversity of per-
mafrost bacteria (Wang et al. 2020), but it has not been
identified as the key factor affecting beta diversity, and
relevant studies rarely involved the impact on perma-
frost soil fungal communities. Can this be used as a
reference for future research indicators? Therefore, con-
sidering the spatial heterogeneity of global permafrost,
whether the succession of microbial communities in dif-
ferent regions and the driving factors of beta diversity
are similar under the condition of climate warming still
need further study.

Conclusion

Our findings showed that simulated warming changed
the soil physicochemical properties of permafrost in the
Greater Xing'an Mountains and reduced the Sobs, ACE,
Shannon, and Shannoneven indexes of fungal communi-
ties. Ascomycota and Dimorphospora were the dominant
phylum and genus, respectively, but there were differ-
ences in the response of fungal groups at different levels
to warming. In addition, fungal communities were sig-
nificantly correlated with pH, TN, MBC, and AK, while
the correlations between different fungal phyla and soil
physicochemical properties were different. In short,
permafrost warming can lead to changes in soil phys-
icochemical properties and fungal community structure
and diversity, which also highlights the need to study
global warming on environmental changes in permafrost
regions and understand microbial ecology.
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