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Abstract. Soil microorganisms play a crucial role in the response to global warming in terrestrial
ecosystems. Soils with higher microbial diversity have more ecological functions, higher resistance to
environmental stress and higher crop production capacity. At present, the research on the effect of
temperature change on soil microorganisms mostly adopts the methods of outdoor infrared temperature
measurement or exchange and transplantation of soil with different temperature zones. Here, we investigate
how temperature gradients potentially affect soil bacterial communities to change. For this reason, we used
indoor precise temperature control treatment and combined high-throughput sequencing with bioinformatics
to systematically analyze the diversity and species composition of soil bacteria under different temperature
gradients, and to clarify the variation trend and interaction relationships of different species with
temperature gradients. The results showed that temperature significantly affected the Alpha diversity of soil
bacterial communities (P<0.05).Soil bacteria has different sensitivity and adaptability to temperature. In the
range of 0-40°C, insensitive bacteria includes Proteobacteria, Gemmatimonadetes and Chloroflexi. Sensitive
bacteria includes Sphingomonas, Ellin6055 and norank f 67-14. The main reaction types of two bacteria
showed four trends: (O Proteobacteria and Sphingomonas showed an "arch" variation; @
Gemmatimonadetes and Chloroflexi showed "inverted arch". &) Norank f 67-14 showed an "inverted S
type" change; @ Ellin6055 shows a" parabolic " shape. In different classification levels such as phylum and
genus, the higher the classification level is, the higher degree it is weakened by temperature on, and the
lower the classification level is, the stronger effect temperature has on it. In short, when temperature
changes, soil bacteria can respond positively or negatively according to their ability to adapt to temperature,
and accordingly form certain regular changes.

1 Introduction

Global environmental change is one of the hot areas of
natural science research at present. In the past 200 years,
the concentration of greenhouse gases (CO», N>O, CHa,
CFC, etc.) in the atmosphere has increased at an
alarming rate. And these gases form a strong greenhouse
effect in the earth's atmosphere, causing the earth's
temperature to rise [1]. Global warming is has a serious
impact on our earth, threatening the lives of many living
things, including human beings [2]. It is estimated that
by the end of the 21st century, the average temperature
of the earth will rise by 1.4-5.8°C, which will cause
significant changes in other climatic factors (such as
precipitation pattern and nitrogen deposition) [1]. The
structure and function of terrestrial ecosystem may
amplify or inhibit the degree of global environmental
change [3].
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In the terrestrial ecosystem, soil microorganisms play
a crucial role in the feedback of global warming [4-6].
The change of environmental temperature (warming or
cooling) will lead to the decrease of soil microbial
diversity, and the soil needs more species to maintain the
productivity of the terrestrial ecosystem [7]. Soil
microbial community structure is closely related to the
changes of aboveground plant community and soil
environmental conditions [8]. Soil with higher microbial
diversity can exhibit more ecological functions, higher
resistance to environmental stress and higher crop
production capacity [9]. The research results of Sun et al.,
showed that both climate warming and climate cooling
would significantly change the structure of soil microbial
community. Actinobacteria and Firmicutes were the
most sensitive to temperature changes, while
Proteobacteria were not sensitive to temperature changes
[8]. Adair et al., pointed out that the response of soil
microbial community composition to warming was
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different, in which bacteria responded more strongly to
warming, and the response of different bacterial species
to warming was different. For example, the relative
abundance of Actinobacteria and Firmicutes increased
with increasing temperature, while the relative
abundance of Bacteroidetes and Proteobacteria
decreased with increasing temperature [10]. However,
the current research on the effect of temperature change
on soil microorganisms mostly adopts the methods of
outdoor infrared temperature measurement or exchange
and transplantation of soil with different temperature
zones. However, there is still a lack of research on the
change rule of soil microbial community structure with
different temperature gradient under indoor accurate
temperature control.

In this study, indoor precise temperature control
treatment and the combination of high-throughput
sequencing and bioinformatics were used to
systematically analyze the change characteristics of soil
bacterial community structure under different
temperature gradients, clarify the change trend of soil
bacteria with temperature gradient, and further clarify
the potential impact of temperature level on soil bacterial
community structure, so that it can provide a theoretical
basis for further exploration of response mechanism of
soil microorganisms to temperature change.

2 Materials and methods

2.1. Experiment design

In the production land of Tenihe Soil Management and
Ecological Restoration Scientific Observation and
Experimental Station (E120°48 ', N49°55 ', 650 m above
sea level) of Inner Mongolia Academy of Agricultural
and Animal Science, the 0-20 cm topsoil was taken,
totaling 20 kg. The soil type is chernozem. The soil
samples were thoroughly mixed and divided into four
groups, one of which was soil water supplement group
(S), and the other three groups were experimental groups
(t1, t2 and t3), each of which was 5 kg. The relative soil
water content of the four groups were adjusted to 20%,
and then placed in the temperature gradient incubator,
and the relative soil water content was always
maintained at 20%. Water should be sprayed on the
surface every 8h to prevent the change of soil relative
water content. The initial temperature was 0 °C, and each
increase of 8 °C was a temperature gradient, and the
treatment lasted for 24h until 40 °C. A total of 6 gradient
treatments were labeled as TO, T8, T16, T24, T32, T40.
3 replicates per gradient, and a total of 18 samples.

2.2 Sample collection and hydrating measures

Sample collection: After incubation for 24h at each
temperature gradient, 5 g soil samples of 0-5cm were
taken from test groups tl, t2 and t3, and the samples
were repeated for 3 times. After mixing the three
repeated soil samples evenly, put them into three 5 ml
sterilized centrifuge tubes and mark them. The soil
samples were immediately frozen in liquid nitrogen and

stored in the ultra-low temperature refrigerator at -80 °C.
Soil samples were used to determine soil microbial
diversity.

Hydrating measures: After the collection of soil
samples under each temperature gradient was completed,
Sg soil samples 0-5cm were taken from group S for three
times and added into test groups tl, t2 and t3,
respectively. The above operation was convenient to
calculate the relative water content of the soil.

2.3 DNA Extraction and quality detection from
samples

Genomic DNA was extracted from soil samples by
CTAB method. After DNA was extracted, the quality of
DNA was detected by agarose gel electrophoresis and
ultramicro nucleic acid quantitative analyzer. The purity
and concentration of DNA were determined by
A260/A280 value.

2.4 DNA Samples were diluted and amplified by
PCR

DNA samples were diluted to 1 ng/pl with sterile water.
The  specific  upstream  primer (515F:  5'-
GTGCCAGCMGCCGCGGTAA-3") and downstream
primer (806R: 5'-GGACTACHVGGGTWTCTAAT-3")
of the highly variable region of 16STRNA V4 were used
to amplify DNA [11].

2.5 Library construction and MiSeq computer
sequencing

PCR products were purified by agarose gel
electrophoresis with 1xTAE concentration of 2%.
Sequences with the main band size between 400-450 bp
were selected and the target band was recovered by
gelling. The product purification kit uses the Thermo
Scientific Genejet Gel Recovery Kit. Illumina Truseq
DNA PCR-Free Library Preparation Kit was used to
construct the Library. After Qubit quantification and
Library testing, NovaSeq6000 was used for computer
sequencing [12].

2.6 Statistical analysis

FASTP [13] software was used to control the original
sequencing sequence, filter, splice and remove the
chimera to obtain high-quality sequence. UPARSE [14]
software was used to divide operational taxon OTU
according to the similarity level of 97% [14,15]. BLAST
algorithm was used to perform comparative analysis on
OTU sequences and annotate the species information of
their communities at each taxonomic level. Intergroup
difference test (Student's T-test) was used to analyze the
effects of different temperature gradients on soil
microbial Alpha diversity. Non metric multidimensional
scale (NMDS) was used to analyze the response of soil
bacterial community to warming at OTU level. One way
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ANOVA was used to analyze the species (biomarkers)
with significant difference between groups at the level of
phylum and genus. The model fitting of different species
with temperature was carried out by SigmaPlot12.5
software. Spearman coefficient was used to analyze the
correlation between different species and draw the
network analysis chart.

3 Results

3.1 Soil bacteria Alpha diversity

Sobs and Shannon indices reflect the richness and
diversity of soil bacterial community, respectively.
Rarefaction curve can be used to characterize whether
sequencing depth and quality can be used for subsequent

analysis. With the increase of sequencing amount under
different temperature gradients, the change of Shannon
index value tends to be flat, indicating that the
sequencing data amount is sufficient (Fig. 1a).

Different temperature gradients resulted in significant
changes in soil bacterial community Alpha diversity
(P<0.05). In the six temperature gradients, the Sobs
index values of TO and T32 are 2726 and 2775,
respectively. The Sobs index value of T32 was
significantly higher than that of T40 (P<0.01) (Fig. 1b).
The Shannon index of T32 was significantly higher than
that of the other five temperature gradients (P<0.05), and
the maximum Shannon index of T32 was 6.6759 (Fig.
Ic). The results showed that when the temperature
reached 32°C (T32), the richness and diversity of soil
bacterial community could be significantly increased.
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Fig. 1. Effects of different temperature gradients on soil bacterial diversity

3.2 Soil bacteria community composition

Some bacteria have different sensitivity and adaptability
to temperature. In the six temperature gradients, at the
phylum level, more than 29% of soil bacteria were
classified as Proteobacteria. The relative abundance of
Actinobacteria accounted for more than 23% of the total
relative abundance of soil bacteria, and Proteobacteria
and Actinobacteria were the dominant phyla. Compared
with the other five temperature gradients, when the
temperature reached 8 °C (T8), the relative abundance of
Actinobacteria was the highest, which was the most
suitable for its growth; When the temperature was 16 °C
(T16), Proteobacteria and Myxoccota grew fastest; 24 °C
(T24) is the optimal growth temperature for Firmicutes.

However, Acidobacteria are not sensitive to temperature
(Fig. 2a).

At the genus level, the dominant bacterial genera
were Sphingomonas and Lysobacter. The total relative
abundances of the top 10 genera in T8 treatment were
significantly higher than those in other temperature
treatments. Under the six temperature gradients, the
relative abundance of Lysobacter showed an increasing
trend. When the temperature reached 16 °C (T16), the
relative abundance of Sphingomonas was more likely to
grow, and the highest relative abundance was 5.44%;
When the temperature reached 40 °C (T40), the
reproduction of Ellin6055 was limited and the effect of
temperature tolerance was poor. The relative abundance
of Ellin6055 was the lowest, which was 1.85% (Fig. 2b).
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Fig. 2. Effects of different temperature gradients on soil bacterial community composition

3.3 Soil
analysis

bacteria community Beta diversity

Based on NMDS analysis, it was found that samples
with different temperature gradients had a greater degree
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of dispersion, while samples with the same temperature
gradient had a smaller degree of dispersion, indicating
that temperature had a greater influence on soil bacterial
community (Stress=0.101). TO and T8, T16 and T24,
T32 and T40 were distributed in the three areas, and the

gradients, this paper conducted multi-group tests using
one-way ANOVA and found that at the phylum level,
Myxococcota, Verrucomicrobia, Planctomycetes,
Bdellovibrionota and Nitrospirota were the top five

sample points in the same area were relatively clustered,
the sample difference was small, and the community

composition was similar (Fig.3).

Fig. 3. Response of soil bacteria communities to temperature at

OTU level

3.4 Species analysis with significant differences

between groups

bacterial phyla with significant differences (Fig. 4a). At
the genus level, the top five genera with significant
differences were Sphingomonas, Ellin6055,
norank F Gemmatimonadaceae,norank F norank O G
aiellales and norank F 67-14. The results showed that
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Fig. 4. Species with significant differences in soil bacterial communities

(® With the increase of temperature, the relative
abundance of norank F 67-14 presented an "inverted S-
type" (increasing first, then decreasing, and then

increasing again) (Fig. 5e); @ The relative abundance of
Ellin6055 shows a "parabolic shape" (gently decreasing)

with the increase of temperature (Fig.

5f).
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Fig. 5. Trend model of temperature change of different species

3.6 Interactions between different species

Spearman correlation network analysis showed that the
relative abundance of Proteobacteria insensitive to
temperature change was significantly positively
correlated with the relative abundance of Sphingomonas
and Ellin6055 in the temperature range of 0-40 °C.The
relative abundances of Sphingomonas and Ellin6055
were significantly positively correlated with each other,
and the species descriptions in the network diagram
showed that both Sphingomona and Ellin6055 belonged
to Proteobacteria, which together determined the trend of
Proteobacteria with temperature. There was a significant
negative correlation between the relative abundance of
Sphingomona and Chloroflexi; There was a significant
negative correlation between the relative abundance of
Gemmatimonadetes and Ellin6055. The results showed
that the relative abundance of Sphingomona and
Ellin6055 increased with temperature and had a negative
effect on the Chloroflexi (P= 0.0320 R= -0.4076) and
Gemmatimonadetes (P= 0.0450 R= -0.5624). Through
species annotation, it was found that norank F 67-14
belonged to Actinobacteria. Although the relative
abundance of norank F 67-14 and Chloroflexi bacteria
showed a significant positive correlation (P= 0.0320 R=
0.5996), the wvariation trend was different with
temperature, which may be due to the close correlation
between norank F 67-14 and the genus that plays a
major role in Chloroflexi bacteria and the trend with
temperature change is similar(Fig. 6).

4 Discussion

4.1 Soil bacterial community structure was
significantly affected by temperature

This study found that with the change of temperature
gradient, the Alpha diversity of the soil bacterial
community changed significantly.
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Fig. 6. Trend model of temperature change of different species

When the temperature reached 32 °C (T32), the
richness and diversity of the soil bacterial community
increased significantly. This is basically consistent with
previous research results. The study of Liang et al shows
that climate warming has a more significant impact on
the structural succession of soil microbial community
[16]. Other studies have shown that no matter what
biotaxonomic interpretation is used, the impact of
warming effect on soil remains consistent, and soil
warming will significantly affect the composition of soil
bacterial community [10]. The change of temperature
significantly changes the structure of soil bacterial
community in vegetation area, and some soil chemical
properties will also change with the change of bacterial
structure [17]. The study of Liang et al also explained
that the significant change of soil microorganisms
caused by temperature rise is because the increase of
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temperature can lead to the increase of the relationship
between the metabolic rate of microorganisms and the
competition among populations [16]. Koyama et al also
pointed out that the response of the soil bacterial
community to temperature changes is mainly mediated
by the response of the vascular plant community, rather
than a direct response to changes in abiotic conditions
[17].

4.2 Temperature changes the composition and
abundance of soil bacterial species

Our study found that the sensitivity and adaptability of
bacteria to temperature were different. Proteobacteria
and Actinobacteria were the dominant bacteria in soil
bacteria with different temperature gradients. The
relative abundance of Proteobacteria decreased
significantly under T24-T40 treatment, while the relative
abundance of Actinobacteria increased significantly
under TO-T8 treatment. Under TO-T40 treatment, the
relative abundance of Acidobacteria did not change
significantly. This is consistent with the results of
previous studies. Luo et al found that the most abundant
microbial phyla are Actinobacteria, Proteobacteria, and
Acidobacteria, and there are significant differences
between the warming treatment and the control group
[18]. Liang et al found that the relative abundance of
Proteobacteria and Bacteroidetes decreased while the
relative abundance of Acidobacteria and Actinobacteria
increased in the process of climate warming (soil moving
south) [16]. Adair et al showed that when the
temperature in the treatment group was 3 °C higher than
the control temperature, the relative abundance of
Actinobacteria and Firmicutes increased with soil
warming, while the relative abundance of Bacteroidetes
and Proteobacteria decreased [10]. The changes in the
relative abundance of the Proteobacteria and
Actinobacteria with temperature in the results of this
experiment are consistent with the results of Liang and
Adair et al but there are also certain differences. The
reason for the difference may be that there are obvious
differences between this experiment and previous studies
in soil territory, temperature control, Warming degree
and vegetation type, which leads to similarities and
differences in species composition changes.

This study also found that Sphingomonas and
Lysobacter are the dominant bacterial genera in soil
bacteria under various temperature gradients. The
relative abundance of Lysobacter showed an increasing
trend under TO-T40 treatment. This is consistent with
previous research results. Professor Du et al found that
Lysobacter has strong thermal stability [16]. Other
studies have found that Sphingomonas is characterized
by high transparency, good thermal stability, tolerance to
a wider range of pH, temperature and salt conditions [20],
and a wide distribution of Sphingomonas is found in the
depths of the North Pacific Ocean. Among them,
Sphingomonas strainRB2256, a representative of Marine
nutrient-poor ultramicrobacteria, has a special metabolic
regulation mechanism to adapt to the changing
environment (especially the nutrient-poor environment),

which can regulate itself to resist many adverse
environmental changes [20]. There are some differences
between previous studies and our experimental results.
The reason may be that there are many strains in
Sphingomonas. In this study, thermolabile strains are the
main driving force, so the relative abundance of
Sphingomonas gradually decreases under T16-T40
treatment, but it still needs further study.

4.3 Changes of different species with
temperature gradients and their interactions

In the significant analysis of different species,
Proteobacteria, Gemmatimonadetes and Chloroflexi
were not sensitive to temperature, while Sphingomonas,
Ellin6055, and norank F 67-14 were sensitive to
temperature. In the range of 0-40 °C, 4 kinds of changes
were found in the insensitive and sensitive types, namely:
Proteobacteria and Sphingomonas showed "arch"
changes; Chloroflexi and Gemmatimonadetes showed
"inverted arch" norank f 67-14 showed an "inverted S-
shaped" change; Ellin6055 showed a "parabolic" change.
Previous studies have found that Actinobacteria and
Firmicutes are more sensitive to climate change than
other taxa [20]. Other studies have pointed out that
Actinobacteria and Firmicutes are the most sensitive to
temperature changes, while Proteobacteria are not
sensitive to temperature changes [8]. The results of this
study were similar to those of the above studies, and
Spearman correlation network analysis of species
annotation also found that norank F 67-14 belonged to
Actinobacteria, while Sphingomonas and Ellin6055
belonged to Proteobacteria. Although Actinobacteria
were insensitive in our results, the relative abundance of
norank F 67-14 was significantly different in response
to temperature changes. Although the relative abundance
of Proteobacteria was not sensitive under TO0-T40
treatment, the relative abundance of Sphingomonas and
Ellin6055 had significant differences with the
temperature gradient. The results showed that there were
differences in the degree of variation with temperature
gradient at different taxonomic levels, such as phylum
and genus. The higher the classification level, the weaker
the influence of temperature on it, and the lower the
classification level, the stronger the influence of
temperature on it. Therefore, different environmental
changes can affect the overall resistance and resilience of
communities by changing the ecological interactions
among species [20].

5 Conclusion

This study showed that temperature significantly
affected the Alpha diversity of soil bacterial community.
The Shannon index values of T32 were significantly
higher than those of other temperature gradients, and soil
bacterial richness and diversity increased significantly
(P<0.05). The sensitivity and adaptability of soil bacteria
to temperature are different. At the phylum level,
Proteobacteria and Actinobacteria are the dominant
bacteria phyla, and the optimal growth temperature of
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Actinobacteria and Proteobacteria is 8 °C and 16 °C,
respectively. At the genus level, Sphingomonas are
easier to grow and reproduce at 16 °C. Ellin6055 has
poor high temperature resistance. In the range of 0-40 °C,
Proteobacteria, Gemmatimonadetes and Chloroflexi
were not sensitive to temperature change, while
Sphingomonas, Ellin6055 and norank f 67-14 were
sensitive to temperature change. The two main reaction
types showed four trends: (D Proteobacteria and
Sphingomonas showed an "arch" variation; @
Aerobacteria and Blastomonas showed "inverted arch".
®norank f 67-14 showed an "inverted S type" change;
@EIlin6055 shows a" parabolic " shape. In different
classification levels such as phylum and genus, the
higher the classification level, the greater the degree of
weakening by temperature, and the lower the
classification level, the stronger the effect of temperature
on it. Both Sphingomona and Ellin6055 belong to
Proteobacteria and together determine the tendency of
Proteobacteria to change with temperature. In short,
when temperature changes, soil bacteria can respond
positively or negatively according to their ability to
adapt to temperature, and accordingly form -certain
regular changes.
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