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Abstract Parent rock is a key factor contributing
to differences in soil physical and chemical proper-
ties. However, the mechanism of microbial carbon
cycle mediated by soils with different physical and
chemical properties based on parent rock are unclear.
In this study, the physical and chemical properties
of weathering soils of different parent rocks and the
characteristics of soil carbon content were analysed.
The composition of soil bacteria and fungi and the
genes associated with carbon cycle were analysed
via genome sequencing. The results showed that the
highest abundance and diversity of soil microbes was
detected in purple sandstone, followed by limestone
and the least in basalt. Further, the predominant bac-
terial phyla in the three parent rocks were Proteobac-
teria, Chloroflexi, Acidobacteria, and Actinobacteria.
The predominant fungi were those belonging to phyla
Basidiomycota, Ascomycota, and Mortierellomycota.
Soil organic carbon (SOC) and available nitrogen
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(AN), available potassium(AK) and available phos-
phorus (AP) were the main factors affecting the com-
position of soil bacteria, while soil soil water content
(SWC) pH and AP were the main factors affecting
the composition of soil fungi. Similarly, the relative
abundance of functional genes associated with soil
carbon cycle was the greatest in the purple sand-
stone, followed by limestone and the least in basalt.
The variation in relative abundance of the genes was
correlated with the soil physico-chemical proper-
ties, especially soil SWC, pH, and AP, which limited
carbon metabolism of the soil microbes. Our results
show that soil physical and chemical properties of the
parental rock regulate microbial composition and car-
bon cycling.

Keywords Parent rock - Soil physical and
chemical properties - Soil organic carbon - Microbial
community composition - Carbon cycle function
genes

1 Introduction

The global soil organic carbon (SOC) stock is
three times larger than the atmospheric or bio-
spheric carbon stock. It is the largest carbon reser-
voir in terrestrial ecosystems. About 1500 PgC of
the global organic carbon pool is stored in the top
100 cm of soil layer, and a small variation in the
SOC pool significantly affects the atmospheric CO,
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concentration (Amundson, 2001; Lehmann & Kle-
ber, 2015; Schmidt et al., 2011). Therefore, fixing
atmospheric CO, into the soil and increasing SOC
storage to reduce CO, emissions are key challenges.
Currently, soil mineral adsorption, soil aggregate
encapsulation, and biochemical resistance are the
primary mechanisms stabilising SOC fixation(Chen
& Cui, 2022). Soil-forming parent rocks contrib-
ute significantly to soil formation and development
(Vestin et al., 2006).Soil mineral composition and
physico-chemical properties differ among parent
rocks after soil weathering. Therefore, the par-
ent rock regulates a series of physical, chemical,
and biochemical processes of SOC transformation
by influencing the physico-chemical properties of
the soil, which in turn alters the SOC levels (Barré
et al., 2017; Fu et al., 2023).

However, recent studies suggest that soil microor-
ganisms also play an important role in biogeochemi-
cal processes such as elemental cycling, organic
matter degradation, mineral dissolution (Fomina
& Skorochod, 2020), and soil aggregate forma-
tion (Xiong et al., 2021). Whether soil is a carbon
"sink" or a carbon "source" is determined by micro-
bial catabolism (respiration) and anabolic (biomass
synthesis) trade-offs (Zeng et al., 2022). In addition,
recent studies suggest that microorganisms them-
selves are an important part of SOC stabilization.
Most of the persistent carbon in the soil is produced
by pumping soil microbial carbon. The dead residues
of microorganisms have longer turnover time in the
soil. They directly attach to the surface of mineral
particles, thereby generating new organic-mineral
composites that stabilise the accumulation of soil
carbon pool (Ma et al., 2018).In addition, studies
have shown that parent rocks affect the characteris-
tics of soil microbial community by regulating the
soil physical and chemical properties (Zhao et al.,
2021). Therefore, we speculate that soil formed by
the weathering of different parent rocks not only
affects its physical and chemical properties, but also
changes the assembly mechanism of soil bacteria.
Thus, the formation, transformation, and stability of
organic carbon during soil formation show specific
differences. However, the dominant underlying mech-
anisms, especially the microbial carbon cycling medi-
ated by the physicochemical properties of soils under
specific climatic conditions in different parent rocks
are rarely analysed.
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In order to investigate the role of soil microorgan-
isms in SOC accumulation, transformation and stabi-
lisation in different matrices, the soils derived from
limestone, basalt, and purple sandstone in Weining
County, Guizhou Province, were selected for analysis.
Active and stable components of organic carbon, and
the characteristics of the soil microbial communities
in different matrices were analysed. Further, the rela-
tionship between organic carbon content of each com-
ponent and the physico-chemical and microbiological
properties of the soil were determined via regres-
sion and redundancy analyses. The study elucidated
the physico-chemical properties of soils in different
matrices contributing to microbial carbon cycling.
The findings serve as a standard of reference for the
management of soil carbon cycle in different rocky
areas.

2 Materials and Methods
2.1 Study Area

Weining County (103°36 °-104°45” E, 26°36 *-27°26’
N) is located in the northwest of Guizhou Province. It
is the largest and the highest county in Guizhou Prov-
ince, with a total area of 6,298 sq.km. It has a sub-
tropical monsoon humid climate, with an annual rain-
fall of 926 mm, a large variation in daily temperature,
and an average elevation of 2,200 m. Its parent rock
is mainly composed of basalt, limestone, and purple
sandstone (Fig. 1). Its soil type is mainly mountain
yellow brown and purple soil.

2.2 Sample Collection and Pretreatment

Fieldwork and sample collection were conducted in
July 2022 (Table 1). We selected three different par-
ent rocks: limestone of the Permian Maokou Forma-
tion, basalt of the Permian Emeishan Formation, and
purple sandstone of the Triassic Feixianguan Forma-
tion. Two sampling points were chosen for each par-
ent rock type. At each sampling point, three natural
soil profiles were randomly excavated using a spade,
with the profile depth ranging from 0-100 cm. The
layers were stratified into intervals of 0-10 cm,
1020 cm, 2040 cm, 40-60 cm, and 60-100 cm.
Soil samples from each layer were collected using a
ring knife to determine the bulk density (BD) and soil
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Fig. 1 Geological sketch of the sampling area

Table 1 Basic information of sampling points

Sampling  stratum Parent rock Soil type vegetation type Longitude and latitude Altitude (m)
point

number

L, Pm Limestone yellow brown soil deciduous mixed irrigation ~ 26°86'84"N, 104°65'72"E 2290

L, 26°81'74"N, 104°38'17"E 2148

B, P,p Basalt yellow brown soil Evergreen coniferous forest ~ 26°49'35"N, 104°37'57"E 2076

B, 26°49"28"N, 104°24'10"E 2150

P, T.f Purple sandstone purple soil Deciduous mixed irrigation ~ 26°50'16"N, 104°24'48"E 2001

P, 26°48'14"N, 104°36'10"E 2013

water content (SWC). The same soil layer from the
three profiles was combined with a single soil sam-
ple in a sterile sealed bag. The sample information
and number were recorded. A total of 27 soil samples

were obtained, which were immediately transferred
to a car refrigerator for transportation to the labora-
tory to remove plant roots, gravels, and other debris.
Subsequently, each sample was divided into three
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portions. The first portion was passed through a 2 mm
sieve and stored in a refrigerator at -20 °C for 16S
rRNA and its gene sequencing. The second portion
was also passed through a 2 mm sieve and refriger-
ated at 4 °C for measuring microbial biomass carbon
(MBC) and dissolved organic carbon (DOC) con-
tent. The remaining portion was air-dried and passed
through a 0.15 mm and 2.00 mm sieve to measure
soil pH, mineral-associated organic carbon (MOC),
organic matter (SOM), available nitrogen (AN), avail-
able phosphorus (AP), and available potassium(AK).

2.3 Analysis of Physical and Chemical Properties of
Soils

SWC was determined by drying method. BD was
determined by ring knife method. SOM and SOC
were estimated by potassium dichromate-external
heating method. DOC was determined by extraction
method. AN levels were measured by alkaline dis-
solution diffusion. AP was determined by NaHCO;
leaching-molybdenum antimony antimony colorim-
etry. AK levels were measured by neutral NH,OAc
leaching-flame photometry. Soil pH was determined
via potentiometric methods used to determine soil pH
(soil-water ratio=1:5, M/V) (Li et al., 2015).

MOC was determined via chemical separation
(Eusterhues et al., 2003), weighing 3.00 g of air-dried
soil through a 0.15 mm sieve. It was transferred to
a 100 ml centrifuge tube, and mixed with 25 ml of
10 mol/L. HF/1 mol/L HC1 (2:1, V/V) for 24 h. The
centrifuge tube was washed 3 to 5 times with distilled
water followed by centrifugation. The supernatant
was mixed with 15 mL of 10 mol L™' HCI and left
to stand for 24 h. The washing step was repeated 3
to 5 times. The final precipitate obtained was dried at
60°C, weighed, and then filtered through a 0.15 mm
sieve. The organic carbon content was determined
and designated as nMOC (organic carbon not bound
to minerals), whereas MOC refers to the organic car-
bon lost during HF treatment. The MOC content is
equal to the total organic carbon content minus the
nMOC content.

MBC levels was determined via chloroform fumi-
gation leaching method. Fresh soil samples weigh-
ing>10.00 g (Calculate the weight of fresh soil for
10 g of dry soil according to the conversion formula
for fresh and dry soil) were transferred to 50 ml beak-
ers for determination of MBC levels via chloroform
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fumigation leaching method. The soil moisture con-
tent was adjusted to about 45% of the water holding
capacity of the field. The beaker was then incubated
with shaking. A beaker containing 50 ml of de-
ionised water and a beaker with 50 ml of 0.1 mol/L
NaOH (to maintain the air humidity in the incubator
bottle and to absorb released CO,) were pre-culture
for 7 days under dark at 25°C.The samples were then
removed and transferred to a vacuum desiccator in a
beaker containing 50 mL of de-ionised water and a
beaker containing approximately 50 ml of chloroform
(with glass beads to prevent boiling) at the bottom of
the desiccator. The rim of the desiccator was coated
with petroleum jelly and closed with a lid. The chlo-
roform at the bottom of the desiccator was allowed
to boil using a vacuum pump for 5 min, and the pro-
cess was repeated three times. The vacuum desicca-
tor was transferred to a 25°C incubator and incubated
under dark conditions for 24 h, after which the soil
was again repeatedly pumped with a vacuum pump
until the chloroform flavour was completely removed
from the soil. At the end of the fumigation, all the
soil was transferred to a 100 mL plastic shock bottle
containing 40 ml of 0.5 mol/L K,SO, solution (1:4
soil-water ratio). The extract was shaken and leached
for 30 min on an oscillator and then filtered, and the
filtrate was measured immediately. Carbon in the
extract was determined via K,Cr,0,-H,SO, external
heating method (Islam et al., 1997). The conversion
factor used to determine the microbiological amount
of carbon was 0.45(Islam et al., 1997; Liang et al.,
2010; Witt et al., 2000).

2.4 DNA Extraction and Bioinformatics Analysis

Total bacterial and fungal DNA was extracted from
soil samples using the Fast DNA® spin kit extraction
kit (MP Biomedicals, Cleveland, Ohio, USA), accord-
ing to the manufacturer’s instructions. Bacterial prim-
ers 388F (ACTCCTACGGGGAGGCAGCA) and
806R (GGACTACHVGGGTWTCTAAT) were used
to amplify the standard bacterial 16S V3V4(a) region.
Fungal primers Tts5F (GGAAGTAAAAGTCGT
AACAAGG) and ItslR (GCTGCGTTCTTCATC
GATGC) were used to amplify the standard fungal
ITS1(a) region. The products obtained were recov-
ered, purified, quantified, and homogenised using a
PCR product purification kit to develop sequencing
libraries (recovery concentration > 0.5 ng/uL required
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for library construction). The libraries that passed the
quality control were sequenced using the NovaSe-
qPE250 platform at Shanghai Personalbio Technol-
ogy Co., Ltd. (Shanghai, China).

Sequencing raw data were saved in FASTQ format.
The primer fragments of sequences were excised with
giime cutadapt trim-paired in the QIIME2 (2019.4)
analytical software. The sequences with unmatched
primers were discarded. DADA?2 was used for giime
dada2 denoise-paired quality control, denoising,
splicing, and de-chimerisation; to obtain clusters
of high-quality sequences at 97% similarity using
Vsearch; and obtain the representative sequences
and OTU tables (Callahan et al., 2016). Based on the
bacterial 16S rRNA: Greengenes (http://greengenes.
secondgenome.com/) (DeSantis et al., 2006) and fun-
gal ITS: UNITE (https://unite.ut.ee/) (Kdljalg et al.,
2013), taxonomic databases were obtained for taxo-
nomic annotation of OTUs.

2.5 Statistical Analysis

BM SPSS Statistics version 26.0 was used to deter-
mine the soil physicochemical parameters and the
microbial diversity index. Origin 2018 and Corel
Draw 2018 were used to analyse and obtain the
histogram of soil carbon content. The ASV/OTU
table after draw levelling was used to calculate the
Bray—Curtis distance matrix. The PCoA coordi-
nates of the sample points were determined using R
scripts for PCoA analysis in R language and plotted
as a two-dimensional scatter plot. Percentage stacked
histograms were obtained using QIIME2 (2019.4)
to determine species composition, and self-written
perl scripts were developed to analyse microbial spe-
cies composition. PICRUSt2 was used to predict the
potential metabolic function of the microbial com-
munity. The genes related to carbon cycling (car-
bon metabolism and carbon fixation) were identified
based on the KEGG database. Vegan software pack-
age was utilised to plot heat maps of genes related
to carbon cycling. Pearson’s correlation analysis of
soil physicochemical properties and genes related
to carbon cycling was conducted (p<0.05 or 0.01).
Redundancy analysis (RDA) of dominant OTUs
and soil physicochemical parameters was performed
using CANOCO for Windows 5.0 (Ithaca, NY, US) to
determine the effects of soil parameters on bacterial
and fungal community structure.

3 Results

3.1 Soil Physical and Chemical Properties and
Organic Carbon Characteristics

The physico-chemical properties of soil differ among
different parent rocks. The limestone soil had the
highest levels of SM, SOM, AN, and AK. The basalt
soil had significantly higher BD than the other par-
ent rocks (P<0.05) but the lowest levels of AP. In
contrast; the purple sandstone had the highest lev-
els of AP, but the lowest levels of SWC and SOM.
In addition, the soil pH (6.08-6.80) of purple sand-
stone was weakly acidic-to-neutral, while the soil
pH (5.29-6.16) of limestone and basalt were acidic
(Table 2). This indicates that the physico-chemical
properties of the soils differ significantly between
different parent rocks and that the nutrient content is
unbalanced.

The soil carbon content also varied because the
soil-forming parent rock determines the physico-
chemical properties of the soil. The soil carbon con-
tent of all three parent rocks showed a decreasing trend
with increasing soil depth vertically (Fig. 2).The SOC
content ranges of limestone, basalt, and purple sand-
stone were 11.67-38.54 g/kg, 9.76-32.99 g/kg, and
8.67-23.47 g/kg, respectively. The ranges of MBC
content were 96.65-320.02 mg/kg, 84.83-287.60 mg/
kg, 50.87-187.46 mg/kg, respectively. The DOC
content ranged from 32.00-154.80 mg/kg, 5.72
-115.60 mg/kg, and 3.99-70.00 mg/kg, respectively.
The soil carbon content decreased in the following
order: limestone > basalt> purple sandstone. In addi-
tion, the MOC levels of inert organic carbon fractions
of limestone, basalt and purple sandstone ranged from
2.44-8.25 g/kg, 2.92-9.64 g/kg, and 2.17 -5.87 g/kg,
respectively, with basalt soils containing the high-
est MOC content, followed by limestone, and purple
sandstone containing the least amount.

3.2 Characteristics of Diverse Soil Microbial
Communities

Microbial alpha diversity emphasises the heteroge-
neity within the microbial community. The higher
the alpha diversity, the more stable the microbial
community is likely to be (Whittaker, 1972). The
microbial alpha diversity of all soil samples var-
ied (Table 3). The Chaol index, Shannon index and
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Table 2 Physico-chemical properties of soils derived from different parent rocks

Parent Soil SWC (%) BD (g/cm®) pH SOM(g/kg) AN(mg/kg) AP(mg/kg) AK(mg/kg)
rock depth
grouping  (cm)
Lime- 0-10 40+0.00aA 0.95+0.02dC 5.77+£0.01cB 66.66+0.12aA 118.41 +2.25aA 7.20+0.25aB 261.33+0.29aA
stone 10-20 39+0.00bA 1.07+0.04cB 5.95+0.01bB 57.08 +2.27bA 114.18 +£2.82aA 6.84+0.38aB 226.46 +4.08bA
20-40 35+0.00cA 1.17+0.01bB 5.96+0.01bB 46.72+0.56cA 90.43 +4.88bA 3.3+0.17bB 100.64 +0.29cA
40-60 27+0.00 dB 1.21+0.02bC 6.16+0.03aB 443 +2.51cA 62.78 +£2.82cA 2.75+0.02bcB 72.85+0.29 dB
60-100 22+0.00eB 1.32+0.00aB 5.38+0.02dC 20.12+0.77dA 36.92+0.47dA 2.57+0.08cB 62.24 +3.50eB
Basalt 0-10 38+0.01aB 1.04+0.00eB 5.33+0.01cC 56.88 +1.84aB 56.28 +0.56aB 10.45+0.08aA 78.91+0.59aC
10-20 33+0.00bB 1.06+0.01 dB 5.29+0.00cC 37.30+1.45bB 28.95+2.07bC 1.74+0.15¢C 61.73+0.87 dB
20-40 33+0.00bB 1.11+0.01cB 5.48 +0.08bC 26.62+0.69cB 25.05 +2.44bcC 1.81+0.02cC 65.27+0.87cB
40-60 31+0.01cA 1.30+0.01bB 5.84+0.02aC 22.22+1.03 dB 24.07+1.13bcB 1.85+0.13cC 74.62+0.44bA
60-100 27+0.01dA 1.32+0.01aB 5.92+0.01aB 16.83 +0.43eB 22.77+0cB 2.97+0.02bB 76.64 +0.44bA
Purple 0-10 19+0.01aC 1.27+0.00eA 6.08 +0.00dA 40.41+1.03aC 41.31+0.56bC 7.67+0.31 dB 81.69+1.02aB
sand- 10-20 18+0.01aC 1.38+0.01dA 6.16+0.01cdA 21.47+0.20bC 41.96+2.07bB 12.22+0.10aA 48.09+£0.58bC
stone 20-40 16 +0.00bC 1.43+0.01cA 6.24+0.00bcA 20.28 +1.07bC 54.86+8.35aB 10.6 +0.50bA 36.97+0.58cC
40-60 16+0.00bC 1.56 +£0.01bA 6.80+0.00aA 17.44+0.03cB 24.40+0.19cB 8.68+0.10cA 30.41+£0.29dC
60-100 14+0.01cC 1.64+0.01aA 6.31+0.10bA 14.97+0.16dC 17.49+0.33¢C 10.38+0.21bA 34.45+1.46cC

Values are mean +standard error (mean+ SE)(n=3). Statistical significance was assessed by one-way analysis of variance followed
by LSD multiple comparison tests. Different lowercase letters in each column indicate significant differences in an index between dif-
ferent soil layers of the same parent rock. Different uppercase letters in the same column indicate significant differences in an index
between different mother rocks of the same soil layer (P <0.05). The same below

Pielous evenness index of bacteria and fungi in pur-
ple sandstone were significantly higher than in lime-
stone and basalt (P <0.05), indicating that the rich-
ness, diversity and evenness of soil bacterial and
fungal communities in purple sandstone were the
highest, followed by limestone and basalt. In addition,
the bacterial Goods coverage index of basalt was sig-
nificantly higher than that of the other two types of
rocks, indicating that the bacterial community cover-
age of basalt was the highest. However, no significant
difference was found in the Goods coverage index of
the developing soil fungi of the three parent rocks.
Beta diversity refers to the degree of similarity and
differences between microbial communities (Whit-
taker, 1960). PCoA analysis reveals the similarities
and dissimilarities of microbial communities between
soils derived from different parent rocks. (Fig. 3).The
scattered distribution of limestone indicates that the
soil bacterial community levels varied between the sur-
face (0-20 cm) and the bottom locations (20-100 cm).
However; the distribution of basalt and purple sand-
stone was more concentrated, and the projection dis-
tance between the two was farther away along the
PCol, which indicates significant differences in the
bacterial species composition. The difference in spe-
cies composition based on the principal components
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of PCol was 37.4%. The fungal communities of lime-
stone, basalt and purple sandstone included three inde-
pendent assemblages separated between the first and
second coordinates. The purple sandstone and basalt
soil fungi were projected farther away from each other
along the first coordinate. The PCoAl principal com-
ponent explained 23.6% of the difference in fungal spe-
cies composition. The purple sandstone and limestone
bacterial species were projected farther away from each
other on the second coordinate axis and the explana-
tion degree of PCoA2 principal component was 19.7%.

3.3 Characteristics of Soil Microbial Community
Composition

The predominant bacterial phyla in the limestone soil
were Proteobacteria (21.77-46.19%), Chloroflexi
(11.27-26.08%), and Acidobacteria (7.83-25.90%).
The dominant bacterial phyla in the basalt soil
were Proteobacteria (65.07-89.68%), Chloroflexi
(4.03-22.78%), and GAL15 (1.25-8.03%). The domi-
nant bacterial phylum in the purple sandstone soil
were Proteobacteria (25.45-30.25%), Actinobacteria
(15.91-29.71%), and Acidobacteria (8.69-20.12%)
(Fig. 4 A and B).The dominant fungal phyla in the
limestone soil were Basidiomycota (65.14-89.58%),
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Fig.2 Contents of soil organic carbon and carbon components in different parent rocks

Table 3 Microbial alpha diversity in soil profiles with different parent rock development

10-20

20-40 40-60
Soil depth (cm)

60-100

Parent  Soil bacteria Fungi
rock depth
group- (cm)  Chaol Shannon Goods coverage Pielous even- Chaol Shannon Goods coverage  Pielous even-
ing ness ness
Lime-  0-10 2943.65+1.71aB  10.28+0.14aB  0.9978+0.00bB 0.89+0.00bB 341.33+1.42aB 3.90+0.09aB  0.9996+0.00bB  0.47 +0.00bB
Stone 1020 3418.38+1.81bB 10.62+£0.10aA 0.9960+£0.00cB 0.91+0.00aA 292.36+1.29bB 3.67+0.23abB  0.9997+0.00bA  0.45+0.00cB
2040  2201.84+1.33cB 9.48+0.10bB 0.9971+0.00bB 0.86+0.00cB  176.64+1.18cA 2.61+£0.10cB  0.9999+0.00aA  0.35+0.00 dB
40-60  1284.73+2.48dB 8.19+0.10cB 0.9989+0.00aB 0.79+0.00dB 118.14+1.03dC 1.28+0.10dC  0.9999+0.00aA  0.19+0.00eC
60-100  455.45+1.71eB  6.91+0.11dB 0.9997+0.00aA 0.78+0.00eB  95.39+0.99eC 3.39+0.09bB  0.9999+0.00aA  0.52+0.00aB
Basalt  0-10 229.77+3.03aC  5.40+0.10aC 0.9999+0.00aA 0.69+0.00bC  97.70+1.46eC 3.02+0.09bC  0.9999+0.00aA  0.46 +0.00aC
10-20 206.9+2.16bC  5.41+£0.08aB 0.9997+0.00aA 0.71+0.00aB  150.76+1.18cC 2.44+0.07cC  0.9998+0.00aA  0.34 +0.00cC
20-40 95.32+1.11dC  4.17+0.09cC 0.9998 +0.00aA 0.64+0.00cC  111.54+0.96dC 1.53+0.06dC  0.9999+0.00aA  0.22+0.00eC
40-60 173.57+2.02cC ~ 4.73+£0.05bC 0.9997+0.00aA 0.64+0.00dC 176.56+1.01bB 2.3+0.07cB  0.9998+0.00aB  0.31+0.00 dB
60-100 92.75+1.30dC  3.41+£0.08dC 0.9998+0.00aA 0.53+0.00eC 308.26+1.17aB 3.69+0.11aB  0.9996+0.00bB  0.45+0.00bC
Purple  0-10 4261.99+1.68aA 10.78+0.11aA 0.9923+0.00dC 0.90+0.00bA  650.01+1.18aA 6.09+0.12bA  0.9995+0.00aB  0.65+0.00eA
sand- 10,90 3974.62£4.04bA 10.78£0.11aA 0.9940+0.00cC 0.90+0.00aA 31340+16dA 646+0.10aA 09999+0.00aA  0.78+0.00aA
stone 2040  3007.24+1.18cA 10.28+£0.08bA 0.9975+0.00bB 0.89+0.00cA 165.50+1.24eB 4.99+0.10cA  0.9998+0.00aA  0.68 +0.00cA
40-60  1990.01£2.09eA  9.60+0.05dA 0.9983+0.00aB 0.88+0.00eA 606.14+0.90cA 6.27+0.09abA 0.9997+0.00aC  0.68+0.00dA
60-100  2381.19+1.20dA  9.88+0.07cA 0.9975+0.00bB 0.88+0.00dA 626.61 +1.01bA 6.4+0.08abA  0.9997 +0.00aAB 0.69 +0.00bA
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Fig. 3 Results of PCoA analyses of microbial communities in soil developed from different parent rocks
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Fig. 4 Composition of microbial communities in soil with
different parent rock development. Note: L, B and P repre-
sent the soil profiles of limestone, basalt and purple sandstone
respectively; L1-L5, B1-B5, and P1-P5 represent different soil

Ascomycota (0.61-31.55%), and Mortierellomycota
(0.06-4.67%). The dominant fungal phyla in the basalt
soil were Basidiomycota (57.84-96.96%), Ascomycota
(1.08-26.42%), and Mortierellomycota (0.31-1.35%).
The dominant fungal phyla in the purple sandstone

@ Springer
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depths of the corresponding parent rock development soil pro-
file, namely 0-10 cm, 10-20 cm, 20-40 cm, 40-60 cm, and
60-100 cm. The same below

soil were Ascomycota (17.51-43.95%), Basidiomycota
(4.40-32.10%), and Mortierellomycota (9.49-26.51%)
(Fig. 4 C and D). At the phylum level, Proteobacteria
bacteria and Basidiomycota fungi were the most abun-
dant groups in almost all soil samples.
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3.4 Relationship Between Edaphic Characteristics
and Microbes

According to the RDA map, the two first axes
explained 73.81% and 85.77% of the variation in bac-
terial and fungal community structure, respectively
(Fig. 5).The main soil variables affecting soil bacte-
rial community composition were SWC (1*=0.67,
p=0.002), BD (r>=0.70, p=0.002), pH (1>=0.59,
p=0.005), SOM (*=0.42, p=0.035), AN (1>=0.60,
p=0.006), AP (*=0.56 p=0.012), SOC (1>=0.42,
p=0.031), and DOC (r2:0.39, p=0.044). The main
soil parameters affecting the soil fungal composi-
tion of the 16 phyla in all soil samples were: SWC
(*=0.85, p=0.001), pH (1>=0.46, p=0.025), SOM
(?=0.43, p=0.034), AP (*=0.54, p=0.011), AK
(*=0.52, p=0.012) and SOC (r*=0.41, p=0.036),
which were significantly correlated, indicating that
soil physico-chemical properties were the main
drivers influencing the dominant soil microbial
communities.

3.5 Characterization of Functional Genes Associated
With Soil Microbial Carbon Cycling

In order to further understand the differences in the
function of microbial communities in soils derived

Bacteria

Actinobacteria

0.5

g
°

RDA2 [13.57%]

-0.5

SWC

-0.5 0.0 0.5 1.0

from different parent rocks, PICRUSt2 was used to
predict the functional annotation of microbial com-
munities. A total of 188 functional groups were
obtained after functional annotation. The genes
associated with carbohydrate metabolism and car-
bon fixation were identified according to the KEGG
database. Among them, the relative abundance of
soil microbial carbon in purple sandstone was the
highest, followed by limestone, and basalt was the
least (Fig. 6).

The abundance of different functional genes
in the microbial carbon cycle correlated with soil
physico-chemical parameters (Fig. 6). Specifi-
cally, SWC, BD, pH, SOM, AN, AP, MOC, AK,
SOC, MBC, and DOC were significantly corre-
lated (p=0.05 or 0.01) with the abundance of genes
related to microbial carbon cycling.

4 Discussion

4.1 Differences in Physical and Chemical Properties
and Soil Carbon Content of Parent Rocks

The limestone soils in this study were acidic, with

a heavy clayey soil texture and the highest soil car-
bon content (Table 2).Limestone soils are generally
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Fig. S RDA analysis of soil microorganisms and soil environmental factors
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alkaline. However, the limestone soil pH is weakly
acidic due to better hydrothermal conditions in the
study area, severe desilication, and iron-rich alu-
minisation of the soils (Table 2).In addition, the high
organic carbon content of limestone soils may be
related to the high Ca** and Mg”" levels of limestone
weathered soils. Ca’* and Mg?* in soil solution can
act as cationic bridges between negatively-charged
carboxyl groups and negatively-charged adsorption
sites on the soil surface (Mouvenchery et al., 2012).
On the other hand, Ca** and Mg?* facilitate the for-
mation and stabilisation of soil macroaggregates
(Bimiiller et al., 2016). Their interactions reinforce
the physical and chemical protection of soil against
organic carbon. Therefore, limestone soils are con-
sidered to have a greater potential for organic carbon
accumulation.

The basalt soils were also acidic, with a clayey
texture and relatively high soil SOC and MOC
content (Table 2).The high soil carbon content of
basalt soils may be related to their iron and alu-
minium oxide levels, and soil iron oxides repre-
sent an important inorganic cement that binds fine
particles to inorganic or organic molecules to form
agglomerates (Mao, 2021, McNally et al., 2017).
Soil aggregates can reduce the degree of organic
carbon contact with soil microorganisms and
enzymes, and thus enhance the physical shielding
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ours represent the values of Pearson correlation coefficients,
red means positive correlation, blue means negative correla-
tion; * means p <0.05, ** means p <0.01

of organic carbon (Yang et al., 2023). In addition,
soil Fe and Al oxides carry a large specific sur-
face area and abundant hydroxyl sites, especially in
acidic soil, and the low pH leads to protonation of
hydroxyl groups on the surface of Fe and Al oxides,
enhancing their ability to adsorb SOC (Chen & Cui,
2022). It can be seen that basalt-developed soil also
has great potential in organic carbon accumula-
tion. Previous studies have also shown that basalt
weathering is a major carbon sequestration process
of atmospheric CO, (Du et al., 2012). For example,
the application of weathering mineral rock (basalt)
clasts to farmland can enhance the effect of anthro-
pogenic carbon sequestration (Wu et al., 2023).

The purple sandstone soil is neutral, with few soil
nutrient levels and low soil carbon content (Table 2).
This phenomenon may be due to the unique porosity
and structure of sandstone, which leads to relatively
sandy texture after weathering, resulting in a large
loss of soil nutrients (Wang et al., 2018). In addition,
the weathering of purple sandstone into soil leads to
basically coarse bone soil, soil porosity and perme-
ability, and strong microbial activity (Mao, 2021).
Combined with few soil clay particles and weak phys-
ical strength of soil aggregates, the weathered purple
sandstone soil exhibits rapid microbial decomposi-
tion of SOM and hinders the accumulation of organic
carbon.
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4.2 Differences in Microbial Communities in Soils
Derived from Different Parent Rocks

In this study, the richness, diversity and evenness
of soil bacterial and fungal communities in purple
sandstone were the highest, followed by limestone
and basalt (Table 3). Significant differences in soil
microbial communities are associated with changes
in specific soil characteristics. The higher microbial
diversity of limestone soils may be attributed to the
stable environment provided by soil microaggre-
gates for microorganisms and their protection against
predators in the soil. Therefore, small aggregates are
more conducive to maintaining microbial diversity
(Rashid et al., 2016).However, clay particles in basalt
soil and micro-agglomerates were equally abundant,
whereas the microbial diversity was the least, which
may be related to the acidic nature of the soil and the
high content of iron and aluminium ions. Aluminium
ions may have a limiting effect on microorganisms
in acidic soils (Tonneijck et al., 2010). In addition,
microbial diversity was the highest in purple sand-
stone soil with low clay particle content, possibly due
to increased competition resulting from nutrient defi-
ciencies in purple sandstone soil, which exacerbated
species replacement among communities (Qiu et al.,
2020), and was more favourable for microbial activ-
ity in neutral soil environments (Averill & Waring,
2018). Neutral soils are generally unsuitable for most
mineral adsorption mechanisms (Whittinghill & Hob-
bie, 2012), but provide the optimum pH for SOC min-
eralisation. Therefore, the organic matter of sandstone
soils can be decomposed by microorganisms, result-
ing in decreased soil carbon content.

The dominant soil bacterial communities in the
three parent rocks were Proteobacteria, Chloroflexi,
Acidobacteria, and Actinobacteria, and the dominant
fungal phyla were Basidiomycota, Ascomycota, and
Mortierellomycota (Fig. 4). It may be attributed to the
wider ecological niche of Proteobacteria, Chloroflexi
and Acidobacteria and stronger adaptation to differ-
ent soil environments as the dominant taxa (Davinic
et al., 2012).In addition, soil properties play a key
role in determining microbial composition (Sun et al.,
2021; Zhu et al., 2021). In this study, we found that
the development of soil bacteria in soils from differ-
ent parent rocks was closely related to soil carbon
and AN, AP and AK levels. The strong correlation
between soil nutrient levels and bacterial distribution

could be explained by the copiotrophic-oligotrophic
strategies of soil bacteria. For example, Proteobac-
teria and Actinobacteria carry common nutrient
profiles and were enriched in soils with high nutri-
ent levels (Qu et al., 2020; Zheng, 2022). Thus the
abundance of Proteobacteria was the highest in lime-
stone and basalt soils, while Actinobacteria levels
were significantly correlated with soil AP (p=0.05).
The abundance of Actinobacteria was the highest in
purple sandstone soils (Fig. 5). In contrast, members
of the phyla Acidobacteria and Chloroflexi exhibited
poor trophic biostrategy (Gao et al.,, 2021; Zhang
et al., 2019), and thus their abundance was the highest
in purple sandstone soils.

In addition, SWC, pH and AP had the most signifi-
cant effects on the fungal community (Fig. 5), which
was consistent with previous studies (Cui et al., 2020;
Hu et al., 2022; Yu et al., 2022). Among them, fungi
belonging to phylum Basidiomycota showed a sig-
nificant positive correlation with soil SWC (p =0.05).
They were mainly distributed in limestone and basalt
soils; while those belonging to Ascomycota and Mor-
tierellomycota showed a significant positive correla-
tion with soil pH and AP (p=0.05) and therefore
mainly distributed in neutral purple sandstone soils
with high phosphorus content. Changes in the struc-
ture of fungal communities such as Ascomycota and
Basidiomycota accelerated the accumulation of soil-
active and recalcitrant organic carbon content and
promoted the alkylation of SOC and the formation
of micro-aggregates and macro-aggregates in the soil
(Fan, 2022).

4.3 Differences between Microbial Carbon Cycling
Genes in Different Soil Types

In this study, the relative abundance of genes associ-
ated with microbial carbon cycling (carbon metabo-
lism and carbon fixation) in purple sandstone soil
was the highest, followed by limestone, and the least
in basalt soil (Fig. 6). Environmental factors strongly
regulate the function of microbial communities,
and the relative abundance of genes is related to the
physical and chemical properties of soil. The nutrient
levels (SOC, AN, and AK) of limestone and basalt
soils decreased in carbon metabolism and increased
in carbon fixation genes, which was consistent with
previous studies (Yan et al., 2020). In addition, the
low abundance of genes related to microbial carbon
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cycling in basalt soils was associated with high SWC
content and low soil AP levels. Excessive soil SWC
combined with insufficient oxygen levels reduces the
microbial growth efficiency, which in turn affects the
efficiency of carbon utilisation and hinders microbial
biomass production and organic carbon accumulation
(Stockmann et al., 2013). Similarly, soil microbial
metabolism can be limited by low soil phosphorus
levels (Cui et al.,, 2020).Various metabolic activi-
ties of soil microorganisms were also affected by
soil acidity and alkalinity, including the low (acidic)
pH of the limestone and basalt soils, weak activity
of microorganisms, and the decreased abundance of
functional genes associated with carbon metabo-
lism, which facilitated the fixation of SOC. The pH
of purple sandstone soil was neutral, which was more
conducive to the activity of soil microorganisms.
Therefore, the relative abundance of functional genes
associated with microbial carbon cycling was the
largest, which hindered soil carbon storage.

However, studies have shown that soil microorgan-
isms can also affect soil physical and chemical prop-
erties. Soil microorganisms can affect the soil nutrient
cycling process, improve the biological availability of
soil nutrients, increase the availability of plant nutri-
ents, promote plant growth, and indirectly change
soil organic carbon content (Zhang et al., 2020).
Although many studies have proved the remarkable
effect of underground microorganisms in promoting
the growth of above-ground plants, this effect has not
been widely used in agriculture due to the limitations
of theories and technical means.

5 Conclusions

This study revealed the effects of soil physical and
chemical properties of different parent rocks on
microbial composition and carbon cycle function
genes. There are significant differences in soil organic
carbon content among the three parent rocks, with
the trend of limestone>basalt>purple sandstone.
The change of soil organic carbon content is closely
related to the properties of the parent rocks, in which
the soil formed after weathering limestone and basalt
is rich in clay particles, which play a physical and
chemical protection role for soil organic carbon.
Therefore, limestone and basalt-developed soils are
considered to have great potential for organic carbon
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accumulation, especially basalt-basalt weathering,
which is a major carbon sequestration process of
atmospheric CO,. In addition, in addition to the influ-
ence of mother rock on soil organic carbon content,
soil microorganisms participate in several metabolic
processes such as soil carbon cycle, and are impor-
tant biological factors affecting soil organic carbon
content. In this study, the main dominant bacteria of
the soil bacterial communities developed from the
three parent rocks were Proteobacteria, Chloroflexi,
Acidobacteria and Actinobacteria, and the main fun-
gal dominant phyla were Basidiomycota, Ascomycota
and Mortierellomycota. Changes in the community
structure of fungi such as Ascomycota and Basidio-
mycota can accelerate the accumulation of soil activ-
ity and inert organic carbon content, and promote the
alkylation of soil organic carbon structure and the
formation of microaggregates and macroaggregates
in soil, thus playing a physical protection role for soil
organic carbon. Through RDA analysis, it was found
that SWC, BD, pH, SOM, AN, AP, AK, etc. were the
main driving factors affecting the composition of soil
microbial community. At the same time, soil micro-
bial C metabolism and C-fixed gene abundance were
significantly affected by soil physicochemical prop-
erties, especially soil SWC, pH and AP content lim-
ited the carbon metabolic activity of soil microbial
communities.

In conclusion, soil physical and chemical proper-
ties of different parent rocks significantly affect soil
organic carbon content, microbial community compo-
sition and metabolic activities, and soil microorgan-
isms in turn affect soil organic carbon and soil physi-
cal and chemical properties. Soil microorganisms
can affect the soil nutrient cycling process, improve
the biological availability of soil nutrients, increase
the amount of plant nutrients, promote plant growth,
and indirectly change the soil organic carbon content.
Therefore, soil organic carbon content is the result of
the interaction between soil microorganisms and soil
physical and chemical properties. This study can pro-
vide basic theoretical knowledge for the study of soil
carbon sink regulation mechanism and the realization
of China’s "carbon neutrality" goal.
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