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Abstract

Soil inorganic carbon (SIC) represents the main soil carbon pool in drylands with a high geologic residence time for carbon
sequestration. Recent studies have shown that SIC is not stable as previously supposed, and can be employed by certain
microbes and transformed into organics in soils; however, this transformation remains largely unexplored. We performed in
situ 13C tracing in desert bulk soil and employed metagenomics to predict the microbial metabolic processes associated with
carbon transformation. The tracing data showed that the 13C signature profile in soil organic carbon (SOC) originated from
SIC with a 3C-SOC content of 6.881 mg m 2 during the feeding periods. Metagenomic analysis identified genes encoding
enzymes related to microbial CO2 and HCOj3™ fixation, accounting for 0.448% (based on Kyoto Encyclopedia of Genes and
Genomes database) and 0.668% (based on Evolutionary genealogy of genes: Non-supervised Orthologous Groups database) of
all ascertained genes. Our results confirmed that a considerable portion of the determined genes and taxa were responsible
for heterotrophic fixation. The microbes involved in dark microbial fixation, particularly chemoautotrophic and heterotrophic
pathways, were from a broad taxonomic range. Although the amount of SOC derived from the dark microbial fixation process
was not assessed, the present study highlights a neglected carbon transformation process mediated by soil microbes in drylands

and provides insights into carbon transformation of SIC to SOC in dryland soil.
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Key Points:

e Soil inorganic carbon may be employed by certain microbes and transformed
into organics; however, this remains largely unexplored.

e We performed in situ *3C tracing in the desert soil and predict associated
metabolisms by metagenomics.

e The study highlights a neglected carbon transformation process from inorganic

to organic carbon mediated by soil microbes in drylands.
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Abstract

Soil inorganic carbon (SIC) represents the main soil carbon pool in drylands with a
high geologic residence time for carbon sequestration. Recent studies have shown that
SIC is not stable as previously supposed, and can be employed by certain microbes
and transformed into organics in soils; however, this transformation remains largely
unexplored. We performed in situ **C tracing in desert bulk soil and employed
metagenomics to predict the microbial metabolic processes associated with carbon
transformation. The tracing data showed that the *3C signature profile in soil organic
carbon (SOC) originated from SIC with a **C-SOC content of 6.881 mg m™during the
feeding periods. Metagenomic analysis identified genes encoding enzymes related to
microbial CO; and HCOj; fixation, accounting for 0.448% (based on Kyoto
Encyclopedia of Genes and Genomes database) and 0.668% (based on Evolutionary
genealogy of genes: Non-supervised Orthologous Groups database) of all ascertained
genes. Our results confirmed that a considerable portion of the determined genes and
taxa were responsible for heterotrophic fixation. The microbes involved in dark
microbial fixation, particularly chemoautotrophic and heterotrophic pathways, were
from a broad taxonomic range. Although the amount of SOC derived from the dark
microbial fixation process was not assessed, the present study highlights a neglected
carbon transformation process mediated by soil microbes in drylands and provides

insights into carbon transformation of SIC to SOC in dryland soil.

1. Introduction
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Drylands are ecosystems that cover more than 40% of the terrestrial surface
(Reynolds et al., 2007; Safriel & Adeel, 2005). These regions represent the major pool
of soil inorganic carbon (SIC) and account for 15.5% of the world’s soil organic
carbon (SOC) storage (Lal, 2009), wherein the SIC pool is ten-fold higher than the
SOC storage (Emmerich, 2003; Shi et al., 2012; Zamanian et al., 2016). Given that the
carbon in SIC (85,000 years) has a longer mean residence time compared to SOC (35
years), vegetation (10 years), and atmosphere (5 years) (Monger et al., 2015), the
dynamics of SIC in drylands may be of particular importance in the carbon cycles of
terrestrial ecosystems, especially in the context of increased anthropogenic activity
and global climate change (Gao et al., 2018; Zamanian et al., 2018). In addition,
studies of soil organic matter in terms of formation, decomposition, transformation,
and stabilization in drylands are relevant because of the mounting interest in
investigating global carbon sequestration and soil nutrient condition in oligotrophic
environments (Alonso-Séaez et al., 2010; Bay et al., 2018; Liang et al., 2017).
Therefore, the dynamics and fate of the soil carbon pools in drylands are an essential
and important topic of research.

A growing body of research reveals that carbon transformation processes occur
between these two carbon pools (SOC and SIC), which is significant for
understanding the formation, turnover, and stability of soil carbon pools in drylands
(Liang et al., 2017; Liu et al., 2018 and 2020). Therein, soil microbes serve as a
“microbial carbon pump” to regulate soil carbon dynamics via various metabolic

pathways (Liang et al., 2017). In certain areas of drylands, SIC accumulation is
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closely related to SOC accumulation following vegetation rehabilitation (Wang et al.,
2015; Gao et al., 2018), which involves a carbon transformation process from SOC to
SIC (“SOC—SIC”). In the process of “SOC—SIC,” soil microbes are assumed to link
the two carbon pools through the decomposition of organic matter and forming
carbonates via certain metabolic pathways (Liu et al., 2018, 2020). As SIC mainly
comprises of carbonates, followed by HCO3, CO%~, and CO; in drylands, recent
studies associated with microbial carbon fixation, also hint at a carbon transformation
process from SIC to SOC (“SIC—SOC”) in the soil.

Recent studies have shown that autotrophic microbes in drylands contain the
genetic potential for incorporating CO, and/or HCO3 into SOC, and are distributed in
a range of natural surroundings, such as grasslands and semiarid deserts (Liu et al.,
2018; Lynn et al., 2017; Zhao et al., 2018). The metabolic pathways involved in
carbon transformation include both phototrophic and non-phototrophic processes via
the operations of the Calvin cycle in the presence of light, and alternative
chemoautotrophic pathways such as the reductive citrate cycle (rTCA cycle),
hydroxypropionate-hydroxybutylate cycle (3-HP/4-HB cycle), dicarboxylate-
hydroxybutyrate cycle (DC/4-HB cycle), 3-hydroxypropionate bi-cycle (3-HP cycle),
and reductive acetyl-CoA pathway (WL pathway) (Alonso-Saez et al., 2010; Bar-
Even et al., 2012; Hugler & Sievert 2011; Liu et al., 2018). These pathways were
identified based on the occurrence of genes involved in autotrophic pathways.
Moreover, heterotrophic microbial CO, fixation for internal carbon cycling in the dark

has been identified in arctic, cropland, temperate forest, and temperate soils (Miltner
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et al., 2004; Nel & Cramer 2019; Santrtickova et al., 2018; Spohn et al., 2020). This
process may also contribute to the transformation of “SIC—SOC” in drylands;
however, it remains largely unexplored in drylands. Taken together, we speculate the
occurrence of a microbial transformation process from SIC to SOC in the soil of
drylands; that is, soil microbes transform SIC, including soil CO; and/or HCO3, into
SOC pool via microbial fixation processes. Thus, microbial carbon transformation in
drylands (“SIC—SOC”) needs to be investigated, particularly the possibility of SIC
(soil CO; and/or HCO3) to be incorporated into SOC via microbial metabolic
processes and the associated microbial pathways.

We hypothesized that SIC (soil CO, and/or HCO3) can be transformed into SOC
through dark reactions by microbes in the soil of drylands. Specifically, we expected
to detect: (1) the signature of SIC, incorporated by microbial fixation processes, in the
SOC; and (2) the related functional and taxonomic potential of soil microbial fixation
and carbon transformation. To test the above hypotheses, we performed an in situ **C
tracing experiment in bulk soil to track the fate of SIC in the Mu Us Desert of
northern China. In addition, we used metagenomics to analyze the target genes and

microbes that contribute to transforming soil CO, and HCO3 into SOC.

2. Materials and methods
2.1. Research site
We conducted this study on the south-western edge of the Mu Us Desert, China

(37°42'N, 107°13'E; 1509 m above sea level). The study site is characterized by a
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typical temperate continental climate, with a mean annual precipitation of 275 mm
and an annual potential evaporation of approximately 2014 mm. The mean annual
temperature is 7.60 °C and the frost-free period lasts approximately 128 d. The main
soil type is quartisamment (derived from Aeolian sand) with an electric conductivity
of 4.84 ds cm™ and a pH of 8.90 (Liu et al., 2015, 2018). The 0-20 cm layer of the
main soil is composed of 97.04% sand, 11.56% silt, and 1.40% clay (Liu et al., 2020).
The SOC, SIC, and soil total nitrogen content at the research site are 3.65 g kg™, 3.78
g kg?, and 0.266 g kg, respectively (Liu et al., 2015, 2018, 2020). Vegetation in the
research site is dominated by shrub species Artemisia ordosica Krasch, Salix
psammophila C. Wang & Chang Y. Yang, and Hedysarum mongolicum Turcz. The
grass species in the site include Leymus secalinus (Georgi) Tzvelev, Agropyron

cristatum (L.) Gaertn, and Pennisetum centrasiaticum Tzvel (Jia et al., 2018).

2.2. Determination of soil inorganic carbon transformation to soil organic carbon
An in situ °C tracing experiment was conducted to determine the process of carbon
transformation from SIC to SOC by microbial fixation in desert soil. Specifically, in
mid-August of 2016, nine 20 m x 20 m sites dominated by A. ordosica, S.
psammophila, and L. secalinus (Figure 1a), were selected as sampling plots within the
2 km x 2 km area. In each sampling plot, three parallel positions were randomly
selected (Figurelb) for the tracing experiment. Cylindrical iron chambers (20.2 cm
diameter, 100 cm high, and 0.1 cm thick, with a sealed top; Figure 1c and d) were

used for feeding **CO; into the desert soil. The *3C feeding protocols are described
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138 below. Before feeding, the sealed soil collars were primarily set up to avoid leakage
139 of *CO, during the process. Specifically, at each position, two steel soil collars (20
140  cm diameter, 20 cm high, 0.1 cm thick) were inserted as paired collars into the soil 1
141 m from one another. Next, the collars containing intact soil were excavated, and their
142 bottoms were sealed with steel sheets. The sealed collars were backfilled in their

143 antecedent positions for a 2-d equilibration with the surroundings (Liu et al. 2015). Of
144  the three inserted collar pairs in every plot, one collar in each pair was selected for

145 3CO, feeding, while the other was not and served as a control. Overall, six soil

146 collars (three for feeding and the others as controls) were established at each plot

147 (Figure 1b).

x9
. Collar for °C tracing . Control
id €
Gas injection hole H
£ _- Chamber Upward view '
S i prvie
H R 3 N s
AL o iy D .=
Upwardview | -8 #8 Rotary vane
H [ (Opened)
’| 20 cm l‘- H
22 ¥ |
Soil ] H
Buc{(et 2
Soil collar +
Ambient CO; decrease Shifting chamber Chamber installation and *CO, injection

149  Figure 1. Selected typical sampling plots (a), parallel positions (b), and *C feeding

150  protocols (c, d, and e) in the tracing experiment.
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In each plot, three chambers were inserted into buckets containing 2 L of 6 M
NaOH solution (Figure 1c) for 2 h with the rotary vane opened in order to decrease
the ambient CO; in the chambers (from 400 to ~280 umol mol ™) and enhance the
follow-up effectiveness of *CO, feeding. Then, with the rotary vane closed (Figure
1d), the chambers were installed onto soil collars pushed 10 cm deep into the soil
(Figure 1e). Next, 11.3 mL of *CO, gas (concentration > 99.9%) was injected into
the chamber via the gas injection hole (Figure 1e) to provide an initial **CO, content
of approximately 400 umol mol ™. Then, the rotary vane of the chamber was opened
and the soil was exposed to **CO, for 22 h. Equivalent feeding chambers with
ambient CO, were installed on the remaining collars as control sets. Subsequently,
150 mL of gas in the chambers was extracted using an injection and used for
ascertaining the CO, content and components (**CO, and **C0O,). Then, the chambers
were moved away and their inner space was scoured by high-pressure gas to remove
the remaining *3*CO, and the CO, produced by soil respiration. In total, the feeding
process was repeated once a day for 7 days. After feeding, 150 mL of the soil gaseous
sample was extracted from each collar using a soil gas sampler (DIK-5520-13; Daiki
Rika Kogyo, Saitama, Japan) and stored in aluminum foil bags to determine the soil
CO, content and components. The CO, content and 5'*C of CO, of the obtained gas
was analyzed using a Model CCIA-EPCO isotope analyzer (912-0003; Los Gatos

Research, Mountain View, CA, USA).
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After performing the feeding protocols, 200 g of soil samples were collected from
each collar using a soil auger. To determine the content of the microbial carbon
transformation from SIC to SOC (**C-SOC), 50 g of soil from each collar was air-
dried and used for SOC and 8*3C analyses. The remaining fresh soil samples (150 g),
collected from each collar in the same sampling plot, were mixed together in equal
proportions to determine the soil bicarbonate content. The CO; content and §'°C of
the obtained soil gas were analyzed using a Model CCIA-EPCO, isotope analyzer
(912-0003; Los Gatos Research, Mountain View, CA, USA). To determine the °C
of SOC, the air-dried sample was ground using an agate mortar, sieved through a
0.149 mm mesh, acidified using sulfurous acid (v:w, 4:100; Steinbeiss et al., 2008),
and dried at 60°C prior to measurement. Then, the 8*3C was determined using an
isotope ratio mass spectrometer (Thermo Finnigan Delta V; Thermo Fisher Scientific,
Inc., Waltham, MA, USA). The reference substance utilized was Pee Dee Belemnite
(Rst=10.0112372). SOC was determined using the potassium dichromate oxidation
method (Walkley & Black, 1934). Soil bicarbonate content was determined using the

double-indicator neutral method (Wang et al., 2017).

2.3. Metagenomics prediction for microbial fixation
From each sampling plot, 12 soil cores were randomly obtained (depth range of 0—
20 cm) using a sterilized soil auger (2.5 cm diameter), and thoroughly mixed as the

representative sample. Before sampling, surface litter residues were removed. Each
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composite sample was sieved through a 2 mm mesh to remove plant residues and
roots, then stored at —78.5°C on dry ice for metagenomic analysis.

Total microbial DNA was isolated from 1.0 g of each soil sample using the MoBio
Power soil DNA isolation kit (MoBio Laboratories, Carlsbad, CA, USA) following
the manufacturer’s instructions. The DNA sample was tested with regards to
degradation degree and potential contamination, purity, and concentration. Then, 1 ug
DNA per sample was used as input material for subsequent metagenomics sample
preparation. Sequencing libraries were generated using the NEBNext® Ultra™ DNA
Library Prep Kit for Illumina (New England BioLabs, Ipswich, MA, USA), and index
codes were added to attribute sequences to each sample. Briefly, the DNA sample was
fragmented by sonication to a size of 350 bp; then, DNA fragments were end-
polished, A-tailed, and ligated with the full-length adaptor for Illumina sequencing
with further polymerase chain reaction (PCR) amplification. Finally, PCR products
were purified (AMPure XP system) and libraries were analyzed for size distribution
using the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA)
and quantified using real-time PCR. Clustering of the index-coded samples was
performed using a cBot cluster generation system (TruSeq PE Cluster Kit v3-cBot-
HS; Illumina, San Diego, USA). The prepared libraries were then sequenced using an
Illumina HisSeq platform and paired-end reads were generated. The relative
abundance of a gene was defined as the ratio of the sum of sequencing depth of every
base in a predicted gene to gene length. To fully determine the functional groups

associated with microbial fixation processes, metabolic pathway analyses were
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performed using the Kyoto Encyclopedia of Genes and Genomes (KEGG; Kanehisa
et al. 2004) and Evolutionary genealogy of genes: Non-supervised Orthologous
Groups (eggNOG). BLASTP (e-value < 1 x 10™) was used for amino acid alignments
against the KEGG database (Version: 2015-12-04) and eggNOG database. The
provided KEGG and eggNOG accession numbers denote the key enzymes used for
annotation of the carbon transformation by microbial fixation (Table S1). Putative
microbes were identified based on these KEGG accessions. Metagenomics data were

submitted to NCBI under biosample accession number SAMNO08366930.

2.4. Numerical and statistical analysis

The ratio of 3C in SOC was calculated as follows:

~ (1000+8"C)xR,
©1000+(1000+8°C)x R,

x100 (1)

Where, AT is the ratio of *C in SOC (%) and §"3C is the isotopic signature of SOC.
The content of microbial transformation of inorganic to organic carbon (**C-SOC)

during the labeling periods was calculated as follows:

Cooc X BXV X (AT oieq — AT

13 C-SOC — control) (2)
Sx100

Where, 3C-SOC is the content of the microbial carbon transformation from
inorganic to organic (mg m2), Csoc is SOC content (g kg ™), B is soil bulk density (g
cm ), V is soil volume in the soil collar (cm®), S is the area of the soil collar (m?),
AT avelieq is ratio of *C in SOC in the feeding set, and ATcontor is the ratio of **C in

SOC in the control set.
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The Mantel test was used to determine the correlation between the genes and
composition of microbes facilitating inorganic carbon fixation and **C-SOC
formation. Pearson’s correlation analysis was conducted to analyze the relationship
between *C-SOC and bicarbonate, CO,, *CO,, and 2CO, content in the soil.
Additionally, data on putative microorganisms encoding carbon fixation genes,
identified at sample plots, were analyzed by principal component analysis (PCA)
using the vegan package in R, with a linear regression analysis of PC1, PC2, or PC3
scores, and **C-SOC to analyze the relationship between the microbial community
composition and microbial carbon transformation. VValues were considered
statistically significant at P <0.05 and the marginal significance was defined as 0.05
< P <0.10. All statistical analyses were performed using R version 3.6.2 (R Core

Team, 2019).

3. Results
3.1 Transformation of inorganic to organic carbon by microbial fixation
Subsequent to in situ tracing, the *C-SOC content in the bulk soil at sampling plots
was detected (Figure 2). The mean **C-SOC content in the bulk soil was 6.881 mg m™
during the feeding periods and showed dramatically variation, from 1.047 to 17.433
mg m at the plots (Figure 2). After the feeding protocol, CO, content in the feeding
chambers was 1240.487 pmol mol™ (1152.421 pmol mol™ of **CO, and 88.225 pumol
mol™ of 3C05), and CO, content in the soil was 1391.611 pmol mol™ (1297.629

umol mol™ of **CO; and 93.983 pmol mol™ of **CO,) (Table 1). On the basis of
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258 differences in *CO, content in the feeding chambers before and after the tracing
259 protocol, the total amount of *3C absorbed by the soil was determined to be 37.443 mg

260 (3.973 mg kg™ in soil).
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262  Figure 2. Contents of the microbial carbon transformed from inorganic carbon to

263 organic carbon (*C-SOC) among the sampling plots during the feeding periods.

264
265 \Table 1 Contents and components of CO; in the feeding chambers and soil after feeding
266 protocols (mean + SD)
CO, (umol mol™) 2C0, (umol mol™) BC0, (umol mol™)
Chambers 1240.487 + 320.005 1152.421 + 318.331 88.225 + 21.379
Soil collars 1391.611 + 380.447 1297.629 + 377.928 93.983 + 11.766
267

268 3.2 Functional and taxonomic characterization of soil microbes associated with

269  inorganic carbon transformation
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Figure 3. Relative abundance (a, ¢) and ratios (b, d) of identified genes encoding
enzymes (EC in KEGG and COG in eggNOG are given) related to microbial fixation

at the sampling plots.

Metagenomic analysis identified genes encoding enzymes related to microbial CO,
and HCO, fixation, which represented 0.448% (KEGG) and 0.668% (eggNOG) of all
ascertained genes (Figure 3). The relative abundance of the genes related to HCO,
transformation was higher than the genes associated with CO, transformation. Of
those, genes encoding enzymes of the ribulose-bisphosphate carboxylase, 2-
oxoglutarate synthase, isocitrate dehydrogenase (NADP™), phosphoenolpyruvate
carboxylase, pyruvate carboxylase, pyruvate synthase, acetyl-CoA carboxylase, and
propionyl-CoA carboxylase were detected in the sampling plots (Figure 3). These
enzymes are mainly employed for autotrophic carbon fixation, by which soil CO, and

HCO, are converted to SOC. The relative abundance of these genes was 0.339%
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(KEGG) and 0.518% (eggNOG) of all identified genes, accounting for 75.644%
(KEGG) and 75.298% (eggNOG) of all detected genes for microbial inorganic carbon
transformation.

Additionally, the genes encoding enzymes that contribute to the biosynthesis of
fatty acids and anaplerotic reactions such as methylcrotonoyl-CoA carboxylases,
geranoyl-CoA carboxylase, phosphoenolpyruvate carboxykinase, acetone
carboxylases, and biotin carboxylases were also found based on KEGG and eggNOG
analyses (Figure 3). The presence of such genes suggests the role of heterotrophic
pathways for inorganic carbon transformation. As shown in Figure 4, soil microbes
encoding enzymes involved in inorganic carbon transformation, such as ribulose-
bisphosphate carboxylase (0.030%; total relative abundance of the detected
microbes), 2-oxoglutarate synthase (0.180%), isocitrate dehydrogenase (NADP™)
(0.180%), phosphoenolpyruvate carboxylase (0.185%), pyruvate carboxylase
(0.080%), pyruvate synthase (0.032%), acetyl-CoA carboxylase (0.255%), propionyl-
CoA carboxylase (0.098%), methylcrotonoyl-CoA carboxylase (0.033%), and
geranoyl-CoA carboxylase (0.003%), were determined in the sampling plots. These
microbes mainly belonged to the phyla Actinobacteria, Proteobacteria, Chloroflexi,
Acidobacteria, Gemmatimonadetes, Microgenomates, and Nitrospirae (Figure 4). The
microbial composition and relative abundance varied depending upon the kind of

enzyme.
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Figure 4. Relative abundance (a) and ratios (b) of microbes encoding enzymes

(Enzyme Commission numbers (EC) in KEGG are given) at the sampling plots.

3.3 Correlation between *C-SOC and bicarbonate, CO,, *CO,, and **CO,
content in addition to microbes.

The *C-SOC content significantly correlated with bicarbonate, CO,, and **CO,
content in the soil (P < 0.05), and did not correlate with the **CO, content (P > 0.05,
Figure 5). Additionally, the content of *C-SOC remarkably correlated with genes
involved in CO, transformation, based on KEGG (P = 0.044) and COG (P = 0.047)
database prediction, whereas it lacked correlation with the gene components involved
in HCO, transformation (P>0.05) (Table 2). Of all the identified genes, the content

of *C-SOC significantly correlated with the relative abundance of genes encoding
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enzymes such as 2-oxoglutarate synthase, pyruvate synthase, and geranoyl-CoA
carboxylase, based on KEGG database; and genes encoding ribulose-bisphosphate
carboxylase, 2-oxoglutarate synthase, and isocitrate dehydrogenase (NADP+) based

on eggNOG database (Table 3).
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Figure 5. Correlation between *C-SOC content and bicarbonate (a), CO; (b), **CO,

(c), and *2CO, content (d) in soil.

As determined by Mantel test, significant correlation was observed between the
13C-SOC content and microorganisms harboring acetyl-CoA carboxylase, propionyl-
CoA carboxylase, and methylcrotonoyl-CoA carboxylase (P < 0.05; Table 4).
Moreover, *C-SOC content marginally correlated with microorganism harboring
ribulose-bisphosphate carboxylase, 2-oxoglutarate synthase, and isocitrate

dehydrogenase (NADP+) (0.05 < P < 0.10; Table 4). Further analysis revealed
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334 significant correlation between **C-SOC content and PC scores of microbes encoding
335  carrying the six above-mentioned enzymes (P < 0.05; Figure 6).
336

337  Table 2 Correlation between gene components and **C-SOC content as determined by Mantel

338 test
Functional category of genes Database r P
KEGG -0.076 0.667
All genes associated with carbon transformation
COG 0.231 0.095
KEGG 0.290 0.044
Genes associated with CO, transformation
COG 0.290 0.047
KEGG -0.162 0.695
Genes associated with HCO;  transformation
COG -0.033 0.524
339
340 Table 3 Correlation between the relative abundance of gene components and **C-SOC
341 content
KEGG numbers t r P COG numbers t r P
4.1.1.39 -0.524 -0.159 0.684 COG1850 -3.586  -0.805 0.009
1.2.7.3 2.830 0.730 0.025 COG0674 3.767  0.818 0.007
1.1.1.42 0.118 0.045 0.909 COG1014 7.229 0.939 <0.001
41131 -1.282 -0.435 0.241 COG1013 3499  0.798 0.010
6.4.1.1 -1.348 -0.454 0.220 COG1144 -0.391  -0.146 0.707
1271 2.986 0.748 0.020 COG0538 2472 0.683 0.043
6.4.1.2 0.581 0.214 0.580 C0G2352 -1.246  -0.426 0.253
6.4.1.3 0.340 0.127 0.744 C0G1892 -1.275  -0.434 0.243
6.4.1.4 -0.553 -0.204 0.598 COG1038 -1.579  -0.512 0.158
6.4.1.5 4,623 0.868 0.002 COG0439 -0.808  -0.292 0.446
6.4.1.6 0.167 0.063 0.872 COGO0511 0.864  0.310 0.416

6.3.4.14 -0.061 -0.023 0.953 COG5016 -0.414  -0.155 0.691
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COG0825 0.240 0.091 0.817

COGO777 0.284 0.107 0.785

COG4770 -0.990 -0.350 0.355

COG4799 -0.136  -0.051 0.896

COGO0146 1.482 0.489 0.182

COG0145 0.814 0.294 0.442

COG4647 0.211 0.080 0.839
ENOG410XN
0.618 0.227 0.556
SJ

342 Bold numbers indicate statistical significance at P <0.05.

343

344 Table 4 Correlation between the community compositions of microbes encoding enzymes

345 and **C-SOC content as determined by the Mantel test
Encoded enzyme r P
Ribulose-bisphosphate carboxylase (4.1.1.39) 0.294 0.062
2-oxoglutarate synthase (1.2.7.3) 0.398 0.066
Isocitrate dehydrogenase (NADP+) (1.1.1.42) 0.255 0.095
Phosphoenolpyruvate carboxylase (4.1.1.31) 0.185 0.221
Pyruvate carboxylase (6.4.1.1) 0.123 0.201
Pyruvate synthase (1.2.7.1) 0.032 0.370
Acetyl-CoA carboxylase (6.4.1.2) 0.400 0.015
Propionyl-CoA carboxylase (6.4.1.3) 0.301 0.048
Methylcrotonoyl-CoA carboxylase (6.4.1.4) 0.698 0.003
Geranoyl-CoA carboxylase (6.4.1.5) 0.100 0.332

346  Numbers in brackets refer to Enzyme Commission numbers of the KEGG database. Bold
347  numbers indicate statistical significance and marginal significance at P <0.05 and 0.05 <P <

348  0.10.
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Figure 6. Correlation analysis of principal component scores of microbes encoding
carbon fixation enzymes (numbers refer to Enzyme Commission numbers) and *3C-

SOC content.

4. Discussion

As anticipated, our results showed that the signature profile of **C in SOC
originated from *CO, in the desert soil (Figure 2). In the tracing experiment, a large
portion of *3CO in the chamber was absorbed into the soil (Table 1) and was
converted mainly to soil *CO, and H**CO; (Fa et al., 2016a), suggesting that a part
of SIC was positively labeled and further participated in the process of microbial
transformation from inorganic (CO, and HCOj; ) to organic carbon. Additionally,
metagenomics of sample material predicted the microbes poses genetic potential to
incorporate CO, and HCO, present in the desert soil (Figure 3 and Figure 4);

microbial metabolic pathways correlated with *C-SOC content (Table 2, 3, and 4;
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Figure 6). Taken together, these results confirmed that SIC, including soil CO, and
HCO, , was transformed into SOC via microbial metabolism.

Our results showed that in vivo CO, exchange between the chamber and collar, and
atmosphere and soil, occurred during the tracing protocols. Approximately four fifths
of $*CO, was introduced into the desert soil (Table 1) and converted to soil CO, and
HCO; . The **CO, content in the soil collars occupied 7.112% of the total CO, (Table
1). Although no test of **C/**C in HCO; was conducted, a large portion of introduced
3C0;, is stored in the form of HCO; according to previous studies in these regions
(Faetal., 2016a, 2016b; Wang et al., 2019). In addition, the significant relationship
between **C-SOC content and soil CO, and bicarbonate content (Figure 5)
demonstrated that the microbial transformation processes were possibly associated
with these two forms of inorganic carbon. However, no remarkable correlation was
detected with respect to the soil **CO, content (Table 1), which may be the result of
the relatively low content of soil **CO,, along with the intense abiotic conversion
processes (CO, +H,0 <> H" + HCO; <> COZ +2H"). Nevertheless, these labeled
soil CO;, and HCO; can serve as the carbon source for such microbial transformation
in the desert soil.

As for carbon sources, both soil CO; and HCO; is assimilated by microbes and
transformed into SOC, which was supported by the functional and taxonomic
characterization of soil microbes involved in fixation associated with carbon
transformation (Figure 3 and Figure 4), and the linkage between **C-SOC and

associated putative genes (Table 2, Table 3, Table 4, Figure 5, and Figure 6).
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According to the prediction of microbial fixation enzymes, microbes with operating
autotrophic and heterotrophic pathways were found in the desert soil (Figure 3).
Specifically, microbes harboring these genes mainly contributed toward autotrophic
fixation, including rTCA cycle, 3-HP and 3-HP/4-HB cycles, and DC/4-HB cycle; in
addition, a few genes contributed to the Calvin cycle, followed by heterotrophic
fixation (Figure 3; Figure 4; Table S1; Berg 2011). Microbes harboring similar genes
have been found in the desert soil (Liu et al., 2018; Zhao et al., 2018), and many other
surroundings, e.g., paddy soils, grasslands, wetlands, carbonate cave, Precambrian
continental crust, and subsurface fracture fluids (Ge et al., 2016; Long et al., 2015;
Magnabosco et al., 2016; Momper et al., 2017; Nowak et al., 2015; Ortiz et al., 2014).
Our results were different from prior studies with incubation experiments showing
that the Calvin cycle is responsible for microbial carbon fixation in drylands (Lynn et
al., 2017; Zhao et al., 2018). The phototrophic process is probably inhibited because
of the combined effects of water deficit and intense UV radiation (Bay et al. 2018).
Furthermore, several studies have also demonstrated that phototrophs are not present
in Atacama Desert soil (Costello et al. 2009), and the microbial carbon fixation in the
dark is speculated to be the origin of energy and organic carbon sources in the soil
(Lynch et al. 2012 and 2014; Zhao et al., 2018). Moreover, Zhao et al. (2018)
investigated the CO; fixation capacity of the autotrophic microbial community via the
Calvin cycle in desert and steppe soils; however, the result indicates that alternative
carbon fixation pathways account for a portion of the carbon fixation. As discussed

above, we conclude that desert soil microbes mainly employ dark microbial fixation
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pathways (chemoautotrophic and heterotrophic pathways) for SIC transformation into
SOC.

In particular, our results show that a considerable portion of the determined genes
and associated taxa were responsible for heterotrophic CO, fixation in the desert soil
(Figure 3 and 4) and significantly correlated with **C-SOC content (Table 4 and
Figure 6), implying that the existing heterotrophic processes also play an important
role in inorganic carbon transformation in desert soil. This finding extended the
available knowledge of microbial carbon fixation processes in desert soils (Liu et al.,
2018; Lynn et al., 2017; Zhao et al., 2018). Heterotrophs incorporate inorganic carbon
using a variety of carboxylation reactions that are part of the core or peripheral
metabolic pathways (Santriickova et al., 2018). In nutrient-limited desert soils, the
importance of this pathway increases because microbes experience carbon limitation
on account of the disproportion between carbon demand for energy generation and
growth, and its availability (Alonso-Séez et al., 2010). Thereby, they increasingly rely
on anaplerotic fixation and de novo amino acid synthesis (Nel & Cramer, 2019).
Given that existing studies have determined dark microbial fixation processes via
stable carbon tracing methods and/or stable-isotope probing (Nel & Cramer, 2019;
Santrii¢kova et al. 2018), the metagenomic analysis strongly enhance the certainty of
heterotrophic fixation processes in the soil. Despite the contribution of heterotrophic
processes to the total microbial fixation, it cannot be determined solely based on
genetic potential. Nevertheless, our results suggest that the desert soil indeed contains

microbes with genetic potential for heterotrophic fixation.
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In the present study, different microbial metabolic processes were predicted based
on the KEGG and eggNOG databases (Figure 3 and Table 3); the overall trends
reflected were the same, i.e., the soil CO, and HCO, can be transformed to SOC by
desert soil microbes. Further, our results demonstrated that the relative abundance of
the genes related to HCO; transformation was higher than the genes related to CO,
transformation (Figure 3), and the different relationships between these two genes and
13C-SOC (Table 2 and 3), indicating that the microbial processes related to CO,
metabolism is more efficient than that of HCO; metabolism, in case of SIC
transformation to SOC.

Based on the isotopic tracing method and the metagenomic prediction, the carbon
transformation process from SIC into SOC through dark microbial fixation was
determined in this study. According to the ratio of **C to *2C in the soil CO, (Table 1)
and HCO; , together with the content of labeled SIC (approximately 3.973 mg kg™ in
soil) after tracing protocols, we estimate that the actual intensity of microbial carbon
transformation in the desert soil may be more than 10 times of the intensity obtained
by the tracing method (if do not consider the isotopic fractionation effect of microbial
conversion). As dead microbial biomass (microbial necromass) is relatively stable in
soil compared to plant detritus (Liang et al., 2017), the organic carbon produced
through the dark microbial fixation likely remains much longer in the soil compared
to the organic carbon that enters the soil from plant detritus. Thus, microbial biomass
might substantially contribute to the formation of organic matter in the desert soil

(Spohn et al., 2020). This portion of organic matter is of particular importance in the



452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

manuscript submitted to JGR: Biogeosciences

context of low primary production and harsh environment of drylands, as it can
contribute to fertility and nutrient supply for biogeochemical cycles in deserts.
Moreover, recent studies show that the SIC pool in drylands is not stable as
previously estimated (An et al., 2019; Wang et al., 2013; Zamanian et al., 2016) and is
probably affected by changes in land utilization, acid deposition, and nitrogen
fertilization (An et al., 2019; Yang et al., 2012; Zamanian et al., 2019). These factors
give rise to variations and decreased stability of SIC composition, demonstrating that
carbon is transformed from carbonates into forms of CO, and/or HCO; . Due to the
increment of soil CO, and HCO; , the dark microbial fixation process in drylands
tends to be enhanced (Figure 5), and therefore may offset the soil CO, emission from
soils of drylands and maintain the function of soil carbon sequestration.

Complete evaluation of dark microbial fixation processes, in terms of the long-term
quantity and stability of SOC production, with the help of a mathematical model is
essential to clearly investigate the contribution of dark microbial fixation for
formation of soil organic matter. Overall, our work provides field-based empirical
evidence illustrating SIC (soil CO, and HCO; ) transformation into SOC via the dark
microbial fixation pathway in desert soil. This study delineated the process of
transformation of different soil carbon pools and the potential function of the

inorganic carbon in drylands.

5. Conclusions
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On the basis of in situ tracing of soil inorganic carbon in bulk soil and predicting
the associated microbial metabolic processes on the basis of functional and taxonomic
characterization by metagenomic analysis, we demonstrate that soil inorganic carbon
can be transformed into organic carbon through dark microbial fixation in the desert.
Although we cannot fully ascertain the portion of SOC in the soil derived from dark
microbial fixation, the present study suggests an inorganic to organic carbon
transformation driven by microbe-mediated metabolic pathways. We highlight a
neglected carbon transformation process in soil pools and broadening the knowledge

of the potential function of soil inorganic carbon in drylands.
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