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Secondary products and molecular
mechanism of calcium oxalate
degradation by the strain
Azospirillum sp. OX-1
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The oxalate-carbonate pathway (OCP) involves degradation of soil oxalate to carbonate. To exploit and
manage this natural mineralization of assimilated atmospheric CO, into stable carbonates, improved
understanding of this complex biotransformation process is needed. A strain of oxalate-degrading
bacteria, Azospirillum sp. OX-1, was isolated from soil, and its secondary products of calcium oxalate
degradation were analyzed and characterized using SEM, XRD, TG/DTG-DTA and FTIR-spectroscopy.
The molecular mechanism of calcium oxalate degradation was also analyzed using proteomics.

The results showed, for the first time, that OX-1 could not only degrade calcium oxalate to calcium
carbonate, but also that the process was accompanied by synthesis of methane. Proteomic analysis
demonstrated that OX-1 has a dual enzyme system for calcium oxalate degradation, using formyl-CoA
transferase (FRC) and thiamine pyrophosphate (ThDP)-dependent oxalyl-CoA decarboxylase (OXC)

to form calcium carbonate. Up-regulated expression of enzymes related to methane synthesis was
also detected during calcium oxalate degradation. Since methane is also a potent greenhouse gas,
these new results suggest that the utility of exploiting the OCP to reduce atmospheric CO, must be
re-evaluated and that further studies should be conducted to reveal how widespread the methane
producing capacity of strain OX-1 is in other bacteria and soil environments.
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It is well known that during biological weathering of soil minerals, some plants and many fungi release organic
acids, among which oxalic acid plays an important role!™%. However, oxalic acid easily combines with some
metal ions (e.g. calcium and magnesium) to form insoluble, crystalline oxalate minerals (e.g. calcium oxalate
(Ksp=4.0 x 107®) and magnesium oxalate (Ksp=8.57 x 10~°)), which can also assume various shapes
(prismatic, needle-like, nucleated) and varying degrees of hydration (e.g. calcium oxalate monohydrate,
magnesium oxalate dihydrate)®. These crystals cover the surface of root hairs and mycelia, thus affecting the
continuous utilization of mineral nutrients by plants and soil organisms. Fortunately, oxalates can be broken
down by oxalate-degrading bacteria even some special fungi in soil and converted into carbonates (such as
calcium oxalate crystal into calcite), thus reducing the adverse effects of oxalate crystals on plant growth®. Oxalic
acid and oxalate are found in a variety of ecosystems, in both terrestrial and aquatic environments”® and in the
gastrointestinal tract of mammals®.Despite the diversity of ecological niches of oxalic acid and oxalate, the lack
of evidence of calcium oxalate accumulation in geological sediments!® suggests the presence of multiple taxa in
the soil that can degrade oxalate.

Although some wood-rotting fungi can also degrade oxalate!!, most soil oxalate is decomposed and utilized
by bacteria, which are usually called oxalotrophic'?. Such bacteria have been isolated from tropical forest
soils'>!4, temperate forest soils'® and urban soils!®. Oxalate-degrading bacteria include specialized oxalate-
degrading bacteria capable of using oxalate as the sole source of carbon and energy. For example, Oxalobacter
formigenes is a unique anaerobic bacterium and was the first oxalate-degrading bacterium to be isolated,
relying only on oxalate for growth!”. Degradation of oxalate in the gut by this bacterium plays a key role in the
prevention of nephrotoxicity in animals feeding on oxalate-rich plants'®. Many more oxalate-degrading bacteria
are facultative, and can use oxalates as a carbon source, as well as other substrates, including some species of
Bacillus, Burkholderia, Streptomyces, Alkaligenes and Lactobacillus'®'%-2!,
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There are three main pathways for the degradation or oxidation of oxalate in the environment. Oxalate oxidase
found mainly in higher plants, catalyzes the degradation of oxalate to CO, and H,0,, and its main function is
to promote seed germination and defend against pathogenic bacteria?*?*. The second pathway involves oxalate
decarboxylase mainly present in fungi and some bacteria, which catalyzes the degradation of oxalate to formic
acid and CO,, requiring the presence of oxygen. The third pathway involves formyl-CoA transferase (FRC)
and thiamin pyrophosphate-dependent oxalyl-CoA decarboxylase (OXC), which are mainly distributed in
bacteria, the dual enzyme system consisting of these two enzymes undertakes the main degradation process of
soil oxalate?*. FRC (EC 2.8.3.16) and OXC (EC 4.1.1.8) are encoded by the frc and oxc genes, respectively, and
the frc gene has been used as an indicator to study the molecular diversity and abundance of oxalate-degrading
bacteria®®. Sun, et al.?6 used the frc gene to identify the diversity and community structure of ectomycorrhizal
fungal rhizosphere oxalate-degrading bacteria. When oxalate-degrading bacteria degrade oxalate, metal ions
immobilized by oxalate are re-solubilised, thus significantly improving the efficiency of metal ion (calcium,
magnesium, etc.) utilization by plants and soil microorganisms?’ and facilitating biogeochemical cycling of
metal elements?.

The process of assimilation of CO, by green plants or photosynthetic microorganisms to produce organic
carbon through photosynthesis is well known, but the carbon sink role and environmental significance of
the conversion of large amounts of oxalate to carbonate formed by plant roots have been underestimated
or even ignored. The metabolic pathway from oxalate to carbonate, the oxalate carbonate pathway (OCP),
involves the synergistic action of plants, saprophytic decomposers and oxalate-degrading bacteria to both
promote the use of soil organic carbon and improve soil rhizosphere ecology, and to increase soil carbonate
content®*-32. Since carbonates are usually stable for 10-10° years, the widespread oxalate-carbonate
conversion process has an important impact on the regulation of atmospheric CO, concentration®*?. The
researchers focused on the solid metabolites generated by bacteria degradation of oxalate in the past, and
ignored the gas generated by the metabolism and the transformation. To effectively utilize this process of
carbon capture, and promote the transformation of photosynthetic carbon into a stable form in the soil, it
is necessary to perform an in-depth study of the molecular mechanism used by oxalate-degrading bacteria,
and to investigate the main secondary products and their physiological functions in the oxalate degradation
process. This will improve our understanding and exploitation of natural carbon capture, assimilation and
biomineralization processes.

In the present study, an efficient strain of oxalate-degrading bacteria was isolated from soil, and the carbon-
containing secondary products in the OCP pathway were analyzed using SEM, XRD, FTIR, TG/DTG-DTA and
GC. Proteomics was used to analyze the mechanism of calcium oxalate degradation by this strain and secondary
product formation at the molecular level, and to improve the understanding of the ecological function of the
OCP pathway.

Materials and methods

Isolation and 16S rRNA gene sequence analysis of oxalate-degrading bacteria

The target strains were isolated from soil samples taken at Nanjing Normal University, Xianlin Campus Botanical
Garden (32°06'N, 118°54’E) using enrichment culture followed by dilution coating plate isolation®. Single
colonies that grew well on calcium oxalate solid medium were selected and incubated on LB solid medium
(Tryptone 1%; NaCl 1%; Yeast extract 0.5%; Agar 1.5%) for further purification. The isolated strains were
inoculated back into calcium oxalate liquid medium (Calcium oxalate 1%; Yeast extract 0.05%; K,HPO, 0.005%;
MgSO,-7H,0 0.005%; pH 7.0) and incubated for 48 h at 30 °C and 180 rpm in a shaker (ZQZY-C8E, Shanghai
Zhichu Instrument Co., Ltd.). The precipitate was collected by centrifugation at 9000 rpm for 10 min, dried at
65 °C and then subjected to X-ray diffraction (BTX-526, Olympus, USA) to determine its mineral composition
and to observe whether calcium oxalate was degraded and whether new minerals (carbonates) were formed.
Using this method, we found strain OX-1 with high efficiency in the degradation of calcium oxalate for use in
the follow-up study.

The 16S rRNA gene of the isolated strain OX-1 was sequenced using the universal primer 27F/1492R, and the
obtained 16S rRNA sequences were compared with those in the NCBI database. MEGA 6.0 software was used
to perform multiple sequence alignment analysis and construct a phylogenetic tree using the neighbor-joining
method.

Morphology and growth characteristics of strain OX-1

The OX-1 was inoculated onto LB solid medium at 30 °C for 48 h in an inverted position. And the colony color,
morphology and growth were observed and recorded. OX-1 was cultured in LB liquid medium to the exponential
growth phase (OD,~0.5-0.8), centrifuged at 3000 rpm for 10 min to collect the bacterial precipitate, and
washed 1-2 times with PBS. The supernatant was discarded and pre-cooled fixative (2.5% glutaraldehyde) at
4 °C was slowly added along the wall of the tube, before refrigeration at 4 °C overnight prior to subsequent
processing. The treated organisms were observed by scanning electron microscopy (HITACHI SU8100, Japan)
to examine microscopic morphology.

Two wire inoculation loops of strain OX-1 were added to 100 mL LB liquid medium, shaking at 30 °C,
180 rpm for 48 h. The growth curve of OX-1 was drawn by measuring OD, of culture medium every
4 h. According to Berger’s Manual of Bacterial Identification (Ninth edition)®, nitrogen fixation, cellulase,
amylase, gelatin liquefaction, peroxidase, methyl red (M-R), voges-proskauer (V-P), urease, nitrate
reduction and hydrogen sulfide production were tested to understand the physiological and biochemical
properties of OX-1.
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Biodegradation of calcium oxalate by strain OX-1 and analysis of secondary minerals

To investigate the degradation characteristics of oxalate by strain OX-1, calcium oxalate was chosen as the main
carbon source. Bacteria were cultured in 100 mL of sterile calcium oxalate liquid medium in 250-mL conical
flasks with an uninoculated control and incubated in a constant temperature shaker at 30 °C and 180 rpm
for 7 d. The pH, C,0,%"and Ca®" concentrations of the culture solution were measured at 24 h intervals, and
precipitates collected by centrifugation were analyzed. The oxalate content of the samples was determined using
a colorimetric method®. The samples were centrifuged at 6000 rpm for 10 min, pH was adjusted to 2 with
6 M HCI, and the supernatant was analyzed using the colorimetric method. Measurements were carried out
using a microplate reader SpectraMax M2 (Molecular Devices, USA) at 660 nm. The concentrations of Ca?* in
the supernatant was determined with atomic absorption spectrometry (AAS, AA-6300 C, Shimadzu, Japan).
The morphology, elemental composition, crystal structure, organic functional group distribution and thermal
stability of the secondary minerals formed during the degradation of calcium oxalate were characterized analysis
using X-ray diffraction (XRD, BTX-526, Olympus, USA), Fourier transform infrared spectrometry (FTIR,
Bruker, Hyperion 2000, DEU), simultaneous thermal analysis (TGA-DTA, PerkinElmer, Diamond DMA, USA)
(test conditions: from 25 °C to 1000 °C at 10 °C/min under an N, atmosphere), scanning electron microscopy
and energy spectrum analysis (SEM-EDS, Zeiss Supra 55-Oxford Aztec X-Max 150).

Determination of methane content during the biodegradation of calcium oxalate by strain
OX-1

Bacteria were inoculated in 250-mL conical flasks with 100 mL calcium oxalate liquid medium, as before,
and incubated shaking at 30 °C and 180 rpm. 8 layers of absorbent gauze and 4 layers newspaper were used
to seal the opening of the conical flask. The headspace gas in the culture flasks was collected with a 10 mL
syringe after 36 h incubation. The concentration of methane produced during the experiment was determined
using gas chromatography (GC, Agilent Technologies 7890B). Chromatographic column: HayeSep N+5 A
(2.44 mx2 mm), HayeSep Q (0.9 mx2 mm). Carrier gas: high purity nitrogen (99.999%), carrier gas flow rate 2
mL/min, the inlet temperature was 150 °C and the column temperature was maintained at 80 °C for 18 min. The
FID pre-detector temperature was 200 °C, and TCD post-detector temperature 150 °C.

4D-label-free proteomic analysis and verification

Strain OX-1 was grown in a calcium oxalate environment, in which calcium oxalate was the main carbon source
(C group), as well as a calcium oxalate-free environment where the main carbon source was glucose (G group
as CK). Three biological replicates were incubated at 30 °C with shaking at 180 rpm. After 36 h incubation
samples were taken from the culture medium and centrifuged at 4 °C, 9000 rpm for 10 min. The supernatant
was discarded and residual precipitate washed with PBS buffer 2-3 times and recentrifuged under the same
conditions; The final sample were frozen in liquid nitrogen and stored at -80 °C prior to 4D-label-free proteomic
analysis.

The differentially expressed proteins were screened according to the following standards: Foldchange >2.0
or Foldchange <1/2.0 and P-value <0.05. The mass spectrometry proteomics data have been deposited at the
Proteome Xchange Consortium (http://proteomecentral.proteomexchange.org) via the iProX partner repository
with the dataset identifier PXD041599. After identifying differentially expressed proteins (DEPs), we extracted
each annotation information based on Uniprot, KEGG, GO, KOG/COG and other databases to explore protein
functions. GO/KEGG enrichment analysis was performed on these proteins to characterize their functions.

To further verify the 4D-label-free proteomics results, we selected proteins related to oxalate degradation,
methane synthesis, and antioxidant mechanisms for Paralle] Reaction Monitoring (PRM) validation of key
differential proteins.

Results
Identification and characteristics of strain OX-1 and its oxalate degradation ability
Identification and growth characteristics of strain OX-1
Multiple strains of calcium oxalate-degrading bacteria were obtained by screening in a liquid medium with
calcium oxalate as the main carbon source. The strain designated OX-1 had the highest degradation efficiency.
After cultured in LB solid medium for 5 days, the OX-1colonies were round, about 10 mm in diameter,
with radial folds on the surface and orange-yellow color (Fig. 1a). The individual bacteria were short, rod-
shaped and flagellated (Fig. 1b). Phylogenetic analysis of the strain OX-1 showed a 99% sequence similarity with
Azospirillum brasilense Gr29 strain (Fig. 1c), suggesting that the strain OX-1 may belong to Azospirillum genus.
The 16S rRNA gene sequence is available in NCBI GenBank (accession number: 0Q152633). Physiological and
biochemical characteristics of strain OX-1 are reported in Table 1. The growth curve of strain OX-1 cultured in
LB liquid medium at 30 °C and 180 rpm is shown in Figure S1.

Determination of relevant physicochemical indicators during the degradation of calcium oxalate by strain OX-1
Strain OX-1 grew rapidly in a liquid medium with calcium oxalate as the main carbon source and was
accompanied by the formation of secondary mineral carbonates. Figure 2 shows the results of the analysis of the
relevant physicochemical indicators for the degradation of calcium oxalate by the strain OX-1.

The change in pH within the culture solution during the degradation of calcium oxalate by strain OX-1 is
significant (Fig. 2a), but the pH of the uninoculated control group (CK) did not change significantly with duration
of incubation and remained about 7.00. The treatment group (T) inoculated with strain OX-1 demonstrated an
increase of about 1.3 in the pH of the culture solution to a final value exceeding 8.20, providing a favorable
alkaline environment for the formation of carbonate.
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Fig. 1. Morphology and phylogenetic tree of strain OX-1. (a) Strain OX-1 was cultured on LB medium at

30 °C for 5 days to form colonies. (b) Individual morphology seen under a scanning electron microscope. (c)
Phylogenetic tree based on 16S analysis showed the phylogenetic relationship between strain OX-1 and related
species.

Nitrogen fixation + Methyl Red (MR) -
Cellulase - Voges-Proskauer (VP) | -
Amylase - Urease

Gelatin liquefaction Nitrate reduction

Peroxidase + H,S production -

Table 1. Physiological and biochemical characteristics of strain OX-1. + indicates a positive characteristic; -
indicates that the characteristic is negative

The change in C,0,*~ concentration in the T group during the degradation of calcium oxalate is remarkable
compared with the CK group (Fig. 2b). Strain OX-1 is grown in a medium with calcium oxalate as the main carbon
source, and first needs to degrade calcium oxalate to form C,0,>~ and Ca**, and then transport the C,0,2 into the cell
to be utilized as a carbon source. The C,0,2~ concentration in the culture solution was 65 mg/L at day 0, this may be
caused by the dissolution of trace amounts of calcium oxalate with the increase in temperature during the sterilization
of the medium. The C,0,*~ concentration in the CK group remained constant throughout the incubation. The C,0,*
concentration in the T group decreased rapidly to below 10 mg/L after one day, and thereafter to 0 by 4 days, indicating
that bacterial growth led to the degradation of C,0,>".

The variations in Ca?* concentration in the culture broth during the degradation of calcium oxalate by strain
OX-1 are shown in Fig. 2c. The Ca** concentration in the T group was highest at day 1, declining continuously
to equilibrium at day 5. Apparently, this is because Ca®" is released during the growth of OX-1 as calcium
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Fig. 2. Analysis of physical and chemical indices related to degradation of calcium oxalate by strain OX-1.
(Group CK was treated without strain OX-1; Group T was treated with strain OX-1) (a) Changes in pH. (b)
Changes in oxalate concentration. (c) Changes in Ca?* concentration. (d) Changes in XRD patterns.

oxalate is degraded and the Ca?* is used during formation of the secondary mineral calcium carbonate, so
Ca?* concentration decreases continuously. XRD analysis of the precipitates in the culture solution showed the
formation of calcium carbonate crystals (Fig. 2d). With increasing incubation time the characteristic peaks of
calcium oxalate (whewellite CaC,0,-H,0, ICDD PDF NO.16-0379) in the inoculated T group gradually became
weaker, while the characteristic peaks of calcite type calcium carbonate (calcite CaCO,, ICDD PDF NO.72-1652)
increased continuously. By day 3, the characteristic peak of calcium oxalate had disappeared completely and
the only crystalline mineral in the precipitate was calcite. In contrast, the Ca?* concentration in the CK group
remained constant throughout incubation, and the XRD pattern of the precipitate in the control group also
consistently showed calcium oxalate.

These results indicate the strain OX-1 is very efficient at degrading calcium oxalate, and the degradation
efficiency even reached 100% by the 3rd day of culture.

Analysis of the main secondary products formed during degradation of calcium oxalate by strain OX-1
Calcite in the precipitate of the T group culture system on the third day was analyzed and the results are shown
in Fig. 3.

The presence of certain functional groups can be determined qualitatively by comparing the wavelength
positions of specific absorption peaks in the infrared spectrum. The IR spectra of strain OX-1 degradation of
calcium oxalate forming calcite (calcium carbonate) are shown in Fig. 3b. For better comparative analysis, the
IR spectrum of reagent grade calcium oxalate is also included for reference. The IR spectra reveal characteristic
peaks at 2514, 1421, 1082, 871 and 711 cm™! suggesting calcite type calcium carbonate. Among these, the
absorption peaks at 871 and 711 cm™! are in-plane or out-of-plane bending vibration peaks of carbonate ions. In
addition to the characteristic peaks of calcite, peak patterns of O-H (3422 cm™!), C-H (2980 cm™, 2930 cm ™),
C=0 (1800 cm™!) were also detected. These organic functional groups may originate from bacterial cells or
from bacterial metabolites.

Thermogravimetric differential thermal analysis (TG-DTA) is used to study the thermal stability and organic
matter content of materials. The results of TG-DTA analysis are shown in Fig. 3c and d. The secondary calcite
has a significant mass loss in the temperature range of 25-1000 °C, which can be divided into three stages. The
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Fig. 3. Analysis of secondary minerals formed by strain OX-1 degradation of calcium oxalate. (a) Comparison
of XRD patterns. (b) Comparison of FTIR spectra of secondary minerals. (c) TG-DTG curves of secondary
mineral. (d) DTA curve of secondary mineral.

fluctuations of the TG and DTG curves show that the first stage mass loss (1.0%) is in the temperature range
of 25-200 °C, there is a small heat absorption peak in the DTA curve (Fig. 3d) at 149 °C, which is mainly due
to the evaporation of free water from the mineral surface. The mass loss in the second stage (2.9%) was in the
temperature range 200-500 °C, and the organic matter content in the culture system was minimal, resulting in
only a small change in the TG-DTG curve and an insignificant exothermic peak in the DTA curve. The third
stage of mass loss (41.4%) shows a faster mass loss of minerals in the range of 600-800 °C and the DTA curve has
a strong heat absorption peak at 758 °C, due to the decomposition of calcite into CaO and CO, with increasing
temperature. Thereafter the mass of the mineral no longer changes as the temperature increases. The thermal
weight loss of calcium carbonate formed in this experiment was about 46.6%. In summary, the results indicated
that the strain degraded calcium oxalate to form calcite with only a small amount of organic matter.

The microscopic morphological characteristics of the secondary mineral calcite formed during the
degradation of calcium oxalate by the OX-1 strain were further observed and analyzed using Field-Emission
Scanning Electron Microscopy (FE-SEM), and the results are shown in Fig. 4. The reagent calcium oxalate is
monoclinic prisms (Fig. 4a and b), and its elemental composition is C, O and Ca (Fig. 4c). The morphology of
calcite-type calcium carbonate formed after 4 days of weathering by the OX-1 strain (Fig. 4d and e), revealing
many lamellar rhombohedral particles aggregated together, and its elemental composition is C, O, and Ca
(Fig. 4f). In summary, OX-1 can rapidly degrade calcium oxalate and form a new secondary mineral calcite.

Surprisingly, methane was detected within the culture system of strain OX-1 degrading calcium oxalate
(Fig. 5). Compared with the peak area of the CK group, the methane peak area of the T group increased
significantly by 80.7% (P<0.001).

Differential proteomics analysis and validation of calcium oxalate degradation by strain OX-1

To further investigate the molecular mechanism of calcium oxalate degradation by this strain, a proteomic
analysis approach was used. 4D-label-free proteomic analysis was performed on bacterial samples from
treatments C and G after 36 h incubation, and a total of 5019 proteins was identified. Using Foldchange >2.0
or Foldchange <1/2.0 and P<0.05 as the screening criteria, a total of 875 differential proteins was screened,
including 399 up-regulated proteins and 476 down-regulated proteins (Fig. S2). The GO database was used to
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Fig. 4. Morphological observations of secondary minerals of OX-1 degrading calcium oxalate. (a-c) FE-
SEM/EDS results of the reference reagent chemical calcium oxalate. (d-f) FE-SEM/EDS analysis of secondary
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annotate the functions of all differentially expressed proteins; the resulting differentially expressed proteins were
analyzed using the KEGG database.

Figure 6a depicts the results of GO analysis of the proteins up-regulated in group C vs. group G. The main
biological processes (BP) in which the up-regulated differential proteins are involved include oxalate catabolic
process, thiamine diphosphate biosynthetic process, and response to oxidative stress. The cellular components
(CC) where the up-regulated differential proteins perform their functions are mainly integral components of
membranes, cytoplasm and ATP-binding cassette (ABC) transporter complex. The main molecular functions
(MF) of the up-regulated differential proteins include metal ion binding, oxidoreductase activity, iron-sulfur
cluster binding, isomerase activity, ligase activity, formyl-CoA transferase activity, and oxalate transmembrane
transporter activity.

The main biological processes (BP) in which the down-regulated differential proteins (Fig. 6b) are involved
include signal transduction, chemotaxis, phosphorelay signal transduction system, bacterial-type flagellum-
dependent cell motility and regulation of nitrogen utilization. The cellular components (CC) where the down-
regulated differential proteins perform their functions are mainly integral component of membrane and the
plasma membrane. The molecular functions (MF) of the down-regulated differential proteins are mainly
phosphorelay sensor kinase activity and transmembrane signaling receptor activity.

The differentially up-regulated proteins (Fig. 7a) were mainly enriched in metabolic pathways involving
methane metabolism, glyoxylate and dicarboxylate metabolism and thiamine metabolism. The large bubbles
and small P-values for these metabolic pathways indicate a very high statistical level of significance. The down-
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Fig. 6. Top 30 results of differential protein GO enrichment analysis. (a) Up-regulation in C vs. G. (b) Down-
regulation in C vs. G. (C and G refer to treatment groups where the carbon sources are calcium oxalate and
glucose, respectively. The same below.).
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Fig. 7. Top 20 bubble map of KEGG pathway enrichment analysis of differential proteins. The X-axis is the
enrichment score, and Y-axis is pathway information of Top20. The entries with larger bubbles contained more
differentially regulated proteins, and the color of bubbles changes from blue to red with increasing statistical
significance (smaller P-value). (a) C vs. G up-regulated KEGG enrichment analysis bubble map. (b) C vs. G
down-regulated KEGG enrichment analysis bubble map.

regulated proteins (Fig. 7b) are mainly enriched in cellular processes such as bacterial chemotaxis, flagellar
assembly and two-component system.

Overall, when strain OX-1 was incubated in an environment in which calcium oxalate was the main carbon
source, it up-regulated the expression of enzymes to degrade calcium oxalate to obtain organic carbon for
growth, and also up-regulated the expression of methane synthesis-related enzymes to synthesize methane.
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Discussion

Analysis of the molecular OCP transformation pathway in strain OX-1

The bacterially-mediated OCP pathway in soil has received widespread attention and is considered to be
important in generating a potential long-term terrestrial sink for atmospheric CO,. In this study, an efficient
oxalate-degrading bacterium, Azospirillum sp. OX-1, was screened (Figs. 1 and 2).

Oxalate metabolism in bacteria involves three key proteins, formyl-CoA transferase, oxalyl-CoA
decarboxylase and formate/oxalate reverse transporter (OxIT)'®. The results of GO enrichment analysis in this
study showed that all three key proteins involved in the oxalate metabolic pathway were significantly enriched
(Fig. 6, Table S1). KEGG analysis also showed a significant up-regulation of thiamin pyrophosphate anabolism,
as a coenzyme of oxalyl-CoA decarboxylase apparently favoring the degradation of calcium oxalate (Fig. 7). In
addition, down-regulation of flagellar-associated proteins (Table S1) indicates that strain OX-1 requires focused
energy to degrade calcium oxalate and did not require additional motility provided by flagella®”.

The suggested process of calcium oxalate degradation by strain OX-1 is shown in Fig. 8, based on Daniel, et
al.’® and the proteomic analysis in the present study. Bacteria first transport extracellular oxalate ions into the
cell using the OxIT transporter protein, activation of oxalic acid to form oxalyl-CoA takes place by addition of
CoA molecules under the action of intracellular formyl-CoA transferase. Oxalyl-CoA is then decarboxylated by
oxalyl-CoA decarboxylase to produce CO, and formate, and CO, is released extracellularly. Part of the formate
is then converted to formyl-CoA which enters the oxalic acid conversion cycle. The other part is transported
outside the cell by OxIT for oxalate transport. Formate: Oxalate reverse transporter (OxIT), which imports
oxalate into the cell as a second-order anion and exports formate as a monovalent anion, is thought to generate
electrochemical and proton gradients across the cell membrane, which are then used to drive ATP synthesis by
ATP synthase®®, for use in bacterial growth and metabolism.

Knutson, et al.*° isolated eight strains of Strepfomyces from ectomycorrhizal pine roots, all with the ability to
degrade oxalate, but did not explore the presence of the OCP pathway in these isolates. It has also been reported
that an oxalate-degrading strain of Oxalobacter formigene grew with oxalate as the sole carbon and energy
source, and that 99% of oxalate was converted to CO, and formate!”*2, but the coupling of these processes with
the synthesis of carbonates was not discussed. Sun, et al.?6 screened an oxalate-degrading strain Streptomyces
sp. NJ10 which degraded nearly 88% of the supplied calcium oxalate (25 mM/L) after 144 h of incubation and
the XRD results showed the formation of a small amount of carbonate 7.6 +3.6%. Apparently, strain OX-1,
isolated in the present study, was more effective in degrading insoluble oxalate and could degrade all the calcium
oxalate within 72 h (Fig. 2). During the high-temperature steam sterilization of the culture medium, an increase
in temperature and pressure can enhance the ionization capacity of water, resulting in a greater release of H*
and OH". This phenomenon elevates the solubility of calcium oxalate within the liquid phase, leading to the
generation of free C,0,* and Ca®*. However, due to the presence of SO >, CO,*, PO,* and organic yeast extract
in the culture medium, the released Ca?* tend to react with them to precipitate. This procedure resulted in a
higher concentration of C,0,* but Ca®* concentration is almost 0 in the supernatant. Oxalyl-CoA decarboxylase
catalyzes the decarboxylation of oxalyl-CoA to produce CO, and formate, with CO, released outside the cell to
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Fig. 8. OCP pathway for calcium carbonate formation by strain OX-1 degrading calcium oxalate, the calcium
carbonate formation pathway was added on the basis of Daniel, et al.!®. (OxIT: formate/oxalate reverse
transporter; ThDP: thiamine pyrophosphate).
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form carbonate ions by spontaneous hydration under alkaline conditions and combining with Ca?* within the
culture medium to form the secondary mineral calcite (Fig. 4).

Additions to the OCP conversion pathway

In this study, gas chromatographic detection results showed that methane content in the culture system was
significantly higher than that in the control group at 36 h (P<0.001), and the methane peak area increased by
82% (Fig. 5). Meanwhile, 4d-lab-free proteomic analysis also found significant enrichment and up-regulation
of proteins related to methane metabolic pathways (Fig. 7, Table S1). These results all suggest that methane is
produced under aerobic conditions during OCP conversion, which is a surprising finding.

According to the oxalate degradation model proposed by Daniel, et al.!® and the results from this study
(Fig. 8), a large amount of formic acid could be produced and transported out of cells during OX-1 degrading
calcium oxalate. The high amount of formate in the culture system is a stress factor for the bacterial growth®’,
and the bacteria need to remove this intermediate product during the metabolism of oxalate to prevent formate
accumulation in the culture system. The increased expression of formate dehydrogenase (Table S1) helps drive
the conversion of formic acid. Methanogenic bacteria cause the decomposition of high molecular weight
organic matter to produce low molecular weight organic matter during the metabolism. These intermediate
products such as hydrogen, small molecules of organic matter and carbon dioxide are ultimately removed by
methanogenesis. On the basis of the proteomic results, we speculate that OX-1 may have used both H, and CO,
and methyl compounds as substrates to synthesize methane.

Threetypes of methanogenicbacteriahavebeenreported, acetotrophic, methylotrophicand hydrogenotrophic,
using H, & CO, as substrates*. All three methane synthesis pathways culminate in the formation of methyl
coenzyme M, which is catalyzed by methyl coenzyme M reductase I (MCR I) and methyl coenzyme M
reductase I (MCR II) with the ultimate formation of methane®. Except for some specialized acetotrophic
and methylotrophic methanogens, more than 75% of the model strains cultivated so far are hydrogenotrophic
methanogens, which use H, & CO, to produce methane?®. This is because the hydrogenotropic methanogenic
pathway has a higher energy acquisition efficiency than the other two types of methanogenic pathway. In the
standard thermodynamic state the reduction of 1 mol CO, to methane releases 131 k] of energy, which is higher
than that of methanol to methane (-106 kJ) and acetic acid to methane (-36 k])***’. The CO, reduction pathway
is therefore widely found in nature. In the CO, reduction pathway, most methanogenic bacteria are able to reduce
CO, using formate as an electron donor. They convert four molecules of formate to four of CO, and four of H, by
relying on F420 formate dehydrogenase and F420 reductive hydrogenase, and reuse of H, and CO, to produce
methane®. Up-regulated expression of formate dehydrogenase (FDH) catalyzing formate dehydrogenation to
form CO, and molybdenum nitrogen fixing enzyme (NifO) expression catalyzing the formation of H,, but no
reductive hydrogenase (Table S1), that may provide H, and CO, for the hydrogenotrophic synthesis of methane.
Moreover, the up-regulated expression of enzymes required for the synthesis of methane with H, and CO, as
substrates were also detected (Table S1), suggesting that this pathway for the synthesis of methane may also exist
in strain OX-1.

It has also been reported that some species can also use H, and CO, to synthesize methane except the
Methanosarcinales family capable of synthesizing methane using methyl-containing compounds such as
methanol, ethanol, and methylamine?’. The proteomic results of the present study revealed up-regulated
expression of PQQ-dependent dehydrogenase (Table S1) to reduce formaldehyde to methanol as a feedstock
for the synthesis of methane. This suggests that there is a methanogenic pathway in the calcium oxalate culture
system that uses H, and CO, as substrates, as well as a pathway from formate to formaldehyde to methanol and
finally methanol as a substrate, to synthesize methane. The postulated reaction processes of methanogenesis by
OX-1 using the H, reduction CO, pathway and methanogenesis using methanol are shown in Fig. 9.

His process requires the participation of several substrates and enzymes, among which FMD, FTR, MCH,
MTD and PQQ-dependent dehydrogenase were up-regulated in this experimental proteome (Table S1).
However, probably due to the effect of sample collection time and detection error, Methyl coenzyme M reductase
(MCR), which is required for the final step of the reaction to synthesize methane, was not detected to be up-
regulated, and further research is still required to clarify the mechanism.

Possible reasons for bacterial synthesis of methane include the alleviation of formate stress and the utilization
of intermediates in the process of methane synthesis. The KEGG map of the present study showed that H,MPT,
an intermediate product of methane metabolism (azt00680), could be involved in folate biosynthesis (azt00790).
Folate is an important substance involved in nucleic acid synthesis and cell division and differentiation®®°!, and
is essential for bacterial survival.

Anti-oxidant protection mechanism during methane synthesis

The formation of methane in the present study contradicts the previously reported details of the OCP pathway
and the accepted idea that methanogenic bacteria produce methane mainly under anaerobic conditions. In fact,
as early as 1991, Kiene et al. discovered the phenomenon of methane supersaturation in the upper layers of
the ocean, and proposed the oceanic methane paradox®>>3. Methane production by eukaryotes in terrestrial
ecosystems under aerobic conditions has been reported®*, microbial use of methylation metabolites from
phytoplankton to produce methane in oxygenated seawater has also been reported®~>° and these findings
suggest that methanogenesis goes beyond the boundary of hypoxia in the traditional sense.

The molecule mechanism of methane production by microorganisms in the presence of oxygen is not
clear. There are two main possibilities that have been reported: one is that microorganisms can counteract the
effect of molecular oxygen during methanogenesis by the action of corresponding enzymes in an oxygenated
environment, or there is some mechanism for the microorganism to counteract the effects of oxygen, such
as achieving an anaerobic state inside the cell through respiration®. The other possibility is that they use
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biochemical pathways that do not involve oxygen-sensitive enzymes like those in conventional pathways, for
example, methane production using alternative pathways that do not involve oxygen-sensitive enzymes®. For
example, the enzyme encoded by the phnJ gene, is insensitive to oxygen and can therefore produce methane
under aerobic conditions®. However, the enzyme encoded by this gene was not significantly up-regulated or
down-regulated by differential expression in the proteomic analysis in the present study.

The strain OX-1 is most likely to counteract the effect of molecular oxygen during methane synthesis through
the relevant enzymes. It has been reported that many oxygen-tolerant microorganisms have peroxidases encoded
by a single gene in the antioxidant enzyme system®%2. For example, desert soil methanogenic bacteria actively
transcribe oxygen detoxification genes to express hydrogen peroxidase®. In this study, proteins associated with
oxidative stress processes were significantly enriched and upregulated expression of catalase, organic hydrogen
peroxide resistance protein and glutathione peroxidase (Fig. 6, Table S1). So it may be that the expression of
these enzymes counteracts the negative effects of oxygen, thus creating the conditions for methane synthesis.
This study suggests that methane production can occur when methanogenic archaea and anaerobic conditions
are absent.

The PRM validation results (Fig. S3) were highly consistent with the 4D-label free proteomics results,
indicating that the 4D-label free proteomics analysis was correct.

Conclusions

In this study, an efficient oxalate-degrading strain designated Azospirillum sp. OX-1 was isolated. The changes
in the differential proteome during degradation of calcium oxalate by this bacterium were investigated, and the
proteins formyl-CoA transferase, oxalyl-CoA decarboxylase, and formate/oxalate reverse transporter, which are
related to calcium oxalate degradation, were all found to be enriched. This molecular evidence helps to resolve the
mechanism of oxalate biodegradation coupled with carbonate synthesis. More importantly, the accompanying
production of methane, and enrichment of proteins related to the methane metabolic pathway revealed by
the present study, are of environmental significance when considering the role of the OCP in sequestration
of atmospheric CO,. The degradation of oxalate to carbonate has previously been regarded as an important
potential mechanism in the sequestration of atmospheric CO, to mitigate climate change, but methane also has
serious negative effects on the global climate. It is therefore an important future research priority to examine how
widespread the methanogenic activity demonstrated in the present study is in different environments and other
bacterial strains and species.

Data availability
The datasets used and/or analysed during the current study will be available from the corresponding author on
reasonable request.
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