Abstract

The diversity and ecological roles of oxalotrophic
microorganisms remain poorly understood outside host-
associated and terrestrial systems. In soils, oxalotrophs mitigate
oxalate mineral accumulation and can contribute to carbon
sequestration via the oxalate—carbonate pathway, but their
presence and activity in other environments have received limited
attention. Analysis of publicly available metagenomic and
metatranscriptomic datasets suggests that oxalotrophs may be
active across a broad range of environments, including marine
ecosystems. To investigate oxalotroph diversity and physiology
across contrasting ecosystems, we isolated novel oxalotrophic
microorganisms from dryland soils of the urban Sonoran Desert
and from Pacific Northwest hydrothermal vent plume waters using
calcium oxalate as the sole carbon source in solid and liquid
media. While oxalotrophy has been demonstrated without the
presence of canonical genes for oxalate metabolism (oxc, frc),
genome sequencing of our isolates confirmed the presence of
these genes. Dryland isolates exhibited high temperature
tolerance, with growth observed as high as 45°C. Our work also
provides a novel demonstration of marine oxalotrophy in cultured
iIsolates. Together, these findings suggest that oxalotrophic
metabolism is more environmentally widespread than previously
recognized, resilient to elevated temperatures, and may represent
an underappreciated component of carbon cycling in marine
ecosystems.

Motivation

Oxalate is one of the most abundant organic acids in the
biosphere; however, our understanding of its sources, sinks, and
cycling in diverse ecosystems is limited or absent.

Isolation and characterization of oxalotrophs has focused on:

1. Ecosystems associated with plants or animals (e.g., human
gut)

2. And rarely includes the more environmentally relevant form of
calcium oxalate (CaOx).

What makes oxalate unique?

Oxalate is uniquely positioned at the O @) 2
boundary of organic and inorganic carbon. \ /
o=,
* An organic carbon anion that forms / \
an inorganic mineral (e.g., CaC,0,). O O |

* The only low molecular weight (LMW) organic compound that
has a stable and common mineral form under conditions
relevant to Earth’s biosphere.

« Easily complexed with metals.
Therefore, oxalate is more challenging to categorize as a DIC,

DOC, POC, or mineral than other carbonate or carboxylate (e.g.,
acetate, citrate, succinate, or formate) species.

Metabolic pathways

« (Genes encoding oxalate metabolism occur across all domains
of life.

Oxalate oxidase K28780 0 (pla nts)
oxdC Oxalate decarboxylase KO1569 2,649; 19
OXC Oxalyl-CoA decarboxylase KO1577 2,374;0
frc formyl-CoA transferase KO7749 10,553; 144
oxIT Oxalate / formate antiporter KO8177 19,734; 811
oor Oxalate oxidoreductase K19070 46; 0

K19071 106; 0
K19072 22;0

Table 1: Oxalate genes and associated KEGG Orthology and Annotree
(Mendler et al. 2019) hits out of 80,789 bacterial and 4,416 archaeal genomes.

« The most common bacterial pathways involve four key genes in
either a two-step (1, 2, 3) or one-step (4) pathway.

Oxalate Formyl-CoA ? Z
Formate Oxalyl-CoA
Oxalatea— Formate + CO,

Figure 1. Bacteria can encode (1) ox/T to bring oxalate into the cell and (2) frc for
converting it back to formate to export while generating oxalyl-CoA. Oxalyl-CoA
can then be converted back to formyl-CoA and generate a molecule of CO, using
(3) oxc. There is also a single step process that uses (4) oxcD to directly generate
formate and carbon dioxide from oxalate. Figure adapted from Stewart et al. 2004
and Dutton et al. 1996.
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Why drylands?

The Oxalate-
Carbonate Pathway is
well established in soils
(Cowan et al. 2024)
Dryland plants produce
CaOx (hundreds of Kg
of CaOx in a single
saguaro cactus; Garvie
2000).

Since CaOx is very
stable over geologic
time, it requires
biological breakdown
to maintain the low
concentrations

G0, + H,O — HCOO™ + HCO5"

- pH<~8.5 < pH
rved in soils. ‘ \
microorganisms can RIS
metabolize CaOx, the Ca?" + HCO5;™ + H,0 H,0 + HT

resulting inorganic

carbon can be
Sequestered as Figure 2. Diagram of Oxalate-Carbonate Pathway in

: drylands.
calcium carbonate. y

Stewart, C. S., Duncan, S. H., & Cave, D. R. (2004). Oxalobacter formigenes and its role in oxalate metabolism in the human gut. FEMS Microbiology Letters, 230(1), 1-7. https://doi.org/10.1016/S0378-1097(03)00864-4
Dutton, M. V., & Evans, C. S. (1996). Oxalate production by fungi: its role in pathogenicity and ecology in the soil environment. Canadian Journal of Microbiology, 42(9), 881-895. https://doi.org/10.1139/m96-114
Mendler, K., Chen, H., Parks, D. H., Lobb, B., Hug, L. A., & Doxey, A. C. (2019). AnnoTree: visualization and exploration of a functionally annotated microbial tree of life. Nucleic Acids Research, 47(9), 4442—4448.

Refe renNCes iips.idoiorg/10.1093/nar/gkz246

Sonke, A., & Trembath-Reichert, E. (2023). Expanding the taxonomic and environmental extent of an underexplored carbon metabolism—oxalotrophy. Frontiers in Microbiology, 14.

https://doi.org/10.3389/fmicb.2023.1161937

Garvie, L. A. J. (2006). Decay of cacti and carbon cycling. Naturwissenschaften, 93(3), 114—118. https://doi.org/10.1007/s00114-005-0069-7

gg School of Earth and
Space Exploration
' Arizona State Universily

| —
B -

Approach Why the ocean?

* Enrich oxalotrophic organisms from e S U e

- -SIT15913 Alphaproteobacteria | ITeShWAter Sediment. Phreatobacter
MPZ57212 Alphaproteobacteria Phreatobacter
WP 163074415 Alphaproteobactena i

 RNA transcripts {

1 ' 1 ! .| Starkeya
dryland soils using Schlegel Mineral Termlte mound ., Wh ooaracas: ERRREE . i
y C Og g 3 were recove red P Ga0496661 0039977 581 2323 Aiggigiﬁéﬁgiﬁéﬁi By ctotieemal vent Bt
1 1 R AT 2 SVB77191 Alphaproteobacteria Phreatobacter
Medium with CaOx as a sole carbon 'L Ga0496634 0036573 201 1940 Alphaproteobacteria  hydrothermal_vent | Pseudorhodop!
from hydrothermal - - g e e
SO u rce W — WP 166098283 Alphaproteobacteria SSSSSSBIGRES Bradyrhizobium
. — MBM3545765 Alphaproteobactena freshwater Bosea
vent plume waters Cob43001 Aifhapeotechse T o
° CharaCte r| Ze the|r growth u nder p |_C MBU2533856 Aﬁhigﬁﬁtigbiﬁéﬁi :t:b:ﬂ:f‘z;:i% Ph:g:gb:gz:
= o WP 200611635 Alphaproteobacteria " marine._ . t | Breoghani
_ of the East Pacific i KIc9773 A plapieobcieta | mathe-sedimen | gt
Iph bacteria  marin hodopseud
different temperatures and CaOx 5 Ri o " EDA7S603 Alphapotobaceia SEMRBSERSN virconcer
5 '\_", '_':"{ G R ISe . EDH64705 Alphaproteol';acteria » Phreatobacter
o 2 ka4 2 NNF79176 Alphaprot teria | freshwater sediment’ Tardiph
conce ntratlons- Vs < ° Th|S Suggested _r— MAI44600 Axghigiﬁéﬁbiﬁéﬁi = P?]rrelll:osgﬁter
. . R 2 : Ga0496625 0110837 2 1594 Alphaproteobacteria  hydrothermal_vent = Rhodopseudomonas
> A . .
' . 1 Ga0496670 0003127 8653 10362 Alph b hydroth t | Breogh
* Characterize enrichment genomes for N i, K co o meeesy B
. p y y [ Ga0496646 0021131 1090 2781 A%pzaproteogacteria Eyggermal_vem Breoghania
Ga0496625 0045169 184 1923 A i ermal_vent = Breoghani
oxalate metabolic pathways. [ : s Aptaaoboceris B oot

Ga0496626 0024042 153 1913 Alphaproteobacteria hydrothermal_vent = Breoghania
|‘|: MBL4721348 Alphaproteobacteria subsurface Bosea
4

l \ . . - _ Ga0496667 0001741 2961 4706 Alphaproteobacteria hydrothermal_vent = Breoghania

also be a marine }
b Enrichment and isolation using

metabolism.

Ga0496672 0019182 55 1800 Alphaproteobacteria hydrothermal_vent = Breoghania

EBQ56621 Alphaproteobacteria Breoghania

. Ga0496633 0027906 715 2454 Alphaproteobacteria hydrothermal_vent = Breoghania
C O I b 1_ Ga0496661 0005442 4846 6591 Alphaproteobacteria hydrothermal_vent = Breoghania

a X a S a S O e Ca r O n S O U rce r] SUZ89683 Alphaproteobacteria h Breoghania

—~ ¥ _— sy Ga0496646 0004674 3489 5237 Alphaproteobacteria hydrothermal_vent = Breoghania

— 1‘\ ’

: - g R A
: f { 5

-\ l /10 ;\ /\}v . 8

R ) ! X Yy { !

g AR S ,‘P ¥ J, ;

g2 2 ’S: ’ il ) 4 AT
' o 2 iy . L
4 ¥ - — A
|

Phylogenetic tree of oxc genes from BLAST
hits (Sonke & Trembath-Reichert 2023).

A ’Valo 23

Approach

« Same methods as dryland enrichments.

Results | | P Enrichment and
* Three genera were enriched from SMM agar plates, and their complete “Fitiise o B isolation using CaOx
genomes were sequenced, with either one or two complete oxalate | . @9 as sole carbon
pathways. . | ST ' _ source with fluids
ETT——— T — Afiia sp. (nov. £ o \ X 657 de " collected in
 imnoases oo panain [l eioiars roomarer o Ml conpiccanansovees " § September 2025

trOpiCS and wetlands. e Has all genes for BOTH two-step bioreactor and soil environments.

and one-step oxalate metabolis + Potential new species
(ANI=81.38% similar to closest

$ -a from the Endeavor

Has all genes for the two-step o

relatives).
Has all genes for two-step ox.
metabolism. . :

i Results

Marine organisms can metabolize oxalate.
Marine enrichments exhibit a wider temperature range, but a lower
temperature optimum compared to dryland enrichments.

* A novel temperature range and optimum were observed across all
dryland enrichment genera.
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Figure 4. Growth of three dryland enrichments with three oxalate concentrations * Measure rates of oxalate consumption using FTIR.

on SMM agar at preferred growth temperature of 35°C.
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