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% Check for updates The growing demand for rare earth elements (REEs) in clean energy and high-

tech industries underscores the need for sustainable recovery methods and a
reliable supply of processing chemicals. Here, we establish a microbial plat-
form using the acid-tolerant yeast Issatchenkia orientalis SD108 to produce
bio-oxalic acid for REE recovery. By introducing an oxaloacetate cleavage
pathway and applying metabolic engineering, the engineered strain produces
39.53 g-L* oxalic acid at pH 4.0 in fed-batch fermentation. The crude fermen-
tation broth, used without purification, efficiently precipitates over 99% neo-
dymium (Nd), 99% dysprosium (Dy), and 98% lanthanum (La) from individual
REE chloride solutions. Recovery from a low-grade ore leachate achieves over
99% total recovery. X-ray diffraction (XRD) and Fourier transform infrared
spectroscopy (FTIR) confirm that REE oxalates precipitated with bio-oxalic
acid closely resemble those obtained using commercial oxalic acid. Techno-
economic analysis (TEA) and life cycle assessment (LCA) further demonstrate
that bio-oxalic acid can be produced at a competitive price of $1.79-kg” while
reducing carbon intensity (CI) by 112% to 63.5% with and without electricity
displacement, respectively, relative to the fossil-based benchmark. These
results highlight bio-oxalic acid as a green, economically viable alternative to
synthetic oxalate for sustainable REE recovery.

Rare earth elements (REEs) comprise 17 chemical elements including 15
lanthanides, yttrium (Y), and scandium (Sc), and play a crucial role in
the development of civilization and human life'. For example, some
REEs, such as neodymium (Nd), praseodymium (Pr), terbium (Tb), and
dysprosium (Dy) are used to produce magnets that are important to
electronic vehicles (EVs) and wind turbines®. The global demand for

REEs is projected to grow by 41% in 2030, highlighting the need for
reliable sources of REEs’. This unmet need has recently driven
exploration efforts, the development of mining and processing facil-
ities for REE-containing minerals, and the pursuit of more sustainable
strategies for REE recovery’. Oxalic acid (C,H,04, OA) is widely used in
the purification of REEs owing to its strong affinity for REE** ions and its
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ability to selectively precipitate REEs from solution under low pH
conditions*®. This chemistry enables efficient REE recovery with
minimal co-precipitation of non-REE metals, even in the presence of
high levels of impurities such as Fe** and AP**¢. Oxalic acid precipitation
is employed at various stages in REE processing: it can upgrade total
REE concentrations in mixed REE leachate solutions®, and is used to
precipitate individually separated REEs following solvent extraction
during REO (rare earth oxide) production’.

Oxalic acid is primarily used as a cleaning and bleaching agent
with additional applications in metal surface treatment, chemical
synthesis and agricultural formulations. The oxalic acid market is
experiencing substantial growth, driven by its increasing application in
the wood and metal industries®. Additionally, rising demand from the
pharmaceutical sector is contributing significantly to the expansion of
the global oxalic acid market. It has been reported that the global
oxalic acid market size reached USD 1.57 billion in 2024, and was
projected to reach USD 2.35 billion by the end of 2034, expanding at a
compound annual growth rate (CAGR) of 4.12% during the forecast
period’. Currently, oxalic acid is primarily produced through chemical
routes, such as the oxidation of propylene or ethylene glycol using
strong acids, or through carbon monoxide-based dialkyl oxalate
synthesis. Although these methods provide high yields, they depend
on fossil-derived feedstocks and involve hazardous reagents, high
energy consumption, and costly catalysts'’. Environmental concerns
and complex downstream processing further limit their sustainability.
The biological production of oxalic acid using engineered micro-
organisms has emerged as a promising and environmentally sustain-
able alternative to traditional chemical synthesis".

Oxalic acid biosynthesis occurs across diverse organisms,
including bacteria, fungi, plants, and animals®. The filamentous fungus
Aspergillus niger has long been considered a potent strain for industrial
oxalic acid production due to its ability to utilize a wide range of
carbon sources, including lactose, sucrose”, glucose™, milk whey
media®, whey permeate'®, and crude rapeseed oil". Its extensive use in
the citric acid industry further underscores its potential as a microbial
chassis for organic acid biosynthesis. However, extending this plat-
form to other acids introduces additional challenges. In submerged
fermentation, A. niger exhibits highly variable morphologies, ranging
from dispersed hyphae to compact pellets, with each form significantly
affecting broth rheology, oxygen transfer, and overall productivity's.
Highly dispersed growth at industrial biomass concentrations gen-
erates pseudoplastic, viscous broths that hinder mixing and oxygen
delivery, while pellet growth alleviates rheological issues but often
produces oxygen-deprived cores susceptible to autolysis. Consistent
and scalable pellet formation thus required careful adjustment of
inoculum density, medium composition, and hydrodynamics, even in
low-shear systems such as rocking-motion bioreactor”. Although
decades of optimization have mitigated these challenges for citric
acid, the different pH optima and metabolic requirements for other
organic acids can exacerbate morphology-related limitations.

We developed a microbial platform for oxalic acid biosynthesis.
The non-conventional yeast Issatchenkia orientalis (also known as
Pichia kudriavzevii) was selected as the production host owing to its
remarkable tolerance to low pH and its inherently unicellular mor-
phology. This capability allows fermentation to proceed under acidic
conditions without the need for expensive pH regulation. This low-pH
operation is particularly advantageous, as recovery of REEs from ores
also requires acidic conditions, making /. orientalis a promising chassis
for integrated bioprocesses. In conventional systems, poor acid tol-
erance in many microorganisms necessitates the use of neutralizing
agents to maintain a neutral pH, leading to the formation of organic
acid salts during fermentation. It has been estimated that over 60% of
total production costs in such systems arise from downstream
separation and purification?. Meanwhile, /. orientalis SD108 can grow
across a broad pH range (1.5-6.0)?*%, and it has been explored to

produce several organic acids such as succinic acid”*, lactic acid®,
and recently malic acid®. A diverse range of genetic tools have been
developed for I orientalis SD108, including episomal plasmids®,
strong promoters and terminators, CRISPR/Cas9 systems®, and a
landing pad system for multiple copy gene integration”. Together,
these traits make /. orientalis as a robust and cost-effective platform for
the sustainable oxalic acid biosynthesis.

In this study, we expand the microbial repertoire for oxalic acid
production by establishing /. orientalis SD108 as a production chassis.
Although this yeast has been engineered to produce several organic
acids, its potential for oxalic acid biosynthesis has not been reported.
We introduce a synthetic pathway and apply targeted metabolic
engineering to enable and enhance oxalic acid formation. Importantly,
we couple fermentation output directly with REE precipitation, creat-
ing a streamlined process that eliminates the need for downstream
purification of oxalic acid. By uniting the acid tolerance and industrial
robustness of /. orientalis with the geochemical utility of oxalic acid,
this work provides a proof-of-concept for using non-conventional
yeast to bridge microbial biomanufacturing with critical materials
recovery (Fig. 1).

Results

Metabolic engineering of 1. orientalis for oxalic acid production
There are two reported oxalate biosynthetic pathways in micro-
organisms, the oxaloacetate cleavage pathway and the glyoxylate
oxidation pathway®°. In the former pathway, oxaloacetate hydrolase
(Oah) cleaves oxaloacetate into oxalic acid and acetate. For the latter
pathway, glyoxylate dehydrogenase (GLOXDH) oxidizes glyoxylate to
oxalic acid. Munir et al. demonstrated that Oah is the primary enzyme
responsible for producing oxalic acid in the wood-rotting fungus
Fomitopsis palustris, as its activity is greater than that of GLOXDH?>%.
Therefore, we introduced the oxaloacetate cleavage pathway into the
low pH tolerant yeast /. orientalis SD108. Li et al. previously over-
expressed and purified two Oah homologs: Pcoah from Penicillium
chrysogenum, and Fpoah from Fomitopsis palustris. The two enzymes
exhibited similar Vp,a/Km, values of 9.41 x10™* and 9.05 x 10~ s"1 mg~!
protein, respectively®. To establish the oxaloacetate cleavage pathway
in I orientalis SD108, the codon optimized Pcoah and Fpoah genes
were integrated into the genome of /. orientalis SD108 LPB/Aura3, a
landing pad strain designed to enable simultaneous integration of
multiple genes”. Both strains were evaluated for oxalic acid produc-
tion in shake flask fermentation using SC-URA medium with 50 g-L*
glucose. While /. orientalis SD108 LPB did not produce oxalic acid,
strains expressing Pcoah and Fpoah produced 0.38 g:L" and 0.59 g-L*
oxalic acid, respectively (Fig. 2b). To further enhance the titer, we
utilized the landing pad system to integrate multiple copies of these
genes into the chromosome. The strain expressing three copies of
Pcoah achieved the highest oxalic acid titer of 1.28 g-L?, which was
named strain OA_Pcoah.

To enhance oxalic acid production, we expressed the endogenous
pyruvate carboxylase (PYC) in the strain OA_Pcoah. PYC facilitates the
conversion of pyruvate into oxaloacetate (OAA), a precursor of oxa-
late. We also evaluated whether increasing its copy number would
improve the oxalic acid titer. Strains with two and three copies of PYC
produced a similar oxalic acid titer of 1.52 g:L" (Supplementary Fig. 1),
suggesting that two copies of the PYC gene are sufficient for oxalic acid
production under these conditions. We then selected the strain with
two copies of PYC for the next step, resulting in the strain
OA Pcoah_PYC.

To further enhance oxalic acid production, we introduced an
oxalate transporter to the engineered strain. Watanabe et al. identified
the oxalate transporter gene FpOAR from Fomitopsis palustris, which
facilitates the export of intracellular oxalic acid using ATP in F.
palustris®*. Yang et al. later identified two additional oxalate trans-
porters, HbOT1 and HbOT2, from Hevea brasiliensis®. Each of these
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three oxalate transporter genes was codon-optimized and expressed
in the strain OA_Pcoah. Among them, the strain expressing HbOT2
showed higher oxalic acid production compared to the strains har-
boring FPOAR or HbOTI (Supplementary Fig. 2). Combining these
genetic modifications, the resulting JLO1 strain carries three copies of
Pcoah, two copies of PYC, and one copy of HboT2. To enhance the
oxalic acid titer and evaluate the performance of the engineered strain
JLO1, we conducted fed-batch fermentation using the bench-top bior-
eactors. Two pH levels and two dissolved oxygen (DO) conditions were
tested. The highest oxalic acid titer, 14.97 g-L*, was achieved at 10% DO
and pH 4.0 (Fig. 2¢). Increasing the DO to 20% slightly reduced the titer
to 12.48 g-L™. Similarly, increasing the pH to 6.0 further decreased the
titer to 9.66 g-L" oxalic acid (Supplementary Fig. 3).

During these tests, glycerol was identified as the major byproduct,
accumulating to approximately 12.0 g-L* under the 10% DO and pH 4.0
conditions. Since glycerol-3-phosphate dehydrogenase (GPD) plays a
key role in the glycerol biosynthesis pathway, we knocked out the GPD
gene in strain JLO1, generating the strain JLO2. Fermentation of strain
JLO2 yielded a comparable oxalic acid titer of 14.7 g-L"* without any
detectable glycerol accumulation (Fig. 2c). Various fermentation con-
ditions, including pH levels (3.0 or 4.0) and DO levels (5%, 10%, or 20%)
were tested. Based on the results, the optimal fermentation conditions
for oxalic acid production were determined to be pH 4.0 and 10% DO
(Supplementary Fig. 4). The fed-batch fermentation of strain JLO2 in
SC-URA medium with glucose feeding produced 14.72 g-L" of oxalic
acid with a yield of 0.09 g-g* glucose equivalent and a productivity of
0.12gLh™

To enhance carbon flux toward the pyruvate branching point,
pyruvate kinases were expressed to catalyze the conversion of phos-
phoenolpyruvate (PEP) to pyruvate. Two candidates were evaluated in
strain JLO2: PYK1 from S. cerevisiae and JLO9_g4285 from I. orientalis.
Under shake flask fermentation, JLO2 PYK1 produced 5.95g-L" of
oxalic acid, while JLO2_g4285 achieved a titer of 4.43 g:L". The strain
JLO2_PYK1 was selected for further optimization and renamed JLO3.

Under fed-batch fermentation, JLO3 produced 19.27 g-L" of oxalic acid
with a yield of 0.12g-g" glucose equivalent and a productivity of
0.16 g'L*h* (Supplementary Fig. 5).

It has been reported that inositol pyrophosphatase, encoded by
OCAS, regulates glycolysis and respiration by modulating levels of
5-diphosphoinositol 1,2,3,4,6-pentakisphosphate (5-InsP7). 5-InsP7
acts as an energy sensor, detecting ATP concentrations and balan-
cing gene expression between glycolysis and respiration®*. We
knocked out g4567, the homolog of OCAS, in strain JLO3, generating
strain JLO4. This modification enhanced oxalic acid production,
resulting in a titer of 26.98 g-L?, with a yield of 0.19 g-g* glucose
equivalent and a productivity of 0.23 g-L™-h* (Fig. 2c). We also exten-
ded the fermentation time to 10 days, during which strain JLO4 pro-
duced 39.53 g-L " oxalic acid with a yield of 0.18 g-g” glucose equivalent
and a productivity of 0.17 g:.L*-h" (Supplementary Fig. 6).

Bio-oxalic acid for REE recovery: precipitation, structure, and
composition

To evaluate the ability of bio-oxalic acid to precipitate REEs, we per-
formed a precipitation assay using the cultured supernatant from
strain JLO4, which contained 7.80 g-L" oxalic acid. The supernatant was
tested against a neodymium (Nd) chloride solution, alongside com-
mercial oxalic acid from Sigma-Aldrich for comparison. This experi-
ment tests the efficacy of the biologically produced oxalic acid in a
scenario of relevance to REE mining, where individually separated REEs
are precipitated using oxalic acid on the path to rare earth oxide
production. The Nd feed solution was mixed with the oxalic acid
solutions at final molar ratios of oxalic acid to Nd ranging from 0 to 6.2.
Colorimetric assay revealed that the recovery efficiency of bio-oxalic
acid was nearly identical to that of the commercial oxalic acid at all
concentrations tested. Specifically, bio-oxalic acid precipitated over
99% of Nd when the molar ratio of oxalic acid to Nd exceeded 2:1
(Fig. 3a). To further demonstrate the applicability of bio-oxalic acid in
REE recovery, we repeated the precipitation experiment using the
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higher concentration supernatant containing 42.70 g-L" oxalic acid. In
addition to NdCl;, we included lanthanum (La) chloride and dyspro-
sium (Dy) chloride, representative light and heavy REEs, respectively,
to test the generalizability of the precipitation process. The results
show that the bio-oxalic acid could precipitate over >99% of Nd and La,
and >98% of Dy at the molar ratios above 2:1 (Supplementary Fig. 7).
These findings confirm that the crude, fermentation-derived oxalic
acid could effectively recover multiple REEs without the need for
purification.

To further test the application relevance of bio-oxalic acid, we
conducted precipitation experiments with a pregnant leachate solu-
tion derived from a primary REE source (allanite) with the goal of
selectively precipitating a high-purity total REE product. Allanite is a
REE-bearing silicate mineral found in mineable quantities in many
regions, including a large deposit in Wyoming, USA; however, it has
not yet been exploited at an industrial scale for REEs”’. The general
formula of allanite is A2M3Siz012[OH], where site A accommodates
REEs, Ca, Sr, Pb, Mn, Th, and U, and site M includes Al, Fe, Mn, Mg, Ti,
Cr, and V. The leachate used in this study originated from leaching an
allanite concentrate with hydrochloric acid followed by precipitation
steps to remove Fe, Al, and Si (see Methods). Hydrogen peroxide was
added to oxidize ferrous to ferric followed by a sequence of pre-
cipitation steps to remove most of the contaminating Fe, Al, and Si.
However, in addition to a high concentration of REEs, the leachate still
contained significant amounts of non-REE contaminants such as Ca*,
AP*, Mn%, Zn*, UO,*", Th*" (Supplementary Data 1). We evaluated the
performance of bio-oxalic acid through precipitation assays using two
cultured supernatants containing 22.00 g-L" and 42.70 g-L" oxalic acid,
respectively and included 1M commercial oxalic acid as a reference
(Fig. 3b and Supplementary Fig. 8). Increasing the oxalic acid dosage
improved total REEs (TREE) precipitation efficiency: over 99% TREE

precipitation was observed at oxalic acid concentrations above
2.70 g'L™". Notably, there was no significant difference in precipitation
efficiency between the two bio-oxalic acid concentrations tested or
between bio-oxalic acid and commercial oxalic acid. Both LREE
(defined as Sc, La, Ce, Pr, Nd, and Sm) and HREE (Y, Eu, Gd, Tb, Dy, Ho,
Er, Tm, Yb and Lu) were efficiently precipitated with comparable effi-
ciency across all tested conditions. Minimal precipitation of non-REE
was observed, with less than 6% precipitation of Ca, Mg, Mn, and Zn
(Supplementary Datal). These results demonstrate that bio-oxalic acid
enables high REE recovery efficiency, comparable to commercial
oxalic acid, even in the presence of non-REE contaminants. Notably,
the bio-oxalic acid was used directly from the spent fermentation
medium without any downstream purification, and still yielded high-
purity REE oxalate precipitates. This highlights a key advantage of the
biological process: eliminating the need for downstream processing
significantly reduces operational complexity and waste generation but
lowers overall production cost.

To further evaluate the suitability of bio-oxalic acid for REE
recovery, we analyzed the crystallographic properties of the pre-
cipitated REE oxalates using XRD (Fig. 3¢, Supplementary Table 3). We
compared the structure of Nd,(C,04)3:10H,0 synthesized using bio-
oxalic acid to that produced with commercial oxalic acid, aiming to
confirm the quality and structural consistency of the bio-derived
product. The XRD patterns show that the Nd,(C,04)3:10H,0 synthe-
sized using bio-oxalic acid exhibits crystallographic features that clo-
sely match those of the commercial oxalic acid. The major diffraction
peaks corresponding to the (100), (110), (011), (111), (102), (111), (211),
(302), and (311) planes, which are characteristic of the
Nd,(C,04)3:10H,0 structure, are present in both samples (Fig. 3c).
Notably, the (100) peak at 10.2 A and the (110) peak at 6.97 A are the
most prominent, representing the primary lattice spacings of the
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(HREE). The LREEs analyzed include Sc, La, Ce, Pr, Nd, and Sm; the HREEs include Y,
Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu. ¢ XRD patterns of Nd,(C,04)5-10H,0 syn-
thesized using commercial oxalic acid and bio-derived oxalic acid, showing
matching diffraction peaks for key planes such as (100), (110), (011), and (111),
confirming structural equivalence. d FTIR (ATR) spectra of Nd oxalic precipitates
produced using bio-derived vs commercial oxalic acid. Source data are provided as
a Source Data file.

crystal structure. These peaks exhibit a strong correlation between the
bio-oxalic and commercial products, indicating that the overall crys-
tallinity and phase structure of the bio-oxalic sample closely match the
commercial-derived material.

While some minor variations in peak intensities are observed,
especially in higher-angle regions such as the (111), (211), and (311)
peaks, these differences are not substantial and can be attributed to
slight variations in crystallinity, synthesis conditions, or sample purity.
For example, the (111), and (102) peaks, which are also indicative of the
compound’s crystal structure, show slightly lower intensities in the
bio-oxalic sample. However, the d-spacing values for these peaks
remain consistent, further supporting the similarity in crystal struc-
ture. Overall, the XRD data confirm that the bio-oxalic acid-derived
Nd»(C504)3:10H,0 retains the same structural integrity and phase
composition as the commercial oxalic acid-synthesized material.

Based on the FTIR (ATR) results, both bio-oxalic acid and com-
mercial oxalic acid exhibit similar overall characteristics, indicating a
comparable chemical structure (Fig. 3d). However, minor differences
suggest the presence of impurity in the bio-oxalic acid. Specifically,
bio-oxalic acid shows an additional peak around 1200 cm®, which
could be attributed to C-O stretching vibrations, possibly from residual
organic contaminants or by-products of the biosynthesis process. A
broad 3400 cm™ peak observed in the bio-oxalic acid is likely asso-
ciated with O-H stretching vibrations, suggesting the presence of
hydroxyl groups from water or alcohols. This indicates that the bio-
oxalic acid contains additional moisture or hydroxyl-containing
impurities, possibly introduced during the biosynthesis process or
sample preparation. These features are absent in the commercial
Sigma oxalic acid spectrum, indicating a purer material with lower
moisture and organic impurity levels.

When analyzing the Nd oxalic precipitates, both bio- and com-
mercial oxalic acid show similar FTIR spectra, with key peaks at
1600 cm™ and 1350 cm?, which are characteristic of the C=0 stretch-
ing vibrations of the oxalate anion (C;04%). A minor peak at 800 cm™!

is also observed, likely corresponding to C-O bending vibrations.
These peaks confirm that both types of Nd oxalic precipitates contain
the same oxalate coordination with Nd**, indicating that the Nd oxalic
precipitate formed using bio-oxalic acid is comparable to that formed
with commercial Sigma oxalic acid.

Overall, the results demonstrate that bio-oxalic acid exhibits a
comparable efficiency to commercial oxalic acid for REE recovery, as
evidenced by precipitation tests using Nd chloride solution and alla-
nite leachates. The XRD and FTIR analyses further confirm the struc-
tural and chemical similarities between the two types of oxalic acid,
with the bio-derived product achieving high crystallinity and exhibit-
ing only minor impurities. Together, these findings demonstrate the
potential of bio-oxalic acid as an effective and sustainable alternative
to commercial oxalic acid for REE recovery.

Techno-economic analysis and life cycle assessment

To characterize the financial viability and environmental implications
of bio-oxalic acid production, we designed and simulated an end-to-
end biomanufacturing facility with sugarcane as a feedstock. Based on
an annual production capacity of 127,000 metric tons (the projected
2032 U.S. market size)***’, the biomanufacturing facility could pro-
duce market-competitive bio-oxalic acid at a minimum selling price
(MSP) of $1.79-kg" (baseline; Fig. 4a) with a range of $1.51 to $2.21-kg*
(5"-95™ percentiles, hereafter in brackets). Carbon intensity (CI) was
estimated to be -1.24 kg CO,e-kg’ [-2.83 to 0.02 kg CO,e-kg'], repre-
senting a reduction of more than 100% relative to fossil-based coun-
terpart (Fig. 4b; a similar trend was observed for fuel energy
consumption in Supplementary Fig. 12). This negative CI was due to
excess electricity generation from sugarcane bagasse, accounted for
using the displacement method (Supplementary Fig. 10). Among the
29 uncertain parameters, MSP was most sensitive to sugarcane price
and fermentation yield, with a Spearman’s p of 0.53 and -0.48,
respectively; while CI showed the strongest positive correlation with
fermentation yield, with Spearman’s p of 0.62 (Supplementary Fig. 9).
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market price range of oxalic acid ($0.75-3.0 kg")**** and the Cl range of fossil-based
oxalic acid (10.6 to 11.0 kg COe-kg™")*°. ¢ MSP across 2,500 fermentation yield-titer
combinations at the baseline productivity (0.24 g-L™*h"), and a 5-fold improvement.
Diamond marker represents the baseline MSP under the baseline yield of 0.2 g-g*
glucose and the baseline titer of 28.23 g-L* oxalic acid. Source data are provided as a
Source Data file.

To further explore the impact of fermentation performance, we con-
ducted TEA and LCA across the theoretical fermentation space and
confirmed yield and productivity (i.e., rate) represent key opportu-
nities to drive down MSP (Fig. 4c).

Discussion

Rare earth elements are crucial components in clean energy and
advanced electronics technologies. The processes used in respective
extraction and separation are environmentally intensive and driven by
chemistry. Oxalic acid is commonly used to precipitate REEs during
downstream purification, but its production remains heavily reliant on
fossil-based feedstocks and energy-intensive synthesis routes™. To
address these limitations, we aimed to develop a bio-based route for
oxalic acid production that eliminates the need for purification,
allowing the direct use of fermentation supernatant for REE recovery
while maintaining high purity. This streamlined approach improves
both process efficiency and economic feasibility.

Among microbial hosts explored for oxalic acid production, A.
niger has been the most widely studied due to its high titers and ability
to utilize diverse carbon sources. Reported concentrations range from
~15 to 123 gL across substrate and fermentation strategies, with the
highest titer (122.7 g-L") achieved under optimized submerged shake-

flask fermentation using cashew apple juice at pH 5.4°774%"** However,
the large-scale application of A. niger represents several problems: it is
sensitive to pH fluctuations, exhibits high oxygen demand, and its
filamentous growth complicates broth rheology quite complex.
Moreover, A. niger W78 C typically co-produces large amount of citric
acid and gluconic acid alongside oxalic acid, particularly under sub-
optimal conditions. Both are strong rare-earth-chelating agents and
are expected to compromise REE precipitation efficiency when pre-
sent. Even at pH 6.0, where oxalate production is highest, the selective
chemical yield achieved was only 58.6%, thereby reducing overall
process efficiency of the global process and complicating downstream
separation*’. Representative examples of oxalic acid production by
various microorganisms reported in the literature are summarized in
Supplementary Table 4.

In this study, we engineered the non-model yeast /. orientalis to
produce oxalic acid for REE recovery. To establish oxalic acid bio-
synthesis in /. orientalis, we screened two Oah candidates and inte-
grated them with different gene copy numbers in a single step. To
facilitate oxalic acid export, we tested three oxalic acid transporters.
Additionally, knocking out GPDI and OCAS homologs reduced
byproduct accumulation and improved oxalic acid titer. Further
enhancement was achieved by overexpressing PYC and PYKI,
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effectively redirecting metabolic flux toward OAA. These combined
modifications result in a final strain capable of producing 39.53 g-L" of
oxalic acid with a yield of 0.18 g-g* glucose equivalent under fed-batch
fermentation conditions. To date, we have developed /. orientalis as a
chassis microbial system to produce oxalic acid that integrates acid
tolerance with genetic accessibility and the capability for scaled fer-
mentation. Indeed, /. orientalis has already demonstrated production
levels of succinic acid as high as 63.1g:L" in pilot-scale batch fermen-
tation, suggesting the potential for industrial bioproduction®.

Therefore, after fermentation, the cell pellet could be discarded
by simply centrifugation, and the supernatant containing the bio-
oxalic acid could be used directly for REE precipitation without any
downstream purification. The bio-oxalic acid achieved >99% pre-
cipitation of Nd* and La*, and >98% for Dy*" at oxalate-to-REE molar
ratios above 2:1, comparable to commercial oxalic acid. When tested
with an allanite leachate containing both REEs and non-REE con-
tamination such as Ca*, Fe**, AP*, and Na'. The process maintained
over 99% total REE recovery at concentration above 2.70g-L?,
demonstrating robustness even in complex matrices. It is worth noting
that metals present in the fermentation broth are typically at lower
concentrations and dominated by monoanions, in contrast to the
multivalent metal species in ore leachates (Ca®*, Fe*, AP*"). As a result,
their impact on REE precipitation is minimal, as reflected by the
comparable purity of REE oxalates produced using bio-derived and
commercial oxalic acids.

In the proposed process, oxalic acid is synthesized by /. orientalis
in a bioreactor under optimal conditions. After fermentation, the
biomass is separated by centrifugation and the supernatant rich in
oxalic acid is directly utilized as a REE precipitation agent, enabling
efficient and high-purity REE precipitation in two scenarios relevant to
REE mining: precipitation from an individual REE chloride solution in
downstream REE purification and from an acid leachate solution in an
upstream process step before individual REE separation. This two-
stage approach overcomes the major challenges of in situ precipita-
tion, including REE-induced inhibition of cell growth and oxalic acid
production, as well as the difficulty of recovering REEs from the
cell biomass. Importantly, the separation step also opens the possi-
bility for developing a continuous or semi-continuous bioprocess,
which could help alleviate product inhibition, enhance process sta-
bility, and improve overall productivity. Future work should address
scalability, process integration with upstream leaching operations,
long-term reactor performance under industrial conditions, and
expansion of this approach to a broader range of REE sources.

We conducted TEA and LCA to evaluate the economic feasibility
and life cycle environmental impacts of bio-oxalic acid production
against the fossil-based benchmark. The biomanufacturing facility
achieved a market competitive MSP of $1.79-kg? [$1.51 to 2.12-kg"],
well within the reported market price range of $0.75 to 3.0-kg™*%*.
Further, carbon-negative bio-oxalic acid production is possible in
support of REE recovery, with Cls of -1.24 kg CO,e-kg! [-2.83 to
0.02 kg CO,e-kg'] as compared to fossil-based oxalic acid (10.6 to
11.0 kg CO,e-kg?h)*. The negative ClI was achieved through a>50%
reduction in life cycle GHG emissions, along with excess electricity
generation from the bio-based feedstock. Increasing fermentation
yield and productivity remain the most effective ways to further
reduce MSP; ayield increase to 0.24 g-g* (from the baseline of 0.2 g-g
1) would result in a 7.8% reduction in MSP to $1.65-kg?, and a 5-fold
increase in productivity to 1.2g-Lh? would drop MSP by 14% to
$1.54-kg™ at baseline yield and titer (a 10-fold increase in productivity
yielded similar results to a 5-fold increase; Supplementary Fig. 13).
Given the bio-oxalic acid supernatant can be directly used for REE
recovery, there are limited sustainability benefits to increasing
maximum titer. Looking ahead, combining higher fermentation
performance with favorable feedstock economics (e.g., those of A.
niger**) can further improve the financial viability of bio-oxalic acid

production and accelerate its potential role in sustainable REE
recovery (Supplementary Fig. 14).

The metabolic flux could be further improved by adaptive evo-
lution, fermentation optimization, or engineering the regulatory net-
work to increase oxalic acid titer and yield. Alternative and inexpensive
feedstocks such as sugarcane juice, xylose-rich hydrolysates, or
industrial byproducts like corn steep liquor (CSL) could further reduce
production costs and support sustainable operation at scale. While this
study demonstrated its feasibility at the laboratory level, scaling up will
also require addressing key challenges such as strain robustness under
industrial conditions (e.g., tolerance to oxalic acid accumulation and
growth in complex media) and effective integration of continuous REE
precipitation. Overcoming these challenges will be critical to realizing
fully integration into a cost-effective, resource-efficient biorefinery for
REE recovery.

In conclusion, the key innovation of this work lies in the devel-
opment and demonstration of an end-to-end pipeline for REE recov-
ery. We engineered a low-pH-tolerant [ orientalis strain to
biosynthesize oxalic acid, and directly applied the resulting fermen-
tation supernatant for cost-effective REE recovery without purification.
Additionally, TEA and LCA underscored the financial viability and
environmental benefits of this bioprocess, reinforcing its potential as a
sustainable alternative to chemically synthesized oxalic acid. By
leveraging yeast as a genetically tractable and scalable microbial host,
this study establishes a foundation for cost-effective, industrial-scale
oxalic acid production, with applications in REE recovery and a
broader portfolio of industrial processes.

Method

Strains, media, and chemicals

All strains used in this study were listed in Supplementary Table 1. E.
coli DH5a was used to maintain and amplify plasmids and was grown in
Luria Bertani medium (1% tryptone, 0.5% yeast extract, 1% NaCl) at
37 °C with ampicillin (100 ug-mL?). S. cerevisiae YSG50 and /. orientalis
SD108 were propagated in Yeast-Peptone-Dextrose (YPD) medium
consisting of 1% yeast extract, 2% peptone, and 2% glucose. Recombi-
nant /. orientalis strains were grown in Synthetic Complete (SC)
dropout medium lacking uracil (SC-URA). LB broth, bacteriological
grade agar, yeast extract, peptone, yeast nitrogen base (w/o amino
acid and ammonium sulfate), and ammonium sulfate were obtained
from Difco (BD, Sparks, MD), while synthetic complete supplement
mixture of amino acids without uracil was obtained from MP Biome-
dicals (Solon, OH). All restriction endonucleases, Q5 DNA polymerase,
and Phusion polymerase were purchased from New England Biolabs
(Ipswich, MA). The QIAprep spin mini-prep kit and RNA isolation mini
kit were purchased from Qiagen (Valencia, CA), whereas Zymoclean
Gel DNA Recovery Kit and Zymoprep Yeast Plasmid Miniprep Kits were
purchased from Zymo Research (Irvine, CA). Oxalic acid dihydrate
(=99.5%), neodymium (lll) chloride hexahydrate (99.9%), dysprosium
(I chloride hexahydrate (99.9%), and lanthanum (llI) chloride hep-
tahydrate (99.9%) were purchased from Sigma-Aldrich (St. Louis, MO).
All other chemicals and consumables were purchased from Sigma-
Aldrich (St. Louis, MO), VWR (Radnor, PA), and Fisher Scientific
(Pittsburgh, PA). Oligonucleotides including gBlocks and primers were
all synthesized by Integrated DNA Technologies and Twist Biosciences
(IDT, Coralville, IA; Twist Biosciences, San Francisco, CA).

Plasmids and strains construction

The plasmids are listed in Supplementary Table 2, and the primers are
provided in the Supplementary Data 5. Genes were codon optimized
and synthesized by Twist Bioscience (San Francisco, CA). The amino
sequences of proteins used in this study are provided in the Supple-
mentary Data 5. For plasmid construction, Gibson assembly was used*’.
For strain construction, the CRISPR method was adopted to do the
gene integration/deletion, and the lithium acetate-mediated method

Nature Communications | (2026)17:2193


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-68957-5

was used for transformation*®. Detailed plasmid and strain construc-
tion are described in Supplementary Method 1 and Supplementary
Method 2.

Shake-flask fermentation and DASbox fed-batch fermentation
For shake flask fermentations, single colonies of /. orientalis strains
were inoculated into 2 mL of liquid YPD medium with 20 g-L? of glu-
cose and cultured at 30 °C for 1 day. Then, the cells were subcultured
into 50 mL SC-URA medium with 50 g-L" of glucose in 250 mL Erlen-
meyer flask. The initial ODgoo Was 0.2, and the cell were cultivated at
30 °C for 5 days. The samples were collected at day 5 for HPLC analysis.
Shake flask fermentations were conducted with three biological
replicates.

For fed-batch fermentations in bench-top bioreactors (DASbox,
Eppendorf, Hamburg, Germany), single colonies of /. orientalis strains
were inoculated into 2 mL liquid YPD medium with 20 g:L" of glucose
and cultured for 1 day. 1 mL of cells was then added into 100 mL of
liquid SC-URA medium containing 50 g-L* glucose in the bioreactor.
The cells were cultivated at 30 °C and the DO was set to 10%. A cascade
program was used to maintain DO by changing RPM, O, concentration
and then O, flow rate. pH was maintained at 4.0 using 4 N HCl and 4 N
KOH. One drop of Antifoam 204 (Sigma-Aldrich, USA) was added to
control foaming if necessary. After the initial glucose was depleted,
additional glucose was added to the bioreactors. Samples were col-
lected every 24 hours for HPLC analysis. Fed-batch fermentations were
conducted with two biological replicates.

Precipitation test

Bio-oxalic acid samples were collected from the different stages of
JLO4 fermentation. Culture was centrifuged at 8,000 x g for 30 min to
separate the supernatant from cell pellet. We tested a bio-oxalic acid
containing 7.8 g-L"* oxalic acid for REE precipitation. For comparison,
commercial oxalic acid was used as a reference. To match the bio-
oxalic acid concentrations, 1.09 g of oxalic acid dihydrate were dis-
solved in 10 mL of deionized (DI) water, yielding solutions of 7.8 g:L™.
Neodymium (Ill) chloride hexahydrate was dissolved in 1 mM HCI to
prepare a 50 mM Nd stock solution. The stock solution was subse-
quently diluted with 10 mM HCI to achieve a final concentration of
1mM, which was used as the REE feed solution for the precipitation
tests. The Nd feed solution and oxalic acid solutions were mixed to
achieve final oxalic acid-to-neodymium (oxalic acid:Nd) molar ratios
ranging from O to 6.2. The mixtures were allowed to sit overnight to
facilitate precipitation. Following this, the samples were centrifuged at
1,000 x g for 5 min to separate the precipitate from the supernatant.
The supernatants were collected, and the neodymium concentrations
were analyzed using a xylenol orange colorimetric assay*. Briefly,
40 pL of pre-diluted sample (1-200 pM) was mixed with 120 pL of
0.5M MES buffer (pH 6), followed by the addition of 40 pL of 1mM
xylenol orange in 0.5 M MES buffer (pH 6). Absorbance was measured
at 580 nm, and Nd concentrations were determined by comparison to
standard curves.

A higher concentration of bio-oxalic acid (42.70 g-L") was subse-
quently used to evaluate its applicability in REE recovery. In addition to
Nd, stock solutions of dysprosium (Ill) chloride hexahydrate and lan-
thanum (Ill) chloride heptahydrate were prepared by dissolving each
salt in 1mM HCI to a final concentration of 50 mM. These stock solu-
tions were further diluted in 10 mM HCI to a working concentration of
1 mM, which served as the REE feed solution for precipitation assays.
Bio-oxalic acid or commercial oxalic acid was added to the REE feed
solutions to achieve final oxalic acid-to-REE molar ratios ranging from
0 to 3. The mixtures were incubated overnight at room temperature to
allow complete precipitation. Samples were then centrifuged at
1000 x g for 5min to separate the precipitate from the supernatant.
REE concentrations were analyzed using a xylenol orange
colorimetric assay.

To perform oxalic acid tests on leach liquor produced from a
primary source, allanite ore was obtained from the Halleck Creek,
Wyoming deposit containing 0.32% total REEs. The ore sample was
ground to a top particle size of 1 mm and concentrated to 1.67% total
REEs in the sink fraction of a lithium metatungstate (LMT) dense
medium having a specific gravity (SG) of 2.95. The material heavier
than 2.95 SG was further ground to a top size of 150 microns. The
ground ore was leached in a hydrochloric acid solution heated to 75 °C
and containing 30% solids by weight at an acid-to-solid ratio of 0.3:1.0
for two hours. To oxidize the ferrous iron to ferric iron, hydrogen
peroxide was added to the leach liquor at a dosage equal to 0.6% by
volume; the progress was monitored via redox potential measure-
ments to ensure complete oxidation. The pH of the leach liquor was
raised to a value of 2.5 by the addition of 5M NaOH to precipitate and
remove iron and silica gel by filtration. Afterwards, the solution pH was
further increased to pH 4.5 to precipitate and remove aluminum fol-
lowed by the precipitation of the REEs at pH 8.0. The REE precipitate
cake was redissolved by the incremental addition of 12M HCI and
diluted to make 310 mL of oxalate precipitation feed aqueous. The
solution was filtered to remove manganese hydroxide. A 1M solution
of commerecial oxalic acid and a bio-oxalate solution were then added
to the solution in separate test programs while mixing and adding 5M
sodium hydroxide to maintain the solution pH at 1.5. The precipitated
RE oxalate was recovered by centrifugation and filtration. For the
elemental analysis of solids, samples were digested using a combina-
tion of aqua regia and hydrofluoric acid following the procedure
described in ASTM D6357. A sample of 100 mg were digested in 20 mL
of aqua regia and 20 mL of hydrofluoric acid at 150 °C till all liquids
evaporated. Next, 11 mL of nitric acid and 20 mL of deionized water
were added to the digestion tube and digested at 120 °C until a total
volume of 10 mL remained. The liquid volume was diluted with 20 mL
of deionized water in preparation for inductively coupled plasma
optical emission spectroscopy (ICP-OES) analysis. For the digested
liquid and leachates, a single independent sample was prepared and
analyzed for each condition (n=1).

REE recovery efficiency was calculated based on the decrease in
REE concentration in the supernatant following oxalate-induced pre-
cipitation. Specifically, recovery was defined as:

Creea — C
REE Recovery(%) = (—feed S”Pef"a“’"t) x100 )

Cfeed

Where Cy.q is the initial concentration of REE ions in the feedstock
solution prior to oxalic acid addition, and Cgypemamne i the con-
centration of REE ions remaining in the supernatant after precipitation
and centrifugation. This approach was applied consistently across all
precipitation experiments, including those using commercial or bio-
derived oxalic acid at varying concentrations. REE concentrations in
the supernatant were quantified using ICP-OES or xylenol orange
colorimetric assay, as described above. Since the measurements were
based solely on the residual REE in the liquid phase, this method avoids
potential overestimation of recovery due to co-precipitation of non-
REE metal impurities present in the fermentation broth.

Analytic methods

For quantification of glucose consumption, Agilent 1200 HPLC system
equipped with a refractive index detector (Agilent Technologies, Wil-
mington, DE, USA) and Rezex ROA-Organic Acid H+ (8%) column
(Phenomenex, Torrance, CA, USA) were used. The column and
detector were run at 50 °C, and 0.005 N H,SO,4 was used as the mobile
phase at a flow rate of 0.6 mL/min*. For quantification of oxalic acid
production, Shimadzu HPLC with a UV-Vis detector and Aminex HPX-
87H Column #1250140 (BioRad, USA) were used. The column was run
at 60 °C with 0.005 N H,SO;, at a flow rate of 0.6 mL/min and 210 nm
was used as the detecting wavelength. This method was adapted from
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the work established by Musiat et al., with a slight modification of the
column temperature to 60 °C*.

The REE contents of the digested liquid and leachates were ana-
lyzed using ICP-OES system (ARCOS I, Spectro Ametek; model FHX3X,
serial number 17006893). The ICP-OES unit was calibrated using four
liquid standards having the following concentrations of O ppm, 0.2
ppm, 1.0 ppm and 10.0 ppm. The calibration was verified by two
independently sourced check standards at the frequency of not less
than every 20 samples. The recovery of the check standards was
maintained within £10% RSD. The standard deviation for the total REE
content analyses of all samples was less than 5 ppm on a whole
sample basis.

All X-ray diffraction (XRD) measurements were performed on a
Bruker D8 Advance diffractometer equipped with a Cu Ko radiation.
Samples were air-dried prior to analysis. XRD patterns were collected
with a step size of 0.015° and a counting time of 3 s per step over a 20
range up to approximately 65°. The instrument alignment was verified
prior to measurements using a corundum standard. Fourier transform
infrared (FTIR) spectra were recorded with a Nicolet Summit FTIR
spectrometer (ThermoFisher, USA) using a diamond-ATR sample
module. Each acquisition was the average of 64 scans (650-4000 cm™)
and was background corrected.

Techno-economic analysis (TEA) and life cycle assessment (LCA)
To assess the economic feasibility and environmental performance of
producing bio-oxalic acid from sugarcane (Supplementary Fig. 11), we
performed system design, TEA, and LCA under uncertainty in BioS-
TEAM, an open-source Python-based platform***', The bio-oxalic acid
production facility was assumed to be co-located with REE
facilities’>**; subsequently, transport burdens were not included in
the main analysis. Bio-oxalic acid transport distances of 80 km would
increase MSP by ~16.7% and CI by -2.9% (without electricity credit),
with distances up to 324 km still resulting in MSPs within the market
price range and well below fossil-based ClIs (Supplementary
Fig. 15a and 15b). The primary TEA metric was minimum selling price
(MSP; in $2016 with a 10% internal rate of return) of bio-oxalic acid on
a per-kilogram (kg) basis, calculated from material and energy bal-
ances generated by process design and simulations (the unit design
and process flowsheet are reported in Supplementary Data 2 and 3,
respectively; assumptions for TEA and baseline inventory prices are
provided in Supplementary Table 5 and 6, respectively). LCA followed
an attributional approach consistent with ISO 14040/44 standard***.
The functional unit was 1 kg of bio-oxalic acid, with impact indicators
including cradle-to-grave carbon intensity (CI)***” and fossil energy
consumption (FEC). Consistent with Canada’s Clean Fuel
Regulations™ and EU’s Renewable Energy Directive II*°, indirect land
use change impacts were excluded, as they are highly model-depen-
dent, uncertain, and not directly attributable to process-level
operations®’. Cl was quantified using the IPCC 2013 Global Warming
Potential method (100-year time horizon, GWP;40)®" and FEC was
assessed using the cumulative energy demand method. To address
multifunctionality, the system expansion (or displacement) method
was applied for co-product electricity and gypsum. Life cycle inven-
tory data were sourced from ecoinvent v3.8°* and GREET 2023, To
ensure statistical robustness while maintaining computational effi-
ciency, uncertainty analysis was executed via 6,000 Monte Carlo
simulations with Latin hypercube sampling (the resulting distribu-
tions at alternative samples are reported in Supplementary Table 7
and Supplementary Data 6, demonstrating reproducible results with
6,000 simulations; distributions of all uncertain parameters are listed
in Supplementary Data 4). Spearman’s rank order correlation coeffi-
cients p were used to identify key drivers of uncertainty. The Python
scripts for BioSTEAM and the biomanufacturing design and analyses
are available online®*.

Data analysis

Data analysis was performed using Microsoft Excel and GraphPad
Prism 9. Shake flask experiments were conducted with three inde-
pendent biological replicates (n=3), while bioreactor experiments
included two independent replicates (n=2). Figures were generated
using GraphPad Prism 9 and finalized in Adobe Illustrator.

Statistics and reproducibility

No statistical method was used to predetermine sample size. Sample
sizes were chosen based on experimental feasibility and consistency
with standard practice in microbial fermentation and precipitation
assays. No data were excluded from the analyses. Experiments were
not randomized. Investigators were not blinded to allocation during
experiments or outcome assessment. Experiments were repeated as
described in the figure legends, with the number of independent
replicates indicated for each experiment.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data supporting the findings of this study are available within the
paper, its Supplementary Information files, and the Source Data
file. Source data are provided with this paper.

Code availability

Python scripts for BioSTEAM and the biomanufacturing facility design
as well as analyses can be found on Github at https://github.com/
BioSTEAMDevelopmentGroup/Bioindustrial-Park/tree/master/
biorefineries/oxalic®*.
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