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High efficiency rare earth element
bioleaching with systems biology guided
engineering of Gluconobacter oxydans

Check for updates

Alexa M. Schmitz1,4, Brooke Pian1, Sabrina Marecos 1, Mingming Wu 1, Megan Holycross2,
Esteban Gazel 2, Matthew C. Reid3 & Buz Barstow 1

Biological methods are a promising route for the environmentally-friendly production of rare earth
elements (REE), which are essential for sustainable energy and defense technologies. In earlier work
we identified the key genetic mechanisms contributing to the REE-bioleaching capability of
Gluconobacter oxydans B58. Here we have targeted two of these mechanisms to generate a high-
efficiency bioleaching strain of G. oxydans. Disruption of the phosphate-specific transport system
through a clean deletion of pstS constitutively turns on the phosphate starvation response, yielding a
much more acidic biolixiviant, and increasing bioleaching by up to 30%. Coupling knockout of pstS
with the over-expression of themgdhmembrane-bound glucose dehydrogenase gene using the P112

promoter (strain G. oxydans ΔpstS, P112:mgdh) reduces biolixiviant pH by 0.39 units; increases REE-
bioleaching by 53% at a pulp density of 10% and increases it by 73% at a pulp density of 1%.

Widespread implementation of sustainable energy technologies is essential
for mitigating climate change1. Rare earth elements (REE), including the
lanthanides, yttrium, and scandium, are critical ingredients inmany current
sustainable energy technologies, such as wind turbine generators2, solid-
state lighting3, high-strength lightweight alloys4,5, and battery anodes6; and
future ones like high-temperature superconductors7.

However, the extraction of REE from ore has enormous environ-
mental impacts8,9. The first step in REE refining involves mining and
comminution of ore, followed by gravity and/or magnetic separation to
concentrate the REE-bearing solids. The REE-concentrate is then sub-
jected to a strong leaching chemical, typically caustic soda or sulfuric acid
(preferred for cost reasons), and then subjected to very high temperature
and sometimes pressure as well to facilitate dissolution of metal ions8.
These extraction steps result in disproportionate amounts of hazardous
waste gas, water, and often radioactive waste (such as thorium from
monazite ore)10.

A promising solution to the environmental impact of REEextraction is
bioleaching11,12. Bioleaching is alreadyused commercially for the production
of about 15%of theworld’s copper supply, 5%of gold, and small amounts of
other metals13. Most of these processes depend on autotrophic (chemo-
lithotrophic) microorganisms that oxidize ferrous iron or sulfur for energy,
which in turn solubilizes the targetedmetal ions14. REE-bioleaching typically
usesheterotrophicmicrobes that convert sugars (glucose and/or agricultural

waste) into a biolixiviant, a cocktail of solid matrix-dissolving compounds
primarily composed of organic acids (at the time of writing the best char-
acterized constituents are gluconic acid and 2–5-diketogluconic acid15,
although in a companion article we identify genes that modulate the
effectiveness of the biolixiviant but do not meaningfully change the pH of
the biolixiviant16). Bioleaching of REE has been demonstrated at laboratory
scale fromavariety of solid sources, including concentrated virgin ore17, coal
fly ash18, and recycled and end-of-life materials19.

Gluconobacter oxydans B58 is one of the most promising micro-
organisms for bioleachingREE19,20. Reed et al.19 found that biolixiviantmade
by G. oxydans was far more effective at bioleaching REE from spent fluid
cracking catalyst (FCC) than gluconic acid alone. Techno-economic ana-
lysis of REE-bioleaching of spent FCC with G. oxydans demonstrated a
small margin of profit, which is highly influenced by the cost of glucose and
the efficiency of extraction21. Bioleaching efficiency can be improved by
process factors including the pulp density of the REE source (the ratio of the
REE-bearing solids mass to biolixiviant volume); continuous vs. batch
processing; and glucose concentration21. However, all of these factors also
influence the process economics22.

Genetic engineering offers a promising approach to improving the
efficiency of bioleaching processes without greatly affecting the process
economics23. Previously, we identified a comprehensive set of genes
underlying organic acid production and REE-bioleaching efficiency by
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generation and screening of a G. oxydans B58 whole genome knockout
collection24.

Our earlierwork identified two important systemsof genes that control
REE-bioleaching efficiency. First, disruptions in single genes of the phos-
phate signaling and transport operon, including pstS, which encodes a
phosphate signaling protein; and pstC, pstA, and pstB, which encode an
ABC-type phosphate transporter, all produced large improvements in
bioleaching efficiency24.

Second, disruptions to genes involved in glucose oxidation to gluconic
acid resulted in severe attenuation of bioleaching capabilities24. Disruption
of the mgdh gene that codes for the membrane-bound glucose dehy-
drogenase (mGDH) produced a 99% reduction in REE-bioleaching24.
Furthermore, disruption of mgdh results in a redirection of glucose into
cellularmetabolism and growth20. Likewise, disruption of genes required for
synthesis of the mGDH co-factor PQQ25, including the pqqABCDE operon
and tldD and tldE genes, also produces large reductions in REE-bioleaching
in G. oxydans24. Furthermore, previous work has demonstrated that over-
expression ofmgdh results in a several-fold increase in mGDH activity and
production of organic acids26.

Our objective was to improve bioleaching of REE by G. oxydans
through genetic engineering. The results of the G. oxydans B58 whole
genome knockout collection screen suggested a first roadmap for accom-
plishing this.We hypothesized that if we take the brakes off acid production
by removing repression of phosphate-specific transport system signaling
and increasing the incomplete oxidation of glucose into gluconic acid and
other downstream acid products through the over-expression ofmgdh24, we
could improve bioleaching. Here we present the results of targeted genome
edits driving each modification, and the effect of their combination on the
improvement of REE-bioleaching efficiency.

Results
Clean deletion of phosphate signaling and transport improves
REE-bioleaching by up to 30.1%
The Pst phosphate-specific transport system is a transmembrane protein
complex located in the bacterial innermembrane. The transmembrane sub-
units PstA and PstC bind to the periplasmic phosphate-binding protein,
PstS, and to the cytoplasmic signaling protein, PstB27. A screen of the G.
oxydans B58 whole genome knockout collection for media-acidification
through incomplete glucose oxidation found that transposon disruptions of

the pstB, pstC, and pstS genes increased acidification, anddisruptions of pstB
and pstC also increased REE-bioleaching24.

As a transposon disruption does not always fully eliminate gene
function, we first engineered clean deletion strains of G. oxydans B58 for
pstB, pstC, and pstS (ΔpstB, ΔpstC, and ΔpstS). These clean deletion strains
were then grown to saturation, along with their corresponding transposon
disruption strains from ourG. oxydans knockout collection24 (δpstB, δpstC,
and δpstS), and wild-type G. oxydans B58 (wt), and mixed with glucose to
produce an acidic biolixiviant. We refer to transposon disruption mutants
with δ (lower case delta), and gene deletion mutants with Δ (upper case
delta), as transposon insertions are likely to disrupt gene function, only a
complete gene deletion guarantees loss of function. All six disruption and
deletion strains had a longer lag period than wild-type when grown from a
single colony. However, after back-dilution, this extended lag period dis-
appeared for all three disruption strains,ΔpstB andΔpstS. All disruptionand
deletion strains generated significantly more acidic biolixiviants than wild-
type G. oxydans (Fig. 1A). Biolixiviants produced by ΔpstB and ΔpstS were
considerably lower in pH than those produced by the corresponding
transposon disruption strains. We speculate that this is due to more com-
plete disruption of the function of the phosphate-signaling and transport
system, and greater deregulation of phosphate-solubilizing acid production.
In contrast, biolixiviant produced by a clean deletion of pstCwas slightly less
acidic than that of the disruption strain. The growth rates of thewild-typeG.
oxydans and theΔpstB,ΔpstC, andΔpstSmutants are shown inFig. S1.All of
the pst deletion mutants show a long lag phase compared to wild-type, but
achieve a slightly higher cell density. The ΔpstS mutant was chosen for
further engineering as its cell density continues to increase beyond about
60 h, exceeding growth of ΔpstB and ΔpstC, while the ΔpstB and ΔpstC
mutants plateaued and start to decrease (Fig. S1).

Biolixiviant generated by each strain was then used for REE-
bioleaching from a REE-concentrated allanite mineral ore. Biolixiviants
produced by all three clean deletion strains were able to leach much more
REE from the ore than wild-type (Fig. 1B). For the disruption strains, our
results were similar to previous results24, with the best performance coming
fromδpstC. As expected from thehigher pHof its biolixiviant,ΔpstCdidnot
produce additional bioleaching improvement. Biolixiviants produced by
ΔpstB and ΔpstS both greatly outperformed those of their corresponding
disruption strains at REE-bioleaching. ΔpstB raised bioleaching by 29.3%
over wild-type, while ΔpstS raised bioleaching by 30.1%.

Fig. 1 | Deletion of the pst phosphate-specific transport genes drops biolixiviant
pH by as much as 0.29 units, and improves bioleaching efficiency by up to 30.1%
from allanite ore. A Effects of transposon disruption (δ) or deletion (Δ) of pst genes
on the biolixiviant pH. Stars denote significant differences between disruption and
deletion strains with a p-value < 0.01. The pH of the biolixiviants produced by all
disruption and deletion strains was significantly different than wild type (wt) with p-
values < 0.001. B Effects of disruption or deletion of pst genes on REE-bioleaching
efficiency. Deletion of the ABC-type phosphate transporter ATP-binding protein

PstB increases bioleaching by 29.3% over wild-type. Meanwhile, deletion of the
ABC-type phosphate transporter substrate-binding protein, PstS increases bio-
leaching by 30.1% over wild-type. Stars denote significant improvement in total
REE-bioleaching as compared with wild-type G. oxydans, p < 0.05. For all experi-
ments, strains were tested in triplicate, and results are demonstrative of multiple
tests. Comparisons weremade inMicrosoft Excel with a two-tailed homoscedastic t-
test. All data for this figure, including p-values, can be found in Supplementary
Data S145.
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Over-expression of membrane-bound glucose dehydrogenase
in the Δ pstS background improves REE-bioleaching by
up to 53.1%
We hypothesized that overexpression ofmgdh would improve both media
acidification and REE-bioleaching. To test this, we selected three promoter
regions previously demonstrated to confer high expression on their
downstream coding regions: the tufB promoter28, and promoters P112 and
P114 identified through an expression analysis of G. oxydansWSH-00329,30.
Each promoter was inserted upstream of the start codon for the mgdh
coding region to create three mgdh over-expression strains: PtufB:mgdh,
P112:mgdh, and P114:mgdh. These insertions were also each combined with
the pstS deletion, as it conferred the best combination of bioleaching and
growth phenotypes of the three pst deletion strains.

Clean deletion of pstS and over-expression of mgdh by the P112 pro-
moter together had an additive effect on REE-bioleaching. In the wild-type
G. oxydans background, over-expression of mgdh with the PtufB and P114
high-activity promoters consistently produced a more acidic biolixiviant
than wild-type, while over-expression ofmgdh with P112 had no significant
effect (Fig. 2A). But, in the ΔpstS background, P112:mgdh consistently yiel-
ded the most acidic biolixiviant of all three promoter insertion strains,
lowering the pH by 0.39 units. Meanwhile, P114:mgdh yielded no
improvement over ΔpstS.

Biolixiviants produced by the PtufB:mgdh, P112:mgdh, P114:mgdh all
produced higher REE-bioleaching than wild-type, but none were more

effective than ΔpstS (Fig. 2B). When combined with the ΔpstS background,
PtufB:mgdh and P114:mgdhwere nomore effective than ΔpstS alone. But the
combination of ΔpstS and P112:mgdh produced the most efficient REE-
bioleaching strain tested (Fig. 2B). G. oxydans ΔpstS, P112:mgdh produced
REE-bioleaching thatwas 53.1%higher thanwild-type. Taking a closer look
at the leaching of each individual REE, we found that the overall compo-
sition of the leached metals did not vary between strains (Fig. 2C). This is
reasonable as our mode of enhancing bioleaching primarily focuses on
increased production organic acids that release most metals lodged in the
mineralmatrix rather than chelatingREE selectively from themineral. Even
though theG. oxydansΔpstS, P112:mgdhmutant has a longer lag phase than
the wild-type, it has improved growth kinetics compared with the other pst
deletion mutants (Fig. S1). Furthermore, the ΔpstS, P112:mgdh mutant
achieves even higher maximum cell density than the wild-type (Fig, S1).

Lowering the Pulp Density to 1% Raises REE-bioleaching by G.
oxydans ΔpstS, P112:mgdh to 73.1%
The overall efficiency of REE-bioleaching can be greatly influenced by a
variety of process variables, most importantly the pulp density21,22. To test
how these variables affect the REE-bioleaching improvement conferred by
genetic engineering, we compared the REE-bioleaching efficiency of G.
oxydansΔpstS andG.oxydansΔpstS, P112:mgdh at 1 and10%pulpdensity of
REE-containing mineral. Reducing the pulp density from 10 to 1% barely
improved bioleaching by wild-type G. oxydans, if at all. However, the

Fig. 2 | Over-expression of mgdh lowers biolixiviant pH by up to 0.39 units and
increases REE-bioleaching from allanite ore by up to 53.1% at 10% pulp density.
A Biolixiviant pH for all tested strains 36 h after glucose introduction. B Total REE
extracted per gram of allanite sand for all strains.CTotal contribution of the top five
REE to the total REE extracted. A pulp density of 10% was used in all bioleaching

experiments (panels B and C; i.e., 10 g of allanite in 100 mL of biolixiviant). All tests
were run in triplicate and are representative of multiple experiments. Stars denote
significant difference compared with wild type (wt) G. oxydans by a two-tailed,
homoscedastic t-test, p < 0.05. All data for this figure, including p-values, can be
found in Supplementary Data S245.
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bioleaching improvements of the engineered strains of G. oxydans were
greater at the reduced pulp density. At 10% pulp density,G. oxydans ΔpstS,
P112:mgdh increased bioleaching over wild-type by 53% (Figs. 2B and 3A).
But, at 1% pulp density G. oxydans ΔpstS, P112:mgdh increased bioleaching
over wild-type by 73.1% (Fig. 3B).

Previous work with G. oxydans bioleaching has indicated that bio-
lixiviant pH is a good predictor of REE-bioleaching efficiency19,21,31. A
comparisonof percent total REEextraction vs. biolixiviant pHdemonstrates
that the two are correlated, but the effect of lower pH is even stronger at the
lower pulp density (Fig. 3B).

We compared the efficiency of bioleaching with the G. oxydans bio-
lixiviant with neat nitric acid (Fig. S2). While the nitric acid extracts almost
five times as much REE from allanite as the G. oxydans ΔpstS, P112:mgdh
biolixiviant (Fig. S2A), it extracts a slightly lower percentage of heavy REE
than the biolixiviant (Fig. S2B), and is much more damaging to biological
tissue (Figs. S3 and S4), and is not biodegradable.

Discussion
G. oxydans is an attractive candidate for the development of a high-
efficiency rare earth bioleaching system. Through the incomplete oxidation
of glucose,G. oxydans can rapidly produce a low pHbiolixiviant that can be
used for the solubilization of REE19,21,31. Additionally, the recent develop-
ment of several tools for genetic engineering in G. oxydans has greatly

increased the potential for improvement of commercially important
applications29,30,32,33. Here, we have taken advantage of this genetic versatility
to greatly improve REE-bioleaching through genetic engineering in G.
oxydans B58.

The greatest single impact on REE-bioleaching came from the dis-
ruption of the phosphate-specific transport system. Phosphate-solubilizing
microbes (PSM) such asG. oxydans are able to unlock inorganic phosphate
fromminerals in the soil through the secretion of large amounts of organic
acids34. In E. coli, the deletion of pst genes removes repression of the pho
regulon, resulting in a constitutivephosphate starvation response35,36.Oneof
the primary mechanisms of the phosphate starvation response is the up-
regulation of enzymes involved in the release and scavenging of organic
phosphates37,38. Whether or not the pho regulon regulates genes in G. oxy-
dans involved in the production of organic acids for mineral phosphate
solubilization is still unknown, but it could explain the strong improvement
of REE-bioleaching efficiency for G. oxydans pst-null strains.

Alternatively, a limiting factor for acid production in the wild-type
bacteriamay be intoleranceof the increasingly acidic environment. Again in
E. coli, the pho regulon has been shown to regulate genes underlying acid
shock resistance, such as asr, which protects proteins in the periplasm from
detrimental effects of low pH39. If the low pH of the biolixiviant is limiting
further acid production, an increase in acid shock resistance in the pst
backgroundwould allow for greater production and a lowerpHbiolixiviant.

Fig. 3 | Up-regulating mgdh and knocking out pstS at the same time raises REE-
extraction efficiency by up to 73.1% at low pulp density. A A comparison of
percent total REE-extraction from allanite ore at 10% (left panel) vs. 1% (right panel)
pulp density for wild-type G. oxydans, ΔpstS, and ΔpstS, P112:mgdh. All strains were
tested in triplicate. Themedian total REE extraction is reported next to each box and

whisker. B Correlation (green and purple lines) between biolixiviant pH and
resulting percent total REE extracted at 1% (green dots) and 10% (purple dots) pulp
density. All data for this figure, including p-values, mean, and median total REE
extraction numbers, can be found in Supplementary Data S345.
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To directly target up-regulation of inorganic phosphate solubilization,
and thus mineral bioleaching, we inserted high-expression promoter
regions directly upstream of themgdh gene, which is necessary for gluconic
acid production from glucose20. While the tufB, P112, and P114 promoter
regions have been reported to have high expression, this may not always
hold true in the increasingly acidic environment that results from biolixi-
viant production. We found that the three promoter regions did not per-
form similarly to each other, nor did they perform the same in the two
different genetic backgrounds (wild-type vs. ΔpstS) (Fig. 2A and B).

While all threemgdh promoter insertions improved REE-bioleaching
in the wild-type background, only P112:mgdh had a significant effect when
combined with the ΔpstS background. A possible explanation for this dif-
ference is a differential change in promoter activity between wild-type G.
oxydans and ΔpstS. Further work is needed to confirm if the increased
acidification resulting from P112:mgdh in ΔpstS is a result of increased P112
promoter activity, which would indicate its regulation by phoB.

At the time of writing, we know that our genetic edits to G. oxydans
affect the final pH of the biolixiviant. However, we are not sure if this is
because the edits simply change the concentration of the biolixiviant (more
of every component, while retaining their wild-type ratios) or change its
composition. We intend to address this issue in an upcoming work.

Our genetic edits to G. oxydans allow us to maximize the effect of
reducing mineral pulp density on bioleaching. By applying a design of
experiment model, Deng et al.22 demonstrated that pulp density is the
strongest contributor to the process economics of REE-bioleaching. Using
available experimental results, Deng et al.22 predicted that the optimal pulp
density formaximumyearly revenuewould be 50%, despite this yielding the
poorest percent REE extraction. This indicated that the higher REE-
bioleaching efficiency at lower pulp densities does not outweigh the added
cost of producing much greater volumes of biolixiviant per unit of leached
substrate.

By comparing percent REE bioleached to biolixiviant pH (Fig. 3B), we
were further able to demonstrate that driving the biolixiviant pH down can
have an even stronger effect with lower pulp density. Wild-typeG. oxydans
produces the sameREE-bioleaching at 1 and 10%pulp density. At 10%pulp
density, theΔpstS, P112:mgdh strain improvedREE-bioleaching by 53%over
wild-type. But, at 1% pulp density, the same strain improved bioleaching by
73%. As G. oxydans is an obligate aerobe40, it requires oxygen for oxidation
of glucose and production of biolixiviant. We speculate that while biolixi-
viant production by wild-type G. oxydans is not limited by oxygen avail-
ability, it is in the G. oxydans ΔpstS, P112:mgdh strain. We further speculate
that lowering the pulp density allows for better oxygen mass transfer, and
hence better conversion of glucose to organic acids41.

Furthermodeling is needed to determine if such improvements would
influence the ideal pulp density needed to maximize yearly revenue from
REE-bioleaching.

Through genetic engineering of targeted mechanisms underlying acid
production in G. oxydans, we have created a strain with greatly improved
REE-bioleaching capability. Our highest performing strain, G. oxydans
ΔpstS, P112:mgdh performs up to 73% better at REE-bioleaching than wild-
type. The global demand for rare earth elements is rising with the imple-
mentation of technological innovations, especially those related to renew-
able energy production, storage, and transmission6. With nearly all REE
production taking place outside of the United States due to the cost of
avoiding negative environmental impact9, the commercialization of a clean
and sustainable, cost-competitive process for REE extraction is in high
demand.REE-bioleachingwithG.oxydans is done at roomtemperature and
pressure and eliminates the need for massive amounts of harmful
inorganic acids.

Although further improvements are still possible, such as up-
regulation of genes contributing to PQQ synthesis, the ΔpstS, P112:mgdh
strain greatly improves on wild-type G. oxydans bioleaching capabilities,
which are already expected to confer a margin of profit in commercial
application21,42. Furthermore, we have demonstrated how the modification
of process parameters may further capitalize on the strain’s bioleaching

improvements, thus more work is needed to understand the techno-
economics. Ultimately, through the creation of a high-efficiency REE-bio-
leaching strain,we are a step closer to thedevelopmentof a clean, sustainable
REE production process capable of positively impacting the world REE
marketwithout the environmental expense. Furthermore, this development
opens the prospect of developing environmentally-friendly leaching pro-
cesses for other metals, including first row d-block metals (i.e., scandium to
zinc), or precious metals (e.g., gold, silver, platinum, palladium, rhodium,
ruthenium, iridium, and osmium).

Materials and methods
Genetic engineering of G. oxydans
In all experiments G. oxydans B58 (American Type Culture Collection,
Manassas, VA) was cultured in yeast peptonemannitol (YPM; 5 g L−1 yeast
extract (C7341, Hardy Diagnostics, Santa Maria, CA), 3 g L−1 peptone
(211677, BD, Franklin Lakes, NJ), 25 g L−1 mannitol (BDH9248, VWR
Chemicals, Radnor, PA)) at 30 °C. All genetic modifications were made
using the codA-based markerless gene deletion through homologous
recombination and counter-selection with codA in the presence of codB43.

For gene deletions, the 700 base pair genomic region directly upstream
from the target gene’s start codon and the 700 base pair genomic region
directly downstream from the target gene’s stop codon were cloned in
tandem into the pKOS6b plasmid cut with XbaI using Gibson assembly44

(E2611, New England Biolabs, Ipswich, MA). For insertion of promoter
regions, 700 base pairs upstream and downstream from the target genes
were cloned into pKOS6b, sandwiching the promoter region to be inserted.
Primers used for all polymerase chain reactions to clone each plasmid are
listed in Supplementary Data S445.

pKOS6b plasmids with homologous regions were transformed intoG.
oxydans following methods described in Mostafa et al.46. Bacteria were
grown from a single colony to an optical density between 0.8 and 0.9. Cells
were harvested and washed three times with a half volume of HEPES, then
resuspended in 250 μL HEPES with 20% glycerol (Bluewater ChemGroup,
Fort Wayne, IN). Cells were flash frozen, then thawed on ice before trans-
formation by electroporation with 2 kV on an Eppendorf Eporator.
Transformed recombinant cells were recovered overnight in 1mL EP
medium (15 g L−1 yeast extract, 80 g L−1 mannitol, 2.5 g L−1 MgSO4·7H2O
(470301-684, Ward’s Science, St. Catherines, ON, Canada), 0.5 g L−1 gly-
cerol, and 1.5 g L−1 CaCl2 (0556-500 G, VWR, Radnor, PA) then planted
onto YPM agar supplemented with 100 µgmL−1 kanamycin (kan)
(IB02120, VWR). Recombinants were selected and grown overnight in
YPM supplemented with 100 μgmL−1 kan, then plated onto YPM supple-
mented with 60 μgmL−1 5-fluorocytosine (5-FC) (TCF0321, VWR).
Colonies that emerged were then transferred onto a new YPM 5-FC agar
plate for clonal isolation. Colonies were isolated from several transfers and
screened for recombinants with the desired mutation using colony PCR.

Biolixiviant production and bioleaching
G. oxydans strains were grown by inoculating 2mL YPM media with a
single colony in a culture tube and grown for 48-72 h until the culture
reached saturation. Bacterial culture was then back-diluted to an optical
density of 0.05 in 10mLYPM in a 250mLErlenmeyer flask, then grown for
24 h, shaking at 250 rpm. Culture was then divided into three 100mL flasks
by pipetting 3mL into each, then 3mL of 40% filter-sterilized glucose was
added to each flask, resulting in a final glucose concentration of 20%.
Culture and glucose were incubated for 24 h at 30 °C, shaking at 250 rpm to
make the biolixiviant. The biolixiviant was then transferred to a 15mL
Falcon tube for pH measurement, after which 5mL was transferred back
into the same flask.

Unless otherwise specified, 500mg REE-concentrated crushed allanite
ore (Zappall fromWRE)was added to eachflask (10%pulpdensity,with the
biolixiviant described in the previous paragraph as the liquid phase), which
was then vortexed on the highest setting until all solidswerewet. Flaskswere
then incubated at room temperature and shaking at 200 rpm for 24 h to
facilitatebioleaching. Solidswere thenbriefly allowedto settle before 1mLof
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leachate was transferred to a 2mL micro-centrifuge tube, which was then
centrifuged for 1min at top speed in a benchtop centrifuge to pellet any
remaining solids. 500mL of leachate was filtered through a 0.45 µm
AcroPrep Advance 96-well filter plate (8029, Pall Corporation, Show Low,
AZ, USA) by centrifugation at 1500×g for 5min, then diluted 100-fold into
2% trace metal grade nitric acid (JT9368, J.T. Baker, Radnor, PA).

Samples were analyzed by an Agilent 7800 ICP-MS for all REE con-
centrations (m/Z: Sc, 45; Y, 89; La, 139; Ce, 140; Pr, 141; Nd, 146; Sm, 147;
Eu, 153; Gd, 157; Tb, 159; Dy, 163; Ho, 165; Er, 166; Tm, 169; Yb, 172; and
Lu, 175) using a REE mix standard (67349, Sigma-Aldrich, St. Louis, MO)
and a rhodium in-line internal standard (SKU04736, Sigma-Aldrich, St.
Louis, MO, m/Z = 103). Quality control was performed by periodic mea-
surement of standards, blanks, and repeat samples. A pWT biolixiviant
sample without bioleaching was spiked with 100 ppb REE standard and
analyzed for allREEconcentrations as a control. ICP-MSdatawere analyzed
using the program MassHunter, version 4.5.

Measurement of growth curves for wild-type G. oxydans and
engineered mutants
Growth curves for wild-type G. oxydans and engineered mutants (Fig. S1)
were measured in 96-well polypropylene flat-bottom plates (Greiner Bio-
One, 655261). The plates were sealed with optically clear Breathe-Easy seals
(DiversifiedBiotech, BEM-1). Eachwell contained 150 µL of YPMmedium.
Optical density was recorded every 30min using a BioTek Synergy 2 plate
reader.

Statistics and reproducibility
Bench-scale bioleaching experiments with REE-concentrated crushed
allanite ore were used to test each mutant strain’s performance bench-
marked against that of the wild-type. Biolixiviant pHwasmeasured with an
electrochemical pH meter, and rare earth element extraction levels in the
bioleachate were measured by ICP-MS. To ensure quality control during
ICP-MS analysis, periodic measurements of standards, blanks, and repeat
samples were included. The data collectedwas analyzed usingMassHunter,
version 4.5. For all experiments, strains were tested in triplicate, and results
are representative of multiple tests. Stars shown in Figs. 1–3 denote sig-
nificant improvement in total REE-bioleaching as comparedwith wild-type
G. oxydans, p < 0.05. Comparisons were made in Microsoft Excel with a
two-tailed homoscedastic t-test. All p-values are exactly in Supplementary
Data S1–S3 and S6.

Materials availability
Individual engineered strains of G. oxydans (up to ≈10 at a time) are
available at no charge for academic researchers. We are happy to supply a
duplicate of the entire G. oxydans knockout collection to academic
researchers, but we will require reimbursement for materials, supplies, and
labor costs. Commercial researchers should contact Cornell Technology
Licensing for licensing details. E. coli strains containing plasmids used for
genetic modification of G. oxydans have been deposited at Addgene under
accession codes 237501 (pKOS6b-pstB), 237502 (pKOS6b-pstC), 237503
(pKOS6b-pstS), 237504 (pKOS6b-URP112), 237505 (pKOS6b-URP114),
and 237506 (pKOS6b-URtufB).

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

Data availability
Source data underlying graphs generated and analyzed during the current
study are included with this article and are available at https://github.com/
barstowlab/g.oxydans-double-mutant. They are also archived on Zenodo45.
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