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Abstract

The global demand for critical rare earth elements (REE) is rising! with the increase in demand for
sustainable energy technologies like wind turbines?3, electric vehicles?3, and high efficiency lighting*.
Current processes for producing REE require high energy inputs and can produce disproportionate
amounts of hazardous waste. Biological methods for REE production are a promising solution to this
problem. In earlier work we identified the most important genetic mechanisms contributing to the REE-
bioleaching capability of Gluconobacter oxydans B585. Here we have targeted two of these mechanisms
to generate a high-efficiency bio-mining 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 the mgdh membrane-bound glucose dehydrogenase gene,
results in up to 73% improvement of REE-bioleaching.
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Introduction

Widespread implementation of sustainable energy infrastructure is essential for mitigating climate
change!. Rare earth elements (REE), including the lanthanides, yttrium, and cerium are critical
ingredients in many current sustainable energy technologies, including wind turbine generators?, solid-
state lighting®, high-strength lightweight alloys’8, and battery anodes® and future ones like high-
temperature superconductors!.

However, the extraction of REE from ore has enormous environmental impacts!l.12. 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 subjected to a strong acid, typically
sulfuric acid due to cost, or caustic soda, and then subjected to very high temperature and sometimes
pressure as well to facilitate dissolution of metal ions!!. These extraction steps result in disproportionate
amounts of hazardous waste gas, water, and often radioactive waste (such as thorium from monazite
ore)!3,

A promising solution to the environmental impact of REE-extraction is bioleaching!415. Bioleaching is
already used commercially for the production of about 15% of the world’s copper supply, 5% of gold, and
small amounts of other metals'¢, Most of these processes depend on autotrophic (chemolithotrophic)
microorganisms that oxidize ferrous iron or sulfur for energy, which in turn solubilizes the targeted metal
ions!’7. Bioleaching of REE has been demonstrated at laboratory scale from a variety of solid sources
including concentrated virgin ore!$, coal fly ash!®, and recycled and end-of-life materials?0. REE-
bioleaching typically uses heterotrophic microbes that convert sugars (glucose and/or agricultural waste)
into a biolixiviant, a cocktail of solid matrix-dissolving compounds primarily composed of organic
acids?!.

Gluconobacter oxydans B58 is one of the most promising microorganisms for bioleaching REE20.22, Reed
et al20 found that biolixiviant made by G. oxydans was more than seven times more effective at
bioleaching REE from spent FCC catalyst than a comparable concentration of gluconic acid alone.
Techno-economic analysis of REE-bioleaching of spent fluid cracking catalyst with G. oxydans
demonstrated a small margin of profit, which is highly influenced by the cost of glucose and the
efficiency of extraction?3. Bioleaching efficiency can be improved by process factors including the pulp
density of the REE source (the ratio of REE mass to biolixiviant volume); continuous vs. batch
processing; and glucose concentration?3. However, all of these factors also influence the process
economics?4.

Genomic engineering with synthetic biology offers a promising approach to improving the efficiency of
bio-mining processes without greatly affecting the process economics?>. Previously, we identified a
comprehensive set of genes underlying the efficiency of biolixiviant production and REE-bioleaching
efficiency by generation and screening of a G. oxydans B58 whole genome knockout collections.

Our ecarlier work identified two systems of genes that control REE-bioleaching efficiency. First,
disruptions in single genes of the phosphate signaling and transport system, including pstS, pstC, pstA,
and pstB, all produced large improvements in bioleaching efficiency?>.

Second, disruptions to genes involved in glucose oxidation to gluconic acid resulted in severe attenuation
of bioleaching capabilities®. Disruption of the mgdh gene that codes for the membrane-bound glucose
dehydrogenase (mGDH) produced a 99% reduction in REE-bioleaching’. Furthermore, disruption of
mgdh results in a re-direction of glucose into cellular metabolism and growth22. Likewise, disruption of
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genes required for synthesis of the mGDH co-factor PQQ?2¢, including the pgqg4ABCDE operon and tldD
and ¢/dE genes also produce large reductions in REE-bioleaching in G. oxydans>.

The results of the G. oxydans B58 whole genome knockout collection screen suggested a first roadmap to
improving REE-bioleaching efficiency with genetic engineering: take the brakes off acid production by
removing the repression of phosphate-specific transport system signaling and increase the incomplete
oxidation of glucose into gluconic acid and other downstream acid products through the over-expression
of mgdhs. Previous work has demonstrated that over-expression of mgdh results in a several-fold increase
in mGDH activity and production of organic acids?’”. Here we present the results of stable mutations
driving each method, 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 phosphate-specific transport system is a transmembrane protein complex located in the bacterial
inner membrane. The transmembrane sub-units PstA and PstC bind to the periplasmic phosphate-binding
protein, PstS, and to the cytoplasmic signaling protein, PstB28. 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, and disruptions of pstB
and pstC also increased REE-bioleaching?.

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 (ApstB, ApstC, and ApstS). These clean
deletion strains were then grown to saturation, along with their corresponding disruption strains (dpstB,
OpstC, and dpstS), and wild-type G. oxydans B58 (wt), and mixed with glucose to produce an acidic
biolixiviant. 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 disappeared for all three
disruption strains, ApstB, and ApstS. All disruption and deletion strains generated a significantly more
acidic biolixiviant than wild-type G. oxydans (Figure 1A). Biolixiviants produced by ApstB and ApstS
were considerably lower in pH than that produced by the corresponding transposon disruption strains. In
contrast, biolixiviant produced by a clean deletion of pstC was slightly less acidic than that of the
disruption strain.

Biolixiviant generated by each strain was then used for REE-bioleaching from a REE-concentrated
mineral ore. Biolixiviants produced by all three clean deletion strains were able to leach much more REE
from the ore than wild-type (Figure 1B). For the disruption strains, our results were similar to previous
resultsS, with the best performance coming from OpstC. As expected from the higher pH of its
biolixiviant, ApstC did not produce additional bioleaching improvement. Biolixiviants produced by ApstB
and ApstS both greatly outperformed that of their corresponding disruption strains at REE-bioleaching.
ApstB raised bioleaching by 29.3% over wild-type, while ApstS raised bioleaching by 30.1%.

Over-expression of Membrane-bound Glucose Dehydrogenase in the ApstS Background Improves
REE-bioleaching by Up to 53.1%

We hypothesized that over-expression of mgdh 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 fufB promoter?®, and promoters P12 and Piis
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identified through an expression analysis of G. oxydans WSH-0033031, Each promoter was inserted
upstream of the start codon for the mgdh coding region to create three mgdh over-expression strains:
Puwm:mgdh, P112:mgdh, and P1ia:mgdh. These insertions were also each combined with the pstS deletion,
as it conferred the best combination of bioleaching and growth effects of the three pst deletion strains.

Clean deletion of pstS and over-expression of mgdh by the P11z promoter together had an additive effect
on REE-bioleaching. In the wild-type G. oxydans background, Puwm:mgdh and Piis:mgdh consistently
produced a more acidic biolixiviant than wild-type, while P112:mgdh had no significant effect (Figure
2A). But, in the ApstS background, P112:mgdh consistently yielded the most acidic biolixiviant of all
three promoter insertion strains, lowering the pH by 0.39 units. Meanwhile, Pii4:mgdh yielded no
improvement over ApstS.

Biolixiviants produced by the Pwm:mgdh, Pii2:mgdh, Pua:mgdh all produced higher REE-bioleaching
than wild-type, but none were more effective than ApstS (Figure 2B). When combined with the ApstS
background, Pwm:mgdh and P114:mgdh were no more effective than ApstS alone. But, the combination of
ApstS and P112:mgdh produced the most efficient REE-bioleaching strain tested (Figure 2B). G. oxydans
ApstS, Pria:mgdh produced REE-bioleaching that was 53.1% higher than wild-type. Taking a closer look
at the leaching of each individual REE, we found that the overall composition of the leached metals did
not vary between strains (Figure 2C).

Lowering the Pulp Density to 1% Raises REE-bioleaching by G. oxydans ApstS, P1122zmgdh to
73.1%

The overall efficiency of REE-bioleaching can be greatly influenced by a variety of process variables,
most importantly the pulp density?324. To test how these variables affect the REE-bioleaching
improvement conferred by genetic engineering, we compared REE-bioleaching efficiency of the ApstS
and ApstS, Pii2:mgdh at 1 and 10% pulp density of REE-containing mineral. At the lower pulp density,
bioleaching by wild-type was only slightly higher, if at all. However, the bioleaching improvements of the
engineered strains of G. oxydans were greater at the reduced pulp density. As in Figure 2B, at 10% pulp
density, G. oxydans ApstS, P112:mgdh increased bioleaching over wild-type by 53% (Figure 3A). But, at
1% pulp density G. oxydans ApstS, Pii2:mgdh increased bioleaching over wild-type by 73.1% (Figure
3A).

Previous work with G. oxydans bioleaching has indicated that biolixiviant pH is a good predictor of REE-
bioleaching efficiency20:23.32, A comparison of percent total REE extraction vs. biolixiviant pH
demonstrates that the two are correlated, but that effect of lower pH is even stronger at the lower pulp
density (Figure 3B).

Discussion

Gluconobacter 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
pH biolixiviant that can be used for the solubilization of REE?0:23.32_ Additionally, the recent development
of several tools for genetic engineering in G. oxydans has greatly increased the potential for improvement
of commercially important mechanisms30.31.33.34. 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 disruption of the phosphate-specific transport
system. Phosphate solubilizing microbes (PSM) such as G. oxydans are able to unlock inorganic
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phosphate from minerals in the soil through the secretion of large amounts of organic acids3s. In E. coli,
the deletion of pst genes removes repression of the pho regulon, resulting in a constitutive phosphate
starvation response3637. One of the primary mechanisms of the phosphate starvation response is the up-
regulation of enzymes involved in the release and scavenging of organic phosphates38.3°. Whether or not
the pho regulon regulates genes in G. oxydans 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 bacteria may be intolerance of 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 pH#0. If the low pH of the biolixiviant is limiting to further acid production, an increase in
acid shock resistance in the pst background would allow for great production and a lower pH biolixiviant.

To directly target up-regulation of inorganic phosphate solubilization, and thus mineral bioleaching, we
inserted high-expression promoter regions directly upstream of the mgdh gene, which is necessary for
gluconic acid production from glucose?2. While the fufB, P12, 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 biolixiviant production. We found that the three promoter regions did not perform
similarly to each other, nor did they perform the same in the two different genetic backgrounds (wild-type
vs. ApstS) (Figures 2A and 2B).

While all three mgdh promoter insertions improved REE-bioleaching in the wild-type background, only
Pi12:mgdh had a significant effect when combined with the ApstS background. A possible explanation for
this difference is a differential change in promoter activity between wild-type G. oxydans and ApstS.
Further work is needed to confirm if the increased acidification resulting from Pii2:mgdh in ApstS is a
result of increased P112 promoter activity, which would indicate its regulation by phoB.

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.24 demonstrated that pulp density is
the strongest contributor to the process economics of REE-bioleaching. Using available experimental
results, Deng et al.24 predicted that the optimal pulp density for maximum yearly revenue would 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 (Figure 3C), we were further able to
demonstrate that driving the biolixiviant pH down can have an even stronger effect with lower pulp
density. Wild-type G. oxydans produces the same REE-bioleaching at 1 and 10% pulp density. At 10%
pulp density, the ApstS, Pi12:mgdh strain improved REE-bioleaching by 53% over wild-type. But, at 1%
pulp density, the same strain improved bioleaching by 73%. Further modeling is needed to determine if
such improvements would influence the ideal pulp density needed to maximize yearly revenue from REE-
bioleaching.

Conclusions

Through genetic engineering of targeted mechanisms underlying REE-bioleaching in G. oxydans, we
have created a bio-mining microbe with greatly improved REE-bioleaching capability. Our highest
performing strain, G. oxydans ApstS, P112:mgdh performs up to 73% better at REE-bioleaching than wild-
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type. The global demand for rare earth elements is rising with the implementation of technological
innovations, especially those related to renewable energy production, storage and transmission®. With
nearly all REE production taking place outside of the United States due to the cost of avoiding negative
environmental impact!2, the commercialization of a clean and sustainable cost-competitive process for
REE extraction is in high demand. REE-bioleaching with G. oxydans is done at room temperature 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 ApstS, P112:mgdh strain greatly improves on wild-type G. oxydans bioleaching capabilities,
which are already expected to confer a margin of profit in commercial application2341. 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-bioleaching strain, we are a step closer to the development
of a clean, sustainable REE production process capable of positively impacting the world REE market
without the environmental expense.
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Materials and Methods

Genetic Engineering of G. oxydans

In all experiments Gluconobacter oxydans B58 (American Type Culture Collection, Manassas, VA) was
cultured in yeast peptone mannitol (YPM; 5 g L-! yeast extract (C7341, Hardy Diagnostics, Santa Maria,
CA), 3 g L—1 peptone (211677, BD, Franklin Lakes, NJ), 25 g L-! 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 codB*2.

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 Xbal using Gibson assembly? (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 Dataset S4.

pKOS6b plasmids with homologous regions were transformed into G. oxydans following methods
described in Mostafa et al.#4. Bacteria were grown from single colony to an optical density between
0.8-0.9. Cells were harvested and washed three times with a half volume of HEPES, then resuspended in
250 pL HEPES with 20% glycerol (Bluewater Chem Group, Fort Wayne, IN). Cells were flash frozen,
then thawed on ice before transformation by electroporation with 2 kV on an Eppendorf Eporator.
Transformed recombinant cells were recovered overnight in 1 mL EP medium (15 g L-! yeast extract, 80 g
L-! mannitol, 2.5 g L-1 MgSO4-7H>0 (470301-684, Ward’s Science, St. Catherines, ON, Canada), 0.5 g
L1 glycerol, and 1.5 g L1 CaCl; (0556-500G, VWR, Radnor, PA) then planted onto YPM agar
supplemented with 100 pg mL-! kanamycin (kan) (IB02120, VWR). Recombinants were selected and
grown overnight in YPM supplemented with 100 pg mL-! kan, then plated onto YPM supplemented with
60 pug mL-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 2 mL Yeast-Peptone-Mannitol (YPM) media with a single
colony in a culture tube and grown for 48-72 hours until the culture reached saturation. Bacterial culture
was then back-diluted to an optical density of 0.05 in 10 mL YPM in a 250 mL Erlenmeyer flask, then
grown for 24 hours shaking at 250 rpm. Culture was then divided into three 100 mL flasks by pipetting 3
mL into each, then 3 mL 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 hours at 30 °C shaking at 250
rpm. Resulting biolixiviant was transferred to a 15 mL falcon tube for pH measurement, after which 5 mL
was transferred back into the same flask.

Unless otherwise specified, 500 mg REE-concentrated crushed allanite ore (Zappall from WRE) was
added to each flask (10% pulp density), which was then vortexed on the highest setting until all solids
were wet. Flasks were then incubated at room temperature and shaking at 200 rpm for 24 hours to
facilitate bioleaching. Solids were then briefly allowed to settle before 1 mL of leachate was transferred to
a 2 mL micro-centrifuge tube, which was then centrifuged for 1 min at top speed in a benchtop centrifuge
to pellet any remaining solids. 500 mL of leachate was filtered through a 0.45 um AcroPrep Advance 96-
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well filter plate (8029, Pall Corporation, Show Low, AZ, USA) by centrifugation at 1,500 x g for 5 min,
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 concentrations (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 rare earth element 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 measurement of standards, blanks, and repeat samples. A pWT
biolixiviant sample without bioleaching was spiked with 100 ppb REE standard and analyzed for all REE
concentrations as a control. ICP-MS data were analyzed using the program MassHunter, version 4.5.
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End Notes

Data Availability
The datasets generated during and analyzed during the current study are available on Cornell eCommons.

Code Availability
No novel code was generated in this work.
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time) are available at no charge for academic researchers. We are happy to supply a duplicate of the entire
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supplies and labor costs. Commercial researchers should contact Cornell Technology Licensing for
licensing details.
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A. ApstS Reduces Biolixiviant pH by 0.29 Units B. ApstS Increases Bioleaching by Up to 30%
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Figure 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 (3) or deletion (A) 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 were 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
bioleaching 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 experiments strains were tested in triplicate, and
results are demonstrative of multiple tests. Comparisons were made in Microsoft Excel with a two-tailed
homoscedastic ¢-test. All data for this figure, including p-values, can be found in Dataset S1.
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A. ApstS, P112:mgdh Drops pH by 0.39 Units B. ApstS, P112:mgdh Raises REE-bioleaching by 53.1%
*
= *
2 2.3 g B 6501
2 h 3 -
S 2.2 5 600 N
© £
5 . N = 550 & *
&% Iﬁlﬁ iy - "o 500 . s ; =
bl m -
: ES 2 = =
2 201 5 450
= * (=] ]
= =2
2.4l == 4009 ==
T T o T Py T Py T T T T T T T Py T Py T Py T T T T T
2,
EOCUR T T N N N T U N N Y
Y Y ® ® o ® 2N 2N 2N & » ) @
ENE S R S S 2 3 2
> % > % )‘\?‘a /;,’5 el > > % @,-5 )P’a
3 3
G. oxydans Strain Producing Biolixiviant G. oxydans Strain Producing Biolixiviant

C. No Strain Alters the Leachate Composition
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Figure 2. Over-expression of mgdh lowers biolixiviant pH by up to 0.39 units and increases REE-
bioleaching from apatite sand by up to 53.1% at 10% pulp density. (A) Biolixiviant pH for all tested
strains 36 hours after glucose introduction. (B) Total REE extracted per gram of apatite sand for all
strains. (C) Total 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 grams of apatite 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 #-test, p < 0.05. All
data for this figure, including p-values, can be found in Dataset S2.
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A. Lower Pulp Density Produces a Greater Bioleaching Improvement
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B. Low Pulp Density Amplifies the Effect of Low Biolixiviant pH
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Figure 3. Up-regulating mgdh and knocking out pstS at the same time raises REE-extraction efficiency by
up 73.1% at low pulp density. (A) A comparison of percent total REE-extraction at 10% (left panel) vs.
1% (right panel) pulp density for wild-type G. oxydans, ApstS and ApstS, Pii2:mgdh. All strains were
tested in triplicate. (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, can be found in Dataset S3.
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