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a b s t r a c t

Rare earth element (REE) recovery from waste streams, mine tailings or recyclable components using
bioleaching is gaining traction due to the shortage and security of REE supply as well as the environ-
mental problems that occur from processing and refining. Four heterotrophic microbial species with
known phosphate solubilizing capabilities were evaluated for their ability to leach REE from a high-grade
monazite when provided with either galactose, fructose or maltose. Supplying fructose resulted in the
greatest amount of REE leached from the ore due to the largest amount of organic acid produced. Glu-
conic acid was the dominant organic acid identified produced by the cultures, followed by acetic acid.
The monazite proved difficult to leach with the different carbon sources, with preferential release of Ce
over La, Nd and Pr.

© 2023 The Authors. Published by Elsevier Masson SAS on behalf of Institut Pasteur. This is an open
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Theutilizationof rare earthelements (REE) in technological driven
industries including medical, electronic and defense has seen a rapid
increase in their value as well as stimulating research into extraction
and recovery processes. The supply of REE currentlymeeting demand
is being met, and dominated by China, who have exhaustive extrac-
tion and commercialization practices. Themonopoly on this industry
creates a worldwide supply risk and to combat this bottleneck, sec-
ondary suppliers including the USA, South Africa and Australia have
entered themarket todiversify thesupplyof theseessential elements.
REE scattered throughout the globe are most commonly found in
oxidic form as rare earth oxides (REO), phosphates, carbonates and
silicates [1]. Profiting from the extraction of REE occurs by mining of
only a few of these oxides including bastnasite ((Ce,La)(CO3)F),
monazite ((Ce,La,Nd,Th)PO4) and xenotime (YPO4) [2].

Australia is host to approximately 36 REOmines includingMount
Weld (the largest), Nolans, Olympic Dam and Avonbank to name a
few, with REO production in 2023 reaching 18 thousand tonnes,

ranking 3rd in theworlds' supply behind China and the United States
[3]. The Mount Weld mine (operated by Lynas corporation) holds
claim to the having the highest grade REE mine in the world [4] but
these extensive reserves are bound within the deeply weathered
monazite component. Recovery of REE from these sources involves
orthodox extraction and separation procedures that require the
input of hazardous chemicals (ion exchange, solvent extraction)
resulting in the generation of dangerous wastes, often including
radionucleotides such as thorium. A viable alternative to this highly
energy intensive extraction processes is bioleaching.

Bioleaching of REO, in particular monazite ores has been
demonstrated by several groups [5e7] relying on the principle of
phosphate solubilization to liberate the REE from the ore matrix.
The application of phosphate solubilizing microorganisms (PSM)
has seen success, but the levels of REE released and recoverable
from the ore can differ widely. In 2018 we reported higher rates of
REE leaching with fungal species than bacteria [5] as have others
[8,9]. With pulp densities of up to 10%, recoveries of REE from red
mud saw 61% of Yttrium recovered [10], whereas with a 1% pulp
density, Acidithiobacillus ferrooxidans leaching permittedmaximum
recovery of 37% lanthanum after 14 days in batch culture [11].
Recycling of REE containing wastes such as fluid catalytic cracking
catalyst by application of Gluconobacter oxydans in a batch bio-
leaching system allowed for the salvage of 49% REE present [12].
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For successful bioleaching of phosphate ores using heterotro-
phic organisms, a source of organic carbon must be supplied to the
system, as the resulting organic acids generated via metabolism
have been suggested to be primary mechanism responsible for the
release of cations from the phosphate structure. Other suggested
processes have included the production of phosphatases that are
known to be active in phosphate limited soils [13] as well as pro-
duction of siderophores that are effective in solubilizing P from
inorganic minerals including FePO4 and phosphate rock [14].
Siderophore release from PSM not only enables the iron chelation
from FeeP complexes [15], freeing up the phosphate, but has an
additional defensive property in soil environments preventing
pathogenic predation for some organisms [16].

Some research has been done on the impact of different sugars
on leaching efficiencies and the mechanisms previously listed
[9,17,18] in an attempt to lower costs of leaching as well as under-
stand how secondary metabolites affect the growth of organisms
present in the leaching environment. This study evaluated the
ability of PSM to leach REE frommonazite ore sourced from the Mt
WeldMine inWesternAustralia. The ore from this site is of a suitable
grade by which traditional processes of chemical and electrical
methods of recovery are usually employed. Its suitability to bio-
leaching as an alternative extraction method was to be determined.

2. Methods

2.1. Monazite high grade ore composition

A weathered lateritic monazite ore from the Mt Weld mine in
Western Australia was donated for this research by Lynas Corpo-
ration. The orewas ground initially by a rodmill, then pulverized in
a ringmill and finally sieved to 1e35 mm in size. The ore samplewas
gamma irradiated at 50 kGy for 11 h (ChemCentre, Western
Australia). The mineralogical and chemical data of the ore was
obtained by X-ray diffraction (XRD), inductively coupled plasma
mass spectrometry (ICP-MS) (performed by Bureau Veritas). For
XRD-phase identification, the high-grade monazite ore was
micronized and front-loaded into a specimen holder, with diffrac-
tion data collected using a Bruker D8 Discover diffractometer with
Ni-filtered Cu Ka radiation (40 kV, 40 mA) over the range 7e120�

2q, with a step size of 0.015�. Phase identification was performed
using a Bruker EVA 5.2 with the COD database. Elemental compo-
sition can be found in Supplementary Table 1.

2.2. Microorganisms and media

Klebsiella aerogenes was obtained from the American Tissue
Culture collection (ATCC 13048), Burkholderia T48 (Genbank:
FJ687970) was isolated from soil collected from the rhizosphere of a
natural stand of Acacia stenophylla in the MurrayeDarling Basin in
south-eastern Australia [19], Pseudomonas putida (DSMZ 1693) and
G. oxydans (DSMZ 2343) were obtained from Leibniz Institute
DSMZ-German Collection of Microorganisms and Cell Cultures.

National Botanical Research Institute's Phosphate medium
(NBRIP: 5 g L�1 MgCl2(H2O)6, 0.25 g L�1 MgSO4(H2O)7, 0.2 g L�1 KCl,
0.1 g L�1 NH4SO4, 2 g L�1 KH2PO4, 30 g L�1 glucose, pH 6.8 ± 0.4)
was used as the growth medium for all organisms. Organisms were
maintained at 30 �C in liquid culture prior to use.

2.3. DNA extraction for phylogeny determination and diversity
profiling

Genomic DNA was extracted using a FastDNA™ Spin Kit for soil
(MP Bio, CA, USA). Diversity profiling of extracted community DNA
following experiments was carried out by the Australian Genomics

Research Facility using universal primers 341F and 806R specific for
the 16S rRNA gene of bacteria and archaea [20]. Sequence analysis
was conducted as described in [21]. Quality filtering and removal of
operational taxonomic units (OTU) with relative abundance below
0.1% was performed.

2.4. Bioleaching experiments

Bioleaching experiments examining the impact of different
carbon sources on leaching capabilities of the different microor-
ganisms were performed on monazite. All leaching experiments
were conducted in triplicate, in 500 mL Erlenmeyer flasks con-
taining 0.5% ore (w/v) supplemented with 1% maltose (Merck), 1%
fructose (Merck) or 1% galactose (Merck) in modified NBRIP media
with no soluble phosphate source, pH 7.0. No flask contained
glucose in the experiments. From stock, isolates were harvested at
exponential growth phase, centrifuged, and washed to remove
traces of NBRIP containing phosphate and glucose. Cells were
resuspended in NBRIP media with no soluble phosphate to a final
density of 107 cells ml�1. Flasks were incubated aerobically at 30 �C
and 130 rpm for 7 days. FourmLwas withdrawn for analysis at time
0, 1, 3, 7 days, removing no more than 10% of the overall total
volume.

Measurements were performed on both, cells and supernatant,
and included pH, acid phosphatase activity, REE concentration in
the leachate, organic acids and species diversity (after 7 days only).
Supernatants were separated from ore and cells by centrifugation
(13,000 rpm, 20 min) and filter sterilized (0.22 mm pore size).

2.5. Analytical methods

2.5.1. Acid phosphatase activity and pH
Leachate pH was measured (Ionode IJ series pH probe) on all

samples taken. Cellular and extracellular acid phosphatase (AP)
activity was assayed by the rate of r-nitrophenol phosphate (rNPP)
conversion to rNP following a modified protocol [22]. A 300 mL
sample of culture was centrifuged at 13,000 rpm for 10 min, the
supernatant, collected and filtered (0.20 mmPES, Sartorius). The cell
pellet was re-suspended and washed with 300 mL of Tris-Cl pH 7.
Triplicate tests were performed on 100 mL of cells, placed in a 96-
well plate and centrifuged at 3000 rpm for 20 min. Wash buffer
was discarded. Triplicate tests were also performed on 100 mL of
supernatant per sample. To each sample, for both cells and super-
natant, 100 mL of buffer containing 0.1 M sodium acetate (pH 5.2),
0.1% Triton X-100 and 5 mM r-nitrophenol phosphate (Sigma-
eAldrich) was added, the plates returned to 37 �C for 1 h and the
reaction stopped with the addition of 10 mL 1 N NaOH. Colour
development was assayed at 405 nm using a microplate reader
(EnSpire Multimode plate reader, PerkinElmer). Enzyme activity is
expressed as mmol rNP ml�1 min�1.

2.5.2. Organic acid analysis
Using HPLC, organic acids (OA) were separated and analysed

from culture extracts at each interval, based on a previously pub-
lished protocol [5]. In brief, filter sterilised (0.2 mm) culture extracts
were centrifuged (13,000 rpm for 10 min at room temperature) and
the supernatant diluted in H3PO4-acidified MQ water (pH ¼ 2.00).
Samples were run on reverse-phase HPLC using a Luna (Phenom-
enex) 5u C18(2) column (150 � 4.6 mm; 5 mm particle size) fitted
with a C18(2) guard column, using a 5:95 acetonitrile: 5 mM
ammonium phosphate buffer ((NH4)2HPO4); pH ¼ 2.00 using
H3PO4) as the mobile phase. All samples were run in 50 mL-in-
jections under isocratic elutionwith 1.0mL/min-1 flow rate at 50 �C
for 15 min. The instrument used was a Thermo Scientific UltiMate
™ 3000 LC System, coupled with a Thermo Scientific™ Dionex™
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UltiMate™ Diode Array Detector (DAD) 3000 set to 210 nm wave-
length for detection.

Data acquisition and analysis was conducted on HPLC traces
acquired using Thermo Scientific™ Dionex™ Chromeleon ™ 7
Chromatography Data System software (Version 7.2 SR4). Sample
peaks resolvedwerematched to elution times of pure OA standards
for: D-gluconic, oxalic, DL-malic, formic (Scharlab; Barcelona,
Spain), D-lactic, a-ketoglutaric, citric, acetic (VWR; Radnor, US) and
succinic (VWR; Radnor, US). Unless otherwise indicated, all OA
were sourced from Sigma-Aldritch (St. Louis, US). Peak area was
assessed via manual integration, with data exported to Microsoft
Excel. Using standard curves generated from separated OA of
known concentration, OA were quantified for all samples via peak
area interpolation and expressed in mmol L�1. Although D-lactic
and citric acid were detected, these standards had an unresolvable
co-elution, thus are not reported here. Pyruvic and butyric acids
were also assessed but were undetectable in all samples.

2.5.3. REE concentrations
Measuring the concentration of total REE in the leachate was

performed colorimetrically following the protocol by Hoggendoorn
et al. [23] with a wavelength of 650 nm for qualitative assessment.
Further analysis for quantitative results of individual elements La,
Ce, Nd and Pr for specific strains were measured using ICP-MS. The
filtered sample aliquots were heated to 85 �C and pre-treated with
hydrogen peroxide (H2O2), prior to aqua regia digestion (1:3
HCl:HNO3), based off methods by Cao et al. [24] and Gonzalez, van
Lier & de Kreuk [25]. The instrument (iCAP Q, Thermo Scientific)
was operated in accordance with manufacturer instructions.

3. Results

3.1. Impact of changing sugars on acid phosphatase production

The levels of acid phosphatase (AP) in both the cellular fraction
and supernatant under different sugars with 0.5% sterile monazite
were measured at 1,3 and 7 days post inoculation. AP activities were
significantly greater (P < 0.05) when provided with fructose for
Burkholderia T48 than any other species and peaked at day 3 (Fig.1A)
in both cells (16.96±1.25mMpNP) and supernatant (14.9± 1.78mM
pNP), with a detectable increase for K. aerogenes cellular fraction at
day 3 with fructose (4.70 ± 1.44 mM pNP) holding until day 7
(4.85 ± 0.71mMpNP) (Fig.1B). Changes in the levels of AP produced
by G. oxydans and P. putidawere negligible when the carbon source
changed with little difference between recorded between cellular
and supernatant fractions (Fig. 1C and D), and at concentrations no
greater than those recorded in the abiotic controls.

3.2. REE release and pH

Initial qualitative colorimetric assessment of monazite solubli-
zation and REE release demonstrated that total REE yield from
G. oxydans was minimal (Fig. 2). G. oxydans with fructose failed to
solubilize monazite with the final pH at day 7 staying high at 5.56
with a total of 1.87 ± 0.73 mM REE detected and with maltose the
pH reached 5.86 with 1.58 ± 0.34, performing no better than what
was recorded with the non-inoculated control (Fig. 2B). G. oxydans
produced the greatest amount of soluble REE (9.17 ± 0.34 mM)
when galactose was provided. P. putida, on the other hand, pro-
duced the greatest concentration of REE in solution when grown in
the presence of fructose with a final concentration of 9.37 ± 0.1 mM
REE in solution by day 7, halving when provided with galactose
(4.99 ± 0.1), and decreasing to 1.51 ± 0.28 mM REE when given
maltose. K. aerogenes had the greatest ability to solubilize the
monazite with 24.03 ± 0.1 mM REE in solution from fructose,

16.33 ± 1.4 mM REE with galactose and 11.99 ± 0.86 mM REE from
maltose. Burkholderia T48 with fructose had a final concentration of
7.47 ± 2.75 mM REE in solution by day 7, with galactose
(5.06 ± 0.59), and 1.96 ± 0.34 mM REE when given maltose. Based
on the amount of total REE released into solution, AP concentra-
tions and changes in pH, further analysis by ICP-MS was performed
to determine the proportion of individual REE released by the two
better performing species, Burkholderia T48 and K. aerogenes
(Fig. 3). No further REE or organic acid data was collected for either
P. putida or G. oxydans. ICP-MS revealed that Ce was preferentially
leached by both Burkholderia T48 and K. aerogenes, followed by La
and Nd at similar concentrations when supplemented with either
fructose or galactose. Total soluble REE were at the lowest con-
centrations when maltose was the carbon source, with K. aerogenes
releasing more than Burkholderia T48 . Non-inoculated controls
saw negligible amounts of REE solubilized with the greatest
amount detected with fructose after 1 day (35 mg L�1). REE release
was faster with K. aerogenes.

3.3. Organic acid production

A number of peaks were detected in HPLC chromatograms with
the most abundant compounds being identified and quantified. The
microorganismsproducedmicromolar amountsof organic acids over
three days. Assessmentwas ceased after day 3 as the pHhad reached
its lowest value at this time for Burkholderia T48 and K. aerogenes.
Previous research had determined >90% of sugars had been
consumed by day 3 when given glucose [5]. Fig. 4 shows the
maximum observed concentrations for all identified organic acids
during bioleaching experiments with each sugar. D-gluconic, oxalic,
formic, acetic, a-ketoglutaric, DL-malic and succinic acids were
detected in varying concentrations depending on the carbon source
provided. K. aerogenes provided with fructose produced the greatest
amount (0.42 mmol L�1) and number of organic acid species, how-
ever identificationandanalysis of D-gluconic acidwasproblematic. In
fructose-fed experiments, the D-gluconic peak was detected in both
non-inoculated and inoculatedmedia alike, suggesting the presence
of an interfering compound with identical retention time (Fig. S1).
Taking this point into consideration, the amount of OA produced by
K. aerogenes other than D-gluconic acid was similar between the
sugars at day 1, but on fructose fed-cultures therewas approximately
a 3-fold increase in all other OA by day 3. Detection of DL-malic,
succinic and a-ketoglutaric acids were notable in fructose-fed
K. aerogenes cultures at this timepoint, compared with other
groups.Moreover, a large amount of acetic acid (0.178mmol L�1)was
generated in these cultures, equal to that of the theoretical amount of
D-gluconic acid (0.175 mmol L�1). Less was detected when
K. aerogenes was given galactose or maltose. Burkholderia T48
generated similar amounts of formic and DL-malic acid toK. aerogenes
after 3 days when provided with galactose. Both species produced
the lowest amount and diversity of OAwhen provided withmaltose.

The amount of REE released by Burkholderia T48 and
K. aerogenes was examined against the overall concentration of OA
recorded and a correlation calculated of r ¼ 0.72 (Supplementary
Fig. 3). This highlights a weak relationship between the amount
of OA produced and REE in solution. While there was a correlation
seen between the amount of total organic acids produced and the
amount of rare earths in solutions, no relationship was observed
between the amount of AP produced (cellular or supernatant) with
the amount of REE released (Supplementary Fig. 3).

3.4. Microbial diversity

Despite gamma irradiation of the monazite, microscopic anal-
ysis detected microbial activity in the non-inoculated controls.
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Therefore, microbial diversity analysis was performed on all sam-
ples at day 7. At day 7, Burkholderia T48, K. aerogenes and P. putida,
still constituted >99% of the microbial population. In cultures
initially inoculated with Burkholderia T48 this remained the only
organism detected after 7 days growth in the presence of any of the
sugars (Supplementary Table 2). Two additional families,

Nocardiaceae and Pseudonocardiaceae, were present in very low
proportions (less than 0.1%) in the K. aerogenes cultures after 7 days
on all sugars, however these families were not present in our
extraction blanks (data not shown). This was also seen for P. putida
grown in the presence of fructose and maltose, however in the
presence of galactose, Nitrobacteraceae (Bradyrhizobium) was

Fig. 1. Acid phosphatase production by Burkholderia T48 (A), K. aerogenes (B), P. putida (C) and G. oxydans (D). Solid lines represent the cellular fraction and dotted lines are the
supernatant. Data are averages of three experiments each with three biological replicates. Non-inoculated results are the average of the three sugars.

Fig. 2. Total concentration of REE released into solution by Burkholderia T48, K. aerogenes, P. putida and G. oxydans when provided with fructose (A), maltose (B) and galactose (C).
Corresponding changes in pH for each organism per sugar are recorded on the secondary axis as dotted lines.
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detected at 0.1% of the total population. In contrast, the population
of G. oxydans after 7 days substantially decreased. Significant pro-
portions of Sphingomonadaceae and Enterobacteriaceae were pre-
sent, with specific species identified including Burkholderia and
Pseudomonas. These species were also detected in the non-
inoculated controls; however, many others were also present in
higher numbers including Afipia, Bradyrhizobium, Actinomyces,
Micrococcus, Ralstonia and Bacillus. Interestingly non-inoculated

cultures provided with maltose had the greatest species diversity
compared with the fructose and galatose. Burkholderia and Pseu-
domonas species dominated the non-inoculated controls cultures
incubated in the presence of fructose and galactose, with strain
identification different to those being maintained for inoculation.
No carbon controls routinely had few species including Bur-
kholderia, Pseudomonas, Bacilli, Bradyrhizobium and Sphignomonas,
however reproducibility was difficult due to low cell numbers.

Fig. 3. Proportions of REE in bioleaching supernatant after recorded pH changes from day 1 and day 3. Concentrations are of total detected light REE determined by ICP-MS. Error
bars indicate standard errors around the means. Bioleaching samples are from growth either on fructose (F), galactose (G) and maltose (M) inoculated with either K. aerogenes (K) or
Burkholderia T48 (B). Non-inoculated controls (N) are an average of three replicates.

Fig. 4. Leachate concentrations of organic acids following inoculation of gamma irradiated monazite with Burkholderia T48 (B) and K. aerogenes (K) supplemented with fructose (F),
maltose (M) and galactose (G). Non-inoculated (N) controls.
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4. Discussion

The use of microbially produced small organic acids to solubilize
REE containing ores has been the subject of increasing interest over
recent years. However, optimization of microbially drivenmonazite
solubilization for REE recovery is in its infancy and knowledge of
the impact of differing carbon sources on the production of these
organic acids has not been fully evaluated. The experiments con-
ducted here demonstrated that while all species maintained
growth on the differing carbon sources, they produced differing
suites of organic acids, which impacted their ability to solubilize the
monazite.

Initial experiments conducted with four microbial species
demonstrated that not all organisms solubilize inorganic phos-
phate equally with evaluation of successful leaching determined by
the concentration of REE in solution. G. oxydans and P. putida were
discarded from further studies after initial analysis of REE in solu-
tion and concentration of AP produced were low on all carbon
sources examined. This does not automatically preclude their in-
clusion from future leaching studies but highlights that the con-
ditions established here were less than optimal as both
Pseudomonas sp. and G. oxydans have been used successfully for
bioleaching a variety of minerals [26,27].

Bacterial species that produce acid phosphatases (AP) are often
associated with plant growth promotion whereby these enzymes
enable phosphate solubilization resulting in stabilization of the
microcosm and nutrient exchange pathways to be established [13].
As Burkholderia species are commonly found in the rhizosphere
[28] and aid in preventing P limitation in agricultural soils, the
production of this enzyme in high concentrations by Burkholderia
T48 up to day 3 supplemented with fructose was not unexpected.
The production of phosphatases are strictly regulated by phosphate
levels [29] (however phosphate-insensitive phosphates do exist
[30]), and while the levels of available phosphate in all cultures
were the same at day 0, the lack of soluble phosphate did not
trigger a release of AP from the other three species regardless of the
carbon source provided.With galactose andmaltose, AP production
was minimal with Bukholderia T48 indicating a separate role or
response to fructose.

Fructose in the environment is known to have an effect on some
PSM, as fungal secretion of fructose by Rhizophagus irregularis has
been documented to increase the extracellular secretion of phos-
phatase by Rahnella aquatilis, thus triggering P mineralization [31].
Therefore, as all strains recorded low levels of AP when provided
with either galactose or maltose, the presence of fructose may play
a role as a signal molecule with some organisms, triggering
bacteria-mediated phosphorus mineralization with AP regulation.
As these effects are likely to be occurring at the cell surface,
attachment and biofilm formation to the phosphate of the mona-
zite in the presence of different carbon sources requires further
examination to support this theory.

The lack of a clear correlating relationship between production
of an AP and REE release indicates that this enzyme is not a major
driver of monazite solubilization, although it is likely that the drop
in pH below 5.0 after days 1e2 rendered the enzyme less effective
by day 3 (Burkholderia T48 pH 4.2 with fructose at day 3) as optimal
pH has been documented to be between 5 and 6 [13,28]. Burhol-
deria T48 produced more AP but solubilized less monazite than
K. aerogenes which produced more OA and solubilized more
monazite.

Previous research conducted on sterile and non-sterile monazite
from Mt Weld with glucose provided as the carbon source [5]
demonstrated that gluconic acid was a large contributor to the
overall organic acid profile of each species and generated a far
greater amount of total organic acids than seen with the organisms

tested here on fructose, galactose or maltose. The most dominant
OA across experiments was D-gluconic acid when galactose and
maltose were provided. However, the D-gluconic peak was also
detected in the non-inoculated samples supplemented with fruc-
tose, suggesting the presence of an interfering compound with
identical retention. As both are 6-carbonmolecules, D-gluconic acid
and fructose may be structurally similar enough to confer proper-
ties (i.e. hydrophobicity) that result in the sharing of an elution time
under the HPLC conditions chosen. Conversely, Amaniampong et al.
[32] demonstrated the oxidation of D-glucose to glucuronic acid
through free radical interaction in water in the absence of chemical
catalysts. In line with this, fructose may be readily oxidized into D-
gluconic acid in our media, more so in the presence of pro-oxidant
metals from the ore. This has not yet been clarified however, so it is
difficult to confirm D-gluconic acid as the dominant acid in all
fructose leaching experiments.

On day 3, fructose-fed K. aerogenes cultures exhibited the
highest yield of lanthanides (>1 mg L�1) in the leachate accom-
panied by the highest OA levels (>0.4 mM L�1), with the greatest
spectrum of OA-species produced. Whilst D-gluconic was the most
abundant OA in many groups, this did not uniformly correspond
with lanthanide abundance. In fact, D-gluconic levels detected in
fructose-fed K. aerogenes cultures decreased from day 1 to day 3,
whilst total OA and REE more than doubled over time. The OAwith
marked increases in this group were DL-malic, a-ketoglutaric,
acetic and succinic acids, suggesting that these OA may play a more
substantial role in mineral interactions and lanthanide bioleaching,
independent of phosphatase activity. The structure of OA species
secreted underlyingly determines REE-interactions.

The increased REE in culture extracts in association with
particular OA species may be partly explained by hydrophobicity.
Oxalic acid (very hydrophilic) was detectable in all experimental
groups and timepoints without much effect on lanthanides in
culture extracts, apparently inconsequential to the amount of REE
solubilized. Acetic acid and the di-carboxylic acids (DL-malic, a-
ketoglutaric, and succinic acids) were the most hydrophobic of the
OA detected, with longer column retention times, with the greatest
effects on lanthanide bioleaching seen in their presence. As cationic
adsorption tends to strengthen with organic hydrophobicity
[33e35], the exposure of ore to these OA could result in increased
interactions with lanthanides in solution, OA-adsorption to the
mineral surface, and/or with other cations and thereafter secondary
release of REE into solution. This is in part supported by Lombardo
et al. [36], reporting that silica functionalized with succinic-acid
had a very high partition coefficient (Kd ¼ 250.0) and accordingly
high capacity to adsorb and chelate lanthanides in solution, and at a
comparable pH to these experiments (pH ¼ 4.50).

Wang & Golden [37] demonstrated that acetate ions bind
cerium ions, deter redox cycling, and keep it in solution for
cerium-film formation processes. This is largely attributed to
monodentate and bidentate REE-coupling with acetic acid facili-
tated by its carboxyl group [38]. Carboxyl-metal binding has also
been characterized in dicarboxylic acids [39], with both the
number and strength of electrostatic interactions suggested to
increase relative to the number of carboxyl functional groups
[40e42]. In this study, the constitutive increases in the more hy-
drophobic dicarboxylic acids may reflect more functional sites for
stronger interactions with lanthanides, improved OA-REE chela-
tion, and thereafter solubilization as a complex. The increased
lanthanide bioleaching measured in association with acetic acid
likely represents weaker and lesser ratio of lanthanide in-
teractions per molecule of acetic acid but compensated for by
sheer numbers. Collectively, this suggests particular OA may be
more integral to REE-leaching and OA-sequestering of REE, inde-
pendent of phosphatase activity.
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D-gluconic acid production is a result of glucose dehydrogenase
(GDH) activity which is affected by phosphate regulation. Phos-
phate starvation is known to induce GDH activity thereby
increasing OA production, with a resultant decrease in pH, releasing
phosphate [43]. Experiments here demonstrate that gluconic acid
was produced from all of the carbon sources, albeit at low con-
centrations (<0.5 mM L�1). If phosphate needs were being met
through solubilization of the ore, there should have been a higher
concentration of REE in solution, however this was not seen. It is
possible that phosphate starvation was occurring but without the
expected increase in gluconic acid produced as a result of triggering
of GDH activity. Maintenance of cellular phosphate levels are often
tightly controlled in bacteria [44] as excessive intracellular phos-
phate is toxic [45] so a counternarrative may be that phosphate
starvation is more likely to induce lipid accumulation and activate
pathways for fatty acid biosynthesis [46]. This would lower the total
amount of OA generated in these experiments. This highlights that
changing sugars significantly impacts OA production. Hypotheti-
cally it appears that the lack of phosphate (from monazite solubi-
lization) could trigger a preference for energy storage rather than
growth.

For the microorganisms tested to access energy for cellular re-
quirements, all carbon sources provided here needed to be con-
verted to glucose necessitating the presence of specific genes. The
ability to utilise maltose requires a complex set of genes, with all
species examined possessing the maltose systems responsible for
use of maltodextrins according to current literature [47e50]. The
lack of REE in the leachate following maltose utilization could be
attributed to the low levels of AP produced, as well as a difference in
the suite of OA produced, however as the amount of AP produced
did not correlate to the amount of REE in solution, it is more likely
that the lower OA produced are responsible. As all cultures were
fully aerated (shaking flasks), oxygen limitation is not to blame for
the lack of success with maltose as has been demonstrated with
yeast [51] and Alicyclobacillus acidocaldarius [52].

Uptake of maltose has been demonstrated to be slower by up to
half the rate in comparison to other sugars, especially glucose, in
other bacterial species [53] with further utilization of maltose
affected by lack of available phosphate. Additionally, during periods
of phosphate stress, maltose can be converted to glycogen for
storage (if glucose is absent) [54,55]. Therefore, the very low levels
of OA produced by Burkholderia T48 and K. aerogenes in the pres-
ence of maltose maybe attributed to the slow uptake of maltose
combined with the conversion of maltose to glycogen during
phosphate starvation. It will be of interest to repeat these experi-
ments with a longer time frame to determine if the slow update of
maltose could result in an extended leaching pattern and subse-
quent release of REE.

During periods of phosphate limitation (starvation) high cyto-
plasmic trehalose content has been detected in bacteria [55],
implying the bioconversion of carbon sources to an osmoprotectant
could be necessary to manage the phosphate-dependent regulation
of central and storage pool metabolism (glycogen, polyphosphate)
pathways. However, most less-preferred sugars are taken up by cells
with the assistance of the ATP-binding cassette (ABC) transport
systems, which are the largest group of carbohydrate-transport
systems found in bacteria [56]. The additional enzymes and en-
ergy input required for the conversion of these alternate sugars and
activation of multiple pathways for their incorporation into other
substances could be responsible for depleting available phosphate
stores. Future metabolite analysis is required to unravel this issue.

Galactose metabolism in microorganisms is often examined in
reference to lactic acid bacteria [57] for exploitation in the food in-
dustry with insufficient research conducted in bioleaching systems
[58] to thoroughly understand its impact on numerous leaching

kinetics. Utilization of fructose or galactose by Enterobacter aero-
genes (now K. aerogenes as is being used in this paper) has previously
demonstrated that after 20 h, more formate was produced on
fructose than galactose [59], whereas our results demonstrate very
little difference in the total amount produced on either sugar. In this
instance, phosphate limitation is likely impacting the types of OA
being produced due to the P requirements of the various metabolic
cycles. With the total overall concentration of OA on galactose less
than that of fructose by the end of the experiment, both K. aerogenes
and Burkholderia T48 may have been converting more of the avail-
able galactose into forming an extra polymeric substance on the
monazite to remain in contact with the surface, thus accessing
available phosphate. Galactose metabolism plays a crucial role in
biofilm formation in stressful conditions and in the case of species of
Burkholderia, D-galactose is incorporated into branched acetylated
heptasaccharide repeating units [60]. This phenomenon has previ-
ously been seen in sulfide bioleaching systems with At. ferrooxidans
[61] as well as in Bacillus subtilis [62].

Despite two rounds of gamma irradiation of the monazite ore,
the non-inoculated controls had considerable microbial diversity
after 7 days however, the reads were low in number in comparison
to the inoculant strains. This diversity was not detected in the
extraction blanks performed (data not shown). The monazite ore is
extremely friable, with small particle size and is easily compacted.
It is likely that some organisms were occupying cracks and pits in
the ore and were unable to be destroyed. Chemical cleaning and
autoclaving of the ore was excluded as both methods will result in
surface changes to the ore and overall composition; impacting the
ability to assess each species leaching capabilities. Regardless of the
carbon source provided, Burkholderia T48, K. aerogenes and P. putida
remained the dominant bacterial species in monazite cultures
while cultures inoculated with G. oxydans had a varying microbial
diversity by day 7. Burkholderia sp are generally acknowledged as
having significant biocontrol properties [63] as they produce a
number of bioactive materials including volatile organic com-
pounds, polyenes, polyynes, siderophores, macrolides, bacteriocins
and quinolones [64], so therefore it is not surprising that any mi-
croorganisms left on the ore could not proliferate to make a sig-
nificant contribution if secretion of any of these compounds were
present in the media. Similarly, K. aerogenes has a probiotic role in
the gastrointestinal tract producing substances that deter possible
pathogens [65] and Pseudomonas species produce up to 795
different bioactive compounds [66]. These species ability to domi-
nate regardless of the carbon source reflect their greater biocontrol
properties preventing any of the indigenous microorganisms from
establishing to significant levels of detection.

G. oxydans inability to remain as the dominant species in the
leaching cultures was unexpected as it does secrete acetic acid and
is known to oxidize a variety of carbohydrate sources [67]. Analysis
of those organisms that began to proliferate included Bradyrhi-
zobium when provided with fructose, several Enterobacteriaceae
when given galactose and numerous genera including Bacilli, Bur-
kholderia, and Pseudomonas when maltose was supplied; all of
which are frequently identified as soil inhabitants and found in the
uninoculated controls. As the OA produced by G. oxydans was not
examined due to the poor leaching rates initially detected, a cursory
analysis in the future could possibly help to explain the loss of
culture prevalence with inspection of the various bioactive com-
pounds in the other three cultures as well as examination of the
different OA produced.

5. Conclusions and future directions

Microbial driven solubilization of monazite leading to the
liberation of REE into solution resulted from organic acid release,
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and was driven by the carbon source provided, with fructose
demonstrating the greatest leaching capabilities. The survival of
indigenous microbes on the ore after irradiation demonstrates
native populations can withstand extreme conditions. Follow up
studies will evaluate the changes in leaching actions when pur-
posely non-sterilized ore is used with varying carbon sources as
well as investigations into the role of AP in the bioleaching process.
The goal will be to understand how the native population, monazite
breakdown and phosphate regulation are impacted and if this en-
ables an economically viable recovery process for REE to be
established.
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