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ABSTRACT
Sodium oxalate is an organic impurity produced miythe Bayer refining of bauxite
as a result of the degradation of humic materiakoaated with the ore. Physico-
chemical oxalate destruction techniques, such agbuastion are often expensive and
often pose greater environmental risks than theagéo of solid oxalate waste.
Biodegradation is an economical and environmentéiigndly way to degrade
oxalate, but the microbial communities responsible degradation have remained
largely uncharacterised. In the present work therobial community of a full-scale
bioreactor achieving complete degradation of sodixalate was characterised using
16S rRNA gene clone libraries followed by phylogenenalysis of the near full
length gene clone sequences. The community wasnadead by species belonging to
thea-, - andy-Proteobacteria groups. Novel oxalate-degrading bacteria belonging
the genusHalomonas and the (3-Proteobacteria group were isolated from the

microbial community and are currently being chaegsed.
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INTRODUCTION

The digestion of bauxite with hot caustic soda ltsso the co-digestion of humic and
fulvic materials associated with the host rock, @noduces soluble sodium salts of
organic acids including acetate, formate, malonatg;cinate and oxalate. The
majority of these remain in solution and pose nobfam to the Bayer process.
Sodium oxalate remains soluble in the process tiqud co-precipitates with the
agglomeration of alumina, resulting in the prodmetbf fine, non-uniform crystals.
This affects the purity and particle size of theafi alumina product making it
unsuitable for the production of aluminium and tesg in the loss of alumina and
caustic soda as dust. Alumina and caustic losgm®sent a significant increase in
operating costs to alumina refineries. Sodium dratan be removed from the Bayer
liquor by crystallisation in a diverted portion thie process stream, which enables its
separation from the liquor by filtration. Sodium abte has traditionally been
destroyed by combustion, which results in the sseaf carbon dioxide and other
gases, or contained in large storage facilitiesatong a further significant cost to

refineries.

Oxalate-degrading microorganisms are ubiquitousnature, and the biological
destruction of oxalate in the rhizosphere of oxafabducing plants and the
gastrointestinal tracts of animals has been desgrfahin, 2003). Bioreactors for the
treatment of sodium oxalate produced during theeBayocessing of bauxite are used

at various alumina refineries (Brassingaal., 1990; Chinloyet al., 1993; Mortonet



al., 1991; Theet al., 1990), however, the identity and ecology of micganisms

responsible for sodium oxalate oxidation have hmworly described.

Less than 1% of environmental microorganisms ha@nldescribed using culture-
dependent microbiological methods (Kehrmegeal., 1996; Lindahl and Bakken,
1995). The use of culture independent techniquash @s molecular biology has
facilitated the detection and identification of aeadth of non-cultivable
microorganisms from environmental samples. Targdi®@d rRNA gene surveys of
the microbial populations in pilot- and full-scabéoreactors treating Bayer liquor
organic wastes, using the polymerase chain reaati@ombination with denaturing
gradient gel electrophoresis (PCR-DGGE), have atdd that microorganisms
belonging to thex, B andy subgroups of theroteobacteria dominate these processes
(McSweeneyet al., 2009). In this study 16S rRNA gene clone librarieere
constructed to estimate the abundance and distibaff these microbial groups in
the attached and suspended biomass of a full-soaing bed biofilm reactor

(MBBR) achieving complete degradation of oxalate.

MATERIALSAND METHODS

Bioreactor operating conditions and sampling

The oxalate-degrading bioreactor consisted of 2ndrgBUl and BU2), each
comprising three MBBRs (150 ¥n(Fig. 1). Each train was supplied with carbonated
process liquor (pH 9.5) containing approximatelyglD oxalate at a flow rate of 40
m>h, with the feed split equally to MBBRs 1 and 2BBRs 1 and 2 were considered

to be replicates of each other so sampling was petformed on MBBR 1 of each



bioreactor unit. MBBR 3 was operated in sequenc&BBRs 1 and 2 and as all
oxalate destruction was observed in these two MBBRmples were not obtained

from MBBR 3 for this study.
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Figure 1 Schematic flow diagram of the bioreactor units (BU). Samples were obtained from the

tank liquor (B) and biofilm beads (C) of MBBR 1 of each BU.

Each MBBR contained high density polyethylene be@f9 w/v; AnoxKaldnes,
Natrix model O), which provide a protected surfacea of 300 Aim® for microbial
growth and biofilm formation. Steady-state openatod the full-scale bioreactor was
considered to be achieved when both units had bperating stably and consistently
for more than 3 months, and achieving completeatigion of oxalate (9.6 T/day) in
the influent feed. Liquid samples and beads welteated from the first MBBR
(MBBR 1) of each of BU1 and BU2, and transportedhi® laboratory within 4 h of
sampling for measurement of pH and determinatiorcedf numbers. The samples

were stored at80°C for subsequent molecular analysis.



DNA extraction and amplification

Alumina and other particulates were separated fitwenliquid samples by low speed
centrifugation (300& g, 1 min). Cells in the supernatant were pelletélj QDOx g, 8
min) and used for DNA extraction. The biofilm wasypically removed from beads
using a sterile spatula. The cells from the ligeainples and the detached biofilm
were lysed with lysozyme and low speed bead bedfhgmbet al., 2002). Total
genomic DNA was extracted using phenol:chlorofosmamyl alcohol (24:1:1, pH
8.0) and precipitated with sodium acetate (3 M,58) and isopropanol, as described
previously (Plumlet al., 2002). DNA was extracted from the liquid and bbaxdilms

from MBBR 1 of each of BU1 and BU2.

The 16S rRNA genes were amplified (HotStar Taq Ritagen) using bacterial 27F
forward primer (5GAG TTT GAT CCT GGC TCA G-3 25 pM) and universal
1492R modified reverse primer{BCG GdIT ACC TTG TTACGA CTT-3 dl = 2-
deoxylnosine modification; 25 pM) and a thermallimyg program of: 94°C for 15
min, 35 cycles of 95°C for 1 min, 48°C for 1 mirR°C for 2 min, and 10 min at
72°C. PCR products were purified using UltraCleddRPCleanUp Kit (MO BIO

Laboratories Inc. USA).

Clonelibrary construction

Ligations were carried out using the pGEM-T Easytde Systems (Promega) kit
with vectors carrying #&acZ gene and an ampicillin resistance gefsy(). Ligated
products were transformed into XL2-Blue MRBItracompetent cells (Genotype:
A(merA)183 A(mer CB-hsdSMR-mrr)173 endAl supE44 thi-1 recAl gyrA96 relAl lac

[F' proAB lacl®ZAM15 Tn10 (Tet) Amy Cani]; Stratagene, Agilent Technologies).



Transformed cells were diluted and spread-inocdlateito Luria Broth agar
containing ampicillin and X-gal. Clones were scesrby colour, based on the
successful ligation of the 16S rRNA gene insen thielacZ gene. Colonies that were
blue in colour had a functionkdcZ gene, indicating that there was no 16S rRNA gene
fragment inserted into the transformed vector. Gel® that were white had a non-
functional lacZ gene, indicating that ligation of the insert iritee vector had been
successful. White colonies were picked and submdtaseptically onto another LB
plate containing ampicillin, X-Gal and isopro34D-1-thiogalactopyranoside (IPTG)
to confirm the presence of the insert. A blue cla@es also picked from each plate as
a negative control. A total of 150 transformed whiblonies were picked for each
bioreactor sample analysed. Picked colonies wesedyand inserts were amplified as
described above using the primers T7-TBATACGACTCACTATAGGG-3; 25
pM) and SP6 (BCGATTTAGGTGACACTATAG-3; 25 pM). Amplified inserts
were run on a 1% (w/v) agarose gel with Hyperladd@olecular weight marker to
determine the length of the amplified fragment. r@® that contained the correct

insert size were sequenced.

Phylogenetic analysis

Amplified 16S rRNA gene fragments were sequencédatrogen Inc. (Korea) using
BigDye  Terminator  cycle  sequencing  with 518F primer(5'-
CCAGCAGCCGCGGTAATACG-3 10 pM). Sequences were analysed using

ChromasPro www.technelysium.com.au/ChromasPro.html and  phylogenetic

affiliations were initially determined using BLAS{Basic Local Alignment Search

Tool; www.ncbi.nlm.nih.gov/BLAST). Inserts that did not have readable sequences

were discarded prior to alignment. Partial 16S rRijke fragments were aligned



using the ClustalW function of the Mega4 softwausjng reference sequences
obtained from the NCBI GenBank database. Sequenskasty was calculated using
a complete deletion distance matrix and neighboinifjg method with Jukes and
Cantor single parameter correction in the Megativso€. Partial sequences that were

99% similar were grouped into the same operatitmanomic unit (OTU).

Representative near full-length insert fragmentsewsequenced at Macrogen Inc.
(Korea) using the forward primers 27F-BAGTTTGATCCTGGCTCAG-3, 357F
(5-CCTACGGGAGGCAGCAG-3 and 518F (5GWATTACCGCGGCKGCTG-3
and reverse primers 800R '{BACCAGGGTATCTAATCC-3 907R (5
GTGCTCCCCCGCCAATTCCT-3 and 1492R €
TACGGYTACCTTGTTACGACTT-3). Primer concentrations were 10 pM. Near
full-length 16S rRNA gene sequences were constducteing ChromasPro and
aligned using the ClustalW function of Mega4. A [agenetic tree of representative
clone 16S rRNA gene fragments was constructed imga¥leusing the complete
deletion distance matrix and neighbour-joining roethvith Jukes and Cantor single

parameter correction.

Estimation of biodiversity

The microbial diversity in the suspended and atddbiomass in MBBR 1 of each of
BU1 and BU2 was estimated by plotting the cumutiumber of different OTUs in
each clone library against the number of clone$yaed. A curve was fitted using the
equationy = x/(ax+b), wherey is the cumulative OTU numbex,is the number of

clones analysed, araland b are constants (Sekiguchki al., 1998). The constants

were solved using an ordinary least squares meihddicrosoft Excel 2003. The



theoretical maximum number of different phylotypeseach sample was estimated

from the equation whenebecomed/a if x = infinity.

RESULTS

Bioreactor operation
The process performance of BU1 and BU2 at the éfsampling is outlined in Table
1, which shows that the two trains were effectivagnoving all the oxalate added in

the influent stream.

Table 1. Performance characteristics of bioreactor unitsBU1 and BU2 at the time of sampling for

construction of clonelibraries.

BU1 BU2
Flow Rate (n¥h) 16.2 30.5
Hydraulic retention time (h) 27.7 14.7
Average temperature (°C) 38.6 37.7
Average pH 9.7 9.7
Influent oxalate concentration (g/L) 22.5 31.3
Effluent oxalate concentration (g/L) 0.04 0
MBBR 1 Degradation Rates (kg/m3.4) 19.46 51.12
Cell count in MBBR 1 (cells/mL) 39x %o 5.3 x 16
MBBR 1 Bead Cell Count (cells/bead) 9.7 X490 | 7.2 x1d°

Phylogenetic analysis of 16SrRNA gene clones

Four clone libraries constructed from the susperatedl attached bacterial biomass
from MBBR 1 of both bioreactor units resulted in0l&ones in each of the libraries.
One hundred clones from each library were randasehgcted for analysis; clones

with the incorrect insert size were discarded. Asial of initial sequencing of the 16S



rRNA gene inserts with primer 530F revealed 13inkt$tphylogenetic groups in both
the suspended and attached biomass of both MBBRs. Sequence similarity
between the members within each group was 99%. pophanetic tree was
constructed after obtaining the near-complete 16WNA gene sequence of

representative clones from each group (Fig. 2).
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Figure 2. Phylogenetic trees generated using distance matrix and neighbour-joining methods
based on 16S rRNA gene sequences of clones obtained from the suspended (1S and 2S,
respectively) and attached (1A and 2A, respectively) biomass (bold) of bioreactor units BU1 and
BU2, and reference sequences obtained from the NCBI database. The total number of similar
clones retrieved from each biomass sample is shown in parentheses. A: Matches to the a-

Proteobacteria subgroup. B: Matches to the y-Proteobacteria subgroup. C: Matches to the B-
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Proteobacteria subgroup. D: Matches to the classes Firmicutes, Actinobacteria and Bacteroidetes.
Numbers at nodes represent bootstrap values based on 1000 iterations. Flavobacterium aquatile

(AM 230485) was used as an outgroup for trees A, B and C. Archeoglobus veneficus (AF418181)

was used as an outgroup for tree D. The scale barsin A-D represent changes per nucleotide.

Among the analysed clones, 13 and 15 different OWkl® detected in the suspended
and attached biomass of MBBR 1 of BU1, respectivatyl 13 and 16 different OTUs
were detected in the suspended and attached biowfaddBBR 1 of BUZ2,
respectively. The distributions of the different @sl'in the suspended and attached

biomass of the MBBRSs are shown in Tables 2 and 3.

12



Table 2. Distribution of operational taxonomic units (OTUs) in 16S rRNA gene clone libraries

constructed from the DNA extracted from suspended and attached biomass of MBBR 1 of BU1.

Suspended Biomass

Attached Biomass

Group Number Percentage of Number Percentage of
OTUs OTUs
of clones total clones of clones total clones
Proteobacteria
a-Proteobacteria - - - 3 22 27
[-Proteobacteria 2 22 24 2 22 27
y-Proteobacteria
Halomonas 3 32 36 3 18 22
Marinospirillum 1 21 23 - - -
Alkalispirillum 1 1 1 - - -
Idiomarina 1 1 1 - - -
Natronocella 1 5 6 1 3 4
Firmicutes
Bacillus 1 2 2 1 4 5
Natronobacillus 1 2 2 1 1 1
Other 1 1 1 1 1 1
Actinobacteria - - - 2 2 2
CFB Group 1 3 3 1 8 10
Total 13 90 100 15 81 100
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Table 3. Distribution of operational taxonomic units (OTUs) in 16S rRNA gene clone libraries

constructed from the DNA extracted from suspended and attached biomass of MBBR 1 of BU2.

Suspended Biomass

Attached Biomass

Group Number Percentage of Number Percentage of
OTUs OTUs
of clones total clones of clones total clones
Proteobacteria
a-Proteobacteria - - 5 29 34
[-Proteobacteria 2 29 34 3 19 22
y-Proteobacteria
Halomonas 3 34 40 1 19 22
Marinospirillum 2 4 5 - -
Alkalispirillum 1 1 1 - -
Idiomarina 2 5 6 - -
Natronocella 1 5 6 1 12 14
Other - - 1 2 2
Firmicutes
Bacillus 1 4 5 - -
Other 1 3 3 - -
Actinobacteria - - 1 1 1
CFB Group 1 1 1 4 4 5
Total 14 86 100 16 86 100

Phylogenetic analyses of the clone libraries cowsdd from the attached and

suspended biomass in MBBR 1 of both bioreactonsrahowed that the bacterial

biodiversity was low but similar in both. The domimt microorganisms by percentage

composition belonged to the, - anda-Proteobacteria groups. Species belonging to

the genudHalomonas represented approximately-38% of the suspended biomass

14



and 22% of the attached biomass in each MBBR. Mgt¢h an unknown species of
[-Proteobacteria represented approximately 28%of the attached and suspended
biomass in each MBBR. Matches to members of dti&r oteobacteria represented
approximately 2¥34% of the attached biomass, but was not deteatedhe
suspended biomass of either MBBR. Matches to lessirthnt groups including
Bacillus spp., an unculturedActinobacteria, and the Cytophaga-Flexibacter-
Bacteroidetes group were also detected, but based on their pexge composition
within the attached and suspended biomass of ed8BRVI these microorganisms

were probable derived from soil and water in ther@mment adjacent to the refinery.

Estimation of bacterial diversity

The number of different phylotypes was estimategotétically by analysing the
cumulative OTU distributions of the clone librarieonstructed for both the
suspended and attached biomass of MBBR 1 of bottedctor units. The cumulative
OTU distributions showed that the theoretical maxim number of different
phylotypes in the suspended and attached biomdd8BR 1 of BU1 was 16 and 20,
respectively (Fig. 3). The theoretical maximum nembf different phylotypes in the

suspended and attached biomass of MBBR 1 of BU2 Maand 16, respectively

(Fig. 4).
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Figure 3. Estimation of the bacterial diversity in the suspended (O, ----) and attached (@, =)
biomass of MBBR 1 of BU1 based on cumulative number of operational taxonomic units (OTUS).
The sequential detection of cumulative OTUs reflects the order of detection, which was assumed
to be stochastic relative to the distribution of clones generated from the sample library. The
prediction of cumulative lines was performed using the curve from the equation y = x/(ax+b),
wherey is the cumulative number of OTUSs, x isthe number of clones analysed, and a and b are

constants.

16



16 4

14 A €I T

12 4

ii‘X'I'XlX'XlX'X'D
10 +

Cumulative OTU Number
[ee]

O ‘f‘ T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90
Number of Clones Analysed

Figure 4. Estimation of bacterial diversity in the suspended (O, ----) and attached (@, =)
biomass of MBBR 1 of BU2 based on cumulative number of operational taxonomic units (OTUSs).
The sequential detection of cumulative OTUs reflects the order of detection, which was assumed
to be stochastic relative to the distribution of clones generated from the sample library. The
prediction of cumulative lines was performed using the curve from the equation y = x/(ax+b),
wherey is the cumulative number of OTUSs, x isthe number of clones analysed, and a and b are

constants.

DISCUSSION
16S rRNA gene clone libraries were used to estinttegeabundance and diversity of
the microbial community in both the suspended atathed biomass in two MBBR
units of a full-scale oxalate-degrading bioreactdnalysis of the clones in each
library indicated that the dominant members ofdbmmunity belonged to thg and
y-Proteobacteria subgroups. The detection of these groups in thearles is
consistent with those detected in a pilot-scalerdaictor treating sodium oxalate,

using PCR-DGGE (McSweeneyal., 2009). The 16S rRNA gene clone libraries also

17



show that these microorganisms were numericallyidant, which indicates that they

are the likely major contributors to the biologidaigradation of oxalate.

All microorganisms detected in the clone libraryalgsis have been described as
organotrophic, halophilic and neutrophilic or algllic bacteria (Anderst al., 1995;
Boldarevaet al., 2008; Boldarevaet al., 2007; Mormileet al., 1999; Zhouet al.,
1995). Cloned sequences grouping with the gdnal®monas and an uncultured
species off-Proteobacteria constituted a large proportion of the microbiaincounity

in both the suspended and attached biomass of dBBR. Members of the genus
Halomonas are typically organotrophic and have the abildydegrade most organic
acids (including acetate and formate), but haveipusly been thought to be unable
to utilise oxalate as a sole source of carbon aedgy (Catoret al., 2004; Joshét al.,
2008; Mormileet al., 1999; Romanet al., 1996). Many microorganisms belonging to
the subgroupp-Proteobacteria are involved in the cycling of nitrogen through
denitrification or nitrogen fixation process, amre also well known for their ability to
degrade environmental pollutants including toluand other hydrocarbons (Anders
et al., 1995; Zhouet al., 1995). It is possible that this group plays a kele in
nitrogen cycling in the bioreactor in addition te involvement in the degradation of
oxalate. Oxalate-degrading microorganisms mosetjaglated tdHalomonas andp-
Proteobacteria detected in the bioreactor are currently beinglated and
characterised. Research into their roles in tbegical destruction of oxalate is also

underway.

Sequences representing microorganisms belonginghéo a subgroup of the

Proteobacteria were only detected in the attached biomass oMBBRS, and not in

18



the suspended biomass. This finding is consistétht tive results of the PCR-DGGE
analysis of the pilot-scale bioreactors used in deselopment of the full-scale
process (McSweenedt al., 2009). The microorganisms with sequences mosebtfo
related to thea subgroup members found in this study #&@seinatronobacter
monicus ROS 10 Rhodobaca (Rca.) barguzinensis andRca. bogoriensis. These are all
obligately aerobic, heterotrophic and haloalkaligshiand can produce pigments
under reduced light conditions or grow photosyndadly (Boldarevaet al., 2008;
Boldarevaet al., 2007; Milford et al., 2000). These microorganisms may be slow
growing under the operating conditions of the kagoter, and attached growth may

prevent washout of their biomass from the bioreacto

Estimation of the bacterial diversity based on thenulative OTU distribution

indicated that the theoretical maximum number dfedent phylotypes in the

suspended and attached biomass in MBBR 1 of BUllwamd 20, respectively, and
in MBBR 1 of BU2 was 18 and 16, respectively. Ta&lt number of OTUs detected
in analysis of the suspended and attached biomad8BR 1 of BU1 was 13 and 15,

respectively, and in MBBR1 of BU2 was 14 and 18peztively, which in both cases
was relatively close to the theoretical maximum bars determined. These results
highlight that in each of the MBBR units the bioglisity was low and the number of
groups of microorganisms was similar. This suggésés a specialised biomass is
required for the biological removal of oxalate, ahdt the operating conditions are

only suitable for a narrow range of microbial greup

Based on analysis of the microbial ecology in pild full-scale bioreactors it is

evident that the microbial community responsible fioe biological oxidation of

19



oxalate are conserved in both processes and nuidiyerse. This, and the detection
of some common soil and water microorganisms inRE&R-DGGE analysis of the

pilot-scale bioreactor (McSweenelal., 2009) and in the clone library analysis of the
full-scale process (this study) also indicate ttiet microorganisms in the oxalate-
degrading bioreactors are probably indigenous ¢owthater and soil environments in

the vicinity of the bioreactor site.

The use of 16S rRNA gene clone libraries in thiglgtenabled the estimation of the
abundance and distribution of the dominant groupsbacteria in a full scale

bioreactor which had been previously detected @itygquantified) by PCR-DGGE of

pilot-scale bioreactors (McSweenegt al., 2009). Full characterisation of the
microbial communities involved in the biologicalstieiction of oxalate in bioreactors
will provide insights into the optimum growth cotidns of these microorganisms,
and aid the establishment of full-scale bioreagimrcesses at refineries worldwide.
The identification and characterisation of isolatedlate-degrading bacteria from the
full-scale bioreactor is currently underway. Thss the first step in developing a
greater understanding of the role of individual rbers of the bioreactor microbial
community in the oxidation of oxalate, with the etfjve of maximising the

efficiency of oxalate degradation.
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