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Abstract Western Australian bauxite deposits
are naturally associated with high amounts of humic
and fulvic materials that co-digest during Bayer
processing. Sodium oxalate remains soluble and can
co-precipitate with aluminium hydroxide unless it is
removed. Removal of sodium oxalate requires a
secondary crystallisation step followed by storage.
Bioreactors treating oxalate wastes have been devel-
oped as economically and environmentally viable
treatment alternatives but the microbial ecology and
physiology of these treatment processes are poorly
understood. Analysis of samples obtained from two
pilot-scale moving bed biofilm reactors (MBBRs) and
one aerobic suspended growth bioreactor (ASGB)
using polymerase chain reaction- denaturing gradient
gel electrophoresis of 16S rRNA genes showed that
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members of the o-, f- and y-Proteobacteria sub-
groups were prominent in all three processes. Despite
differing operating conditions, the composition of the
microbial communities in the three reactors was
conserved. MBBR2 was the only configuration that
showed complete degradation of oxalate from the
influent and the ASGB had the highest degradation
rate of all three configurations. Several strains of the
genus Halomonas were isolated from the bioreactors
and their morphology and physiology was also
determined.

Keywords Bayer process - Oxalate bioreactor -
16S rRNA analysis - Microbial ecology

Introduction

Aluminium is the most abundant metallic element in
the Earth’s crust and is extensively used in various
industries due to its versatility (Driscoll and Schecher
1990; Hind et al. 1999). Bauxite is the primary ore for
aluminium extraction and contains a number of
aluminium containing minerals, including gibbsite
(Al(OH)3) and boehmite (AIO(OH)). Bauxite is
refined by the Bayer process first by precipitation to
produce aluminium hydroxide which is then heated to
produce alumina (aluminium oxide; Al,O3). Alumina
is then electrolysed to produce primary aluminium
metal or fabricated aluminium products.
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In the south-west of Western Australia, bauxite is
naturally associated with large amounts of humic and
fulvic materials (Hind et al. 1999). During initial
digestion of bauxite with hot caustic, these materials
are co-digested to produce a large range of sodium
salts of organic acids including acetate, formate,
malonate, succinate and oxalate (Smeulders et al.
2001). The organic acids produced by the Bayer
processing of bauxite affect the quality and yield of
precipitated aluminium hydroxide. Due to the cycli-
cal nature of the Bayer process, organic acids can
build up in the liquor stream. Unless removed,
sodium oxalate remains saturated in the process
stream and co-precipitates with aluminium hydroxide
as acicular crystals which prevent alumina agglom-
eration. This results in excess alumina dust and
caustic losses, and ultimately increases the operating
costs associated with Bayer processing (Hind et al.
1999; Brown and Cole 1980). It is necessary to
remove sodium oxalate from the liquor stream to
avoid detrimental effects of co-precipitation with
aluminium hydroxide. In some refineries, this is
achieved by crystallisation of the sodium oxalate in a
secondary process stream. Previous utilisation and
disposal methods for the resulting solid sodium
oxalate waste have proven to be expensive and
require expensive control systems to prevent the
emission of odorous compounds.

Bioreactor processes have been developed for
use in Bayer refineries for the destruction of oxalate
in a more environmentally acceptable and econom-
ically viable way (Chinloy et al. 1993; Morton
et al. 1991; The et al. 1992; Brassinga et al. 1990).
However, the microbial ecology and physiology of
these oxalate-degrading bioreactors are poorly
characterised.

In this study, 16S rRNA analysis was used
to characterise the microbial communities in three
pilot-scale bioreactor configurations demonstrating
near-complete or complete oxalate destruction from
influent feeds composed of sodium oxalate slurry
treated with carbonated refinery residue lake water to
reduce the feed pH. Culture-dependent methods were
used to isolate and identify potential key oxalate-
degrading microorganisms from each configuration.
Here we describe the microbial composition of pilot-
scale oxalate-degrading bioreactors and identify the
key microbial groups of microorganism which may
contribute to the biological removal process.
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Materials and methods
Bioreactor configurations and sampling

The microbial communities of three bioreactor con-
figurations were analysed in this study. Reactor
configurations differed only in operating conditions.
Directional flow of oxalate containing influent and
the effluent is shown in the schematic of Fig. 1. The
moving bed biofilm reactors (MBBR 1 and 2)
contained approximately 50% (w/v) of high-density
polyethylene beads with protected surface area
(300 m*m® for biofilm growth (AnoxKaldnes;
Natrix model O). The aerobic suspended growth
bioreactor (ASGB) was operated in the same manner
as the MBBRs without the addition of the polyeth-
ylene beads for growth. Bioreactors were inoculated
with activated sludge as an initial source of biomass,
nutrients and growth factors. The influent of the
reactors consisted of carbonated process liquor (pH
9.5) and varying concentrations of sodium oxalate
(Table 1). An EDI MaxAir Diffuser (Environmental
Dynamics) provided aeration to the reactors during
operation at a rate of 60-65 kg/h. Flow rates and
hydraulic and suspended retention times varied for
the different configurations (Table 1). Reactors were
considered to have developed a stable microbial
community after 6-9 months of operation with no
notable disruption to the biological removal of
oxalate. Samples for 16S rRNA analysis were stored
at —80°C prior to DNA extraction.

nutrients

effluent
C

influent | A

o

o] 1) o]

° airino,
o 1) o

o]

Fig. 1 Simplistic flow schematic of pilot-scale oxalate-
degrading bioreactors. MBBRs were operated with 50%
(w/v) polyethylene beads as a growth support whilst the
ASGB configuration was not. Aeration was provided by a
diffuser. Samples were taken from influent (¢) and bead
biomass (b) of the MBBRs and the effluent (¢) of the MBBRs
and the ASGB configurations
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Table 1 Physico-chemical measurement of the bioreactors at
the time of sampling for 16S rRNA analysis

MBBR 1 MBBR 2 ASGB

Reactor volume (m’) 3.8 3.8 3.8
Flow rate (I/h) 350 200 100
Hydraulic retention time (h) 114 20 354
Average temperature (°C) 325 35 38.5
Average dissolved oxygen (mg/l) 5.8 3.7 23
Average pH 9.6 9.6 9.6
Influent oxalate (g/1) 13.8 34.3 92
Effluent oxalate (g/1) 8.0 0 10
Percentage degradation 58% 100% 89%
Degradation rate (g/1 h) 0.531 1.806 2.158

16S rRNA gene analysis
DNA extraction and PCR

Duplicate liquid samples from the influent and
effluent of all reactors and beads with attached
biomass from the MBBRs were collected and trans-
ported to the laboratory on ice within 2 h of
collection. Reactor fines were separated from liquid
samples by low speed centrifugation (3,000xg,
1 min). Biofilm was removed from each bead
collected from the MBBRs using sterile spatulas.
Total genomic DNA was extracted from liquid and

biofilm samples using a phenol: chloroform: isoamy]l
alcohol (24:1:1; pH 8.0) extraction and sodium
acetate (3 M, pH 5.2) and isopropanol precipitation
as described previously (Plumb et al. 2002).

Polymerase chain reaction (PCR)

16S rRNA genes were amplified using polymerase
chain reaction (PCR) using the HotStar Taq PCR kit
with bacterial 27F forward primer and universal
1492R reverse primer (Table 2) with the following
thermal cycling program: 15 min at 94°C; 35 cycles
of 95°C for 1 min, 48°C for 1 min and 72°C for
2 min; 10 min at 72°C. Primers for PCR were used at
a concentration of 25 pM. PCR products were
purified using the UltraClean PCR Purification kit
(MoBio Laboratories). These products were used as
templates for a second amplification with bacterial
357F-GC forward primer and bacterial 907R reverse
primer (Table 2) with the following thermal cycling
program: 95°C for 15 min; 94°C for 1 min, 63°C for
1 min and 72°C for 2 min. The annealing tempera-
ture of 63°C was decreased by 1°C every second
cycle until it reached 53°C, followed by a final
extension step at 72°C for 10 min.

Denaturing gradient gel electrophoresis (DGGE)

DGGE was performed using the DCode Universal
Mutation Detection System (BIORAD) as per the

Table 2 Primers used for PCR amplification and sequencing of 16S rRNA genes

Primer” Sequence (5 to 3') Target Reference

27F° GAGTTTGATCCTGGCTCAG Bacteria Lane (1991)

357F CCTACGGGAGGCAGCAG Bacteria Muyzer et al. (1996)
357F-GC* CCTACGGGAGGCAGCAG Bacteria Muyzer et al. (1996)
530F¢ GTGCCAGCMGCCGCGG Universal Lane (1991)

518R¢ GWATTACCGCGGCKGCTG Universal Muyzer et al. (1996)
907R® GTGCTCCCCCGCCAATTCCT Universal Lane (1991)
1492R"* ACGGdITACCTTGTTACGACTT Prokaryotes Lane (1991)

* The number corresponds to the E. coli position to which the 3’ end of the primer anneals. F and R correspond to forward and

reverse primers, respectively

® Modified from the original primer

© GC is a 40 nucleotide GC-rich sequence attached to the 5’ end of the primer. The GC sequence is 5'-CGCCCGCCGC

GCGCGGCGGGCGGGGCGGGGGCACGGGGGG

¢ Primer mixed base codes (Geneworks): K (GT); M: (AC); W (AT); Y (CT)

¢ dI denotes a deoxyinosine modification
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manufacturer’s instructions on a 7% (w/v) polyacryl-
amide gel (40% acrylamide/bis solution, 37.5:1) with
a gradient of 30-80% or 40-60% (100% denaturant:
7 M urea, 40% deionised formamide). Gels were run
at 150 V (60°C) for at least 5 h. Bands were excised
from the gels with sterile scalpel blades and DNA
was eluted into RNase/DNase- free water. DNA
fragments were reamplified with primers 357F and
907R (Table 2) and purified with the UltraClean PCR
Purification kit. Sequencing of the 16S rRNA gene
variable regions was performed using BigDye
Terminator v3.1 Cycle Sequencing Kit (Applied
Biosystems) with bacterial reverse primer 907R
(1 pM). Products were purified using the AmPure
purification system (Agencourt Biosciences Cor-
poration) and sequenced by electrophoresis at the
LotteryWest Biomedical Facility (Royal Perth
Hospital, Western Australia). DNA sequences were
analysed with the Genbank database available at
http://www.ncbi.nlm.nih.gov using BLAST (Basic
Local Alignment Search Tool) analysis to provide the
identity of the sequence (Altschul et al. 1990).

Isolations

Isolates were obtained by serial decimal dilution in
liquid culture and the streak plate method at 35°C
(without shaking) in a modified haloalkaline oxalate
medium (HAO mod) (g/1: NaCl, 15; sodium oxalate, 5;
sodium citrate, 3; KH,POy,, 1; MgSO,4-7H,0, 1; urea:
ammonium: nitrate solution (Flexi-N), 0.668 ml;
(NH4);POy4, 0.0016; pH 9.5) based on moderately
haloalkaline Halomonas medium (DSMZ 1034). The
highest dilutions from each liquid sample exhibiting
growth and individual colonies were subcultured three
consecutive times to ensure purity.

Microscopy, physiology and phylogeny
of isolated strains

Bioreactor samples and isolates were examined by
phase contrast and bright field microscopy with Gram
and Sudan B Black staining for determination of
morphology. Cardinal growth temperatures (Ty,
Topr and Tyax) of representative isolates were
determined using a temperature gradient incubator
(TerraTec) as described previously (Hawkes et al.
2006; Ratkowsky et al. 1983). Growth was measured
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as optical density (OD) at 540 nm. Initial and end-
point sodium oxalate and sodium citrate concentra-
tions were measured by gas chromatography and total
organic carbon analysis respectively. DNA was
extracted and the 16S rRNA genes were amplified
as previously described. Near full-length 16S rRNA
genes were sequenced with the following bacterial
primers (1 pM): 27F; 357F; 530F; 519R; 907R and
1492R (Table 2). 16S rRNA gene sequence align-
ments were constructed using the ClustalW alignment
tool in the Mega4 software (v. 4.0.2) (Tamura et al.
2007) with 23 reference sequences obtained from the
GenBank database available at http://www.ncbi.nlm.
nih.gov (Altschul et al. 1990). A phylogenetic tree of
the isolates was constructed using the distance matrix
and neighbour joining method with Jukes and Cantor
single parameter correction method with the Mega4
software.

Nucleotide sequence accession numbers

16S rRNA sequences for the isolates were submitted
to GenBank using the online Banklt software (http://
www.ncbi.nlm.nih.gov/Banklt/) under the accession
numbers GU228472-GU228486.

Results
Bioreactor performance

At the time of sampling for 16S rRNA gene analysis,
MBBR1, MBBR2 and ASGB were degrading 58, 100
and 89% of the sodium oxalate contained within the
influent feeds, respectively. The degradation rate of
oxalate for MBBR1, MBBR2 and ASGB was 0.531,
1.806 and 2.158 g/l h, respectively. The reactors
were considered to have stable microbial communi-
ties after operating continuously for 6-9 months
without any major disruptions to the process.
MBBR1, MBBR2 and ASGB had hydraulic retention
times of 11.4, 20 and 35.4 h and oxalate feed
concentrations of 13.8, 34.3 and 92 g/, respectively.
The average temperatures in MBBR1, MBBR2 and
ASGB were 32.5, 35 and 37°C, respectively. The
dissolved oxygen concentrations in MBBR1, MBBR2
and ASGB were 5.8, 3.7 and 2.3 mg/l, respectively.
The average pH in each reactor stayed consistent at
approximately 9.6.
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Microbial community composition
of the bioreactors

DGGE fingerprints were obtained by analysing the
bacterial DNA extracted from influent and bead
samples from MBBR1 and MBBR2 and effluent
samples from MBBR1, MBBR2 and ASGB (Fig. 1).
Bands were excised from one of the two duplicate
DNA extracts from each bioreactor sample. The
bands showing the same relative migration distances
were considered to have originated from same
species. The assignment of bands into species was
performed by sequence analysis of the eluted DNA
from the selected bands numbered 1-36 in the DGGE
fingerprints (Fig. 2). Bands which failed to give
quality sequences are not listed in this Table.
DGGE analysis of DNA obtained from MBBRI,
MBBR2 and ASGB showed that the microbial
populations in the three reactor configurations were
similar and that the overall diversity within the
reactors was low (Table 3). Species closely related to
Halomonas (H.) nitritophilus (99% similarity) and
H. salina (99% similarity) were detected in the
influent of MBBRI1 and in the effluent and bead
biofilm of MBBR1 and MBBR2. A band representing
y-Proteobacterium was also detected in the ASGB

configuration (95% similarity). Species related to
Azoracus (Az.) denitificans (95% similarity) and
Az. tolulyticus (95% similarity) were detected in the
effluent of MBBR2 and ASGB. Bands with closest
DNA similarity matching to Paracoccus kocurri
(96% similarity) were also detected in the bead
biofilm from MBBRI. Species closely related to
Rhodobaca (Rca.) barguzinensis, Rca. bogoriensis
and Roseinatronobacter monius (all with 99% sim-
ilarity) were detected in bead biofilm and in the
effluent of MBBRI1 and the bead biofilm in MBBR2.
The sequences from these bands could not differen-
tiate between the three species. Other members
belonging to the o subgroup of Proteobacteria and
related to Devosia (Dva.) yakushimanenisis and Dva.
subaequoris were also detected in the effluent of
MBB1 and the bead biofilm in MBBR2 (<93%
similarity).

Morphological, physiological, and phylogenetic
analysis of isolates

Morphology

Microorganisms contained within all bioreactor
samples were morphologically similar and mostly

Fig. 2 Denaturing gradient gel electrophoresis (30-80%) of
the 16S rRNA genes obtained from DNA extracts from
MBBRI1 and MBBR2 (a) and ASGB (b). Samples from each
reactor configuration were run in duplicate and are labelled
with the location of where the sample was taken: influent (inf);

effluent (eff); bead (bd). Bands that were excised are numbered
1-36. Closest relatives were determined using BLAST analysis
on the GenBank database and are listed in Table 3 (MW:
molecular weight marker)
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Table 3 Closest relatives to 16S rRNA variable region sequences from bioreactor samples as detected by 16S rRNA PCR-DGGE

analysis
Band(s)* Closest relative Proteobacteria % Accession Reference
subgroup Similarity® no®
1 Uncultured Marinomonas sp. clone F3C93  Gamma 92 AY794175 Unpublished
2,3,4,17 Halomonas nitritophilus isolate WST3 Gamma 96-99 DQ289066 Unpublished
5 Devosia yakushimanenis Alpha 91 AB361068 Unpublished
6,7, 14, Rhodobaca barguzinensis strain VKM Alpha 99 EF554833 Boldareva et al. (2008)
15, 25, B-2406
26, 27 Rhodobaca bogoriensis strain LBB2 99 AF384205 Unpublished
Roseinatronobacter monicus strain ROS 10 99 DQ659237 Boldareva et al. (2007)
8,9, 23 Halomonas salina isolate LLM Gamma 99 DQ333297 Joshi et al. (2008)
13 Paracoccus kocurri strain JCM 7684 Beta 96 D32241 Katayama et al. (1995)
16 Azoarcus denitrificans tol-4 Beta 97 L33694 Zhou et al. (1995)
18, 19, 20, 21, 31, Azoarcus tolulyticus strain 4FB10 Beta 97 AF229876 Song et al. (2000)
32, 34, 35, 36
24 Devosia subaequoris type strain HST3-14  Alpha 93 AM293857 Lee (2007)
30 Gamma proteobacterium M2-24D Gamma 95 AY730243 Unpublished

? Bands are numbered as indicated in Fig. 2. Bands that did not produce a readable sequence are not listed

® Percentage of identical nucleotides in the sequence obtained from the DGGE band and the sequence of the closest relative found in

the GenBank database

¢ Accession number of the closest relative found by BLAST analysis
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Fig. 3 Phase contrast micrograph showing the morphology (a) and bright field micrograph of the Sudan B Black staining showing
the polyhydroxybutyrate particles (b) of representative strain HEO.1.1 obtained from MBBRI1. Scale bar 5 pm

consisted of Gram negative and PHB accumulating
bacillus. Fifteen pure strains were isolated from the
MBBR1, MBBR2 and ASGB configurations with
HAO medium. The isolates were examined with
phase contrast and bright field microscopy to deter-
mine cellular morphology. All strains were Gram
negative, motile bacilli, 3-5 pm in length and
0.5-1 pm in width (Fig. 3a). All strains stained
positively for the presence of polyhydroxybutyrate
(PHB) when stained with Sudan B Black (Fig. 3b).
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Physiology

The optimum temperatures (Topt) for representative
strains HBO.1.1 (Fig. 4) and HEO.1.1 (Fig. 5) were
44.2 and 32.4°C respectively. The citrate concentra-
tion had decreased by approximately 82% and the
oxalate concentration had decreased by approxi-
mately 32% (data not shown) in pure cultures
growing on a medium that contained both oxalate
and citrate.
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Fig. 4 Optimum
temperature of growth for
representative strain
HB.0.1.1 as determined by
temperature studies using
the Ratkowsky method
(Ratkowsky et al. 1983)

Square Root 1/ doubling time (g)

Fig. 5 Optimum
temperature of growth for
representative strain
HE.O.1.1 as determined by
temperature studies using
the Ratkowsky method
(Ratkowsky et al. 1983)

Square Root 1/ doubling time (g)

Phylogeny
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Almost complete 16S rRNA gene sequences (approx-

imately

1500 nucleotides) from

isolates

were

obtained following PCR amplification and sequenc-
ing. BLAST analysis using the GenBank database

Temperature C° (T)

indicated that all isolates belonged to the genus
Halomonas. A phylogenetic tree constructed using
Mega4 confirmed that the isolates clustered with a
few members of this genus (Fig. 6). Isolates HB0.1.3,
HI10.1, HBO1, HEObr, HEO1, HIO.1.1, HB10.1
isolated from MBBR2 influent, effluent and bead
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Halomonas campaniensis (AJ515365)
Halomonas cupida (L42615)

100 | Halomonas salina (AY505525)
=4 Halomonas ventosae (AY268080)
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Halomonas halodenitrificans (L04942)
Halomonas pacifica (L42616)
Halomonas maura (AJ271864)

Halomonas halophila (M93353)
Halomonas halmophilum (M59153)
Halomonas eurihalina (X87218)

99 — Halomonas elongata (M93355)
Halomonas desiderata (X92417)
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0 Halomonas pantelleriensis (X93493)
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Fig. 6 Phylogenetic tree of isolates and members of the genus
Halomonas based on 16S rRNA gene sequence analysis. The
scale shows 0.02 nucleotide substitutions per gene. Bootstrap
values were determined from 1000 resamplings. Isolates from

biofilm and SEO1 and SEObr isolated from ASGB
effluent were most closely related to Halomonas
campisalis strain LL6 (99%) which was isolated from
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Escherichia coli (X80725)

MBBR2 were labelled with the prefix HI, HE and HB and
isolates from ASGB were labelled with the prefix SE. Isolates
are indicated in bold font and NCBI GenBank accession
numbers are given in parentheses

a salt plain of Alkali Lake, Washington State (USA)
(Joshi et al. 2008). Strains HBObr, HIObr and HIO1
isolated from MBBR2 influent and bead biofilm were
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also most closely related to this strain of Halomonas
campisalis, though the 16S rRNA similarity was
slightly lower (98-99%). Strain HBO1.1 isolated from
MBBR?2 bead biofilm was most closely related (99%)
to a strain of Halomonas pantelleriensis isolated from
the sand of an alkaline lake in Pantelleria Island, Italy
(Romano et al. 1996). Strains HB0O3 and HEO.1.1
isolated from MBBR2 effluent and bead biofilm,
were most similar (100%) to an uncultured strain of
Halomonas venusta isolated from a dialysis unit
treating people for kidney disease [unpublished].
Based on the evolutionary distances of these strains
from their nearest described relatives some of the
isolates may represent novel species or sub-species
within the genus Halomonas. The morphology of all
isolated strains matched the described morphology of
their closest relatives (Arahal and Ventosa 2000;
Mormile et al. 1999; Romano et al. 1996; Joshi et al.
2008).

Discussion

16S rRNA gene analysis was used to profile the
microbial communities within three pilot-scale oxa-
late-degrading bioreactors. A comparison of the
degradation rate of each configuration showed that
the ASGB was degrading more oxalate at a faster rate
than both MBBR1 and 2. ASGB also had a signif-
icantly longer HRT than the MBBRs. Despite the
differences observed in the operating conditions of
the three pilot-scale configurations, PCR-DGGE
fingerprints showed that the microbial communities
in each of the bioreactors were similar and that the
microbial diversity in each of the bioreactors was
low. All microorganisms detected belong to the o, 7y
and f subgroups of Proteobacteria. The closest
relatives were described as moderately halophilic,
alkaliphilic bacilli.

Representatives belonging to the y-Proteobacteria
subgroup were detected in the influent, effluent and
bead of MBBRI1, the effluent and bead of MBBR2
and the effluent of ASGB. “Halomonas nitritophilus”
(96-99% similarity) [unpublished] and Halomonas
salina (99% similarity) (Caton et al. 2004) were the
closest relatives to the microorganisms detected in
the MBBR1 and MBBR2 bioreactor populations.
A match to an uncultured y-Proteobacterium clone
was also detected in the ASGB configuration but with

only 95% 16S rRNA gene similarity. Members of the
genus Halomonas can grow using simple organic
acids such as acetate, formate, malonate and succi-
nate as sole sources of carbon and energy (Caton
et al. 2004; Joshi et al. 2008; Mormile et al. 1999;
Romano et al. 1996). However, species of Halomonas
have not been reported to use oxalate as a sole source
of carbon and energy. The detection of Halomonas
spp. in all three bioreactor process suggests that they
may have a key role in the biological degradation of
oxalate and other organic acids in these biological
processes.

Bacteria related to Azoarcus (Az.) denitrificans and
Az tolulyticus belonging to the f-Proteobacterium
subgroup were detected in all three bioreactor
configurations. These microorganisms are described
as facultatively anaerobic denitrifiers capable of
growth on organic environmental pollutants such as
toluene and other hydrocarbons (Zhou et al. 1995;
Anders et al. 1995). The percentage 16S rRNA gene
similarity of uncultured bioreactor strains with the
described strains of Azoarcus was low (<95%)
suggesting that a new genus of f-Proteobacterium
populates these bioreactors. Nitrogen is supplied to
the bioreactor in excess in the form of a crude urea:
ammonium: nitrate fertilizer and would be readily
available within the bioreactor medium. The genus
Azoarcus is typically known for containing many
nitrogen-fixing and denitrifying microorganisms
(Anders et al. 1995; Zhou et al. 1995), so it is
possible that the microorganisms most closely related
to the i-Proteobacteria subgroup may play a key role
in the nitrogen cycle of the bioreactor process.
However, analysis into the roles of these microor-
ganisms in biological oxalate degradation is required
and is currently underway.

Matches to microorganisms belonging to the
a-Proteobacterium group were detected in the biofilm
of MBBRI and MBBR2 but were absent from
effluent samples obtained from ASGB. The closest
matches by percentage 16S rRNA gene similarity
(99%) were to Roseinatronobacter monicus, Rhodob-
aca (Rca.) barguzinensis and Rca. bogoriensis.
Microorganisms belonging to the genus Rosinatro-
nobacter are typically described as obligately aero-
bic, heterotrophic, haloalkaliphilic and natronophilic
and are able to produce pigments such as carotenoid
and bacteriochlorophyll « under reduced light condi-
tions (Boldareva et al. 2007). The species belonging
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to the Rhodobaca genus are haloalkaliphilic, purple
nonsulfur bacteria capable of anoxygenic photosyn-
thesis under anaerobic conditions and also produce
photosynthetic pigments. These microorganisms can
also grow heterotrophically under aerobic conditions
(Milford et al. 2000; Boldareva et al. 2008). The
noticeable absence of this subgroup of microorgan-
isms in the ASGB configuration and in the suspended
biomass of both MBBR configurations suggests that
these microorganisms may require a support for
growth under the bioreactor operating conditions.

Strains of Halomonas spp. were isolated in a
haloalkaline medium containing oxalate and citrate as
sources of carbon and energy. Like all members of
the Halomonas genus, the strains were capable of
growing organotrophically in pure culture with
oxalate when an additional source of carbon and
energy was supplied (Arahal and Ventosa 2006;
Mormile et al. 1999; Joshi et al. 2008; Romano et al.
1996). Both strains HEO.1.1 and HBO.1.1 showed the
ability to simultaneously oxidise both oxalate and
citrate when citrate was supplied as an additional
carbon source. No species of the genus Halomonas
has been described as using oxalate as a sole source
of carbon and energy, without an additional carbon
substrate. Feed into all bioreactor configurations had
relatively high concentrations (1 g/l) of a combina-
tion of sodium salts of acetate, formate, malonate and
succinate. This additional carbon source is most
likely preferentially utilised over oxalate and may act
as a kick start for oxalate oxidation. The microbial
species responsible for the destruction of oxalate in
these bioreactor processes were not isolated in this
study, continuing work to isolate and characterise
these bacteria using medium containing only oxalate
as a source of carbon and energy are currently
underway.

The dominant groups of microorganisms detected
in the pilot-scale oxalate-degrading bioreactors in this
study are significantly different to the microorgan-
isms in other described oxalate-degrading bioreac-
tors. Morton et al. (1991), Chinloy et al. (1993) and
The et al. (1990) have described processes for the
biological destruction of oxalate using a pure culture
of Psuedomonas sp. strain B-1 (ATCC 53883) for
microbially-mediated oxalate destruction. This cur-
rent study showed that there was mixed communities
of microorganisms present in all three bioreactor
configurations and that these groups probably work in

@ Springer

unison to achieve complete oxalate degradation. No
Pseudomonas spp. was detected by 16S rRNA gene
analysis. The bioreactors described in this study
operate in continuous flow with oxalate slurry
influent feed mixed with recirculated process waters,
indicating that the microorganisms contained within
the bioreactors are indigenous to the refinery envi-
ronment surrounding the processes. Strains of Halo-
monas detected and isolated from the influent of both
MBBR bioreactors also shows that these microor-
ganisms are indigenous to the refinery environment,
and that activated sludge may not have been a
necessary addition to achieve successful operation of
the oxalate-degrading bioreactors. This is also rein-
forced by the PCR-DGGE molecular fingerprint
which did not detect any microorganisms which have
been previously detected in activated sludge.

The successful establishment and efficiency of
these pilot-scale oxalate-degrading bioreactors has
substantial advantages to the bauxite refining, alu-
mina and aluminium industries by decreasing the
overall economic and environmental costs associated
with the production and storage of sodium oxalate
organic waste. The use of both culture-dependent and
-independent techniques simultaneously ensured that
a more complete picture of the microbial ecology
and community dynamics of biological oxalate
degradation was attained. Further characterisation of
pilot-scale bioreactor isolates is currently under
investigation to determine the role of Halomonas
spp. and the other microbial groups detected by PCR-
DGGE in the biological destruction of oxalate.
Development of methods to monitor the microbial
communities involved in the biological degradation
of oxalate and to monitor establishment, maintenance
and activity of these microorganisms during bioreac-
tor operation is required to optimise the biological
oxalate destruction process in further pilot-scale and
full-scale operations. Batch studies to determine
which reactor configuration optimally removes oxa-
late from influent streams are currently underway to
confirm conclusions made from this study.
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