
Biofilms (2006) 3, 19–24 C© 2007 Cambridge University Press
doi:10.1017/S1479050507002098 First published online 31 May 2007 Printed in the United Kingdom

Molecular identification of species
comprising an unusual biofilm from
a groundwater treatment plant

M. R. Gillings1∗, M. P. Holley1 and M. Selleck2

A B S T R A C T

Orica’s groundwater treatment plant in Botany, NSW, Australia, was designed
to remove and destroy volatile organic compounds from polluted groundwater
and to treat the water for reuse on the Botany Industrial Park. The initial steps
in this process involved acidification of the groundwater and air stripping.
During this operation, very large quantities of a biofilm formed within the air
stripper, necessitating weekly clean-outs. We investigated the composition
of this biofilm using molecular methods. Total DNA extracted from biofilm
material was used as a template for amplification of both bacterial 16 S ribo-
somal DNA (rDNA) and the eukaryotic rDNA internal transcribed spacer
region. Cloning and sequencing of these products showed that the biofilm
was composed primarily of a bacterium belonging to the genus Acidocella, a
filamentous fungus (Trichoderma asperellum), and the ascomycetous yeasts
Pichia, Candida and Geotrichum. This unusual biofilm was composed of
acidophiles that were capable of rapidly generating large amounts of biomass
under these conditions. When acidification of the groundwater ceased, the
biofilm no longer formed.
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INTRODUCTION

Water treatment processes often generate biofilms, either
as part of the treatment process, or as undesirable
biofouling that interferes with the treatment process.
Inappropriate microbial growth in treatment plants has
economic implications in terms of corrosion, impedance
of flow and lowered water quality (Coetser & Cloete,
2005). There is a long history of biofouling in water
treatment systems, and various methods for its control
have been used. A basic understanding of the species
involved and how they respond to the nutrients and
environmental conditions used in the treatment process
is an essential first step in controlling the extent of
undesirable biofilm growth (Flemming, 2002; Bachman &
Edyvean, 2005).

Here we describe the characterization of a massive
and undesirable biofilm that formed during treatment
of polluted groundwater. The Botany aquifer is polluted
with high levels of 1,2-dichloroethane. To control the
spread of the pollutant, a number of strategies were
investigated, including a reactive barrier (Duran et al.,
2000), hydraulic containment, ex situ treatment by steam
stripping, and chemical and thermal oxidation. Various
source zone treatments were also considered, such as in
situ biodegradation or chemical oxidation, air sparging,
surfactant or solvent flushing and steam injection (Sewell,

2004). Of these various alternatives, air stripping of
extracted water followed by thermal oxidation of the
volatile chlorinated hydrocarbons was selected as the
preferred option.

Construction of the groundwater treatment plant was
completed in 2005, and operations began in early 2006.
During the commissioning period, a problem arose during
the air-stripping operation, when large quantities of
biofilm occluded air and water flow through the stripping
cabinets. This necessitated regular cleaning to remove
fouling material. We characterized the biofilm using
molecular methods, concluding that it was composed
of acidophiles, including a bacterium (Acidocella), a
filamentous fungus (Trichoderma asperellum) and several
ascomycetous yeasts. This identification allowed a simple
control strategy to be implemented.

MATERIALS AND METHODS

Site history

Operations at the Botany Industrial Park in NSW,
Australia, commenced in 1942. During the 1960s it became
a petrochemical complex, and by the 1980s environmental
monitoring revealed high levels of organic contamination
in the groundwater. More extensive surveys conducted
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Fig. 1: Consistency of the biofilm removed from the air-stripping cabinet (visible in the background).

in the early 1990s revealed 1,2-dichloroethane (EDC)
concentrations of over 6000 mg/l in both deep and shallow
groundwater near former EDC storage tanks. Production
of EDC ceased after 1998, but, during the previous
decades, EDC had leached into the soil, accumulating in
a lens under the site. Ongoing groundwater monitoring
revealed that groundwater movement had created a
plume of EDC, flowing towards Botany Bay (see fig. 5.2 in
Orica Clean Up Plan, 2007). To control the spread of the
pollutant, a groundwater treatment plant was constructed
and operations began in early 2006.

Groundwater characteristics

Groundwater was pumped from extraction wells that
formed primary and secondary containment lines located
in the Southlands area and along Foreshore Road, Botany
Bay, NSW, Australia (see figs 5.2 and 6.8 in Orica Clean Up
Plan, 2007). The main contaminant in the groundwater
was EDC. Water from the primary containment line
contained concentrations of EDC ranging between 500
and 1000 p.p.m. Other major contaminants included
chloroform, carbon tetrachloride, trichloroethene, tetra-
chloroethene and 1,1,2,2-tetrachloroethane, present at
concentrations of 5 to 15 p.p.m. Acetic acid and butyric

acid were present at approximately 50 and 25 p.p.m.,
respectively. Analysis of water samples was conducted by
SGS Australia Pty Ltd using purge and trap followed by
gas chromatography/mass spectrometry.

Air-stripping operation

Groundwater was acidified from its natural pH of 4.8–
5.3 to a target pH of 2.7–2.9 by addition of hydrochloric
acid. The pH was lowered to less than pH 3.3 to prevent
precipitation of iron during operation of the air strippers.
Iron content in the groundwater was approximately 30
p.p.m. Groundwater was pumped into 20 sets of air
strippers, operated in parallel. The water was fed into the
top of each stripping cabinet at approximately 20 m3/h,
while 1800 m3/h of air was drawn into the bottom of
the cabinets and flowed countercurrent to the water, by
action of induced draft blowers. This process resulted in
EDC passing from the liquid to the gas phase and in this
form it could be treated using thermal oxidation. During
operation of the air strippers, large quantities of biofilm
formed on all surfaces (Fig. 1), necessitating cleaning every
10 to 14 days. Plans of the treatment plant are available at
fig. 4.4 in the Orica Clean Up Plan (2007).



Unusual multi-species biofilm 21

DNA extraction and PCR amplification

Biofilm material was collected in sterile containers,
transported to the laboratory and stored overnight at 4 ◦C.
Total DNA was extracted from 300 mg of representative
biofilm material taken from four separate locations in
the air stripper. Extractions were performed using bead
beating in a FastPrep 1000 for one cycle of 30s at 5.5 m/s,
following the method of Yeates & Gillings (1998).

Bacterial 16 S ribosomal DNA (rDNA) was amplified
from total biofilm DNA using the universal primers f27
and r1492 (Lane, 1991). Approximately 25 ng DNA was
diluted in 10 µl water and overlaid with 2 drops of
sterile mineral oil in a 0.5 ml polymerase chain reaction
(PCR) tube. The tubes were heated to 80 ◦C in a Hybaid
thermal cycler. PCR Master Mix (Promega) (40 µl) was
then added to each tube. Final concentrations of reagents
were as follows: 20 mM (NH4)2SO4, 75 mM Tris.HCl
(pH 9.0), 0.01% (w/v) Tween, 2 mM MgCl2, 0.5 mM
of each primer, 0.2 mM of each deoxyribonucleotide
triphosphate, and 1 U Red Hot DNA Polymerase
(Advanced Biotechnologies, Surrey, UK). The following
thermal cycle was performed: 94 ◦C 3 min (1 cycle); 94◦C
30 s, 60 ◦C 30 s, 72 ◦C 90 s (35 cycles); 72 ◦C 5 min (1 cycle).
The eukaryotic rDNA internal transcribed spacer (ITS)
region was targeted using the universal primers ITS1 and
ITS4 (White et al., 1990). PCR was performed as above,
except that the annealing temperature was 50 ◦C.

Analysis of PCR products

16 S rDNA PCR products were digested with the restric-
tion enzymes HinfI and RsaI. Yield of 16 S products and re-
striction digests was assessed using gel electrophoresis on
2% agarose gels. The simple restriction pattern generated
by this procedure suggested that only a single bacterial
ribotype was present. 16 S PCR products were purified
using Promega Wizard columns, and DNA sequenced dir-
ectly with primers f27, r910 and r1492 (Lane, 1991), using
dye terminator technology. Sequences were determined
on an ABI3130x capillary sequencer, edited and joined to
generate a 1401 base-pair (bp) partial 16 S rDNA sequence
that was subsequently used to interrogate the NCBI DNA
sequence database using BLAST algorithms (see website:
<http://www.ncbi.nlm.nih.gov/BLAST/>).

Eukaryotic ITS PCR product was analysed using
gel electrophoresis as above. ITS product was purified
using Promega PCR purification columns, ligated into
T-tailed plasmid vectors (Promega pGEM-T) and used to
transform competent Escherichia coli. Recombinant cells
were identified using blue/white selection on ampicillin/
X-Gal/IPTG (isopropyl-beta-d-thiogalactopyranoside)
agar plates. All procedures were as specified by the
manufacturer (Promega TA cloning kit). Sixty clones were
chosen at random and the size of their inserts determined
using PCR on colony lysates with primers flanking the
insertion site (PCRNf and pGEMr, Gillings et al., 2005).
Diversity amongst the 55 clones that contained inserts
greater than 100 bp was determined by restriction diges-
tion of amplified inserts using HinfI. Clones containing

inserts representative of the diversity present in the sample
were grown overnight in liquid culture and their plasmids
purified with the Wizard Plus Miniprep DNA purification
system (Promega). Plasmids were DNA sequenced using
the plasmid primer PCRNf and ABI dye-terminator tech-
nology as above. Sequences were edited and used to inter-
rogate the NCBI DNA sequence databases as above. Poten-
tial chimeras were detected by performing separate BLAST
analyses on the ITS1 and ITS2 regions of individual clones.

Database depositions

The 1401 bp 16 S rDNA sequence was submitted to
GenBank with the accession number EF087979. Sequences
of fungal ITS clones were submitted to GenBank under
accession numbers EF087980–EF087986.

RESULTS

During operation of the air-stripping units, large amounts
of biofilm accumulated (Fig. 1), blocking air flow
and compromising the efficiency of the treatment
plant. Microscopic examination of the biofilm material
revealed the presence of extensive networks of septate
fungal hyphae, spherical yeast-like cells, and bacteria.
Consequently, to identify biofilm components, we chose to
target both bacterial and eukaryotic rDNA regions, using
PCRs performed on total biofilm DNA.

PCR for bacterial 16 S rDNA amplified a product of
approximately 1450 bp. Digestion of this product with
the restriction enzymes HinfI and RsaI generated simple
fragment patterns (HinfI approximately 1170, 170 and
100 bp; RsaI approximately 420, 410, 400, 110 and 70 bp),
showing that only a single 16 S ribotype was detectable,
and that the biofilm contained one dominant bacterial
species. The 16 S product was purified and sequenced
directly using the original amplification primers and an
internal sequencing primer. Unambiguous sequence data
were generated by this process, confirming the presence
of a single dominant organism. In BLAST searches,
this 1401 bp partial 16 S sequence had greater than
97% homology to several Acidocella species sequences
lodged in the database (accession nos. AF253412.1,
AF376021, AF253413.1, D86510.1, X91797.1), and to
Acidocella (Acidiphilium) facilis (accession no. D30774.1).
The 1401 bp sequence was submitted to GenBank with the
accession number EF087979.

Fungal diversity was assessed using amplification of
the rDNA internal transcribed spacer region. The biofilm
samples generated two strong bands equivalent to 450 and
600 bp, in addition to a number of much fainter products
between 300 and 700 bp. To identify the dominant fungi in
the biofilm, PCR amplicons were cloned, the clone inserts
amplified, and digested with HinfI. Plasmids broadly
representative of each insert type, as determined by insert
size and restriction pattern, were DNA sequenced and the
resultant sequences used to interrogate the database.

PCR inserts fell into a total of seven restriction fragment
length polymorphism (RFLP) types, based on insert size
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Table 1: Analysis of the fungal rDNA internal transcribed spacer clone
library using restriction digests and DNA sequence analysis

Clone
no.a

Insert
(bp)

HinfI
type Closest matchb Matchc

% of
libraryd

4, 50, 62 602 A Trichoderma asperellum
AJ230669.1

595/597 30.9

2, 42, 49 451 B Candida inconspicua
DQ681370

428/428 41.8

Issatchenkia occidentalis
DQ872864.1

399/399

7, 41, 61 600 C Pichia spartinae
AF423029.1

594/600 10.9

13 373 D Galactomyces
geotrichum EF159152

289/296 3.6

14 507 E Trichoderma/Candida
chimera

na 5.5

26 546 F Trichoderma/Candida
chimera

na 1.8

28 536 G Pichia/Candida chimera na 5.5

na, not applicable.
aSequences of clones shown in bold type were submitted to GenBank under
accession nos. EF087980–EF087986.
bDatabase entry/accession number of the culturable isolate returning the
highest match to the clone sequence.
cNumber of matching bases across the homologous region.
dPercentage of clones screened from the ITS library (n = 55) that conformed
to this RFLP type.

and HinfI digestion pattern. Three of these RFLP types
(A, B and C; Table 1) accounted for 46 of the 55 clones
screened (83.6%). Three clones of each of these RFLP
types were DNA sequenced, as was a single member of
each remaining RFLP type (D to G).

On the basis of sequence analyses, RFLP type A was
Trichoderma asperellum (99.7% homology to accession no.
AJ230669). It comprised approximately 31% of the clone
library, and also showed 100% homology to an uncultured
Hypocreaceae clone YM-1 18 S (accession DQ767600)
isolated from the Yellow Sea. Two further RFLP types (E
and F) also gave T. asperellum as their highest match across
part of the sequence, although in each of these cases one
of the internal transcribed spacers showed high homology
to database entries for Candida. These clones were likely
to have been derived from PCR chimeras (Table 1).

Sequences generated from RFLP type C matched the
yeast Pichia spartinae (99% homology to accession no.
AF423029). This RFLP comprised approximately 10% of
the library (Table 1). Sequences generated from RFLP type
B matched the yeasts Candida inconspicua and Issatchenkia
occidentalis across the ITS1, 5.8 S and ITS2 regions (100%
match to accession nos. DQ681370 and DQ872864,
respectively). This RFLP type made up approximately
42% of the library. The final RFLP type, D, matched
Galactomyces geotrichum (98% homology to accession
no. EF159152) and accounted for 3.6% of the library
(Table 1). A final RFLP type (G) was also identified
as chimeric, based on differential homology of the ITS
regions to distinct species.

DISCUSSION

Molecular analysis of the biofilm growing in the air-
stripping unit detected a bacterium, a filamentous
fungus and yeasts as dominant members of the biofilm
community. Amplification of bacterial 16 S rDNA directly
from biofilm material generated a single amplicon type,
as assessed by both restriction enzyme digestion and
DNA sequencing. BLAST analysis identified this sequence
as arising from a member of the genus Acidocella, and
most closely resembling A. facilis. Hence a single bacterial
ribotype made up the vast majority of bacterial biomass
in the biofilm.

The filamentous fungus Trichoderma asperellum com-
prised approximately one third of the fungal cells in the
biofilm, based on RFLP and sequence analysis of the ITS
library (Table 1). The Trichoderma sequences exhibited
over 99.5% homology to a tight group of T. asperellum isol-
ates originally recovered from diverse locations, including
Europe, Asia and North and South America (Hermosa
et al., 2004). Yeasts matching C. inconspicua and P.
spartinae comprised just under two thirds of the fungal
component of the biofilm, as assessed by RFLP and
sequence analysis. RFLP type C matched P. spartinae
across ITS1, 5.8 S and ITS2 regions, and is almost certainly
this species. RFLP type B returned a 100% match to C.
inconspicua and I. occidentalis. A minor proportion of
the biofilm was identified as another saccharomycete,
Galactomyces geotrichum.

The fungal components of biofilms, such as the one
we describe here, have received little attention, despite
the facts that that biofilms often include substantial
numbers of fungal cells (Lawrence & Neu, 2004) and
that fungal filaments contribute to biofilm structure
by anchoring them and providing attachment surfaces
(Baker & Banfield, 2003). Most work has concentrated on
Candida albicans biofilms on medical devices (Kumamoto,
2002), although it is clear from the work presented here
that Candida and its relatives can form biofilms in other
contexts. In many industrial settings, biofouling often
involves mixed species biofilms, but little detailed work
has been done on ascomycetous or filamentous fungi in
this context (Elvers et al., 2001).

The origin of the biofouling organisms in the treatment
plant is of interest, since it has been reported that most
biofilms involved in biofouling of water systems arise from
the autochthonous flora (Flemming, 2002). Each of the
species involved may have originated from the ground-
water, which had a natural pH of 4 to 5. Acidocella was
originally described as inhabiting acidic aquatic habitats
(Kishimoto et al., 1995) and is found as planktonic cells
in acid mining lakes (Johnson et al., 2001; Wenderoth &
Abraham, 2005). Pichia relatives can be recovered from
acidic lakes (Gadhano & Sampaio, 2006), and Acidocella
and Pichia have previously been reported as occurring
together in highly acidic environments, although not as
an obvious biofilm (Stapleton et al., 1998). Trichoderma
asperellum has not been recorded from groundwater, but
is known to grow at pH 2.2 (Kawai et al., 2000), and
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both Trichoderma and Candida have been recorded in
sandstone, which is the bedrock type in the area (Burford
et al., 2003).

The biofilm described here is unusual. It is composed
of multiple species, belonging to both fungal and bacterial
groups, and exhibits extraordinarily rapid growth under
highly acid conditions. In general, fungi dominate micro-
bial communities at lower pH values (Burford et al., 2003),
so it is not surprising that fungi are prevalent under the
acid conditions described here. Complex species mixtures
of ascomycetous yeasts have been described from acidic,
subsurface environments (Robbins et al., 2000) and from
industrial systems (Laitila et al., 2006). Pichia has been
recorded as forming biofilms on stainless steel in brewery
bottling plants within 2–12 h after the start of production
(Storgards et al., 2006), accounting for its ability to rapidly
generate biofilms on the stainless steel surfaces of the
air strippers in the treatment plant. Acidocella has been
found as a component of macroscopic streamers growing
in acidic, metal-rich mine waters (Hallberg et al., 2006),
so is also capable of growing in biofilms. As far as we
know, Trichoderma has not before been identified as a
component of naturally occurring biofilms.

Because all the species described here appeared to thrive
under acidic conditions, it was possible that this was
the main selective agent leading to rapid biofilm growth.
Groundwater was normally acidified to approximately pH
3 before entering the air-stripping unit. This acidification
was performed to prevent the precipitation of iron during
treatment. When the biofilm members were identified as
acidophiles, acidification of the water was stopped, and
this resulted in an immediate disappearance of the biofoul-
ing problem. Consequently, the molecular analysis sugges-
ted a successful solution to the massive biofilm growth.

Biofilms can pose a problem during water treatment,
but can also be part of the solution. The biofilm we de-
scribe here may actually be degrading some of the organic
contaminants in the groundwater. Acidocella is known to
grow on a range of aliphatic compounds and polycyclic
aromatic hydrocarbons (PAHs), tolerating both acidity
and the presence of heavy metals (Gemmel & Knowles
2000; Dore et al., 2003). Acidophilic, heterotrophic
Alphaproteobacteria such as Acidocella occur world-wide
in natural hydrocarbon seeps, presumably utilizing the
hydrocarbon as an energy and carbon source (Roling et
al., 2006). Acidocella and Pichia were isolated from the
same PAH-contaminated soil, in a study that concluded
that an undefined consortium of yeasts, filamentous fungi
and bacteria was responsible for degradation of aromatic
hydrocarbons (Stapleton et al., 1998). Whether the biofilm
members we have described are also able to mineralize or-
ganic pollutants in the groundwater is currently unknown.
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