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Abstract

Bacterial transformation by naked DNA is thought to contribute to gene transfer and microbial evolution
within natural environments. In nature many microbial communities exist as complex assemblages known
as biofilms where genetic exchange is facilitated. It may be possible to take advantage of natural trans-
formation processes to modify the phenotypes of biofilm communities giving them specific and desirable
functions. Work described here shows that biofilms composed of either pure cultures or mixed populations
can be transformed with specific catabolic genes such that the communities acquire the ability to degrade a
particular xenobiotic compound. Biofilms were transformed by plasmids bearing genes encoding green
fluorescent protein (mut2) and/or atrazine chlorohydrolase (atzA). Confocal microscopy was used to
quantify the number of transformants expressing mut2 in the biofilms. Degradation of atrazine by ex-
pressed atzA was quantified by tandem mass spectrometry. PCR analysis was performed to confirm the
presence of atzA in transformed biofilms. These results indicate that it should be possible to use natural
transformation to enhance bioremediation processes performed by biofilms.

Abbreviations: CLSM – confocal laser scanning microscopy; EPS – exopolysaccharide; ES-MS/MS –
electrospray tandem mass spectrometry; GFP – green fluorescent protein; M9 – minimal media; MSM –
mineral salts media; PCR – polymerase chain reaction

Introduction

A large number of synthetic chemicals (xenobiotic
compounds) have been released into the environ-
ment and are of concern because of their potential
risk to human health and the environment. Most
of these chemicals are associated with past or
present agricultural, industrial, and military oper-
ations and often leach from soil into groundwater
systems. Considering the large number of con-
taminating chemicals and their occurrence at
thousands of sites, development of affordable
groundwater remediation technologies is a major

challenge. Bioremediation is often considered as a
cost-effective technology and utilizes microorgan-
isms for the mineralization or detoxification of
pollutants (Tiirola et al. 2002; Timmis & Pieper
1999).

In environments such as groundwater most
bacteria are thought to live in communities and
form complex structures called biofilms (Costerton
et al. 1987; Costerton et al. 1999; Davies et al. 1998;
Mah & O’ Toole 2001). The close physical associ-
ations of microbial community members in bio-
films lead to interactions at the genetic level. Gene
transfer occurs both at intra- and inter-species
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levels and plays an important role in biofilm evo-
lution and genetic diversity (Stewart & Costerton
2001). Transformation, conjugation, and trans-
duction are facilitated within biofilm microbial
populations. In particular, bacteria in contami-
nated environments appear to mutate and hori-
zontally transfer genetic material, thereby
acquiring improved abilities to degrade or detoxify
hazardous substrates (Stoodley et al. 2002).
Though it has been assumed that soil microbial
communities are constantly evolving via the
movement of genes within the community, gene
transfer within biofilm communities has not been
studied extensively in vivo.

Bacteria take up naked DNA through a process
known as transformation. In a given population,
not all bacteria are capable of natural transfor-
mation. Based on evidence collected from studies
of pure cultures, DNA uptake is usually associated
with specific competence factors. Bacterial com-
petence is related to the phenomenon of quorum
sensing, which indicates that a biofilm, where cell
density is high, offers an environment conducive to
transformation (Lorenz & Wackernagel 1994;
O’Toole et al. 2002; Stewart & Carlson 1986).
Bacteria may express competence factors during
different stages in their growth cycles. For exam-
ple, in the laboratory some strains of Pseudomonas
stutzeri usually express competence factors during
the stationary growth phase (Stewart & Carlson
1986; Stewart et al. 1983), whereas a strain like
Acinetobacter sp. BD413 expresses these factors
during the logarithmic phase (Hendrickx et al.
2003; Palmen & Hellingwerf 1997).

Because intrinsic processes of bioremediation
are at times slow, actively engineered approaches

are sometimes needed to speed the biological
reactions required for pollutant breakdown.
Hendrickx et al. (2003) suggested that it might be
possible to use natural transformation to enhance
biodegradation process in biofilms, though we
are not aware that this approach has actually
been tested with functional degradative genes. In
work reported here, we evaluated the use of
natural transformation for introducing exogenous
genes into pure-culture biofilms of Acinetobacter
sp. BD413 and into mixed-community soil bio-
films using a gene (mut2) encoding green fluo-
rescent protein (GFP). We similarly transformed
these biofilm communities with the gene atzA
(Mandelbaum et al. 1993) that encodes an en-
zyme (atrazine chlorohydrolase) that converts
atrazine to hydroxyatrazine, the first product
observed during bacterial degradation of the
well-characterized herbicide (Martinez et al.
2001). The biofilms acquired and expressed these
genes via natural transformation. We confirmed
uptake and expression of mut2 by observing flu-
orescence of transformed cells within biofilms
and expression of atzA by exposing the biofilms
to atrazine and then measuring atrazine removal
by the biofilm using electrospray tandem mass
spectrometry (ES-MS/MS).

Materials and methods

Bacterial strains and media

Table 1 lists the bacterial strains used in this study.
Acinetobacter sp. strain BD413 was used for all
pure-culture biofilm experiments. Soil collected on

Table 1. Bacteria, plasmids, and PCR primers used in this study

Bacterial strains and plasmids Source or reference

Acinetobacter sp. BD413 ATCC 33305

Soil mixed culture University of Idaho, Moscow campus

E. coli DH5a University of Idaho collection

p519ngfp Matthysse et al. (1996)

PMD4 Dubnau (1999)

PBBR1MCS5 Kuehn et al. (1998)

pSP1 (mut2) This study

pSP2 (mut2, atzA) This study

PCR primers for atzA gene IDT Corp., Coralville, IA

5¢ GTT AGC CAC CAT GTT CGC CC 3¢ Based on NCBI accession number NC_004956

5¢ TGC AAA CGC TCA GCA TCC AG 3¢ Based on NCBI accession number NC_004956
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the University of Idaho, Moscow, ID, USA,
campus was used as an inoculum for producing
soil-derived biofilms. Minimal media (M9)
(Ausubel et al. 2002) and mineral salts media
(MSM) (Mandelbaum et al. 1993) containing
0.1% glucose as a carbon source and 0.05%
NH4Cl as a nitrogen source were used for growing
biofilms and for DNA transformation and atra-
zine breakdown experiments. An atrazine stock
solution (250 mg ml)1) was prepared by dissolving
the herbicide in methanol and sonicating the
solution in a water bath for 3 h (Mandelbaum
et al. 1993). Appropriate aliquots of the stock
solution were added to M9 or MSM to give a final
atrazine concentration of 20 mg l)1 for all atrazine
degradation experiments.

Gentamycin (10 lg ml)1) was used as a selec-
tion agent for plasmid cloning and to enrich
transformed bacteria within soil and pure-culture
biofilms. Cells were cultivated in Terrific Broth
(Ausubel et al. 2002) prior to their use for prepa-
ration of plasmid and chromosomal DNA.

Plasmids and cloning

Table 1 lists the plasmids used in the experiment.
The broad host range plasmid pBBR1MCS5
(Kovach et al. 1994) was used for biofilm transfor-
mation experiments. The GFP gene used was ob-
tained from plasmid p519ngfp (Matthysse et al.
1996). A fragment consisting of the pnpt2 promoter
and the mut2 gene was excised from p519ngfp as a
Hind III-EcoRI fragment and then cloned into the
Hind III-EcoRI digested pBBR1MCS5 to create
pSP1. Colonies were selected by blue/white screen-
ing. The atzA gene from plasmid pMD4 (de Souza
et al. 1995) was cleaved as an avaI fragment, blunt-
ended using T4 polymerase, and then ligated to the
SmaI-digested pSP1 to form pSP2. Escherichia coli
DH5a was used for routine plasmid cloning. Stan-
dard microbiological techniques (plasmid extrac-
tion, DNA quantification, spectroscopy, bacterial
quantification, and enzyme digestion and ligation)
were performed as described in manufacturers’
protocols or as detailed in Ausubel et al. (2002).

Biofilm growth and transformation experiments

A flow cell (model FC81, BioSurface Technologies
Corporation, Bozeman, MT) was set up with a
flow rate of 1.9 ml h)1 using a syringe pump

(Model 600 910/920, Harvard Apparatus, Inc.,
Dover, MA). Glass slides used for growing bio-
films were first washed with concentrated HCl and
then thoroughly rinsed with distilled water. The
setup was autoclaved along with the Teflon� tub-
ing used to supply media. The flow cell was then
inoculated with Acinetobacter sp. strain BD413 or
a soil consortium and allowed to grow for 2 days
at room temperature (�28 �C) in either M9 or
MSM. After 2 days of growth, a total of 200 ng of
plasmid DNA (pSP2; 0.5 lg ll)1) was passed
through the chamber over a period of 2 h. In order
to enrich for the transformants in the biofilm
population, the medium inflow was then switched
to media containing gentamycin (10 lg ml)1) and
atrazine (20 mg l)1). This feed was continued for
an additional 3 days. The chamber effluent was
collected using a fraction collector. Collected
samples were stored at )80 �C until analysis.

Data reported here are from single experi-
ments. To confirm that results were repeatable,
three repetitions (data not shown) of each treat-
ment for both pure-culture and soil-derived bio-
films were performed as described above. To rule
out the possibility that simple adsorption of atra-
zine to the biofilm matrix might be responsible for
atrazine removal by transformed biofilms, pSP2
was replaced with pSP1, a mut2 construct without
atzA, and the experiments were repeated.

Confocal laser scanning microscopy (CLSM)
analysis and estimating transformation efficiency

After a biofilm experiment was completed
(5 days), the biofilm was stained with Syto 60
(Molecular Probes, Eugene, OR) according to the
manufacturer’s protocol by pumping the staining
solution into the flow cell. The flow cell was left
undisturbed for 1 h and then viewed using a
BioRad MRC 1024 CLSM equipped with a
krypton–argon laser on a Nikon Diaphot inverted
microscope. Excitation lines were 488 nm for GFP
and 647 nm for Syto 60. Data were acquired using
Laser Sharp software (version 3.2; BioRad Labs,
Hercules, CA). Emission spectra filters were 522
DF (506–538 nm) and 680 DF32 (664–696 nm) for
GFP and Syto60, respectively. Objective lenses
were a 40� Flour (0.85 N.A.) and a 60� oil Plan
Apo (1.4 N.A.). The final resolutions of the images
were of 400� and 600� magnitude. Confocal
Assistant and Metamorph software packages
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(Molecular Devices Corporation, Downingtown,
PA) were used for further image processing.

Biofilm height was determined by using the
zx-axis (two-dimensional analyses) of the confocal
microscope. The resulting start and stop positions
of the scan (measured in lm) provided a measure of
biofilm height. The biofilm slide was divided arbi-
trarily into three equal sectors (1.25 cm long by
1 cm wide) based on distance from the medium
inlet. These were sector 1 nearest the inlet, sector 2
in the middle of the slide, and sector 3 farthest from
the inlet. Each sector was viewed at three different
locations. Results were presented as the mean of
these triplicate readings. A three-way factorial
ANOVA was performed to test for significant dif-
ferences in height among the three sectors.

Transformation efficiency was determined by
counting the total number of cells (fluorescence of
Syto 60) and transformed cells (emitting flores-
cence due to the presence of GFP). Transforma-
tion efficiency was calculated as described
previously by dividing the number of cells
expressing GFP by the total number of cells
appearing in the microscopic field (Hendrickx
et al. 2003; Kuehn et al. 1998). A two-way factorial
ANOVA was performed on the data obtained.

Electrospray tandem mass-spectroscopy
(ES-MS/MS)

To confirm atrazine removal by atzA-transformed
biofilms under various treatment conditions, we
employed ES-MS/MS to examine chamber effluent
samples for the amount of atrazine remaining in
solution. Fractions collected from the chamber
effluent were extracted with 30-mM ammonium
formate buffer (pH 6.6) and analyzed using posi-
tive ion electrospray ionization (Quattro II,
Micromass Ltd., UK). Samples were delivered into
the source at a flow rate of 0.60 ll h)1 using a
syringe pump (Harvard Apparatus, South Natick,
MA). A potential of 3.5 kV was applied to the
electrospray needle, and the sample cone was kept
at an average of 15 V. Detector resolution was set
at 15; source temperature was kept constant at
120 �C. The counter electrode, skimmer, and RF
lens potential were tuned to maximize the ion
beam. All spectra were collected as an average of
18 scans.

Quantitative data from ES-MS/MS were con-
verted to the percentage of atrazine remaining in

the chamber effluent samples as compared to
atrazine concentrations observed in effluents from
bacteria-free control chambers.

Polymerase chain reaction (PCR) analysis

PCR analyses were performed to confirm the
presence of atzA in DNA extracted from trans-
formed biofilm communities. After the experi-
ments described above, the biofilm was stripped
from the glass slide and inoculated into M9-glu-
cose-NH4Cl. After growth, cells were centrifuged
and the pellet then resuspended in buffer contain-
ing Dnase I [10 mg ml)1 in MgCl2 (4.2 mg l)1)].
After incubation for 20 min, the cells were washed
twice with sterile saline (0.89% NaCl). PCR
primers (Table 1) were designed based on the
published sequence of atzA (atrazine chlorohy-
drolase: NCBI Gene Bank database accession
number NC_004956) using Vector NT1 (Infor-
max, Invitrogen, Inc., Carlsbad, CA). These
primers amplify the complete 1400-bp sequence of
atzA. The biofilm cell suspension was heated for
10 min at 95 �C in a PCR thermocycler (PTC100
M.J. Research, Inc., Watertown, MA), cooled,
and centrifuged at 3000�g for 2 min; 1.0 ll of the
supernatant was used as template for PCR analy-
sis. The primers (100 pg; Table 1) were added to a
50-ll reaction volume as described by the manu-
facturer (Invitrogen, Inc., Carlsbad, CA). PCR
was performed in the PTC100 Thermocycler under
the following conditions: initial denaturation at
95 �C for 40 s, annealing at 55.3 �C for 30 s, and
primer extension at 72 �C for 3 min (30 cycles),
followed by a final extension time of 10 min at
72 �C.

Results

Transformation of Acinetobacter sp. BD413
and soil-community biofilms

To determine if there was any difference in
transformation rates due to the use of two dif-
ferent replication origins, plasmids p519ngfp
(Matthysse et al. 1996) and pSP1 were compared
as transformation vectors. Plasmid DNA solution
containing a total of 200 ng of pSP1 or p519ngfp
at 0.5 lg ll)1 was injected into the biofilm
chamber over a period of 2 h. Following an
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additional three days of flow using media aug-
mented with gentamycin to enrich for transfor-
mants, Syto 60 dye was used to counterstain the
biofilm for observation of living cells under a
confocal microscope. GFP fluorescence was also
viewed to identify transformed cells expressing
mut2 (Figure 1).

Table 2 shows the number of transformants in
the three biofilm sectors for both pure-culture and
soil-derived biofilms. In the pure-culture biofilm of
Acinetobacter sp. transformed with p519ngfp, the
number of transformants was similar in both the
first and second sectors. Sector 3, farthest from
the chamber inlet, showed a 100-fold increase in
number of transformants as compared to sectors 1
and 2. Sectors 1 and 3 contained statistically dif-
ferent numbers of transformants (p £ 0.0001).
When the pure-culture biofilm was transformed
with pSP1, there were similar numbers of trans-
formants in the first two sectors, while sector 3
showed a 10-fold increase in the number of
transformants as compared to sectors 1 and 2. All
sectors were statistically different (p £ 0.0001). In
the soil-based biofilm, the RSF1010-derived origin

(plasmid p519ngfp) provided a 10-fold increase in
number of transformants in the second and third
biofilm sectors as compared to the first sector.
Statistically significant differences were detected
between sectors 1 and 2 and sectors 1 and 3
(p £ 0.0001). A similar trend was observed when
the pBBR1MCS5-based origin (pSP1) was used
with significant differences detected among all
sectors at p £ 0.0001.

Height of Acinetobacter sp. BD413 and soil
biofilms

After biofilms were grown for 5 days in the flow
chamber, the three sectors were viewed under a
confocal microscope to determine biofilm height.
A two-dimensional zx analysis was performed to
estimate the height of the biofilm. Three points in
each sector were sampled and averaged to pro-
vide the values shown in Figure 2. In the pure
culture, the sector 1 biofilm had an average
height of 40 lm and a very similar height of
70 lm in the remaining two sectors. Pure-culture
biofilm heights were significantly different in

Figure 1. CLSM analyses of Acinetobacter sp. BD413 and soil mixed culture biofilms. A (40�): untransformed Acinetobacter sp.

BD413 biofilm; B (40�): untransformed soil biofilm; C (60�): untransformed soil biofilm; D (40�): pSP2 treated biofilm of Acinet-

obacter sp. BD413 (the yellowish-green color identifies transformants that give this color due to superimposition of red Syto 60

and green GFP fluorescence); E (40�): soil biofilm transformed with atzA (pSP2; the yellow color represents the transformants and

the red color the untransformed population); F (60�): closer view of a soil biofilm with a pSP2 transformed population (the red

color is the untransformed live population stained by Syto 60).
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sectors 1 and 3 (p £ 0.0008). Soil-derived biofilm
height varied between 65 lm and 75 lm (ob-
served in sector 3). For the soil-based biofilm,
significant differences existed between sectors 1
and 2 and between sectors 1 and 3 (p £ 0.0001).
When heights of pure-culture and soil-based
biofilms were compared, sector 1 was the only
sector found to be statistically different
(p £ 0.0001).

Atrazine transformation by Acinetobacter sp.
BD413 and soil consortia biofilms in M9 medium

After biofilm growth from either Acinetobacter sp.
BD413 or a soil-derived consortia, pSP2 contain-
ing the atzA was used to transform the mature
biofilms. Figures 3 and 4 show atrazine removal
percentages from atrazine-supplemented M9 pas-
sed over transformed biofilms. The Acinetobacter

Table 2. Transformation frequencies (±standard deviations) of Acinetobacter sp. strain BD413 and soil mixed culture biofilms
with pSP1 (pBBR1MCS5-based) and p519ngfp (RSF1010-based) plasmids obtained by confocal scanning laser microscopy. A and
C; G and H; G and I; D, E, and F; J, K, and L were significantly different in transformation frequency (p £ 0.0001)

Sector 1 Sector 2 Sector 3

Acinetobacter sp. transformants

p519ngfp 1.3�10)4 ± 0.120�10)4 (A) 4.7�10)4 ± 1.200�10)4 (B) 6.3�10)2 ± 0.460�10)2 (C)

pSP1 1.2�10)4 ± 0.562�10)4 (D) 3.2�10)4 ± 0.654�10)4 (E) 7.9�10)3 ± 1.030�10)3 (F)

Soil transformants

p519ngfp 2.4�10)4 ± 0.281�10)4 (G) 6.3�10)3 ± 0.534�10)3 (H) 8.3�10)3 ± 0.372�10)3 (I)

PSP1 2.9�10)3 ± 0.830�10)3 (J) 5.8�10)2 ± 1.200�10)2 (K) 9.0�10)2 ± 0.264�10)2 (L)
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Figure 2. Average biofilm heights of Acinetobacter sp. BD413 and soil mixed culture biofilms. Error bars represent ±1 standard

deviation of three replicate experiments. Biofilm heights of the pure-culture Acinetobacter and soil-based biofilms were significantly

different (p £ 0.05) only in sector 1 of the biofilm chamber.
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sp. BD413 biofilm clearly expressed genes borne
on pSP2 as shown by its degradation of atrazine
(Figure 3). The percentage of atrazine degradation
remained stable throughout the three-day period
of the experiment. An untransformed biofilm
(Acinetobacter control) did not remove atrazine
over a similar incubation period.

A similar trend of atrazine removal was ob-
served in a pSP2-transformed soil biofilm; how-
ever, the native population of the untransformed
soil control also removed some atrazine (Figure 4).
This loss of atrazine in the control biofilm ac-
counted for a maximum of only 20% of the total
available atrazine after 5 days. A bacteria-free
control (no biofilm) showed no atrazine removal.
Thus, in both the soil consortium and pure-culture
atzA-transformed biofilms, there was a stable loss
of 80–90% of the available atrazine over the 5-day
experimental period (only 21 hourly time points
are shown in the figures). This loss of atrazine can

be attributed to uptake and expression of atzA by
biofilm cells.

To determine if these experiments were
repeatable, all transformation experiments were
replicated three times for both soil and Acineto-
bacter sp. BD413 biofilms. Similar results were
observed in all cases (data not shown).

Atrazine degradation by Acinetobacter sp. BD413
and soil consortia biofilms in MSM medium

To determine if media type would affect atrazine
degradation percentages, MSM media was
substituted for M9 in another series of experi-
ments. Stable trends in atrazine removal similar to
those observed using M9 were also observed when
MSM was used (Figures 5 and 6). The untrans-
formed soil biofilm control once again showed
some background atrazine removal similar to that
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Figure 3. Atrazine removal in atzA-transformed Acinetobacter sp. BD413 biofilms grown on M9. Shown are the percentages of

atrazine remaining in the chamber outflow from a bacteria-free control (d), an untransformed Acinetobacter control (s), and an

Acinetobacter pSP2-transformed biofilm (.). The initial concentration of atrazine was 20 mg l)1. Chamber effluent samples were

collected at 90-minute intervals for the first day and thereafter once for the remaining experimental time period (4 days). Values

indicate the percentage of the input atrazine concentration remaining in the chamber effluent at the various time points. Error bars

represent ±1 standard deviation of three replicate analyses.
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seen using M9. Thus, removal of atrazine was
similar in both soil and pure-culture biofilms and
remained stable for the three-day period after the
biofilm was transformed with pSP2, regardless of
the medium used.

To confirm that atrazine removal by the
transformed biofilms was not the result of surface
adsorption but was indeed caused by the intro-
duced atzA gene, a mut2-containing plasmid that
did not contain atzA was used to transform con-
trol biofilms, atrazine-bearing media were passed
through the transformed biofilms, and chamber
effluent samples were collected and analyzed for
residual atrazine. Such controls did not remove
atrazine, ruling out simple adsorption as a removal
mechanism.

Biofilms that were grown from Acinetobacter
sp. BD413 or the soil consortium and then trans-

formed with pSP1 lacking atzA genes did not de-
grade or adsorb atrazine (Figure 7).

PCR analysis

Figure 8 shows results obtained by PCR-based
analyses of biofilms transformed with pSP2. The
primer set employed was designed to amplify the
complete atzA open reading frame. Results
showed the presence of the expected 1400-bp
product amplified from the atzA-transformed
Acinetobacter biofilm (lane 4) but no product from
the untransformed control Acinetobacter biofilm
(lane 3). Lanes 5 and 6 show similar expected re-
sults for the untransformed and transformed soil
biofilms, respectively, where atzA was amplified
from the transformed biofilm but not the
untransformed control. Positive and negative
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Figure 4. Atrazine removal in soil-derived biofilms grown on M9. Shown are the percentages of atrazine remaining in the chamber

outflow from a bacteria-free control (d), an untransformed soil biofilm control (s), and a soil biofilm transformed with pSP2 (.).

Values indicate the percentage of the input atrazine concentration remaining in the chamber effluent at the various time points. Er-

ror bars represent ±1 standard deviation of three replicate analyses.

552



controls (lanes 1, 2, 3, and 8) all showed
expected results. Specifically, plasmids pMD4 and
pBBRIMCS5 carrying the atzA gene (lanes 1 and 2)
showed the 1400-bp amplicon. The untransformed
Acinetobacter (atzA; lane 3) showed no amplicon;
likewise for a no-template control (lane 8). The soil-
derived biofilm control (lane 5) showed some non-
specific amplification by these primers but no
product at 1400 bp.

Discussion

Transformation is thought to be one of the prin-
cipal mechanisms by which genes are exchanged
between bacterial cells in nature. Gene transfer via
transformation may occur at both the inter- and
intra-species levels. Here we investigated the po-
tential for using transformation to introduce genes
of value for bioremediation into natural biofilms.
In this work we employed a special flow cell de-
signed to mimic the growth and typical structural
architecture of natural biofilms. We grew biofilms

from both pure cultures and soil microbial con-
sortia within the flow cells and then used the
biofilms we had developed for in vivo transforma-
tion experiments.

The condition of ‘‘competence’’ for DNA
uptake by bacterial cells is widely acknowledged as
a crucial phenomenon that allows natural trans-
formation to proceed at significant rates (Stewart
& Carlson, 1986). Our model biofilm pure culture
Acinetobacter sp. BD413 is an example of a highly
competent bacterial species, so a large number of
cells in its population are competent for DNA
uptake at any point in time (Palmen & Hellingwerf
1997). Thus, a biofilm comprised of Acinetobacter
sp. BD413 cells should be a good system to
examine the hypothesis that natural transforma-
tion can be a useful approach to modify biofilm
microbial communities with genes of value for
bioremediation. Our results confirmed the value of
this model system. We observed that Acinetobacter
biofilms were readily transformed by plasmids
bearing both the mut2 reporter gene and the atzA
gene, which is involved in atrazine biodegradation.
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Figure 5. Atrazine removal in Acinetobacter sp. BD413 biofilms grown on MSM. Shown are the percentages of atrazine remaining

in the chamber outflow from a bacteria-free control (d), an untransformed Acinetobacter biofilm control (s), and an Acinetobacter

biofilm transformed with pSP2 (.). Error bars represent ±1 standard deviation of three replicate analyses.
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Both genes were expressed within the biofilm
matrix.

A more challenging test of our hypothesis
involved our attempts to transform a mixed-com-
munity biofilm with plasmids bearing mut2 and
atzA. Such biofilms harbor a diversity of bacteria.
It is likely that a smaller component of such a
mixed population would be competent for DNA
uptake at any one time as compared to a pure-
culture-based biofilm. Our results showed,
however, that transformation efficiencies for the
pure-culture-based and soil-derived biofilms were
similar (Table 2). This is a highly encouraging
result for eventual application of this technology
in the field (Strong et al. 2000).

Acinetobacter sp. BD413 (Juni & Janik 1969) is
an exopolysaccharide negative mutant; however,
despite this mutation the strain formed a reason-
ably thick biofilm, 40–70 lm in height (Figure 2).
Its biofilm was thicker in sector 3 of the biofilm
chamber than in sectors 1 and 2 suggesting that
sector location plays a role in determining biofilm
height and transformation frequency. This may

reflect its higher susceptibility to shear forces near
the medium inlet that are likely responsible for
some biofilm dissociation and dispersion in those
sectors (Stoodley et al. 1999). In comparison, the
height in the soil community-derived biofilm re-
mained constant throughout the chamber. This
mixed community clearly formed a stronger bio-
film than the pure culture Acinetobacter, probably
by way of its production of a stronger polysac-
charide matrix. Despite the differences in biofilm
architecture, both biofilms were effectively trans-
formed by the employed plasmids.

Confocal analyses confirmed the presence of
genes carried by pSP2 in the transformed biofilms
as indicated by synthesis of fluorescent GFP. In
order for us to observe GFP fluorescence, mut2
not only had to enter the cells within the biofilm
but it also had to be expressed. PCR analyses and
atrazine degradation confirmed the presence and
expression of atzA in the transformed biofilms.
Prior to the PCR analyses, the biofilm material
was treated with DNase to remove any adsorbed
DNA that might have been bound to the biofilm
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Figure 6. Atrazine removal in soil biofilms grown on MSM. Shown are the percentages of atrazine remaining in the chamber out-

flow from a bacteria-free control (d), an untransformed soil biofilm control (s), and a soil biofilm transformed with pSP2 (.). Er-

ror bars represent ±1 standard deviation of three replicate analyses.
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matrix. This treatment was employed to address
the unlikely possibility that if the biofilms had
adsorbed some of the added DNA, it may not have
been degraded over the period of the experiment
(5 days) by biofilm community nucleases.

Although the soil biofilm community was not
characterized during this study, other techniques

such as 16S rDNA fingerprinting could be used to
identify members of the soil biofilm community. It
would also be of interest to isolate representative
transformants from the post-transformation bio-
films and determine if the introduced genes are
maintained as plasmids or have been integrated into
the microbial chromosomes, as plasmid retention
and homologous or illegitimate recombination are
all possible mechanisms of gene incorporation.

Soil biofilms, unlike the Acinetobacter biofilms,
showed some background activity for atrazine
removal. This activity was minimal considering the
diversity of bacteria present and the potential
number of non-specific enzymes that could be
present in these mixed soil populations. Such bio-
films may contain an organism(s) capable of atra-
zine degradation via a related or completely
different mechanism (Herzberg et al. 2004; Law-
rence et al. 2001). However, we did not observe
removal of more than 20% of the influent atrazine
from non-transformed control soil biofilms. There
did appear to be some enrichment of atrazine
degraders over the course of the experiment since
the percentage removal increased from an initial
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Figure 7. Lack of adsorption of atrazine to Acinetobacter sp. BD413 and soil biofilms lacking atzA. Symbols are d, bacteria-free
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Figure 8. Biofilm PCR analysis. Lane L: 1-kb ladder; Lane 1:

PMD4 carrying atzA; Lane 2: pBBR1MCS5 carrying atzA;

Lane 3: Acinetobacter DNA control (untransformed – no

atzA gene); Lane 4: Acinetobacter biofilm transformed; Lane

5: soil control (untransformed); Lane 6: soil biofilm trans-

formed; Lane 7: no sample; Lane 8: PCR control (no tem-

plate).
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level of 5–10% to about 20% after 5 days
(Figure 4).

Atrazine was passed through the atzA-trans-
formed biofilm chambers at a fairly high concen-
tration of 20 mg l)1 and at an environmentally
realistic flow rate. Under these conditions bacteria
within the biofilms had sufficient time in contact
with atrazine to degrade the herbicide. Atrazine
was effectively removed by both the Acinetobacter
biofilm and the soil-derived biofilm; 80–85% of the
initial concentration of atrazine was removed in
both systems. Changing the medium composi-
tion flowing through the reactors from M9 to
MSM resulted in no difference in removal per-
centages of atrazine, indicating that simple min-
eral-based media were fully capable of supporting
atrazine degradation by transformed biofilms.
Most groundwater systems are also minimal, oli-
gotrophic environments. This indicates that even-
tual application of this transformation technology
to real-world groundwater sites is a promising
idea.

Additional questions that need to be ad-
dressed prior to conducting field-based experi-
ments include the following. Will this approach
also work for genes encoding degradation of
pollutants other than atrazine? What is the min-
imal number of genes in a pathway that will be
required to accomplish acceptable detoxification
of a contaminant such as atrazine? For example,
is the conversion of atrazine to hydroxyatrazine
sufficient to allow its ultimate complete mineral-
ization or will additional atrazine pathway genes
also be required? We detected hydroxyatrazine in
chamber effluents from pure-culture biofilms, but
no hydroxyatrazine remained in effluent from
mixed soil biofilms. Therefore it appears that the
atzA gene alone was insufficient for complete
atrazine degradation in our pure-culture model
system but did result in complete degradation
when added into the mixed population biofilm.
Another logical question is how much flow might
be needed to adequately expose a transformed
biofilm to contaminated water to allow for en-
ough contact time for detoxification? There may
be insufficient flow in some aquifers. Finally, will
supplementation with an alternative carbon
source such as glucose be required to support
degradation of some contaminants if only one or
a few new genes are introduced into the com-
munity?

In summary, data reported here demonstrate
that it is possible to modify microbial biofilms
through natural transformation to improve their
biodegradative capabilities. Ultimately the tech-
nique could be applied to natural community
biofilms such as are found in aquifers or bioreac-
tors. This would demonstrate the utility of this
technique for bioremediation enhancement. Such
enhancement would involve genetic manipulation
of the environment but would not require the
highly regulated and controversial addition of
genetically engineered microorganisms to the
environment.
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