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ABSTRACT

Bioaugmentation has been frequently proposed in wastewater and soil treatment to remove toxic aromatic compounds. The per-
formance of bioaugmentation is affected by a number of biological and environmental factors, including the interaction between
the target pollutant and the augmented bacterial cells. In this study, using Comamonas testosteroni and 3-chloroaniline (3-CA)
as the model organism and target pollutant, we explored the influence of toxic aromatic pollutants on the biofilm lifestyle of bac-
teria capable of degrading aromatic compounds toward a better understanding of cell-pollutant interaction in bioaugmentation.
Our results showed that the exposure to 3-CA greatly reduced the retention of C. testosteroni cells in packed-bed bioreactors
(from 22% to 15% after three pore volumes), which could be attributed to the altered bacterial motility and cell surface hydro-
phobicity. To further understand the molecular mechanisms, we employed an integrated genomic and transcriptomic analysis to
examine the influence of 3-CA on the expression of genes important to the biofilm lifestyle of C. testosteroni. We found that ex-
posure to 3-CA reduced the intracellular c-di-GMP level by downregulating the expression of genes encoding c-di-GMP syn-
thases and induced massive cell dispersal from the biofilms. Our findings provide novel environmental implications on bioaug-
mentation, particularly in biofilm reactors, for the treatment of wastewater containing recalcitrant industrial pollutants.

IMPORTANCE

Bioaugmentation is a bioremediation approach that often has been described in the literature but has almost never been success-
fully applied in practice. Many biological and environmental factors influence the overall performance of bioaugmentation.
Among these, the interaction between the target pollutant and the augmented bacterial cells is one of the most important factors.
In this study, we revealed the influence of toxic aromatic pollutants on the biofilm lifestyle of bacteria capable of degrading aro-
matic compounds toward a better understanding of cell-pollutant interaction in bioaugmentation. Our findings provide novel
environmental implications on bioaugmentation for the treatment of wastewater containing recalcitrant industrial pollutants;
in particular, the exposure to toxic pollutants may reduce the retention of augmented organisms in biofilm reactors by reducing
the c-di-GMP level, and approaches to elevating or maintaining a high c-di-GMP level may be promising to establish and main-
tain sustainable bioaugmentation activity.

Aromatic compounds are widely used in chemical and phar-
maceutical industries (1). These organic compounds contain

chemically stable benzene ring structures, hence their degradation
by naturally occurring microbial communities in the contami-
nated environments is often slow (2, 3). This is because the indig-
enous microbial community usually lacks efficient catabolic capa-
bilities for these anthropogenic compounds. To efficiently remove
these toxic compounds from contaminated water or soil, bioaug-
mentation has been a frequently investigated bioremediation ap-
proach in which active bacteria capable of degrading recalcitrant
organic compounds are introduced into the bioremediation sys-
tem (4, 5). However, the performance of bioaugmentation re-
mains difficult to predict, and in many cases bioaugmentation
failed because of the complex interactions among the augmented
organisms (6), indigenous microbial community (7), and envi-
ronmental factors (8).

Previous studies have shown that bioavailability, concentra-
tion, and toxicity of the target pollutant are important character-
istics influencing the performance of bioaugmentation (9). Fur-
ther molecular-level mechanistic studies on responses of bacteria
to the pollutants have improved our understanding of the inter-
action between augmented population and the pollutants and its
potential effects on bioaugmentation. Most such studies used

planktonic bacterial cultures and focused on the pollutant-in-
duced changes in catabolic activity responsible for biodegradation
of the pollutant and detoxification mechanisms employed by the
bacteria at the gene, mRNA, or protein level (10–12). However,
bacterial cells that are introduced into bioaugmentation systems
often exist in the form of biofilms by attaching onto biotic and
abiotic surfaces (13, 14). Bacterial cells in biofilms differ physio-
logically and genetically from their planktonic counterparts.
Compared with cells in planktonic cultures, the biofilm lifestyle
provides cells with a number of advantages under unfavorable
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conditions, including exposure to toxic chemicals (15–17), al-
though toxic chemicals may compromise biofilm stability by in-
ducing detachment of cells from the biofilms and result in a loss of
the bioaugmented function (18, 19). Hence, the influence of toxic
aromatic pollutants on the biofilm lifestyle of the introduced bac-
terial population is a critical aspect contributing to the overall
performance of bioaugmentation, which remains largely unex-
plored.

The objective of this study was to reveal the influence of toxic
aromatic pollutants on the biofilm lifestyle of bacteria capable of
degrading aromatic compounds in order to better understand
cell-pollutant interaction in bioaugmentation. Comamonas testos-
teroni and 3-chloroaniline (3-CA) were used as the model organ-
ism and the industrial pollutant, respectively, because biodegra-
dation of 3-CA by C. testosteroni and bioaugmentation with C.
testosteroni for the treatment of wastewater containing 3-CA have
been well documented (13, 20, 21). By using a packed-bed biofilm
reactor, we quantified the effect of 3-CA exposure on the retention
of C. testosteroni cells in the bioreactor. To further understand the
mechanisms, we employed an integrated genomic and transcrip-
tomic analysis to examine the influence of 3-CA on the expression
of genes important to the biofilm lifestyle of C. testosteroni.

MATERIALS AND METHODS
Bacterial strain and culture conditions. C. testosteroni WDL7, a Gram-
negative, aerobic organism capable of degrading 3-CA (18), was precul-
tured in LB medium at 30°C. The overnight seed cultures then were inoc-
ulated in M9 minimal medium which was supplemented with 10 mM
pyruvic acid sodium salt as the sole carbon source (18). Bacterial growth
was monitored by measuring the optical density at 600 nm (OD600).

Retention of C. testosteroni cells in biofilm reactors. Packed-bed col-
umn reactors were used to characterize bacterial retention under contin-
uous-flow conditions. The column reactors were set up as previously de-
scribed by using 10-ml syringes (Luer-Lok tip, latex free; BD) packed with
glass beads (diameter, 2.0 mm) (solid glass beads; Sigma-Aldrich) (18).
Each packed-bed reactor contains 1,520 � 18 beads with a total surface
area of 19,091 � 305 mm2. The reactors were sterilized with 70% ethanol
and then saturated with phosphate-buffered saline (PBS) buffer (pH 7.4)
with or without 200 ppm 3-CA at an interstitial rate of 5.99 cm/h against
gravity. For each condition, replicate experiments in three independent
reactors were conducted. C. testosteroni cells were cultivated in M9 mini-
mal medium with pyruvate as a carbon source. At the mid-exponential
phase, one set of the cultures was treated with 3-CA at a final concentra-
tion of 200 ppm, while the other set of cultures with no 3-CA addition
served as the control. After a 2-h treatment, bacterial cells were centri-
fuged and resuspended in PBS buffer with or without 200 ppm of 3-CA to
obtain a cell density of 3.2 � 109 cells/ml. Approximately 0.4-ml aliquots
of the cell suspensions were introduced into the bioreactors, and effluent
samples were collected periodically. Cell density in the effluent samples
was determined using a drop-plate method as previously described (18).
Three technical replicates were performed to assess the average cell density
for each biological replicate.

Mathematical analysis. The breakthrough curves of the treated and
control groups were obtained based on cell density in the effluents. The
bacterial transport process was modeled using the following one-dimen-
sional advection-dispersion equation (22, 23):

R
�b

� t
� D��2b

�z2� � v
�b

�z
� kmb

where R represents the retardation factor, b is the cell density in the aque-
ous phase (normalized by inoculum density), D is the longitudinal hydro-
dynamic dispersion coefficient, z is the longitudinal distance, and km

represents the irreversible retention coefficient. R, D, and km were deter-

mined by fitting the advection-dispersion model to the experimental
breakthrough curve data via optimizing the least-squares error by using
CXTFIT/EXCEL code (24).

Motility assay. The swimming motility of the C. testosteroni cells was
determined on agar (0.3%) (18, 25) containing M9 minimal medium
supplemented with 10 mM pyruvic acid sodium salt in the presence or
absence of 200 ppm of 3-CA. Briefly, 1 �l of overnight culture (OD600 of
�1.4) was inoculated into the agar plate using a sterile needle (25 gauge;
Braun) by the half-penetration method.

Cell surface hydrophobicity assay. Cell surface hydrophobicity was
determined by bacterial adhesion to hydrocarbons (BATH) (26). Cells
grown in M9 media with 10 mM pyruvate in the presence or absence of
3-CA (200 ppm) were harvested and resuspended in PBS buffer to a final
OD600 of 0.20. Two milliliters of the cell suspensions was mixed with 2 ml
of hexane. After 2 min of vortexing, the mixture was left for 15 min at
room temperature, and then the OD600 of the aqueous phase was mea-
sured. The hydrophobicity was quantified by calculating the percentage of
cells transferred to the hexane phase.

DNA and RNA extraction. After overnight cultivation in LB medium,
the culture was harvested and DNA was extracted by a Qiagen genomic kit
(Qiagen K.K., Tokyo, Japan). The DNA concentration was monitored by
using a NanoDrop spectrophotometer (Thermo Scientific, DE, USA),
while the integrity and quality were examined by loading DNA on an
agarose gel. For the total RNA extraction, cells grown in M9 media with or
without 3-CA exposure (1 h of exposure at late exponential phase) were
harvested by centrifugation, and RNA was extracted by using Qiagen
mini-RNA prep kits. The concentration and quality of extracted total
RNA were determined by a NanoDrop spectrophotometer (Thermo Sci-
entific, DE, USA). For each experimental condition, there were three in-
dependent biological replicates.

Genome sequencing, draft genome assembly, and annotation.
Genomic DNA was sequenced on Illumina’s MiSeq platform (Illumina,
CA, USA) with 250-bp paired-end sequences (5,733,600 reads). Quality
filtering and adapter removal were performed by using cutadapt 1.2.1
(27). Filtered reads were assembled using Velvet 1.2.08 (k � 153) (28). All
contigs were annotated on the Integrated Microbial Genomes Expert Re-
view (IMG ER) platform (29, 30). The genome sequence and annotation
information were available from the IMG database (analysis project iden-
tifier [ID] Ga0022323). Prophage- and transposase-containing regions
were analyzed by Phast and ISsaga (31, 32). The membrane-bound trans-
porter genes were predicted in IMG using the Transport Classification
Database (33, 34). Protein subcellular localization prediction was done by
using PSORTb 3.0 (35).

RNA-seq analysis. After RNA isolation, paired-end sequencing was
performed on the Illumina Hi-Seq 2500 platform with a read length of 100
nucleotides. The sequence reads were assembled and analyzed in the
RNA-seq (whole-transcriptome shotgun sequencing) and expression
analysis application of CLC Genomics Workbench 6.0 (CLC Bio, Aarhus,
Denmark). The sequences of the strain WDL7 genome and plasmid
pWDL7::rfp (accession number GQ495894.1) were used as the references
for assembly. Data were normalized by calculating the reads per kilobase
per million mapped reads. Significant changes in gene expression were
determined using selection criteria of a more than 2-fold change and P
value of �0.05 (36).

Quantification of 3-CA. The concentration of 3-CA in culture super-
natant was determined by using reverse-phase high-performance liquid
chromatography (HPLC) after filtering through 0.2-�m Acrodisc poly-
ethersulfone membrane syringe filters (Pall Corporation, Singapore). In
the HPLC system, an Ascentis C18 column (100 mm by 2.1 mm, 5 �m
particle size), a mobile phase of methanol-water (50/50, vol/vol), a flow
rate of 0.6 ml/min, and a UV detector set at 254 nm were used (18).

Extraction and quantification of c-di-GMP. The extraction and
quantification of bis-(3=-5=)-cyclic dimeric GMP (c-di-GMP) followed
the methods described in a previous paper (18). Cells were grown at 30°C
in M9 media using pyruvate as the sole carbon source. At the late expo-
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nential phase, 3-CA was added to the culture to a final concentration of
200 ppm. After the cells were harvested by centrifugation, c-di-GMP was
extracted using organic solvent mixture (37). c-di-GMP concentration
was analyzed by using a Thermo Accela 1250 series LC (liquid chroma-
tography) system fitted with a Thermo Velos Pro Orbitrap mass spec-
trometer as described earlier (38). The c-di-GMP concentration was nor-
malized to total protein.

Flow cell biofilms. The response of C. testosteroni biofilms to 3-CA
was examined using multichannel flow cells (BioCentrum-DTU, Den-
mark) (19, 36, 39). Each channel was inoculated using 1.5 ml diluted
overnight culture in M9 medium (OD600 of �0.1). Air-saturated M9 me-
dium containing 10 mM pyruvate was supplied at a flow rate of 3.0 ml/h
for biofilm growth in each channel. 3-CA was introduced into the me-
dium to a final concentration of 200 ppm after 4 days of growth. The
experiments were conducted in triplicate. The cell detachment rate was
determined by a drop-plate method as previously described (18).

Confocal laser scanning microscopy and image processing. Biofilms
were stained with Live/Dead BacLight bacterial viability kit L7012 (Mo-
lecular Probes, Inc.) (40). Diluted SYTO 9 (11.1 �M) and propidium
iodide (66.7 �M) solution (�0.7 ml) was injected into each flow channel.
After staining for 15 min in the dark, the flow cell biofilms were imaged by
using a confocal laser scanning microscope (CLSM) (LSM 780; Carl Zeiss
Microscopy). Five images for each biofilm were collected by CSLM and
analyzed with IMARIS software (version 8.0.0; Bitplane, Zurich, Switzer-
land).

Accession numbers. The sequence assembled during the course of
this work was deposited in the NCBI’s assembly database under accession
number ASM126683v1. The RNA-seq raw data were deposited in the
NCBI GEO Sequence Read Archive under numbers SRX1124987 and
SRX1124990.

RESULTS AND DISCUSSION
Exposure to 3-CA reduced retention of C. testosteroni cells in
bioreactors. Compared with the control, C. testosteroni cells ex-
posed to 3-CA exhibited a higher migration rate through the
packed-bed biofilm reactors (Fig. 1). Cells from the control group
began to elute at a 0.71 pore volume, and the normalized cell
density in the effluent reached a peak value of 0.085 � 0.006 at a
1.18 pore volume. For the 3-CA-treated group, cells began to elute
from the bioreactor after reaching a pore volume of 0.56, and the
highest normalized cell density in the effluent (0.122 � 0.009) was
reached rapidly at a pore volume of 0.86.

After fitting the experimental data with the advection-disper-
sion model, we obtained the kinetic parameters for the break-
through curves (Table 1). Compared with the control, the cells
exposed to 3-CA had a lower dispersion coefficient (1.406 � 0.033
cm2/h versus 1.487 � 0.168 cm2/h), a lower retardation factor (R;
1.003 � 0.023 versus 1.245 � 0.017; P � 0.05), and lower irrevers-
ible retention (km; 0.151 � 0.032 h�1 versus 0.237 � 0.043 h�1;
P � 0.05). Lower R and km values for cells exposed to 3-CA suggest
that both the reversible and irreversible retention of C. testosteroni
cells in the bioreactors were reduced (23). The 3-CA-treated cells
also exhibited a shorter mean travel time, which suggested 3-CA
would decrease the residence time of bacterial cells in the bioreac-
tors. Compared with control cells, the treated cells retained in the
reactors over three pore volumes decreased from 22.4% � 3.2% to
15.4% � 3.2%.

Oxygen availability in the medium could affect the transport
and biofilm formation of the bacterial cells. However, the effect of
oxygen availability can be ruled out in this study because the pres-
ence of 3-CA did not affect the dissolved oxygen concentration in
the medium (6.89 � 0.04 mg/liter [medium only] versus 6.96 �
0.05 mg/liter [medium containing 3-CA]). The reduction in cell

retention in the bioreactors could be caused by a decrease in bac-
terial motility that might result in a low effective motility coeffi-
cient and a low hydrodynamic dispersion coefficient (41). When
growing in or on the agar containing 200 ppm of 3-CA, C. testos-
teroni cells formed much smaller halos or colonies, confirming a
repressed swimming motility in the presence of 3-CA (see Fig. S1
in the supplemental material). In addition, the hydrophobicity
assay showed that about 40% of the 3-CA-treated cells and only
28% of the control cells were transferred to the hexane phase,
suggesting an increase in cell surface hydrophobicity upon expo-
sure to 3-CA. An increased hydrophobicity of the cells after 3-CA
treatment may loosen the interaction between bacteria and the
hydrophilic surfaces of borosilicate glass beads, which also could
contribute to the observed lower retention in the bioreactors.

Genome analysis suggested versatile environmental controls
of biofilm lifestyle. To explore molecular mechanisms of the in-
fluence of 3-CA on the retention of WDL7 cells in the bioreactors,
we conducted an integrated genomic and transcriptomic analysis.
The draft genome of C. testosteroni WDL7 was 5.49 Mbp in length
and comprised 65 contigs with a GC content of 61.47%. A total of
5,068 genes with 4,972 protein-coding genes were predicted,
whereas 4,130 (81.49% of total genes) protein-coding genes were
associated with predicted functions. It also had genomic features
that were similar to those of other Comamonas strains (see Table
S1 in the supplemental material).

In previous genomic analysis, C. testosteroni strains were found
to harbor a high number of putative c-di-GMP controlling en-
zymes, many of which contained a sensor domain (42). c-di-GMP
is one of the most important signaling molecules in biofilm regu-
latory networks that coordinate biofilm formation and detach-
ment (43). A previous study showed that c-di-GMP signaling not

FIG 1 Breakthrough curves of C. testosteroni WDL7 with the absence or pres-
ence of 3-CA in packed-bed reactors. Experimental data for cell concentration
in the effluent from the reactor with 3-CA (empty triangle) and without 3-CA
(empty circle) were normalized by cell density of the influent cell suspension.
Simulated data based on a one-dimensional advection-dispersion model is
represented by the solid line for the group with 3-CA and a dashed line for the
group without 3-CA.
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only plays an important role in biofilm formation but also influ-
ences catabolic activity of C. testosteroni (18). The c-di-GMP level
is controlled by synthases (diguanylate cyclases) and hydrolases
(phosphodiesterases). In the genome of C. testosteroni WDL7, 51
putative c-di-GMP controlling proteins were identified (see Fig.
S2A and Table S2 in the supplemental material). Among these
putative proteins, 23 contain a sensor domain (see Fig. S2B
and Table S2). Remarkably, 38 of the 51 putative c-di-GMP-
controlling proteins were predicted to locate on the cytoplas-
mic membranes, while 20 of them contain a sensor domain.
The high abundance of sensor domain-containing c-di-GMP-
controlling proteins on the inner membranes suggests versatile
environmental controls of the intracellular c-di-GMP concen-
tration.

Transcriptomic analysis suggested an elevated catabolic ac-
tivity but decreased c-di-GMP synthesis in C. testosteroni ex-
posed to 3-CA. By using the draft genome as a reference, we fur-

ther investigated the global transcriptomic changes after 3-CA
treatment. Due to the toxicity, reduced growth was observed after
3-CA was added (see Fig. 3A). By using filtering criteria (P � 0.05
and log2 fold change of �1), 1,696 genes were significantly down-
regulated and only 104 genes were upregulated. According to
COG classification, various metabolic activities were repressed.
More than 30% of genes in amino acid, carbohydrate, coenzyme,
energy, inorganic, lipid, and nucleotide metabolisms were signif-
icantly downregulated (see Fig. S3 in the supplemental material).
Other energy-intensive activities were also highly inhibited, espe-
cially motility. More than 50% of motility-related genes were
downregulated (see Fig. S3), which is consistent with the bacterial
motility assay (see Fig. S1). The oil/water partition coefficient of
3-CA is 1.88, suggesting its potential effects on cell membrane
integrity and function (44, 45). Based on the transcriptomic data,
395 of 853 membrane-bound transporter genes exhibited a de-
creased expression level. The altered expression of membrane

TABLE 1 Fitted kinetics obtained from advection-dispersion model and parameters for simulated breakthrough curves

Group R km (h�1) D (cm2/h) (C/C0)max
a

Mean travel time
(pore vol)

Retention
rateb (%)

Control 1.245 � 0.017 0.237 � 0.043 1.487 � 0.168 0.085 � 0.006 1.25 � 0.02 22.4 � 3.2
Treated 1.003 � 0.023 0.151 � 0.032 1.406 � 0.033 0.116 � 0.005 1.02 � 0.02 15.4 � 3.2
a C/C0 represents the normalized cell density in the effluent (normalized by the initial cell density in the influent).
b Retention rate means the proportion of the cells retained in the bioreactors.

FIG 2 Upregulation of 3-CA degradation pathway. (A) The orthocleavage degradation pathway. (B) The upregulated expression of catabolic genes. The
transcript level was normalized to the corresponding genes in the control group. dcaQ, glutamine synthesis; catA, catechol 1,2-dioxygenase; catB, muconate
cycloisomerase; CMBL, carboxymethylenebutenolidase; tfdF, maleylacetate reductase; pcaI, 3-oxoadipate coenzyme A (CoA)-transferase, alpha subunit; pcaJ,
3-oxoadipate CoA-transferase, beta subunit; pcaF, 3-oxoadipyl-CoA thiolase.
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proteins may contribute partially to the changes in surface hydro-
phobicity. When exposed to 3-CA, one catabolic pathway for the
degradation of 3-CA was induced (Fig. 2). C. testosteroni WDL7
originally was isolated from herbicide-treated soil and is capable
of mineralizing 3-CA (46). Based on the induced expression of
catabolic enzymes, WDL7 degraded 3-CA through the ortho-
cleavage pathway, which is in contrast to the metacleavage path-
way employed by other strains, such as C. testosteroni I2 (42). In
addition, two exopolysaccharide biosynthesis genes and six ex-
opolysaccharide export genes were found to be significantly
downregulated in cells exposed to 3-CA (see Table S3). In Congo
red assays, the colonies formed by C. testosteroni cells in the pres-
ence of 3-CA were of a lighter red color (see Fig. S4). As Congo red
dye binds the extracellular polymeric substance (EPS) compo-

nents cellulose and fimbriae, a lighter color suggested less EPS
production by the cells exposed to 3-CA (47–49).

The above-described genomic analysis revealed that C. testos-
teroni has a sophisticated signaling system to regulate biofilm life-
style. After being exposed to 3-CA, 28 c-di-GMP-controlling
genes were downregulated (fold change 	 1.5), and 24 of them are
predicted to be c-di-GMP synthases (Table 2). The downregula-
tion of this group of genes implies a decrease in the c-di-GMP level
after exposure to 3-CA.

Exposure to 3-CA decreased intracellular c-di-GMP level in
C. testosteroni and induced biofilm dispersal. The intracellular
c-di-GMP level was quantified before and after exposure to 3-CA
(Fig. 3A). For the control cultures with no 3-CA exposure, the
c-di-GMP concentration gradually increased when the cultures

TABLE 2 3-CA treatment decreased the expression of putative c-di-GMP-synthases

Feature ID Description Log2 ratioa (3-CA/control)

WDL7contig_02402 PAS domain S-box/diguanylate cyclase (GGDEF) domain �2.24
WDL7contig_01842 Diguanylate cyclase (GGDEF) domain �2.11
WDL7contig_03518 Diguanylate cyclase (GGDEF) domain �1.81
WDL7contig_00113 PAS domain S-box/diguanylate cyclase (GGDEF) domain �1.40
WDL7contig_03907 Diguanylate cyclase (GGDEF) domain �1.36
WDL7contig_02218 Diguanylate cyclase (GGDEF) domain �1.31
WDL7contig_00230 PAS domain S-box/diguanylate cyclase (GGDEF) domain �0.99
WDL7contig_00747 Response regulator containing a CheY-like receiver

domain and a GGDEF domain
�0.98

WDL7contig_01803 Diguanylate cyclase (GGDEF) domain �0.98
WDL7contig_02055 Diguanylate cyclase (GGDEF) domain �0.97
WDL7contig_02791 Diguanylate cyclase (GGDEF) domain �0.87
WDL7contig_00546 Diguanylate cyclase (GGDEF) domain �0.83
WDL7contig_01961 PAS domain S-box/diguanylate cyclase (GGDEF) domain �0.78
WDL7contig_02793 PAS domain S-box/diguanylate cyclase (GGDEF) domain �0.72
WDL7contig_04387 Diguanylate cyclase (GGDEF) domain �0.67
WDL7contig_02014 Diguanylate cyclase (GGDEF) domain �0.65
WDL7contig_02488 Diguanylate cyclase (GGDEF) domain �0.65
WDL7contig_00724 Diguanylate cyclase (GGDEF) domain �0.64
WDL7contig_00769 Diguanylate cyclase with PAS/PAC sensor �0.64
WDL7contig_03415 Response regulator receiver modulated diguanylate cyclase �0.62
a Ratio indicates gene expression level in cells treated by 3-CA relative to those in the control group.

FIG 3 Inhibited growth and decreased intracellular c-di-GMP concentration by exposure to 3-CA (200 ppm). (A) The growth of C. testosteroni WDL7 on
pyruvate and inhibition by addition of 3-CA. (B) Decreased intracellular c-di-GMP after treatment with 3-CA for different lengths of time. An asterisk indicates
significant difference (P � 0.05).
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were growing from the exponential phase to the stationary phase
(Fig. 3B).

When exposed to 3-CA, the intracellular c-di-GMP concentra-
tion was lower than that of the control cultures (Fig. 3B). At the
stationary phase, the c-di-GMP level for the control cultures was
about 2.5-fold of that of the 3-CA-treated cultures. Previous stud-
ies found the decreased c-di-GMP would downregulate the ex-
pression of adhesin and exopolysaccharide, which would nega-
tively influence the irreversible attachment (49, 50). Therefore,
the decreased c-di-GMP level could explain the reduced cell re-
tention observed for the packed-bed bioreactors.

Flow cell biofilms were used to further investigate the conse-
quences of reduced c-di-GMP upon 3-CA exposure. The WDL7
biofilms were grown using pyruvate as the sole carbon source.
After 4 days of growth, the towering biofilm structure, a typical
feature of mature biofilms in flow cells, was observed (Fig. 4A).
Upon exposure to 3-CA, massive detachment of cells from the
mature biofilms occurred (Fig. 4B). The cell detachment rate in-
creased from 6.07 � 108 cells/h to 1.11 � 109 cells/h after 3-CA

was introduced to the biofilms (Fig. 4C). Quantitative image anal-
ysis showed a loss of 86% of the biofilm biomass after 5 h of
exposure to 3-CA (Fig. 4D). The massive detachment also resulted
in a thinner and more even biofilm, which has a decreased mean
thickness (from 13.3 � 2.2 �m to 8.4 � 2.0 �m; P � 0.05) and
roughness (from 6.8 � 1.3 to 4.9 � 0.9; P � 0.05).

Previous studies on Pseudomonas putida and Bacillus subtilis
found that when exposed to aromatic hydrocarbons, cells mini-
mize energy expenditure by repressing growth phase-dependent
genes rather than pursuing a better environment (11, 12). Similar
inhibition of 3-CA on cell motility and basic metabolisms of C.
testosteroni were found in this study. Although in most Gram-
negative bacteria a low level of c-di-GMP often leads to increased
motility via the activation of the c-di-GMP-binding effectors (43),
the influence of 3-CA on motility could not be predicted solely
by the reduced level of c-di-GMP, because a lower-energy me-
tabolism was also observed. Meanwhile, 3-CA treatment also
results in biofilm dispersal. It suggested that, when exposed to
toxic chemicals, bacterial cells prefer the free-suspended form

FIG 4 (A) Biofilms developed in flow cells after 4 days of growth. (B) Biofilms after treatment by 3-CA (200 ppm) for 5 h. The scale bar represents 20 �m. (C)
Cell detachment rate from biofilms before and after 5 h of exposure to 3-CA. (D) Biovolume of the biofilms before and after 3-CA treatment (n � 5). An asterisk
indicates significant difference (P � 0.05).
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to the biofilm lifestyle so that they can move passively with the
aqueous phase.

On the community level, toxic contaminants such as 3-CA
were found to have a negative impact on the whole wastewater
treatment system (21, 51). In addition to inhibiting metabolic
activities, exposure to 3-CA also decreased the ability of activated
sludge to settle (21). A previous study showed that the granulation
process was correlated with an increase in the intracellular c-di-
GMP level (52). When the intracellular c-di-GMP level was re-
duced, a decrease in EPS content and a loss of granular stability
were observed (53). Hence, the negative influence on the biofilm
lifestyle and a decrease in the c-di-GMP concentration in C. tes-
tosteroni caused by the exposure to 3-CA would have important
implications on bioaugmentation.

Environmental implications. In bioaugmentation biopro-
cesses for the treatment of wastewater or soil containing toxic
industrial pollutants, the organisms to be augmented usually are
prepared in medium containing the targeted pollutants to induce
desirable catabolic activities and to allow the cells to adapt well to
the toxic conditions (13, 54). In this study, we demonstrate that
although the catabolic activities can be induced, the preexposure
to the pollutants has a great impact on the biofilm lifestyle of the
bacteria, including decreases in bacterial motility and the intracel-
lular c-di-GMP level. Consequently, when introducing the treated
cultures into the bioaugmentation systems, cells would have a
lower dispersion and retention coefficient, which leads to a rapid
flow-out and less biomass retention. In addition, the reduced c-di-
GMP level would destabilize biofilms and cause massive cell dis-
persal, which may eventually lead to bioaugmentation failure. For
example, in real-world bioaugmentation cases, the augmented or-
ganism with weak biofilm formation ability resulted in a failed
bioaugmentation (55), while enhanced biofilm formation capa-
bility improved the bioaugmentation performance (56). As a de-
creased c-di-GMP level leads to less initial attachment and biofilm
dispersal, approaches to elevating or maintaining a high c-di-
GMP level may be promising to establish and maintain sustain-
able bioaugmentation activity. In a previous study, an elevated
intracellular c-di-GMP concentration for C. testosteroni WDL7
was achieved by constitutively expressing a c-di-GMP synthase
(18). The high c-di-GMP level was found to alleviate inhibition by
3-CA at high concentration and enhance biofilm-based degrada-
tion. Genetic engineering may not be favored in environmental
applications; alternative approaches may be explored to maintain
a high c-di-GMP level to enhance overall biofilm robustness and
reduce cell detachment under unfavorable conditions. For exam-
ple, when nitrate was present in aqueous phase, C. testosteroni I2
cells residing at the bottom of the biofilm maintain metabolic
activity by respiring on nitrate and also have a high c-di-GMP level
to reduce biofilm dispersal (36).

In bioaugmentation, pure cultures of bacteria capable of de-
grading a targeted pollutant to be remediated are usually intro-
duced into the bioremediation system. Therefore, in this study, we
used pure cultures of a model organism (C. testosteroni) and one
targeted pollutant (3-CA) to investigate the influence of the pol-
lutant on the transport and biofilm lifestyle of the augmented
organism. The findings from this model system provide an im-
proved understanding of the transport and biofilm development
of the augmented bacteria, which is essential for the development
of novel strategies to achieve more robust bioaugmentation.
When multiple pollutants are present in the bioremediation sys-

tem, pollutants with similar chemical structures would likely dis-
play similar effects on the augmented bacteria; otherwise, a com-
bined effect of different pollutants needs to be considered. When
multiple organisms, for example, microbial consortia, are aug-
mented, we would expect that both the organism-pollutant inter-
action and the organism-organism interaction contribute to the
overall performance. The influence of the targeted pollutants on
the transport and biofilm development of the augmented micro-
bial consortia would be an intriguing research topic for future
exploration.
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