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Abstract Gene bioaugmentation is a bioremediation

strategy that enhances biodegradative potential via

dissemination of degradative genes from introduced

microorganisms to indigenous microorganisms. Bio-

remediation experiments using 2,4-dichlorophenoxy-

acetic acid (2,4-D)-contaminated soil slurry and strains

of Pseudomonas putida or Escherichia coli harboring a

self-transmissible 2,4-D degradative plasmid pJP4

were conducted in microcosms to assess possible

effects of gene bioaugmentation on the overall micro-

bial community structure and ecological functions

(carbon source utilization and nitrogen transformation

potentials). Although exogenous bacteria decreased

rapidly, 2,4-D degradation was stimulated in bioaug-

mented microcosms, possibly because of the occur-

rence of transconjugants by the transfer of pJP4.

Terminal restriction fragment length polymorphism

analysis revealed that, although the bacterial commu-

nity structure was disturbed immediately after intro-

ducing exogenous bacteria to the inoculated

microcosms, it gradually approached that of the

uninoculated microcosms. Biolog assay, nitrate reduc-

tion assay, and monitoring of the amoA gene of

ammonia-oxidizing bacteria and nirK and nirS genes

of denitrifying bacteria showed no irretrievable depres-

sive effects of gene bioaugmentation on the carbon

source utilization and nitrogen transformation poten-

tials. These results may suggest that gene bioaugmen-

tation with P. putida and E. coli strains harboring pJP4

is effective for the degradation of 2,4-D in soil without

large impacts on the indigenous microbial community.

Keywords Gene bioaugmentation � pJP4 � Soil

slurry � Microbial community structure � Carbon

utilization potential � Nitrogen transformation

potential

Introduction

Bioaugmentation, which introduces appropriate

microorganisms with specific catabolic abilities into

the contaminated environment to accelerate the deg-

radation/removal of contaminants, is a promising and

attractive approach to bioremediation of contaminated

soil environments. In bioaugmentation, the degrada-

tive capability of the environment can be enhanced by

the activity of the introduced whole cells (cell

bioaugmentation) or via dissemination of the degra-

dative genes from the introduced microorganisms to
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the indigenous population (gene bioaugmentation)

(Pepper et al. 2002). Despite the usefulness of

bioaugmentation, the intentional release of exogenous

microorganisms and genetic materials into the envi-

ronment may cause unexpected detrimental effects on

the public health [e.g., increase of environmental

pathogenicity by spread of antibiotic resistance

among pathogenic bacteria (Keese 2008)] and on the

structure and/or functions of natural ecosystems [e.g.,

disruption (stimulation/depletion) of normal biogeo-

chemical cycles of carbon, nitrogen, sulfur etc. (Levin

and Harwell 1986)]. Therefore, the potential benefits

of bioaugmentation must be balanced against its

potential to cause detrimental effects prior to its

implementation. Since microorganisms introduced

during bioaugmentation are considered to primarily

influence the indigenous microbial populations, the

assessment of possible negative effects on the indig-

enous microbial community would be a significant

issue to be addressed.

To date, many studies have examined the impacts

of introduced bacteria with high biodegradative

ability on the structure/diversity of entire indigenous

microbial communities in soil (Dejonghe et al. 2000;

Jernberg and Jansson 2002; Gomes et al. 2005; Paul

et al. 2006; Baek et al. 2007; Coppotelli et al. 2008;

Niu et al. 2009). Because minor microbial popula-

tions often play indispensable roles in the ecological

functions of the natural environment, the effects on

specific functions or their responsible populations

should also be monitored to enable assessment of the

total impact of bioaugmentation. However, only a

few studies have investigated the perturbations of

ecological functions of the soil microbial community

in response to bioaugmentation, and these studies

have focused on the gross metabolic activity (Short

et al. 1991; Coppotelli et al. 2008), specific substrate

utilization potential (Coppotelli et al. 2008) and

nitrogen transformation potential (Jones et al. 1991;

Zhao et al. 2009). Indeed, there have been no studies

conducted to evaluate the impact of gene bioaug-

mentation employing bacteria harboring a conjuga-

tive plasmid on the microbial functions, even though

dissemination of the introduced plasmid may cause

additional effects on the microbial community due to

enhancement of the survival capability of the

indigenous microorganisms that incorporate the

plasmid.

In this study, we examined the effects of bioaug-

mentation of 2,4-dichlorophenoxyacetic acid (2,4-D)-

contaminated soil slurry with exogenous bacteria

harboring a self-transmissible plasmid pJP4 on the

microbial community structure/diversity and ecolog-

ical functions in the system. We selected Pseudomo-

nas putida and Escherichia coli as the inoculum

bacteria (plasmid donors) because strains of Pseudo-

monas spp. exert degradative capability against

various xenobiotics and are promising candidates as

bioaugmentation agents, while E. coli is the most

popular host for genetic manipulations. Slurry bio-

augmentation, which has been successfully applied

for enhanced biodegradation of soil contaminants

(Habe et al. 2002; Park et al. 2003; Arshad et al.

2008), possibly due to advantages of slurry such as

improved accessibility to contaminants and enhanced

physiological activity of degraders under a high water

content condition, was applied in this study. The fates

of the introduced bacteria, indigenous bacteria, and

transconjugants in the system were monitored. To

assess the effects on the indigenous microbial com-

munity, the eubacterial community structure, dynam-

ics of the amoA gene of ammonia-oxidizing bacteria

and nirK and nirS genes of denitrifying bacteria, and

carbon source utilization and nitrate reduction poten-

tials of the microbial community were examined.

Materials and methods

Bacterial strains and plasmid

Pseudomonas putida KT2440 (Bagdasarian et al.

1981) and E. coli HB101 (Boyer and Roulland-

Dussoix 1969) harboring plasmid pJP4 (Don and

Pemberton 1981), as described in our previous study

(Tsutsui et al. 2010), were used as the inoculum strains.

Plasmid pJP4 is an 80-kb IncP1b self-transmissi-

ble plasmid that encodes genes for the degradation of

2,4-D to 2-chloromaleylacetate and resistance to

mercury (Hg). Neither P. putida KT2440(pJP4) or E.

coli HB101(pJP4) were capable of degrading 2,4-D;

thus, they were used as the carrier of plasmid pJP4 to

soil microorganisms. These strains were routinely

maintained on L-medium (Inoue et al. 2005). HgCl2 at

10 mg-Hg/l and streptomycin at 20 mg/l were also

added to the media when required.
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Microcosm experiment

A soil sample was collected from a forest without

significant contamination with chemicals on the

Osaka University Suita Campus (Osaka, Japan). The

sample was sieved through a 2.0-mm screen and

stored at -20�C. The pH and water content of the soil

sample were 5.8 and 23.3% (w/w), respectively. Prior

to use, the soil sample was incubated at 28�C for

1 day for the restoration and restabilization of soil

microbial community.

For microcosm experiments, soil slurry was

prepared by adding basal salt medium (BSM) (Inoue

et al. 2005) to the soil sample to prepare a slurry

content of 30% (v/w). Four slurry microcosms

(microcosms A–D) were prepared in 500-ml Erlen-

meyer flasks containing 250-ml of the soil slurry.

Microcosms A–C were amended with 200 mg-2,4-D/

kg-dry soil. Overnight cultures of P. putida

KT2440(pJP4) and E. coli HB101(pJP4) were har-

vested by centrifugation (8,5009g, 4�C, 10 min) and

then washed twice with 50 mM phosphate buffer (pH

7.5). Next, the pellets of P. putida KT2440(pJP4) and

E. coli HB101(pJP4) were suspended in 50 mM

phosphate buffer and inoculated into microcosms A

and B, respectively, to give an optical density of 1.0

at 600 nm (approximately 1.0 9 108 CFU/ml). All of

the microcosms were then incubated at 28�C in the

dark on a rotary shaker at 120 rpm. The microcosms

were periodically sampled to monitor the introduced

bacteria and indigenous microbial community, and

for measurement of the 2,4-D concentration, and

Biolog and nitrate reduction assays.

Enumeration of inoculated and indigenous

bacteria by culturing methods

Pseudomonas putida KT2440(pJP4) and E. coli

HB101(pJP4) inoculated into microcosms were enu-

merated on BSM containing glucose (1 g/l) and HgCl2
(5 mg-Hg/l). Thiamine (50 mg/l), leucine (50 mg/l),

proline (50 mg/l), and streptomycin (20 mg/l) were

also added to the medium for E. coli HB101(pJP4).

Total heterotrophic bacteria were counted on R2A agar

(Merck, Darmstadt, Germany). 2,4-D-utilizing bacte-

ria were detected using a 2,4-D indicator plate (Newby

et al. 2000). Transconjugants were selected from the

colonies that appeared on the 2,4-D indicator plate

based on resistance to Hg and amplification of the tfdB

gene by colony PCR as described below. Cyclohexi-

mide (100 mg/l) was added to all selective media to

prevent fungal growth. All liquid media was amended

with 1.7% (w/v) agar to prepare solid media.

Confirmation and characterization of indigenous

transconjugants

The presence of pJP4 in transconjugant cells obtained

in the selective plating was confirmed by colony PCR

(Joshi et al. 1991) targeting the tfdB gene that encodes

2,4-dichlorophenol hydroxylase. PCR amplification

was conducted using primers 591 and 592 (Neilson

et al. 1992). Isolated transconjugant cells were mor-

phologically and physiologically characterized as

described previously (Inoue et al. 2008). Representa-

tive transconjugants were subjected to terminal restric-

tion fragment length polymorphism (T-RFLP) analysis

as described below to determine their terminal restric-

tion fragments (T-RFs). Some of them were also

identified by phylogenetic analysis based on their 16S

rRNA gene sequence (Inoue et al. 2008). Furthermore,

their potentials as plasmid donors were evaluated by

broth mating (Inoue et al. 2005) using spontaneous

rifampicin resistant mutants of P. putida BH (Hashim-

oto and Fujita 1987) as the recipient. The plasmid

transfer frequency (the number of transconjugants per

recipient) after 24 h was calculated as the index for the

plasmid transfer potential.

DNA extraction

Bacterial DNA was extracted from 0.5 g-wet soil

slurry using ISOIL for Beads Beating (Nippon Gene,

Tokyo, Japan) and then purified with a MagExtractor-

PCR&Gel Clean up kit (Toyobo, Tokyo, Japan)

according to the manufacturers’ instructions.

Quantification of introduced bacteria

by real-time PCR

The pcaG gene, which encodes protocatechuate 3,4-

dioxygenase alpha subunit, on the P. putida KT2440

chromosome (Nelson et al. 2002) and the tbpA gene,

which encodes thiamin transporter subunit, on the

E. coli HB101 chromosome (Blattner et al. 1997)

were quantified by real-time PCR. The following

specific PCR primers were designed for each target

gene using the Primer Express software ver. 2.0
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(Applied Biosystems, CA, USA): pca-F (50-AT

CCACTTCGCAACGCTTG-30) and pca-R (50-GTAT

TTCGATGATGAGGCCCA-30) for the pcaG gene

and tbp-F (50-GCATCCATAGCAACAGACCCA-30)
and tbp-R (50-CGCCACAAAGCCTGAAAGAA-30)
for the tbpA gene. The specificity of the designed

primers was confirmed by BLAST similarity searches

(Altschul et al. 1990) and by PCR amplification using

a DNA template prepared from the soil that was used

to construct the microcosms prior to the experiments

(data not shown). Real-time PCR assays were con-

ducted on an ABI Prism 7000 Sequence Detection

System (Applied Biosystems) using the SYBR Green

PCR Master Mix (Applied Biosystems). Primers were

added at 200 and 500 nM to quantify the tbpA and

pcaG genes, respectively. A thermal profile for

quantification of the tbpA gene consisted of initial

enzyme activation at 95�C for 10 min and then 40

cycles of denaturation at 95�C for 15 s and annealing

and extension at 60�C for 1 min. The thermal profile

for the pcaG gene quantification consisted of an

initial enzyme activation at 95�C for 10 min, fol-

lowed by 40 cycles of denaturation at 95�C for 15 s,

annealing at 61�C for 20 s, and extension at 72�C for

30 s. The results were obtained as CFU-equivalents/

ml-slurry using DNA prepared from pure culture of

introduced bacteria as the standard.

Quantification of 16S rRNA, amoA, nirK and nirS

genes by MPN-PCR

The copy numbers of eubacterial 16S rRNA, amoA,

nirK, and nirS genes in each sample were measured by

the most probable number-polymerase chain reaction

(MPN-PCR) as described elsewhere (Sang et al. 2008).

The number of copies of the 16S rRNA gene was used

as the index of total eubacteria, whereas the copy

numbers of the amoA gene and the nirK and nirS genes

were used as indices of ammonia-oxidizing bacteria

and denitrifying bacteria, respectively. PCR amplifi-

cations of the 16S rRNA, amoA, nirK, and nirS genes

were conducted using the following primers: EUBf-

933 and EUBr-1387 (Iwamoto et al. 2000), amoA-1F

and amoA-2R (Rotthauwe et al. 1997), NIRK-F and

NIRK-R (Sang et al. 2008), and NIRS-F3 and NIRS-

R3 (Sang et al. 2008), respectively. The gene copy

numbers were determined as MPN-DNA copies/g-dry

soil at the 95% confidence interval using Cochran’s

tables (Cochran 1950).

T-RFLP analysis

The eubacterial community structure was analyzed by

T-RFLP targeting the eubacterial 16S rRNA gene as

described previously (Matsuda et al. 2010) with minor

modifications. The T-RFs with peak height of 200

fluorescence units were judged as positive peaks. The

diversity of eubacterial community was evaluated

using the Shannon–Weaver index (H0) (Blackwood

et al. 2007). The H0 values were calculated from

T-RFLP profiles according to the following equation:

H0 ¼ �
X

Pi� ln Pið Þ;

where Pi is the relative abundance of the targeted

T-RF. Similarities in the T-RFLP profiles among

samples were identified by cluster analysis employing

the unweighted pair group method with arithmetic

averages (UPGMA) of Dice’s coefficients using

PAST ver.1.3.4 (http://folk.uio.no/ohammer/past).

Cluster analysis was performed with the presence/

absence matrix of T-RFs.

Biolog assay

The carbon source utilization potential, namely the

potential of soil microbial community for utilizing 95

different kinds of sole-carbon sources, was evaluated

using Biolog GN2 plates (Biolog, Hayward, CA,

USA). Briefly, aliquots (1 g-wet) of soil slurry were

added to 9 ml of saline solution (0.85% (w/v) NaCl),

vigorously mixed for 30 min, and then allowed to

settle for 10 min. The supernatant was then diluted by

tenfold with fresh saline solution, after which aliquots

(150 ll) of the solution were added to the wells of a

Biolog GN2 plate. The plates were then statically

incubated at 28�C in the dark, after which the

absorbance at 595 nm (A595) was measured period-

ically during a 72-h period. The average well color

development (AWCD) (Garland and Mills 1991) was

used to evaluate the carbon source utilization

potential of the microbial community.

Nitrate reduction assay

Aliquots (1 g-wet) of soil slurry were inoculated into

9 ml of sterilized standard nitrate solution [KNO3

1 mM and C4H4Na2O4�6H2O 1 mM (as the electron

donor and carbon source)] in 25-ml glass vials and
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then sealed with butyl rubber septa and aluminum

crimp seals. After the headspace was replaced with

N2 gas, vials were incubated at 28�C on a rotary

shaker at 120 rpm. At the indicated intervals, two

vials were destructively sampled to determine the

nitrate concentration.

Chemical analysis

Measurement of the 2,4-D concentration and detec-

tion of 2,4-D metabolites were performed by high-

performance liquid chromatography (HPLC) as pre-

viously described (Newby et al. 2000). A Shimadzu

LC-10Avp HPLC system (Shimadzu, Kyoto, Japan)

equipped with a Shim-Pack VP-ODS column

(150 9 4.6 mm [i.d.]; particle size, 5 lm; Shimadzu)

and an SPD-10Avp UV/VIS detector (Shimadzu)

was used for HPLC analysis. Prior to HPLC analysis,

2,4-D and its metabolites were extracted from soil

slurry samples according to the method described by

Newby et al. (2000). The recovery of 2,4-D from the

soil slurry by the extraction method was 96.1 ± 2.9%

(n = 8), and the detection limit of 2,4-D was 4.6 mg/

kg-dry soil.

For the nitrate analysis, 1 ml aliquots of soil slurry

sample were centrifuged (14,0009g, 4�C, 10 min),

and the supernatants were then subjected to determi-

nation of the nitrate concentration by ion chromatog-

raphy using a DX-300 IC system (Dionex, CA, USA)

as previously described (Yamamura et al. 2003).

Nucleotide sequence accession numbers

The partial 16S rRNA gene sequences of transcon-

jugant strains H6-1, K6-1, and K20-1 were registered

in GenBank/EMBL/DDBJ as accession numbers

AB578860, AB578861, and AB578862, respectively.

Results

2,4-D degradation

Figure 1 shows the 2,4-D degradation profiles of

microcosms A–C. All of these microcosms contained

2,4-D-contaminated soil slurry, and microcosms A

and B were inoculated with P. putida KT2440(pJP4)

and E. coli HB101(pJP4), respectively. In micro-

cosms A and B, which were inoculated with P. putida

KT2440(pJP4) and E. coli HB101(pJP4), respec-

tively, 2,4-D was completely degraded within 6 days

after a lag phase of 3 days. In uninoculated micro-

cosm C, a lag period of 6 days was observed prior to

the onset of 2,4-D degradation, and 2,4-D was below

the detection limit on day 20. No metabolites of

2,4-D were detected throughout the monitoring

period, regardless of inoculation with pJP4-harboring

bacteria.

Fate of introduced and indigenous bacteria

Cultivable cells of P. putida KT2440(pJP4) and

E. coli HB101(pJP4) decreased rapidly in micro-

cosms A and B, respectively, and were below the

detection limit (3.3 9 103 and 1.9 9 106 CFU/

ml-slurry, respectively) within 1 day (Fig. 2a, b).

The high detection limit for E. coli HB101(pJP4) was

due to its auxotrophic nature. The decline of chro-

mosomal genes of the introduced bacteria was slower

than that of cultivable introduced bacteria (Supple-

mentary material—Fig. S1).

The abundance of total heterotrophic bacteria in

microcosms A, B, C, and D did not change markedly

except for the initial period (Fig. 2). The number of

2,4-D-utilizing bacteria was stable at around 106

CFU/ml-slurry in control microcosm D without

2,4-D-contamination and exogenous bacterial intro-

duction throughout the monitoring period, while it
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Fig. 1 2,4-D degradation profiles in microcosms A (2,4-D-

contaminated soil slurry with introduction of P. putida
KT2440(pJP4)) (closed triangle), B (2,4-D-contaminated soil

slurry with introduction of E. coli HB101(pJP4)) (open square)

and C (2,4-D-contaminated soil slurry without introduction of

exogenous bacteria) (closed diamond)
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gradually increased from 4.5 9 105 CFU/ml-slurry to

1.2 9 107 CFU/ml-slurry during the first 10 days in

microcosm C (Fig. 2c, d). In microcosm A, 2,4-D-

utilizing bacteria rapidly declined by two orders of

magnitude from day 0 to day 1, after which they

increased to 107 CFU/ml-slurry by day 6, and then

decreased again to 106 CFU/ml-slurry by day 10

(Fig. 2a). In microcosm B, 2,4-D-utilizing bacteria

increased from 4.6 9 105 CFU/ml-slurry to

6.9 9 107 CFU/ml-slurry from day 0 to day 6, after

which they decreased to 5.0 9 106 CFU/ml-slurry by

day 20 (Fig. 2b). After 20 days, the 2,4-D-utilizing

bacteria remained stable at 106 CFU/ml-slurry in both

microcosms. Increases in the number of 2,4-D-

utilizing bacteria in microcosms A, B, and C in the

initial period were well correlated with the 2,4-D

degradation profile shown in Fig. 1.

In microcosms C and D, where exogenous bacteria

harboring pJP4 were not inoculated, no 2,4-D-utiliz-

ing bacteria detected had both the Hg resistance and

the tfdB gene, confirming that 2,4-D-utilizing bacteria

with Hg resistance and tfdB gene in microcosms A

and B were indigenous transconjugants that received

pJP4. In microcosms A and B, transconjugants

harboring pJP4 appeared on day 6 at 2.2 9 107 and

5.7 9 107 CFU/ml-slurry, respectively (Fig. 2a, b).

Subsequently, they decreased to approximately

2 9 105 CFU/ml-slurry by day 40 in both micro-

cosms. On day 70, the transconjugant population was

below the detection limit (5.3 9 103 CFU/ml-slurry)

in microcosm A, while it remained at 1.8 9 105

CFU/ml-slurry in microcosm B. The percentages of

transconjugants in 2,4-D-utilizing bacteria in micro-

cosms A and B were 66 and 82% on day 6, 46% and

72% on day 10, 13% and 64% on day 20, and 4.1 and

6.5% on day 40, respectively.

Characterization of pJP4-harboring

transconjugants

A total of 35 transconjugants colonies (3 and 10

colonies on day 6, 1 and 7 colonies on day 10, 4 and 5

colonies on day 20, 2 and 3 colonies on day 40 from

microcosms A and B, respectively) were isolated for
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Fig. 2 Abundance of introduced bacteria (closed circle),

heterotrophic bacteria (open diamond), 2,4-D-utilizing bacteria

(open triangle) and transconjugants (closed square) in micro-

cosms A (2,4-D-contaminated soil slurry with introduction of

P. putida KT2440(pJP4)) (a), B (2,4-D-contaminated soil

slurry with introduction of E. coli HB101(pJP4)) (b), C (2,4-D-

contaminated soil slurry without introduction of exogenous

bacteria) (c) and D (uncontaminated soil slurry) (d) analyzed

by culturing methods. Error bar shows the 95% confidence

interval. Dashed and broken lines represent the detection limit

of introduced bacteria and transconjugants, respectively

268 Biodegradation (2012) 23:263–276

123



the physiological characterization. All the isolated

transconjugants were gram-negative, rod-shaped,

non-motile, catalase-positive, oxidase-negative bac-

teria, and their colonies were morphologically iden-

tical. Further, all of them were able to produce acid

from glucose (oxidative in the oxidation/fermentation

test). T-RFLP analysis of eight transconjugant colo-

nies (K6-1, K10-1, K20-1 and K40-1 from micro-

cosms A and H6-1, H6-7, H10-3 and H20-5 from

microcosm B) showed the same length of T-RF

(200 bp). Therefore, two transconjugant colonies

(K6-1 and K20-1) from microcosm A and one colony

(H6-1) from microcosm B were selected as the

representatives for phylogenetic analysis based on

their partial 16S rRNA gene sequence. Strain K6-1

had the greatest 16S rRNA gene similarity of 99.2%

with Burkholderia ubonensis CIP107078T (accession

number: EU024179), while the closest phylogenetic

relative of strains K20-1 and H6-1 was Burkholderia

unamae MTI-641T (accession number: NR_027569)

with a sequence similarity of 98.2 and 98.1%,

respectively. Thus, we identified strain K6-1 as B.

ubonensis and strains K20-1 and H6-1 as Burkholde-

ria sp.

The potential of eight transconjugants, which were

used for the determination of T-RF length, as the

secondary donor of pJP4 was evaluated by broth

mating (Fig. 3). Transfer of pJP4 to the rifampicin

resistant mutant of P. putida BH used as the recipient

was detected in seven of eight transconjugants. The

transfer frequency of the seven transconjugants

ranged from 4.4 9 10-8 to 5.0 9 10-7, and was

lower than that of P. putida KT2440(pJP4) and

E. coli HB101(pJP4).

Impact of bioaugmentation on the indigenous

microbial community

Impact on the whole eubacterial community

Total number of eubacterial 16S rRNA genes was

generally stable and did not change drastically in any

of the microcosms, although it fluctuated slightly

with time (Fig. 4). T-RFLP analysis of the eubacterial

community revealed that T-RFs of the introduced

bacteria (204 and 373 bp for P. putida KT2440 and

E. coli HB101, respectively) were dominant in

microcosms A and B on day 0 (Fig. 5). Consequently,

the whole T-RF profiles in these microcosms were

quite different from those in uninoculated micro-

cosms C and D. The T-RFs of the introduced bacteria

diminished with time, and entire T-RF profiles

became similar in all four microcosms (Fig. 5).

Calculation of Shannon–Weaver diversity index

(H0) based on the T-RF profiles revealed that the

diversity of eubacterial community in microcosms A

and B was lower than that in microcosms C and D on

day 0 (Table 1). Thereafter, the community diversity

in microcosms A and B increased and became similar

to that in microcosms C and D. Cluster analysis based

on the T-RF profiles showed that on day 0, the four

microcosms shared less than 40% similarity although

they were allocated in a cluster (Fig. 6). However, the

similarity between the inoculated and uninoculated

microcosms increased with time. On day 70, the

eubacterial community in all four microcosms was

allocated in a small cluster and shared greater than

75% similarity with each other.

Impacts on carbon source utilization potential

The AWCD of the microbial community in slurry

microcosms on days 0 and 20 is shown in Fig. 7. On

day 0, the AWCD profiles of microcosms C and D

were similar to each other (Fig. 7a). The AWCD of

microcosm B was slightly lower than that of

1.0E-08 1.0E-07 1.0E-06 1.0E-05 1.0E-04

H20-5

H10-3

H6-7

H6-1

K40-1

K20-1

K10-1

K6-1

HB101

KT2440

Transfer frequency 

ND 

Fig. 3 Potential for transconjugants to act as the donor of

plasmid pJP4. Spontaneous rifampicin-resistant P. putida BH

was used as the recipient in the transfer experiments. The

transfer frequency was calculated as transconjugants per

recipient. Error bars indicate SD in triplicate experiments.

ND not detected
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microcosms C and D. Although the AWCD was

highest in microcosm A during the early period, the

increase in AWCD became slower than in the other

microcosms during the later period, and at 72 h it was

similar to that of microcosm B. The AWCD profile of

microcosm D on day 20 was almost the same as that on

day 0 (Fig. 7). In contrast, the AWCD values of

microcosms A–C were higher than those of the

corresponding microcosms on day 0. This was likely

due to the activation of indigenous bacteria capable of

utilizing 2,4-D and its metabolites in response to the

2,4-D contamination. Overall, the AWCD on day 20

was in the following order: microcosm C [ micro-

cosm A [ microcosm B [ microcosm D (Fig. 7b).

Impacts on nitrogen cycling function

The dynamics of the amoA, nirK, and nirS genes in

four microcosms are shown in Fig. 4. Although the

number of amoA genes increased by more than 50

folds from day 3 to day 6 in microcosm C (Fig. 4c),

no noticeable stimulation or suppression was

observed in response to the introduction of exogenous

bacteria (Fig. 4a, b). Indeed, the variation in the

amoA gene number in microcosm A was nearly

identical to that in microcosm D, which did not

contain 2,4-D contamination or exogenous bacteria

(Fig. 4a, d). No great difference in the copy number

of the nirK and nirS genes compared with that in

microcosm D was observed in microcosms A, B, and

C during the 70-day experimental period (Fig. 4).

The nitrate reduction potentials of the microbial

community in the four microcosms on days 0 and 20

are shown in Fig. 8. On day 0, the nitrate reduction

potential of microcosm C was similar to that of

microcosm D (Fig. 8a). By contrast, the nitrate

reduction in microcosms A and B was slower and

faster than in microcosm D, respectively. The nitrate

reduction potential on day 20 was lower than that on

day 0 in microcosms B, C, and D, although the

potential in microcosm A was similar on both

investigated days (Fig. 8). Consequently, the nitrate

reduction potential became relatively similar among

all four microcosms (Fig. 8b).

Discussion

In this study, gene bioaugmentation experiments were

conducted in 2,4-D contaminated soil slurry micro-

cosms using P. putida KT2440 and E. coli HB101 as

the carrier of pJP4. Cultivable cells of both exogenous

bacteria declined very rapidly in the microcosms

(Fig. 2a, b). Rapid reduction of exogenously
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introduced bacteria in soil has been commonly

observed in previous studies (Ramos et al. 1991;

Recorbet et al. 1993). Such rapid reduction of

exogenous bacteria is likely due to a combination of

various abiotic (e.g., nutrient limitation and temper-

ature and pH stresses) and biotic (competition with

indigenous bacteria and predation by protozoa) fac-

tors (Goldstein et al. 1985; van Veen et al. 1997).

Conversely, the decline in the chromosomal genes of

introduced bacteria was much slower than that of

introduced bacteria monitored by the culturing

method (Figs. 2a, b, S1). This was likely because

part of the introduced bacteria entered into a viable

but nonculturable (VBNC) state (Bunker et al. 2004;

Muela et al. 2008) or due to free DNA derived from

the introduced bacteria persisting in the systems

(Recorbet et al. 1993; Nielsen et al. 2007).

In general, a key factor of successful bioaugmen-

tation (cell bioaugmentation) is the density and

activity of the introduced microorganisms (van Veen

et al. 1997); thus, bioaugmentation fails if the

introduced bacteria survive poorly. However, despite

the rapid reduction of introduced bacteria, the 2,4-D

Fig. 5 T-RF profiles of the eubacterial community in microcosms A, B, C and D on days 0, 20, 40 and 70

Table 1 Shannon–Weaver diversity index (H0) of eubacterial

community in microcosms calculated from T-RF profiles

Time (days) Microcosm

A B C D

0 2.4 2.7 3.8 3.6

20 3.1 3.3 3.1 2.7

40 3.2 3.1 3.5 3.0

70 3.6 3.5 3.6 3.6
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degradation in soil slurry was successfully enhanced

(Fig. 1), as observed in previous studies in which

pJP4-harboring bacteria were introduced into the soil

(Dejonghe et al. 2000; Newby et al. 2000). The

concomitant increase in the number of indigenous

transconjugants with 2,4-D degradation ability that

was observed in microcosms A and B (Fig. 2a, b)

may suggest that these transconjugants would make a

significant contribution to the 2,4-D degradation in

these microcosms. Thus, during gene bioaugmenta-

tion, sufficient remediation effects can be obtained by

transfer of the specific degradative gene/plasmid of

introduced bacteria to indigenous bacteria, even if the

introduced bacteria survive poorly. It has been

observed that conjugative plasmid transfer can occur

even when environmental conditions are unfavorable

for survival of the original donor, which results in the

original donor entering the VBNC state (Chandr-

asekaran et al. 1998) or declining rapidly (de Lipthay

et al. 2001).

In this study, transconjugants appeared to be

limited to the genus Burkholderia, which have

frequently been found to be 2,4-D-degrading trans-

conjugants of plasmid pJP4 in soil (DiGiovanni et al.

1996; Goris et al. 2002). Almost all of the isolated

indigenous transconjugants can express the transfer

function of pJP4 (Fig. 3). Thus, the transconjugant

population may easily increase in response to the
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Fig. 6 Cluster analysis of T-RF profiles of the eubacterial

community in microcosms. The dendrogram was constructed
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secondary conjugative transfer from initial transcon-

jugants to plasmid-free indigenous bacteria, in addi-

tion to the vertical transfer of pJP4 through cell

replication of generated transconjugants, once conju-

gative plasmid transfer from introduced bacteria to

indigenous bacteria occurs. In addition, persistence of

transconjugant population even without the selective

pressure (i.e., 2,4-D) may suggest that plasmid pJP4

would be relatively stable in the soil microbial

community.

In this study, possible impacts of gene bioaug-

mentation on the soil microbial community were also

assessed by monitoring the whole eubacterial com-

munity and specific microbial populations related to

the carbon and nitrogen transformations.

The numbers of total heterotrophic bacteria and

eubacterial 16S rRNA genes did not differ greatly in

response to 2,4-D contamination or introduction of

exogenous bacteria, although the numbers of total

heterotrophic bacteria on day 0 in microcosms A and

B were slightly higher than those in microcosm D,

while those in microcosm C were slightly lower than

those in microcosm D (Figs. 2, 4). Conversely,

T-RFLP analysis showed that, although 2,4-D con-

tamination exhibited little impact on the structure and

diversity of the indigenous bacterial community,

introduction of exogenous bacteria suppressed the

indigenous bacteria and reduced the complexity of

the indigenous bacterial community immediately

after their introduction (Figs. 5, 6; Table 1). Previous

studies have also reported that the complexity of the

bacterial community (genetic diversity) in soil was

significantly reduced by bioaugmentation (Gomes

et al. 2005; Coppotelli et al. 2008; Niu et al. 2009).

Such a reduction in the complexity of the bacterial

community might be caused by the numerical dom-

inance of the introduced bacteria. Previous studies

have also reported that disturbance of the indigenous

bacterial community continues for a prolonged period

due to the persistence of the introduced bacteria

(Baek et al. 2007; Coppotelli et al. 2008). However,

in this study, the bacterial community structure and

diversity in microcosms A and B gradually

approached that of microcosm D (Fig. 6). During

the same period, introduced bacteria disappeared

rapidly, while indigenous transconjugant populations

that received plasmid pJP4 persisted in microcosms A

and B (Fig. 2). Therefore, the additional impact on

the bacterial community structure and diversity via

plasmid dissemination might be considerably smaller

than the impact of the introduced bacteria. Accord-

ingly, the impact of gene bioaugmentation on the

structure/diversity of the bacterial community may be

almost equivalent to that of cell bioaugmentation if

the remediation of contaminated soil is completed

within a short period of time, as is the case in this

study.

Previous studies have reported that the gross

metabolic activity of the indigenous microbial com-

munity declined in soil amended with 2,4-D and

inoculated with P. putida PPO301 harboring plasmid

pRO103, a derivative of plasmid pJP4 that encodes

genes for the degradation of 2,4-D to 2-chloromaley-

lacetate, due to the accumulation of 2,4-dichlorophe-

nol, a toxic metabolite of 2,4-D (Doyle et al. 1991;

Short et al. 1991). Conversely, in this study, the

carbon source utilization potential was similar on

days 0 and 20 in microcosm D, which had no 2,4-D

contamination, while it increased from day 0 to day

20 in the other three microcosms, which had 2,4-D

contamination, regardless of the introduction of pJP4-

harboring bacteria (Fig. 7). That is, gene bioaugmen-

tation with pJP4-harboring bacteria applied here

might not induce a depressive effect on the overall

carbon source utilization potential of the indigenous

soil microbial community. Because 2,4-D was rapidly

degraded and no metabolites accumulated in micro-

cosms A–C, the toxic effects of 2,4-D metabolites on

the indigenous microorganisms would be negligible;

thus, the metabolic potential of the indigenous

microorganisms would not be depressed. Moreover,

enhancement of the carbon source utilization poten-

tial in microcosms A, B, and C was likely due to the

activation of indigenous microorganisms by 2,4-D

addition. Microcosm C showed higher carbon source

utilization potential than microcosms A and B on day

20 (Fig. 7b). Although the limited transconjugant

population receiving plasmid pJP4 seemed to mainly

degrade 2,4-D and its metabolites in microcosms A

and B, a variety of indigenous microorganisms with

the ability to degrade 2,4-D and its metabolites would

be activated in microcosm C, resulting in a higher

gross metabolic potential of the indigenous microbial

community.

Temporal variations in the amoA, nirK, and nirS

genes did not differ greatly among the four micro-

cosms (Fig. 4). Thus, the introduction of exogenous

bacteria harboring the transmissible plasmid need not
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have a drastic impact on the dynamics of microbial

populations related to nitrification and denitrification

in soil. Nitrate reduction assays revealed that the

nitrate reduction potentials of the microbial commu-

nity in microcosms A and B were respectively lower

and higher than those in uninoculated microcosms

immediately after introducing exogenous bacteria

(day 0) (Fig. 8a). In microcosms A and B, the

introduced bacteria were dominant on day 0. E. coli is

well-known to be capable of dissimilatory reduc-

tion of nitrate (Bonnefoy and Demoss 1994), while

P. putida is not. Thus, these findings suggest that the

nitrate reduction potential of microcosms A and B

was greatly affected by that of the introduced

bacteria, with microcosm B showing a high nitrate

reduction potential due to the nitrate reducing ability

of the introduced E. coli HB101(pJP4). By contrast,

no noticeable difference in the nitrate reduction

potential was detected in the four microcosms after

the introduced bacteria disappeared and 2,4-D deg-

radation was completed (day 20) (Fig. 8b). The

lowering of nitrate reduction potential in microcosm

B would be due to the disappearance of introduced E.

coli HB101(pJP4). These findings may suggest that

inoculation with exogenous bacteria had no drastic

effect on the nitrate reduction potential of the

indigenous microbial community. Thus, the gene

bioaugmentation applied here may not have an

irretrievable effect on the microbial populations

involved in nitrification and denitrification. Jones

et al. (1991), who introduced five genetically engi-

neered microorganisms (GEMs) harboring transmis-

sible plasmids into soil, also reported that none of the

introduced GEMs exhibited consistent and significant

impacts on ammonification, nitrification, denitrifica-

tion, or the microbial populations involved in the

transformations. They suggested that one possible

reason for these findings was that the introduced

GEMs had no genetic information (presumably)

affecting the nitrogen transformations or the respon-

sible microbial populations. Plasmid pJP4 used in this

study also has no genetic information that directly

influences nitrogen dynamics (Trefault et al. 2004);

thus, the predominance of pJP4-harboring transcon-

jugants might not have shown any significant impacts

on the microbial populations involved in nitrification

and denitrification.

The results obtained in this study showed that gene

bioaugmentation with P. putida and E. coli strains

harboring pJP4 can enhance the 2,4-D degradation

ability of soil microbial community, despite the poor

survival of the introduced bacteria. It was also

revealed that the dissemination of pJP4 among the

indigenous microbial community would be less

influential on the indigenous microbial community

than the introduction of exogenous bacteria, and the

impact of gene bioaugmentation with P. putida and

E. coli strains harboring pJP4 on the indigenous soil

microbial populations and their ecological functions

related to the carbon and nitrogen transformations

need not to be irretrievable and long-lasting. Overall,

the results may suggest that gene bioaugmentation

applied here is effective for the remediation of 2,4-D

contaminated soil without drastic impacts on the

indigenous microbial community. However, further

studies with various combinations of introduced

bacterial strain, plasmid, contamination type (con-

taminant and contamination scenario), and soil char-

acteristics (indigenous microbial community and

physical characteristics) should be performed to

determine possible ecological impacts of gene bio-

augmentation in more detail and verify its effective-

ness for remediation of contaminated environments.
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