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Genetic bioaugmentation is an in situ 
bioremediation method that stimu-

lates horizontal transfer of catabolic plas-
mids between exogenous donor cells and 
indigenous bacteria to increase the bio-
degradation potential of contaminants. 
A critical outcome of genetic bioaug-
mentation is the expression of an active 
catabolic phenotype upon plasmid conju-
gation. Using a pWW0-derivative TOL 
plasmid, we showed that certain genetic 
characteristics of the recipient bacteria, 
including genomic guanine-cytosine  
(G + C) content and phylogeny, may 
limit the expression of the transferred 
catabolic pathway. However, such 
genetic limitations observed in trans-
conjugants could be overcome by the 
presence of an additional carbon source. 
Glucose and Luria-Bertani broth were 
shown to enhance the toluene degra-
dation rates of transconjugants; these 
enhancement effects were dependent on 
transconjugant genomic G + C contents. 
Based on these observations, thorough 
genetic characterization of the indig-
enous microbial community in the con-
taminated environment of interest may 
provide a predictive tool for assessing the 
success of genetic bioaugmentation.

Horizontal gene transfer (HGT) is a 
widespread phenomenon in the prokary-
otic kingdom that occurs readily under 
harsh environments where genetic adapta-
tion is required for the survival of micro-
organisms.1-3 As previously suggested by 
Top et al. (2002),4 HGT could be use-
ful for bioremediation to shift microbial 
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communities in favor of degrading con-
taminants of concern. In particular, 
plasmid conjugal transfer is one of the 
dominant and well-studied mechanisms 
of HGT in bacteria, by which resistance 
to toxicants such as metals and antibiotics 
as well as the ability to degrade complex 
organic compounds may be spread.1 In 
genetic bioaugmentation, introduction of 
environmentally-relevant bacteria harbor-
ing self-transmissible catabolic plasmids 
that encode for the degradation of target 
contaminants stimulates in situ HGT of 
the plasmids to indigenous microorgan-
isms, thus resulting in an enhanced con-
taminant degradation potential at the 
polluted site (Fig. 1). Genetic bioaugmen-
tation aims to transfer relevant genes into 
indigenous microorganisms that have 
greater fitness for survival in the contami-
nated environments as opposed to con-
ventional bioaugmentation which relies 
on the survival of exogenous microorgan-
isms. In fact, HGT has been reported to 
repeatedly occur naturally in contami-
nated sites to aid in bacterial adaptation 
to organic pollutants;5 therefore, genetic 
bioaugmentation aims to enhance the 
naturally-occurring phenomenon to 
further improve the biodegradation of 
target contaminants. This approach is 
likely to receive much more favorable 
adoption than the use of genetically 
engineering microorganisms (GEMs) as 
GEMs are heavily regulated by the US 
Environmental Protection Agency for in 
situ bioremediation. To date, GEMs have 
only been approved for a limited number 
of cases.6 However, prior to designing 
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sources (ammonium sulfate and sodium 
nitrate) had small and variable effects on 
the toluene degradation rates of transcon-
jugant strains. On the other hand, when 
cells were exposed simultaneously to tolu-
ene and 1 g/L glucose, a large enhance-
ment of specific toluene degradation rates 
as well as enzymatic activities and expres-
sion of genes encoded by the TOL plas-
mid were observed in all transconjugant 
strains tested. These results suggest that 
the addition of an alternative easily-bio-
degradable carbon source such as glucose 
may increase the diversity of transconju-
gants that have active catabolic pheno-
types following conjugal plasmid transfer, 
and thereby, improve the effectiveness of 
genetic bioaugmentation.

In addition to glucose, the effect of 
Luria-Bertani (LB) broth as the alterna-
tive easily degradable carbon source was 
investigated. The simultaneous exposure 
of cells to 10 or 25% LB broth resulted 
in enhanced specific toluene degradation 
rates in all Enterobacteriaceae transconju-
gants (Fig. 2). The enhancement effect of 
LB broth was as high as 16.0 (± 2.11) and 
46.5 (± 10.8) fold for 10 and 25%, respec-
tively. These increases were similar to or 
higher than the effects of 1 g/L glucose 
for these strains. However, unlike glucose 
addition, LB broth exposure resulted in 
no significant change in specific toluene 
degradation rates in Pseudomonadaceae 
transconjugants (Fig. 2), suggesting that 
the enhancement effects of glucose and LB 
broth work through different mechanisms. 
In fact, LB broth is composed of mainly 
amino acids instead of simple sugars12 and 
differences in physiology of E. coli cells 
growing in the presence of LB broth and 
minimal medium with glucose have been 
reported in reference 13. In our previous 
paper, we speculated that LB broth altered 
the translation or post-translational con-
trol of the production of proteins encoded 
by the TOL plasmid whereas glucose likely 
affected the transcription of TOL plasmid 
genes.7 Such mechanistic differences may 
account for the discrepancy observed in 
the responses between Enterobacteriaceae 
and Pseudomonadaceae strains. 
Furthermore, as both simple sugars and 
amino acids appear to have an enhanc-
ing effect on toluene degradation rates 
of Enterobacteriaceae transconjugants, it 

tested. Recipient genetic characteristics 
including the genomic guanine-cytosine 
(G + C) content and phylogenetic rela-
tionships were varied as the biological con-
ditions tested. Six of the transconjugants 
including Escherichia sp TOL, Escherichia 
coli RP-1,11 Pantoea agglomerans TOL, 
Enterobacter cloacae TOL, E. coli TOL, and 
Serratia marcescens TOL belonged to the 
Enterobacteriaceae family. Pseudomonas 
fluorescens TOL and Pseudomonas putida 
TOL were Pseudomonadaceae strains 
similar to the donor bacterium, P. putida 
BBC443. These strains had genomic  
G + C contents ranging from 50 to 60% 
and were chosen based on their ability 
to take up the TOLgfpmut3b plasmid. 
The Enterobacteriaceae transconjugant 
strains exhibited very limited TOL plas-
mid functions when toluene was added as 
the sole carbon source. Such limitations 
were shown to be due, at least in part, to 
differences in genomic G + C contents 
compared with the TOL plasmid average 
G + C content of 59% as well as the rela-
tively large phylogenetic distances from 
the donor strain. Following these observa-
tions, environmental conditions including 
differences in pH and the availability of 
carbon and nitrogen were altered to deter-
mine whether the observed genetic limi-
tations on the expression of the catabolic 
phenotype could be relieved by external 
changes. Of the environmental factors 
tested, varying pH (6–8) and nitrogen 

genetic bioaugmentation treatment 
schemes, the mechanisms and effects of 
HGT must be extensively characterized.

The success of genetic bioaugmenta-
tion depends on two critical factors: the 
successful transfer of the catabolic plasmid 
to as many indigenous bacteria as possi-
ble, and an active contaminant-degrading 
phenotype in all transconjugants. While 
there have been previous reports that 
studied the conjugal transfer of plasmids 
in various environments, the phenotypic 
outcome of these conjugation events have 
been largely ignored. In some studies, the 
catabolic activity encoded on the trans-
ferred plasmid was shown to be nonex-
istent or greatly limited.7-9 Furthermore, 
many studies on plasmid conjugal transfer 
were limited to only one or two recipient 
bacterial strains and do not provide rep-
resentative observations for environmental 
applications. As successful implementa-
tion of genetic bioaugmentation heavily 
relies on an overall increase in catabolic 
activity of the in situ bacterial commu-
nity following conjugal transfer, there is a 
strong need for a thorough investigation 
on the necessary environmental condi-
tions that trigger efficient expression of 
transferred catabolic genes.

The effects of various environmental 
and biological conditions on the TOL 
plasmid functions of eight transconjugant 
bacterial strains and the donor strain har-
boring the TOLgfpmut3b plasmid10 were 

Figure 1. Genetic bioaugmentation schematic.
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G + C contents in the presence of toluene 
alone,16 the enhancement by carbon source 
addition may only directly relieve the phe-
notypic limitations brought upon by G + C  
content differences. Furthermore, glu-
cose appeared to have a larger effect on 
transconjugants with lower genomic  
G + C contents compared with LB broth, 
suggesting that glucose would be a more 
favorable carbon source to add to stimu-
late genetic bioaugmentation of the TOL 
plasmid in microbial communities that 
have lower G + C contents. Additional 
experiments should be performed under 
environmentally relevant conditions to 
further test this observation.

The choice of an appropriate selective 
pressure that promotes HGT is an impor-
tant parameter to consider for the suc-
cessful design of genetic bioaugmentation 
treatment schemes. In the present study, 
two recipient bacterial strains, S. marces-
cens and P. fluorescens, were mated in soil 
slurry batch reactors with donor P. putida 
BBC443 bacteria under varying additions 
of toluene and the antibiotic, kanamycin 
(Km), as the selective pressures (Fig. 4).  
The occurrence of transconjugants was 
monitored by screening for cells expressing 

C content compared to LB broth. These 
observations indicate that glucose and 
LB broth, albeit to different degrees, had 
larger positive effects on strains with lower 
genomic G + C contents. We showed that 
the toluene degradation rates of trans-
conjugant strains in the absence of addi-
tional carbon sources were dependent on 
genomic G + C content, although lacking 
a clear correlation function.16 However, 
the limited toluene degradation rates 
of the tested strains were significantly 
enhanced by the simultaneous presence 
of an easily biodegradable carbon source.16 
Our results in Figure 2 further imply that 
the enhancement effects of glucose and 
LB broth may be larger in transconjugant 
strains with larger deviation in genomic  
G + C content from the TOL plasmid 
average of 59%. On the other hand, the 
fold changes by glucose or LB broth addi-
tion had no correlation with the phyloge-
netic distance of the transconjugants from 
the donor strains (data not shown). These 
findings along with observations discussed 
above suggest that while phylogenetic 
relatedness may have stronger impacts on 
the TOL plasmid phenotype functional-
ity compared with differences in genomic  

may be unnecessary for a large-scale addi-
tion of organic carbon substrates in a field 
implementation of genetic bioaugmenta-
tion for the cleanup of contaminated soils. 
Soil organic matter (SOM) contains both 
amino acids and simple sugars; in some 
soils, amino acids are the dominant form 
of organic carbon14 while in others, simple 
sugars account for the majority.15 Thus, 
the presence of SOM may be sufficient 
to improve the catabolic activities of the 
newly-formed transconjugants in situ. 
However, the addition of glucose may be 
favorable in some cases to ensure that the 
enhancement effect occurs widely across 
different groups of bacteria.

A closer examination of the specific 
toluene degradation rates revealed that 
the fold changes induced by glucose 
addition had a negative linear correla-
tion with genomic G + C content with 
an R-square value of 0.58 (p < 0.0001) 
(Fig. 3A). Similarly, the presence of 10% 
LB broth induced fold changes in spe-
cific toluene degradation rates that were 
negatively correlated with genomic G + C 
content (R-square value of 0.65; p < 0.01)  
(Fig. 3B). Glucose appeared to have a 
stronger correlation with genomic G + 

Figure 2. Specific toluene degradation rates of TOL plasmid-bearing strains exposed to toluene in the presence of 0, 10 and 25% (v/v) LB broth. Error 
bars represent the standard deviation of at least triplicate samples.
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of the TOL plasmid. The effectiveness 
of contaminants as a selective pressure 
for the conjugation of catabolic plasmids 
may differ significantly depending on the 
compound and plasmid. As toluene is a 
contaminant that can be rapidly degraded 
through various mechanisms, it may exert 
insufficient stress on cells to act as selective 
pressure for plasmid uptake. While cer-
tain organic contaminants, such as biphe-
nyl17 and 2, 4-D,18,19 have been shown to 
exert selective pressure for conjugal trans-
fer of catabolic plasmids, the necessary 
properties that allow a contaminant to act 
as sufficient selective pressure are unclear. 
Additional experiments to investigate the 
chemical and toxicological characteristics 
of organic contaminants that effectively 
exert selective pressure may be helpful to 
determine the triggers necessary for suc-
cessful genetic bioaugmentation.

Future Outlook

Our results indicated that differences in 
certain genetic characteristics between 
the recipient bacterial strain and the 
donor strain or the catabolic plasmid 
itself may severely limit the expression of 
the catabolic phenotype following con-
jugal plasmid transfer. While we could 
not determine the individual effects of 
genomic G + C content and phylogenetic 
relationships, these genetic characteristics 
are considered interdependent20,21 and 
therefore, may need to be considered as a 
combinatorial effect. However, the genetic 
limitations on phenotype expression were 
alleviated by the simultaneous addition of 
an alternative easily biodegradable carbon 
source. Both simple sugars (glucose) and 
amino acid-based rich medium (LB broth) 
showed an enhancement effect on the tol-
uene degradation rates of most transcon-
jugant strains tested in this study. These 
effects were observed to be negatively cor-
related with the genomic G + C content 
of transconjugants, indicating that genetic 
characteristics may be important not only 
in the initial expression but also in the 
stimulation of the transferred catabolic 
phenotype functions. More information 
is necessary to determine whether such 
impacts of transconjugant genetic charac-
teristics are observable in other catabolic 
plasmid systems. In particular, catabolic 

presence of Km alone resulted in transcon-
jugant occurrence that was similar to sam-
ples exposed to both Km and 0.02% (v/v) 
toluene. Toluene degradation occurred 
in most batches within 24 h (data not 
shown). These results suggest that at 
environmentally relevant concentrations, 
toluene alone may not act as a sufficient 
selective pressure for the conjugal transfer 

green fluorescent protein as encoded by 
the TOLgfpmut3b plasmid. At least 50% 
of recipient S. marcescens and P. fluore-
scens cells were verified to be culturable 
under these conditions (data not shown). 
Exposure to toluene as the sole selective 
pressure resulted in no increase in the 
percentage of transconjugants except at 
extremely high concentrations, while the 

Figure 3. Fold changes in specific toluene degradation rates induced by the addition of 1 g/L glu-
cose (A) and 10% LB broth (B) in strains with varying genomic G + C contents. Error bars represent 
the standard deviation of at least triplicate samples.
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become possible to predict the necessary 
operational parameters and the overall 
success of genetic bioaugmentation in a 
given contaminated environment through 
the genetic information gathered from the 
indigenous microbial community.
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plasmids that have broader host ranges 
than the TOL plasmid should be studied 
in depth to provide a thorough assessment 
of the effectiveness of genetic bioaugmen-
tation. Finally, the choice of appropri-
ate in situ selective pressure is critical in 
ensuring the successful conjugal transfer 
of the target catabolic plasmids to indig-
enous bacteria. Overall, together with 
the growing body of bacterial genome 
sequences and ever-improving phyloge-
netic characterization techniques, it may 

Figure 4. Transconjugant occurrence under varying selective pressures in soil slurry batch mating experiments. S. marcescens and P. fluorescens were 
used as recipient strains and mated with donor P. putida BBC443 cells in soil slurry under the presence or absence of Km and toluene. Error bars repre-
sent standard deviations of triplicate samples.
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