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Abstract
Pentachlorophenol (PCP) is a toxic and recalcitrant compound used
predominately as a wood preservative to protect wood from decay caused by
insects and microorganisms. Past storage, treatment and disposal practices of
PCP have resulted in groundwater contamination near wood treating sites in
Mississippi and nationwide. Because of PCP’s recalcitrant nature and toxicity, it
has been listed as a priority pollutant by the Environmental Protection Agency.
Methods to remediate PCP in groundwater include pump and treat, filtration, and
biosparging. Of these methods biosparging is the only in-situ method which
substantially should reduce the remediation costs. Biosparging forces clean air
under the groundwater table stimulating the indigenous microorganisms to
degrade the pollutant. In this study eight biosparging wells were installed at a
wood treating site in central Mississippi with contaminated groundwater. Two
wells (#14 and #44) were located above and 6 wells (#42, #52, #43, #51, #41
and #17) were located beneath the air sparging lines. Water samples were
collected quarterly for nutrient analysis, PCP concentration and microbial
identification. In addition water samples were also collected monthly before and
after nutrient amendment for microbial enumerations. Nutrients added were
nitrogen, phosphorus, and potassium. After nutrient addition the largest increase
in nutrient levels occurred for nitrogen and ortho-phosphorus in well numbers 52
and 17 both located near and far respectfully below the air sparging lines. Wells
52 and 17 also showed greater changes in Total Organic Phosphorus (TOP),
Total Organic Carbon (TOC) and chloride ion (Cl-) over time than the other wells.
Total bacteria and PCP tolerant bacteria were highest in well # 14 located slightly
above the sparge lines after eight monthly nutrient additions.
PCP
concentrations varied during the sampling period but did not decrease.
Identification of PCP tolerant bacteria based on molecular methods revealed 17
bacterial species of which two were known PCP degraders, Burkholderia cepacia
and Flavobacterium sp.
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Introduction
Groundwater quality is an important issue that affects not only the health
and well being of all living things but also the economic growth and development
of the state and region. More than 80% of Mississippi’s total water supply is from
groundwater and more than 93% of the potable water supply is extracted from
water wells that tap available aquifers. (Mississippi Ground Water Resources)
Approximately 2.6 billion gallons of water are pumped from aquifers in
Mississippi each day of which 65% is used for irrigation, 15% used for
aquaculture and 11% used for public supply.
However there are no
comprehensive national monitoring programs that exist to measure the full extent
of groundwater contamination. State agencies indicate that groundwater
contamination is a localized problem. Some reports indicate that 10% of rural
domestic wells contain at least one pesticide or pesticide metabolite. One of the
pesticides found in groundwater in the Mississippi Delta region is
pentachlorophenol (PCP). Pentachlorophenol (PCP, Penta) is a widely used
wood treatment chemical that is highly resistant to degradation. In the United
States, its use was restricted in 1997 when it was classified by the EPA as a
probable human carcinogen. PCP is still used in the treatment of utility poles in
the United States. Prior to regulation, disposal of excess PCP, disposal of PCP
treated wood waste, leakage of stored PCP, and cleanup of spilled PCP were a
few issues that were of environmental concern. Because of PCP’s strong
resistance to degradation, it becomes a very recalcitrant contaminant when
introduced to soil or water systems. The introduction of PCP in 1936 means that
indigenous microorganisms may have likely developed PCP degradation
mechanisms over the last 70 years (Crawford et al. 2007).
One of the most promising methods for remediation of PCP contaminated
groundwater is Biosparging. Biosparging utilizes the indigenous microorganisms
found in contaminated groundwater to biodegrade organic pollutants such as
PCP. Clean air is injected into the contaminated zones increasing the oxygen
concentration in the groundwater thereby enhancing aerobic biodegradation of
the pollutant (Bass et al. 2000). Nutrients such as nitrogen, phosphorus and
potassium may be added to also stimulate biodegradation. This technology can
reduce the cost of remediation of contaminated sites and control the migration of
contaminants into the subsurface.
The indigenous microbial community associated with the biodegradation
of PCP in contaminated groundwater has not been established. This is due in
part to a lack of accurate and reliable identification methods. Traditional microbial
identification methods include isolation and culturing on selective media,
morphological characterization, immunological responses and chemical assays
(Jellison and Jasalavich 2000, Clausen 1997). However these methods have
proven to be time consuming, inaccurate and incomplete. The principle limitation
to the culturing of these microorganisms is the very low percentage (~ 1%) of the
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total microbial population that will grow on any one specific media (Buckley,
2004). Therefore the microorganisms that are enumerated and identified from
growth media under-represent the microbes present in the soil or in the water.
The development of polymerase chain reaction (PCR, Mullis, 1987) was a
critical turning point for microbial identification because it led to the development
of culture-independent methods for identification of microorganisms to the
species level. The power of PCR is its ability to make billions of copies of these
unique DNA sequences in a short time period (Valasek and Repa, 2005).
Subsequent DNA methods were developed which made use of the amplified
DNA fragments generated by PCR. As a result, “DNA fingerprints” were created
from the amplified DNA and used to identify microorganisms to the genus and
species levels. Molecular based methods for microbial identification include
Random Amplified Polymorphic DNA (RAPD), Amplified Ribosomal DNA
Restriction Analyses (ARDRA), Restriction Fragment Length Polymorphism
(RFLP), rDNA sequencing, Sequence-Specific Oligonucleotide Probe (Akopyanz
et al., 1992, Adair et al., 2002, Jensen 1993, Jasalavich et al., 2000, Oh et al.,
2003) and others. In these methods ribosomal DNA was used to study different
taxonomic levels of bacteria and fungi. rDNA is a nuclear, multi-copy gene family
arranged in tandem arrays that codes for the RNA subunits of the ribosome
molecule. The small subunit (16S) rDNA has been shown to be highly effective
for identification of bacteria. Primers designed to target the conserved regions of
microbial rDNA have been used to amplify sequence variable fragments of genes
or the intervening noncoding regions (Turene et al., 1999) increasing the
sensitivity and selectivity for species identification. These methods work best for
isolated cultures. Molecular methods for identification of mixed cultures include
Terminal Restriction Fragment Length Polymorphisms (T-RFLP), Denaturing
Gradient Gel Electrophoresis (DGGE), Temperature Gradient Gel
Electrophoresis (TGGE), Single-Strand Conformation Polymorphisms (SSCP), or
cloning coupled with DNA sequencing (Dickie, et al., 2002, Anderson and
Cairney, 2004, Smit et al., 1999, Borneman and Hartin, 2000, Valinsky et al.
2002a, Valinsky et al., 2002b, O’Brien 2005).
The hypothesis for this project was that PCP degrading bacteria are
present during biosparging of PCP contaminated groundwater. The objective of
this proposal was to determine the bacterial community associated using cloning
and sequence molecular methods for identification.

Materials and Methods
Eight biosparging wells were installed at a wood treating site in Mississippi
(Figure 1). The wells consisted of 2 inch PVC pipe with a slotted screen section
at the bottom of the well and positioned within the base of the saturated zone.
The wells extended twenty-nine feet below ground surface. A regenerative
blower was used to supply air up to 15 pounds per square inch.
Water samples (500ml) were collected quarterly for one year and
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analyzed for PCP using Gas Chromatography according to EPA Standard
Methods. Beginning in December 2009, water samples were taken monthly,
before and after addition of liquid nutrients (1 liter) containing 15% nitrogen, 30%
phosphorus and 15% potassium and analyzed for microbial enumeration. Water
samples, made to the appropriate dilutions if needed, were inoculated onto
nutrient agar and nutrient agar amended with PCP and incubated for 48 hours at
28oC to determine microbial enumeration. DNA was extracted from the water
samples according to the protocol of the WaterMaster DNA extraction kit
(Epicenter Biotechnologies, Madison WI). If the quality or quantity of DNA was
not adequate for processing, microorganisms were then cultured in nutrient broth
by adding 1 milliliter of water sample into 5 ml of nutrient broth while shaking
overnight at 28oC. From these cultures, DNA was extracted using a NucleoSpin
Plant II nucleic acid purification kit from Macherey-Nagel (Bethlehem PA). The
extracted DNA was amplified using bacterial 16s forward and reverse primers (5’AGATCGATCCTGGCTCAG and 5”-GGTTACCTTGTTACGACTT). Verification of
the mixed population amplified fragment was done using gel electrophoresis. The
mixed fragments were cloned in E. coli competent cells using the TOPO TA
cloning kit for sequencing (Invitrogen, Carlsbad CA). The clones were cultured in
Luria broth media overnight, extracted using the Pure Link Quick Plasmid Mini
Prep kit and the insert was verified by ECOR I enzyme digest. Sequencing was
performed according to the Beckman Coulter DTCS Quick Start Kit (Beckman
Coulter, Brea CA) and analyzed on a Beckman CEQ 8000 DNA Analysis System.
The sequences were aligned using the Clustal W Multiple Sequence Alignment
Program version 1.7 and analyzed data were identified using BLAST search of
NCBI (Thompson et al. 1994). Sequences with a greater than 96% identity match
and 3 or fewer sequence gaps were accepted as identified species.
Groundwater samples were collected quarterly and analyzed by a certified
independent laboratory for total organic carbon according to EPA Method 9060
(U.S. Environmental Protection Agency), total Kjeldahl nitrogen according to EPA
Method 351.4, total organic phosphorus according to EPA Method 365.3 and
ortho-phosphate according to EPA Method 258.1
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Sparge Line

Figure1. Topographic map showing well locations. Used with permission from Lybrand
Consulting, LLC.
RESULTS and DISCUSSION
Monthly nutrient additions resulted in an increase in the TKN in wells #17,# 42
and #52 (Figure 2) which were located below the sparge line. Ortho-phosphorus,
and TOP were also highest in wells #17 and #52 after nutrient addition (Figures
3, 4). TOC and chloride ions (Figures 5, 6) were highest in wells #17, #51, and
#52 all located below the sparge line. Total bacteria and PCP tolerant bacteria
were monitored pre and post nutrient amendments (Figures 7,8). In general
there was an increase in the colony forming units (cfu) of both general bacteria
and PCP tolerant bacteria in each well after nutrient addition over the sampling
times. For example in well # 14, located above the sparge line, there were no
detectable PCP tolerant bacteria before nutrient addition and 23,000 cfu of PCP
tolerant bacteria after nutrient addition. In the well below the sparge line, #51,
there were 2800 cfu and 9700 cfu of PCP tolerant bacteria present before and
after the nutrient addition respectfully. Extraction of DNA and cloning revealed
different patterns of DNA fragments found in the groundwater samples (Figures
10,11). Four PCP tolerant bacteria were detected in well #14 compared
to thirteen PCP tolerant bacteria detected in well #51(Figure 12, Table 1). Two
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bacteria, Burkholderia cepacia (Xun 1996) and Flavobacterium sp have been
reported to be known PCP degraders (Topp and Hanson 1990) . B. cepacia is a
common human pathogen that is often found in water and soil and survive for
long periods of time. Some of the other organisms detected produce nitrifying
and sulfur oxidizing enzymes. PCP concentration did not in general decrease
over time (Figure 9) probably due to insufficient populations of PCP degrading
organisms in the groundwater.
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Figure 2. Kjeldahl Nitrogen in PCP contaminated groundwater collected in from
eight monitoring wells over a 15 month period.
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Figure 3. Ortho-phosphorus in PCP contaminated groundwater collected
from eight monitoring wells over a 15 month period.
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Figure 4. Total organic phosphorus in PCP contaminated groundwater collected
from eight monitoring wells over a 15 month period.
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Figure 5. Total Organic Carbon in PCP contaminated groundwater collected in
from eight monitoring wells over a 15 month period.
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Figure 6. Chloride ion in PCP contaminated groundwater collected from eight
monitoring wells over a 15 month period.
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Total Bacteria Before and After Nutrient Addition
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Figure 7. Total bacteria in PCP contaminated groundwater collected from eight
monitoring wells.
PCP Tolerant Bacteria Before and After
Nutrient Addition
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Figure 8. PCP tolerant bacteria PCP contaminated groundwater collected from
eight monitoring wells.
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Figure 9. PCP concentration in contaminated groundwater from eight monitoring
wells at selected time periods before and after nutrient addition.

Figure 10. Extracted plasmid from clones containing the 16s region of
interest for identification by sequencing. (Supercoiled DNA marker – lanes
1, 12, 13, & 24; well # 14 – lanes 2-11; well #51 – lanes 14-23)
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Figure 11. Digested plasmid and inserted 16s DNA fragment. (1kb DNA marker –
lane 1; wells # 14– lanes 2-5; well #51 – lanes 7-9)

Figure 12. Sequence analysis of clone 16s fragment for identification of a PCPdegrading bacterium, Flavobacterium sp found in PCP contaminated
groundwater.
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Table 1. Bacteria identified from two monitoring wells, with greater than 96%
identity match and three or less sequence gaps.
Well 14 – February 2010
Well 51 – February 2010
Burkholderia cepacia
Burkholderia sp.
Pedobacter insulae
Rhodanobacter thiooxydans
Janthinobacterium lividum
Pedobacter duraquae
Thauera sp.
Denitratisoma oestradiolicum

Duganella sp.
Azospirillum irakense
Collimonas sp.
Flavobacterium sp.
Oxalicibacterium faecigallinarum

Herbaspirillum sp
Janthinobacterium
agaricidamnosum
Massilia dura
Aquaspirillum arcticum

** >40 Uncultured bacterial strains also found in each sample

Conclusions
This study evaluated biosparging as a remediation tool to reduce the PCP
concentration in groundwater at a wood treating site. The addition of nutrients
was required in order to obtain sufficient bacteria for identification. However the
bacterial population was very low and may have been insufficient to degrade
PCP. Two PCP degrading bacteria were identified, Burkolderia cepacia and
Flavobacterium. More studies are needed to determine if these bacteria are
responsible for PCP degradation and if more nutrients will increase the
population of these bacteria.
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