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ABSTRACT

Polychlorinated biphenyls (PCBs) are carcinoggmecsistent, and
bioaccumulative contaminants that pose risks todruand environmental health. PCB
biodegradation by indigenous microbial communitiesld be a cost-effective and an
environmental-friendly bioremediation strategy iflositu PCB removal. A
comprehensive understanding of the microbial PCigat#ation at the contaminated site
is required for the acceptance and optimizationsifig microbial PCB degradation as
the site clean-up strategy. This thesis descriesstigations of the aerobic and
anaerobic microbial degradation of PCBs under liettd and laboratory conditions.

The microbial PCB degradation potential in sedirmérdm Indiana Harbor and
Ship Canal (IHSC), a site that was historicallyteomnated by PCBs, was explored by
analyzing the PCB congener distributions and mialaibmmunities in two core
sediment samples. PCB congener analysis suggésteuabssibility ofin situ
dechlorination in deep sediments. Molecular analg§ibiomarker genes revealed the
potential of both aerobic and anaerobic PCB degi@ua sediments. Microbial
communities were characterized by the combinatsmaf terminal restriction fragment
length polymorphism (T-RFLP), clone library, andg@sequencing. These methods
elucidated the dominant role Bfoteobacteria, especiallyAcidovorax andAcinetobacter
in sediments.

To improve the microbial PCB degradation, phytordiaton with switchgrass
(Panicum vigratum) was employed under laboratory conditions. Conganalysis
showed that both phytoextraction and microbial RIeBradation contributed to the
enhanced PCB removal in the presence of switchgBasaugmentation with
Burkholderia xenovorans LB400 was performed to further promote aerobic PCB
degradation. The presence of LB400 was associatedmproved degradation of PCB

52, but not PCB77 or PCB 153. Increased abundate ®iphenyl dioxygenase gene,
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which is indicative of aerobic PCB degradation, @adranscript were observed after
bioaugmentation, suggesting active aerobic PCBadizgion.

To promote the anaerobic PCB degradation, redobkngy(alternating flooding
and non-flooding) was performed. Redox cycling ¥easd to improve the removal of
PCB 153 in unplanted soils and to increase theldeohting Chloroflexi population.
Characterization of the microbial community by TiRFand clone library revealed that
Proteobacteria andAcidobacteria were dominant. Species that contain dechlorination
potential were identified, includinGeobacter andClostridium, suggesting that their
possible role in PCB dechlorination.

The research described in this thesis providessiiteknowledge and evidence
for the feasibility of employing bioremediation lading natural attenuation,
phytoremediation, and bioaugmentation to clean @B Pontamination. Such
information will be critical in selecting and optirmg remediation strategies for PCB

contaminated sites.
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CHAPTER |. RESEARCH OVERVIEW AND HYPOTHESES

Polychlorinated biphenyls (PCBs) are a group of 2@%thetic chemicals that
were widely used in industry during the last ceptamd are still in use in closed
application today. They pose a threat to envirortaleand public health because they are
persistent, bioaccumulative and carcinogenic. Mi@bPCB degradation could be a
feasible way to detoxify and remove PCBs in theiremvnent. The main objective of this
work was to investigate the microbial PCB biodegtamh in the contaminated soils and
sediments.

The first part of this work explored the microbi®CB degradation potential in
sediments from Indiana Harbor and Ship Canal (IH&Gjte that was historically
contaminated by PCBs, by analyzing the PCB conggiséibutions and microbial
communities from two core sediment samples (Chdptand Chapter 1V). The

following hypothesis was tested:

Hypothesis 1. IHSC sediments contain the potential for aeranid anaerobic

microbial PCB biodegradation.

To test this hypothesis, the specific aims are to:

1. Evaluate the PCB dechlorination potential byirsetit congener profile
analysis.

2. Enumerate biomarker genes (biphenyl dioxygegases and putative
dechlorinatingChloroflexi 16S rRNA genes) by qPCR.

3. ldentify possible PCB degrading populations bRHALP, clone library and

pyrosequenicng of bacterial 16S rRNA gene.

www.manaraa.com



While the field studies provided valuable inforneatiabouin situ microbial PCB
degradation, the lack of knowledge of the complaxdrenment conditions at the
contaminated site usually makes it challengingxgaagn the microbial activities. To
better understand microbial PCB biodegradationtarekamine how PCB degradation
can be improved, soil microcosms spiked with PCB7/A2and 153 were investigated
under laboratory conditions. Phytoremediation vgithtchgrassRanicum vigratum) was
employed to improve PCB removal efficiency and Rf&grading bacteriBurkholderia
xenovorans LB400 was introduced into the switchgrass plamkezbsphere to further
enhance the aerobic PCB degradation (Chapter \é fdllowing hypotheses were

tested:

Hypothesis 2: The microbial PCB degradation in soil is improvaedhe presence
of switchgrassHanicum virgatum).

Hypothesis 3: Bioaugmentation with biphenyl-growBurkholderia xenovorans
LB400 improves the aerobic microbial PCB biodegtiatain the switchgrass

rhizosphere as compared with the rhizosphere withmaugmentation treatment.

For these hypotheses, the specific aims are to:

1. Evaluate the PCB removal efficiency by measuR@B concentrations in
unplanted, switchgrass treated, &wikholderia xenovorans LB400 bioaugmented soils.

2. Evaluate the abundance of biphenyl dioxygenasegand transcripts in

unplanted, switchgrass treated, &@wikholderia xenovorans LB400 bioaugmented soils.

To enhance the anaerobic microbial PCB degradatigeguential anaerobic-
aerobic environment was created by redox cycling (veeks of flooding and two weeks
of non-flooding) in PCB-spiked soil microcosms (@tex VI). The following hypothesis

was tested:
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Hypothesis 4. Redox cycling improves anaerobic microbial Réi@&legradation

in the switchgrass rhizosphere.

The hypothesis was addressed with the followingifpeims:

1. Evaluate the transformation products of PCBgniplanted, switchgrass treated,
and redox cycled soils.

2. Evaluate the abundance of dechlorina@htproflexi 16S rRNA genes in
unplanted, switchgrass treated, and redox cyclésl so

3. Evaluate the microbial community structure iasiaand identify key
members associated with PCB degradation in unplasteitchgrass treated, and redox

cycled solls.
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CHAPTER Il. BACKGROUND

Polychlorinated biphenyls

Polychlorinated biphenyls (PCBs) are a group of 2f&hetic chemicals
consisting of 1-10 chlorine atoms on a biphenykbaoe (Figure 2.1) (Gustafson, 1970,
Wiegel & Wu, 2000). PCBs were discovered over 1€@rg ago and were widely used in
industry as transformer dielectric fluids, heahsfer fluids, hydraulic fluids, coolants
and plasticizers because of their excellent chdrsteaility and electrical insulating
properties (Erickson and Kaley, 2011). It is estedathat about 1.3 million tons of PCBs
were produced worldwide between the 1930s and988sl, 48% of which was in US.
About 30% of the production has entered the enwremt (Abraham et al., 2002; Breivik
et al., 2002a, 2007).

miefa aFtlio

3 2 2 3
para 4 3 / \ 4"
N / __~ .
{'-]!1 n
6 6' 5

5
meia wrihe

Figure 2.1.Structure formula of PCBs (Wiegel and,\2Q00).

PCBs are among the 12 worldwide priority persisteganic pollutants (POPS)
listedin the Stockholm Convention and are ranked the fifth on the EPA Priority lagt
Hazardous Compounds (ATSDR, 1994; UNEP, 2001). R2B%een detected in the
atmosphere, water, sediment and soil from urbarraad areas (Jeremiason et al., 1994;

Motelay-Massei et al., 2004; Simcik et al., 199@a#g et al., 2007) and even from
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remote places such as Arctic (Hugt@l., 2010). Because of the high hydrophobicity,
PCBs, especially highly chlorinated congeners, teratisorb to soil and sediment
particles. Lightly chlorinated congeners (1-4 chiersubstituents) are more volatile and
have long-range atmospheric transport potentiacmaldet al., 2000). The current
total PCB burden in global background soils wasresdted to be 21,000 tons (Meijer

al., 2003). The PCB concentrations in contaminatedssats can be as high as several
hundred ppm, while the cleanup level is 50 ppmrdateed by EPA.

The production, processing, distribution and conua¢sale of PCBs in US were
prohibited by the EPA in 1979 under Toxic Substarentrol Act. Nowadays PCBs
may be released into the environment by accidepids, uncontrolled landfills and
hazardous waste sites, incineration of PCB-contgimiastes, and leakage from old
electrical equipment in use (Breivik et al., 200ZBCBs is resistant to degradation and
can accumulate through the food web, posing a pateisk to public health and
ecosystem (Campfens and MacKay, 1997). People ma&xosed to PCBs mainly by
food consumption, including meat, milk and fishdday inhaling contaminated air
(Huweet al., 2009). Some old building materials such as pigmed caulk contain
PCBs which can migrate into air, dust and surronganaterial and cause potential
exposure (Herrick et al., 2007; Hu and HornbucR(#,0).

PCBs are categorized as probably carcinogenicitimang by EPA and as Group |
human carcinogen by the International Agency fosdaech on Cancer (IARC), mainly
based on the evidence in animal studies and mestimoonsiderations. PCBs are also
endocrine disruptors that are capable of inter§ewith natural hormones in the human
body (Grimmet al., 2013). Other adverse health effects include radtgon of the
immunological system, the neurological system, skier, and the cardiovascular
system. PCBs also present a potential reprodubtizard to humans and prenatal
exposure to PCBs may result in developmental aefoy in the offspring (Longnecker et

al., 1997; Ross, 2004; Van den Berg et al., 2006¢. tolerable daily intake (TDI) of
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PCB is 1ug/kg body weight (MinRat-Wirtschaftsministeriumagt, 1995). Currently the
EPA has established a maximum contaminant levdlafagero and a maximum

contaminant level of 0.5 ppb for PCBs in publim#ting water supplies (USEPA, 1991).

Microbial PCB biodegradation

Microorganisms are known to degrade PCBs via tweegsd processes: aerobic
oxidative mineralization and anaerobic reductivehdierination. Aerobic PCB
biodegradation is usually restricted to lightlyaimhated congeners (no more than 4
chlorine atoms per molecule), while PCBs with foramore chlorine atoms per molecule
are generally resistant to aerobic degradationoi@td removal via anaerobic reductive
dechlorination processes could make these congar@esamenable to aerobic
degradation (Borjat al., 2005).

Under aerobic conditions, the PCB congener biphenglcan be opened by an
oxidative ring cleavage mechanism (Pieper and 3g2068). A variety of aerobic
bacteria that oxidize PCBs in this manner have hag@mtified, including Gram-negative
strains ofPseudomonas, Alcaligenes, Achromobacter, Janibacter, Burkholderia,
Acinetobacter, Comamonas, Sphingomonas, Ralstonia, andEnterobacter and Gram-
positive strains o€orynebacterium, Rhodococcus, Bacillus, Paenibacillus, Arthrobacter
andMicrococcus (Bedard et al., 1986; Bopp, 1986; Furukawa, 2008;kova et al.,
2010; Pieper and Seeger, 2008)

PCBs can be used as carbon and energy sourcesyss@ins (such as
Burkholderia xenovorans LB400 andBurkolderia cepacia P166) and be degraded by
biphenyl-degrading bacteria via co-metabolism (@Faeid Sierra-Alvarez, 2008; Gibson
et al., 1993; Hernandez et al., 1995). Most aerBkiB-degraders employ an enzyme
system called the upper biphenyl degradation path\Mais pathway is catalyzed by a
series of enzymes designated BphA, BphB, BphC atiDBBiphenyl 2,3-dioxygenase
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(BphA), a Rieske non-heme iron dioxygenase, ca¢slyae incorporation of two oxygen
atoms into the aromatic ring to form an arersediol (Gibson and Parales, 2000). This
initial step in the upper biphenyl pathway transfersusceptible PCB congeners to the
correspondingis-dihydrodiol (Furukawa, 1994). Microbes can typigahetabolize one
of the biphenyl rings to 2-hydroxypenta-2,4-diemoathich is further degraded to
metabolites that can enter the citric acid cycleg@tral metabolic pathway. However,
this process often leaves behind a chlorobenzeditieh most mediating PCB-degrading
microbes cannot degrade further (Pieper and Se20@8). Therefore a population of
chlorobenzoate-degraders would be required to aehmeneralization of PCB congeners.
Chlorobenzoate-degraders (suchPamudomonas. cepacia andPseudomonas. aeruginosa

) have been previously isolated from PCB-contaneih@bil and sediment (P#éwt al.,
1999). PCB-degrading and chlorobenzoate-degradingorganisms can be genetically
modified and thus degrade PCBs without accumulaifarhlorobenzoates (Rodrigues et
al., 2006; Saavedra et al., 2010).

Biodegradation efficiencies for different PCB conges vary based on the
number and position of the chlorine substituen@BRongeners with chlorines on one
aromatic ring are more easily degraded than thaigechlorine substituents on both
rings (Pieper, 2005). Highly chlorinated aordho-chlorinated PCB congeners appear to
be particularly resistant to biodegradation (Fexhdl Sierra-Alvarez, 2008). Higher
chlorination levels result in a highly hydrophoBI€B molecule, a property which
reduces their accessibility to enzymes. The bulisrad the chlorine atoms may also
prevent access to the enzyme’s active site (Beetald 1986). Chlorine atoms on the
ortho position may prevent oxygenases from attackingtbenatic ring. It is also
reported thaortho-chlorinated PCB metabolites strongly inhibit thexdigenase that
catalyzes the third step of the biphenyl degradgb@thway, promoting its suicide
inactivation and interfering with the degradatidrother compounds (D&t al., 2002).

Furthermore, some metabolites of PCB degradatianhe upper biphenyl pathway,
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including dihydrodiols, dihydroxybiphenyls and chiated 2-hydroxy-6-phenyl-6-
oxohexa-2,4-dieneoates (HOPDAS), can be very taxccaccumulate in bacteria,
adversely affecting cell viability and growth ragsen more than the parent PCB

congeners (Camaehal., 2004).
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Figure 2.2. Biphenyl pathway of microbial PCB bigdedation under aerobic
condition. BphA: biphenyl-2,3-dioxygenase; BphBcis-2,3-dihydroxybiphenyl
dehydrogenase; BphC: 2,3-dihydroxybiphenyl 1,2-ggwnase; BphD: 2-hydroxy-6-
phenyl-6-oxohexa-2,4-dieneoate (HOPDA) hydrolasep& and Seeger, 2008).

Under anaerobic conditions, some members oCtiteroflexi phylum, including
Dehalococcoides spp. , and the 0-17/DF-1 group, can use certaid €ghigeners as
electron acceptors and transform them into lessrictaited congeners by reductive
dechlorination (Adrian et al., 2009; Cutter et 2001; Fagervold et al., 2007; Fagervold
et al., 2005; Wiegel and Wu, 2000; Yan et al., 20@hly several PCB dechlorinating
bacteria have been isolated, includidghal ococcoides maccartyi strain CBDB1,

Dehal ococcoides maccartyi strain 195 an@ehal obium chlorocoeria DF-1 (Adrian et al.,

2009; Fennell et al., 2004; May et al., 200Bghalobacter phylotypes have been found
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in an sediment-free culture (KFL culture) which diecinated 2,3,4,5-
tetrachlorobiphenyl and 2,3,4-trichorobiphenyl whaoDehal ococcoides or 0-17/DF-1
group were detected, which mal&ehalobacter a new candidate for anaerobic PCB-
degrader (Yoshidet al., 2009).

During microbial PCB dechlorination, chlorines aeplaced by hydrogen ions
and released as chloride ions, a process catabgatembrane-associated reductive
dehalogenases (RDases) (Hiraishi, 2008; Holligat.e1998; Janssen et al., 2001;
Wiegel and Wu, 2000). However, so far no reductigbalogenase is identified for PCB
dechlorination (Sowers and May, 2013). Currentlieast eight distinct PCB
dechlorination patterns have been identified inreedts and were referred to as M, Q,
H, H, P, N, LP and T (Table 2.1) (Wiegel and WQ00R). Chlorine atoms at thmaeta-
andpara- positions are preferentially removed in manyh&fse dechlorination patterns,
which result in the generation offtho-substituted PCB congeners (Tiedjal., 1993).
Dechlorination of chlorine airtho-position is rare but has been reported (Berkaat.et
1996; Vandort and Bedard, 1991; Wu et al., 1998¢rdbial dechlorination is strongly
influenced by various environmental factors suckeagperature, pH, carbon sources, and

the presence of other electron acceptors (WiegkMdn, 2000).
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Table 2.1. Positions of chlorines removed by dédferdechlorination patterns. (Wiegel
and Wu, 2000)

Dechlorination Susceptible chlorines

process

M Flanked and unflankeaheta

Q Flanked and unflankqghra, meta of 23-group

H' Flankedpara, meta of 23-, and 234-groups

H' Flankedpara, doubly flankedmeta

P Flankedpara

N Flankedmeta

LP Flanked and unflankquhra

T Flankedmeta of 2345-group, in hepta- and octachlorobiphenyls

Microbial PCB degradation in sediments and soils

Studies have been conducted to investigate thetstauand function of bacterial
communities in PCB-contaminated soil and sedimgstiesns. Microcosms are a
common approach to investigate both aerobic andrab&cin situ PCB biodegradation
potential and PCB degrading communities. Microdigeérsity in the surface of an
Aroclor 1260-laden sandy soil in Quebec, Canadaamasyzed, and sequences of twenty
clones were found to be related to low G+C granmitpes,
Cytophaga/Flexibacter/Bacteroides, and thez-, -, y-Proteobacteria (Lloyd-Jones and
Lau, 1998). In another study, metabolically actraeteria were identified by 16S rRNA
gene clone library analysis in surface samplesRPEB-contaminated sandy soil in
Germany. Clone sequences were found to clustematiiie Proteobacteria, the
Holophage-Acidobacterium phylum, theActinobacteria, and thePlanctomycetales. The
[S-Proteobacteria were abundant, mostly the gen8rakholderia andVariovorax.
Sequences similar to known PCB-degraders and othganic pollutant degraders were
also identified (Nogalegt al., 1999). In a microcosm study using aerobic agitatsl
slurries with PCB congener spiking, an increasg-Bf oteobacteria andActinobacteria

was observed in all microcosms exposed to PCBg¢@etral., 2010). Stable isotope
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probing (SIP) was also used to explore the badtgroaps in PCB-contaminated
environmentBurkholderia species were found dominant and active in aereGiB
biodegradation in a biofilm community grown dirgatin PCB droplets, as revealed by
DNA-SIP analysis of 16S rRNA (Tillmaret al., 2005). In microcosms containing River
Raisin sediment with’C-biphenyl addition, generchromobacter, Psudomonas,
Acidovorax, Ramlibacter, Azoarcus andHydrogenophaga were detected after 14 days
incubation but not at the beginning of incubatidhe dominant bacterial groups were
found closely related to previously known PCB ozeds, such a&chromobacter
xylosoxidans KF701,Acidovorax sp strain KKS102, anklydrogenophaga taeniospiralis
IA3-A. Analysis of aromatic-ring-hydroxylating diggenase genes revealed two
sequence groups similaribphA of Comamonas testosteroni strain B-356 and
Rhodococcus sp. RHAL (Sukt al., 2009). The impact of bioremediation of PCB-
contaminated sites on the indigenous microbial camity was also studied. Changes in
the bacterial community structures were observiéel, BDng-term biostimulation
treatment with carvone, soya lecithin and xylosel bioaugmentation treatments with
TSZ7 mixed culture and with Rhodococcus sp Z6 pure strairActinobacteria,
Bacteriodetes, a-andy- Proteobacteria were more abundant under all three
bioremediation treatments, wifkctinobacteria representing the dominant phylum (Retri
et al., 2011a).

Experiments were also conducted to describe therabi PCB-degrading
communities in PCB-contaminated environment. Micgamisms from sediments of
Hudson River, NY, and Silver Lake, MA were foungbable of removingneta- and
para-chlorines of four Aroclors (Aroclor 1242, 1248,5®Rand 1260) (Quensehal.,
1990). Similar results were described for enrichhoeittures from Housatonic River
sediments (Bedard et al., 1996; Bedard et al., 1 ¥fforts were also made to
characterize the dechlorinating populations. 168ARequences similar to the theta,

low-G+C, Gram-positive, anfihermotogales subgroups and one sequence similar to
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Dehal ococcoides ethenogenes were found to be associated with PGiho-
dechlorination in a sediment microbial communitynfr Baltimore Harbor, MD
(Holomanet al., 1998). In PCB dechlorinating enrichment cultutres selectively
dechlorinated double-flanked chlorines in 2,3,&%achlorobiphenyl, a low G+C Gram-
positive eubacterium, an organism similar to gneen-sulfur bacteria, an
Aminobacterium sp. and ®esulfovibrio sp. were identified (Wattt al., 2001).
Dehalococcoides and 0-17/DF-1 typ€hloroflexi, Spirochetes and Bacteroidetes were
identified in enriched Baltimore Harbor sedimentracosms, and a twenty five fold
increase of putative dechlorinati@iploroflexi members (e.d>ehalococcoides and o-
17/DF-1 typeChloroflexi) was observed during the dechlorination of Arodl260,

which suggests the dechlorination activityGhfioroflexi members in Baltimore Harbor
sediments (Fagervold et al., 2007; Fagervold eR@D5; Watts et al., 2005). In another
study, active indigenous PCB dechlorinating comriiesiwere identified in sediments
from three PCB-contaminated sites, Anacostia RiD€r, Buffalo River, NY, and Grasse
River, NY. Notably, an enriched dechlorinating plapon consisting exclusively of
Dehalococcoides-like phylotypes was detected in Grasse River sedtrand was found
to be associated with a significantly higher deghktion rate. PCB congener profiles,
concentrations, and total organic carbon concaatra{ TOC) were found to be
associated witim situ attenuation rates (Kjellerwgt al., 2008). ADehalococcoides-like
population was found in three anaerobic culturgmmbke of reductively dechlorinating
2,3,4,5-tetrachlorobiphenyl but not in PCB-free mmaosm. The role of the
Dehalococcoides-like populations in the removal of 2,3,4,5-tetdacbbiphenyl was
evidenced by their disappearance when dechlormatas inhibited or when PCBs was
consumed (Yamt al., 2006). Sequence phylotypes related to the g8uléerovum, and
the specie®esulfococcus multivorans and twoChloroflexi were found to be enriched
throughout incubation time in PCB-spiked microcasmsisting of marine sediments

from Venice Lagoon, suggesting such bacteria werelved in PCB dechlorination in

www.manaraa.com



13

sediments (Zanarodt al., 2010). Relatively higher abundance of dechlonntat
Chloroflexi, Dehalococcoides, and 0-17/DF-1 populations were observed in d€eip P
contaminated sediments (X¢ual., 2012). For the above studi&xshal ococcoides-
specific 16S rRNA genes were usually targetedHeraharacterization of dechlorinating
microbial population, since no PCB dehalogenaseébbas identified yet.
Bioaugmentation with both aerobic and anaerobic B€#aders has been
applied to remediate PCB contaminated soils anoimeads. Various aerobic PCB
degraders, includinBurkholderia xenovorans LB400, Ralstonia eutrophus H850,
Arthrobacter sp. strain B1B, have been used and achieved signify greater PCB
removal in the bioaugmented soil compared withveagoil (Egorova et al., 2013;
Luepromchai et al., 2002; Singer et al., 2000). &tieiency of bioaugmentation with
dehalorespiring bacteria, suche&hal ococcoides mecartyi strain 195 andehal obium
chlorocoercia DF1, were tested in microcosms containing PCB-amimated sediments,
and it was found that bioaugmentation enhanced é&eBlorination rates (Krumins et
al., 2009; Payne et al., 2011). The efficiencyiobhgmentation with botBehal obium
chlorocoercia DF1 andBurkholderia xenovorans LB400 was also tested and a
significantly greater PCB mass loss compared watl-bioaugmented sediments was
observed. DF 1 was found to reduce the lag tim&€B degradation, but had no

significant effect on the final PCB concentratiétayneset al., 2013).

Phytoremediation of PCBs

Remediation of PCBs has always been a challengaube®f the refractory
nature of PCB congeners. Many methods includingribé oxidative, reductive,
microbial approaches have been evaluated to enlRBedegradation (Gomesal.,

2013). Among those methods, phytoremediation, Hgeaf plants and associated bacteria

www.manaraa.com



14

to remediate contaminated environment, is more effsttive and sustainable (Van
Akenet al., 2010).

Phytoremediation comprises a range of processasling phytoextraction,
rhizofiltration, phytotransformation, phytovolagétion, rhizoremediation, and
phytostabilization (Dietz and Schnoor, 2001; Schireial., 1995; Van Aken et al.,
2010). Plants can uptake PCBs from root systemdrandlocate them to other plant
parts (Mackovét al., 2006). Studies of PCB congener fate within whpaplar plants
(Populus deltoids x nigra) in hydroponic exposures revealed that PCBs Ihitsorbed to
the root system were then translocated to the atefrthe woody stem accumulated more
PCBs than the shoots (Liu and Schnoor, 2008). dbesystems of some plant species
such agCucurbita pepo (including pumpkin and zucchiniGarex normalis, Brassica
nigra can accumulate PCBs from soils with bioaccumutetaztors (BAFs = PCB
concentrations in plant tissues / PCB concentratinrsoils) higher than one, while the
PCB concentrations in shoots were usually lowen thase in the roots (Ficko et al.,
2010; Greenwood et al., 2011; White et al., 20@&Zet al., 2006). Shoot BAFs ranged
from 0.14 — 0.45 were observed foucurbita pepo andCarex normalis (White et al.,
2006; Whitfield Aslund et al., 2007; Zeeb et aDPB). However, shoot BAFs greater
than one were observed Bolygonum persicarria andVicia cracca (Fickoet al., 2010),
and BAFs of lower parts of plant shoot achievetligh as two were reported for
Cucurbita pepo (Whitfield Aslundet al., 2008).

PCB metabolism by plants is different from thatm€roorganisms, and varies
among plant species (Van Akenal., 2010). The substitution pattern and the degree of
chlorination of PCB congeners also affect transftiam by plants (Mackovét al.,

2006). PCB transformation in plants was found tulein the formation of hydroxylated
PCB metabolites (Liu et al., 2009; Mackova et2001; Rezek et al., 2007; Zhai et al.,
2010a; Zhai et al., 2010b).
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Plant-microbial interactions are known to play irmtpat roles in enhancing the
degradation of xenobiotics, including PCBs, witthe rhizosphere, a dynamic
environment for microorganisms, which is definedreszone of soil under direct
influence of plant roots that usually extends a feilimeters from the root surface
(Mackovaet al., 2007). Microorganisms can enhance the plant epbékcertain mineral
nutrients and can modify the rhizosphere by praayeixtracellular enzymes and plant
growth factors. Plants play critical roles by swyppd organic compounds in exudates
that can be utilized by microorganisms as carbahearergy sources and regulating
deposits of soil water. Some secondary plant métebaould induce the genes
encoding enzymes involved in the degradation obkestics. Plant released compounds
can also solubilize contaminants and make them @agable to both plant and
microbial degradative enzymes (Leigh et al., 20@&ckova et al., 2009; Singer et al.,
2003a).

Several studies have demonstrated that the preséspecific plants enhances
PCB biodegradation and increases microbial PCBatkgg populations. Austrian pine
(Pinus nigra) and goat willow $alix caprea) were found to increase the abundance of
microbial PCB-degraders in the root zones (Ledgdl., 2006). Crushed fine roots of felt-
leaf willow (Salix alaxensis) added to soils spiked with PCB congeners weraddo
effectively increase PCB biodegradation rate ($letal., 2011). A stable isotope
probing study (SIP) revealed that seventy-fiveattght biphenyl-degrading genera and
twenty seven associated functional genes wereeartithe root zone of an Austrian pine
(PinusnigraL.) grown in PCB-contaminated soil (Leighal., 2007). Another SIP study
demonstrated that the cultivation of horseradfgtmpracia rusicana) may affect the
microorganisms that are potentially responsible®6B degradation (Uhlik et al., 2009).
Increased numbers of active PCB-degraders in iaesphere of goat willowSalix

caprea) and horseradistA{moracia rusticana) have also been observed, indicating these
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plant species are promising candidates for rhizegation of PCB-contaminated soils
(lonescuet al., 2009).

Some plant-released compounds have the capaatypieort the growth of PCB-
degraders and thereby improve PCB degradationosiaatabolism (Singer et al., 2003a).
For example, flavonoids fostered the growth of RieBraders (such &urkholderia
xenovorans LB400 andRhodococcus erythropolis U23A) and were able to induce the
biphenyl catabolic pathway (Donnelly et al., 19Bdigh et al., 2002; Toussaint et al.,
2012). Plant terpenes are also natural substizesan support PCB oxidation
(Hernandez et al., 1997; Park et al., 1999; Tahddical., 2001). Transformation of
Aroclor 1242 occurred completely in PCB-contamidageils amended with orange peel,
ivy leaves, pine needles, or eucalyptus leavesnbuin the non-amended soil. Also, the
abundance of biphenyl-degrading microbes in thenal®@ soils were five orders of
magnitude higher than in the non-amended soilscaticig terpenes are used as a natural
substrate by PCB degraders (Dudasova et al., Fakit, 1995; Hernandez et al., 1997).
In another study, S-carvone, a terpenoid compowad,reported to induce the
biotransformation of Aroclor 1242 Arthrobacter sp. strain B1B (Gilbert and Crowley,
1997).

Plant-microbial mutual co-operation within the dsphere on the level of the
intermediates transformation were also studiedof@blenzoates are a common end
product of upper biphenyl degradation pathway tisaially are not degraded further by
aerobic PCB degraders and thus may accumulatéitmtimicrobial PCB biodegradation
(Pieper and Seeger, 2008). Plant tissues of haliserand black nightshade were
reported to show significant transformation of thacterial product of PCB degradation
(Mackovaet al., 2007). Similarly, hydroxylated PCBs, the prodotPCB degradation
by plants, can be transformed by PCB degradingahes.Ortho-chlorinated
hydroxybiphenyls were degraded by purified biphahgkygenases frorBurkholderia

xenovorans LB400 andComamonas testosteroni B-356 (Francovat al., 2004). Despite
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this, hydroxylated PCBs still appear to exhibithegtoxicity than PCBs to

microorganisms (Camara et al., 2004; Purkey e2@04).
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CHAPTER Ill. MICROBIAL PCB DEGRADATION POTENTIAL IN
CORE 1 FROM IHSC

Introduction

Polychlorinated biphenyls (PCBs) are a family 0® 20ngeners that were
produced and used during the last century. Thewirea major concern to the public and
environmental health because of their high statdlitd potential toxicity (Bedard, 2004).

Despite their environmental persistence, PCBs eamrimoved and detoxified by
anaerobic and aerobic microorganisms. Microorgasiara known to degrade PCBs via
two general processes: anaerobic reductive deolakosn and aerobic oxidative biphenyl
ring cleavage (Borjat al., 2005). Under anaerobic conditions, some memidetseo
phylum Chloroflexi, includingDehal ococcoides spp. and the 0-17/DF1 group, use certain
PCB congeners as electron acceptors and transifenm into less chlorinated congeners
(Adrian et al., 2009; Wu et al., 2002). Under agr@onditions, some aerobic PCB-
degraders employ the upper biphenyl degradatiamyzgt, and biphenyl 2,3-
dioxygenase (BphA) catalyzes the first step in pgaithway, transforming susceptible
PCB congeners into the correspondrsgdihydrodiol (Furukawa and Fujihara, 2008;
Gibson and Parales, 2000).

The Indiana Harbor and Ship Canal (IHSC) in the East Chicago, Indiana,
is located on the southern shore of Lake Michigai®@Hs heavily contaminated with a
variety of pollutants, including heavy metals, pniglic aromatic hydrocarbons (PAHS)
and PCBs due to years of industrial operationkénarea (Ingersoll et al., 2002; Martinez
et al., 2010). It is reported to be a large soofd@CBs to Lake Michigan, with the PCB
concentration in surficial sediments of IHSC ramgirom 53 to 35,000 nggdry weight
according to an intensive survey (Martiretal., 2010).To remain viable for large
industrial vessels, a long-term dredging project is carried out by the U.S. Army

Corps of Engineers, Chicago District to ensure an adequate navigational depth.
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PCB-contaminated IHSC sediments are being dredged and permanently stored
in a confined disposal facility (CDF) located north of Lake George Branch
(USACE, 2013).

The objective of this study is to assess the in situ PCB degradation
potential in IHSC sediments. The vertical pattern of a core sediment sample
(core 1) was analyzed and suggests the possibility of in situ dechlorination. The
presence of dechlorinating groups and bphA indicates that microbial communities

in the sediments had the potential to degrade PCBs.

Materials and Methods

Sediment sample collection

In August 2006, surficial sediment samples (Figdidg were collected from
IHSC from aboard the U.S. Environmental ProtecAgency’s research vessel
Mudpuppy. A standard ponar dredge sampler (top 10 cm layas)used (Martineet al.,
2010). In May 2009, one 4.57 m core sample (congdk) collected using a submersible
vibro-coring system with a PVC tube (length 457 amernal diameter 9.5 cm) (Figure
3.1). To examine microorganisms at different sedinaepths, core 1was sectioned every
0.152 m. Samples were placed in plastic bags aptdkeice during transportation.

Sediment samples were stored at 4°C in the lalb amdiysis.

PCB congener analydis
Preparation, extraction and clean-up steps for oregasPCB sediment
concentrations have been described previously (Mertand Hornbuckle, 2011). Briefly,

sediments were extracted using pressurized fluichetxon (Accelerated Solvent

1 The PCB concentration measurement of sedimentlsamas performed by Andres
Martinez, Ph.D., Department of Civil & EnvironmehEmgineering, The University of lowa.
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Extractor, Dionex ASE-300). The extracts were cotregded and eluted through a
multilayer silica gel column. Activated granulat@pper was used to remove sulfur in
solution. Poly-dimethylsiloxane (PDMS) coated fib&rere used as passive samplers to
determine the sediment pore water PCB concentrd®@B extraction and quantification
procedures were also reported previously (Martetet., 2013). PCB identification and
guantification were conducted employing a modifi&s EPA method 1668C (USEPA,
2010). Tandem mass spectrometry GC/MS/MS (QuatioodMGC, Micromass MS
Technologies) in multiple reaction monitoring masdas utilized to quantify all 209
congeners in 161 individual or coeluting congereaks.

The molar dechlorination product ratio (MDPR) wagd to examine possible
PCB dechlorination in core sediments. When detangithe MDPR, it was assumed that
exclusivelyortho-chlorinated PCB congeners undergo no further adeictdtion (TAMS
Consultants, 1997). In this study, five exclusivaitho-chlorinated PCBs (PCB 1, 4, 10,
19, 54) and PCB 8 were selected as the ultimatelai@tation products. The ratio of the
sum of the molar concentrations of selected congever total PCB molar concentration
was calculated and defined as MDPR. PCB 8 was deresd as a dechlorination product
because the proportions of PCB 8 in core sedimentyaged 1.4% of total PCB) were
much higher than that in other Aroclor commerciattores ( 0.48%, 0%, 0% of Aroclor
1248, 1242, 1016, respectively), which indicatesghoduction of this congener in IHSC

sediments.

Terminal-Restriction Fragment Length
Polymorphism (T-RFLP) analysis

Total chromosomal DNA from sediments was extracigdg the MoBio
Ultraclean Soil DNA Isolation Kit (MoBio Laborat@s, Inc., Carlsbad, CA) and stored
them at -20°C until samples were analyzed with THRFyrosequencing, and functional

gene sequencing. To characterize the bacterial eontyncomposition, T-RFLP was
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performed on PCR-amplified 16S rRNA genes. Afte&rahPCR with primer set
8F/1492R and another round of PCR with a fluoresedabeled primer set (6-FAM
8F/533R), we purified the PCR products using QlAgUWCR purification kit (Qiagen
Inc, Valencia, CA), and digested purified PCR prddwvith the restriction enzyme
Mspl (New England BioLabs, Inc., Ipswich, MA). Therewrecipitated DNA by
centrifugation at 17,800 x g for 15 min after 2hubation at -20°C with Glycogen
(Fermentas International Inc., Vilnius, Lithuanisddium acetate (pH 5.2), and ethanol
and resuspended the pellet in distilled water {itogen Corp., Carlsbad, CA). We sent
digested DNA to the University of lowa DNA facilifgr electrophoresis using an
Applied Biosystems 3730 DNA analyzer (Life Techrgés Corporation, Carlsbad, CA)
with the GeneScan 500 LIZ size standard.

After processing T-RFLP profiles with Peak Scarswtware (Applied
Biosystems, Carlsbad, CA) and T-REX software (Culeiaal., 2009), a TRF size matrix
containing 29 samples (rows) and 490 unique 16SA'B&he TRFs (columns) was
generated and was ordered by non-metric multidiloaasscaling (NMDS) with the
Wisconsin transformation and the Bray-Curtis dislsinty index. The final stress was
9.93. PCB congener profiles were ordered by prada@pmponents analysis (PCA) and
the correlation between PCB congener profile arRIFLP profile was tested by
Procrustes test. The Mantel test was also appieddess the correlation between T-
RFLP profiles and PCB profiles, where a Euclidessidilarity index was calculated for
PCB congener profiles and the Bray-Curtis dissintjfandex was calculated for T-
RFLP profiles. Pearson correlation coefficient be#w each T-RF peak and MDPR

values were calculated (Gonzaktal., 2000).

www.manaraa.com



22

Bacterial tag-encoded amplicon pyrosequerging

To get more detailed sequence information aboutbat communities,
pyrosequencing for bacterial 16S rRNA gene wasoperéd for three surficial sediment
samples and two sections from core 1 ( 0.15-0.20héh1.37-1.52 m). Bacterial 16S
rRNA gene fragments were amplified using barcodedgr sets BSF8/USR515 under
conditions previously described (Bibblyal., 2010). PCR products were purified with
QIAquick PCR purification kit (Qiagen Inc, Valenci@A) and sent for pyrosequencing
on a 454 GS-FLX sequencer (Roche Diagnostics Catijoor, Indianapolis, IN) using the
Titanium Sequencing Kit (Roche, Branford, CT).

Raw pyrosequencing data was processed on RDP pyreseing pipeline
(http://pyro.cme.msu.edu/pyro/) (Cardemtial., 2009). After quality check, trimming of
barcodes and filtering of bad reads, sequences aligreed and assigned identities.

Operational taxonomic units (OTUs) were generatesket on 97% sequence similarity.

PCR amplification, cloning and sequencing of
biphenyl dioxygenase gene (BphA) and
Dehal ococcoides-specific 16S rRNA
BphA genes were amplified using various primer,satduding bphA10,

bphA20, bphA30, bphA40, and bphA50 (Hoostiadl., 2002). Each reaction contained 4
uM of each primer and 25-50 ng of DNA template. P@&ction conditions were as
follows: initial denaturing step for 4 min at 94°Gllowed by 40 cycles of denaturing for
1 min at 94°C, annealing for 3 min at 40-45°C, arténding for 4 min at 72°C with a

final extension step at 72°C for 10 min.

2 The pyrosequencing experiment was performed hyutokivermore, Ph.D.,
Department of Civil & Environmental Engineering,el'bniversity of lowa
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Dehalococcoides-specific 16S rRNA genes were amplified with pregigu
published DHC primer sets (Hendrickseiral., 2002). Each reaction contained 20 ng of
DNA template and 20 pM of each primer. Reactionditoons were as follows: 2min
denature at 95°C, followed by 40 cycles of 1 minatare at 94°C, 1 min anneal at 55°C,
and 1 min extend at 72°C and a final extensionmiirbat 72°C. All PCR experiments
were conducted using the Qiagen Master Mix PCR®iagen Inc, Valencia, CA).

PCR products were purified by Qiaquick Gel ExtractKit (Qiagen Inc,

Valencia, CA), cloned into the pDRIVE vector usihg Qiagen PCR Cloning Kit
(Qiagen Inc, Valencia, CA), and transformed intoB\izalpha F'f competent.coli
cells (New England BioLabs, Inc., Ipswich, MA). RetbinantE.coli were plated on
Luria Broth agar with kanamycin (30 mg/L), X-gal4ang/plate) and IPTG (10
mmol/plate) and incubated overnight at 37°C. PldsBMNA was extracted from white
colonies using the Qiagen Miniprep Plasmid ExtaacKit (Qiagen Inc, Valencia, CA)
and the inserts were sequenced at the Universitgvwed DNA facility. We then analyzed
sequence data using Ribosomal Database Project)(Bipé#tine (Coleet al., 2007) and
Basic Local Alignment Search Tool (BLAST) (Altschatlal., 1997) and performed
multiple sequence alignments and phylogeneticdoastruction using ClustalX2
programme (Thompsoet al., 1997). MEGA 4 was used to graphic present thaltes
(Tamuraet al., 2007).

Results and Discussion

PCB congener analysis
The vertical pattern of PCB congener distributibcare 1 was examined to
search for the evidence iofsitu PCB dechlorination. Changes of PCB concentrati@h an
congener distribution along sediment depth coulthbeaesult of the discharge of

different commercial mixtures, sediment resuspenaiad transport, and PCB
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biodegradation (Lét al., 2009). Anaerobic PCB biodegradation usually ldadsongener
profile shift from higher chlorinated congenerddwer chlorinated ones. Furthermore,
anaerobic PCB degraders preferentially remove ttdatoms atneta- andpara-

position, resulting in the increaseatho chlorine fraction. Sediment suspension and
transportation may lead to accumulation of highilioanated congeners because lightly
chlorinated PCBs are relatively less hydrophobit more volatile, and tend to migrate
from sediment to water and atmosphere.

For core 1, the fraction of lesser chlorinated PCBS8 chlorine substituents)
increased along sediment depth till 2.4 m, and theameased. Sediment depth 0-2.4 m is
where the total PCB concentrations were high (aed#2,000 ng/§d.w. ). Sediment
deeper than 2.4 m had much lower PCB concentratamesaged 2,500 ngfgl.w.),
which section corresponded to the time period l@eREZBs were widely used (before
1930s) (Martinez and Hornbuckle, 2011). Thus threiawilation of lesser chlorinated
PCBs in sediments 0-2.4 m may suggest the micrdeiehlorination. At the same
sediment depth, the fraction aftho-Cl kept relative stable, but MDPR values increased
which suggests that PCB dechlorination has occyffplire 3.2, Figure 3.3).
Furthermore, although the sediment PCB profile kgasrted to resemble the Aroclor
1248, the average MDPR value for sediments of 0¥2(0.031) was much greater than
that of Aroclor 1248 (0.009), which also indicatksin situ PCB dechlorination (Frame

et al., 1996; Martinez and Hornbuckle, 2011).

Detection ofophA andDehal ococcoides-specific
16S rRNA genes in IHSC sediments
The signal obphA gene was detected by PCR in core sediment samjalis-
sediment surface to 2.4 m deep (Table 3.1). Inelesgdimentd)phA genes were not
amplified, possibly because of the intense anaeratmditions. Eight different partial

bphA sequences were identified by clone library, dixvbich were 93-98% identical to
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BphA from Acidovorax sp. KKS102 (GenBank Acc. No. BAJ72245). These secee
were also 91-97% similar to BphA froBomamonas testosteroni TK102 (GenBank Acc.
No. BAC01052), also a known PCB degrader. The dihersequences were 98-99%
similar to BphA inPseudomonas putida B2-6 (GenBank Acc. No. ACN62349).

We also identified four partiddphA sequences from S11, five partigdhA
sequences from S21 and one sequence from S56.é&guersces of S21 were 95~96%
identical to BphA from uncultured bacterium (GenB#&wcc. No. ACL99824). The two
sequences were 95~96% similar to BphA friesaudomonas al caligenes B357
(GenBank Acc. No. ABR08355), respectively (Uhlikakt 2009). Two other sequences
were 98~99% identical to ring hydroxylating dioxygea alpha subunit #rolaromonas
naphthalenivorans CJ2 (GenBank Acc. No. ABM39439), which is a najplehe-
degrading bacterium (Jeehal., 2004). Another five sequences were 98~99% iddntica
to BphA inPseudomonas putida B6-2 (GenBank Acc. No. ACN62349). One sequence
was 48~54% similar to BphA fromcidovorax sp. KKS102 (GenBank Acc. No.
BAJ72245), a soil PCB degrading bacterium (Kimbetia., 1988). A phylogenetic tree
of translatedphA sequences shows the relationship among variaabiae® CB-
degrading organisms and thghA sequences retrieved from the sediment samples,
revealing the diversity of those obtaingshA sequences (Figure 3.5).The successful
identification ofbphA genes from S11, S21, S56 and core 1 (0.16-0.3Admates
possible occurrence of aerobic PCB degradation.

The signal foiDehalococcoides-specific 16S rRNA gene was negative till 0.91 m,
and was positive between 0.91 - 3.05 m, then desayepl till the end of the core. Five
uniqueDehalococcoides-specific 16S rRNA sequences were obtained froma cor
sediments at the depth 1.44-1.60 m. Three sequeraes99-100% identical to 16S
rRNA gene fromDehal ococcoides sp. enrichment culture clone CT3-2 (GenBank Acc.
No. JF698644), which was isolated from a 2,4,6itamphenol dechlorinating

microcosm. The other two sequences were 96% sitoilanculturedChloroflexi
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bacterium 16S rRNA gene (GenBank Acc. No.CU92370BgseDehal ococcoides
sequences were closely related to known PCB deggrane were within the
dechlorinatingChloroflexi group (Figure 3.6), indicating the presence ofrobal

dechlorinating bacteria in contaminated sediments.

Bacterial community structure assessed
by T-RFLP and pyrosequencing

Bacterial communities in upper sediments were dBfiefrom those in deeper
sediments according to the NMDS ordination of T-RFirofiles, primarily on NMDS
axis 1, suggesting depth-associated shifts in hattmmunities (Figure 3.7). A strong
correlation between T-RFLP profile and PCB conggmefile was detected by Mantel
test (p=0.028).The correlation was also confirmgdPlocrustes test (p=0.002). The
correlation suggests that sediment sections witlilai PCB congener profiles tend to
have similar bacterial community structures.

Several T-RFs that co-varied with the PCB congga#ters along depths were
identified (Pearson correlation, p < 0.001). T-RBS bp, 250 bp, 258 bp, 273 bp, 278
bp, 302 bp, and 398 bp were found to have strongletion with sediment MDPR
values, while T-RFs 252 bp and 515 bp were coedlatith pore water MDPR values.
Those T-RF peaks were not abundant, usually 0.0%-0fltotal T-RFs, which is not
surprising, because microbes associated with P@Badation do not necessarily
dominate the bacterial community (Pétt al., 2011a).

The bacterial communities were also assessed lmgeguencing. In total,
pyrosequencing generated 144,163 16S rRNA sequémocesive sediment samples,
among which 9,119 unique OTUs were identified (€ahR). At least twelve bacterial
phyla were detected in all the five sediment sag)@enong whichProteobacteria was
found to be the most abundant taxa in all the saspgiccounting for 95~99% of each

sample’s membership. THeetaproteobacteria were the dominant class among the
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Proteobacteria in all the samples except for S56, whahghaproteobacteria were most
abundant. Overall, each sample had different conftjmaamposition (Figure 3.8).

Many known aerobic PCB degraders belong to gendhanvihe gamma- and
beta- subclasses Bf oteobacteria, such aBurkholderia, Pseudomonas, and
Sphingomonas (Furukawa and Fujihara, 20080 this study, thdetaproteobacteria were
the dominant class in all the samples except f@&. §5en in S56Betaproteobacteria
occupied 36% of total sequenc&ammaproteobacteria also took considerable
percentage, ranging from 1.38~19.1% of total seqegenthis finding was consistent
with Correa and colleagues’ microcosm results, wlilee addition of PCB congeners
into soil samples resulted in statistically sigrafnt increase ddetaproteobacteria
(Correa et al., 2010).

Genera that include possible aerobic PCB degrddach asicidovorax,
Acinetobacter, Burkholderia, Comamonas, Polaromonas, Pseudomonas) were detected
in all five sediment samples, but they were notralant.Chloroflexi phylum was
detected, 94% of which were found in at depth 4#41.60 m of core 1 (C10). However,
BLAST results show that the sequences belong tes@laaerolineae rather than
Dehal ococcoides. TheDehalococcoides was not detected probably because of the low

abundance dDehalococcoides species in the sediments.

Conclusions
The microbial PCB degradation potential was evaldidr a 4.57 m core
sediment sample collected from IHSC by explorirgg¢bngener profiles and microbial
communities. The vertical pattern of the congemefile suggested some extentinfsitu
dechlorination. The successful identificationophA andDehal ococcoides-specific 16S

rRNA genes in sediments indicated both aerobicaanadrobic PCB degradation
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potential. The presence of microorganisms thakaosvn to degrade PCBs may also take

part in the microbial PCB metabolism.
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Table 3.1. PCR analysis of DNA extracted from daéfg depths of
PCB-contaminated core 1 sediment sample at IHSC.

PCR test results
bphA 10/30 dhc 946/1212

0-0.16 + -
0.16-0.32
0.32-0.48
0.48-0.64
0.64-0.80
0.80-0.96
0.96-1.12
1.12-1.28
1.28-1.44
1.44-1.60
1.60-1.76
1.76-1.92
1.92-2.08
2.08-2.24
2.24-2.40
2.40-2.56
2.56-2.72
2.72-2.88
2.88-3.04 -
3.04-3.20 +
3.20-3.36 -
3.36-3.52 - -
3.52-3.68 - +
3.68-3.84 - -
3.84-4.00 - -
4.00-4.16 - -
4.16-4.32 - -
4.32-4.48 + -
4.48-4.57 + -

Depth, m

+ + + + + F F + + + A+ F o+ + A+
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Table 3.2. Summary of 454 sequence library sizes,
operational taxonomic unites (OTUS).

454 sequence libraries

Sample
Sequence library size Number of OTUs
S11 4192 3413
S21 11584 10019
S56 4109 3756
Core 1 (0.16-0.32m) 3806 3282
Core 1 (1.44-1.60m) 120472 110402
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Lake Michigan

Figure 3.1 Aerial view of Indiana Harbor decting the location ofediment sample
analyzed in this studyB{ue open square: core sediment samples;dpeth circlr:
surficial sediment sampl).
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Figure 3.2. Sediment and pore water MDPR valuemagsediment depth for core 1.
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Figure 3.4. Fraction of each PCB homolog groupeutirment (A) and pore water (B)
against sediment depth for core 1.
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Figure 3.5. Phylogenetic analysis of twelve amiadsof translated sequences of BphA
genes retrieved from PCB-contaminated surficialreedt sample 11, 21, 56 and core 1
sediment sample (0.16-0.32 m) at IHSC. The alignimas made with ClustalX and
converted into a neighboring-joining tree, whichswasualized with MEGA4 with
Bacillus subtilis Putative ring-cleaving dioxygenase as an outgrdbp.filled circles at
nodes indicate bootstrap values higher than 95%e e open circles indicate
bootstrap values of 75-95%. Bootstrap values Idhan 75% are not shown. The bar

represents 1% sequence difference.
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Dehalogenimonas lykanthroporepellens
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Figure 3.6. Phylogenetic analysis of 16S rRNA geeé$eved from surficial and core
sediment samples at IHSC. The alignment was matteGlistalX and converted into a
neighboring-joining tree, which was visualized witlicGA4 with Chlorofexus
aurantiacus J-10-fl as an outgroup. The filled diamonds repnekaown PCB degraders.
The filled circles at nodes indicate bootstrap galof 95%, while open circles indicate
bootstrap values of 75~95%. Bootstrap values loten 75% are not shown. The bar
represents 0.5% sequence difference.
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1.60 m).
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CHAPTER IV. MICROBIAL PCB DEGRADATION POTENTIAL IN
CORE 2 FROM IHSC

Introduction

Polychlorinated biphenyls (PCBs) are a group of 2@%thetic chemicals that
were widely used in industry during the last centdihe production and commercial use
of PCBs were banned by the EPA in 1979 becausewbkey found to be toxic,
carcinogenic, and bioaccumulative in the food webss, 2004). Nevertheless, due to
their high stability, PCBs still exist in the enmiiment, and pose a potential risk to public
health more than 30 years later (Bedard, 2004)pidetheir environmental persistence,
PCBs can be transformed to less toxic forms or eviaeralized by microorganisms.
Field and laboratory studies indicate two predomiaocesses: anaerobic
dechlorination and aerobic biphenyl ring cleav§erjaet al., 2005).

Under anaerobic conditions, PCBs are used as eteaticeptors, resulting in the
removal of chlorine atoms. The less chlorinatedgemers are more amenable to aerobic
degradation (Aldeet al., 1993). Anaerobic PCB-degraders incliishal ococcoides
spp., the 0-17/DF-1 group, as well as some othenlmees of theChloroflexi (Adrian et
al., 2009; Wiegel and Wu, 2000; Wu et al., 2002d&ctive dehalogenase (RDase) is
considered to be the key enzyme catalyzing the &€Blorination process (Hiraishi,
2008; Pieper and Seeger, 2008). Nonidentical RDases were found in PCB degrading
strains such aBehalococcoides meccartyi strain 195 and CBDB1, but no RDase gene was
identified to dechlorinate PCBs (Fung et al., 200@tscher et al., 2004; Wagner et al.,
2009).

Under aerobic conditions, PCBs can be used ag@tedbnors, or fortuitously
oxidized by oxygenase enzymes. A variety of PCBimxng bacteria have been
identified, including Gram-negative strainsRgeudomonas, Burkholderia,

Acinetobacter, andComamonas and Gram-positive strains Gorynebacterium,
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Rhodococcu andBacillus (Furukawa and Fujihara, 2008; Pieper and SeegbB)2Z0hese
microbes harbor biphenyl dioxygenase (Bph), thed®gyme catalyzing the first step of
aerobic biphenyl ring cleavage, generatirgsadinydrodiol intermediate, which is
further degraded to a chlorobenzoate (Gibson anald%a 2000). PCB-oxidizing
microbes usually cannot metabolize the chlorobetezdlus a consortium of
chlorobenzoate-degraders are required for complE® mineralization (Patwlet al.,
1999).

The site of this study is the Indiana Harbor angh &anal (IHSC), a heavily
industrial area of southern Lake Michigan contan@davith a variety of pollutants,
including heavy metals, polycyclic aromatic hydntcans (PAHS) and PCBs. It is
reportedly a major source of PCBs to Lake Michigaith PCB concentrations in IHSC
surficial sediments ranging from 53 to 35,000 fgdgy weight (Martinezt al., 2010).
PCB-contaminated IHSC sediments are currently béiedged and permanently stored
in a confined disposal facility (CDF) (USACE, 2013)

The purpose of this study is to evaluate both aaerland aerobic PCB
biodegradation potential in IHSC sediments. We ati@rized PCB congener profiles
and bacterial communities in a 4.57-m long corersedt sample, which revealed
evidence ofn situ aerobic and anaerobic PCB degradation in upp&rh.8ediments.
We also explored the correlation between the bat®ymmunities and PCB congener
profiles and found that sediment sections with IsinfPCB congener profiles tend to have
similar bacterial community structure. We concltia& microbial communities in IHSC
sediments have the potential for aerobic and aba=RCB biodegradation. This
suggests that natural attenuation of PCBs coultirmomin IHSC sediments after they are

transferred to the CDF.
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Materials and Methods

Site description and sampling
In May 2009, a 4.57-m core sediment sample fromQhki\&s collected using a
submersible vibro-coring system with a PVC tubedtd 457 cm, internal diameter 9.5
cm) from aboard the U.S. EPA’s research veddatipuppy (Figure 3.1). The core was
sectioned every 0.305 m, and each section was hemxagl, placed in plastic bags and
kept on ice during transportation. Sediment sampla® stored at 4°C in the lab until

analysis.

PCB congener analySis

Preparation, extraction and clean-up steps for mmeasPCB sediment
concentrations were performed as previously desdriMartinez and Hornbuckle,
2011). Briefly, sediments were extracted using gugged fluid extraction (Accelerated
Solvent Extractor, Dionex ASE-300). The extractseneoncentrated and eluted through
a multilayer silica gel column. Sulfur in solutiaras removed by activated granulate
copper. Poly-dimethylsiloxane (PDMS) coated fibsese used as passive sampler to
measure PCB concentration of the sediment porerwR@B extraction and
guantification procedures were also reported presho(Martinezet al., 2013). PCB
identification and quantification were conductedpémging a modified US EPA method
1668C (USEPA, 2010). Tandem mass spectrometry G@M8{Quattro Micro GC,
Micromass MS Technologies) in multiple reaction maring mode was utilized to
quantify all 209 congeners in 161 individual or lcd@g congener peaks.

The molar dechlorination product ratio (MDPR) wagd to examine possible

PCB dechlorination in core sediments. When detangithe MDPR, it is assumed that

3 The PCB concentration measurement of sedimentlsamas performed by Andres
Martinez, Ph.D., Department of Civil & EnvironmehEmgineering, The University of lowa.
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exclusivelyortho-chlorinated PCB congeners undergo no further aeictation (TAMS
Consultants, 1997). In this study, five exclusivaltho-chlorinated PCBs (PCB 1, 4, 10,
19, 54) and PCB 8 were selected as the ultimatelali@tation products. The ratio of the
sum of the molar concentrations of selected congever total PCB molar concentration
was calculated and defined as MDPR. PCB 8 was dered as a dechlorination product
because the proportions of PCB 8 in core sedin{entyaged 2.7% of total PCB) were
much higher than that in other Aroclor commerciattores ( 0.48%, 0%, 0% of Aroclor
1248, 1242, 1016, respectively), which indicatesghoduction of this congener in IHSC

sediments.

Quantitative PCR

Total DNA from sediments was isolated with the MoBlltraclean Soil DNA
Isolation Kit (MoBio Laboratories, Inc., CarlsbadA) and storedat -20°C until analysis.
The abundance of total bacteria, aerobic PCB-déaggdzhcteria, and putative PCB-
dechlorinating bacteria were estimated using qPgeting bacterial 16S rRNA gene
(primer set 16SU f/r) (Nadkaret al., 2002),bphA (primer setophA 463f/674r) (Petid
et al., 2011Db), putative dechlorinati@floroflexi 16S rRNA genes (primer set
chl348f/dehal884r) (Fagervold al., 2005), and>ehalococcoides-like 16S rRNA genes
(primer set dhc793f/946r) (Yoshi@aal., 2005) (Table 4.1). PCR conditions were as
follows: 10 min at 95C, 40 cycles of 15s at 96 and 1 min at 61C followed by a
dissociation step. Each 2breaction contained 12,9 Power SYBR Green PCR Master
Mix (Invitrogen, Carlsbad, CA), 2.5 pmol primersdavariable amounts of primers and
template (Table 4.2). Bovine serum albumin(@g) was added to relieve possible PCR
inhibition (Kreader, 1996).

For total bacterial 16S rRNA gene gPCR, the stah@&A template was PCR
products amplified fronBurkholderia xenovorans LB400 with primer set 8F/1492R
(Grabowskiet al., 2005). FoibphA, the standard DNA template was the LB4{DA
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(amplified with the 463f/674r primer set) clonedanhe pCR 2.1-TOPO vector. For
putative dechlorinatin@hloroflexi 16S rRNA genes andehal ococcoides-like 16S

rRNA gene, standard curves were prepared from pCR QPO vector containing the
target PCR products with primer chl3487f/dehal8&84d dhc793f/946r, respectively. All
gPCRs were performed with an ABI 7000 SequencedieteSystem (Applied
Biosystem, Grand Island, NY) and fluorescence dets analyzed by ABI 7000 System
SDS Software (Applied Biosystems, Grand Island, NW¥ith each primer set, the target
gene was not detected in no template (DI waterjrotsn(Ct value > 35).Additional
gPCR information, such as primer concentratiomaptate concentrations, gPCR linear
range, qPCR efficiency range of the standard cuasas Y-intercepts are provided in

Table 4.2, in accordance with MIQE guidelines (Bust al., 2009).

gPCR quality assurance

To verify the specificity of gPCR primer sets cl88dlehal884and dhc793f/946r,
two clone libraries were constructed from the afigaltion products in DNA extracted
from sediments at 0-0.30m and 0.91- 1.22 m. Cldoraries were prepared as described
in section 2.6. From the chl348f/dehal884r PCR pobalone library, 21 unique
sequences were obtained from 22 clones and fromdhtig93f/946r PCR product clone
library, 10 unique sequences were obtained frorald@es. All of the sequences were
determined to be fror@hloroflexi, using RDP classifier (Cokt al., 2007), with 91%
classified a¥ehalogenimonas (Table 4.3).The specificity of the SYBR green based
gPCR is also validated by dissociation curve amglyghich shows similar melting

temperature for each primer set.

Terminal-Restriction Fragment Length

Polymorphism (T-RFLP) analysis
PCR with fluorescently-labeled 6-FAM 8Fm and 533&swerformed with 1 ng
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DNA (Schutteet al., 2008). PCR conditions were: 4 min af@430 cycles of 1 min at
94°C, 2 min at 55C and 1 min at 7Z followed by a final extension step of 10 min at
72°C.PCR product (14) was digested with the restriction enzyhiaelll (New England
BioLabs, Inc., Ipswich, MA), and then precipitatedh glycogen (Fermentas
International Inc., Vilnius, Lithuania), sodium &a&te (pH 5.2), and ethanol at -20°C for
2h. DNA was recovered by centrifugation at 17,8a9fer 15 min and resuspended in
distilled water (Invitrogen Corp., Carlsbad, CAheldigested DNA was sent to the
University of lowa DNA facility for electrophoresier sizing using an Applied
Biosystems 3730 DNA analyzer (Life Technologiesgooation, Carlsbad, CA) with the
GeneScan 500 LIZ size standard.

Terminal restriction fragment (T-RF) sizes werereated with Peak Scanner
software (Applied Biosystems, Carlsbad, CA).The T¥de matrix containingl5 samples
(rows) and 354 unique 16S rRNA gene TRFs (columas)generated by T-REX
software after filtering background peak noise emthding fragment sizes to the nearest
whole number (Culmaet al., 2009).TRF profiles were analyzed by non-metric
multidimensional scaling (NMDS) in R (da C Jestal., 2009). The Bray-Curtis
dissimilarity index was calculated with a random@rshg configuration, and a two-
dimensional solution was reached after seven iims final stress was 7.42.

Correlations between PCB congener profiles and THRprofiles were assessed
with the Procrustes test, where PCB congener protilere analyzed by principal
components analysis (PCA) and T-RFLP profiles veedinated by NMDS. The Mantel
test was applied to assess the correlation betwdRRLP profiles and PCB profiles,
where a Euclidean dissimilarity index was calcuddta PCB congener profiles and the
Bray-Curtis dissimilarity index was calculated TRFLP profiles. Pearson correlation
coefficients between each TRF and molar dechlaanaproduct ratio (MDPR) values

were also calculated (Gonzaletzal., 2000).
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PCR amplification, cloning and
sequencing of bacterial 16S rRNA

A clone library was constructed with bacterial X&DA genes amplified from
sediment at the depth 3.35 — 3.66m.Relatively M@PR values (0.08 for sediment and
0.37 for pore water) were observed at this dep#ict@&ial 16S rRNA genes were
amplified using primer set 8F/1492R (Grabowalal., 2005).PCR conditions were as
described in the T-RFLP analysis section.PCR prizdwere purified with the Qiaquick
PCR purification Kit (Qiageninc., Valencia, CA)padled into the pCR 2.1-TOPO vector
using the TOPO TA cloning Kit (Invitrogen Corp., &ad, CA), and transformed into
One Shot TOP10 chemically competémtoli cells (Invitrogen Corp., Carlsbad, CA).
The transformation efficiency was checked by ptatecombinanE.coli on Luria Broth
agar with kanamycin (50 mg/L), and X-gal (0.4 mgtp) and incubated overnight at
37°C. Clones were Sanger sequenced at HTSeq.oagil€S&VA) with M13F (5'-
TGTAAAACGACGGCCAGT-3) and M13R (5-CAGGAAACAGCTAT@C-3)
primers. Sequence identification and classificati@ne performed using RDP
Classifier(Colest al., 2007)and Basic Local Alignment Search Tool (BLA$AIltschul
et al., 1997).Predicted TRFs were generated with TRiRlLEbigret al., 2008).

Results and discussion

Evidence for PCB dechlorination in
IHSC sediment congener profiles
Changes in PCB congener distribution patterns setfiment depth can be
explained by changes in production, use and digehair different commercial mixtures,
sediment resuspension and transport,iarsitu microbial PCB degradation(let al .,
2009). Sediment resuspension and PCB desorptiotdvbeuexpected to result in

accumulation of highly chlorinated PCBs in deepiments. However, anaerobic PCB
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dechlorination in sediments would lead to decreaseohdance of higher chlorinated
congeners and increased abundance of less chitinaes. With this in mind, we
examined PCB congener profiles in sediment samplsearch for evidence of PCB
dechlorination. Both sediment and pore water PGRBilps showed the accumulation of
lesser chlorinated PCBs (1-3 chlorine substituantf)e deeper sediment of the core,
along with a decrease of medium chlorinated congaimendance (4-6 chlorine
substituents) (Figure 4.1A, 4.1B). There was alstareasing trend dfi-chlorinated
PCBs and a corresponding decreasing fractidetid-andpenta-chlorinated congeners
with increasing depth (Figure 4.2A, 4.2B).

Anaerobic PCB dechlorination in sediments prefeadigtremoves chlorines at
para- andmeta- positions, resulting in the enrichmentantho-chlorinated congeners
(Alder et al., 1993; Bedard et al., 1997; Favd.e2803). Therefore, if PCB
dechlorination had occurred, we would expect tossemcrease in the abundance of
PCB congeners witbrtho-chlorine substituents. Indeed, analysis of thatnet
abundance afrtho-, meta-, andpara-chlorines against core depth revealed an
accumulation obrtho-chlorines in deep sediments, in accordance witbaiease in
meta- andpara-chlorinated PCBs (Figure 4.1C). In pore water,@hachment obrtho-
chlorinated congeners was also observed with d@&pgiare 4.1D).

MDPR values were estimated to examine potential B&hlorination in the core
sediment. Accumulation of the six selectetho-chlorinated congeners in the core
sediments was observed, which further supportsR@& dechlorination has occurred
(Figure 4.3).Although sediment PCB profiles in toge reportedly mainly resemble the
Aroclor1248 mixture, the average sediment MDPR &#u052) was much greater than
that of Aroclor 1248 (0.009) (Frame et al., 199@&rNhez and Hornbuckle, 2011), which
is also a sign ain situ dechlorination. MDPR values of pore water were highan
those of corresponding sediment sections (Figue¥his can be explained by the

tendency foortho-chlorine substituents to increase the aqueoudsityuof the PCB
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molecule(Huang and Hong, 2002), and that the |lamkbarinated congeners as the six
selected ones are more soluble (Van Nebat., 2010). Another possible reason is that
PCBs dissolved in pore water are more bioavaildtde those sorbed to sediment

particles and thus are more vulnerablentatu dechlorination (Reiet al., 2000).

Aerobic and anaerobic PCB
biodegradation potential in sediment

With the PCB congener-based evidence for reduckdadlorination in IHSC
sediments, we aimed next to characterize the PG&elgradation potential by estimating
the abundance of total 16S rRNA genes, putaiMeroflexil6S rRNA genes, angphA,

a functional gene associated with aerobic PCB d@xidaThe total bacterial 16S gene
abundance was relative stable with sediment d&p8710+ 2.41x1316S rRNA

genes per g sediment) (Figure 4.4). The lowestrB®8A gene abundance was from 0-
0.30 m sediment, possibly because this sectionaivie water-sediment surface and had
relatively high water content compared with theeotbediment samples.

The abundance diphA averaged 7.39x£@ 3.96x16 genes per g sediment (0-
1.83m depth), and 3.20x184.58x10 gene copy per g sediment(1.83 - 4.57m depth).
EspeciallybphA gene abundances were significantly correlateti waital sediment PCB
concentrations in the upper 1.83 m, which coulddaig a microbial response to PCB
contamination in the sediments (Pearson’s R, p30.05

Although the upper 1.83m was anaerobic as suggesgtedgative ORP data (-
13- -200mv) (Martinezt al., 2013),micro-aerobic conditions could possiblyséi
some portions of the sediment. The sharp decreds®#A abundance below 1.83m
could be explained by the presence of a strictaembic environment. A strong positive
correlation was observed between bpbA abundance and the ORP along depth
(Pearson’s R, p<0.01).

Two primer sets (chl3841/884r and dhc793f/946r)evesed to quantify the
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dechlorinatingChloroflexi group in sediments. According to the clone libnasults,

both of the two primer sets primarily amplifi€e&hal ogenimonas sequences. (Table S3).
Some isolates dbehal ogenimonas strains can reductively dehalogenate polychloeidat
alkanes (Maness et al., 2012; Yan et al., 200930, ,Aecent study found that
Dehalogenimonas can couple their growth with PCB dechlorinatioraisediment free
culture, indicating their role in PCB dechlorinatib/Vang and He, 2013).

Putative dechlorinatinGhloroflexi 16S rRNA gene abundances were 2.53 310
2.45 x 18 genes per g sediment (0-1.83m depth) and 1.53 % 2@0 x 1dgenes per g
sediment (1.83-4.57 m depth) as assessed by clB34f while the gene abundance
averaged 2.15 x @ 2.07 x 18 gene copy per g sediment (0-1.83m depth) and 7.64 x
10°+ 1.30 x 10 gene copy per g sediment (1.83-4.57 m depth) @ssed by
dhc793f/946r. These gene abundances are lowentiserved in sediments from other
PCB-contaminated sites, which were on the orddi®fL0°genes per g
sediment ,possibly because these other sites oedthigher PCB concentrations
(Kjellerup et al., 2008; Xu et al., 2012).

The co-occurrence of putative dechlorinat@igoroflexi 16S rRNA genes and
bphA indicate the potential for simultaneous aerolmd anaerobic PCB degradation in
the upper 1.83 m of the sediment. However, theepatif putative dechlorinating
Chloroflexi population does not appear to be consistent Wwelcongener profile, which
displayed greater dechlorination potential in seita deeper than 1.83 m. A possible
explanation is that some othéhloroflexi members were degrading PCBs in deep
sediments and were not detected by the primersingad study. It is also possible that
the congener profiles in the deep sediments wereeitord of dechlorination from the
past. In addition, the 16S rRNA gene based phyletieanalysis oChloroflexi doesn’t
directly identify the dechlorinating capability thife microbial community. Reductive
dehalogenase gene would be a better indicator @bivial dechlorination, but due to the

lack of knowledge about the PCB dehalogenase, inteptargeting PCB dehalogenase
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is currently available.

Relationships betwediphA, putative dechlorinatin@hloroflexi 16S rRNA
genes, and total bacterial 16S rRNA gene abundartbesnvironmental variables were
explored by calculating Pearson correlations. Nsitpe@ correlations were observed
between any of these gene abundances and th&@@Batoncentration, or with total

organic carbon.

Relationships between microbial community
structure and PCB congener profiles

To explore the possibility that other microbial aoomity members could be
relevant to PCB biodegradation potential in IHS@isents, we evaluated microbial
community structure with depth using T-RFLP anay#i significant correlation
between the overall sediment T-RFLP profile and RGBgener profile was noted when
using the Mantel test (p=0.001 for sediment, p=D.{ad pore water). This correlation
was confirmed with the Procrustes test (p=0.00Zé&aliment, p=0.001 for pore water).
This suggests that sediment sections with simiGB Bongener profiles tend to have
similar bacterial community structures.

NMDS ordination of the T-RFLP profiles revealedtthacterial community
structures in the shallow sediment sections (0-in88pth) were distinct from the
structure in deeper sediments (1.83-4.57 m depibu(e 4.5A). The disparity between
shallow and deep sediments was also found by g@Rh show much less abundant
bphA, putativeChloroflexil6S rRNA genes, andehalococcoides-like 16S rRNA genes
in sediments 0f1.83-4.57 m deep.

The microbial community composition in sediment8.85-3.66 m depth was
assessed by sequencing 91 clones from a 16S rRNAajene library. This indicated
that the community was dominated Bryoteobacteria (11.0%Alphaproteobacteria, 34.1%

Betaproteobacteria and 54.9%Gammaproteobacteria). At the genus levehcinetobacter
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spp. andAcidovorax spp. were dominant, comprising 45.1% and 20.9%®ttbnes,
respectively.

A 196bp T-RF, which was abundant in sediments dejaa 1.22 m (26.9% +
13.0%) (Figure 4.5B), was significantly correlateith sediment and pore water MDPR
values (Pearson’s R, p<0.001). This T-RF was ifiedtio be from amcidovorax sp.
when compared with virtually digested T-RFs froh6s rRNA gene clone library (91
clones) from sediments of 3.35-3.66 m. The corredpmg T-RFs ofAcinetobacter were
198bp, 199bp and 252bp (Table 4.4). A 199 bp T-&Aprised 20.0% of all T-RFs in
3.35-3.66 m section, but was only 0-2.5% in otleetiens. Clones identified as
Methylotenera and unclassifie€omamonadaceae also generated a 199 bpT-RF, but the
majority of the 199 bpT-RFs in the clone libraryre/elassified agcinetobacter. Two
clones from the clone library generated a 198 pFT-This T-RF was not found in T-
RFLP profiles of 3.35-3.66 m sediments, but wasitbin 0-1.52m sediments (1.97-9.51%
relative abundance) and had a relative abundant8.d8% in sediments at 4.27-4.57 m
depth. A 252 bp T-RF was also identified as confiitogh anAcinetobacter sp., and had a
relative abundance range of 0.62-8.10% along the €verall, this analysis revealed
that althouglAcinetobacter was an abundant (and thus potentially importao)raunity
member in the core sediments. However, there wanrrelation between TRFs
identified asAcinetobacter and sediment or pore water MDPR values.

Proteobacteria are often found abundant in soils and sedimemt<@cer et al.,
2007; Pett et al., 2011a; Spain et al., 2009). However, areiase in
Betaproteobacteria andAlphaproteobacteria abundance was observed in PCB-exposed
samples in a microcosm study (Coretal., 2010). Many known PCB-degraders are
Proteobacteria (e.gPseudomonas, Acidovorax, Acinetobacter,Comamonas and
Burkholderia (Bedard et al., 1986; Furukawa and Fujihara, 20@))h Acidovorax and
Acinetobacter are known to degrade PCBs and were commonly fauRdB-

contaminated sites (de Carcer et al., 2007; lonesal, 2009; Shuai et al., 2010; Slater
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et al., 2011). Aerobic PCB biodegradation was likedt active in sediments deeper than
1.83 m, as indicated by negative ORP data andt@bundance diphA. So it is

unlikely thatAcinetobacter, Acidovorax or other possible PCB degraders were carrying
out aerobic PCB degradation in deep sediments.

SomeAcidovorax species are anaerobic and are involved in nitetection, but
are not known to be associated with dechlorinafi@yrne-Bailey et al., 2010; Hohmann
et al., 2010)Acinetobacter has been detected in sediments deeper than 1Bewkeret
al., 2011), and studies have reported that sAonectobacter species are capable of
dechlorinating and degrading chlorobenzoate, cbloeaols and chloroanilines
(Adriaens and Focht, 1991; Copley and Crooks, 18Riigsawat and Vangnai, 2011;
Kim and Hao, 1999)Acinetobacterhas been found in PCB-dechlorinating JN cultures
(Bedardet al., 2007), although no evidence yet suggestsAbiaktobacter can
dechlorinate PCBs.

Chloroflexi was not detected in the 16S rRNA gene clone librargbably
because of its relatively low abundance in thersedt sample with respect to the total
16S rRNA gene abundance. This was verified by ®@R results. Yet PCB congener
profile analysis suggests extensive PCB dechlaanah deep sediments, indicating that
there might be unknown dechlorinating species athemChloroflexi were degrading

PCBs.

Conclusions
In general, both aerobic and anaerobic PCB degoadpobtential at IHSC were
assessed by the combination of the PCB congenérsanand the microbial analysis.
PCB congener profiles of the core sediment revetiladn situ dechlorination has
occurred. The presence of microbial dechlorinagjraps andphA in the upper 2-m

sediments suggested that the indigenous microbrmhaunities contained the potential
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for both aerobic and anaerobic PCB degradatiodebper sediments, the microbial
communities were different from those in upper seits as suggested by T-RFLP
profiles. Acinetobacter was highly abundant in deep sediments, suggestgigpossible
role in PCB dechlorination. Overall our results\pde a comprehensive understanding
about than situ PCB degradation potential at the IHSC sedimertt,suggest that

natural attention of PCBs could continue in IHS@is®nts stored at the CDF after being

dredged.
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Table 4.1. Primer sets used for qPCR analysis ap€n IV.

Expected
Target gene Primer name Sequences product Source
size
16SU f 5 TCCTACGGGAGGCAGCAGT-3'
total bacterial 16S 5. 466 bp (Nadkarniet al.,
rRNA 16SU r GGACTACCAGGGTATCTAATCCTGT 2002)
T-3
bphA 463f  5-CGCGTSGMVACCTACAARG-3' Petri: et al
bphA 5-GGTACATGTCRCTGCAGAAYTGC.  211bp  (PSIE & 8l
bphA 674r 7, 2011b)
putative dechlorinating ChI348f 5'-GAGGCAGCAGCAAGGAA-3' s14pp  (Fagervold
Chioroflexi 16S TRNA  dehal884r  5.GGCGGGACACTTAAAGCG-3' al., 2005)
Dehal ococcoides-like dhc 793f 5'-GGGAGTATCGACCCTCTCTG-3' 103 b (Yoshidaet al.
p L
16S rRNA dhc 946r 5-CGTTYCCCTTTCRGTTCACT-3' 2005)
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Table 4.2. Pertinent qPCR parameters (primer cdret@n, template mass, linear range,

PCR efficiency, and y-intercept of the gPCR staddarrve) with core 2 sediment DNA
as template.

primer gPCR linear

Target gene  concentration, template range, gene qPCR S
getg ’ P nge, gen efficiency intercept
uM copies/reaction
total bacterial 1ng 90 -
165 rRNA 0.1 pNA  30-30%10  j5a00 3707
10 ng 95 -
bphA 1 DNA 40-40x 10 100% 3755
putative
dechlorinating 10 ng 90 -
Chloroflexi 16S 0.4 DNA  40-40%10 500 38.02
rRNA
Dehal ococcoides- 10 ng 95 -
like 165 rRNA 0.8 pna  30-30%10 50 3655
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Table 4.3. RDP classification of clone libraries @ CR primer
guality assurance with core 2 sediment DNA as taispl

Primer set Closest classified relative No. of clones
(% certainty) detected
Dehal [ 80-100 21/22
chi348f/dehal8g4r ogenimonas (80-100)
UnclassifiedChloroflexi (80) 1/22
Dehal ogenimonas (83-100) 8/10
dhc793f/946r h _
UnclassifiedChloroflexi (83-85) 2/10
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Table 4.4. 16S rRNA gene clones recovered frormsexali at the depth of 3.35-3.66 m.
Clone identification was made by RDP classifier.

Observed Predicted

Closest classified relative No. of NMDS axis NMDS axis
T-RF T-RF (% certainty) clones 1 2
(bp) (bp)
196 198 Acidovorax (93-100) 19 0.717 -0.052
196 198 Unclassifie@omamonadaceae (99) 1 0.717 -0.052
197 198 Methylotenera (100) 1 -0.241 1.070
198 199 Acinetobacter (100) 2 -0.430 0.276
199 200 Acinetobacter (100) 27 0.316 -0.393
199 200 Unclassifie@omamonadaceae (90) 1 0.316 -0.393
199 200 Methylotenera (100) 2 0.316 -0.393
217 219 Janthinobacterium (97) 1 -0.138 0.358
223 225 Rhizobium(95-97) 2 -0.176 -0.444
226 227 Novosphingobium (100) 1 -0.644 -0.056
252 253 Acinetobacter (99-100) 10 0.276 -0.151
316 317 Comamonas (99-100) 5 0.625 -0.301
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Figure 4.1. Fraction of light, medium and heavyBB®@ersus sediment depth in core 2
(A) and pore water (B), and fraction @ftho-, meta-, para-chlorines versus sediment
depth in core sediment (C) and pore water(D).
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Figure 4.2. Fraction of each PCB homolog groupeutirment (A) and pore water (B)
against sediment depth for core 2.
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Figure 4.3. Sediment and pore water MDPR valuagagsediment depth for core 2.
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Figure 4.4. Abundances of total bacteria (bbghA, putativeChloroflexi 16S rRNA
genes (chl) an®ehalococcoides-like 16S rRNA (dhc) against sediment depth by gene
copy No. per g sediment for core 2.
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CHAPTER V. ENHANCED POLYCHLORINATED BIPHENYL
REMOVAL IN A SWITCHGRASS PLANTED RHIZOSPHERE BY
BIOAUGMENTATION WITH BURKHOLDERIA XENOVORANS
LB400

Introduction

Conventional remediation strategies such as scawation and the following
incineration or landfilling are usually expensivedaunsustainable (Amend and
Lederman, 1992). Phytoremediation, the use of plant associated microbes to remove
and detoxify PCBs, represents a potentially cdstéfie and less disruptive approach to
clean up PCB contaminated soils and sediments Akan et al., 2010).

The presence of specific plant species is knowentance the PCB removal
efficiency in soils and sediments (Campanella e28l02; Chekol et al., 2004; lonescu et
al., 2009; Slater et al., 2011; Smith et al., 20@Tants can uptake PCBs from soil and
convert lower chlorinated congeners into hydroxadgbroducts (Ficko et al., 2010;
Greenwood et al., 2011; Kerova et al., 2000; Lee and Fletcher, 1992; Retrak,e2007;
Zhai et al., 2010b). Also, plants contribute to Pi@&legradation by providing a
favorable environment for PCB-degrading microorgars and can thus increase PCB-
degrading populations (de Carcer et al., 2007;hetgal., 2006; Slater et al., 2011; Uhlik
et al., 2009). Plants not only increase soil pebitiggaand oxygen diffusion in the
rhizosphere, but also release organic exudateslasers, surfactants and microbial
growth factors thereby stimulating and facilitatimgcrobial PCB biodegradation in the
root zone (Gilbert and Crowley, 1997; Hernandeal et1997; Leigh et al., 2002; Van
Aken et al., 2010). For example, augmentation dfvgith plant-derived compounds such
as carvone and salicylic acid assisted aerobic &&gaders and increased PCB removal

(Singer et al., 2000; Singer et al., 2003b).
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Microorganisms are known to degrade PCBs via tweegsd processes: aerobic
oxidative biphenyl ring cleavage and anaerobic cade dechlorination (Adrian et al.,
2009; Borja et al., 2005; Gibson and Parales, 2Bper, 2005; Wiegel and Wu, 2000).
Most aerobic PCB-degraders employ the upper bigrggradation pathway, and
biphenyl 2,3-dioxygenase (BphA) catalyzes the 8tsep in this pathway, transforming
susceptible PCB congeners into the correspondsadihydrodiol (Furukawa, 1994).
Under anaerobic conditions, some members of theuph@hloroflexi use certain PCB
congeners as electron acceptors and transformititertess chlorinated congeners
(Adrian et al., 2009; Fagervold et al., 2007; Fagkt et al., 2005; Wiegel and Wu, 2000).
Some efficient microbial PCB degraders, sucBakholderia xenovorans strain LB400,
Arthrobacter sp. strain B1BRalstonia eutropha H850, Dehal ococcoides chlorocoercia
DF1 have been isolated and introduced to contaetuinstils and sediments to improve
PCB removal (Payne et al., 2013; Payne et al., 2B&tt et al., 2011b; Singer et al.,
2000).

In this study, we monitor the removal of three sedd PCB congeners (PCB 52,
PCB 77 and PCB 153) in switchgrass-planted soifeemsms and attempt to improve
PCB degradation by introducing biphenyl-grofaurkholderia xenovorans strain LB400
into the rhizosphere of selected microcosms. ThB B&hgeners in this study were
chosen because they represent bottlenecks in enveotal PCB degradation (Bedatd
al., 1986). PCB 52 and 153 are batitho-chlorinated, while PCB 77 has a dioxin-like
structure, and is considered one of the most toomgeners (Van den Beegal., 2006).
All three congeners are quite ubiquitous in theiremment (Meggo et al., 2013).
Enhanced degradation of these congeners was oldsarswitchgrass treated soil, and
following bioaugmentation with LB400 PCB 52 wasrsfgantly improved. The
combined use of switchgrass and LB400 bioaugmemtatas found to be most efficient

for specific PCB congener removal in this experitmen
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Materials and Methods

Soil reactor set up

The soil microcosm set-up procedure has been tbescpreviously (Meggo and
Schnoor, 2013). Briefly, PCB-free soil from thelage of Middle Amana in lowa, USA,
was passed through a 60 mesh sieve before expasinidme soil was spiked with a
mixture of PCB 52, PCB 77 and PCB 153 (99% purec(tandard Inc., New Haven,
CT) at the concentration of 500 ng gach. PCB congeners were dissolved in hexane
before adding to the soil. A quartering technigwswsed to homogenize soil. The soil
was divided into four quadrants on a quarteringzaanand 20 diagonal trajectories were
used to mix the soil components. The contaminatédvas aged for two months atZ5
in sealed tubs to allow PCBs sequestration intesthlematrix and thereby better
represent field conditions. To establish the ihFi&B concentration, 20 subsets of soil
collected from different locations were homogeniaed measurements were performed
in triplicates (Meggo and Schnoor, 2013).

Plastic containers (33.8cm x 21.6cm x 211.9cm)l@sdwvith aluminum foil
covers were used for soil reactor set-up. Eachtoeaas filled with 25009 sieved and
homogenized soil. The spiked soil was planted wititchgrassRanicum virgatum)
seeds (Adams-Briscoe Seed Co., Jackson, GA). Syrésh in all six reactors was grown
at 25C in a plant growth chamber under a 16 hour light8r dark photo period (light
intensity of 200 mmol fis* and 60% humidity). Soil samples were taken for PCB
congener analysis and microbial analysis. Soil $asnwere taken at 12 week and 24
week for PCB congener analysis. For microbial asia)ysoil samples were taken every

four weeks starting at 12 week (Meggo and Schriziit3).

4 30il reactor set-up was performed by Richard Me@oD., Department of Civil &
Environmental Engineering, The University of lowa.
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Burkholderia xenovorans strain
LB400 bioaugmentation

Bioaugmentation witlBurkholderia xenovorans strain LB400 was conducted
with both switchgrass-treated and unplanted migowevery each month. Prior to
bioaugmentationLB400 was grown on solid biphenygYhs sole carbon and energy
source in K1 medium until exponential phase ¢g[D.6~0.8) (Zaitsev and Karasevich,
1985). Cells were harvested by centrifugation (58@Q) 15 min), washed once with
sterileK1 medium, resuspended in K1 medium andulated into reactors
(approximately 1®CFU per g soil). Autoclaved LB400 was added twidchgrass
planted reactor as control.

Abundance of cultivable aerobic biphenyl-degradagteria was estimated by
CFU enumeration one day after each bioaugmentedioihsamples (1 g)were mixed
with 9 ml of 0.9% sodium chloride solution and sixakor 1 h at 225 rpm on a platform
shaker (New Brunswick Scientific, Pittsburgh, PAREC. Serially diluted supernatant
was spread on K1 agar plates with biphenyl crystalsole carbon and energy source.

CFUs were enumerated after 72h of incubation &30

PCB extraction and quantification
The PCB extraction procedure has been previousgrdeed (Megget al., 2013).
Briefly, PCBs in soil and plant material (roots atots) was extracted by adding a 1:1
hexane/acetone mixture (3 ml/g) to homogenizedsgilant material (5 g) and
sonicated for 1 h. Before sonication, surrogatedseds including PCB 14 (3,5-
dichlorobiphenyl), deuterated PCB 65 (2,3,5,6-tdtlarobiphenyl) and PCB 166
(2,3,4,4',5,6-hexachlorobiphenyl) (Cambridgelsotbjpdoratories, Inc.) were added into

S PCB extraction was performed by Richard MeggoDRtDepartment of Civil &
Environmental Engineering, The University of lowdCB quantification was performed by
Dingfei Hu, Ph.D., Department of Civil & Environmi@h Engineering, The University of lowa.

www.manaraa.com



66

the samples (50 ng of each surrogate) to accouminfploss during the extraction.
Surrogate recoveries were 1887.2% (PCB 14), 97.9 £ 15.2% (PCB 65) and 97.7 =
17.7% (PCB 166).

The sonicated material was centrifuged at 150Gof § min, after which the
supernatant was transferred to a fresh vial. Theipitates were subjected to a second
extraction. The combined supernatants of first sgwbnd extraction were evaporated to
dryness using rotary evaporation and the solvestalianged to hexane. Double
extraction with concentrated sulfuric acid and mexeas performed to remove of lipids
and other polar substances. This hexane extractavaentrated to approximately 0.5 ml
under a gentle stream of nitrogen. The concentvateeluted with 10 ml of hexane
through a filter consisting of 0.1 g of silica (280 mesh, Fisher Scientific, Inc.), 0.1 g of
anhydrous sodium sulfate and 0.9 g silica gel &etlwith H,SO, (silica:H,SO, =2:1)
(Meggoet al., 2013).

The concentrated extracts were spiked with thenatestandard containing 100
ng of PCB 204 (2,2’,3,4,4’,5,6,6’-octachlorobiph®nyThe samples were analyzed for
PCB congeners using a gas chromatograph with neésgtise detection (GC-MS/MS)
modified from the EPA method 1668A (U.S.EPA 1999)e quantification of PCBs was
performed by an Agilent 6890N gas chromatograph aat Agilent 7683 series auto
sampler coupled to a Waters Micromass Quattro n&fomass spectrometer (Milford,
MA, USA) operating under electron impact (El) pogtmode at 70 eV and multiple
reaction monitoring (MRM), and the trap current \2&9uA. The retention windows
were defined by PCB parent/daughter ion pairs fneomo- to deca- homologs which
were 188/152, 222/152.10, 255.96/186, 291.92/223.,88/255.90, 359.84/289.90,
393.80/323.90, 427.76/357.80, 461.72/391.83, 49225870, respectively (Het al.,
2010).
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DNA and RNA extraction,
reverse transcription, and quantitative PCR

Total RNA and DNA were extracted immediately akampling from 2 g soil
using the MoBio RNA PowerSoil Total RNA IsolationtkMobio, Carlsbad, CA) and
RNA PowerSoil DNA Elution Accessory Kit (Mobio, Gsibad, CA) and stored at -8D
prior to further analysis. Before quantitative PEIRCR), RNA samples were subjected
to contaminating DNA removal, RNA clean-up and reedranscription. Contaminating
DNA was removed by DNase | treatment accordindnéorhanufacturer's instructions
(Biolab, Ipswich, MA). Each 100l DNase | treatment reaction containedyB®NA and
20U DNase I. RNA was then purified with the RNe®&iyi Kit (Qiagen, Germantown,
MD) and reversed-transcribed to cDNA by SuperSdtiReverse Transcriptase
(Invitrogen, Carlsbad, CA) according to manufaatsrmstructions. Each 8d reverse
transcription reaction contained gDpurified RNA, 10mM dNTP mix, and 8g random
primers.

To evaluate the RNA recovery efficiency during DBlaseatment, RNA
purification and reverse transcription, 1 ng ofifeiase control mRNA (Promega,
Madison, WI) was added to RNA sample before DN&saitment. After reverse
transcription, luciferase cDNA was quantified byGiPwith the ref primer set (Table 5.1)
as described previously (Johnsaral., 2005). The RNA recovery efficiency averaged
14.2% + 11.5%among all RNA samples processed stinidy.

The abundances of total bacteria, aerobic PCB-degydacteria, and
Burkholderia xenovorans strain LB400 were estimated by gPCR using thedradtl6S
rRNA gene primer set 16SU f/r (Nadkastial., 2002),bphA primer setophA 463f/674r
(Petri et al., 2011b), and LB400 16S-23S rRNA internahscribed spacers(ITS) primer
set LB400 84f/278r (Noringt al., 2013), respectively (Table 5.1).Each|25PCR
reaction contained 128 Power SYBR Green PCR Master Mix (Invitrogen, Ghdd,

CA), and variable amounts of primers and templ@feble C.2).Bovine serum

www.manaraa.com



68

albumin(0.5ug) was added to relieve possible PCR inhibitiore@¢ter, 1996). PCR
conditions were as follows: 10 min at°@; followed by 40 cycles at 96 (15 s) and

60°C (1 min) followed by a dissociation step. All gP@Rs performed with an ABI

7000 Sequence Detection System (Applied Biosystaand Island,NY) and
fluorescence data was analyzed by ABI 7000 Syste® Software (Applied

Biosystems, Grand Island,NY). With each primer #e,target gene was not detected in
no template (DI water) controls (Ct value > 35)dditional qPCR information, such as
primer concentrations, template concentrations,RjB@ar range, gPCR efficiency
range of the standard curves, and Y-interceptprandded in Table 5.2, in accordance
with MIQE guidelines (Bustimt al., 2009).

For luciferase mMRNA gPCR, the standard DNA temphes PCR products
amplified from luciferase DNA with primer set ref$Table 5.1).For the bacterial 16S
rRNA gene, the standard DNA template was prepamd PCR products amplified from
Burkholderia xenovorans strain LB400 with primer set 8F/1492R (Klappenbeical .,
2000). ForbphA, the standard DNA templatewastheLB4§ihA (amplified with the
463f/674r primer set) cloned into the pCR 2.1-TORGtor. For LB400 16S-23S rRNA
ITS gene, the standard DNA template was the LBA®-23S rRNA ITS gene
(amplified with the LB400 84f/278r primer set) cthinto the pCR 2.1-TOPO vector.

Statistical analyses
PCB congener data was analyzed with an indepesdemple t test using R. Total
bacterial 16S rRNA gene abundanigehA gene and transcript abundance and LB400
16S-23S rRNA ITS abundance were analyzed with afastor analysis of variance after

log transformation using R (Rieu and Powers, 2009).
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Results and Discussion

Enhanced degradation of specific PCB
congeners in soil with switchgrass treatment

Significantly higher removal of PCB parent congsn@CB 52, 77, 153) was
achieved in the switchgrass-treated soil thanenutplanted soil after 24 weeks of
incubation (p<0.05) (Figure 5.1). The presencensfchgrass enhanced PCB 52 removal
more than the other two congeners (16.7%), whilB PCand PCB 153 removal was
improved by 7.9% and 9.6%, respectively. Over&l930.4% of the total PCB molar
mass loss was observed in switchgrass treatedft®il24 weeks of incubation,
compared with 29.5 £ 3.4% in unplanted soil (Figbr®). The increase of PCB removal
efficiency by switchgrass in this study is comp&eab some previous studies, although
different plants were used (Ding et al., 2009; kmeet al., 2009; Secher et al., 2013;
Smith et al., 2007).

Switchgrass has been observed previously to ent@Beremoval in soil and
promote microbial activity in the rhizosphere (Cokeét al., 2004; Dzantor et al., 2000;
Meggo et al., 2013).The enhanced PCB removal doilithe result of rhizosphere
biostimulation, rhizofiltration, phytoextractionhyptotransformation and
phytovolatilization (Van Akeret al., 2010). We investigated this possibility of
phytoextraction by quantifying total PCBs in swigcass roots and shoots. At the end of
the 24 week experiment, we found 4.3-7.3% of tBa@Bs in switchgrass roots, and 0.11-
0.24% in shoots, suggesting that plant extractierevactive as PCB removal
mechanisms (Table 5.3). All three parent congeaedssome transformation products
were detected in switchgrass roots and shoots.cigdlye the detection of PCB 153 in
switchgrass shoots demonstrated its capabilitghe tip and translocate highly
chlorinated PCB congeners. The uptake of PCBs ligisgrass and other plants has
been reported (Ficko et al., 2010; Greenwood gP@l1; Liu et al., 2009), although in

some studies the effect of phytoextraction was idened to be negligible in removing
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PCBs from soil because of the low percentage af ®CB mass observed in plant roots
and shoots (<1% of total PCBs) (Di Gregorio et2013; Huesemann et al., 2009; Li et
al., 2011). In this study, the fraction of total P @ass in switchgrass was higher than
previous studies, probably because of the hight ileymass for each switchgrass treated
soil microcosm (560 + 51 g roots and 360 + 41 goshper soil microcosm).
Phytovolitilzation and phytotransformation were ootsidered to affect the PCB
removal much, given the low PCB concentrationsaiichgrass shoots. Previous study
also showed that hydroxylated metabolite was nteatied in switchgrass hydroponically
exposed to PCBs, suggesting that PCB transformatiewitchgrass was not active (Liu
et al., 2009).

Biostimulation of microbial PCB degradation was siolered to be another
mechanism contributing to enhanced PCB removdierrtiizosphere soil. The
occurrence of aerobic microbial PCB degradatiobath unplanted and switchgrass
treated soils was verified by the decrease in @B molar mass (Figure 5.1A).The
enhanced microbial activity was estimated to bpaasible for about 3.05% total PCB
removal from soil (Table 5.3). Different PCB congenwere affected differently by the
enhanced microbial PCB degradation. It is estim#tat7.1% of PCB 52 removal was
due to the enhanced microbial activity, while thisnber was 1.8% and 1.3% for PCB 77
and PCB 153, respectively. Microbial degradatio®6B 52 was promoted more than
the other two congeners probably because PCB mdiie susceptible for aerobic
degradation by indigenous microorganisms. PCB B7ahdioxin-like structure and was
relatively more toxic than other tetrachlorinatephenyls. The high chlorination level of
PCB 153 results in high hydrophobicity and redutseaccessibility to enzymes. The
bulkiness of the chlorine atoms may also preveo¢ssto the enzyme’s active site

(Bedardet al., 1986).
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Molecular biology analyses of
unplanted and switchgrass planted soils

We estimated the abundance of total bacteria, biydltéxoygenase genéghA)
andbphA transcripts as an independent means of trackengpéc microbial PCB
biodegradation during the experiment. Total baat@ibundance (as estimated by the
abundance of bacterial 16S rRNA genes) was sigmifig higher in switchgrass reactors
than in unplanted reactors (p<0.05, Figure 5.2A¢. 8d/spect that the switchgrass serves
to improve oxygen diffusion and soil permeabilBwitchgrass root exudates could also
increase the microbial population in the rhizosph®y serving as a carbon and energy
source.

Detecting bphA in both unplanted and switchgrasated soils suggests that the
indigenous soil microbial community harbored théeptial for aerobic PCB degradation.
In the presence of switchgragphA abundance was about 20 times higher (p<0.05,
Figure 5.2B). HowevehphA transcripts in both switchgrass planted and umtpla
reactors were below our quantification limit of RPCR (40 copies/qPCR reaction),
suggesting that thigphA expression was not promoted much by the switdgyri is
possible that the presence of other carbon soundés rhizospehre limited thgphA
expression (Parnedt al., 2010). The availability of a variety of naturatbgcurring
organic carbon and plant exudates in the rhizogpimary make PCBs less favorable for
indigenous microorganisms (Lwbal., 2008). Soil extract may also inhilwphA
expression (Master and Mohn, 2001). The low le¥ddphA expression could also
explain why microbial PCB degradation was not inyeidb much by switchgrass as

suggested by congener data.

Enhanced microbial PCB degradation

in soil with LB400 bioaugmentation

To further enhance aerobic degradation of PCB aoergen the rhizosphere,
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biphenyl-grownBurkholderia xenovorans strain LB400 was introduced to the soil (at a
loading of approximately POCFU per g soil). LB400 is an effective aerobic RCB
degrader, capable of degrading a broad spectrudC8f congeners including those used
in this study (PCB 52, 77, 153) (Bedard et al.,&3opp, 1986). With LB400
bioaugmentation, total PCB molar mass loss incok&s89.41.4% and 47.31.2 % in
the unplanted and switchgrass-treated soil, resdgtafter 24 weeks of incubation,
suggesting enhanced aerobic PCB degradation (FgliyjeRemoval of PCB 52, 77 and
153 was not significantly improved in the contrelitehgrass reactor, which was
amended with autoclaved LB400 (Figure 5.1).

Specifically, PCB 52 removal appeared to be nmagtroved by LB400
bioaugmentation, achieving 43.7% and 24.9% morevairnn unplanted and
switchgrass-treated soils, respectively (p<0.05BR6E3 removal in switchgrass-treated
soil with bioaugmentation increased by 3.3% as amegbwith soil with only
switchgrass treatment (p<0.05). In unplanted sah Wwioaugmentation, PCB 77 and 153
removal was not improved (Figure 5.1). This obseowvas consistent with previous
LB400 PCB biodegradation studies, where LB400 diggdl a stronger capability to
degrade PCB 52 than PCB 77 and 153 (Bedard dt986; Bopp, 1986; Rein et al.,
2007). Compared with PCB 52, PCB 77 and 153 hayleehik,,, values and lower water
solubilities. Although LB400 could degrade PCB Tdd53 in the resting cell assays, in
the soil microcosms, the two congeners may be datrengly to soil particles and thus

are less bioavailable.

Molecular biology analyses of unplanted,
switchgrass planted, and LB400 bioaugmented soils
The enhanced PCB removal in bioaugmented soil esscaated with elevated
abundance dfphA and its transcripts, suggesting that aerobic BE§adation was

actively occurring (Figure 5.3, Figure 5.4).In higanented soilpphA abundance
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increased throughout incubation time, and was twlers of magnitude higher than in
reactors without bioaugmentation (p<0.05, FiguBB5Figure 5.3D). The transcripts of
bphA were detected (3.17x108.90x10 transcripts per g soil in unplanted soil with
bioaugmentation, 4.73x10 4.14x16transcriptsper g soil in switchgrass treated soil
with bioaugmentation), suggesting the succedsibA expression (Figure 5.4).

Bioaugmentation did not significantly increase tib&l microbial abundance
(p>0.05, Figure 5.3A, Figure 5.3C). Yet the reaetdh autoclaved LB400 injection
displayed greater total 16S rRNA gene abundangettteareactor with live LB400
bioaugmentation (p<0.05, Figure 5.3A), probablyause debris from the autoclaved
LB400 cells was used as carbon and energy sourgellgenous microorganisms.

The survival of bioaugmented bacteria is crucigh® successful
bioaugmentation and contaminant removal (Bou@ek, 2000). To improve LB400
survival and keep a relatively stable LB400 popakatwe performed bioaugmentation
once a month. The survival of LB400 after bioaugtaton was estimated by
qguantifying biphenyl-degrading bacteria with CFUieTeration. After bioaugmentation,
the biphenyl-degrading bacterial abundance incoeg&@ x 16-1.9 x 1 CFU per g
soil for unplanted reactor, 2.1x%@.3 x 18 CFU per g soil for switchgrass planted
reactor). Yet this number decreased to the levappfoximately 10CFU per g soil after
four weeks, prior to the next bioaugmentation eEigure 5.6).The decrease may result
from the stressed environment caused by PCB (Kiah g2001; Parnell et al., 2006), and
the competition with indigenous microbial communit3400 16-23S ITS gene was
quantified approximately two weeks after bioaugragah, and ranged from 1.16 x'1®
4.15 x 18 gene copy per g soil (unplanted soil), and 9.@D%0 7.04 x 18 gene copy
per g soil (switchgrass treated soil)(Figure 5%).accumulation of ITS genes was
observed throughout the 24 week experiment, suiggetsiat after each bioaugmentation,
a percentage of LB400 adapted to the soil enviroriraed balance with indigenous

microorganisms (Figure 5.5).
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LB400 16-23S ITS gene quantification shows highe4Q0 abundance with the
presence of switchgrass (Figure 5.5). Also, thetR@B removal, the highebphA and
transcript abundances were observed in switchgreated soil with bioaugmentation
after 24 weeks of treatment (Figure 5.1, Figureah@ Figure 5.4), indicating
switchgrass not only benefited LB400 survival, alsb helped LB400 degrade PCBs.
The support of plants to bioaugmentation was regofduhanson et al., 2009; Secher et
al., 2013; Tam and Wong, 2008). Switchgrass helfi4D0 survival may be by
improving aeration and providing root exudatesxsecarbon and energy source, the
same way as it benefited indigenous microorganigine.root system can help spread
LB400 through the PCB contaminated soil. Furtheemewitchgrass may increase the

bioavailability of PCB molecules by releasing origacompounds as complexing agents.

Conclusions
In this study, switchgrass was found to be abienfarove the removal of PCB 52,
77 and 153 by phytoextraction and biostimulatioc@BF52 was more susceptible to
microbial degradation, and its removal was morerowed by switchgrass and
bioaugmentation with LB400 than PCB 77 and 153.t8wgrass was beneficial for
LB400 survival and its ability to perform aerobiegtadation. The combination of
phytoremediation and bioaugmentation offers arcieifit and environmental-friendly

strategy to eliminate recalcitrant PCB congenetsramediate PCB contaminated soil.
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Table 5.1. Primer sets used in qPCR analysis ippehd.

. Expected
Target gene  Primer name Sequences product size Source
luciferase  ref f 5-TACAACACCCCAACATCTTCGA-3' (Johnsoret
150 bp
MRNA  refr 5-GGAAGTTCACCGGCGTCAT-3' al., 2005)
. 16SU f 5-TCCTACGGGAGGCAGCAGT-3' (Nadkarni
total bacterial 66 b al
16S rRNA 16SU r 5 4 p et o
GGACTACCAGGGTATCTAATCCTGTT-3' 2002)
bphA 463f  5-CGCGTSGMVACCTACAARG-3' (Petri et
bphA 211 bp
bphA 674r  5-GGTACATGTCRCTGCAGAAYTGC-3' al., 2011b)
LB400 16S- LB400 84f 5'-GAAATTGAAGACAGAAACGCA-3' (Norini et
191 bp
23SITS | B400278r 5-AGTCATGCACACACCAGAT-3' al., 2013)
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Table 5.2. gPCR reaction set up, linear range &ralemcy for
gPCR reaction in Chapter V.

primer gPCR linear PCR
Target gene conc, Template range, gene ar Y-intercept
. : efficiency
uM copies/reaction
luciferase 0.1 2ul cDNA 30-30x16  95-100%  37.65-38.61
MRNA
total bacterial 7 o
16S rRNA 0.1 1 ng DNA 30-30%x10 95-100% 35.10-35.84
10 ng DNA or ) 1000 )
bphA 1 2 CDNA 40-40%x10  95-100% 36.43 - 37.64
LB400 16S-23S  , , 10ngDNA  40-40x10 90-100%  36.54-37.44

ITS
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Table 5.3. Molar mass balance of PCBs in unplastédd UP), switchgrass treated soil
(SG), unplanted with bioaugmentaion soil (UP B)itslagrass treated with
bioaugmentation soil (SG B), and switchgrass teeatigh bioaugmentation with dead
LB400 soil (SG BD). (n=3).

PCB fraction

PCB fraction PCB fraction

Total recovery

in soils in roots in shoots
upP 70.5+3.4% - - 70.5+3.4%
SG 60.1 £0.4% 7.3£02% 0.11+0.01% 67.5+0.6%
Overall UP B 60.6 £+ 1.4% - - 60.6 £+ 1.4%
SGB 52.7+£1.2% 43+0.1% 0.24 £0.03% 57.324.4
SG DB 57.1 +10.4% - - 57.1+10.4%
UP 98.6 £ 3.9% - - 98.6 £ 3.9%
SG 81.9+£0.6% 94+£02% 0.17£0.01% 91.4+£0.8%
PCB 52 UP B 54.8 £+ 0.8% - - 54.8 £+ 0.8%
SGB 57.0+1.7% 47+0.1% 0.40 £0.04% 62.2 £4..9
SG DB 76.7 £ 10.7% - - 76.7 £ 10.7%
UP 61.0 £ 4.0% - - 61.0 £4.0%
SG 53.2+1.2% 6.0+£0.2% 0.06 +0.01% 59.2+1.4%
PCB 77 UP B 62.1+1.8% - - 62.1+1.8%
SGB 53.1+1.4% 3.8+£0.2% 0.16 +0.01% 57.1 £4.6
SG DB 51.1 +9.4% - - 51.1+9.4%
UP 66.1+2.4% - - 66.1+2.4%
SG 56.5 +0.0% 8.2+0.2% 0.11+0.02% 64.8 £ 0.25%
PCB 153 UPB 69.7 £ 1.5% - - 69.7 £ 1.5%
SGB 53.2 £0.6% 50£0.1% 0.17 £0.02% 58.4 £0.7
SG DB 53.7+9.0% - - 53.7+9.0%
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Figure 5.1. The percentage of initial molar concardns for total PCB (A), PCB 52 (B),
PCB 77 (C), and PCB 153(D) after 12 weeks and 2ks/@cubation in unplanted soil
(UP), switchgrass treated soil (SG), unplanted wittaugmentaion soil (UP B),
switchgrass treated with bioaugmentation soil (§GaBd switchgrass treated with
bioaugmentation with dead LB400 soil (SG BD). Efars indicate the standard

deviation of three soil subsamples from the saraetoe.
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Figure 5.2. gPCR analysis of (A) bacterial 16S rRihes and (B)phA in blank
(BLK), PCB spiked and unplanted soil (UP), PCB spiland switchgrass treated soil
(SG). Error bars indicate the range of two soilssuhples from the same reactor.
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Figure 5.3. gPCR analysis of bacterial 16S rRNAeg@x) andbphA (B) in switchgrass
treated soil (SG), switchgrass treated soil wittebigmentation (SG B), switchgrass
treated soil with autoclaved LB400 bioaugmentio® @D); and bacterial 16S rRNA
gene (C)andphA (D) inunplanted soil (UP), unplanted soil with £80
bioaugmentation (UP B), switchgrass treated sdih Wioaugmentation (SG B). Error
bars indicate the range of two soil subsamples ttgrsame reactor.
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Figure 5.4. gPCR analysis lgphA transcripts in unplanted soil with bioaugmentatio
(UP B), and switchgrass treated soil with bioaugtioa (SG B). Error bars indicate the
range of two soil subsamples from the same reactor.
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bars indicate the range of two soil subsamples ttgrsame reactor.
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Figure 5.6. CFU counting for unplanted soil witlhdnigmentation (UP B), switchgrass
treated soil with bioaugmentation (SG B) and swgtelss treated soil with dead LB400
bioaugmentation (SG BD) before and after the appba of bioaugmentation. Error bars
indicate the standard deviation of three soil sofgas from the same reactor.
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CHAPTER VI. MICROBIAL COMMUNITY ANALYSIS OF A
SWITCHGRASS RHIZOSPHERE WITH PCB SPIKING AND REDOX
CYCLING

Introduction

Bioremediation of PCB contaminated soils and sedtmbas always been
challenging because of the hydrophobicity and rgitahce of PCB congeners (Agarwal
et al., 2007; Amend and Lederman, 1992). Phytoréatied of PCBs, the use of plants
and associated microorganisms to remediate PCBucomdted soils and sediments, is
more cost-effective and less disruptive to the mmment (Van Akeret al., 2010).

Microbial PCB degradation in the rhizosphere plagsmportant part in the
phytoremediation of PCBs (Borja et al., 2005; Macket al., 2010; Pieper and Seeger,
2008). Microorganisms are capable of degradingdmtdxifying PCBs via anaerobic
PCB dechlorination and anaerobic PCB mineralizafigorja et al., 2005; Gibson and
Parales, 2000; Pieper and Seeger, 2008; Wiegahan@000). Anaerobic PCB
degraders can use PCB congeners as electron accaptbremove chlorine atoms from
the biphenyl ring or dechlorinate PCBs via co-meligin (Adrian et al., 2009; Wiegel
and Wu, 2000; Wu et al., 1998). So far all the knd®CB degraders are within the
Chloroflexi phylum, including théehalococcoides spp. and the 0-17/DF-1 group
(Fagervold et al., 2007; Fennell et al., 2004; ¥aal., 2006). Under aerobic conditions,
some microorganism can mineralize PCBs via upp#rdanyl pathway, leaving behind a
chlorobenzoate as product (Gibson and Parales, 20@¢tkova et al., 2010).

Many studies have confirmed the effect of plant&phancing PCB degradation
and increasing microbial PCB degrading populatiglesCarcer et al., 2007; Leigh et al.,
2006; Mackova et al., 2006; Slater et al., 201 DwEelver, most of the current studies
focus on the influence of plants on aerobic PCB-adation. The anaerobic

dechlorination in the rhizosphere is rarely invgated. Here in this study, we set up soil
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reactors with switchgrass treatment and createxharrobic environment by flooding the
soil to facilitate dechlorination. PCB congenerlgsia confirmed the occurrence of
dechlorination in switchgrass treated soils, withvdhout redox cycling. Putative
dechlorinatingChloroflexi was more abundant in redox cycled soils, as sipngPCR.
Other bacteria capable of dechlorination sucGesbacter andClostridiumwere

detected by clone library analysis, indicating tipgissible role in PCB dechlorination.

Materials and Methods

Soil reactor set Up

The soil microcosm set-up procedure was similgrasiously described (Meggo
and Schnoor, 2013). Briefly, PCB-free soil from thikage of Middle Amana in lowa,
USA, was passed through a 60 mesh sieve beforeimeges. The soil was spiked with
a mixture of PCB 52, PCB 77 and PCB 153 (99% p{#egustandard Inc., New Haven,
CT) at the concentration of 500 ng gach. PCB congeners were dissolved in hexane
before adding to the soil. A quartering technigwswsed to homogenize soil. The soil
was divided into four quadrants on a quarteringzaanand 20 diagonal trajectories were
used to mix the soil components. The contaminatédvas aged for two months atZ5
in sealed tubs to allow PCBs sequestration intesthlematrix and thereby better
represent field conditions. To establish the ihFi&B concentration, 20 subsets of soil
collected from different locations were homogeniaed measurements were performed
in triplicates (Meggo and Schnoor, 2013).

Plastic containers (33.8cm21.6cmx211.9cm) and lids with aluminum foll
covers were used for soil reactor set-up. Eachtoeaas filled with 25009 sieved and

homogenized soil. The spiked soil was planted witiichgrassRanicum virgatum)

6 Soil reactor set-up was performed by Richard Me@oD., Department of Civil &
Environmental Engineering, The University of lowa.
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seeds (Adams-Briscoe Seed Co., Jackson, GA). Syvésh in all four reactors was
grown at 25C in a plant growth chamber under a 16 hour light/8r dark photo period
(light intensity of 200 mmol ifis* and 60% humidity). Switchgrass was allowed to
establish for 8 weeks. After 8 weeks, alternatdesy/(two weeks of flooding and two
weeks of non-flooding) were performed to one un@drsoil reactor and one switchgrass
treated soil reactor. During the flooding periodi)sswere submerged by deionized water.
After two weeks of flooding, the extra water washdrawn. Four flooding was

performed in total. Another unplanted soil rea@nd switchgrass treated soil reactor
with normal moisture content and without floodingatment were used as control. For
each soil reactor, redox measurement was perfomtaca Redox/pH combination meter
(Hanna Instruments, Smithfield, RI). Volumetriclgobisture content was monitored
with Vernier soil moisture sensors interfaced with Vernier LabQuest data collection
system (Vernier Software & Technology, BeavertoR)50il samples were taken at 12
week and 24 week for PCB congener analysis. Foromigl analysis, soil samples were

taken every two weeks starting at 8 week (MeggoSaithoor, 2013).

PCB congener analydis
The PCB extraction procedure has been describetbpsty (Meggoet al., 2013).
PCBs in soil and plant material (roots and showotsy extracted by adding a 1:1
hexane/acetone mixture (3 ml/g) to homogenizedsgilant material (5 g) and
sonicated for 1 h. Before sonication, surrogatedseds including PCB 14 (3,5-
dichlorobiphenyl), deuterated PCB 65 (2,3,5,6-tdtlarobiphenyl) and PCB 166
(2,3,4,4',5,6-hexachlorobiphenyl) (Cambridgelsotbjpdoratories, Inc.) were added into

the samples (50 ng of each surrogate) to accouminfploss during the extraction.

7 PCB extraction was performed by Richard MeggoDRtDepartment of Civil &
Environmental Engineering, The University of lowdCB quantification was performed by
Dingfei Hu, Ph.D., Department of Civil & Environmi@h Engineering, The University of lowa.
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Surrogate recoveries were 1887.2% (PCB 14), 97.9 £ 15.2% (PCB 65) and 97.7 =
17.7% (PCB 166).

The sonicated material was centrifuged at 150Gof § min, after which the
supernatant was transferred to a fresh vial. Theipitates were subjected to a second
extraction. The combined supernatants of first sgwbnd extraction were evaporated to
dryness using rotary evaporation and the solvestalianged to hexane. Double
extraction with concentrated sulfuric acid and mexeas performed to remove of lipids
and other polar substances. This hexane extractavaentrated to approximately 0.5 ml
under a gentle stream of nitrogen. The concentvateeluted with 10 ml of hexane
through a filter consisting of 0.1 g of silica (280 mesh, Fisher Scientific, Inc.), 0.1 g of
anhydrous sodium sulfate and 0.9 g silica gel &etlwith H,SO, (silica:H,SO, =2:1)
(Meggo and Schnoor, 2013).

The concentrated extracts were spiked with thenatestandard containing 100
ng of PCB 204 (2,2’,3,4,4’,5,6,6’-octachlorobiph®nyThe samples were analyzed PCB
congeners using a gas chromatograph with masdiseldetection (GC-MS/MS)
modified from the EPA method 1668A (U.S.EPA 1999)e quantification of PCBs was
performed by an Agilent 6890N gas chromatograph ait Agilent 7683 series
autosampler coupled to a Waters Micromass Quaticocon&C mass spectrometer
(Milford, MA, USA) operating under electron impdétl) positive mode at 70 eV and
multiple reaction monitoring (MRM), and the trapr@nt was 20QA. The retention
windows were defined by PCB parent/daughter ionsgfadm mono- to deca- homologs
which were 188/152, 222/152.10, 255.96/186, 29222/325.88/255.90,
359.84/289.90, 393.80/323.90, 427.76/357.80, 46392283, 497.68/427.70,
respectively (Hiet al., 2010).

Quantitative PCR

DNA was extracted from 2 g soil immediately aftamgpling using the RNA
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PowerSoil DNA Elution Accessory Kit (Mobio, CarlshaCA) and stored at -80 C prior
to further analysis. The abundances of total bedtend Putative dechlorinating
Chloroflexi were estimated using qPCR targeting bacterial F8¢Argene (primer set
16SU f/r) (Nadkarnet al., 2002) and putative dechlorinati@loroflexi 16S rRNA

genes (primer set dhc793f/946r) (Yoshatdal., 2005), respectively. PCR conditions
were as follows: 10 min at 96, 40 cycles of 15s at 96 and 1 min at 61 followed by

a dissociation step. Each gbgPCR reaction contained 121bPower SYBR Green PCR
Master Mix (Invitrogen, Carlsbad, CA), 2.5 pmolmars and various amount of primers
and templates (Table 6.1). Bovine serum albumifi @) was added to relieve possible
PCR inhibition (Kreader, 1996).

For total bacterial 16S rRNA gene gPCR, the stah@&A template was a PCR
product amplified fronBurkholderia xenovorans strain LB400 with primer set 8F/1492R
(Grabowskiet al., 2005). For putative dechlorinati@loroflexi 16S rRNA gene,
standard curves were prepared from pCR 2.1-TOP@weantaining the target PCR
products with primer dhc793f/946r. All gPCRs weesfprmed with an ABI 7000
Sequence Detection System (Applied Biosystem, Glsladd, NY) and fluorescence
data was analyzed by ABI 7000 System SDS Softwapel{ed Biosystems, Grand
Island, NY). With each primer set, the target gesas not detected in no template (DI
water) controls (Ct value > 35). Additional gPGRormation, such as primer
concentrations, template concentrations, gPCR1iireeae, gPCR efficiency range of the
standard curves, and Y-intercepts are providedabnlel 6.2, in accordance with MIQE

guidelines (Bustiret al., 2009).

gPCR quality assurance
Several published gPCR primer sets targeting mat@echlorinatinghlorofl exi
16S rRNA gene anBehalocococides-like16S rRNA gene were initially tested in this
study. Primer sets chl348f/884r (Fagerveldl., 2005), dhc1f/264r (Grostern and
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Edwards, 2006) , dhc793f/946r (Yoshigal., 2005) and dhc1154f/1286r (Krzmarzick
et al., 2012) produced single bands of the expectedvaibeDNA template derived from
soil. To verify the specificity of these qPCR prinsets, clone libraries were constructed
from the amplification products in DNA extractedrn soil with redox cycling treatment.
From the dhc793f/946r PCR product clone librarynjue sequences were obtained
from 12 clones and all of these sequences werdifigéeinto beDehal ogenimonas by

RDP classifier (Table 6.3) (Cogt al., 2007). Clone libraries show that primer sets
chl348f/884r, dhclf/264r and dhc1154f/1286r amgtifsequences from the class
Anaerolineae of Chloroflexi and also fronActinobacteria, both of which are not
associated with dechlorination (Table 6.3). Onky thimer set dhc793f/946r was used to
quantify putative dechlorinatinghloroflexi 16S rRNA gene in soil samples. The
specificity of the SYBR green based qPCR was addiolated by dissociation curve

analysis, which shows similar melting temperataresiach sample.

Terminal-Restriction Fragment Length
Polymorphism (T-RFLP) analysis

PCR with a fluorescent-labeled primer set 6-FAM &38R was performed with 1
ng DNA as template (Schitéeal., 2008). PCR conditions were as follows: 4 min at
94°C, 30 cycles of 1 min at 9€, 2 min at 55C and 1.5 min at 7Z followed by a final
extension step of 10 min at2 PCR product (18l) was digested with the restriction
enzyme Haelll (New England BioLabs, Inc., Ipswilkth), and then precipitated with
glycogen (Fermentas International Inc., Vilniughliania), sodium acetate (pH 5.2), and
ethanol at -20°C for 2h. DNA was recovered by akrgation at 17,800 x g for 15 min
and resuspended in distilled water (Invitrogen Cdgarlsbad, CA). The digested DNA
was sent to the University of lowa DNA facility fetectrophoresis for sizing using an
Applied Biosystems 3730 DNA analyzer (Life Techrgés Corporation, Carlsbad, CA)

with the GeneScan 500 LIZ size standard.
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Terminal restriction fragment (TRF) sizes wereraated with Peak Scanner
software (Applied Biosystems, Carlsbad, CA). A terahrestriction fragment (T-RF)
size matrix containing 84 samples (rows) and 43quen16S rRNA gene TRFs
(columns) was generated by T-REX software aftésriihg background peak noise and
rounding fragment sizes to the nearest whole nuif@manet al., 2009). TRF profiles
were analyzed by nonmetric multidimensional sca(iiyIDS) in R (da C Jesw al.,
2009). The Bray-Curtis dissimilarity index was cdéted with a random starting
configuration, and a two-dimensional solution weached after two runs. The final
stress was 12.77. The T-RF composition differeaoesng groups were assessed by
multi-response permutation procedure (MRPP), wbidluates grouping with real and
randomized data based on Bray-Curtis distance$@0d permutations, and
permutational multivariate analyses of varianceRREANOVA) based on Bray-Curtis
distances with 5000 permutations. Random foreatssification was used to estimate the
importance of the individual T-RFs in the classifion (Cutleret al., 2007). An indicator
species analysis was performed to assess the aegpreference of T-RFs using

multipatt function with R (Céceres and Legendréd®0

PCR amplification, cloning and
sequencing of bacterial 16S rRNA

Clone libraries were constructed with bacterial tBSA genes amplified from
unplanted soil, switchgrass treated soil, unplaatedi cycled soil, switchgrass treated and
cycled soil at 24 wk. Bacterial 16S rRNA genes warelified using primer set
8F/1492R (Grabowslet al., 2005). PCR conditions were as described in T-RFLP
analysis section. PCR products were purified withQiaquick PCR purification Kit
(Qiagen Inc., Valencia, CA), cloned into the pCR-2Z0OPO vector using the TOPO TA
cloning Kit (Invitrogen Corp., Carlsbad, CA), andrisformed into One Shot TOP10

chemically competert.coli cells (Invitrogen Corp., Carlsbad, CA). The tramsfation
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efficiency was checked by plating recombingraoli on Luria Broth agar with
kanamycin (50 mg/L), and X-gal (0.4 mg/plate) anclibated overnight at 37°C. Clones
were Sanger sequenced at HTSeq.org (Seattle, WIA)MA3F (5'-
TGTAAAACGACGGCCAGT-3’) and M13R (5-CAGGAAACAGCTAT®@C-3))
primers. Sequence identification and classificati@ne performed using RDP Classifier
(Coleet al., 2007) and Basic Local Alignment Search Tool (BOASPredicted TRFs
were generated with TRIFLE (Juniral., 2008).

Statistical analyses
PCB congener data was analyzed with an indepesdemple t test using R. The
total bacterial 16S rRNA gene copy numbers andldeaadlating Chloroflexi 16S rRNA
gene copy numbers were analyzed with a two factalyais of variance after log

transformation using R (Rieu and Powers, 2009).

Results and Discussion

PCB congener analysis

Significantly higher total PCB removal (39.9 = 84) was achieved in
switchgrass treated soil as compared with unplasvdd29.5 + 3.4%) (p<0.05, Figure
6.1). PCB 52 removal was enhanced most (16.7%) tiwétlpresence of switchgrass,
while PCB 77 and PCB 153 removal was improved B$/and 9.6%, respectively
(p<0.05, Figure 6.1). The enhanced PCB removalitchgrass rhizosphere could be the
result of rhizosphere biostimulation, rhizofiltiati, phytoextraction, phytotransformation
and phytovolatilization (Van Aked al., 2010). At the end of the 24 week experiment,
we found 4.5-10.8% of total PCBs in switchgrasgspand 0.11-0.17% in shoots,

suggesting the uptake and translocation of PCBsinvdwitchgrass. PCB 153 was less
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favorable by switchgrass, which has significanbhywér concentration in the roots than
PCB 52 and 77 (p<0.05), probably because of thieenigydrophobicity.

The experiment design involving redox cycling treaht was intended to create
alternating anaerobic-aerobic conditions in thé msaictors by flooding and draining soils.
During the non-flooding period, redox potential m@@ment suggests that anoxic
conditions prevailed in both unplanted and switelsgrtreated soils (Eh<350mV). During
the two weeks of flooding period, the redox potaintould drop as low as -400mV
(Figure 6.4). In redox cycled and unplanted sd@BP153 removal was increased by 5.3%
after 24 weeks of incubation (p<0.05), which cookdthe result of the enhanced
anaerobic dechlorination. The removal of PCB 52 &Anevas not significantly improved.
In redox cycled soils with switchgrass treatmei@BRemoval was not improved as
compared with soil with only switchgrass treatm@hgure 6.1). It is possible that
switchgrass roots enhanced the oxygen diffusidherflooded soils, making it difficult
to enhance dechlorination.

The occurrence of dechlorination was verified by detection transformation
products including PCB1, PCB3, PCB 35, PCB 48,RE& 118 in unplanted,
switchgrass treated, and redox cycled soils (Figu2g As suggested by redox
measurements, the soils without cycling of flooded unflooded conditions were under
anoxic conditions, which made it possible for manganisms to use alternative electron
acceptors (Figure 6.4). The observed dechlorinas@mcouraging, because PCB
dechlorination was typically observed in anaerabrigironments (Bedard et al., 1996;
Krumins et al., 2009; Quensen et al., 1990; Rodemnbual., 2010). However, the
transformation products were not very abundantdidid't accumulate significantly,
possibly because of simultaneous aerobic oxidaR@B 3 was relatively more abundant
at 12 weeks, and was at lower level at 24 weekiscating the possible PCB 3 removal
by aerobic microbial degradation (Figure 6.2).

PCB 101 and PCB 118 could be the dechlorinatiodyxts of PCB 153 (Figure
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6.3). The detection of PCB 118 was notable, whefuiresortho chlorine removal from
PCB 153. PCB 101 could be transformed into PCByb@aba chlorine removal, and
PCB 118 can be dechlorinated to PCB 7btifo chlorine removal (Figure 6.3). Thus
PCB 153 can be dechlorinated to PCB 52 and 77 trahsformation from PCB 153 to
PCB 52 is more likely, which can be achieved byaeimg twopara-chlorines, while
PCB 77 production requirestho dechlorination and is more difficult (Tiedgeal.,
1993). PCB 35 could be the dechlorination prod@i®©B 77 bypara chlorine removal,
and PCB 26 could be generated from PCB 52ritlyo chlorine removal (Figure 6.3).
Some PCB congeners, such as PCB 95 and 110, vgerdetected. They are not
the direct dechlorination product from the threeepaPCB congener, and were probably
produced by chlorine rearrangement, although theham@sm is unclear. Chlorine
rearrangement of PCB congeners have been obsesf@a Iin poplars, switchgrass and

maize (Liu et al., 2009; Wang et al., 2011).

Quantification of putative
dechlorinatingChloroflexi 16S rRNA genes

While the detection of transformation products fiedi the occurrence of
dechlorination in the soils, we then aimed to qgifptiie presence of putative
dechlorinatingChloroflexi, which phylum includes the only known anaerobi®PC
degrader, in the soil samples. The clone librarystructed from DNA extracted from
switchgrass treated soil with redox cycling treatbshows that the sequences amplified
in the qPCR targeting putative dechlorinat@igoroflexi were allDehal ogenimonas
species (Table 6.3). Strains Bfehalogenimonas species are able to reductively
dechlorinate polychlorinated aliphatic alkanes (Esset al., 2012; Yan et al., 2009), and
a recent study found thBiehal ogenimonas can couple their growth with PCB
dechlorination in a sediment free culture CG3 (Wand He, 2013). Our sequences share

98-100% similarity with thé&ehalogenimonas sequence retrieved from the culture CG3
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(Figure 6.7). The presencedéhalogenimonas in our soil samples strongly suggests that
they may be responsible for the dechlorinatiorhanrhizosphere.

Before the redox cycling treatment, the abundantgsitative dechlorinating
Chloroflexi 16S rRNA genes were low in both unplanted andchgitass treated soils.
After two weeks of flooding, putative dechlorinagi@hloroflexi 16S rRNA gene
abundances increased (Figure 6.8). However, desfiike repeated flooding and
draining afterwardghe abundances pitative dechlorinatin@hloroflexi 16S rRNA
genes were stable till the end of the experime®1(210 + 8.64x10 gene copy per g
soil in unplanted soil with redox cycling, 5.63%14.98x10 gene copy per g soil in
switchgrass treated soil with redox cycling), arerewnot correlated to the redox
potential or moisture content change (Pearsops0,05). It appears that the first two
weeks of flooding successfully created an enviramrseitable for the growth of possible
PCB-dechlorinatinghloroflexi on available electron donors in the soil. In the
subsequent non-flooding period, the putative deatdting Chloroflexi were able to
survive in the unplanted soil and the switchgrasgosphere. Actually the abundance of
putative dechlorinatin@hloroflexi 16S rRNA genes in switchgrass treated soil was
significantly higher than that in unplanted andaedycled soils (p<0.05). It is likely that
anaerobic microenvironments existed in the rhizesphwhich could be where
dechlorination took place. In the soils withoutaraecycling treatment, thautative
dechlorinatingChloroflexi 16S rRNA genes were at or below the detectiornt lohgPCR
(30 gene copies per reaction).

Despite the increase after the first flooding sessputative dechlorinating
Chloroflexi 16S rRNA genes were still at low abundance witipeet to the total
bacterial 16S rRNA genes (0.0028 £ 0.0008 % an@22& 0.0025% of total 16S rRNA
genes in unplanted soil with redox cycling and slgrass treated soil with redox cycling,
respectively). The abundance of dechlorinatingdréein PCB-dechlorinating sediment

free culture was higher. For exampbehal ococcoides was 3.74% of total bacterial
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community in highly enriched sediment-free JN adt(Bedarckt al., 2006).
Dehalogenimonas was 2.16% in a sediment-free culture that deamddeid Aroclor 1260
(Wang and He, 2013). The total bacterial abundarasenot affected by redox cycling
(p>0.05), while the switchgrass treatment signiftbaincreased the total bacterial

abundance (p<0.05) (Figure 6.9).

Microbial community analysis

To explore the effect of switchgrass and redoxingdreatment on microbial
communities, the T-RFLP analysis was performedypadly assess microbial community
structure during the incubation time. NMDS ordinatbf the T-RFLP profiles revealed
that the blank soll (i.e. soil without PCB spikingphplanted soil, switchgrass treated sail,
unplanted soil with redox cycling, and switchgrasated soil with redox cycling
displayed different bacterial community structukethe beginning of the experiment,
unplanted soil and blank soil had similar microlmammunities (Figure 6.10). The
differences of T-RF compositions in soils with diént treatments were confirmed by
MRPP and PERMANOVA (p=0.001). No significant coatebn was found between
bacterial communities and the incubation time (B&a&s R, p>0.05). Indicator species
analysis shows that some T-RFs were statisticabp@ated with different treatments
(Table 6.5). Those T-RFs were rare members of tleeotrial community in the soil
samples (< 1% of total T-RFs), and were not idexdtiby clone library analysis.

The microbial community structure in soils withfdiient treatments at 24 weeks
were assessed by sequencing in total 187 clonesfror 16S rRNA gene clone libraries.
All soil communities were dominated IPyoteobacteria andAcidobacteria (comprising
46.9 + 13.5% and 13.9 + 5.8% of total clones infthe clone libraries) (Figure 6.11).
The rest of phylotypes were affiliatedBacteroidetes, Actinobacteria, Chloroflexi,
Chloroplast, Firmicutes, Gemmatimonadetes, Nitrospira, OP11, Planctomycetes and

Verrucomicrobia. Clone libraries in unplanted and switchgrasstéeaoils were similar,
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while increased abundanceRifoteobacteria and decreasedicidobacteria were
observed in redox cycled soils.

Proteobacteria are commonly found in soils and sediments (de &&tal., 2007,
Petrc et al., 2011a; Spain et al., 2009), and many knagrobic PCB-degraders are
Proteobacteria (e.g.Pseudomonas, Sphingomonas, Acinetobacter, Comamonas and
Burkholderia (Novakovéet al., 2002)), which may be involved in PCB degradation
our soil samples. Possible aerobic PCB degradbes tdtanProteobacteria, such as
Bacillus andRhodococcus, were also identified (Masai et al., 1995; Shimefral., 1999).
The high abundance ékidobacteria was previously found in other PCB contaminated
soils (Nogales et al., 1999; Pétet al., 2011a), indicating their possible rolé>@B
biodegradation.

Within Proteobacteria, Delta-and Gamma-proteobacteria include some species
that can degrade chlorinated compounds via delsgdwetion or co-metabolic reductive
dehalogenation, such Bssulfuromonas spp (Krumholz, 1997)Geobacter lovieyi (Sung
et al., 2006) andthewanella putrefaciens(Picardal et al., 1995). Geobacter, known as
sulfate/sulfur and iron reducers, were only detkatethe clone library from the
unplanted soil with redox cycling treatme@eobacter is able to dechlorinate
trichloroacetic acid and tetrachlorethene (de Weted., 2000; Strycharz et al., 2008;
Sung et al., 2006), and have been observed in RCBl@rinating enrichment cultures in
previous studies (Bedard et al., 2006; Bedard.e2@07; Holoman et al., 1998). The T-
RFs corresponding t@eobacter spp. were 203bp and 215bp (Table 6.4). However the
203 bpT-RF is not specific Beobacter sp. — it can also be generated from other
Deltaproteobacteri, and the 215 bp T-RF could be produced from 168essmes from
otherBetaproteobacteria, which may explain the relatively high abundanaethe two
T-RFs in soils with switchgrass treatment (FiguE3®. Furthermore, T-RF 203 bp was

identified as an the important T-RF in the classifion of T-RFLP profiles by random
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forest algorithm, as well as T-RF 235 bp, anoth&Hcorresponding to
Deltaproteobacteria (Figure 6.12).

Clostridiumis another genera identified in the clone libratiest has the potential
to dechlorinate PCBs. For instance, some cefbostridium strains can dechlorinate
tetrachloroethylene (Chang et al., 2000; Okeké. e2@01).Clostridium spp.were
detected in a PCB-dechlorinating enrichment cultleeved from St. Lawrence River
sediment (Olet al., 2008). In another stud@lostridium species were abundant in
sediments that were experiencipega- andmeta- PCB dechlorination (Hou and Dutta,
2000).Clostridium spp. can also produce hydrogen, an important anmahmn electron
donor for dechlorination (Bowman et al., 2009; Niaamtt Sengupta, 1998}l ostridium
clones generated 288 bp and 298 bp T-RFs, whiclpdsed 0.25% and 0.54% of the
total T-RF peak areas (Figure 6.1Gpobacter andClostridium were not abundant in the
four clone library, yet the presence of such delesloiring species in the soils
experiencing PCB dechlorination suggests theiriptessole in PCB degradation.

Chloroflexi detected by clone library in switchgrass treatat$ sunplanted soil
with redox cycling, and switchgrass treated sothwedox cycling were identified to
Anaerolineae andCaldilineae, which were not associated to dechlorination (Gepél.,
2013). Putative dechlorinatir@hloroflexi was not detected by clone library, probably
because of their low abundance in the soil sampitsrespect to total bacteria, which
was verified by the gPCR results.

Redox cycling had an effect on the microbial comityustructure in all,
according to the T-RFLP analysis. In clone librarieigher abundance Bfoteobacteria,
especiallyGammaproteobacteria, was found in soils with redox cycling. Also, an
increase of putative dechlorinati@iploroflexi 16S rRNA gene abundances in soils was
observed after redox cycling treatment as showgR@R. The redox cycling was
repeated for in total four times, but the T-RFLBfpe didn’'t show much difference

before and after the flooding session, as welhasabundances of putative dechlorinating
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Chloroflexi 16S rRNA genes, suggesting that the redox cyeksglted in bacterial
community change, but the bacterial community vegdient and stable despite of the

sequential flooding and non-flooding cycles.

Conclusions

In this study, we investigated the microbial comitias in the PCB spiked and
switchgrass treated soils that experienced PCBladecation. The occurrence of
dechlorination was verified by the detection ohsformation products of parent PCB
congeners in all soil microcosms, some of whicheaerder anoxic conditions. Redox
cycling was found to significantly enhance the rgal@f PCB 153 in unplanted soil.
The first two weeks of flooding of the redox cyditreatment successfully promoted the
putative dechlorinatin@hloroflexi populations, which sequences were confirmed to be
Dehalogenimonas, a potential PCB-dechlorinating species. Althoaglputative
dechlorinatingChloroflexi was detected in soils without redox cycling, thentification
of other dehalorespiring bacteria suctGasbacter andClostridium suggests the
dechlorination potential of the indigenous micréls@mmunity and their possible role in

PCB dechlorination.
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Table 6.1. Primer sets used for gPCR analysis aph VI.

) Expected
Target gene Primer Sequences product Source
name ;
size
16SU f 5-TCCTACGGGAGGCAGCAGT-3'
total bacterial 5'- 466 bp (Nadkarniet al.,
16S rRNA 16SU r GGACTACCAGGGTATCTAATCCTGTT- 2002)
3!
Dehalococcoidess dhc 793f 5-GGGAGTATCGACCCTCTCTG-3' 193 b (Yoshidaet al.,
like 1I6SrRNA  dhc 946r 5-CGTTYCCCTTTCRGTTCACT-3' P 2005)
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Table 6.2. Pertinent qPCR parameters (primer cdratén, template mass,
linear range, PCR efficiency, and y-interceptha §PCR standard curve)

in Chapter VI.
primer gPCR linear PCR
Targetgene  concentration, template range, gene ar Y-intercept
. : efficiency
uM copies/reaction

total k;%‘;fl‘;r'a' 165 41 1ngDNA  30-30x70 95-100% 36.11-38.38

Dehal ococcoides- 10 ng o
like 16S IRNA 0.8 DNA 30-30x10 95-100% 33.89-35.48
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Table 6.3. RDP classification of clone libraries duality assurance of gqPCR primers used in Chafiter

No. of clones

Primer set Target group RDP classification (% detya detected Sources
Rubrobacteridae (96-100) 3/9 (Grost q
. rostern an
dhc1f/264r Dehal ococcoides spp. . .TM7 (93) . 1/9 Edwards, 2006)
unclassified Bacteria (98-100) 5/9
Dehal ogenimonas (84-100) 5/13 ket
chl384f/dehal884r Chloroflexi Rubrobacter (100) 5/13 (Fage‘zr(‘)’gs) .
unclassified Bacteria (89-100) 3/13
dhc793f/946r Dehal ococcoides spp. Dehal ogenimonas (99-100) 12/12 (Yos;cl)%zg a,
Anaerolineaceae (84-89) 3/12
Dehal ococcoides-like unclassifiedChloroflexi (87-92) 5/12 (Krzmarzicket
dhc1154f/1286r . o .
Chloroflexi unclassified Bacteria (86-100) 3/12 al., 2012)
unclassified 1/12
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Table 6.4. 16S rRNA gene clones recovered fromamtptl soil (UP), switchgrass
treated soil (SG), unplanted soil with redox cygl(tuPF), switchgrass treated
soil with redox cycling (SG F). Clone identificatiovas made by RDP classifier.

Observed Predicted

NMDS

NMDS

T-RF T-RF Closet classified relative (% certainty) . .
axis 1 axis 2
(bp) (bp)
71 75 Sorangium (95%) -0.010 -0.165
unclassifiedBetaproteobacteria
187 194 (1ogop/o) 0.156 0.065
195 196 Luteolibacter (100%) -0.045 -0.331
197 200 Variovorax (100%) 0.267 -0.229
196 200 unclassifieBetaproteobacteria (96%) -0.004 0.307
203 204 Geobacter (100%) 0.295 -0.429
unclassifiedesulfuromonadal es
203 204 (100%) 0.295 0.429
unclassifiedXanthomonadaceae
204 206 (97%) 0.285 0.202
205 206 Rhodanobacter (100%) -0.198 -0.014
210 212 unclassifieBetaproteobacteria (87%) 0.567 -0.109
210 214 Dokdonella (94%) 0.567 -0.109
213 214 Caldilinea (100%) 0.561 -0.168
213 216 Gp3 (100%) 0.561 -0.168
215 217 Geobacter (100%) 1.389 0.242
unclassifiedComamonadaceae
216 217 (100%) 0.154 10.056
unclassifiedComamonadaceae
216 219 (100%) 0.154 0.056
225 227 Novosphingobium (95%) -0.176 0.230
228 230 Gracilibacter (100%) -0.109 0.178
229 231 Bacillus (100%) -0.045 -0.114
232 234 Gp6 (100%) -0.286 0.046
unclassifiedDetaproteobacteria
235 231 (97ny) 0.298 0.129
248 250 unclassifieBuminococcaceae (100%) 0.307 -0.187
260 262 Flavisolibacter (99%) 0.085 0.047
279 281 Planctomyces (98%) -0.218 -0.048
288 290 Clostridium XI (100%) 0.433 -0.141
298 300 Clostridium sensu stricto (100%) -0.142 -0.028
314 316 unclassifiednaerolineaceae (100%) 0.247 -0.051
328 331 Nitrospira (100%) -0.348 -0.298
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Table 6.5. Significant indicator T-RFs
determined by indicator species analysis.

Indicator T-RF Statistic p value
383 bp 0.722 0.0002
UP 286 bp 0.663 0.0008
385 bp 0.632 0.0006
384 bp 0.594 0.0004
128 bp 0.84 0.0002
245 bp 0.836 0.0002
UPE 166 bp 0.73 0.0002
396 bp 0.667 0.0002
339 bp 0.663 0.0004
349 bp 0.594 0.0006
108 bp 0.851 0.0002
406 bp 0.804 0.0002
215 bp 0.793 0.001
SGF 60 bp 0.706 0.0002
514 bp 0.606 0.0008
464 bp 0.557 0.001
263 bp 0.817 0.0002
UPF+SGF 231 bp 0.791 0.0002
502 bp 0.778 0.0002
258 bp 0.98 0.0002
265 bp 0.966 0.0002
SG+SGE o8 bp 0.918 0.0002
209 bp 0.909 0.0002
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Figure 6.1. The percentage of initial concentratdb®CB 52, 77 and 153 after 12 and 24
weeks of incubation in unplanted soil (UP), switcss treated soil (SG), unplanted soil
with redox cycling (UPF), switchgrass treated soth redox cycling (SG F). Error bars
indicate the standard deviation of three soil sofgas from the same reactor.

www.manaraa.com



ng/g soil

ng/g soil

105

100-
mm UP

B SG
B UPF

40- B SGF
Zﬂ-ii

1 - 1 ' 12 wk
0.4
0.0

"0 o P LS A
N5 Q°
v N WN
o
2.5+
2.0
1.5
1.04
24 wk
0.5+
0.0-
oS o o RS RS
NG
N

Figure 6.2. Transformation products detected dffeand 24 weeks of incubation in
unplanted soil (UP), switchgrass treated soil (2@planted soil with redox cycling
(UPF), switchgrass treated soil with redox cycl{8g F). Error bars indicate the
standard deviation of three soil subsamples froerstime reactor.
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Figure 6.3. Scheme of the possible dechlorinatethyays for PCB 52, 77, and 153.
Dotted arrows indicate possible pathways but nerimediate was observed.
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Figure 6.4. Redox potential change in unplantetd(si#t), switchgrass treated soil (SG),
unplanted soil with redox cycling (UPF), switchgrdieated soil with redox cycling (SG
F).
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Figure 6.5. Moisture content change in unplanteld &), switchgrass treated soil (SG),

unplanted soil with redox cycling (UPF), switchgrdieated soil with redox cycling (SG
F).
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Figure 6.6. Percentage of total PCB mass in switchgrass roots, and leaves after 24
week incubation in switchgrass treated soil (SQ) switchgrass treated soil with redox
cycling (SG F). Error bars indicate the standandaten of three soil subsamples from
the same reactor.

www.manaraa.com



110

—Clone 7

—Clone 2

—Clone 8

M Clone 11

Clone 10

—Clone 12
Clone 1

—®
Chloroflexi bacterium BL-DC-8 (EUBTI418)

Dehalogenimonas lykanthroporepellens BL-DC-9 (CP002084)
Clone 3
Clone 6
Dehalogenimonas sp. enrichment culture clone CG3 (JQ990328)
Clone 9
Dehalogenimonas sp. SBP1 (JQ934267)
Dehalogenimonas sp. IP3-3 (JQ994266)
Clone 3
Clone 4
Dehalobium chiorocoercia DF-1 (AF393781)
Dehalococcoides sp. CBDB1 (AF230641)
Dehalococcaoides sp. FL2 (AF357918)
Dehalococcoides sp. GT (NROT4288)
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A
0.005
Figure 6.7. Phylogenetic analysis of 16S rRNA gae&seved from switchgrass treated
soils with redox cycling after 24 weeks. The aliggmhwas made with ClustalX and
converted into a neighboring-joining tree, whichswasualized with MEGA4 with
Oscillochloristrichoides as an outgroup. The filled circles at nodes in@éidatotstrap
values of 95%, while open circles indicate boogstralues of 75~95%. Bootstrap values
lower than 75% are not shown. The bar represeb® 8equence difference.
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Figure 6.8. gPCR analysis behalococcoides-like 16S rRNA gene in unplanted soil
with redox cycling (UPF) and switchgrass treateitiwith redox cycling (SG F). Error
bars indicate the range of two soil subsamples tfersame reactor.
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Figure 6.9. gPCR analysis of bacterial 16S rRNAeg@m unplanted soil (UP),
switchgrass treated soil (SG), unplanted soil wetthox cycling (UPF), switchgrass
treated soil with redox cycling (SG F). Error bardicate the range of two soill

subsamples from the same reactor.
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Figure 6.10. NMDS ordination of T-RFLP profiles findolank soil without PCB spiking
(BLK), unplanted soil (UP), switchgrass treated §8G), unplanted soil with redox
cycling (UPF), switchgrass treated soil with reagkling (SG F).
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Figure 6.11. Clone library analysis of bacteriaBI®&NA gene in unplanted soil (UP),
switchgrass treated soil (SG), unplanted soil wetthox cycling (UPF), switchgrass
treated soil with redox cycling (SG F). Error bardicate the range of two soill
subsamples from the same reactor.
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Figure 6.13. The abundance of T-RFs that were iiiilsthby random forest algorithm or correspondedébalorespiring bacteria in
unplanted soil (UP), switchgrass treated soil (2@planted soil with redox cycling (UPF), switchggdreated soil with redox
cycling (SG F).
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CHAPTER VII. ENGINEERING AND SCIENTIFIC SIGNIFICANE

This work contributes to the understanding of micabPCB degradation as a
remediation strategy. The research objectives dedievaluating thin situ microbial
PCB degradation potential at a PCB contaminated isitproving PCB removal by
manipulating switchgrass rhizosphere, and investigahe microbial community
variation during the remediation processes.

The selection and optimization of bioremediaticatgtigies for PCB contaminated
site clean-up requires a comprehensive understgratiout then situ PCB degradation
potential. In Chapter Ill and IV, the aerobic améerobic microbial PCB degradation
potential was evaluated for two PCB contaminatelihsent cores from IHSC (core 1
and core 2) by the combination use of PCB conganalysis and molecular analysis of
microbial communities along sediment depth. Theetation between PCB congener
profiles and microbial communities was exploredamattempt to identify the key
members that might be involved in the PCB degradadti the deep sediments.

Core 2 exhibited a higher PCB dechlorination po&ttihan core 1, as suggested
by congener analysis. The increasing MDPR along 2agediment depth suggested a
higher degree of dechlorination in deep sedimdrits. microbial PCB degradation
potential was estimated by quantifying biomarkeregealong sediment depth, including
bphA, the gene indicative of aerobic PCB degradatamd the putative dechlorinating
Chloroflexi 16S rRNA genes. BotbphA and putative dechlorinatinghloroflexi 16S
rRNA genes were more abundant in upper 1.83 m sadsnsuggesting the occurrence
of both aerobic and anaerobic PCB degradationarufiper sediments. The low
abundance dbphA in deep sediments may be the result of the stramaerobic
environment. The discrepancy between PCB congetarahd putative dechlorinating
Chloroflexi 16S rRNA gene data revealed that targeting sttelZhloroflexi may be not

enough for the evaluation of anaerobic PCB degrani@btential. Other dehalorespiring
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microorganisms may also be involved in the PCB tettation process at IHSC. To
identify possible dechlorinating bacteria, micrélwammunities were characterized by
T-RFLP and clone libraryProteobacteria, which include many known aerobic PCB
degraders, were found dominant. Especidlbydovorax andAcinetobacter were

abundant. And the abundancefafdovorax was correlated with sediment and pore water
MDPR values.

The results from the studies described in Chagitantd IV confirmed the
potential of PCB degradation at the contaminatelthsents at IHSC, suggesting that the
indigenous microbial communities possessed thebdigyao degrade PCBs in sediments,
and that monitored natural attenuation could beagible remediation strategy. Another
guestion is how to enhance microbial PCB degradatiaing the bioremediation process.
In Chapters V and VI, phytoremediation with switdgs was performed on soil
microcosms with PCB spiking (PCB 52, 77 and 153)further enhance the aerobic
PCB degradation, bioaugmentation wigtrkholderia xenovorans LB400 was performed,
and to improve the anaerobic PCB degradationnsiciiocosms were subjected to redox
cycling (two weeks of flooding and two weeks of Ftwoding).

Chapter V described the results of phytoremediadinh bioaugmentation. The
presence of switchgrass significantly enhancedPttB removal in the soil after 24
weeks. The improved PCB removal was found to bedkelt of phytoextraction and
enhanced microbial activity. The microbial PCB @etation was not improved as much
as expected, which was also indicated by RT-gPObploh. The reason may be the
availability of other carbon sources in the rhizosge. It is also noted that microbial
activity had different effect on different PCB camgrs. PCB 52 is more susceptible to
aerobic degradation by indigenous microorganisraspite of itsortho chlorine
substituents. After bioaugmentation, PCB 52 remwoxad improved the most, while the
removal of PCB 77 and 153 was not significantly iayed. The active aerobic microbial

PCB degradation was also confirmed by the succledsteaction ofophA transcripts. The
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presence of switchgrass was found to benefit LB:LGOival and its ability to degrade
PCBs. Thus the combination use of phytoremediatmhbioaugmentation was
recommended.

While Chapter V shows aerobic PCB degradation eaerthanced by
bioaugmentation with LB400, in Chapter VI, an aling anaerobic-aerobic condition
was created by redox cycling, in an attempt to mienthe anaerobic PCB degradation.
The removal of PCB 153 was significantly improvadedox cycled and unplanted soils,
as compared with unplanted soil, suggesting thamedd anaerobic PCB degradation.
The first two weeks of flooding of the redox cyditreatment successfully promoted the
putative dechlorinatin@hloroflexi population, which may be associated with the
improved PCB 153 removal. However, the transforamfiroducts were detected in all
soils. Especiallyprtho dechlorinaiton product from PCB 153 was obseriédxn the
microbial community analysis was performed to sedoc the presence of taxa that
contain a dechlorination potential in the rhizogehBroteobacteria was again found to
be the most dominant, followed Byidobacteria. Geobacter, known as iron reducers,
andClostridium, which was able to dechlorinate other chlorinatechpounds, were
detected, indicating their possible role in the R{&Bhlorination.

One innovation of this work is assessingitimatu microbial PCB degradation by
congener analysis in conjunction with culture-inglegent microbial analysis for core
sediment samples. The depth pattern of congenarcdatprovide evidence that
anaerobic dechlorination has occurred, while therobial analysis targeting biomarker
genes shows the potential for both aerobic andrabheePCB degradation by indigenous
microbial communities. The obtained informatiowauable to decide whether microbial
PCB degradation (natural attenuation) is feasibtdale specific contaminated site.

Another innovation of this work is the detectiondahalorespiring bacteria in the
sediments and soils undergoing PCB dechlorinattamrently most microbial PCB

dechlorination research focuses@moroflexi, which include the only confirmed PCB
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dechlorinators@ehal occoccoides spp. and 0-17/DF1). Although the capability of
dechlorinating PCBs is unknown for many other defespiring bacteria, the lack of
analysis of these bacteria can lead to incompletetstanding of the PCB degradation
potential in contaminated sediments and soils,aabidsed selection of remediation
strategies. In this research, the presend&imietobacter, Geobacter, Clostridium and
Dehalogenimonas in the contaminated sediments and soils may stijgeis potential in
PCB dechlorinationDehal ogenimonas was found present in PCB contaminated
sediments from IHSC and in the soil microcosms uted#ratory condition, making
them a promising candidate for PCB dechlorinatiéspecially, flooding treatment was
found to be able to increaBehal ogenimonas population, suggesting that flooding was
effective in promoting the dechlorinating groupfdef was also made to identify the taxa
that might be important to PCB biodegradation bkilhg microbial data and congener
data. For example, the abundanc@&aflovorax was found to be correlated with an
indicator of PCB dechlorination. These observatiormwide the starting point for future
studies about microbial PCB dechlorination. It ap&d that the use of high-throughput
sequencing technologies could provide more insigbtthe microbial communities

involved in the dechlorination process.
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