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The improper disposal of chlorinated organic compounds is a concern because
of their toxicity and persistent natui2ehalococcoides mccartgtrain 195 can
reductively dehalogenate some of these compounds and, in the case of
tetrachloroethene (PCE), detoxify it by producing ethene. Its genome contains a
putative prophage, which could inhibit its ability to grow to high densities and cause
phag mediated cell death. This phage was evaluated by genomic comparisons and
electron microscopy. Cellular stress induced phage expression and stopped
dechlorination.

Dehalococcoidesan partially dechlorinate polychlorindtbenzenes but will
not use dichlmbenzene. Three strains@&halobactetthat are able to produce
monochlordenzene from dichlorobenzene (DCB) were sequenced and assembled.
Analysis of their genomes shows metabolic specialization for growth by reductive
dehalogenation. Their genomes wienger therDehalococcoidespp. genomes but
smaller then the nearest sequenced phylogenic relative, further indicating
specialization.

The process of reductive dechlorination does not completely explain the flux of



chlorinated ethenes at contaminatddssiTo investigate oxidation as an alternative
metabolism, groundwater and sediment microcosm were amended with various
electron acceptors and either vinyl chloride (VC) or ethene as electron donors.
Determination of oxidation was monitored by gas chrogaphy for the loss of VC
and ethene overtime without the production of ethene, ethane or methane.

From the groundwater microcosmsyigicobacteriunwas isolated that could
oxidize VC at microaerobic levels, perhaps partially explaining the observedflack
mass balance. Growth was monitored visually and increased with the decrease in VC
concentration.

Fromthe sediment microcosms, an enrichment culture was developed, with
one dominant organism relatedResulfovirga adipicdhat was able to oxidize ethe
coupled to sulfate reduction. Growth and metabolism in this enrichment culture was

observed by quantative PCR and the production of sulfide.
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CHAPTER ONE

OVERVIEW: GROWTH ONCHLORINATED ANTHROPOGENIC COMPOUNDS

Context

Anthropogenic compoundseadiverseclass of chemicals, many of which can
be metabolized by humans and microl&mneof these chemicals are classified as
known or potentiatarcinogensnd have been released into the environmidre
Environmental Protection Agency (EPA) has designated a large number of these
compounds as priority pollutantdne suctamily of compoundss chlorinated organics
such as tetrachloroathe (RCE) and dichlorobenzen®CB). These compounds are
presenbn the Agency for Toxic Substances and Disease Registry (ATBRIR)
substances listyherethe ranking of each compound is calculated based on potential for
human exposure, frequency of occurreabeontaminatedites, and toxicityMany of
thechlorinated organics are particularly tricky to mitigate since they are denser then
water andorm dense nonaqueous phase liquids (DNARha)migrate to anoxic zones
within a contaminat plume Chloroorganic compoundsange inrank (Table 11), from
the most toxic organic compound (VC, rankéd t the leastk,2,3,7,8,9

hexachlorodibenzofuramanked 27%).



ATSDR 2011 Substance Priority List

Compound Rank
Vinyl Chloride 4
PolychlorinateBiphenyk 5
Benzene 6
Trichloroethylene 16
Tetrachloroethylene 33
Pentachlorobenzene 77
1,1-Dichloroethene 81
Hexachlorobenzene 93
Monochlorobenzene 117
1,2,3Trichlorobenzene 139
1,4-Dichlorobenzene 159
Heptachlorodibenzofuran 166
1,2trans-Dichloroethene 177
1,2-Dichlorobenzene 175
1,2,4Trichlorobenzene 199
1,3-Dichlorobenzene 204
1,2 cis-Dichloroethene 270

1,2,3,7,8,%exachlorodibenzofuran 275

Table 1.1: Priority ranking dfelectecthlorinated compoundmnd benzené3).

Chlorinaed ethenes are toxic, anthropogenic compounds that have many
industrial and commercial uses. Due to improper displestage of storage vessand
the persistent nature dhese compoundgheyhave polluted aquifers and landfills and
remain one of the most common groundwater pollutants. Many of the characteristics that
make these chemicals appealing to, asatribute to longasting contamination. The
Safe Drinking Water Act dictates that mawfythese compounds have a maximum
contaminant level of fig/liter, with VC having a maximum contaminant level of 2
pg/liter.

Traditional remediation methods, such as pump and treat or nemtitatural

attenuation oPCEand trichloroethene (TCE) are often expensNatural attenuation



results often vary anasult in higher toxicity levels of groundwater due to build up of
dichloroethene (DCE) or vinyl chloride (V@&rmed via reductive dechlorination
Bioremediation has been pursued as a viable option for removal of chlorinated ethenes
but this proceshas disadvantagednder aerobic conditions PCE and TCE fail to be
efficiently metabolized whereas DCE and ¢@n be biodegradetost contaminat
plumes are anaerob{21). PCE and TCE can be metabolized efficiemtlyighly
reduced anaerobic environmemntdereinchlorines are sequentially replaced with
hydrogen in a process termed reductive dehalogenation as illustr&igdrel.1
CI\:=C/CI 2H HEI CI\ =c/H 2H  HCI H\o= /H 2H HEI H\ _ /H 2H HCI H\C=C/H
CI/ \CI (:l/C \CI CI/ C\CI H/C C\CI Hoo

H

PCE TCE DCEs VC ETH
Figure 1.1: Reductive dehalogenation of PCE to Eth as carried @ghslococoides

mccartyistrain 195

Reductivedehalogenatiors thermodynamically favorabfer both
chlorobenzeneand chloroethend®6, 32). For examplethe! G* for reductive
dechlorinatiorof 1,2 dichlorobenzen& monochlorobenzene i$53.2 kJ/reactiorfor
PCE to TCE thé G* is -173.8kJ/moleandfor reductionof VC to ethenghe! G* is -
149.9kJ/mole makingthese reactionthermodynamically favorabl@6). Total reductive
dechlorination of polychlorinated benzenes or etheesds in either enzeng24, 55,
58) or ethend60), which arehighly toxic or nontoxicrespectively

In the case of chloroethenes, tracking and monitahegroduction of ethene can
beinconclusive(6, 54). Poor mass balaneeay show evidence of ethene metabolism

rather then incomplete dechlorinati(@®).



Phylum Microorganism Isolated for growth on e- donor Enzyme Class
Dehalococcoides Reductive
Chloroflexi mccartyi 195 Perchloroethene H, Dehalogenase
Dehalococcoides Reductive
mccartyi CBDB1 1,2,3-Trichlorobenzene H, Dehalogenase
Dehalococcoides Reductive
mccartyi BAV1 Dichloroethene H, Dehalogenase
Dehalococcoides Reductive
mccartyi VS Dichloroethene H, Dehalogenase
Reductive
Firmicutes Dehalobacter Restrictu3PCE Formate, H Dehalogenase
Desulfitobacterium Formate, lactate,|Reductive
hafiense Y51 Perchloroethene pyruvate Dehalogenase
Desulfitobacterium Formate, lactate,|Reductive
hafiense DCB-2 2,4,6-Trichlorophenol pyruvate Dehalogenase
Sulfurospirillum Reductive
I-Proteobacteria  [multivorans Perchloroethene Formate, H Dehalogenase
Acetate, Pyruvat¢Reductive
"-Proteobacteria  |Geobacter lovelyi SZ |Perchloroethene H, Dehalogenase
PolarmonaslS666 cDCE Oxygen Monooxygenas
Actinobacteria Mycobacterium)S60 VC Oxygen Monooxygenas
Nocardioides]S614 VvC Oxygen Monooxygenas

Tablel.2: A subset of organisms capablamdtabolism of chlorinated compounds and

the enzyme class responsible fioediating this metabolism

This chapter describes a few of the organisms resporisdézl in Table 1.2jor

metabolism of a few anthropogenic compounds by two mechanisms

1. Reductive Dehalogenatipthe use of chloroorganic compounds as electron

acceptor

2. Oxidation the use of a chlorinated compound asdlleetron donor and theole

source of carbon and energy

Understanding of the organisms responsible for mediating these two processes will

provide insights into natural attenuation grudentialbioremedation.

Reductive Dehalogenating Organisms and Process

Dehalococcoidemccartyispp. areknownto useH, asthe onlyelectron dongr

electron acceptors alimited to halogenated compoundsnd acetate is used as the only

carbon sourcePhylogenetic analysis by 16S rRNA gene sequences of these organisms



placesDehalococcoidewithin a deep branching subphylum of @bkloroflexi(also
calledgreen nonsulfur bactejial' he type strain of this specid3, mccartyistrain 195
(previously O. ethenogen&3)is the only known organism that can completely
dechlorinate PCE to netoxic ethendg60).

Other strain®of Dehalococcoideare unable téully metabolize PCE to ethene
(28). D. mccartyistrairs 195and FL2cometabolically dechlorinate VC to ETlelading
to considerable VC accumulatiomhereas strains BAVVS,and GT metabolidky
dechlorinate VC to ETHA41, 74). Strain CBDB1 can use PCE and TCE, wittnsDCE
as the primary end product. Strains GT and VS are unable to metabolize PCE, whereas
strain BAV1 can cometabolize PCE and TCE to produce ethene, and strain FL2 can
cometabolize PCE and VC to produce eth@&. Dehalococcoidespp. have a range of
substrate utilizatiopatterns

Various halogenated compounds have been shown to be dehalogenated by
Dehalococcoidespp. including polychdrinated biphenyls (PCBs)eptabrominated
diphenylethers(PBDE), polychlorinated dibenzg-dioxins and dibenzofurans
(PCDD/F) and polychlorinated benzengs 27, 45, 46, 53), most of which are present
on the ATSDR list of priority compounds (Table 1D).mccartyistrain 195 can also
dehalogenate chlorobenzenes with dotflapked chlorines; however it cannot
dehalogenate trichlorobenzenes or dichloraeeesDehalobacterstrains havéeen
identified with the ability to completely dehalogenate chlorobenzenes to bgea3gne

The growth of strain 195 in pure culture is slow with low biomass yields. The
genome of strain 195 has been extensively analyzed and the presence of an apparent

complete prophage identified. Prophages can have dire consequences on microbial



growth and coul be responsible for low biomass yields of strain 195 in pure ci#ture
19, 30, 33). Chapter two presents data that shows this prophage to be active and inducible
in strain 195.

The process of reductidechlorinations not ubiquitous at contaminated
chloroethene sites and is dependent on the specific organisms p&sddehalobacter
spp, D. hafniense, Geobacter lovelyi, Sulfurospirill(idehalospirillum) multivoransare
only able to reduce PCE tis-DCE via TCE(2, 65, 66).

Dehalobacterspp. carutilize different dichloroberene isomers
dichloromethaneghloroform tetrachlorophthalideand trichloroethané37-39, 48, 64,
78). The analyses of three genomes of DCB dehakatiyjemn DHBSs araliscussedn
chapter three

Dehalobactei(DHB) spp. are phylogenetically distinct frdbehalococcoides
belonging to thé-irmicutes(44). Dehalobacterestrictusstrain PERK23, the type
strain, was isolated with PCE as the electron acceptor, hydrogen as electgmauidn
acetate as carbon sourdénough this is similar metabolic lifestylasDehalococcoides
D. restrictuscan be grown in defad medium with the addition dfvo vitamirs,
(thiamine cyanocobalaminand thre amino acidgarginine, histidinethreoning
wheread. mccartyican grow without supplemental amino aqi@8, 44). DHBs are
obligate anaerobes and are most closely relatBésaolfitobacterium hafniensanother
Firmicutesthat is able to grow by reductive dehalogenatrespiration with sulfite or
fumarate as the electron acceptorby fermentation(49, 67, 77).

A class of enzymes called reductiehalogenases (rdh)asmmonto

dechlorinatingorganismsThis enzyme class is characterized by the presence of a



corrinoid cofactor and two 4FHS clusterg57). Each dechlorinating organism has at
least one rdh and some have as many ath88ghthe function of eeh rdh is unknown
Studies usingdehalococcoideare able to linksome of thedh genes ta specific
function. This is dongith a combination of protein gel assays, reverse genetics and
guantativePCR(1, 31, 61). In strain 195PceA was identified as the protein responsible
for dehalogenation of PCE to TC&nd TceA a responsible fodehalogenation of TCE
to ethenalthough the final chlorine removal is cometab@8t, 56). In strain 195,
expression of the rdh genase mediatedy flanking regulatory proteinghe

chloroorganic compoundsesent ad the respiration rai®2, 72).

Oxidation of VC and Ethene

Sincenot alldehalogenating organisms aawetabolize chloroethenesmorttoxic
etheneVC accumulation can occ3, 59). VC can bedetectedn anaerobic zorsof
chloroethenecontaminated sitethoughsometimest disappeas without thedetectionof
corresponding amounts ethenejndicating thatvC or ethends being metabolized by
an alternative pathway within the anaerobic z{r#:43).

Production of’C-acetatd8), **C0O,, and**CH, (11, 14), from **C-labeled VC las
been observed in microcosptmit no transformations have been described for unlabeled
VC at greater than tracer quantitiekowever, it remains unknown vwdi microbe might
be performing this metabolis(i5). Previousstudies have reported that VC
minerdization could be coupled teductionof Fglll) or humic substancd9, 10, 18).
Aerobically, VC oxidation has beearserved irfMycobacteriunspp.,Nocardioidesspp.

(21, 76) andPseudomonaspp.(76) among others.



It is still unclear in many cas&ghetherVC oxidation detected in ¢tures and
microcosmswas truly anaerobic or due to contamination by teaneuntsof oxygen.
Chapterfour describe anaerobic cultures that apparently oxidized-traner
concentrations of VCThe best explanation for the behavior of titure is infiltration
of small amounts of oxygen sufficient to oxidize the VC in those cultures as

demonstrated by cultimg and molecular biological methads

Anaerobic Aerobic
PCE
TCE
DCE
VC
/?;?,, Epoxy(chloro)ethene
7
CO, & 7 ‘l' ‘1,

ETH co,

Figure 1.2: Fate of chloroethenes in groundwater systeashed lines represent
thermodynamically possible reactions, without an identifirsethanisnor organism

The aerobic conversion of eties VC and DCE are known to be mediated by a
specific class of enzymes, monooxygend8s These enzymes convert ethene, VC and

DCE into their corresponding epoxides. These epoxidethanemetabolizedndin the



case oMycobacteriumlS60grown onetheneo 2-hydroxyethytCoM (22, 47). This
transformation can only happen in the presence of oxygen, which is the reactant. Oxygen
levels at the edge of a contaminant plume could be below detection limit, yet the flux of
oxygen could still be high enough to allow for aerobic gro{88).

Polaromonassp. strain JS666 is the only isolated bacterium capable of growth on
cDCE as its sole carbon and energy so(26e47). When grown on cDCE, this isolate
could also metabolizeéansDCE, TCE, VC, 1,2DCA and ethene. e metabolic
mechanism for growth on cDCE by JS666 appears to be the same as for growth on VC
and ethenayith formation of an epoxideatalyzed by a monooxygendgq).

There are a few theories explainitng failure to deéct ethene in anaerobic zones,
despite the observed decrease in VC concentraffods, 17, 35):

1. Etheneproducedrom reductive dechlorination rapidly oxidized to CQ
anaerobically

2. VC is directly oxidized to C@anaerobically

3. VC is oxidized to acetate which is further metabolized to &®@ CH

4. Oxygenis continually introduced and consuniageping itbelowdetection limits
allowing for the aerobic oxidation of VC

The presence of an aerobic zone in plumes might not fully explain the lack of
mass balance at contaminated i 59). The conversion of VC to either acetate
(Equation 1) or to Cé@and H (Equation 2) ienergeticallyfavorable under anaabic
conditions with & GO 0f157 kJ/reaction ané3.4 kJ/reaction, respectively. Using a
terminal electron acceptor such as sulfate increases the favorability of the reaction to

242.1.5kJ/reaction (Equation @5). The possibility that ethene is oxidized anaerobically



as soon as it is formed is also thermodynamically favorable under sulfate reducing
conditions (Equation 5).

Equation 1C;HsCl + 2H,0! CH3;COO + CI +2H" + H, I G” =-157 kd/rxn
Equation 2C,HsCl + 6H,0! 2HCQO; + CI + 3H" + 5H, I G” =-53.4 kd/rxn
Equation 3C,HsCl + 1.5SQ% ! 2HCQO; + CI + 0.8H" + 1.BHS | G* =-242.1kJ/rxn
Equation 4 CHy gt 6H:0() # 2HCOs (g + 2H' (g + 6Hyg) " GjO= +101.6 k/mol
Equation 5 CoHy (gt 1.5SQ% ag#t 2HCOs g+ 0.5H + 1.5HS5g " Gi0=126.2 kd/mol
Equation 6CoHy (gt Ho!  CoHg g+ H' + CI " Gj0=98.9kJ/mol

Ethene is a notoxic, gaseous, phytohormone, aadeen produced in large
guantities for plastic manufactuf40, 51). The aerobic organisms that are able to
metabolize ethene are common in soils and theraleaccumulation of ethene from
plants is minorlf the soils become water logged, anaerobic conditions will develop,
which will prevent the metabolism of ethef®9, 34, 69).

Ethene has been considered recalcitrant under anaerobic condition and is
inhibitory to methanogenes(g0, 71). Short chainhydrocarbonsuch asnethanegthane,
propane, and butane are components of natural gas that can be metabolized aerobically
and anaerobicall{B, 42). Theanaerobic metabolism of these hydrocarbocmspled to
sulfate reductiorhas beemeported50, 59). Anaerobic metabolism of short and long
chain hydrocarbons has been linked to sulfate reducing orgag#§m$he anaerobic
oxidation of ethene has oribeen reported in trace amounts and the reduction to ethane
has been sporadically report@®, 25).

Since reductive dehalogenating anisms are obligate anaerobes, ethene

production from the dechlorination would be in an anaerobic @8)eA few studies

10



have reported the metabolism of ethene anaerobjtsllseductionto ethane (Equation
6) ormineraliationto CO, (12, 25). As equation 5 shows, the oxidation of ethene is
thermodynamically favorable when coupled to sulfate reduction. No organismbde&ve
identified as responsible for the anaerobic mineralization of ethene. The development of
enrichment cultures showing anaerobic oxidation of ethene coupled to sulfate reduction
will be further discussed in chapter five

Thus, theknownmicrobialy mediateddegradation ohydrocarbons hasot
included the anaerobic degradation of ethene, whenettsane, ethanacetyleneand
longer chain hydrocarbons areetabolized68). Understandinghte anaerobic fate of
ethene is importariiecause¢he production of ethene is often used in conjunction with the
decrease in chloroethene concentration as evidence for bioreme(bdjion
Investigationsnto the anaerobic metabolism of ethavikk further our understanding of
hydrocarbon metabolisend could reducencertaintyabout bioremediatioat

chloroethene contaminated sites.
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Objectives

The remediation of contaminated sites will benefit fiitbmincreased
understandinghe organismdiat can metabolize chloroorganic compountikile
Dehalocccoidespp. areable to completely dechlorinate chloroetherleis, specieslone
cannot fully explain field site metabolite flat field sites and lack of mass balat®
54, 62). Dehalococcoidegenomic analysis reviled the presence of an apparent intact
prophagg72). Studies on this prophageuldhelp in understandinfgilure to remediate
even though the organisms and conditions would seem toredactivedechlorinatio.
This is the first objective, which is the focus of chapter two.

There are other organisms capable of reductive dehalogenation besides
DehalococcoidesOne such organism Behalobacterwhich cangrow by reductive
dechlorination of PCE to cDC@4). Three strains obehalobactethave been
characterized on their ability to dechlorinate polychlorindkexizene$63). The second
objective is taanalyze the genomes thfese metabolicallgpecializedrganismsThis
objective is elaborated on in chapter three.

Because of incomplete dechlorination of PCE by organism®lgtelobacter
andDehalococcoidestrains identification of organisms that are capable of oxidizing
ethene or VC anaerobically will help to reduce uncertainty during remediahianis the

third objectiveand the focus of chapters four and five.

12
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CHAPTER TWO
THE LIFE CYCLE OF PROPHAGE ! D195 DEHALOCOCCOIDEMCCARTY!I

STRAIN 195

Introduction

Chlorinated ethenes are some of the most common groundwater contaminants in
the US and comprise some of the most toxic organic anthropogenic compounds. These
compounds are remnants from dry cleaning operations and various industrial processes
and manufacturing. Due to improper handling and discharge, these carcinogenic
compounds have made it into groundwater. Through the process of reductive
dechlorination, that is the replacement of chlorines with hydrogen, tetrachloroethene
(PCE) can be complete detoxified to ethene. Dehalococcoidemccartyistrain 195
(previously "D. ethenogenéy is the only organism known to couple growth with the
reductive dechlorination of PCE to non-toxic ethene (19). The genome of this organism
was sequenced and annotated and genome analysis has allowed for further understanding
of it metabolism (27).

Sequencing of strain 195 identified nine potential integrated elements including
one (IE, VII) that appeared to contain an intact prophage (27). This element was
55,258bp and contained open reading frames (ORFs) DET1066-1118, and it was noted
that there was extensive synteny with Bacillus cereud 0987 prophage. Johnson et.al.
(16) found that ORFs 1066-1104 from this region had higher transcript levels in gene

arrays as the culture reached stationary phase, reminiscent of prophage induction.
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Recently, metagenomic studies identified another prophaelwdlococcoides
from the KB-1 mixed culturg33), andshowedthatelectron acceptor limiting conditisn
activatedthis prophageEarly studies of strain 195 grown in medium supplemented with
extracts from anaerobic digesters noted phage presence ¥8=Mhese studies could
not attribute the phagéke particles to strain 195 due to theesence of the extracts.
Growth of strain 195 in medium lacking extracts allowed fompttogphage of strain 195
to be further studiedased on sequence analysis, this prophageiedicted member of
the Siphoviridaefamily, many ofwhich are describedstemperatgphagesand have been
sequenced from viral particles or as part of a bacterial chromg&me

Phages play an important roleriatural systems through predation and mediation
of horizontal gene transfeProphageandother insertion elementge major contributors
to variation between strains and can contribute important biological profgéjtiBeage
predationcan have a strong impact otosystem function throughutrient cycling(30).

In many ecosystems viral abundance is estimated to bl graater then total cell counts
(10, 11). Aquatic environments have been the most studied for their phage and host,
diversity and abundance.

Describecdhereis the prophage namedD195 the bacteriophage particles

producedby strain 195and some of its properties

Methods
Culture Conditions
Strain 195wasgrownin a definedmedium(9). All culture media vials and tubes

were prepared anaerobilyain an anaerobic glove box (Coy Laborat®roducts Grass
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Lake, MI). Basalmedium(9) was dispensed into 120l serum vials or 2l Balchtubes
with 50 ml or 10ml of medium, respectivel\Culture tubes and vials were sealed with
TeRoncoated butyl stopper€ulture tubes and vials were removed from the glove box
and autoclaved. Headspaces were flushed stéttileN, gas andhe medium
supplemented witkterile, anaerobib mM sodium acetate, 0raM L-Cysteine, 0.2nM
sodium sulbdel.0 mM sodium bicarbonate, M MOPS pH 7.4, InM Ti(lII)NTA and
vitamin solution containing 0.05mgtamin By, per liter(19, 21) andinoculunedat 2%
(vol/vol). Hydrogengaswasadded td).3atmand neat PCE was addedpasviously
described19). Cultures weréncubated at 35, shaking and inverted in tioark.
Reductive dechlorinatioof PCEand production of daughter produetsremonitored as
previously describe(R0), using a PerkirElmer 8500 gas chromatogtapith Rame
ionizationdetector.
Microscopy

SYBR Green | staining was done as described by Ratal (2007).Samples
were fixed in gohosphatébuffered saline (PBS) soulution contain2ig (vol/vol) final
concentrationformaldehyddor a minimum of 10 minutes. Fixed samples were then
filtered onto a 0.02m Anodiscmembrane filtergWhatman Maidstone Kent, UK).
Driedfilters were then placed in a SYBBreen | solution (InvitrogerGrand Island, NY
for 15 minutesanddriedagain before mounting on microscope slide with-fade
reagent{:1 PBS/glycerol0.1% pphenylenediamineSlides were visualized and
enumerated oan Olympus B-51 epifluorescence microscope.

Forelectron nicroscopy0.2ml of cells and medium were anaerobically removed

from a cultue that had consumed at least 2mmE and applied to a formvar grid
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(300 nesh, EMS, Hatfield, PA). This was mixed with an equal volume of 2% uranyl
acetate on the grid. The stain and culture were dried under a streanGofds were
briefly rinsed with MilliQ water (Millipore Billerica, MA) and dried before observation.
Cells were imaged on a Philips electron microscope equipped with a MicroFire digital
camera and Optronics software.
Nucleic acid extraction

DNA from cells and phage particles were not separated before DNA extraction.
Culture medium was added to SB5a10% finalconcentrationThis was then heated to
95;C for 10 minutes. DNA was isolated usitige phenol/chloroform method as
described by Fuhrmaet. al.(1988)12).

Purified phage DNA was isolated by centrifugatian13,000 rpm for 3éninutes
at 4;C to remove cellsSupernant was transferredcentrifuge tubes fdPEG 8000
precipitation overnight atj€ as described by Thurbet. al(32). Precipitated viral
particles were cormmtrated by centrifugation at 0®0 rpm at 4C. Most of the
supermtant was removed artbe pellet was resuspendedtheremaining 100ul of
supernatantSDS was added to a 10%sal concentratio and samples were incubated at
95;C for 10minutes. After heat denaturationiril of 100%ethanoland 150ul of 10.5M
NHsAc wereadded andhe mixture wasncubated overnight aR0;C for precipitation
Then samples were centrifuged at 13,000 rp#@tandthe supernatantemoved.The
DNA pellet was resuspended in 20i0of virus-free dHO. An equal volume of
phenol/tloroform/isamyl alcohol (25:24:1) was added after resuspension.miiRiare
was centrifuged for gninutes at 13,306om to separate otihe aqueous layer. After

centrifugation the bottom layer wasemoved and an equal volume of
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chloroform/isoamyl alcoha|10:1)was added, anithe mixture was centrifuged again for
2 minutes at 13,306om. Bottom layer was removed, atfte DNA inthe remaining
samplewas precipitated as abavihe resultingdNA pellet was washed with 70%
EtOH andthe samples were air driedegaporatéheremaining ethanand theDNA
was resuspended 50ul dH,O.
Prophage induction

Cultures of strain 195 wegrown as described abowéials were split into sterile
anaerobic tubeafter culture had consumeapproximately 3 pbf PCEwithout a
starvation periodMitomycin C inductios were performed by adding mitomycin C
(Sigma St. Louis, MQ to a final concentration @f.8ugml half of split culture.
Hydrogen and PCE was added to all culture tubes then tubesnesebaedin the dark
at 35C for 24 hourgnverted and shakindpechloination was monitored as described
aboveand previously20).
Phylogenetic tree

Amino acid quences were aligned first using Clust4B4). The esulting
alignmentwasthen used to createphylogenic tree using the MrBayes within Geneious
(17). Granulicatella adiaceas ATCC49175was used as an outgroup uspaisson
substitution modehnd gamma rate variatig¢m5). Chain length set at 1,100,000 with a

subsampling frequency of 200. Priors were set with an unconstrained branch{1&hgth
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Amplicon Primer

Gene Target Size (bp) Name Sequence (5'3")
RNA Methyltransferase 185 DET 1065 F TACCGCAATCATGCCCGTTT
DET 1065R TTTATTGCTTGCGTGGCGGA
Hypothetical Protein 197 DET 1066 F AACCACGAGTGCAAACGAGT
DET 1066 R TCTGGGACAATTGCCAGCAT
Recombinase 178 DET 1067 F TACCAAGGATGAGAACGGCAACCT
DET 1067 R TCTTGTTGATGGTGCTTGTGTGCC
Endolysin 171 DET 1070 F AACGGCAAATACATCCGTGGCT
DET 1070 R ACCTTTGCCTGCACAGCAGAAT
Hypothetical Protein 151 DET 1075 F ATTGGCACCAATGGGCGAACA
DET 1075 R ACATCAGCACTCGTCATGCT
Major Tail Protein 184 DET 1080 F TAACAACAACGGCTATTCCGGCGA
DET 1080 R ACATGCAGTGACGGATCTTCCTCT
DNA Packing protein 193 DET 1084 F AGGACAGCCTGATTGAAAGCCTGA
DET 1084 R AAGCGTCATATTGAGCGCATGGTG
DNA-Dependent Polymerase 153 DET 1100 F AACTGACCACGGCCATGAAGGATA
DET 1100 R TGAAGTTCAGAGGGAGCGGTCTTT
Hypothetical Protein 182 DET 1104 F TTTCATCTACGTTCGCAGCACC
DET 1104 R TGCAGCGTGATATTCGCAGT
Hypothetical Protein 229 DET 1105 F ACCATTCATGATCCCAAGCCCA
DET 1105 R TTCTTTGGCAGCGTCGGAATGT
Septum formation MaF Protein 174 DET 1120 F ATGCCGAAACCAAAGCCAGAGA

DET 1120 R TGCCGCTTATTACCGTATGGCT
Table2.1: Primersused and developed for this study

End point PCR and quantitative PCR

End Point PCRamplificationswere gerformed with primer sets listed table
2.1.Previously published primers targeting 16&NA gene DHC385F and DHC695R
(10), and tceA tceA500f and tceA795r(13), were used to assetheD. mccartyistain
195 genomic DNA contenT.he PCR reactiomixture contained 1.25U 5PRIMEaq
polymerase, 1X 5PRIMEaq buffer, 0.3uM, 200uM dNTPs, a@dbul of extracted DNA
in a total volume of 35plAll PCRs were prformed with an initiatwo minute95°C step
followed by 30 cycles of 9%C for 1 minute, 50°C for 1.5minute, 72°C for 1 minute
followed by a 10minutehold at 72 and a leld at 4! until analysisPCR amplicons
were analyzed on a 1.25% TBE gel stained with ethidium bromide.

Quantative PCR amplifications were performed in triplicate on a BidRa@Q

Cycler. Individual reactions contained iQ SYBR Green Super Mix (BipRadcules,
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CA), and primers at 200M. Previously published primerBHC385F and DHC695R,
targetingthe L6 SrRNA genewere used tguantifycell number(14). Primers were
designed to target the prophage genetbinding any other sequences in the genome of
Strain 195. Primer sequences are listed in Teble QuantativePCR amplifications were
carried out with the follwing parameters: & for 10 min and @ cycles of 95C for 15

s and 60C for 1 min. Meltingcurve analysswereused to screen for primer dimers.

DNA target amplifications were compared to DNA standards obtained by serial dilution

of genomic DNA.

Resultsand discussion

Genomic analysis

DhcVS_0936 DhcVS_0938
Strain VS
Strain 195 2EIL065 DET1120
R
D b ,m
l%}?CI KKK X 43CIHCH ]%OCNG}

Figure2.1: Genomic comparison between sequenced straiDglodlococcoides
mccartyishowing thegenomic architecture of the viral integration site. In strain 195, the
carbonic anhydrase (blue) is absent however; the RNA methyltransferase (purple) and
maflike (green) protein are conserved.

Comparisondetween the genome of strd 95 and the other strains of
Dehalococcoidesvith sequenced genome show that only this strain contains I ¥jlI

In strain VS, for example, shows that ORF DhcVS0937 imoepby IE VII plus

DET1065. Dh¥/S 0937 is annotated as a hypothetical protein, although according to the

26



IMG annotation (jgi.img.doe.gov) resembles a carbonic anhydrase, and is not present in
Strain 195, while the two flanking ORFs are present in Strain 195, as well as

corresponding upstream and downstream regions.

Gene Present in Phage DNA

DET1065
DET1066
DET1067
DET1070
DET1075
DET1080
DET1084
DET1100
DET1104
DET1105
DET1120
16S rRNA -
tceA (DET0079) -

Table 2.2: End-point PCR analysis of genes from annotated prophage and genome of

strain 195. PCR products were compared to amplification from strain 195 genomic DNA

and examined on a 1% agarose/TBE gel.

+ o4+ o+ 4o

Using endpoint PCR to identify Strain 195 genes associated with purified viral
particles (Table 2.2) found that all ORFs tested from 1066-1104 were present in the
particles, whereas flanking genes, DET1065 and DET1105 were not found, nor were any
other genes tested from Strain 195. ORFs DET1067-1104 are all transcribed in the same
direction and many of them are annotated to encode phage functions (Table 2.3). The
predicted element encoded by ORFs 1105-1118 are transcribed divergently from the
prophage genes, and includes ORFs predicted to encode a Type III
restriction/modification system, and is likely to represent a distinct genetic element from
the predicted prophage. ORFs 1066-1104 occupy 35.4Kb of the genome, now called

®D195 (27).
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Seshadri et. al. (27) noted extensive synteny with a prophage of B. cereus, an
aerobic member of the Firmicutes, and shown in Figure 2.2 is an extension of this early
observation, showing that the closest relatives are anaerobic Firmicutes. Many of the
predicted gene products of Strain 195 prophage show >80% amino acid identity with
genes from this phylum (Table 2.3) and one ORF 1088, predicted to encode a phage
terminase, shows 97% identity. The top hit for this ORF, and several other ORFs, is a
prophage of Lachnospiraceae bacterium 8 1 57FAA (Figure 2.2), sequenced from an
inflamed biopsy tissue from a 22-year-old female patient with Crohn's disease (1). The
16S rRNA gene from the draft genome is nearly identical with that for Ruminococcus
torques, commonly detected in gastrointestinal microbiota.

Figure 2.2 shows extensive regions of synteny and homology between the two
prophage genomes, as well as regions with low homology, most of which are occupied by
genes predicted to encode hypothetical proteins. Among other differences are that ®D195
has both a holin and endolysin gene, whereas Lachnospiraceae 8 1 5TFAA only
contains an annotated holin. ®D195 seems to be missing structural proteins, a tail
component and a minor structural protein in comparison to the prophage of

Lachnospiraceae 8 1 5STFAA.
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Table 2.3 Genome organization!oD195

Locus Tag Size (AA) Predicted Function

DET1066
DET1067

DET1068

DET1069

DET1070
DET1071
DET1072
DET1073
DET1074
DET1075
DET1076
DET1077
DET1078
DET1079
DET1080
DET1081

DET1082
DET1083

DET1084
DET1085

DET1086

DET1087

DET1088
DET1089

DET1090
DET1091

DET1092
DET1093

DET1094

DET1095

DET1096

DET1097

DET1098
DET1099
DET1100
DET1101
DET1102

DET1103
DET1104

Table 2.3: Locus tags and annotated function of genes encoddd1®b with their closest

275
518

138

519

491
141
268
104
472
369
756
120
907
125
202
108

127
105

95
405

242

444

535
66

74
231

421
193

115

142

488

95

789
109
662
190
379

108
173

Hypothetical Protein
Integrase

Site-Specific Recombinase

Site-Specific Recombinase

Endolysin

Holin

Hypothetical Protein
Hypothetical Protein
Hypothetical Protein

Hypothetical Protein
Hypothetical Protein

Hypothetical Protein

Tail Tape Measure Protein

Hypothetical Protein

Hypothetical Protein
Hypothetical Protein

Phage Head-Tail Adaptor
DNA-Packaging Protein

HK97 family

Proteolytic subint ClpP

HK97 Family Portal Protein

Terminase, Large Subunit
Virulence-Related Protein

Hypothetical Protein

Virulence-Related Protein

DNA-Methylase
Hypothetical Protein

HNH Endonuclease Domain

Protein
Hypothetical Protein

SNF2 Domain-containing

Protein
Hypothetical Protein

Hypothetical Protein

DNA-Dependent DNA
Polymerse, Family A
Hypothetical Protein
Hypothetical Protein
Hypothetical Protein
Hypothetical Protein

BLASTP Analysis
Most Significant database match Accession#  %AAID Predicted Function
hypothetical protein EUS_18770 Eubacterium siraeum 70/3 CBK96940.1 52%
phage integrase family Site-specific recombinase LachnospiiZP_07959266.1 93% DNA Modification, Recombination
bacterium 8_1_57FAA
site-specific recombinase Lachnospiraceae bacterium 8_1_5ZFAA7959267.1 76% DNA Modification, Recombination
site-specific recombinase Megasphaera elsdenii DSM 20460 YP_004767060.1 88% DNA Modification, Recombination
lyzozyme M1 Clostridium sp. SY8519 YP_004707784.1 60% Lysis
Lachnospiraceae bacterium 8_1_57FAA ZP_0795927.1  88% Lysis
peptidase U32 Clostridium papyrosolvens DSM 2782 ZP_08193007.1 22% Lysis
3-oxoacyl-synthase Methylophaga aminisulfidivorans MP  ZP_08536537.1 32% Fatty Acid Biosynthesis
hypothetical protein BACPEC_01322 Bacteroides pectinoph ZP_03462261.1 54%
ATCC 43243
hypothetical protein BACPEC_01321 Bacteroides pectinophZP_03462260.1 57%
ATCC 43243
hypothetical protein BACPEC_01320 Bacteroides pectinophZP_3462249.1  54%
ATCC 43243
hypothetical protein BACPEC_01319 Bacteroides pectinophZP_03462258.1  62%
ATCC 43243
TP901 family Tail tape measure protein Lachnospiraceae ~ ZP_07959277.1 80% Viral Particle Structure
bacterium 8 1 57FAA
hypothetical protein HMPREF1026_01222 Lachnospiraceae ZP_07959279.1 92% Viral Particle Structure
bacterium
phi13 family major tail protein phage major tail protein, phi13 family Ethanoligenens harbini YP_004092098.1 90% Viral Particle Structure
YUAN-3
prophage pi2 protein 38 Lachnospiraceae bacterium 8_1_57FA 07959281.1  85%
prophage pi2 protein 37 Lachnospiraceae bacterium 8_1 57F&A 07959282.1  83%
phage head-tail adaptor Ethanoligenens harbinense YUAN-3YP_004092095.1 83% Viral Particle Structure
phage protein Ethanoligenens harbinense YUAN-3 YP_004092094.1 63% Viral Particle Structure
Phage Major Capsid Protein, phage major capsid protein, HK97 family Ethanoligenens ~ YP_004092093.1 89% Viral Particle Structure
harbinenseYUAN-3
ATP-dependent Clp Protease ATP-dependent Clp protease proteolytic subunit Lachnospire ZP_07959286.1 95% Viral Particle Structure
bacterium 8 1 57FAA
HK97 family Phage portal protein Lachnospiraceae bacteriur YP_07959287.1 92% Viral Particle Structure
8 1 57FAA
phage Terminase Lachnospiraceae bacterium 8_1 57FAA  ZP_07959288.1 97% DNA Modification, Packaging
hypothetical protein HMPREF1026_01234 Lachnospiraceae ZP_07959291.1 90%
bacterium 8 1 57FAA
methyltransferase Lachnospiraceae bacterium 8_1_57FAA ZP_07959292.1 89% DNA Modification, Methylation
hypothetical protein HMPREF1026_01236 Lachnospiraceae ZP_07959293.1  82%
bacterium 8 1 57FAA
DNA methylase Lachnospiraceae bacterium 8_1 57FAA ZP_07959294.1 96% DNA Modification, Methylation
hypothetical protein HMPREF0990_01229 Lachnospiraceae ZP_08618835.1 92%
bacterium 1 1 57FAA
HNH endonuclease Ethanoligenens harbinense YUAN-3  YP_004092082.1 78% DNA Modification, endonuclease
Hypothetical protein HMPREF1026_01240 Lachnospiraceae ZP_07959297.1  92%
bacterium 8 1 57FAA
SNF2 domain-containing protein Lachnospiraceae bacteriumr ZP_07959299.1 93% DNA Modification, Structural
8 1 57FAA
VRR-NUC domain protein Clostridium sp. HGF2 ZP_07831616 75% DNA Modification, endonuclease
Virulence-Associated Protein fputative P-loop ATPase Spirochaeta sp. Grapes AEV30603.1 58%
hypothetical protein CLOSCI_03520 Clostridium scindens ATZP_02433249.1  76%
35704
DNA-dependent DNA polymerase, family A Lachnospiraceae ZP_07959304.1 89% DNA Modification, Polymerase
bacterium 8_1_57FAA
phage protein Lachnospiraceae bacterium 8_1_57FAA ZP_07959306.1 97%
phage protein Lachnospiraceae bacterium 8_1_57FAA ZP_07959307.1 95%
DNA ligase Lachnospiraceae bacterium 8_1_57FAA ZP_07959308.1 86% DNA Modification, Structural
hypothetical protein EUBELI_01534 Eubacterium eligens AT(YP_002930973.1 80%

27750

BLASTP database hit and percent identity
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Thecapsidprotein of! D195has high identity with a weltudied group of
capsid proteins, HK97. Thigpe of capsid is very common amapigages of
Enterbacteriaeae Most of the genes afD195producecongruenphylogenic trees. An
example is the protein tréder DET1078, the predictetdil tape measure protein (Figure
2.3).D. mccartyistrain 195s the mly member of th&Chloroflexipresenin thisgene
tree,whereas the other organisms belong toRinmicutes.This phylogenetic disparity
indicatesthat! D195 was recently acquired by strain 1928). There is neevidenceof
Lachnospiraceagresent in the mixed community from which strain 195 was isolated
(25). Strain 195 is the only strain Bfehalococcoideto have been cultured from a
wastewater treatment plamthich are known to harbor great phage diver&g) and
containlarge numbers of gastrointestinal bacteria likenospiraceadacterium
8 1 57FAA

I D195and the related phages in Figure 2.3 are membéhe 8iphoviridae
virus family basean several gene sequenceiis family of phagebasa typical
icosahedrahonenveloped heatdil structure, with noitontractile tail fiberscontainng a
linear, dsDNA genome. Many phages of 8iphoviridaefamily integrate into the host
chromosome as prophag&ther phages of this family have been described as a vector
for transmission of antibiotic resistanamongStreptococcus pyogengy. All
sequencerepresented ifrigure 2.3except for the.isteriaphage, are from whole
genome seqguencing projects.

The genome of D195carries typical genes for an integrative phage and is split
into early and late gen¢37). DET10671069(Table 2.3)are annotated as igeses and

recombinases, which most likely are responsible for phage genome integration into the
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Staphylococcus aureus subsp. aureus 1S-125

Lactobacillus casei BL23

prem— 97.9 Listeria phage 2389
e [ Streptococcus pneumoniae GA47179
] 7 7 Granulicatella adiacens ATCC 49175

Streptococcus oralis SK313

Streptococcus anginosus CCUG 39159

99ftreptococcus sanguinis SK1057
99.2
Streptococcus sanguinis SK72

Streptococcus equi subsp. zooepidemicus ATCC 35246

98Sgtreptococcus agalactiae FSL $3-026
95.8
Streptococcus agalactiae CJB111

Clostridiales bacterium 1.7 47 FAA

Subdoligranulum sp. 4_3_54A2FAA

94 Erysipelotrichaceae bacterium 6_1_45
93

Erysipelotrichaceae bacterium 5_2_54FAA
99.2

Streptococcus constellatus subsp. pharyngis SK1060
e Dehalococcoides mccartyi 195

99.3 . .
Lachnospiraceae bacterium 8_1_57FAA
98.2
Ethanoligenens harbinense YUAN-3
|

0.2

Figure 2.3: Amino acid sequence tree of the phage tail tape measure protein of strain 195
compared to other sequenced prophages, except foistkeia phage 2389.
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hostchromosomeThese genes would be expressed early on in infe@jo@ther early

genes are the polymerad2=T1100, DNA methylas€dDET1092, and ligase

(DET1103. These genes are likely to be involved in the remodelitiige phage

genome. Late genes are the phage structural genes, and genes involved in packaging the
phage genome within the capsid. These late genes are md3ti 40781087, which

are annotatedsacapsid, tail and tail modification genés. described by Johnsen. al.

(16), early and late genes shdalfferential transcription rates, which correspond to the

metabolic state of the c4R8).

Phage Activity

While sequencing projects hawdentified many prophaggew have been
identified as active phagé€8). Visualization of virudike particles(VLP) by SYBR
Green | staining anfluorescencenicroscopy allowed for thedetermirationthatVLPs
werepresent irthe culture oD. mccartyistrain 19522). This protocol allows for the
fast determination of VLP but this enumeration is based on size alondBndsualized
might not correspond to the actlidD195but genetransfer agents (GTAS) or other
cellular debrig7, 29). It is unclear by this protocol alone!ifD195arethe VLPs
visualizedand not celluladebris;therefore, thgorophagevasinducedusingmitomycin
C andgPCR analysisvas usedo track phage gerguantities

Mitomycin C(MC) induces the SOS response, which is a typical signal for phage
induction(2, 7). TheqPCR16S RNA geneandthe phage major tail protein (DET1M3
were used aproxies for cell and phage numbers, respectively. Both these genessexist

single cqy in the genome of strait®5,and should be in equal numbers unless there are
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additionalphage genomgwesent. DNA was extractelirectly from culture medium
containingboththe phage and bacteripbpulationsattime pointto determine their ratio.
With the gPCR approadndinduction with MC, phage numbers increased from
1.97 10"to 4.02 10" gene copies per ml. In the same samples cell number decreased
from 4.09 10" to 9.8 10° gene copies per miesulting in four timeas manyphage
genes then 16S rRNA gen@sgure 2.3). This data suggest thstC induces' D195
expression and host cells are lysed by viral particles.

These same samples were also staametienumerately SYBRGreen Istaining
(22). Although theabsolutenumbers of cells and VLPs between the gPCR and staining
protocols @ not agre, the pattern remains the sameijrenease in VLP and decrease in
cellsupon addition of MCwith a ratio of seven VLPs per cellaken together, this
experimensupportthe hypothesis that the VLP seen by SYBRen | staining are
indeed" D195 Uponinduction, dechlorination of PCE slowed or stopfeigure 2.3C)
suggestingespiration arrest and cell death. Thifuidhersupported by the decrease
cell numbersas determined bgicroscopycountsand gPCRenumeration
Morphology

Transmission electron microscopy was used to determinB105 conforms to
the typical shape of @iphoviridaewith a long norcontractile tail, tail fibers and an
icosahedral hea(b). Samples were takerofin anuninduced culture of strain 195 for
TEM analysis. This showetie structure of D195to be very differenfrom that of a
typical member of th&iphoviridae.The viral capsid appeared to be cigar or spindle
shaped and was lacking visible tail fibers. Spindle shaped viruses are members of the

Fuselloviridaefamily, which includesharacterized phages $tilfololus hosts(35).
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Figure 2.4A-D: Electron micrographs of strain 195 taken showing various stages of infection.
EM grids prepared from an uninduced culture and negatively stained with 2% uranyl acetate. A
cell showing no signs of infection (A), viral attachment (B) and cell bursting (C-D).
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Phages of theuselloviridaefamily have a cpsid with a typical size dpproximately

60nm in diameter with a length ®@0nmwith a small norcontractile tail at on end of

the spindlehasa circulardsDNA chromosomé35, 38). Thismorphologyis similar to

that of! D195 which hasa diameter 020-35nmand length oBO-170nmand does not

have a readily noticeabtail. These are also the same size and shape as were noted early
on in pure culture of strain 14%8).

There are two modes for viral particle release fromhthsd cell: bursting and
secretion23). Based on the electron micrographf§195appears to be secreted
Endolysin, a peptidoglycan degrading enzyme, and hmimall protein that
accumulatewithin the membrane, are essenfiebdteinsfor host lysis by bacteriophages
(34). While the! D195genome encodes for both a holin @mndolysinthe endolysin
would be ineffective against the cell wall of strain 1®Bjch does not contain
peptidoglycarn(27). The apparent secretion of phage particles could be in response to a
defective exit stratagerulfolobusspp., which alséack peptidoglycan, and
Fuselbviridae have been describedbodfrom the hostellsrather tlan cause cell
burstng and lysig3, 26).

Conclusion

Described here is the genomic and activity analysis@f95, an active prophage
of D. mccartyil95. This genome spaB35.4Kbp and contains 39 ORFs. The majority of
these proteins are annotated to be phage related with 13/39 as hypothetical proteins.
Further studies would need to be conducted to determine the phage genome physical
structue, whether linear or circular.

Experiments presented here show that the prophage is active throughoaet the lif

cycle of strain 195 and is inducible under cell stressibgmycin C. Another
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Siphoviridaelike sequence has been identified iDehalococcaescommunity within

close proximity taceA suggestinghatthis gene was acquired by a transposable element
(33). This is similar to strain 195, which has anotimsertionelement downstream
(DET11051120) of the prophagd@he Dehalococcoideprophage present in the KB
communityspans approximaly 30kh which is smaller theh D195by 5.4kb. This

phage may represent a mechanism for genetic variatibehalococcoidesoy allowing

phagemediated gene transfer.
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CHAPTERTHREE
GENOMIC ANALYSIS OF THREE DICHLOROBENZENE DEHALOGENATING
DEHALOBACTERSTRAINS SHOWING SPECIALIZATION FOR GROWTH BY

REDUCTIVE DEHALOGENATION

Introduction

Chlorobenzaes are used in industrial processash aghe manufacture of dyes
and pesticides. Dichlorobenzenes (DCB) and monochlorobe(ZkCB) have been
released into the environment and poéential human carcinogens. In the environment,
these compounds are likely to form dense nonaqueous phase liquids (DN¥IELS)
migrate to anaerobic zones in groundwater wherebic organisms cannot metabolize
them to CQ(18). Previous work has showbehalobacteispp. to play a role in the
anaerobic dehalogenation of DCB to MCB and benZ4Pe Previous studies have
shownDehalococcoideto becapable othe dechlorination of higher chlorinated
benzene¢l).

Dehalobactespp.(DHB) are obligate anaerobesginally shown touse
tetrachloroethene (PCB} electron acceptors produciogis-dichloroethene (DCHR1,
56). They have been implicated in the dehalogenation chlordfmaithloromethane,
and 11,1-trichloroethando chloroethan€16, 17). Hydrogen and in some cases formate
have been shawtoserve alectron donordDHBs are members of theéirmicutes with
theDehalobacter restrictuas the type straif21). DHBs are closely related to
Desulfitobacteriunspp, which are also capabié reductivedechlorination

chloroorganic compounds. In contrastRehalokacter, Desulfitobacteriunspp. are
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capable olusing a broad range of electron acceptor including matalsulfur
compounds, andsng hydrogen along witlorganicacids and alcohols as electron
donors.

Here we report on the genome ofed@DHB strains, which are markedly different
from thar closestknownsequenceghylogenic relativeDesulfitobacterium hafniense
These genomeshare common genome arrangeraenid othefeaturessuch agenes
encaling sporulation motility, chemotaxisand reductive dehalogenases Jrdh
hafniensestrainDCB-2 has fiveintact rdhgeneq28) strainY51 has twadh geneq43).
The genomes of strains D&Band Y51 are 5.27Mb and 5.72Mb with a GC content of
48% and 47%, respectivelyn comparison to the DHBandD. hafniensethe five strains
of Dehalococcoidebave reduced genonseze ranging from 1.34 to 1.4Wb with a GC
content from 47 to 48.9%nd12-36 rdh genes per stra{il). Unlike D. hafniense,
Dehalococcoidesan onlygrow on organochloride compounaisd their genomes show
metabolicspecializatiorwith the presence large number afdh gene®n a much smaller
genome

A role of DHB for DCB dehalogenatiowas first demonstrated in microcosms
and enrichment culturgd?). Through a dilution to ekiction series, straimof DHB,
12DCB1,and13DCB1,wereisolatedin pure cultureandstrain14DCB1,is the dominant
member of aighly enricked culture. Each strairis named for thesomer of DCB it was
enriched and then isolated (41). These threstrainshave been tested for growdtith
various substrateandwere only found to uskydrogenor formate as electron donors

and chlorinated organic compounds electron acceptds growth.
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Methods
Strain growth & DNA Purification

All three strains of DHB were grown in 500ml minimal satiedium amended
with Ti (I11)-NTA and 0.8 mM NgS asreducing agest avitamin solution
bicarbonat&C O, buffer systemand a single isomer of dichlorobenzene, as previously
described37, 42). The amorphous FeS reductant described previd@3)y2) caused
extensive DNA damage during extracti@echlorinatiorwas used as a proxy for growth
andwas monitored as a proxy for growth on a Perkin EImer gas chromatdg@ph
DNA was extracted using a phenol/chlorofé@MAB method. TBE/agarose gels were
used tacheck genomic DNA quality. Highuality genomic DNA was then sent to the
Cornell Life Sciences Core Laboratory Centerdeguencing.
Sequencing Assembly& Annotation

Genomic DNA wasequenced by the Cornell University Life Sciences Core
Laboratory Centewith lllumina technology using the pair@hd protocolaverage
fragment length 20@50 nt)with aread length o2 x 100nt. One lane of lllumina HiSeq
was usedo sequence tagged DNFFom all three strains dDHB. Sequence and quality
files weregenerated by v1.8 of lllumina pipeline softwaketotal of ca. 110,000,000
reads were generated per strain. Large files were then split into seven smallier files
each paired end hendatafrom smaller fileswere imported to CLC workbench as
pairedend readsvith distance of pairs determinégt mapping raw reads to
Dehalobactersp.strain CF in CLC WorkbencfT.he completegenomesequencef

Dehalobactersp. strain CF which reductively dehalogenates chloroform to

45



dichloromethaneyas obtained frons. Tang ande. Edwards and used with permission
as was the sequence from DHB strain DCA, which dehalogehdtdichloroethane
(DCA) to chloroethaneThedraft genome of strain CF was assembled using-peite
pyrosequencing reads and pakad lllumina sequence data. This allowed for
scaffolding and assembly of the contigs (S. Tang and E. Edwards, personal
communication).

Thelllumina reads werassenbled byCLC Workbenchusing sizing information
from mapping to strain Crisingthe CLC de novaassemblevl1.8 Parameters were set
to generateahe fewest contigs with the largest size. This optimizatsaltedk-mer
lengthof 22 andin similarity set to95% over 80% of the readAssembled contigs of less
then 400bp were discardddehalobactessp. strain 14DCB1 was known to contain low
levels of aDesulfovibriosp.contaminantNone d the contigd 400 nt appeared to
contain sequences from this organism either fratABT hits in subsequent analysas
from tetranucleotidanalysig(Table 34).

Contigs from CLCWorkbenchwere therimportedto Geneious (v5.6)9) and
further assembledsing the Geneioude novaassembler-or Geneious assembly, a

minimum of 25bp overlap witan 80% identity was requirétiable3.1).

CLC Assembly Geneious Assembly
Genome PairedEnd Longest Longest
Name Lengths (bp) Reads Contig Contig# K-metd Contid Contig #
12DCB1 130350 13,065,516 680,274 78 22 680,510 62
13DCB1 110275 13,319,332 173,044 121 22 229,964 79
14DCB1 100330 13,021,098 630,194 70 22 630,448 54

Table3.1: Assembly statistics from 3 strains@&halobactefrom two different
assembly programs, CLC Workbench followed by Geneious.

Oncethegenoms had been assembled bgth CLCWorkbenchand Genaius,

contigs were aligned to stra@F using Mauvew2.3.1)(46). Contigs were ordered and
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orientedto reflect the order when aligned to strain Gaps betweesomecontigs were
closedusingthe lllumina read¢Table3.1).

After gap closingy using the readshe resulting sequence was uploaded to the
RAST server for annotatiof3). Genome maps were drawn with Artemis and DNA
Plotter(5, 6). GC skew waslrawn with a window size of 10,0@p and 20Mp step size.
GC skew is defined d6G ! C)/(G + C)](6). We used thelnaAgene to definghe origin
of replicationin all threegenome. Category of orthologousws$ters (COGs{(51) were
determined by using theommunity Cyberinfrastructure for Advanced Microbial
Ecology Research and AnalysGAMERA) (35).

Genes involved in sporulation were identified based on BLAST identity to genes
required for sporulation as described previo88) and RAST annotations.
Protein & phylogeneticrelationships

Sequences were aligned first using Clust&b2). The esultingalignmentwas
then used to creatgphylogenic tree using the MrBayes within Genei(13.
Desulfitobacteriunhafniensestrain Y51 was used as an outgroup using HKY85
substitution modg(23). Chain length set at 1,100,000 with a subsampling frequanc
200. Priors were set with an unconstrained branch |€@8jhStrain relatedness
determirationby the 16S rRNA gene identityas calculateds part of phylogenetic tree
Average nucleotide identity and tetranucleofigguency were calculated as described
previously(31, 45).

The proteins annotated by RAST as either a TceA or PceA reductive
dehalogenasavereused in creating proteinphylogenictree based on amino acid

sequenceOpen reading frames (ORA®edictedto be lesshen220 amino acids in
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length were discarded from further analysis. The tree was created¢hesi@gneious tree
builder, based on a neighbining algorithm without an outgroup, and bootstrapping at
100.SomeDehalococcoideandotherknown reductivalehalogenases were included for
comparisonsReductive dehalogenagelh) amino acidsequences webtainedfrom

the Genbankor nonDehalobactespecies.

Results and Discussion
Genomeassembly comparisons and architecture

Genome
12DCB1 13DCB1 14DCB1
Genome Size (bp) 2,885,128 2,994,781 3,062,036

DNA G+C content 44.3% 44.7% 43.9%

Number of Replicons 1 1 1
tRNA genes 54 53 54
rRNA Operons 3 3 3
Coding Sequences 2854 2956 3028

Table3.2: Genome overview for thilaree DCB dehalogenating strains of DHB

Assembly of strais12DCB1, 13DCB1, and 14DCBL1 resulted in 62, a®d 54
contigs, respectivel\Based on 16S rRNgenesequencefig. 3.1) DHB strain13DCB1
was most closely related to the tygieain,D. restictusstrain PERK23, and more
closely related to strains CF and DCA than were strains 12DCB1 and 14DCB1, which
were nearly identicab each other andith strain FTHZ2 which is implicated in 4,5,6;7
tetrachlorophthalideathlorination(57). DHB strain CF served as a reference genome for
mapping and orientation of contigs after genome assembly of Huddtgsee methods)
and it should be emphasized that even thaggembledhto a singleartificial contig,
they are still draft sequences in several contigs (Tab)eThe resulting assembly and

annotation resulted in recovery of one 16S rRij¢he copy for each strain, however
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previous data showed three copies to be present in each(4®aifihe averagecoverage
of coding segences in our Illumina reads was for 12DCB1, 13DCB1, and 14DCGBé& w
450X, 430X, and 412X respectivelgnd most of the gaps between the DCB utilizing

DHB strain genomes mapped to repetitiggionsin strain CFE

D. hafniense Y51 AP008230

FTH1_AB294742

Dhb_CF
Dhb_sp.MS_DQ663785
Dhb-DCA
Dhb_Sp_SHD-11_AJ278164
Dhb_clone_MDAF14_EU214535
SHA-67_AJ249096
d154_AF422677
d025_AF422637
13DCB1
Dhb_sp.1,1-DCA1_DQ777749
D.restrictus_Y10164
Dhb_sp.WL_DQ250129
Dhb_sp.E3_AY673992
Dhb_sp.E1_AY766465

FTH2_AB294743
12DCB1
14DCB1

0.02

Figure4.1: 16S rRNA gene tree for DHB strains usidghafniensestrain Y51 as an
outgroup

Traditionally, a DNADNA hybridization (DDH) of >70%between two strains

indicated that the two genomes slibadnigh percentage of DNA similarignd would be
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classified as the same species. The subsequent development of 16S rRNA gene
sequencing led some to consider a species cutoff of 97% 16S rRNA gene sequence
identity (30). There isa 99% identity between strains 12DCB1 and 14DCB1 and a 97%
identity between strains 12DCB1, 14DCB1 to 13DCBL1 percentage identity as seen in

Table3.3. Strain13DCB1lhas a 99% 16S rRNgene identity tahe reference strain, CF

(24).
16SrRNA Identity
DCA CF 13DCB1  12DCB1  14DCB1
PERK23 99.3 99.3 99.8 96.9 96.9
DCA - 100 994 97.5 97.5
ANI CF 99.83 - 994 97.5 97.5
13DCB1 96.1 96.27 - 97.0 97.0
12DCB1 92.49 92.67 92.97 - 99.9
14DCB1 92.2 92.37 92.82 99.37 -

Table3.3: 16S rRNAgene and ANI percentages between strains of DHB

Ribosomal RNA genes allow for a quick identification of species or strain
relatedness. To address whole genome relatedness, average nucleotide ident{B9(ANI)
31) has been proposed. ANI allows for horizontal gene transfer to play a largandalte
accouns for the whole genome rather then jingt slowly evolving 16S rRNAene.The
bacterial peciesdefinition by ANI positsthat organisms ajreater thaif94% ANI should
be considered the sampecies, whicltorresponds to the 70% DDHtotf. As seen in
Table3.3 the ANI value ofstrainsCF and DCA to strain 13DCB1 85.2%6 and96.1%,
respectively butstrain 13DCBlwas more distant from 12DCB1 and 14DCB1. Strains
12DCB1 and 14DCBarenearly identical by ANIagreeing with theinearly identical
16S rRNA gene sequencddoreover, many of thpredictedproteins in strain 12DCB1
were showed 100% amino acid identity with those from strain 14DCB1 (Fighre 3.

whereas the identity with those from strain 13DCB1 were closer to 95&gidn of
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14DCB1
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Percent protein sequence identity
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Figure 3.4: Percent protein sequence identity as calculated by RAST of strains 13DCB1 and 14DCI

compared to 12DCBL1. For 12DCB1 genome, genes on leading strand are in blue while genes on e
strand are in green. Putatingh genes highlighted in redrp/fnr type regulators highlighted in black.

GC skew is in gold and purple. Ticks on outer ring mark every 100,000bp.
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identity between strains 12DCB1 and 13DCB1 around 2@8 populated mainly with
unidentified ORFsComparisons by tetranucleotide frequency resultedif9 identity
amongall three straingTable 3.4)

‘ 13DCB1  12DCB1  14DCB1

13DCB1 --- 0.996 0.995
12DCB1 0.996 --- 0.998
14DCB1 0.995 0.998 ---

Table3.4: Tetranucleotide identity of the three DCB dechlorinating strains of DHB

Genome mappingesulted irsizes 0f2.88Mb for strain 12DCB12.99Mb for
13DCB1 and 3.06Mb for 14DCB1, with GC conteat 44.3%, 44.7% and 43.9%
respectivelyand ca. 3000 CDS per genofiable3.2 andFigure 3.2. As predicted by
they ANI values, the genomes of 12DCB1 and 14DCBL1 have high sytoteagh other
with 13DCB1 as less synteno{lSgure 33). This isrecapitulatedn the protein percent
identity calculated by RAST inigure 3.4, showing higproteinpercent identityof
14DCB1 to 12DCB1, ankbwer identity of13DCB1to 12DCB1

The terminus of replication iRirmicutes,specificallyBacillus subtilis has been
definad by thedif site (48). In B. subtilisthedif sitehas beetocalized to 166clockwise
from the origin of replicatiomnddif sites aren thevicinity of 187 from the originin
mostFirmicutes(20). The bases alif sites are considered conserved throughout the
Firmicutes The genomesf the three BIB dechlorinating DCBsvere searched and
potentialdif siteswere then mapped to tiklaromosomeOf the potentiadif sites,the
most similar to théirmicutesconical sequenceas foundatca.60° from the originin
each strainwhich correspond toa largeswitch in GC skevand coding strand preference
(Figure3.2and Table3.5) as is typically found in replication termini Firmicutes(15,

53).
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Canonical ACTTCCTATAA TATATA TTATGTAAACT
Firmicutes Consensuy ACTKYSTAKAA TRTATA TTATGTWAACT

Genome Location

Consensus sequencel RCTTWACATAA TATYTA TTATMGGACSC
D. hafniense Y51 ACTTTACATAA TATCTA TTATAGGACCC  18279251827952
D. hafniense DCR GCTTTACATAA TATCTA TTATAGGACCC  29134172913444

12DCB1 ACTTAACATAA TATTTATTATCGGACCC 477224477251
13DCB1 ACTTTACATAA TATTTATTATCGGACGC 532411532438
14DCB1 ACTTAACATAA TATTTATTATCGGACCC 652205652232

Table3.5: Predicteddif sequences from@CB dehalogenating DHB strains as compared
to D. hafniensestrains Y51 and DCR, and the consensus sequencaliibirom
Firmicutes and the canonical sequence. The consensus sequddckdimienseand the
DHB strains was determined by the identified sequences present in this table.

A similar phenomenon is fmd in the genome & . hafnienser51, a
phylogeretically close relative of DHBwhich has askew shift angredictedcterminus at
80° from the origin This deviation from a symmetrical chromosome in strain W&
attributed to a translocation of 1.22Mb of DN28, 43). D. halfniensestrain DCB2 has
a GC skew shift near 18@vhich is more typical oFir micutes(28). Based on this gene
arangement in treeDHB genomesthis asymmetc GC skew pattern may l@common
feature forFirmicutes

The three DHB strains have similar lifestylealy known to use kor formate as
electron donors and halogenated organic compounds as electron acddyansmber
of proteins per COG category is simitanongall three straingTable3.6). In
comparison tahe more physiologically versati2. hafnienser51, the DHB have fewer
coding sequences belongitmgmetabolic COG categories, specificakiycking in energy
productiontonverson, carbohydrate transpartétalolism, amino acid

transportmetabolismandsecondary metabolite metabolism
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Category  Groups Functional Classification (NCBI COG)2DCB1 13DCB1 14DCB1 Y51 D195
Information J  Translation, ribosomal structure and 140 139 139 169 127
Storage and K Transcription 114 127 126 306 49
Processina L  Replication, recombination and repair 120 149 129 234 85

Cellular D  Cell cycle control, cell division, 34 39 39 48 15
Processes chromosome partitioning
O Posttranslational modification, prote 80 68 80 105 54
turnover, chaperones
M  Cell wall/membrane/envelope 125 144 127 196 ND
biogenesis
N  Cell motility 25 28 25 29 ND
P Inorganic ion transport and 80 84 84 224 50
metabolism
T  Signal transduction mechanisms 133 107 132 195 43
U Intracellular trafficking, secretion, ar 39 40 a7 36 15

vesicular transport

Metabolism C  Energy production and conversion 219 176 216 479 130
G Carbohydrate transport and 56 56 55 163 34
metabolism
E  Amino acid transport and metabolism 141 141 145 258 94
H  Coenzyme transport and metabolism 100 100 100 162 71
| Lipid transport and metabolism 22 32 34 85 23
Q Secondary metabolite biosynthesis, 9 10 9 33 4
Multiple function 200 191 203 443 107
Poorly R  General function prediction only 223 232 221 453 119
Characterized
S Function unknown 198 211 205 373 100
Total 2058 2074 2116 3991 1120

Table3.6: COGbased Functional categoriesldéhalobacterstrains 12DCB1, 13DCB1,
14DCBL1 in comparison tD. hafniensestrain Y51 and. mccartyistrain 195

Thegenomes ofhe obligate organochloride respiriDghalococcoideare
severely reduced in size and metabolic capabil{is which is analogoubut to a
lesserextreme irthese three strains of DHBh total, strain 195 has about half as many
COGs as the three DCB dechlorinating ssahDHB. When considering the differences
in sizesbetweenthe lower numbers of total COGs within the genomes of strain 195 and
the genomes of thlareeDCB dechlorinating strain, the relative membership of each
COG is roughly equal. However there adiceablaifferencesD. hafnienser51 and

DCB-2 andD. mccatyi strain 195 contaigenesncoding a nitrogenase complex
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Figure 3.5B: Subset of thrdh tree showing DCB dehalogenating straitis genes that are closest to

a fewDehalococcoidesdh genes
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whereas DHB lackthesegenesand strain 195 lacks genes annotateat&irwall
biogenesis and cell motility.
Reductivedehalogenases

Each strairhas mitiple genes annotated as rgtwith the typicardhAB/BA
structure(50)(Figure3.5). Strain 14DCB1 ha89 putativerdh genesand is only known
to dechlorinate paraubstituted chloroaromati¢41). Strain 12DCB can use a variety
chloroaromatic compounds with singly flanked chlorjreesreductively dechlorinate
PCE tocis-DCE and ha89 predictedrdh genesStrain 13DCB1is the most versatile in
known activities, using meta chlorinated aromatics, stfiglyked chlorines, as well as
PCE but has the fewest predictathigenes witl27. Strains 12DCB1 and 14DCBL1 each
haveonetruncated rdh whereas strain 13DCRipears to have Buncated rdh genes

These numbers are consideratpgatethanthose forD. hafnienseand
comparable with those f@ehalococcoidedDehalococcoidespp, another genus known
to specialize in reductive dehalogenatibase 12-36 potentiakdh geneswith the ranges
in extremesn strains BAV1 and VS respectivelix.more metabolically diverse
organismpD. hafniensestrain Y51has twopredictedrdh genes whereasrain DCB-2 has
five. Geobactetovleyi SZ has two predictedih genesamong its diverse respiratory
genesThus, the two genera most specialized for ushigraorganic compounds have
the greatest complement of predictdt genes, withstrains 12DCB1 and 14DCB1
containing even more thdehalococcoidesThe function of only a few of theséhsis
knownin Dehalococcoidesr DHB (12, 32, 36, 40).

Many of therdh genes in the three DCB utilizing DHfdrainsare located in two

clusters one at 120140 anda second larger ors 26628, together containing5339,
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21/27, and 3/40rdhAgenes in strains 12DCB1, 13DCB1, and 14DCBi\res3.2,
3.3). Othersmaller clustersf rdhA genesarelocatedat other places atine chromosome
Many of the other genesnany predicted to be OhousekeepingO gartbs,
chromosomes were syntenkidure 33), particularlybetweerthe closely relatedtrains
12DCB1 and 14DCBIThis arrangment issimilar to thatof Dehalococcoidespp.in
whichthere is extensive synteny in the core genomelaraf 96 rdhAgeneswvere
located in two sacalled high plasticity region@8), although in Dhdheseregionsare
located on either side of the origin of replication

Therdh gene®f the DHB strains fall into distinct cladg§jgure 3.5A-C) with
one clade beinglosely related to known rdif otherdehalogenating organisrasd
anothertwo linages thatare loosely related to rdh gerieDehalococcoideand
Geobacter The majority of the rdh genes BEhalococcoideare contained within their
own separate cladé few of the rdhfrom these DHB strainalign closely withrdhs from
Firmicutesknown to facilitate the dechlorination of PCE to cDEE hafnienser51
PceAto 12DCB1_2126, & 14DCB1_1612 at 67% and 13DCB1_1118 at 65wilih
suggestshat thesgroteinsareresponsible for PCBnd TCEdechlorination in DHB
although this will require physiological characterizatiStrains 12DCB1 and 14DCB1
share25 nearly identical (>95% homologydlhs whereastrains 12DCB1 and 13DCB1
sharetwo and strains 14DCB1 and 13DCB1 shfive. One rdh is conserved between all
three strains]2DCB1_2141c¢13DCB1_2353and14DCB1_2226which mightindicate
this is responsie forcommondechlorinatiorsubstrateamong these strains (Figure

3.5A-B). Strain 13DCBL1 shares only 25% of its rdh complensr&5% amino acid
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identity with the other two strains of DCB dechlorinating DHBs, yet their genomes are
ca. 93% the same.

Reductive dehalogenasesizéhalococcoideare located near genes for
transcriptioml regulation specifically, twecomponent signal transduction systemns
MarR homologue$49). As shownin Figures 3.2 and3.6, manyof therdh of these DHBs
are located next tgenes encodinGRPFNR family regulatory protes) suggesting that
reductive dehalogenation is a highggulated process in these organising that
different regulatoncircuitsapply. Total numbes of CRP/FNR regulators is lessath
thoseof the rdh genesvith 34, 18 and 31 in strains 12DCB1, 13DCB1 and 14DCB1,
respectively suggesting thdhere is overlapping regulatioAs seen in figur&.6, in
strains 12DCB1 and 14DCB1, a sin@i®&P/FNR regulator is associated with two
different rdh geneslhis pattern is similar to that found fath geres of
Desulfitobacterium dehalogenana D. hafniensédCB-2 one of the CRP/FNR
regulators habeen showmo bindDNA and3-chloro-4-hydroxyphaylacetic acid13).
Electron transport and metabolic capacity

These three DHB strains use ¢t formate as electron donors and chlorinated
benzenes as electron accept@shumacher and Holligé#7) demonstrated electron
transport between hydrogenase &weéAmediated by menaquinone in cellsaf
restrictus An examination of the menaquinone biosynthesis pathway in all three strains
in this studyusing the KEGG viewer in RAST inchtes thabnestepis absentAll three
strains have an almost complete menaquinone synthesis pathway, but aredayskieg
annotated a$,4-dihydroxy-2-naphthoyiCoA hydrolasesameas n strain Y51(Table

3.7). These organisms can grow without the addition of quinonégaing that the
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genes required fayuinone or menaquinormosynthesiarepresentassuminghese
electrontransportergarerequiredfor growth All threestrainshave a number afenes
predicted to encodexidoreductasenzymes, which are annotatesfuinonelinked. In
Dehalococcoidespp the genes for quinorgng synthesisarelacking however, these
organisms have been reported to have ubiqui8oa® their main respiratory quinone
with a lower relative amount of menaquind@8, 55). It has been hypothesized that the
respiratory quinones iDehalococcoidesould mediate elean transport to the

chloroorganic electron acceptor possibly serve as radical scavendbB.

Locus lags
Gene NameEnzyme 12DCB1  13DCB1 14DCB1 Y51 D195
Menagquinone-Specific isochoismate syntas
MenF 4 1014 1 17
en (EC 5.4.4.2) 088 0 083 05
2-succinyl-5-enolpyruvyl-6-hydroxy-3-
MenD  cyclohexene-1-carboxylate synthase 0883 1013 1082 0518
(EC 2.2.1.9)
2-succinyl-6-hydroxy-2,4-cyclohexadiene-1-
MenH 2 1012 1081 1
en carboxylate synthase (EC 4.2.99.20) 088 0 08 0519
MenC  o-succinylbenzoate synthase (EC 4.2.1.-) 0879 1009 1078 0522
o-succinylbenzoyl-coenzyme A synthetase
MenE 101 107 21
en (EC 6.2.1.26) 0880 010 079 05
MenB  naphthoate synthase (EC 4.1.3.36) 0881 1011 1080 0520
1,4-dihydroxy-2-naphthoyl-CoA hydrolase (1 i i ) )
3.1.2.28)
1,4-dihydroxy-2-naphthoate
MenA 27 27 2 2871 401
en polyprenyltransferase (EC 2.5.1.74) 9 % 986 8 040
MenG Demethylmenaquinone methyltransferase 0241 0290 0443 1907 0398

(EC 2.1.1.163)
Table3.7: Locus tags of genes involved in the biosynthesis of quinori2€h

dehalogenatinfpHB strains as compared B hafniensé’51 andD. mccartyil95

One of thepredictedoxidoreductasei these three strains is annotatsda
selenocysteineontaining formate dehydrogena$®H). However only drain 13D@B1
can use fomate effectivelywhile the other two strains' growth on formate was slow and
unreliable(41). Thepredicted=DH large subuniproteins have a GA stop codonin the

right contextthis encods selenocystein€33). Each $rain hasa selenocysteine specific

tRNA as well as a selenocysteine specific elongation f{ctdrle 3.8)
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Locus Tags

Enzyme 12DCB1  13DCB1  14DCB1
Selenocysteingpecific translation

elongation factor 2845 2967 3038
Selenophosphatgependent tRNA-

selenouridine synthase 0211 0254 0414
Selende, water dikinase 1096, 1097 1372, 1373 1330, 1331
Formate Dehydrogenase Selenocystein

Containing (EC 1.2.1.2) 07140718 0831-0835 09180921
Anaerobic DMSO Reductase, ChainsCA

(EC 1.8.99) 22422244 - 25092511

Table3.8: Locus tags for théormate dekidrogenaseselenocysteineelated genes, and
anaerobic DMSO reductase

These formate dehydrogenasesarsotated aBlAD-dependent, which ighe
typeassociated with C@ixation via the Wooel_jungdahlacetytCoA synthesis
pathway. As seen iRigure 3.7, all three DHB genomes are annotated to contain the
complete complement of gengiedicted to beequired for CQfixation via this
pathway This is similar to many oth@maerobes includind. hafniensddCB-2 and
Y51. Autotrophicgrowthhas yet to be observed for the three DCB dehalogenating DHB
strains howevergrowth on CQ hasbeen observed bstrainD. hafniensddCB-2 (28).
These three strains of DHB have been maintainectetai for their carbon source, with
CQO; in their headspaceBichloromethaneanbe fermented by a DHB in enrichment
cultures, indicating that DHB might ot be limited to growth on chloroorgani@).
Each strain of the DCB dechlorinating DHBs have the genes annotated as an
energy conserving hydrogenase (Ectinplex(Table 39). This type of hydrogenase is
knows asa protonor sodiumpump,which can generate loygotential electrons for

biosynthetic reactions or reduce the cobalt in the reductive dehalogéhg <.
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Locus Tags

12DCB1 13DCB1 _ 14DCB1
Energy Conserving Hydrogenase o053 07170722 08270832
(Ech), subunits A~

HypA-HypE 06200624 07160712 08220826

NADH DehydrogenaséComplex I,
NUuoABCDHIJKLMN) 20402050 22762286 21362146

NAD-Reducing hydrogenase subun
HoxE (EC 1.12.1.2)

NAD-Reducing hydrogenase subun 0725, 1170, 0841, 1462, 0928, 1403,

0726 0841 0929

HoxF (EC 1.12.1.2) 1299 1463, 1587 1518
Uptake Hydrogenasemalland large  1348,1347, 16941695, 1566 1567,
subunit precursaer (EC 1.12.99.6) 1489 22182219 1715

Table3.9: Hydrogenaseand NADH dehydrogenas# DCB dechlorinating DHB strains

Strain 13 CBL is unique since it is tranly strain thatloes notontaingenes
annotated to encodedamethyl sulfoxide PMSO) or trimethyl amine oxide{MAO)
reductaseomplex(Table 3.8)D. hafniensddCB-2 and Y51 have been described as
having a large number of molybdentnimding oxidoreluctase$28), including
DMSO/TMAO reductased he array of molybdenuthinding oxidoreductases are
proposed to give metabolic flexibility 1. hafniensddCB-2 and Y51, which is in
contrast to the DCB dehalogenating DHB strains. These organisms are more limited and
specialized in their options for anaerobic energy metabolism.

Sporulation and germination

Organisms closely related to DHBcludingD. hafniensddCB-2, have been
observed to sporulatbut sporulation has not been observeth@seDHB strains(21). In
Bacillussubtilisthe master ragator SpoOA controls sporulati@8), andcontrols

expression of sigma factors™(! 7, 1 ¢, 1¥

), whichin turn mediate sporulatioria a
signaling cascadé&enes predicted to encode theggna factors as well apoOAwere
identified in the genomes sfrains12DCB1, 13DCB1, and 14DCB$polIGA is

essential in processing, andwasidentified in all three strainsf DCB dechlorinating
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DHBs. SpolR is present in all three DHB strains, asdequired for linking activation of
| E to the activation of 7 (26). The mother cell and forespore coordinate activity by using
proteins such as SpolIR and Spoll@). These proteins are activated by sigmaoiac
specific to the mother cel F) or forespord! 7) (8). These two sigma factors work in
concert during septum formationgengulfment of the forespor@. hafniensdacks
spollGAbut notspolIR thereforethe regulatory cascade in early stages of sporulation
must be mediated by a different set of protainthis organism

After forespore engulfment, tiepore cortex is formeandregulated by © and
| Xin the forespore and mother cell, respectivBlyolVFB is a membrane bound
protease, which activaté$. In D. hafniensehere are no homologues ®polVFB,
which are presenh thesehreeDHB strains(Figure 3.8) SpolVFA is an inhibitor of
SpolVFB. The three DHB genomes h&@BRFs encoding proteingith weak homology
to SpolVFA ofB. subitilis which are located upstream of the SpolVFB. It is likely that
these DHB are using a different signaling pathway then the canonical path®ay of
subtilis

Stage V sporulation genes medigp®re maturation. The spoVA genes mediate
dipicolinic acid uptak in developing sporg84). The mother cell producegpicolinic
acid, which isessentl for resistance to heat, desiccation and UV radiadiwh spore
stability. In B. subtilis,these genes are located iheptacistronioperon spoVAA
spoVAFand ending with lysA34). In the DHB genomes, spoVAA and spoVAB appear
to be absent, arttie operon starts with spoVAC and ends with spoVAF. This also holds

true fa D. hafnienseOnce the spore coat is formelde mother cell lyses. This is
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mediated by sporulation specificacetylmuramoyl -alanine amidase which are
activated by ¥ in the mother cell.

Spore germination requires appropriate nutrientssaibdtrates, which are
detecte by proteins localized to the inner membrane of the §2&eThe levels of the
receptorGerA detemine the rate at which the spores germiria#. All three strains of
DHB encode for gerA and other conserved germination proggigsre 3.8)

It is likely thatthese three strains of DHB form spouegler certain conditions
sincethey possess genesyuired forsporulation Endospores have yet to be observed in
cultures of these three strains, even those underdomggtermstarvation TheabrB
gene is repressed by Spo@hdis an important proteim the regulation of sporulation
and the onset of stationary ph#sd). All three DCB dechlorinating strains contain a
copy ofabrB. Sporulation is controlled byterplayof AbrB and SpoOAd). SpoAA is
active when phosphorylated, and environmental signaling of nutrient conditions controls
its phosphorylation. KinD is a histidine that has been implicated in environmental sensing
in B. subtilis No annotated KinD homologues were present in these streees of DHB
suggesting a different signal transduction pathwtag possible that growth in the
laboratorydoes notleplete nutrientenoughto trigger sporulationMost likely some
environmental cue is missing in our cultusenilar to experiences with othEirmicutes
that do not readily sporulgter the kinases responsible for environmental sensing are

absen(10).

Conclusions
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At thegenome level, there are fewfeifences between each strain, yet they
exhibit arangeof dehalogenation capacity. This is similar to that seen in
Dehalococcoidesvherephenotypic variatiomccurs with the spectrum ohloroorganic
compoundghey are able tdechlorinatg2, 7, 19, 44). These DHRB contain a large
number of rdh genes, which suggest a largductive dechlorinatiometabolicrange
thantested. The lack of genes required for nitrogen fixatiewer total COGsand a
reduced genome size in comparisotdafniensesuggests these organisms are
streamlining their genomes for growth solelyaioroorganiccompoundsMuch like
Dehalococcoideghese DHBs have a reduced genome isimmmparison to their okest
phylogenic relatives with sequenced gengrsbewingspecializingfor growthby
reductive dehalogenatioand aremorelikely to beable to cope with environmental
stresses (by sporulation) aackable to control location within an environment by
motility and chemotaxis. Thenetabolic specialization for growth on chloroorganics in
DHBsis evidentfrom the presence of a large number of rdh gearedgrowth not
observed without hydrogeand a chloroorganic compourieurther experiments are
underway to identify thedh responsible for dechlorination of each isomer of D@in

each of these DHB strains
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CHAPTERFOUR
ISOLATION OF AN AEROBIC VINYL CHLORIDE OXIDIZER FROM ANAEROBIC

GROUNDWATER

Abstract

Vinyl chloride (VC) is a known human carcinogen and common groundwater
contaminant. VC can be dechlorinated to-baxic ethene at some contaminated sites.
However, VC disappearance without the production of ethene has also been observed. In
this study wadentify an organism responsible for this observation and conclude that
oxygen was present at below detectable limits. This organisycabacteriunspp.
closely related to known VC oxidizing strains, was present in high numbers in the
groundwater samplé&trict anaerobiconditionswere maintained throughout the study,
which further suggests inadvertent oxygen contaminalibis study helps to elucidate
observed groundwater contaminate plume dynamics, thribkegéolation of a strict
aerobicorganism tht maybe responsible for disappearance of VC without the

concomitant production of ethene.

Introduction

Chlorinated ethenes are a classoxic organic compounds that are common
ground water contaminant8ecause of their toxicityne EPA has plzed $rict limits on
the concentratigallowed in drinking water. Thieast chlorinatedhloroethene, vinyl
chloride (VC) is considered the most toxand because of thjhas the lowest

concentration limiof all the chloroethenaa drinking waterat 2 arts per billion(30).
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In anaerobic environmentwtrachbroethendPCE) and trichloroethene (TCE)
can bereductivdy dehalogenated tris-dichloroethene (cDCE), V@&nd ethene
depending on the organisms presaamd conditionsvithin the contaminated si{@5, 28).
Dehalococcoidespp.are the only kawn organismathat can reductively dehalogenate
cDCEand VCto ethene, which is netoxic (22, 24, 32). However, ot all
Dehalococcoidespp. metabolize chloroethenes to the same ex3ératirs BAV1 and
VS efficiently metabolize VC to ethene, kattans 195 and FL2 only cometabolize VC
to etheneand VC accumulates in their cultur@®, 23, 34). When straindike 195and
FL2 are present, incomplete metabolism of higher chloroethenes carabccur
contaminated siteseading tovC accumulation similar to thaeenin cultures(25, 30).

At somecontaminated site¥/C produced in the methanogemzieneseems to
disappeaafter migrating tanaerobic zones containing other electron acceptmis as
sulfate or Fe(llwithout thedetectionof corresponding amounts efhenethisindicates
thatVC or ethenas being metabolized by an alternative pathway within the anaerobic
zone(7, 25). There ara few theories explaining failure to det ethenén anaerobic
zones even though V@oncentrations are in decline; (1) ethene produced from reductive
dechlorination is oxidizetb COQ, as soon as it is produced, (2) VC is directly oxidized to
CO,, (3) VCis oxidized to acetate which is further metabolized to @@ CH, or (4)
oxygen diffuses into the system at below detection limits, and is continually consumed
(4, 11, 12, 21). Production of“C-acetate!*CO, and**CH,, from **C-labeled VC las
been observed in microcosi® 9). However, it remains unknown what microbe might
be performing this metabolis(i0). Previousstudies have reported that VC

minerdization could be coupled to HH) reductionand humic substancé€s, 6, 13).
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Aerobically, VC oxidation has been linkedNtycobacteriunspp, Nocardioidesspp
(16, 40) andPseudomonaspp.(40) among others.

To dateno studieshavecultured or identifiedorganisns capableof anaerobic VC
oxidation,eventhough it is thermodynamicalfgasible with various electron acceptors
anddespite thevidence from various fieldnd microcemstudies.The conversiorof
VC to either acetat@Equation 1)or to CQ (Equation 2)s energeticallyfavorable under
standarcconditionswith a! GjO of157kJ/reaction and53.4 kJ/reaction, respectively.
Using a terminal electron acceptor suclsa$ate increases the fanability of the
reaction to-242.15kJ/reactior{Equation 3)38).

Equation 1C;HsCl + 2H,0! CH3COO + CI +2H" + H, "G” =- 157 kJ/rxn
Equation 2C,HsCl + 6H,0! 2HCQO; + CI + 3H" + 5H, " G” =-53.4 kJ/rxn
Equation 3C,HsCl + 1.5SQ% ! 2HCO; + CI + 0.8H" + 1.BHS " G™ =-242.1kJ/rxn

To further evaluate the potential for anaerdb@ oxidation andoossibly culture
aresponsible micrabfrom acontaminated groundwater aquifer, groundwater was
collected from a plume with appareartaerobid/C oxidation activity. ThisSuperfund
site inCalifornia hadoverlapping plumes of TCE and dichloromethdPliminary
studies of groundwater microcosms created from thisralieatedanaerobic VC
oxidation.We studied these microcosms and cultures further to cthee resultsand
concluded thathe VC oxidation could be attributed to infiltratiohtrace amounts of

oxygen
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Methods

Chemicals

Most chemicals were purchased from Sigma-Aldrich (St. Louis, MO) at the highest
purity available. Gases were purchased from Airgas East (EImira, NY). Vinyl chloride
was purchased from Sigma-Aldrich, 99.5+% purity. Amounts added were calculated
from ideal gas law.

Microcosms, Enrichment, and I solation

Groundwater was collected from a chloroethene-contaminated Superfund site. In
the source zone, higher chlorinated chloroethenes were undergoing reductive
dechlorination and VC and cDCE accumulated. In anaerobic zones, downgradient from
the source, VC disappeared without equalimolar concentrations of ethene being detected,
suggesting that VVC was being metabolized by anaerobic oxidation (2). Microcosms were
prepared by adding 20 g of sediment and 50 ml of groundwater collected from the source
zone, to 160 ml serum vials inside an anaerobic chamber. Microcosms were sealed with
Teflon-coated red rubber septa. All microcosms received an initial dose of 0.05 ml (ca. 2
umoles) VC. These microcosms were incubated inside an anaerobic chamber and were
removed for sampling.

Aliquots from one of these sediment microcosms was used to prepare a second-
generation of microcosms (hereafter referred to as transfer #1), inside an anaerobic
chamber. These second-generation microcosms were inoculated with 0.5 ml of material
from the active sediment microcosm plus 99.5 ml of groundwater, in 160 ml serum vials

sealed with gray butyl rubber stoppers.
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Material from thesecondgeneration microcosmgasused asnocuum for a set
of enrichment cultureghereaftereferredto as transfer #2)n this case).1 ml was
inoculatedinto 10 ml of mineral salts mediur(82) in 27-ml crimp-top culturetubes
preparednsidean anaerobichamberCoy Industries (Grass Park, NIAIl culture
tubes were sealed with Teflamoated butyl rubber stoppeaad removed from the
anaerobic chambefhe hreadspaceof the culture tubesvereflushed with30% CG; and
70% N3 to remove residal H, and adjust the pHIhe tubes were theamendedvith 0.1
ml each of sterile anaerolsolutions of 10% (w/v) sodium bicarbonag8 yeast extract
andvitamins (33). VC was added, by gaght syringe, to the headspaces (0.1ml).
Enrichment cultures receivedn@ of anaerobicelectron acceptorsulfate, amorphous
Fg(lll) oxide, nitratepr nitrite. Addition of 3 ml of air to theubeheadspaces created
microaerobiaonditions(ca. 3.7% Q). The tubes were incubatsthtially, inverted and
maintainedn the darkat room temperatur@a. 20°C).

Enrichment culturepotentially showing VC utilizatiomvere transferred at 1%
inoculumto the samenineral salts mediuwithout the addition of yeast extrafdy
further enrichment and isolatioRor isolationof aerobic VC oxidizers under
microaerobiaonditions 60 mm platesverepreparedvith the same medium formulation
amended witll.5%naoble agar.Ten ml of the medium plus agar was dispensed
aerobically inta27 ml crimptop tubesflushedwith N, sealed with butyl rubber
stoppersfollowed by autoclaving. Sterile, anaerobic tubes were then movethato
anaerobic chamber that contaireesl°C heat blocko prevent premature solidification.
Once tubeseached ca. 8C, vitamins were added aride molten agar was poured out

into the60 mm plates, which were allowed to solidify inside the anaerobic chamber.
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Plates were inoculatefly streaking from VC oxidizing culture once they had
solidified. Theplates werghenplacedinsideaca.l L glassanaerobicanningjar that
was then sealedith a lid outfitted witha gassampling por(3) andwereremoved from
theanaerobic chambefhe headspace was then flushed wig®% CQO,/70% N, to
remove residual § Following this,10 ml of VC and110 ml of airwere added through
the samplig portto establishmicroaerobiconditions Plates were incubated at room
temperature in the dafkr three weeksColonies on these plates were picked
resuspended in 1 ml sterdieionizedwater, and 0.1 ml was inoculated into 10 ailthe
sterile mineral mediurdescribed abovia 27 ml crimp top tubesnd0.25 ml VC and 3
ml air were added.
Analytical M ethods
For quantitative analysis &C concentration0.1 mlheadspace samples werrgalyzed
using a PerkifElmer 8500 gas chromatographhwa flame ionization detect¢FID)
(34). The GC was fitted with a 2m x 3mmasiless steel column packed with 60/80 mesh
CarbopackB/SR1000(Suelco, Bellefonte, PA) and operated isothermally at @10
(35).

Optical densitesof cultures wereneasured at 608m on a Spectronic 21 (Bauch
& Lomb, Rochester, NY,)which wascomparedo an uninoculated medium blank.
DNA Isolation, PCR, and Phylogenet Analyses

DNA from groundwater microcosms, alguid cultureswasextracted with a
Power Soil DNA extraction kit (MoBio) using the manufacturerOs pro@bi#\ from
isolate was purified using an UltraClean Microbial DNA extraction kit (MoBgihg the

manufacturerOs protocb6SrRNA genesvereamplified usinguniversalbacterial
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primers 27F and 1492@). The PCR reaction contained 1.@%PRIMETaq

polymerase, 1X 5PRIME taq buffer, Qu&1 primers 200uM dNTPs, an@.5pl of
extracted DNA in a total volume of 3. The PCR program consistef 2 min at 95;C,
30 cycles of 95;C for 1 min, 50;C for 1 min, and 72{C for 1.5 min, then a final
elongation step at 72jC for 10 miACR products were examined by electrophoresis on
1% agarose gela TBE buffer.

A clonelibrary of the bacterial6S RNA genes in thgroundwatemicrocosms
wasconstructed as previously descril{éd). PCR products of the1l6S rRNA gene from
four different VC oxidizing microcosms were pooled for cloni@tpned DNA was
amplified with M13primersby the same PCR method as abamdthe PCR product
weredigested wittHaelll and HhalNEB, Ipswitch, MA)for restriction fragment length
pattern analysidigestion mixconsisted of 1U of each enzyme, 1X NEBuffer 2 and 10
ul of PCR productReaction proceeded overnight at 37{C. RFLP patterns were examined
on 2% agarose geils TBE buffer The samples correspondingunique patternby
RFLPand VC oxidizing isolatevereprepared for sequencing by reaction with ExoSap
Enzyme (Affymatrix, Santa Clara, CA) asdquenced at tHeornell University Life
Sciences Core Laboratori€gnterusing Sanger sequencing.

Sequences were compared to those in GenBank by BLAST analysis, and related
sequences were downloaded for further analysis. The sequences were aligned with
ClustaW (39). Thephylogenetidree was created using the Geneious tree builder, based
on a neighbojoining algorithm with JS614 as auatgroup, and bootstrapping at 100

with a 50% support thresho(@7).
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Resultsand Discussion
Examination of terminal electron acceptors in microcosms and enrichment cultures
Anaerobic microcosmgreparedvith site groundwateand sedimentand second
generation transfers into groundwatsinowedv C disappearance without concomitant
formation of etheneeven when not amended with potential terminal electron acceptors
(Figure 4.1A); thissuggeshg thatanaerobid/C oxidationwas occuring using an
endogenous electron accepitothe groundwatefThe site groundwatercontained
approximatelyl0.5 mg/L sulfate,<0.1mg/l nitrateand 2.3mg/l Fe(ll) making sulfate the
most likelypotentialanaerobic electron accept&talled, unamended groumdter
microcosmgould be stimulated with the additionfoéshgroundwater suggesting that

the lacking nutrient or electron acceptor was present within the grounddateenot

presented)]L5).
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Figure4.1: VC oxidation in the absence of a terminal electron acceptor in sediment

microcosms (GW)A) andsecondgeneration groundwater microcosms (EGW). (
Vertical lines indicate additions of VC.
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Material from thesecondgeneratiorgroundwatemicrocosmsvas used to as
inoculum into defined mediutior enrichment culture§ heseculturesreceivednitrate 6

mM), nitrite (5mM), sulfate (5mM), Fe(lll) oxide(5 mM), oxygen B.7%), or noadded
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terminalelectron accepto/C oxidation activity was comparewdth abiotic controls to
account for loss due to samplimgnd any abiotic reactions

In thenitrate and sulfate amendadd unamendeanaerobienrichment cultures
no oxidation of VC was observedlative to an abiotic contr¢tlata not shown)C loss
was only observed in enrichment cultures that received oxygen. Material from the
microaerobienrichment cultures was used to inocutiéénedgrowth mediumand
these culturemaintained activity through twb% transfersn liquid medium(Figure
4.2). These cultures alsshowedVC oxidation at increasing rates, indicative of growth.
Using materialfom theseliquid enrichment culture semsolid medium platewere
inoculatedby streakindor isolationand were incubated microaerobically

After 23 daysflat brownish coloniesca. 1 mm in diametewere visible.
Microscopic observation showedganismgrom the colonies wersmall Grampositive
rods.Growth in liquid mediumnoculatedfrom a colonywas slow to begirtaking 86
days to consume the first dose of Ytfata not shown The second dose of VC was
consumedvithin another 12 day©ther organisms capable of growing on Yi&ve been
found to showa lag in growth{(40). Forsomeisolates, thidhias been attributed to the

absence of vinyl chloride epoxide in cells needed to induce alkene monoasg(fl).
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Figure4.2: Secondgeneration liquid culture transfer from groundwater microcosms.

Disappearance of VC is indicative of oxidation of VC under microaerobic conditions
Arrows indicate addition of VC.
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Other VC oxidizing bacteria are also able to oxidize etlig8e To test if our
isolate was able to utilize ethene as well as VC, triplicate tubes were inoculated from a
VC grown culture. After 23 days, no VC or ethene rema{réglire4.3). The
consumption of VC and ethene followed an increased concomitant to VC or ethene
disappearancéor the second dose of VC or ethenedhesumption rate increased along
with an increase in optical density. Although the OD is low, cultures unamended with
either VC or ethene failed to show an increag@lin Thus, the increase in OD gsowth

thatis dependent on VC or ethene
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Figure4.3: Growth of VC oxidizing isolate. Shown aegamplef triplicate cultures
inoculated from the same source. An increase in OD is concamitifinthe oxidation of

VC and ¢hene. Arrows indicated an addition of VC. Grey lines represent abiotic medium
controls to account for gas lodgringsampling.

Identification of the VC utilizing organism

An axenic culture from an isolated colony was designite2b andits 16S
rRNA gene sequence was determined. ComparistiretdCBI databasdéy BLAST
revedled thatthis sequencavascloselyrelatedto Mycobacterium moriokanensadto a
known aerobic VC oxidizeMycobacteriunstrain JS619vith BLAST identities ofca.
99%over1400bpand450bp, respectively(16) (Figure4.4). Mycobacteriunspp.are
often found in soils and have been shown to degrade a variety off@gkric

compounds including V@20, 26, 29, 36).
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To determine if the VC oxidation activigbservedn the secondjeneration
microcosmswvas due targanisms similar tthis aerobic isolatea bacteriall6S rRNA
geneclone librarywas constructed witbNA extracted from secorgeneration
microcosmsandanalyzedor restriction fragment lengtbolymorphismgRFLPs). One
or more representatives of uniqgue RFLP patterns were sequéscselen irmmable 4.1a
RFLP pattern representing 25 out of the 67 clones had sequences nearly identical with

Mycobacteriunstrain JS61@nd the VC oxidizer isolated in this stu@igure 44).
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Figure4.4: 16 SrRNA genetreeof aerobic VC oxidizing isolateSequencélF26 was
obtained from the isolated microaerobic VC oxidizing organism, whereas the other HF
strains are sequences from the groundwater microcosm clone library. JS sequences are
known VC or ethene oxidizers. Strain JS61HKloaardioidesspp.,was used aan

outgroup in rooting the tre@7).

The 16S rRNA genanalysisindicates that theecondgeneration microcosms
had infiltrationof low levels of oxygensince the dominant member is an obligate
aerobic microorganism. The aerobic VC oxidizMgcobacteriunspp. most likely
scavenged this low level of oxygemhichhave been found tecaenge extremeljow

levels of oxygen(8, 21, 30). Likely sources of this oxgen are epetitivesyringesampling
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for GC measuremensndbr the passage of bottlesith multiple septum punctures
through theairlock of the anaerobichambemhen returned from samplinthis could
have caused a partial vacuum in teds, pulling in oxygenstill present in early
evacuation/flush cycles of the airlock

The presence of phylotypes related to known anae(dladxe 4.) suggests that
conditions were anaerobic in the microcosahkassomeof the tme. In fact, the
resazuriradded to these microcosms to indicate oxidation/reduction status remained clear
throughout the experiments. Moreover, the presence of potentially anaerobic phylotypes
prevents us frorsonclusivelyruling outthat allthe VC oxidatioractivity wasaraerobic

since some of these anaerobes may have participated in VC oxidation

GenBank Percent Number of
Best Hit for RFLP type Accession Number  Identity RFLPs
MycobacteriumJS619 AY859686.1 98% 25
UC anaerobic actinobacteridm DQ419604.1 94% 10
UC Desulfobacca GU472643.1 97% 9
UC Bacteroidetes JQ580314.1 86% 8
UC Spirochaetalewacterium EU266876.1 99% 7
UC Chloroflexi(Not Dh¢) HQ183907.1 99% 4
Geobacter pelophilus U96918.1 98% 4

Table 41: RFLP pattern analysis of clones from anaerobic VC oxidizing groundwater
microcosms®UC= Uncultured”Dhc =Dehalococcoidespp.

Conclusion
Though initial microcosm studies indicated that VC was oxidized under anaerobic
conditions neitherenrichmentnor isolation ofan anaerobic VC oxidizevas successful
All attempts to transfematerial frominitial microcosms into defined mediuor
stimulation of VC oxidation activity in these samples failed. The only activity recovered

from the groundwater or original microcosimsculturingwas the aerobic oxidization of
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VC. An aerobic VC oxidizewas subsequently isolated andndified as big related to
apreviously described VC oxidizingycobacteriumThis phylotype was also the most
numerous in the bacterial 188NA geneclone library from thesecondgeneration
microaerobianicrocosms representing 38% of the total clones.

Six years aftrthe original microcosms weestablisheda fresh set of soil
samples and groundwater was obtained from the same industrial site and used to prepare
nearly 300 new microcosmBuring more than three years of monitoring, the only VC
biodegradatiomactivity observed in the microcosms was reduction to ethene. This
suggests that conditions at the site had become more reducinyarabla toreductive
dechlorinatiorover time

Despite evidence thahaerobid/C oxidation occurs witin contaminatedgites
the organisms involveldave so faevade& enrichment and identification in the
laboratory At theses sitest is possibleéhatoxygen is below the level of detectibat
high enough tallow for aerobic VC oxidationUse ofCompounl-Specific Isotope
Analysiscan be used to reduce uncertainty about the fate of biotransformed €8¥®nes
but cannot fully explain the observed VC loss at contaminated sites. To accurately assess
the flux of VC atsites vhere VC is observed to lakecreasingvithout concomitant
ethene formationdetection oknown VGoxidizing phylotypes likeMycobacteriunspp
within a plumein comparisond norrcontaminated groundwateould be indicative of
aerobic oxidation of VC devels of oxygerbelow detectionas would the ability to
enrich aerobic VC oxidizers as we have in this study.

The isolatiorof this Mycobacteriunsp. strainhighlightsthe factthat groundwater

contamination plumes are dynamic, and wulerstandings of the biogeochemical cycles
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within arenot fully understoodStudieswvhich trackVC in shallow aquifers show VC
mineralization nder hypoxic conditior{42), though this is the first study to identify an
organism that may be responsible for thesstu observationsi-urther studiesnust be
performedio determinavhetherthese strains dflycobacteriunspp.are the organisms

responsible fom situVC mineralization.
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CHAPTERFIVE
ANAEROBIC OXIDATION OF ETHENE COUPLED TO SULFATE REDUCTION IN

ENRICHMENT CULTURES

Abstract

There have been reports of ethene oxidation tp @@eduction to ethane in
anaerobic microcosmlpwever these reports are very limited &tild is known abouthe
environmental fatef ethenaunder anaerobic conditions or the organisms responsible for
sucktransformation. In this study weport onetheneoxidizing microcosms under sulfate
reducing conditions and developnt of enrichmentudtures Microcosms were prepared
by amending freshwater canal sediments with 0.4 mmol/L ethene and 5 aiM SO
Microcosms amended with sulfate depleted the ethene within 74 days and consumed
another dose of ethene after 12 days. Production of ethandl@mmevas not observed.
Material from an active microcosm was transferred into mirsadédmedium When
inoculated all%, ethene disappeared af&8 dayswith the subsequent ethene dbsing
consumed after only 18 more dawhich isindicative of growh. Further transfers
continue to shovethene consumptigronsuming multiple doses of ethene along with the
concomitant production of sulfid@uantative PCR showed an increase in total bacterial
16SrRNA gene copiesdluring consumption of ethenicroscic observation of these
cultures revealed the presence of large irregular cocci, mostly single with some occurring
as pairsCloning and sequencing from the signeratiortransfer from sediments reale

a dominant phylotype most closely related&sulfovirga adipicastrain TSuAl.
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Introduction

Ethene is a notoxic, gaseousorganic compoundreated naturallpy plants as a
phytohormong25) andthe anaerobic reductive ld@ogenation of halogenated ethehgs
microbeg(26, 28, 40) and is produced in large quantities by the petrochemical industry for
usein manufacture of plastiq20). Ethene can stimulate plant responses at very low
corcentrations; as little as 25 pphn result in deelased fruit and flower development
(34). Microbes present in the soil can degratieene under aerobic conditiafid, 13),
however anaerobic situations in soils can lead to the acatiomlbf ethengl18).

Chloroethenescommon groundwater contaminartcan bemetabdized toproduce
etheng22, 28). Incompkte dechlorination results in production afy chloride (VC)
which, can either be dehalogenated to ethemaerobically21, 26) or oxidized to CQ
aerobially (5, 17). Only a few reports describe the reduction of ethene to ethare
thoughit is thermodynanically favorable with aAG°0-98.9kJ/mole ethené7, 14, 16).
Since eductive dechlorinationf PCE and TCEan proceed und@naerobiconditions;
ethenewill be producedas a byproductif PCE or TCE are fully dechlorinatdd5, 16).
Becausef this, ethenas commonlyused asnindicatorof bioremediatior(30). To
achieve mass balance between the disappearance of chlorinated ethenes and the production
of ethene, it is assumed that ethene is not degraded anaerobically.

At some contaminated sites, VC seems to disappear without detection of ethene.
The failure to detect ethene even though VC concentrations are in decline has been
attributed to the direct oxidation of VC under various terminal elecozepting
conditions(6, 8, 9, 39). Alternatively,ethenecould berapidly oxidized as soon as it is

produced The anaerobic oxidation of ethene to&hermodynamically favorable only if
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coupledto an electron acceptbke sulfate either directly in a single organism or via
syntrophic couplingby interspecies hydrogen transf&qguations onand two show the
thermodynamics ahesetwo types of ethene oxidation.
Equation 1: GHy gt 6H0() ! 2HCO5 (g + 2H' (g + 6Hyg) " GjO=+101.6 kJ/mol
Equation 2: GHy g+ 1.55Q%ag)! 2HCOs5 g+ 0.5H + 1.5HSg " Gi0=126.2 kd/mol

A previous sudy showed the conversiontohce amounts athene to C@under
sulfate reducing conditiorefter 160 day$7). In this study wedescribethe oxidation of
ethene coupled to sulfate reduction in a highly enrichedobial cultureat much greter
concentrations thmpreviously reported and show microbial growth linked to ethene
oxidation.As equatior2 shows, the oxidation of ethe is thermodynamically favorable
when coupled to sulfate reduction.

Short and long chain alkanes and alkesresefficiently metabolizederobically(4,
10, 19). Theanaerobi®mxidation of ethane, propane and butasevell as long chain
alkanes and alkenéss been reporeasmediated bysulfate reducing bacter{a9, 24).
The known microbidly mediated degradian of hydrocarbons has not included the
anaerobic degradation of ethetrevestigations into the anaerobic metabolism of ethene
will further our understanding of hydrocarbon metabolism and could reduce uncertainty at

chloroethene contaminated sites.

Materials and Methods
Chemicals
Most chemicals were purchased from Sigiddrich (St. Louis, MO) at the highest

purity available Gases were pahased from Airgas East (EImjidY). Ethere was
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purchased from MG Industri¢slalvern, PA) Amounts added weelculated from ideal
gas law.
SedimentSamples

Sediment samples were obtained from Salem canal, New Jersey. Sediment core
samples wreobtained, and split into oflder samples, for each 6 inches of the core. These
6 inch samples were then stored in plastic bottles at 4;C in the dark with no precautions to
protect them from oxygen. Samples for microcosm studies were taken from below the
surface and away from the sides of the plastic bottle. Microcosmdneerdatedusing the
sediment from 8140 from water sediment interfdo@m a sediment corthat wasobtained
in May 20009.
SedimentMicrocosms

Microcosms were prepared inside an anaerobic glove boxnml Ribes. To each
tube 1g of sediment (wet wt.) was added toriDof anaerobic deionized water and sealed
with Teflon-coated butyl rubber stoppers and aluminummps. For inoculated microcosm,
1 ml of slurry from an actively oxidizing microcosm was transferred using a syringe with
an 18gauge needle into microcosm containing ftesh sediment into @l of deionized
anaerobic water. The headspaces of all microsasere flushed using 70%,N30%CQ
(Airgas, Certified Standard purity) to remove Hom the headspace atmosphere, and
ethene was added by gas tight syrindeless stated otherwise, all solutions were prepared
anaerobically by flushing with higpurity N, gas. Microcosms were amended with 1.0g/L
sodium bicarbonate as a buffer and vitamin solut&®). Electron acceptors were tested by

amending sediment microcosms wWitlhnM sodium sulfate, .M sodiumnitrate or 5mM
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amorphous iron oxidéMlicrocosms were incubated inverted and statically at 30;C in the
dark.
Enrichment Cultures

A mineral salts medium was dispengsetb 27 ml tubes or 120ml vials, 10ml and
50ml|, respetively inside an anaerobic gloveb(@oy Laboratory ProductéGrass Park,
MI))(3). Tubes and vials werealed with Teflorcoated butyl rubber stoppers and
aluminum crimps and removed fraime gloveboxand autoclavedAll headspaces were
flushed with N/CO, (709%/30%) to remove bkpresent in the glovebatmosphere. All
tubes and vials were amended véthrile, anaerobit.0 g/L sodium bicarbonaté mM
sodium sulfatendthe addition of a vitamin solutiai29). Based on previous enrichments
(33), 1 mM amorphous FeS was usasithe reducing agent. No other source of carbon was
added to the enrichment cultures.
Microscopic analysis

From thesixth generation enrichment culture, 0.3ml was removed and mixed with
10 ul of acridine orange (0.05mg/ml) and incubated at roonptEm2 minutesThe
mixture was then centrifuged at 13,000rpm for 2 minutes to pellet the cells, which was
resuspended in 50ul of 1X PBI%en applied to a 1% agaoated slide.
Analytical Methods

Sulfide production was monitored using a colorimetgsay in which sulfide is
reacted with N,N dimethylphenylenediamine which is then further oxidized by Fe (llI)
Absorbance was measured at 6fon a DU730 LifeScience UV/Vis Spectrophotometer

(Beckman Coulter, Indianapolis, IN), which waaibratel to an uninoculated medium
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blank.Both headspace and liquid samples were taken from the enricbofemés to
determine sulfide concentration, and compared to standards of a known concentration.
Ethene was detected by headspace analysis (0.1 mL samples taken wittmha 0.25
Precision Sampling Pressure Lok syringe) using a Pé&tkimrer 8500 gas chromat@ph
with flame ionization detector fitted with a 2m x 3mm stainless steel column packed with
60/80 mesh Carbopack B/9®00 (Supleco, Bellefoonte, PA) with helium as a carrier gas
(30mL/min)(27). Both detector and injector temperatures were held isothermally at 215;C.
Compounds were identified using retention times of chemical standards and peak areas
were calculated using Peak Simple software. Calibrations based on aqueousistaitda
the same liquid and headspace volumes as the samples and over the concentration ranges
weremeasured (mmol/L of liquid vame) notby aqueous concentration.
DNA Extraction, 16S rRNA Gene Clone Libraries and Phylogenetic Analyses
DNA extractions werérom 0.5mL of enrichment cultureSamplesvere
centrifuged at 13,000rpm for 2 minutes and supernant was rermrfenggd this, cell pellets
were resuspended aBiNA was extracted usinpe UltraClean Microbial DNA Isolation
Kit (MoBio, Carlsbad, CAfollowing manufacturerOs protocol.
A 16S rRNAgene clone libraryas constructedith amplifications frorDNA
extractedrom the sixth generation ethenenrichment culturessingthe universalprimers
27F and 192R (1). The PCR reactiomixture contained 1.25U 5PRIMEaq polymerase,
1X 5PRIMETagq buffer 0.3uM, 200uM dNTPs, and 2.5yl of extracted DNA in a total
volume of 35ulAll PCR reactiors wereinitiatedatwo minute95! stepfollowed by 30
cycles of 99 for 1 min, 50! for 1.5min,and72 for 1 min followed by a 10min

hold at 72 and a hold at 4 until analysis PCR amplicons were analyzed on 1.25%
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TBE gels stained with ethidium bromid@CR products were cloned with the Topo TA
Cloning Kit into pCR2.1 (Invitrogen, Carlsbad, CA) according to the manufacturerOs
protocol. Inserts were PCR ampei using primers M13F and M13R. Inserts of the
expected sizeveresequenced at the Life Sciences Core Laboratory Center at Cornell
University.

Sequences were aligned first using ClustéB8). The resulting alignmenivasthen
used to creataphylogenic tree using the MrBayes within Geneidssulfomicrobium
thermophilumwas used as an outgroup using HKY85 substitution m@3gl Chain length
set at 1,100,000 with a subsampling frequency of 200. Priors were set with an
unconstrained branch lend2g3).

Quantative PCR

Quantative PCR (qFR) was used to estiate the concentrations loacterid 16S
rRNA genecopiesin theenrichment cultures. Reaction mixtures (final volume 25pl)
contained 12.5 pL iQ SYBR Green Super Mix (BioRad, Hercules, CA), forward and
reverseauniversal eubacterigrimers(31)(200nM each) and 1pl of template DNA. Cycling
condition were as follows: 10 miteat 95;C, 35 cycles of 1&condsat 95;C and 1
minuteat 62iC, followed by melting curve analysis from 60 to 95;C to screen from primer
dimers using My iQ Single Color Real Time Detection System-(&id).

Quantification of total bacteridl6S rRNA genes was achieved by analyzng
dilution series of a known quantity of plasmid containing partial 16S rRNA Baaillus
subtilisstrain 168. DNA concentrations were estimated spectrophotometrically using a ND

1000 spectrophotometer (Nanodrop, Wilmington, DE). Values presented amstahdard
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deviations are the average of triplicgfeCR reactionfrom individual enrichment cultures

Oor microcosms.

Results

Anaerobic oxidation of ethene insediment microcosms
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Figure5.1: Anaerobic oxidation of ethene in microcosms amended with sulfate or
unamended in comparisavith anuninoculated water blank. Arrows represent an addition

of etheneRepresentative tulseof triplicates foreachtreatmentare shownSee
supplemental Figure 5.1.

Anaerobic microcosms were initially feg.0.6 mmole/litergaseougtheneTubes
of equal volume of water and ethene were used as controls for gas loss due to sampling,
which failed to show significant de@se in ethene concentratidtigure5.1 shows a
typical microcosm amended with sulfate. Microcosms amended with sulfate, depleted

ethene within 74 days, and consumed another dose of ethene after Ii2 @agparison to
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the sodium sulfate amendedcrocosmgconsumption of ethene lagged in theamended
microcosmsin the unamended microcosmisetlag time for initial oxidation was quite
pronounced, and decreased with further doses of ethene (Figure 5.1) indicative of a
biologically mediatd reactionThefirst dose of ethene wa®nsumedifter 88 days with

the second dose consumed in another 14 @yfate was the most likely terminal electron
acceptor in all these cases since the unamendedangm only slightly lagged behind the
sulfate amended microcosm and endogenous sulfate levels in sediments were elevated
(1.8mmol/liter) Microcosms amended with KBl) oxideshowedthe samexidation rates

as in the unamended microcosiNs. methane or ethane was detected in these microcosms.
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Figure5.2: Anaerobic oxidation of ethene nasve and inoculatesediments

Representative tubes of triplicate for each treatment are shown above. All data in
supplemental Figure 5.2.
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Examination of the effect of addition of sedimeatsichmentshat had consumed
doses of ethene on microcosms containing OnasveO sedimentsastearedse in lag
time. Nasve sediments were inoculated with a slurry (ca.1%v/v) from a representative vial
amended with sulfate that had consumed two doses of ethene. As sHimwireib.2 the
inoculated sedimemhicrocosmgonsumed ethenagterthanthe unamended or nasve
sediment microcossn Both of these treatments were amended with additional sulfate as
well since this seemed to decrease the lag time as seen with the previous sediment
microcosms.
Development ofethene oxidizing enrichment cultures

Sediment slurries from microcosms consuming ethene were transferred into a
growth medium based on previous enrichmendCB dehalogenating enrichment
cultures from the same locati¢B2). Using theoptimization parameters from those
experimentsetheneoxidizing enrichment cultures were inoculated into mineral salts
medium with amorphous iron sulfide as the reducing agent and a vitamin sGR12&nh
Fermentable substrates such as Casamino Acids or yeast extract were not added to the
enrichment cultureso thatethenewas the sole electron donor amal othercarbon source

beside<O..
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Figure5.3: First generation enrichment cultureculated with either a 10% or 1%
(vol/vol) sediment slurry fronetheneoxidizing microcosmamended with sulfate. Arraaw

represent an addition of ethie.One representative talout of a triplicate set is showAll
data in supplemental Figure 5.3.

First generation transfers to medigontaining ethene as the sole organic carbon
andelectron donowere inoculated with 10% or 1% sediment slurry from a sediment
microcosmamended with sulfate that had consumed two doses of ethene. As gere
5.3,the enrichment culture inoculated1®% consumed its first dose of ethene by 24 days,
whereas the 1% lagged, and consumed its first dose by day 63. Upon subsequent addition
of ethene, consumption rate increased indicagiogvth of ethene oxidizing organism.

After day91, theenrichment culture inoculated at 10% seemed to stall indicating that all
sulfate had been consumed or sulfide had built up to toxic levels. As ssgumaiion 2the
oxidation of ethene is favorable under sulfate reducing conditions, with 1.5molesaté sulf

consumed for every mole of ethene. In this first generation enrichment cultures, the amount
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of ethene consumed is less than that of the supplied sulfate. Since this id@hgilation
from sediments, there are many other organisms and organic material that would have been
carried over in the inoculum that could be responsible for the consumption of sulfate and
production of sulfide.

Second and third generation transfers were creatbdive same approach, at a
10% and 1% inoculunboth consuming doses of ethene with the 10% cultures lagging for
less time thn the 1% inoculunfSupplemental Figures 5.3, 5.4) the third generation
culture inoculated at 10%, the first dose of ethe@as consumed in 12 daffSigure5.4).
Uninoculated culture medium failed to decrease the amount of ethene. Third generation
cultures were further enriched by addition of increasing amounts of ethene. When
challenged with the larger dose of ethene, lang timinishedand consumption continued

at an increasing rate.
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Figure5.4: Third generatiomnaerobic etherexidizing enrichment cultures for the
oxidation of ethene coupled to the reduction of sulfate in defined medium inoculated at
10% (v/v) and 1%(v/v) with or without sulfate One representative vial out of a triplicate
set is shownArrows indicate addition of ethenéomplete data set shown in Supplemental
Figure 5.4.

Becaus enrichmentultures failed to transfer to medium reduced with sodium
sulfide, which would have been suitable for following increases in culture optical density,
gPCR using OuniversalO bacterial 16S rRNA gene prvasrased tononitor growth in
the faurth generation enrichment cultures. These enrichments were inoculated\dvR2%
Using this approach was possibléo track an increase of total bacterial 16S rRNA gene
copies concurrent with the consumption of ethene. Enrichment cultures fed baoth atle
sodium sulfaténcreased il6S rRNA gene copgumberwhereas cultures lacking either
sulfate or ethene failed to increase in bacterial /E8$A gene copieto the same leve
after64 daysln the culturenot amended with sulfatt6S rRNA geneopesperml

increasedrom 2.98 10°to 29! 10’. The culture not amended with ethene showeihilar
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increase in 16 rRNA copy numbeer mlfrom 3.61 10° to 1.78 10". However this is

much less thethe culture amended with both ethene and sulf&8 rRNA gene copies
increasd from 2.49 10° to 1.67 10°. Carryoverorganicmatter or sulfate was present in all

the culturessince cultures without ethene or sulfate were still able to increase in 16S rRNA

copy number angroduce sulfide.
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Figure5.5: Consumption of Ethene (A) linked to increase in 16S rRNA gene copies (B).
All Data from the fourth generation (MT4) transfer in comparison to vials without the
addition of sulfate and without ethesrand abiotic controError bars represent the standard
deviationfrom themean of triplicate qPCR reactior@omplete data set shown in
Supplemental Figures 5.5 and 5.6.

During this growth experimensulfide levels were also monitordd cultures
lacking ethene or sulfate, there was little change. However, in cudtomeisdedvith

ethene and sulfate, sulfide production was evident, withr@rbole/liter sulfide produced
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and consumption of 17Z2nmold liter etheng(Figure5.5A). According to equatio 2, for
every mole of ethene consumed, 1.5 moles of sulfide are produced. Foritisnent
culture, a ratio of B sulfide:ethenavas measred indicatinghatother microbes present
that are able to produce sulfittem the carryover organic matter. The culture lacking
additional sulfate produceti3mmole/liter sulfide and consum@® mmole/liter ethene

resulting in a ratio of 1.8ulfide:etheneBoth values are close to the predicted vaiug.5.

3
<) BMT4
2 25
S B No Sulfate
w 2
) ONo Ethene
£ 15 _
D & Uninoculated
o 1
=
£ 05

O -_|_[E'$§§ \"\'-:\ RN

0
Tlme (D)

Figure5.6: Production ofsulfidein MT4. All Data from the fourth generation (MT4)
transfer in comparison to vials without the addition of sulfate and without ethene, and
abiotic control. Time points for sulfide counts correspond to complete consumption of
ethane Complete data set shown in Supplemental Figures 5.5 and 5.6.

Microbiological characterization

Microscopic observation showlat the dominant morphotype wasoid cells 1-
2um in diameteoccurring insinglets or doublet§ hese ovoid cellgrere most often
present within the amorphous iron sulfigeed as a reductant for the cultyfégure5.7A-
C). Two other cell morphologies were often viewadsmall motile curved rosimilar to
Desulfovibrioand the other a slender rod shaped cell, whieboonirred within the iron

sulfide particles. Th®esulfovibriotype cell waften seen outside of the iron sulfide
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particles.In successive transfers, the ovoid morphotype became a larger proportion of the

total cells.

Figure5.7: Phase contrast (A) and epifluorescence micrograph of a sixth generation
culture. The ellswere stained with acridine orangend theblack particle is amorphous
iron sulfide The ovoid shaped cdlype (arrow A) is the dominant membeithin the iron
sulfide particles in comparison to the slender rod shape¢acaiivB).

A 16S rRNA gene clonelone library was constructesing universal bacterial
primers from a sixthgeneration transfer, whiglepresented a T@iilution from the
sedimentsAmplification with archaeal primers failed to produce a PCR product (data not
shown).Of the 2 clones sequenced distinctsequencewere preseniand 4 sequences
only occurred oncéll of the sequences represent phylotypes thatamnsidered
anaerobic.

Of the sequenced clonespre then halfvere most similar by BLAST to
Desulfovirga adipicastrain TsuAl using the 16S rRNA datab&secultured organisms
(Tableb5.1). Strain TsuAl was isolated from an anaerobic digesitbr adipateprovided as
the electron donaandsulfate, sulfite, thiosulfate @lemental sulfuaselectron acceptors
(37). Other cultured members of the same clade weralmees of the genus
Syntrophobacterknown to couple propionate oxidation to sulfate reduatiosyntrophic

interactions with methanogerid3esulfoglaeba alkanexederanotherelatively close
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relative, was isolated for its ability to oxidize n-alkanes coupled to sulfate or thiosulfate
reduction (12). This phylotype showed only <93% identity with sequences from uncultured
microbial communities showing its uniqueness. Similar phylotypes in clone libraries from

earlier culture transfers making it unlikely to be a chimera or other artifact.

Desulfomicrobium thermophilum strain P6.2

100

Desulfovibrio putealis strain B7-43

Desulfobacterium indolicum strain In04

99.9

Desulfatibacillum alkenivorans strain PF2803

99.8

Desulfobacterium autotrophicum strain DSM 3382

99.9

Desulfotignum phosphitoxidans strain FiPS3

Syntrophus gentianae strain HQgoe1

99 ' Desulfocapsa thiozymogenes strain Bra2
99.9

Desulfobulbus elongatus strain FP

Desulfomonile limimaris strain DCB-M

Desulfacinum hydrothermale strain MT-96

99.9 99.9

Desulfoglaeba alkanexedens ALDC strain ALDC

Desulforhabdus amnigena strain ASRB1

Syntrophobacter pfennigii strain DSM 10092

Syntrophobacter fumaroxidans strain MPOB

Desulfovirga adjpica strain TsuAT1

MT6 - Major Phylotype

Pelobacter acetylenicus strain WoAcy1

99.8 Geobacter uraniireducens Rf4 strain Rf4

Geobacter bremensis strain Dfr1

0.04

Figure 5.8: 16S rRNA Bayesian gene tree. Sequence in red represents the most numerous
phylotype recovered from the clone library. Numbers at node are percent consensus
support.

The two next most numerous sequence types were members of the Spirochaetaa

phylum not known to anaerobically utilize hydrocarbons, nor were Levilineaspp (Tables

5.1 and 5.2). The Spirochaetas closely related to Treponemap. SPITS, a spirochete
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isolated from the hindgut contents of the drywood terniités strict anaerobeaoferment

saccharides with C{and ethanol as the main byprodu¢i®LC analysi®f the ethene

oxidizing culturewas unable to detect ethanol or other short chain fatty acidsr{dat

shown).The major phylotype sequence was compared by BLAST to sequences in the

nonredundant database, and the top hit wasitwaltured delta proteobacteritsaquence

from a limonene degrading methanogenic culture.

Table5.1: Top hits to 163ibosomalRNA sequences (Bacterial and ArchaBapST

database and their percentage within library

GenBank Percent Number of

Best Hit for Sequenced Clone Accession Number ldentity Clones
Desulfovirga adipica strain TSuAl NR_036764.1 90% 59.1%
Treponemasp. SPITS strain SPIT5 NR_042486.1 86% 13.6%
Treponema primitia ZAR strain ZAS2 NR_041714.1 86% 9.1%
Levilinea saccharolytica strain KIBl NR_040972.1 89% 4.5%
Desulfovibrio mexicanus strain Lupl NR_028776.1 98% 4.5%
Rhodanobacter ginsenosidimutastisin
CSC17Ta90 NR_044467.1 96% 4.5%
Rhodanobacter thiooxydans strain LCS  NR_041565.1 98% 4.5%

Table5.1: Top hits tonucleotide collectionnf/nt) BLAST database for sequenced clone

types and their percentage within library

GenBank Accession Percent Number
Best Hit for Sequenced Clone Number Identity of Clones

UC delta proteobacterium FN646460.1 93% 59.1%
Levilinea sp. P3ML JQ292916.1 97% 4.5%
Bacterial enrichment culture clone Gu080088.1 99% 4.5%
UC Spirochaetacedmacterium clone B6_81 HQ689205.1 99% 4.5%
UC bacterium clone LHJB26 JF741946.1 98% 9.1%
UC bacterium clone D12_FB EU981244.1 99% 4.5%
Bacterium K19(2011) HQ728406.1 96% 4.5%
UC bacterium SJA02 AJ009481.1 99% 4.5%
Rhodanobacter sp GR¥4 FJ821729.1 98% 4.5%
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Discussion

These studies have demonstrated that microcosms and enrichment cultures from

Salem Canal sediments can oxidize etherl thieconcomitanproduction of sulfide.
Ethene has been considered recalcitrant under anaerobic con(88p86). This study and
a previous microcosms study challenge this assum@oin this study, the amount of
ethene oxidize@.47 mmole/litey greatly exceeds that of the previous microcosm study
(maximumconsumptiorof 0.075 mmole/liter)7). Before now, the oxidation of ethene in

sedimentfree enrichment cultures had not been obsewiddsulfate

These sedimeritee enrichment cultures could reduce the amount of ethene in the
headspaces feelow detectable levelsithout the production of methane or atb. It is
unlikely that methanogens were present since PCR amplification faitkedectany
archaeal 16S rRNA sequenddata not shownand ethene acts as an inhibitor to
methanogenesiSulfide poduction and cell growth ereobserved andere concurrent
with etheneconsumptionEnrichment cultures were maintained with ethene angaS@he
sole carbon soursgand ethene arglilfate as the only redox pair.

Prelimnary data fromabeled ethensuggestthat ethene is mineralized to @O
Studies are underway to further characterize this culture in respect to substrate utilization.
To test electron acceptors, thiosulfate and precipitated sulfur were added in place of sulfate.
Thiosufate and precipitated sulfur are utilized as electron acceptor with ethene as the
electron donor, as evident by the loss of ethene over Tihethiosulfateamended
enrichmentultures took 75 days to consume the same dose of ethene that was consumed
in 33 days by theulfateamendedtulture. Further testing of°&ndthiosulfate are

underway Studiesof electron donor range is also being testgderial dilutions with
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acetate, propionate, ethanol and ethene will hopefully result in either a pure clithge
ethene oxidizer or give insights to the metabolic pathway that is used in the oxidation of
ethene.

Although ethene is not considered toxic, it is produced as a prodcitibobethene
dechlorination imnaerobic ground water plumes. The production of ethene is often used in
conjunction with the decrease in chloroethene concentration as evidence for
bioremediation. This study helps elucidate microbial metabadisshort chain
hydrocarbons and can leawfurther understanding of metabolite dynamidthin
contaminated anaerobic plumes, which could be occurring along side reductive

dechlorination.
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CHAPTERSIX

SUMMARY, IMPLICATIONS AND FUTURE DIRECTIONS

The Prophage ofDehalococcoides mccartylios

D. mccartyistrain 195vas the first bacterium isolated that could completely
dechlorinate toxic tetrachloroethene to fioric etheng20). In chapter two, the apparent
prophage oD. mccartyistrain 195 was investigatefl.genomic comparison to other
sequenced strains Biehalococcoideshows this phage to be uniguaestrain 195
Related prophagdsawe a genome similar to phageskifmicutes.Those experiments
showed the prophage to be active and induciiies phage appears to have been
asso@ted with strain 195 since it was brought into pure cultLi@g

Still unknown abotithis phage is the nature of its genome, whether circular or
linear.Siphoviridaehave a linear chromosome wher&aselloviridaehave a circular
chromosomél, 2). The morphological differences seen between the shape and the
predicted shapmightindicate that this phage has made many adaptations to life in
culture with strain 195. Thphage particlexit modedoesnot appearimilar to those of
phages within th&iphoviridaefamily. Perhaps this is atheradaptation of the phage to
long-termsurvival within strain 195 or thedaptionto exit a cell without petidoglycan.

This phage appears to be active throughout the life cycle of strain 195 as seen by
TEM without induction or applying stress to the culti?kage genomic comparisons
between different labs and to the original sequence of strain 195 mightsiummce for
phage and host coevolutionata from microarray studies show many of these genes to

beactive over a range of respiration ratgs). By metagenomics studigsophages
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associated with thBehalococcoidespp. in the ANAS and KB communities have been
identified (25). Further study of thBehalococcoidephage dynamics miglatlow for the
development of biomarkers for theseeiratctions.

The presence of a phage within an organism used in bioremediation of
contaminated groundwater could impact the ability to achieve complete detoxification of
a site. If the phage becomes active during bioremediation, PCE or TCE would fail to be
dechlorinated. Monitoring of phage genes or protein presence could be indiative

failure to bioremediate.

DehalobactetGenomes

In chapter threehie analysis of threBehalobacteigenomes showed a distinct and
diverse clad®f reductive dehalogenasmzymes. These bacteria are only able to obtain
energy through the reductive dechlorination of chloroorganic compounds such as 1,2
dichlorobenzenéDCB) (21) whereas ther strains oDehalobactehave been shown and
isolated on chloroform and tetrachloroethene, respect{téjyi4). The genomef the
DCB utilizing strains showevidence for speaalized growth on chloroorganic
compoundsThere are no enzymesmetabolicpathways for the utilizatioof fatty acids
or other electron acceptors, which is in contrast to the nearest sequenced phylogenic
relative,Desulfitobacterium hafnienspp.(16, 22). These organisms, by genomic
analysiswould be able to cope with environmental stresses by chematafasming
endospores

Genomicanalysis showed thesadle strains of DCB dechlorinating

Dehalobactetto beclosely related antb share many metabolic pathwaliswever their
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complement of reductive dehalogenase enzymes show possible metabolic redundancies
andoverlapping activitiebetween strainsSince the reductive dehalogenases of
Dehalobacterare divergent from other reductive dehalogenases of known function,
furtheranalysis on the specific function of these enzymes will further our understanding

of this environmentally important reaction.

Vinyl Chloride Oxidation

Vinyl chloride (VC) is a known human carcinogen and common groundwater
contaminan(7). Evidence suggesthat anaerobi®/C oxidation is possibléhough
studies have yet to link this activity to a specific organism or consortia. Enrichment
culturesreduced the concentratiof VC without the production of ethene under apparent
anaerobic conditiong\s shown in chapter four, hile investigating the electron acceptor
for this activity,only oxygenas electron acceptshowed transferrable activityhis
activity was attributed to an organismyigcobacteriunspp, which areknown to be able
to degrade VC and other anthropogenic compo(®ds). This organism was shown to
be present within the original enrichmendtures and was most likely responsible for the
apparentinaerobid/C oxidation activityin the microcosms

The inadvertent oxygen contamination allowed for the VC oxidizing
mycobacterium to growat oxygen levels lower then what could accurately beated
(10). This observation could lead teduceuncertaintyat field sites if mycobacteri@are
detected on thanaerobiedge of a contaminant plumEhe strain of mycobacteria
isolated inthis study is also capable of growing on ethene to the same extent as VC,

which is similar to other aerobic VC oxidizing bactgdab, 8, 12, 17).
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Ethene Oxidation

In chapter fivethe anaerobic oxidation of ethene in sediment microcosms and
enrichment culturewas examinedhe oxidation of ethene was coupled to the reduction
of sulfate to sulfide and preliminary studies shethengo bemineralized taCO,. The
dominant phylotype present within the anaerobic ethene oxidizing enrichments is closely
related tcarother known sulfate reductratis able to oxidizeadipate Desulfovirga
adipicastrain TsuA1(24).

Ethene is not a priority contaminant, however it is produced by the petrochemical
industry(13) and through the reductive dechlorination of R8E can have negative
impacts on fruit productio(23). Bacteria have been characterizgth their biochemical
pathways deciphered for the aerobic oxidation of etkért 8, 18), thoughthis is the
first report of anaerobic oxidation of ethengedater then tracer quantities.

Continued work should focus on isolation and characterization this organismOs
substrate rang&tudies are underway to further characterize this microbeOs metabolic
capabilities and substrate ranges. Of the substrated,tetene concentrations are
reduced in the presence df&d thiosulfate, similar tB. adipicaTsuAl. The
metabolism of fatty acids by this enrichment cudtur the presence of sulfateaison-

goingstudywithin the laboratory.
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