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Stable isotope probing is a cultivation-independealnique that allows researchers
to identify microorganisms that metabolize subssdhat are labeled with stable
isotopes. However, to understand the geneticphygsiology of microbial processes,
experiments using pure culture are often neces$oiaromonas naphthal enivorans
CJ2 was identified as a key member of the naphtkadiegrading community in coal
tar-contaminated sediment, and was successfullgtesbin pure culture. Using
respirometry, metabolite detection by gas chronrajglyy/mass spectrometry, and
cell-free enzyme assays, strain CJ2 was shown tabokze naphthalene via
gentisate. Growth assays revealed that straingddBibited by naphthalene
concentrations of 78M (10 ppm) and higher. Despite being able to wgehthalene
as a carbon and energy source, strain CJ2 mustdeateaphthalene utilization against
two types of toxicity. Naphthalene directly inhdal growth, and the accumulation of
putative naphthalene metabolites resulted in the &b cell viability. Stable isotope
probing of benzoic acid metabolizing bacteria in@gdtural soil revealed the role of
Burkholderia species, and cultivation efforts led to isolatidra@epresentative of the
benzoic acid-degrading populatidyrkholderia sp. strain EBA09. Growth of the
population represented by EBAQ9 in the field wamdestrated using MPN-PCR.
The potential for dynamic secondary ion mass spewttry (SIMS) ion microscopy to

complement SIP studies by measurif@ assimilation into individual bacterial cells



grown on**C-labeled organic compounds was explored. A clglationship between
mass 27 and 26 signals in cells grown in mediaaioimty varying proportions dfC-
to 1*C-glucose was observed; a standard curve was gedecapredict®C-
enrichment in unknown samples. Difference§@ signals measured by SIMS were
shown to be due t5C assimilation into cell biomass. The applicatirSIMS ion
microscopy to soil samples from a field experimeaeiving'“C- or**C-phenol
revealed that’C-labeled cells were detected in soil that was d@ssingle time with
13c-phenol, and in soil that received 12 doseS®fphenol, 27% of the cells in the

total community were more than 90%¢-labeled.
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1. INTRODUCTION AND LITERATURE REVIEW

1.1 Introduction

The fundamental goals of the discipline of envinemtal microbiology are to
elucidate (1) which microorganisms are presentgivan environment, (2) what
functions those microorganisms are performing, @dhow microbial communities
organize and interact. The observation that themiyaof bacteria are not readily
cultivated in a laboratory has led to the use dtivation-independent techniques to
ascertain the presence and function of bactetiiaeimatural environment (Amann et
al., 1995). Applications of molecular techniqulestttarget the 16S rRNA gene have
greatly improved our understanding of microbialedsity in complex environments
(Hugenholtz, 2002). However, while analysis of YBSIA sequences can provide
insight into phylogenetic relationships and comndiversity, it is difficult and
dubious to infer function from a 16S rRNA sequence.

Techniques that combine the metabolism of isotdlyitabeled substrates with
the analysis of 16S rRNA genes can provide a lgtkvben a microorganism’s
identity and substrate-specific function (Neufelcle, 2007c¢). Fluorescent in situ
hybridization combined with microautoradiography§H-MAR) (Ouverney and
Fuhrman, 1999) and isotope arrays (Adamczyk eR@03) are techniques that use
radiolabeled substrates in combination with oligdeatide probes to identify
metabolically active microorganisms. However, batithese techniques require prior
knowledge of 16S rRNA sequences for oligonucleopiddbe design. Stable isotope
probing (SIP) is a technique that can directly ling& identity and substrate-specific
function of a microorganism without the need fappknowledge of a 16S rRNA

gene sequence (Dumont and Murrell, 2005; Madsebg;Radajewski et al., 2000).



Despite advancements in techniques like SIP, laadévelopment of
metagenomics (Handelsman, 2004) and metaproted¢Ma®n et al., 2007),
experiments with pure cultures provide unmatchedrobof variables and
reproducibility. Pure culture studies provide amportant complement to cultivation-
independent studies, and they are particularlyaldtito detailed investigations of
genetic regulation and metabolic pathways. A nooraplete biological picture can
be gained if both studies performed with cultivatindependent methods and studies
with pure cultures can be directed towards a miafgiyocess.

Stable isotope probing of bacteria that metab@imenatic hydrocarbons is a
theme that connects the chapters within this dagen. Both cultivation-independent
techniques and pure culture in vitro studies aredooted to better understand (1)
which microbial communities successfully metabolhzrematic hydrocarbons in the
field, (2) how do those microorganisms metabadimematic hydrocarbons, and (3)
how do those microbial communities change when atimnhydrocarbons are added
to their environment.

Polaromonas naphthalenivorans CJ2 is a cultivated representative of a
naphthalene-degrading population from coal tar@mmated sediment that was
shown to be active in situ by SIP (Jeon et al. 3300 he cultivation of strain CJ2 has
provided the opportunity to conduct in vitro stugltbat could help reveal what factors
enabled strain CJ2 to successfully occupy a nisteraaphthalene-degrader in the
environment. Chapter 2 of this dissertation ituag of the naphthalene catabolic
pathway in strain CJ2, and it describes growthhitioin by naphthalene and
naphthalene metabolites. Chapter 2 was publish&tidgrobiology (Pumphrey and
Madsen, 2007).

Chapter 3 of this dissertation describes a sthdiyused SIP and cultivation to

identify benzoic acid metabolizing bacteria in agtiural field soil. Changes in



culturable benzoic acid metabolizing bacteria, 868 rRNA sequence information
obtained through SIP are used to demonstrate twetlgiof a population of
Burkholderia species in the field. Chapter 3 was publisApplied and
Environmental Microbiology (Pumphrey and Madsen, 2008).

Secondary ion mass spectrometry (SIMS) is a tecienihat allows analysis of
the elemental and isotopic content of samples (@ueiKern et al., 2005), and SIMS
ion microscopy can be used to visualize isotopatlons in a sample. SIMS ion
microscopy has the potential to complement SIP ex@ats by microscopically
confirming the role of microorganisms that are tifeed through SIP and measuring
the amount of isotopic label that individual céibsve incorporated the into their
biomass. Chapter 4 of this dissertation is a sthdydemonstrated the use of a
Cameca IMS-3f SIMS ion microscope to measd@incorporation by bacteria in

pure culture and in soil, and is in review for jbernal Environmental Microbiology.

1.2 Stable isotope probing
1.2.1 Sable isotope probing overview

Stable isotope probing (SIP) is a cultivation-inelegeent technique that allows
researchers to identify microorganisms that metabaln exogenously added
substrate. Due to the low natural abundancé®f{~1.1% total carbon) arfd\
(~0.37% total nitrogen) the biomass of microorgamibat metabolize a substrate
labeled with a stable isotope becomes enrichetivelto the members of the
population that are unable to metabolize the labsidstrate. SIP can help
researchers identify populations that perform nb@bprocesses in a variety of
natural environments, while avoiding biases assediwith culture-based techniques.
A link between phylogeny and function is establéhg analyzing biomarkers, such

as DNA (Radajewski et al., 2000), RNA (Manefieldabt 2002), or phospholipid fatty



acids (PFLA) (Boschker et al., 1998), from the bémsof populations that become
labeled with*3C or >N following the metabolism of a labeled substrdtethe case of
nucleic acids, labeled RNA and DNA can be separfated non-labeled nucleic acids
by density gradient ultracentrifugation due to eliénces in buoyant density, while
lipids can be analyzed by gas chromatography-igotaffo mass spectrometry (GC-
IRMS).

The first study in microbial ecology that appliée principles of SIP
examined PFLA that weréC-labeled due to the metabolism'd€-acetate ot’C-
methane (Boschker et al., 1998C-labeled PFLA are detected by GC-IRMS and do
not need to be purified from unlabeled PLFA. Ferthore, only partial incorporation
of 13C is needed for analysis. This makes PFLA-SIP-sailed for investigating
populations with low cell numbers or low growthastand studies of methanotrophic
populations in particular have relied on the sangitof PFLA-SIP (Boschker et al.,
1998; Bull et al., 2000; Crossman et al., 2004; fibgdat et al., 2006; Maxfield et al.,
2008; Mohanty et al., 2006; Qiu et al., 2008; Stva=t al., 2008; Singh and Tate
2007; Singh et al., 2007). PFLA-SIP has also hes=d to identify populations that
metabolize aromatic pollutants such as polychleeddiphenyl (Tillman et al., 2005)
or toluene (Hanson et al., 1999; Mauclaire et28lQ3; Pelz et al., 2001), rhizosphere
populations (Butler et al., 2003; Lu et al., 200#onis et al., 2004), and acetate
metabolizing populations (Boschker et al., 1998nBo et al., 2002; Pombo et al.,
2005). However, because analysis of 16S smallrsufiBiSU) rRNA and its
corresponding gene provide greater taxonomic résalthan analysis of lipids,
DNA- and RNA-SIP studies are more prevalent inliieeature.

The first application of DNA-SIP usédC-methanol to label DNA of
methylotrophs in oak forest soil microcosms (Radaje et al., 2000), and RNA-SIP

was first applied to a phenol-degrading communmnitgn industrial bioreactor



following the addition of*C-phenol (Manefield et al., 2002). DNA replicatiisn
necessary for isotopic labeling of DNA. At minimutwo cycles of replication are
needed for the DNA to be fully labeled, which cotgéduce the likelihood of
identifying slow growing organisms by DNA-SIP. @uth is not necessary for
isotopic labeling of RNA, and because active ceita over RNA at high rates, it is a
more responsive biomarker that can be labeled iwthbation times that are shorter
than those needed for DNA-SIP.

Both DNA- and RNA-SIP require separation of stabtgope labeled nucleic
acids from unlabeled nucleic acids by density gmadultracentrifugation. DNA is
typically separated in cesium chloride (CsCl) geads, while RNA is separated using
cesium trifluoroacetate (CsTFA). CsTFA preven®iaiization of nucleic acids with
ethidium bromide, and gradients containing RNA nhesfractionated. CsCI
gradients on the other hand, can be fractionatedhadium bromide can be included
in the gradient, and DNA bands can be visualizetamlected by puncturing the side
of an ultracentrifuge tube with a needle. Ultrad&mgation does not provide
complete separation of labeled and unlabeled nualgds, and RNA tends to have
higher levels of background than DNA (Lueders et2004a). Thus, the presence of
a nucleic acid sequence in the “heavy” part ofadgat does not necessarily indicate
a high degree of labeling. SIP studies that'tiNere far less common because the
difference in buoyant density due'tiN-incorporation is nearly identical to
differences in buoyant density due to G+C conténtechnique that included an
intercalating agent during density gradient ultragégation to minimize the effect of
G+C content (Buckley et al., 2007a) led to the tdimation of free-living diazotrophs
in soil (Buckley et al., 2007b).

Following ultracentrifugation, a variety of moleaukechniques can be used to

characterize the nucleic acids present in gradiantions. The active members of a



microbial community that incorporated the stabtgapic label can be differentiated
from inactive community members by comparing thel@ia acids present in “heavy”
fractions to those in “light” fractions from thersa gradient, as well as by comparing
“heavy” fractions from samples treated witf’@-labeled substrate to “heavy”
fractions from control samples treated witlf@-substrate. The most common
techniques used to compare gradient fractionslare d¢ibraries (Jeon et al., 2003;
Morris et al., 2002; Padmanabhan et al 2003; Radjeet al., 2000), terminal-
restriction fragment length polymorphism (Lu et @D05; Lueders et al 2004b;
Lueders et al 2004c¢), and denaturing gradientlgetrephoresis (Kasai et al., 2006;
Manefield et al., 2002; Neufeld et al., 2007). Muarrays can provide a high-
throughput method to examine the presence of gertég-labeled DNA (Cebron et
al., 2007b; Hery et al., 2008; Leigh et al., 2003)P can also be combined with
techniques that rely on sequences identified by S1Eh as fluorescent in situ
hybridization-microautoradiography (Ginige et @004; Ginige et al., 2005) and
guantitative-PCR (Singleton et al., 2007). Metageit techniques can be used to
detect entire operons as opposed to single genesees (Dumont et al., 2006).
Additionally, microscopic techniques that can detsotopic enrichment in cells, such
as Raman microscopy (Huang et al., 2004; Huand,&1G97) or secondary ion mass
spectrometry (DeRito et al., 2005), can be useambtdirm incorporation of the
isotopic label into cellular biomass.

SIP is not without limitations. The availability isotopically labeled
substrates can be limited, particularly unifornaipéled compounds, which are
preferred. In order to ensure enough biomasseéa for subsequent analysis, a
substrate may be added at concentrations that @xoceeentrations found in situ,
which could alter populations or select for popolasg that are not representative at

natural substrate concentrations. Long incubdtioas can lead to carbon cross-



feeding, where organisms not responsible for mdisahf the added substrate
become™C-labeled by consumintjC-labeled metabolites from primary degraders
(DeRito et al., 2005; Hutchens et al., 2004; Lusdral., 2004c; Morris et al., 2002).
As mentioned above, separation of labeled and efddimucleic acids is often
incomplete, and if organisms consume both the exagelabeled substrate and
endogenous unlabeled substrates then they maydnoked. Finally, the molecular
tools used to analyze labeled nucleic acids argsuto biases of PCR amplification

(von Wintzingerode et al., 1997).

1.2.2 SP applications

The versatility of SIP is illustrated by the masubstrates and environments to
which researchers have applied the technique.h&meen applied extensively to
study methanotrophic and methylotrophic populationsoil (Cebron et al., 2007a;
Cebron et al., 2007b; Dumont et al 2006; Hery ¢t28108; Maxfield et al., 2008;
Morris et al., 2002; Radajewski et al., 2002; Siagl Tate, 2007; Singh et al., 2007),
sediment (Lin et al., 2004; Nercessian et al., 200foundwater (Hutchens et al.,
2004), activated sludge (Osaka et al., 2006; Ostakh, 2008), marine (Neufeld et al.,
2007; Neufeld et al., 2008), and rice field soitlahizosphere (Lueders et al., 2004b;
Mohanty et al., 2006; Murase and Frenzel, 2007] &tadl., 2008; Qiu et al., 2008;
Shrestha et al., 2008) environments.

Researchers have also applied SIP to investigatelattons that degrade
organic pollutants. Benzene-degrading populatiae been identified in
groundwater (Kasai et al., 2006), an iron-redu@ngchment culture (Kunapuli et al.,
2007) and freshwater sediment (Liou et al., 2008population of biphenyl-
metabolizing bacteria was identified in a pine rome contaminated with

polychlorinated biphenyls (Leigh et al., 2007).pBlations that metabolize



naphthalene have been investigated by SIP in gwated (Huang et al., 2007),
freshwater sediment (Jeon et al., 2003), a benale-&toreactor (Singleton et al.,
2005), and agricultural soil (Padmanabhan et @032 Phenol-degrading
populations have also been analyzed in agriculaoilDeRito et al., 2005;
Padmanabhan et al., 2003) and bioreactors (Madedtedl., 2002; Manefield et al.,
2007). PAH-degrading populations have been ingattd for their ability to degrade
phenanthrene (Singleton et al., 2005; Singletal.eP007) or pyrene (Singleton et al.,
2006; Singleton et al., 2007). Populations thgraee chlorinated compounds such as
pentachlorophenol (Mahmood et al., 2005), percleitrene (Kittelmann and Friedrich
2008a; Kittelmann and Friedrich 2008b), and polgahiated biphenyl (Tillman et al.,
2005) have been investigated as well. Other satiestthat have been used in SIP
studies include acetate (Ginige et al., 2004; @&imgal., 2005; Hori et al., 2007; Lear
et al., 2007; Osaka et al., 2006; Schwartz eR@D7; Webster et al., 2006), benzoate
(Gallagher et al., 2005), cellulose (Haicher et2007), fatty acids (Hatamoto et al.,
2007), methyl chloride (Borodina et al., 2005),pomate (Lueders et al., 2005c),
monosaccharides (Hamberger et al., 2008),'3xgl(Buckley et al., 2007b). Pulse
labeling of plants with°CO, has been used to study populations that metahaoiate
exudates (Griffiths et al., 2004; Lu et al., 2006;and Conrad 2005; Lu et al., 2006;
Lu et al., 2007; Rangel-Castro et al., 2005).

Although SIP studies have primarily targeted 168ARjenes, DNA-SIP
allows functional genes to be targeted in additdtaxonomic markers. Functional
genes front®C-labeled have been analyzed with primers targeiregific genes,
microarrays, and metagenomic methods. Primers Ibese used to target methane
monooxygenase genes (Cebron et al., 2007b; Hexly, &@008; Hutchens et al., 2004;
Lin et al., 2004; Morris et al., 2002; Nercessiaale 2005), methanol dehydrogenase

and methylamine dehydrogenase genes (Neufeld, 08I7), nitrite reductase genes



(Osaka et al., 2006), formaldehyde-activating ereegenes (Nercessian et al., 2005),
and a methyltransferase gene involved in methybrae metabolism (Borodina et al.,
2005). Methane monooxygenases have also beenma@mith microarrays (Cebron
et al., 2007b; Hery et al., 2008), as have aromatghydroxylating dioxygenase
subunits (Leigh et al., 2007). Cloning'd€-labeled DNA into a bacterial artificial
chromosome plasmid led to the identification obanplete methane monooxygenase
operon (Dumont et al., 2006).

In the majority of SIP studies, the microorganigiret are identified as active
in situ have yet to be cultured. However, a fewdis have reported successful
cultivation of isolates that are representativeabulations identified by SIP.
Polaromonas napththalenivorans CJ2 was isolated from coal-tar contaminated
sediment, and was shown to be a member of theeactiphthalene-degrading
population by DNA-SIP in the field (Jeon et al 2DO3RNA-SIP of anaerobic
benzene-degraders in groundwater revealed thefdgoarcus species. Two strains,
DN11 and AN9, with 100% sequence homology to'fiielabeledAzoarcus 16S
rRNA sequence were subsequently isolated and skmdegrade benzene under
denitrifying conditions (Kasai et al., 2006). Awvestigation of anaerobic, long-chain
fatty acid degrading bacteria in methanogenic stuglyichments identified members
of the familySyntrophomonadaceae by RNA-SIP as dominant palmitate degraders,
and a representative of the domin&yitrophomonadaceae population, strain MPA,
was successfully isolated and shown to degradeitaaénto methanol and acetate
(Hatamoto et al., 2007). Both cultivation and DIS/R detected aArthrobacter spp.
as a biphenyl degrader in the polychlorinated bigheontaminated root zone of
Austrian pine (Leigh et al., 2007). The cultivatiof microorganisms that have been

identified by SIP can enable genetic and physiaklgitudies that seek to understand



what makes the organisms successful in their réispeenvironments (Jeon et al.,

2006).

1.3 Secondary ion mass spectrometry
1.3.1 Secondary ion mass spectrometry overview

Secondary ion mass spectrometry is a techniquealioais selective analysis
of elements and isotopes on sample surfaces. eEhaifjue was developed in the
early 1960s by Castaing and Slodzian (1962), aliesren the mass spectrometry of
secondary ions desorbed from the sample surfaeepoynary ion beam. The
resulting secondary ions are focused, and theisesaare measured with a magnetic
sector, quadrupole, or time-of-flight mass analyRacholski and Winograd, 1999).
SIMS can provide spatially resolved informationg d&ry rastering the primary ion
over an area of a sample, SIMS microscopy can geownages that reveal the origin
of secondary ions from the sample (Guerquin-Keral.e2005). SIMS analyses are
generally divided into two categories: static ondyic. For static SIMS
measurements, the number of incident, primary is@a® order of magnitude less than
the number of sample surface atoms. Static SIMfenmerally used to measure
abundant elements from the top monolayer of a samipl contrast, for dynamic
SIMS the number of incident ions exceeds the nurabsurface atoms on a sample.
The high number of incident ions increases theltdeptlesorbed ions, and allows for
investigation of bulk composition and detectiortrate elements. Reviews by
Pacholksi and Winograd (1999), Chandra et al. (2008 Guerquin-Kern et al.
(2005) provide greater technical detail of SIMSht@ques.

SIMS technology has tremendous potential to aidstigations of microbial
systems, but there are technical considerations#malimit application of SIMS to

biological problems. Perhaps the greatest linutatf SIMS is that in vivo studies
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cannot be performed, because the sample must lydrdédd, brought to a potential of
several kilovolts, and held under a vacuum (Guerdfern et al., 2005). Sample
preparation is key to SIMS analysis, and it is im@at to minimize changes to the
sample during fixation. The resolution of ionsiwitearly identical masses can be
problematic as mass interference from isobaricsjpecies has the potential to
influence the signal of an ion species of interé&ample degradation due to erosion
by the primary ion beam can limit exposure timedsekto take images, or may limit
the number of images that can be taken if long supotimes are necessary. The
lateral resolution of images acquired by SIMS ranfgem ~50 nm to 1fnm

depending on the model of ion microprobe, andntlva difficult or impossible to

distinguish small cells (Neufeld et al 2007c).

1.3.2 SMS applications in microbiology

The application of SIMS techniques to biologicalastigations was limited to
eukaryotic systems (Chandra et al., 2000; PachalskiwWinograd, 1999) until
pioneering studies that applied SIMS to microbjstems using SIMS in combination
with fluorescent in-situ hybridization (FISH) tosk that methane-consuming
Archaea in anoxic marine sediments were naturaly-depleted (Orphan et al., 2001;
Orphan et al., 2002). Using the erosive qualitS analysis, researchers were
able to obtais*>C profiles from the exterior to the interior of catjgregates
composed of sulfur-reducing bacteria and methapbtcoarchaea (Orphan et al.,
2001). Consumption of G+Hand CQ by methanotrophic microbial mats in the Black
Sea was studied using a combination of SIMS, adiogaaphy, and FISH (Treude et
al., 2007). Time of flight SIMS (TOF-SIMS) has begsed to the assimilation of
inorganic carbon and nitrogen in pure cultures gravith NaH>CO; and

(**NH,4)2SQ4, and nitrogen incorporation was shown in bactexéls and fungal
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hyphae from riparian soil treated witltN\H4),SQ; (Cliff et al., 2002). TOF-SIMS has
also been used as a forensics application to digghBacillus subtilis spores
according to the type of media they were grownyiu§ing 16 elemental signatures
(Cliff et al., 2005). Dynamic SIMS was used to gdement a field-based SIP study
by showing enhancedC-signals from bacteria in soil treated witft-phenol
compared to soils treated witftC-phenol (DeRito et al., 2005).

Recent advances in technology have led to improwésne lateral resolution
(=50 nm) and the ability to measure 5 masses inls&meously (Guerquin-Kern et al.,
2005). This nanometer-scale SIMS technology srrefl to as NanoSIMS or multi-
ion imaging mass spectrometry (MIMS). Lechend.g2806) demonstrated the use
of NanoSIMS to show’N fixation by Teredinibacter turneraein pure culture, and
distinguished>N-labeledT. teredinibacter from unlabelednterococcus faecalis. To
show that NanoSIMS could be applied to soil envitents, cells of°N-enriched
Pseudomonas fluorescens were imaged after being added to a soil matrixiidann
et al., 2007). The application of NanoSIMS to mimal systems has not been limited
to cellular biomass. The association between ealitdar proteins and biogenic zinc
sulfide nanoparticles was detected by NanoSIMShiolm dominated by sulfate-
reducing bacteria (Moreau et al., 2007). Two stadiave combined NanoSIMS with
16S rRNA-targeted oligonucleotide probes that adorftalogens. Oligonucleotides
that were labeled with iodized cytidine were coneinvith NanoSIMS to visualize
both Escherichia coli grown on different amounts 61C and™N, and an archaeal
population from a municipal solid waste bioreagmwing on'*C-methanol (Li et
al., 2008). Behrens et al. (2008) combined NandsWith element labeling-FISH
(EL-FISH), a technique that uses catalyzed repaieposition (CARD)-FISH
(Pernthaler et al., 2002) and halogen-containilgréscently labeled tyramides to

label cells with bromine or fluorine. This allowbdth fluorescent and SIMS imaging
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of a consortium consisting of flamentous cyanobaatand an epibiont. After
incubation with**C-bicarbonate antfN,, researchers observed that carbon and
nitrogen fixed by the cyanobacterium were assimddiy the epibiont (Behrens et al.,
2008). NanoSIMS was also used to characterizalaelievelopment and metabolite

exchange in filamentous cyanobacteria (Popa e2@0.7).

1.4 Naphthalene metabolism byPolaromonas naphthalenivorans CJ2
1.4.1 Aerobic naphthalene metabolism by bacteria

Naphthalene is composed of two fused aromatisrargl is the simplest
member of the class of compounds known as polycyecbmatic hydrocarbons, or
PAHs. The metabolism of naphthalene has beenestwitensively since the 1950s,
when researchers began isolating microorganismabtapf using naphthalene as a
source of energy and carbon. Naphthalene metabblgs primarily been studied in
Pseudomonas species, but other Gram-negative and Gram-poditheteria are
capable of metabolizing naphthalene as well (Haloe@mori, 2003). The initial step
in aerobic naphthalene metabolism requires a moahliponent dioxygenase that
introduces molecular oxygen into the 1,2-positibthe aromatic ring (Parales, 2003).
The product of the dioxygenatiotis-1,2-dihydroxyl-dihydronaphthalene, is
dehydrogenated to form 1,2-dihydroxynaphthalenevi@aand Evans, 1964).
Subsequent intermediate metabolic steps lead tprtdtriction of salicylaldehyde,
which is transformetb salicylate by salicylaldehyde dehydrogenase éaidl
Omori, 2003). A key difference among naphthalem¢atmolic pathways pertains to
the metabolism of salicylate. In well studigsbudomonas species, salicylate is
metabolized to catechol (Yen and Gunsalus, 1988grnatively, salicylate can be

metabolized to gentisate as observeRalstonia sp. strain U2 (Fuenmayor et al.,
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1998; Zhou et al., 2001). Gentisate and cateateolikimately metabolized to
tricarboxylic acid cycle intermediates.

The salicylate and gentisate metabolic pathwag®acoded by distinct
naphthalene catabolic genes with differing opetamctures. In the archetypal
naphthalene-degraders that use the catechol patRaaylomonas putida G7 andP.
putida NCIB 9816-4, thenah catabolic genes are arranged into two operons, gk
lower (Dennis and Zylstra, 2004; Sota et al., 200B)e upper operon encodes for the
metabolism of naphthalene to salicylate, and testaperon encodes for the
metabolism of catechol to TCA cycle intermediat@ssingle, LysR-type regulatory
protein, NahR, regulates both the upper and lowerans. IrRalstonia sp. strain U2,
thenag catabolic genes that metabolize salicylate viaigatd are arranged as a
single, linear operon that is regulated by the L-ygbe regulatory protein, NagR
(Jones et al 2003).

Other naphthalene catabolic genotypes and opénactiwres have been
characterized. Thghn genes oBurkholderia sp. strain RP007 show low homology
to other naphthalene catabolic genes, and aregadanto an upper operon that
encodes metabolism of naphthalene and phenant{irange and Lloyd-Jones,
1999a). Strain RP007 also carries two distinceloaperons that encode the meta-
cleavage of catechol (Laurie and Lloyd-Jones, 1999ere are several strains of
Gram-positiveRhodococcus species that carmyar naphthalene catabolic genes, which
show low similarity tonah-like genes found ifPseudomonas species. Thear genes
are not organized into a single operon, but areds by several transcription units
that differ by strain (Kulakov et al., 2005). Iddation, someRhodococcus strains
metabolize naphthalene via catechol (Kulakova.etl896), while another is known

to metabolize naphthalene through gentisate (Adlesd., 1997).
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1.4.2 Polaromonas naphthal enivorans CJ2

Polaromonas naphthalenivorans CJ2 was isolated from coal-tar contaminated
freshwater sediment for the ability to utilize ndpdlene vapor as a sole source of
carbon and energy (Jeon et al., 2003; Jeon €(fl4). Field-based stable isotope
probing of the naphthalene-metabolizing communiihiw the coal-tar contaminated
sediment revealed strain CJ2 was responsible fanthalene mineralization in the
field (Jeon et al., 2003). The cultivation of 8tr&J2 provides the relatively rare
opportunity to use culture-based techniques toystioel genetics and physiology of a
bacterium that was shown to metabolize naphthateties field by non-culture based
techniques.

Genetic analysis of the naphthalene catabolic operstrain CJ2 revealed
sequence similarity to theag operon in the naphthalene-degraBalstonia sp. strain
U2 (Jeon et al., 2006). However, unlike tiag genes in strain U2, which are
organized in a single operon, the naphthalene chtadenes in strain CJ2 are
organized into a large clusteragRAaGHABACAIBFCQEDJI’ orf1tnpA) and a small
cluster fagR2orf2I”KL). A LysR-type transcriptional regulatara@R) positively
regulates the large naphthalene catabolic gengeclu¥he small cluster is negatively
regulated by a MarR-type transcriptional reguldétagR?2).

Thenag genes in strain CJ2 are located on the chromosamnaenot on a
plasmid as irRalstonia sp. strain U2. The association of two putathzearcus-
related transposases with the large cluster sugtest mobile genetic elements may
have been involved in creating the novel arrangémiecatabolic and regulatory

genes in strain CJ2 (Jeon et al., 2006).
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2. NAPHTHALENE METABOLISM AND GROWTH INHIBITION BY
NAPHTHALENE IN POLAROMONAS NAPHTHALENIVORANS STRAIN CJ2

2.1 Abstract

This study was designed to characterize naphthafetabolism irPolaromonas
naphthalenivorans CJ2. Comparisons were made with two archetypahthapene-
degrading bacterid@seudomonas putida NCIB 9816-4 andRalstonia sp. strain U2,
representative of the catechol and gentisate pgthwespectively. Strain CJ2 carries
naphthalene catabolic genes that are homologaims$e inRalstonia sp. strain U2.
Here we show that strain CJ2 metabolizes naphteal@ngentisate using
respirometry, metabolite detection by gas chronragagy/mass spectrometry, and
cell-free enzyme assays. UnliReputida NCIB 9816-4 orRalstonia sp. strain U2,
strain CJ2 did not grow in minimal media saturaigith naphthalene. Growth assays
revealed that strain CJ2 is inhibited by naphthalgsncentrations of 78V (10 ppm)
and higher, and the inhibition of growth is accomipd by the accumulation of
orange-colored, putative naphthalene metabolitésarculture media. Loss of cell
viability coincided with the appearance of the cetbmetabolites, and analysis by
HPLC suggested the accumulated metabolites wereapBthoquinone and its
unstable autooxidation products. The naphthoquitweakdown products
accumulated in inhibited, but not uninhibited, auds of strain CJ2. Furthermore,
naphthalene itself was shown to directly inhibigth of a regulatory mutant of strain
CJ2 that is unable to metabolize naphthalene. &re=ilts suggest that, despite being
able to use naphthalene as a carbon and energyesstrain CJ2 must balance

naphthalene utilization against two types of tayici
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2.2 Introduction

Polycyclic aromatic hydrocarbons (PAHS) are widdiltributed in the
environment, and the toxic and carcinogenic charestics of PAHs have motivated
efforts to develop bioremediation technologiesltmi@ate sources of PAH exposure
(Samanta et al., 2002; Xue and Warshawsky, 2088phthalene is commonly used
as a model for studying PAH metabolism by bacteeieause it is the simplest and
most soluble PAH, as well as a frequent constitoéRAH contaminated
environments (Peters et al., 1999). Studies ofitieene degradation have shown
that there are two primary pathways for the metabobf naphthalene, which are
distinguished by the conversion of salicylate ttechol or gentisate. Metabolism of
naphthalene via catechol has been studied extéyngivevo Pseudomonas species
that carry the archetypal catabgliasmids, NAH7 (irP. putida G7) and pDTG1 (in
P. putida NCIB 9816-4) (Dennis and Zylstra, 2004; Yen andd@g 1988; Sota et al.,
2006). Thenah dissimilatory genes amgganized into two operons: one coding for the
enzymes involved the conversion of naphthalene to salicylate ftiagiene
degradation upper pathway) and another codinghiaconversioof salicylate to
catechol, followed byrtho- or meta-cleavage to TCA cycle intermediates
(naphthalene degradation lower pathway) (Yen anas@lus, 1982). loontrast, the
nag genes found ifRalstonia sp. strain U2 are organized in a single operon and
encode the alternative gentisate pathway, whickexs naphthalene fomarate and
pyruvate via salicylate and gentisate (Fuenmayat.e1998; Zhou et al., 2002).

Although the genetics and biochemistry of naplehalmetabolism have been
studied in-depth, the inhibition of naphthaleneabetism due to the toxicity of
naphthalene and naphthalene metabolites has rddes®attention (Auger et al.,
1995; Murphy and Stone, 1955; Park et al., 200dgphthalene was reported to be

directly toxic toP. putida G7 under oxygen- and nitrogen-limited conditicaifhough
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it is unclear if the toxicity was due to naphthaenw a naphthalene metabolite (Ahn et
al., 1998). Naphthalene was also shown to be toxion-naphthalene-degraders, as
P. putida KT2440 showed reduced viability in soil amendethwiaphthalene (Park et
al., 2004), and a bioluminescent strairEstherichia coli showed reduced
bioluminescence in the presence of naphthalenedtak, 2003).

Polaromonas naphthalenivorans CJ2 was isolated from coal-tar-contaminated
freshwater sediment for its ability to use naplehalas its sole carbon source, and
was shown to be responsible for in situ naphthatksggadation by field-based stable
isotope probing (Jeon et al., 2003). The naphtieatatabolic genes in strain CJ2 are
homologous to theag operon ofRalstonia sp. strain U2, but the genes are arranged in
two separate clusters, each with its own regulgbooyein (Jeon et al., 2006). In the
present investigation, we show that strain CJ2 bhudtzes naphthalene via the
gentisate pathway using respirometry, GC/MS, atiefre® enzyme assays. In
addition, we explore the inhibitory effects of npddene and its metabolites on the

growth of strain CJ2.

2.3 Materials and Methods

2.3.1 Bacterial Strains

P. naphthalenivorans strain CJ2 was isolated from freshwater sedinem fa
coal-tar waste contaminated site (Jeon et al., RONaphthalene degradd?sputida
NCIB 9816-4 (Yen and Serdar, 1988) dralstonia sp. strain U2 (Zhou et al., 2002)
were included in this study for comparison. Sti@iN110 is a mutant of strain CJ2
in which the regulatory gem&gR has been disrupted by a suicide vector carrying a

kanamycin resistance gene (Jeon et al., 2006).
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2.3.2 Growth Assays

All growth assays were conducted with Stanier nahsalts media (MSB;
Stanier et al., 1966) amended with pyruvate (18 ngWjcose (6 mM), and/or
naphthalene crystals. The aqueous concentratioapifthalene was lowered with
Amberlite® XAD7 resin. Naphthalene binds to the XAresin, which acts as a
reservoir, and maintains the aqueous concentrafioaphthalene below saturation
(230 uM or 30 ppm) while supplying enough naphthal® support growth over the
course of the experiment (Morasch et al., 2001}.t&14 mg of naphthalene were
added to 6 ml MSB containing 0.1 g XAD7 before tiges were sealed with
Teflon®-lined stoppers and autoclaved. Viabilify@st bacteria was measured by
enumerating colony forming units (CFUs) from 10dpdps of serially diluted cultures

on R2A agar. Kanamycin was added to media at 4@itgvhen appropriate.

2.3.3 Respirometry

Bacterial cells were grown to late-log phase inBA&th naphthalene (0.5%
w/v) and harvested (60@f). Cells were washed twice and resuspended inM0 m
KH.POy buffer (pH=7.4). Endogenous respiration was mesgswith an oxygen
electrode (Rank Brothers, Cambridge, UK) after agd ml of washed cell
suspension to the incubation chamber, and oxygesutoption was recorded
following the addition of 20 mM substrate dissolvedN,N-dimethylformamide

(DMF). Respiration upon addition of DMF only waliuded as a control treatment.

2.3.4 Enzyme assays
Bacterial cells were grown in 500 ml of MSB wit8 thM pyruvate or 4 mM
salicylate to late-log phase, and cells were haedasy centrifugation (6,008) and

washed once with 50 mM KIRO, buffer (pH=7.4). Cells were resuspended in buffer
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to a concentration of 0.1 g thand sonicated three times for 30-seconds with 60
second cooling intervals. Cellular debris wasmr@ddy centrifugation (25,009for

45 min.), and protein concentrations were deterthimi¢h the Bio-Rad Bradford
assay (Bio-Rad, Hercules, Calif.). Enzyme assaye\performed with a minimum of
50 ug protein. The enzyme substrates, gentisate (01id) or catechol (0.gmol),
were added in 1-ml volumes. Gentisate 1,2-dioxggeractivity was measured
spectrophotometrically by measuring the increasdsbrption at 334 nm, due to the
formation of maleylpyruvat@nd was calculated with an extinction coefficieht o
10,800 M*cm ™ (Crawford et al., 1975). Catechol 1,2-dioxygenastivity was
assayed by measuring the increase in absorpti@®0ahm, due to the formation of
cis,cismuconate, and was calculated with an extinctiorfficient of 16,800 M crri*
(Dorn and Knackmuss, 1978). Catechol 2,3-dioxygerativity was measured by
monitoring the increase in 2-hydroxis,cissmuconate semialdehyde at 375 nm, and

was calculated with an extinction coefficient o088 M* cmi* (Cerdan et al., 1994).

2.3.5 GC/MS detection of naphthalene pathway metabolites

500 ml of cells grown on naphthalene or pyruvageesharvested, washed
twice, and resuspended in 10 ml of 50 mMJRE) buffer. Fifty microliters of 200
mM naphthalene in DMF were added to 5 ml of conegetl cell suspension, and
metabolism was allowed pyoceed for 5 min. Suspensions were acidified Wigi
to pH=1.5 and extracted twice with b of ethyl acetate, which was then dried over
anhydrous Ng50O, and concentrated under an atmospbéhg to a volume of 300 pl.
Extracts were derivatizedith 25 ul of BSTFA [bis(trimethylsilyl)trifluoroagtimide]
for 5 min prior to gas chromatography-mapsctrometry (GC/MS) analysis and

guantified using external standard calibration esrv
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2.3.6 HPLC analysis of naphthalene and inhibitory compounds.

Naphthalene concentrations were determined by pégformance liquid
chromatography. Samples (100 pl) were taken froltuie tubes and immediately
fixed in an equal volume of methanol. Samples viitexed through tightly packed
glass wool prior to injection, and naphthalene sgsarated using a PAH-Hypersil
column (150x4.6 mm, Keystone Scientific) and a Wsateodel 590 HPLC pump with
a mobile phase of methanol-water (65:35) at a fiat® of 1 ml miff. Eluents were
monitored by UV-visible light detection (ABI anailgal absorbance detector,
Spectroflow 757) at a wavelength of 270 nm and tified using an external standard
calibration curve.

Putative naphthalene metabolites were separathdawiypersil BDS-C18
column (4.6x250 mm, Agilent) at a flow rate of 1/mmin with a Spectra-Physics
model SP8800 ternary HPLC pump. The mobile phassisted of 20% methanol
and 80% 40 mM acetic acid for 10 minutes, follovegda linear increase in methanol
to 50% over 10 minutes; after 5 minutes the methemacentration was linearly
increased to 90% over 10 minutes and held for Xutas. Eluents were detected at
260 nm using UV-Vis detector (SPD-10A VP, ShimadzAyped 1,2 naphthoquinone
solution (50uM final concentration) was preparediiyting a filter-sterilized 10mM
methanolic stock, aseptically adding it to stell8B, and allowing the solution to

shake for 48 hours.

2.4 Results
2.4.1 Respirometry

To better understand the physiologyPofaromonas naphthalenivorans CJ2,
we compared strain CJ2 with archetypal naphthalegeading bacteriBseudomonas

putida NCIB 9816-4 andRalstonia sp. strain U2. The simultaneous induction of
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enzymes involved in naphthalene metabolism was eoadpin the three strains by
measuring oxygen uptake after the introductionaiéptial naphthalene metabolites to
washed cell suspensions (Figure 2.1). The simedtas adaptation assays were aimed
at confirming that strain CJ2 metabolizes naphti@lga gentisate as suggested by
the sequence homology of the naphthalene catatyodions irRalstonia sp. strain U2
and strain CJ2, as well as to reveal potential iphggical effects of the naphthalene
catabolic gene arrangement in strain CJ2.

Consistent with the established metabolic pathwds, putida NCIB 9816-4,
these cells rapidly consumed oxygen after addbiomaphthalene, salicylaldehyde,
salicylate, and catechol, while oxygen depletiors wat rapid after the addition of
gentisate (Figure 2.1)Ralstonia sp. strain U2 cells consumed oxygen when exposed
to naphthalene, salicylaldehyde, and salicyl&alstonia sp. strain U2 cells, our
positive control for the gentisate pathway, did digplay enhanced respiration when
exposed to gentisate (Figure 2.1). St@l2 consumed oxygen after addition of
naphthalene, salicylaldehyde, and salicylate. Hewnesimilar toRalstonia sp. strain
U2, neither gentisate nor catechol led to the rdpjoletion of oxygenRalstonia sp.
strain U2 is known to lack a gentisate transpdpteret al. 2006), and if the same is
true for strain CJ2, this accounts for the absefi@mhanced oxygen uptake in the
presence of gentisate. Regardless, the lack @ireald oxygen uptake in the presence
of catechol byRalstonia sp. strain U2 and strain CJ2 reveals a key distindetween

these two strains arfel putida NCIB 9816-4.
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Figure 2.1. Respiration by three strains of baatti putida NCIB 9816-4,Ralstonia

sp. strain U2, andP. naphthalenivorans strain CJ2) grown on naphthalene and
exposed to naphthalene and 5 potential metabo(gescylaldehyde, salicylate,
catechol, and gentisate). The oxygen uptake exgetal values represent the mean
and standard deviation of triplicate experiment®ll values are corrected for
endogenous respiration of cells. (NAP=naphthaleS&LD=salicylaldehyde,
SAL=salicylate, CAT=catechol, GEN=gentisate, and Bidimethylformamide)
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2.4.2 Metabolite detection

We measured potential naphthalene metabolites GEMS to support the
respirometry data and to eliminate ambiguity regmeydthe role of gentisate or
catechol in the naphthalene metabolic pathwayrairstCJ2. AgainP. putida NCIB
9816-4 andralstonia sp. strain U2 served as controls for the cateehndl gentisate
pathway, respectively. Table 2.1 shows the dedentetabolites from washed cell
suspensions that weirecubated for 15 minutes after addition of naphghelin DMF
to final concentration of 2 mM.

As expected for theah pathway expressed B putida NCIB 9816-4 we
detectedis-1,2-dihydroxydihydronaphthalene, 1,2-dihydroxynéyaifene,
salicylaldehyde, salicylate, and catechol. Likewiss expected for tmag pathway
expressed bfRalstonia sp. strain U2 we detectets-1,2-
dihydroxydihydronaphthalene, 1,2-dihydroxynaphthelesalicylaldehyde, salicylate,
and gentisate. As suggested by the respirometeay thee metabolite profile for strain
CJ2 is consistent with the genetic similaritiesamsgnRalstonia sp. strain U2 and
strain CJ2. We detectets-1,2-dihydroxydihydronaphthalene, 1,2-
dihydroxynaphthalene, salicylaldehyde, salicylate] gentisate in strain CJ2 cell
suspensions. The presence of gentisate and abskecetechol provides clear

evidence that strain CJ2 metabolizes naphthaleonagh the gentisate pathway.

2.4.3 Dioxygenase assays

To provide further evidence for naphthalene mdtalmwby the gentisate
pathway in strain CJ2, dioxygenase assays wereucted with cell-free extract from
induced (salicylate grown) and non-induced (pyrex@bwn) strain CJZ. putida
NCIB 9816-4, andralstonia sp. strain U2. Gentisate 1,2-dioxygenase activdyg

detected in straiRalstonia sp. strain U2 when the cultures were induced bygyate
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Table 2.1.

A survey of metabolites produced Byputida NCIB 9816-4,Ralstonia sp. strain U2,
and strain CJ2. The experimental values reprebBennean and standard deviation of
triplicate experiments. 1,2-DHDN#s-1,2-dihydroxydihydronaphthalene, 1,2-
DHN=1,2-dihydroxynaphthalene, ND=not detected.

Naphthalene Metabolites Detected/ng protein)

Bacteria 1,2-DHDN 1,2-DHN Salicylaldehyde Salicylate  Catechol Gentisate

R NaD 2870+1280 1450+600  2.3t22 1520486 34827  ND
Ralsmﬂg 1260560  1060+90 4.0+3.3 390+130  ND 2.01.3
Strain
cjo 20001320 450300 3.6+1.4 8.7+6.4 ND 2.642.2
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(0.150 pmol/min/mg protein), but not when grownpynuvate (0.004 pmol/min/mg
protein). Although gentisate dioxygenase actiwgs not as pronounced in strain
CJ2, activity was induced by salicylate (0.032 wmal/mgprotein) and not by
pyruvate (0.003 pmol/min/mg protein). Neitloetho- nor meta-cleavage of catechol
was observed in strain CJ2Relstonia sp. strain U2. As expectdd, putida NCIB
9816-4, displayed catechol 1,2-dioxygenase actafity no gentisate dioxygenase

activity.

2.4.4 Growth inhibition of strain CJ2 by naphthalene

Although strain CJ2 was isolated under naphthal@per as a carbon source,
a comparison of growth on naphthalene in minimadia¢MSB) between strain CJ2,
P. putida NCIB 9816-4, andRalstonia sp. strain U2 revealed unusual growth
characteristics in strain CJ2. B&hputida NCIB 9816-4 andRalstonia sp. strain U2
grew equally well in MSB broth amended with 18 miftyvate or saturated with
naphthalene crystals (~230 uM). In contrast, st€l2 was unable to grow in MSB
broth amended with naphthalene crystals (Figura)2ut grew well in MSB broth
with 18 mM pyruvate (Figure 2.2b), demonstrating itfhibition of growth is
substrate specific. Additionally, the lack of gtbvin MSB amended with
naphthalene was accompanied by the appearandebt arange color in the

medium, indicating the possible accumulation offriaplene metabolites.
2.4.5 Naphthalene concentration and growth inhibition

To test the effect of naphthalene concentratiogromth inhibition, we grew

strain CJ2 in MSB broth with 0.1 g XAD7 resin tinas been equilibrated with
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Time (h)

Figure 2.2. Growth of three naphthalene degradawédsia on mineral salts media
with naphthalene crystals (a) or pyruvate (b). ikinlP. putida NCIB 9816-4 @) and
Ralstonia sp. strain U2 &), which grew equally well on pyruvate and naphehal
strain CJ2 ¢) grew only in MSB with pyruvate but not in MSB sedted with
naphthalene. The experimental values represemhéfa® and standard deviation of

triplicate experiments.
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different masses of naphthalene. This procedurééas shown to buffer the aqueous
naphthalene concentration at levels proportionghécadded mass (Morasch et al.
2001). Once an equilibrium was established betw&&b7 bound naphthalene and
aqueous naphthalene, strain CJ2 was inoculateth(icéll density=1.56x10CFUs
ml™) into media with initial aqueous concentrationsaphthalene of approximately
23, 40, 55, 78, or 100M, as determined by HPLC analysis of aqueous najdrik in
sterile media. Growth was strongly inhibited whiea initial naphthalene
concentration in the media was higher thamlVB However, strain CJ2 grew well
when the initial naphthalene concentration of treglia was at or below 58

(Figure 2.3). This indicates that growth inhibitiby naphthalene is concentration
dependent, with optimum growth occurring at +0 and inhibitory effects manifest

above ~78M.

2.4.6 Direct inhibition by naphthalene

The hypotheses for explaining the inhibitory effetnaphthalene on strain
CJ2 are: (i) naphthalene itself could be direatlyilbitory or toxic when present at
high concentrations; (ii) the metabolism of napleha could lead to the accumulation
of toxic or inhibitory metabolites when a high centration of naphthalene is
available to the cells; or (iii) both naphthalemel &s metabolites play a role in growth
inhibition.

To determine if naphthalene is directly toxic tasm CJ2, we measured the
growth of CIN110, a NagR1 regulatory mutant of G2 is unable to grow on
naphthalene (Jeon et al., 2006), in MSB amenddd 6whM glucose in the presence
of naphthalene at concentrations that were inhipibo non-inhibitory to the wild type

strain. Partially inhibited growth occurred on@bge in the presence of gl
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Time (h)

Figure 2.3. Growth of strain CJ2 in MSB media withial aqueous naphthalene
concentrations{, 23 mM; A, 40 mM;e, 55 mM;m, 78 mM;o, 100 mM

naphthalene) buffered by XAD-7 resin. Growth waslited at concentrations of 78
uM and higher. The experimental values represeniris@n and standard deviation of

triplicate experiments.
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Figure 2.4. Growth of a regulatory mutant of str@s (strain CJN110, NagR-) in
glucose with or without naphthalene. The experitaleralues represent the mean and
standard deviation of triplicate experimenss. glucose, no naphthalen®; glucose +

23 mM naphthalenes, glucose + 40 mM naphthaleng;glucose + 55 mM
naphthalene), 23 mM naphthalene, no glucose.)
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naphthalene. However, at all other naphthaleneeam@rations growth on glucose was
severely inhibited (Figure 2.4). Because straiNTLD is unable to metabolize
naphthalene, inhibition of growth was not due ® pinoduction of potentially toxic
naphthalene metabolites. Therefore, naphthalena llrect inhibitory or toxic effect

on strain CIN110 derived from strain CJ2.

2.4.7 Evidence for the production of toxic metabolites

In order to explore the relationship between nagletie concentration and
growth inhibition, cell viability and naphthalenercentration were monitored over
the course of a growth experiment. Strain CJ2in@asulated into tubes containing
MSB with 6 mM glucose or 0.1 g of XAD7 and initadjueous concentrations of 31,
47, and 8quM, respectively.

Growth occurred as expected in the cultures comgi6 or 10 mg naphthalene
(Figure 2.5a), with both culture conditions reagham ORQy, near 0.68 and cultures
containing 10 mg growing slightly slower than thasataining 6 mg. However, in
tubes containing 12 mg of naphthalene, growth easrely inhibited and did not
exceed an ORypof 0.13. The aqueous naphthalene concentratmpped below 10
uM in cultures with 6 mg (Figure 2.5b), suggestitrgis CJ2 metabolized
naphthalene faster than it was diffusing from ti&DX resin. In cultures containing
10 or 12 mg there was an initial increase in theeags naphthalene concentration,
indicating a new equilibrium was established ugmaddition of cells. The
subsequent decrease in naphthalene concentratars shat even the inhibited
cultures were metabolizing naphthalene.

Though growth was inhibited in cultures containif®ymg naphthalene, viable
cells were detected until 34 hours (Figure 2.3¢dwever, after 34 hours no viable

cells were detected, and the loss of viability esponded with the appearance of the
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Figure 2.5. The relationship between cell growtuepus naphthalene concentration,
and cell viability. Strain CJ2 was inoculated iM&B with glucoser) or 0.1 g

XAD7 and 6 @), 10 (0), or 12 @) mg naphthalene. Optical density (a), agueous
naphthalene concentration (b), and viable cellsv@re monitored. Inoculum density
was held constant at 9.8X10FUs.
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light orange color in the media, which appeareavbeh 34 and 47 hours. These
results suggest that not only does naphthalene davhibitory effect, but also
naphthalene metabolism by inhibited cells resulthe accumulation of a naphthalene
metabolite that is toxic to the cells. It shoudrmbted, that even though there was no
visible color accumulation prior to 34 hours ipisssible that a low level of the toxic

metabolite had accumulated and was responsiblgréovth inhibition.

2.4.8 Analysis of toxic accumul ated metabolites

Previous reports have suggested that the accuomlatan orange metabolite
in naphthalene metabolizing cultures results frbedbiotic oxidative transformation
of 1,2-dihydroxynaphthalene to 1,2-naphthoquingfgger et al, 1995; Davies and
Evans, 1964; Murphy and Stone, 1955). Spectrophetiac scans (240 to 400 nm) of
1,2-naphthoquinone standards and colored mediariiagrhthalene-inhibited cultures
of strain CJ2 suggested that 1,2-naphthoquinoneovesent at concentrations
between 50 and 1QM (data not shown). Therefore, we used HPLC toama 1,2-
naphthoquinone standards (dissolved in MSB) witkdia from strain CJ2 cultures
that were either successfully grown on naphthaterailtures that were inhibited by
naphthalene and had accumulated orange-coloredati¢¢s.

Analysis of 1,2-naphthoquinone dissolved in MSBeaded that it too was
unstable in agueous media . Whenu®01,2-naphthoquinone was analyzed by
HPLC shortly after dissolution in MSB, there wasonajor peak with a retention
time of 20 minutes (peak Il in Figure 2.6a). Alpable oxidation product with a
retention time of 24 minutes (peak Ill in Figuré&). also appeared. However, after
50uM 1,2-naphthoquinone was incubated for 48 housternile MSB peak Il was no
longer detected, while new peaks (I and V) wittengion times of 15 and 26 min
(respectively) were abiotically produced (Figurél®). Analysis of the colored

medium from a naphthalene-inhibited culture detktheee peaks: one peak (Il)
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Figure 2.6. Analysis of naphthalene metabolite$iBy.C. Chromatograms of 5M
1,2-naphthoquinone freshly dissolved in MSB medja 60uM 1,2-naphthoquinone
aged in sterile MSB media for 48 hours (b), cultenedium from naphthalene-
inhibited strain CJ2 (c), and culture medium froapinthalene-grown strain CJ2 (d).

Retention time (min)

Note that the vertical scale in panel A is twicattbf the other panels.
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corresponds with the primary peak of freshly digsdl1,2-naphthoquinone, while the
other two peaks, | and IV, correspond with daugpteducts of aged 1,2-
naphthoquinone (Figure 2.6c¢). No peaks of putdtiiitory metabolites were
present in the uncolored medium from cultures & @t successfully grew on
naphthalene (Figure 2.6d). Chemical instabilitgfiective derivatization procedures,
and lack of authentic standards prevented GC/Mftiiitzation of the putative toxic
compounds eluting as peaks | and IV in the inhibdelture of strain CJ2 (Figure
2.6¢). Support for 1,2-naphthoquinone’s (peakdiptribution to toxicity was
obtained in assays showing that growth of straid W@as completely inhibited in

MSB-glucose medium when 1,2-naphthoquinone wasp@data not shown).

2.5 Discussion

The isolation of strain CJ2 has provided a unigpigortunity to investigate the
genetics and physiology of a bacterium that isdahko the in situ biodegradation of
naphthalene in contaminated sediment. Sequenéithg maphthalene catabolic genes
revealed a novel arrangement of structural andiaégy genes in strain CJ2 (Jeon et
al., 2006). In this study, we gained insight itite physiology of naphthalene
metabolism in strain CJ2 by comparing it to twohatypal naphthalene degrading
bacteria. Our data from respirometry, metabol@tdtion by GC/MS, and enzyme
assays showed that strain CJ2 metabolizes naphéhaie the gentisate pathway.
Growth assays revealed that strain CJ2 cannot gromaphthalene at concentrations
above 781M, and that metabolic imbalances may lead to itioibiand toxicity.

Bacteria that metabolize aromatic hydrocarbons faeehallenge of acquiring
carbon and energy from compounds that are potgnttadic (Ramos et al., 2002;
Sikkema et al., 1995). The inability of potenti@degrading populations to tolerate

aromatic hydrocarbon toxicity may contribute to gegsistence of pollutants in the

35



environment. The mechanisms of toxicity are gdhebelieved to be disruption of
biological membranes (Sikkema et al., 1995) ancbtbeuction of toxic metabolites
(e.g., Park et al., 2004). The lipophilic charactearomatic hydrocarbons can alter
membrane fluidity, permeablize the membrane, andeawelling of the lipid bilayer.
Alteration of membrane structure can disrupt enérgrysduction and the activity of
membrane associated proteins (Sikkema et al., 199&jlitionally, metabolites of
aromatic compounds, such as catechols and quincaesie more toxic than the
parent compound due to an increase in solubilitydpction of reactive oxygen
species, or adduct formation with DNA and protéPenning et al., 1999; Schweigert
et al., 2001).

In the present investigation we have shown Baohéromonas
naphthalenivorans CJ2 is susceptible to both (i) direct naphthalehéition and (ii)
formation of toxic intermediate metabolites. Ndgiene inhibited the growth of
strain CJ2 at concentrations pl (Figure 2.4), which is well below naphthalene’s
agueous saturation point (28M). Naphthalene has been reported to be toxibeo t
archetypal naphthalene degrad@&gyutida G7 andP. putida NCIB 9816-4, but only
under nitrogen- or oxygen-limiting conditions (Abnhal., 1998) or during incubation
in soil amended with a high concentration (0.2%)wfnaphthalene crystals (Park et
al., 2004), respectively. We found that inhibitminstrain CJ2 by naphthalene was
independent of metabolism, and, based on the stiflikkema et al. (1994), we
speculate that the mechanisms of direct inhibigignlikely to be related to impaired
membrane function.

In addition to growth inhibition, naphthalene nieiksm by strain CJ2 at
inhibitory concentrations resulted in the accumatabf toxic oxidation products
derived from 1,2-naphthoquinone, which resulted somplete loss of viability

(Figure 2.6¢). Davies and Evans (1964) showedal2&uM solution of 1,2-
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dihydroxynaphthalene is converted by nonenzymadidation to 1,2-naphthoquinone
at a rate of approximately 20% per minute at pH @.2-Naphthoquinone has been
reported to accumulate and inhibit both growth aaphthalene metabolism when
ferrous and magnesium salts are omitted from grometia (Murphy and Stone,
1955) or when naphthalene bioavailability is insezhby surfactant addition (Auger
et al., 1995). Our analysis by HPLC suggests1tixhaphthoquinone (presumably
produced abiotically from 1,2-dihydroxynaphthalersg)d two abiotic transformation
products of 1,2-naphthoquinone accumulate whems@rd2 is exposed to inhibitory
concentrations of naphthalene.

Strain CJ2 was shown to metabolize naphthales#urby stable isotope
probing, which suggests that strain CJ2 is an actiember of the naphthalene-
degrading population in the sediment (Jeon e2@D3). Strain CJ2 has evolved,
apparently successfully, to occupy a niche as mabérie degrader even though
naphthalene has a strong inhibitory effect andatuipation levels of naphthalene can
result in toxic metabolite accumulation. It is piide that strain CJ2 never
experienced selective pressure to develop greatance to naphthalene because
adsorption to soil and metabolism of naphthalenethgr bacteria kept naphthalene
concentrations well below inhibitory levels. lighs the case, strain CJ2 may not
have evolved adaptation mechanisms frequently adedaowith tolerance to aromatic
compounds such ass-to-trans isomerization of unsaturated fatty acids and efflu
pumps (Ramos et al., 2002). Furthermore, the aclation of 1,2-naphthoquinone-
related oxidation products might be due to unraaliphthalene concentrations
imposed in laboratory incubations combined withgloev growth of strain CJ2. An
enzyme in the naphthalene catabolic pathway mag bdew specific activity that is
only problematic when the concentration of naplghalexceeds a threshold. Another

possibility is that, if strain CJ2 is adapted tar Ipaphthalene bioavailability in soil,
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the bacterium has evolved to accumulate as mudhtinalene as possible, whether
through active uptake or through modificationsha tell membrane and envelope.
Thus, when presented with naphthalene at the ctra¢ems used in this study, strain
CJ2 accumulated naphthalene to inhibitory and tquantities.

This study also showed that strain CJ2 metabohaghthalene via gentisate
using thenag-type pathway found iRalstonia sp. strain U2. Metabolism of
aromatics via gentisate has been studied lessaxé&iynthan metabolism via catechol,
and it is not clear whether one pathway has anrddga over the other. A study
investigating bacteria that metabolize 3-chlorolvate suggested that microorganisms
using the gentisate pathway have lower maximumispecowth rates and lower
apparent half-saturation constants for oxygen aodi@obenzoate; thus, they may be
well adapted to substrate- and/or oxygen-limitegditions (Krooneman et al., 2000).
If these same characteristics are applicable &ns@J2, they could help explain why
strain CJ2 was successful in naphthalene-contaedrsgdiments despite being

sensitive to inhibitory effects of naphthalene.
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3. FIELD-BASED STABLE ISOTOPE PROBING REVEALS THE
IDENTITIES OF BENZOIC ACID-METABOLIZING MICROORGANI  SMS
AND THEIR IN SITU GROWTH IN AGRICULTURAL SOIL.

3.1 Abstract

We used a combination of Stable Isotope ProbinB)(S3C/MS-based respiration,
isolation/cultivation, and quantitative PCR proceshuto discover the identity and in
situ growth of soil microorganisms that metaboleszoic acid. We addetf€] or
[*4C]benzoic acid (100 pg) once, four times, or fivess at 2-day intervals to
agricultural field plots. After monitorinfCO, evolution from the benzoic acid-dosed
soll, field soils were harvested and used for naaeid extraction and for cultivation
of benzoate-degrading bacteria. Exposure of sdkhzoate increased the number of
culturable benzoate degraders compared to unameodednd exposure to benzoate
shifted the dominant culturable benzoate degrddens Pseudomonas species to
Burkholderia species. Isopycnic separation of heaVE€]DNA from the unlabeled
fraction allowed T-RFLP analyses to confirm thagtidict 16S rRNA genes were
localized in the heavy fraction. Phylogenetic sl of sequenced 16S rRNA genes
revealed a predominance (15 of 58 clonefuwkholderia species in the heavy
fraction. IsolatBurkholderia sp. strain EBAQ9 shared 99.5% 16S rRNA sequence
similarity with a group of clones representing tleeminant RFLP pattern, and the T-
RFLP fragment for strain EBAQ9 and a clone front tiaster matched the fragment
enriched in the'fC]DNA fraction. Growth of the population represethby EBA09
during the field-dosing experiment was demonstratdg MPN-PCR and primers
targeting EBAQ09 and closely relatBdrkholderia hospita species. Thus, the target
population identified by SIP not only actively metéized benzoic acid, but

reproduced in the field upon the addition of thesdrate.
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3.2 Introduction

Soil environments are commonly carbon limited (Ald al., 2001), and
carbon input through decomposition, industriallspibr other disturbance can lead to
an increase in microbial activity (Nyman, 1999. order to understand population
dynamics of bacteria in soils, it is necessaryrtdarstand which organisms respond to
increases in carbon availability and how the pajputachanges. Investigations using
stable isotope probing (SIP) are particularly suiteidentifying bacteria that
metabolize a specific carbon compound, becausel@ebiomarkers used to identify
organisms becon&C-labeled when organisms metabolize and incorpdratérom
the labeled substrate (Boschker et al., 1998; Raycét al., 2006; Leigh et al., 2007,
Madsen, 2006; Manefield et al., 2002; Neufeld gt2807; Radajewski et al., 2000).
The growth of bacteria identified by DNA-SIP canibkerred, because, at minimum,
two generations are required for DNA to be fullgeted with*C due to semi-
conservative DNA replication. Researchers carpbstogenetic analysis of labeled
sequences, along with chemical knowledge of batHaheled compound and the
experimental environment, to gain further insigtibithe physiology of the
metabolically active population. Furthermore, shhecessful isolation of a strain
representative of an active population identifigdShP allows for more detailed
genetic and physiological investigation (Jeon £t24103; Jeon et al., 2006; Kasai et
al., 2006; Liou et al., 2008; Pumphrey and Mad2€0,7).

Benzoic acid is a naturally occurring aromatic abiak enters soil
environments through plant decomposition and ra@atates. Soil with growing or
decomposing quackgrass contained approximately 80 amol benzoic acidgdry
soil, respectively (Baziramakenga et al., 1995lkh@dugh a diverse number of bacteria

are known to metabolize benzoic acid (Biodegra@aftrain Database,
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http://bsd.cme.msu.edul/jsp/InfoController.jsp?obj€hemical&id=C_benzo8), to
our knowledge there are no in situ studies idemigfypopulations that metabolize
benzoic acid in soil. Aerobic metabolism of berzatid occurs through either
dihydroxylation of benzoate by benzoate 1,2-dioxyage (BenABC) with subsequent
ortho cleavage of catechol by catechol 1,2-dioxggenHarwood and Parales, 1996)
or through conversion to benzoyl-CoA with subsedquiery cleavage (Gescher et al.,
2002). Benzoic acid is also a common intermedia&abolite in metabolic pathways
for aromatic pollutants such as benzonitrile, biptieand toluene. The extensively
studied biphenyl degraddBurkholderia xenovorans LB400, encodes both the
catecholbrtho cleavage pathway as well as the benzoyl-coenzypatidway (Denef
et al., 2006). IB. xenovorans LB400, the benzoate dioxygenase pathway converted
benzoate more rapidly than metabolism via coenziraetivation and resulted in
faster growth (Denef et al., 2006).

In this study, we investigated the dynamics of azioé acid metabolizing
population in an agricultural field during multipgenendments of benzoic acid. To
discover the identity of microorganisms that metaledbenzoic acid and measure
their in situ growth in soil we employed a combioatof SIP, GC/MS-based
respiration, isolation/cultivation. Furthermore,confirm the growth of the active

population identified by SIP, we used MPN-PCR tamfify the population in situ.

3.3 Materials and Methods
3.3.1 Bacterial strains

Burkholderia xenovorans LB400 was originally isolated from a site
contaminated with polychlorinated biphenyls (Bedairdl., 1986), and was a gift
from G. Zylstra, Rutgers University. Additionatans, isolated during this study,

were used to verify the specificity of PCR primased to detedBurkholderia strain
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EBAO09 includedBurkholderia spp. EBAO1, EBA02, EBAO3, EBA04, EBAOS,
EBAO7, EBA1l, EBA14, EBA15, and EBA1Bseudomonas sp. EBA13
Arthrobacter sp. EBAOG and Cupriavidus sp. EBA17.

3.3.2 Soil field treatments for respiration, stable isotope probing, cultivation, and
population monitoring

The application of SIP in the field is based onhmds developed by
Padmanaban et.gd2003) and DeRito et a2005). A small field plot (~ 1 Arof
Collamer silt loam at the Cornell University Agrittiral Experiment Station, Ithaca,
NY was leveled and cleared of vegetation severgs gaor to the experiment. A grid
of dosing points (on 15-cm centers marked by sa@ameanning jar bands) was laid
out to accommodate all treatments in triplicater the SIP experiment, soil in the
field was dosed four times with 1@ of benzoic acid in 50l H,O every 48 hours
and a fifth time 24 hours after the fourth doséwrek treatments varied in the amount
of [*C]benzoic acid added to the soil. For the firsatment, soils received five doses
of [**C]benzoic acid, the second treatment receiveddoses of ’C]benzoic acid
with a final dose of fC]benzoic acid, and the third treatment received tloses of
[**C]benzoic acid. Immediately following the finalsy septum-covered chambers
were placed over the treated soils to allow heamspaalysis. In parallel with the
respiration/SIP procedures, additional soil-pleatments were dosed with unlabeled
benzoic acid or left unamended. These soils weee in experiments utilizing
cultivation and MPN-PCR techniques. A table wascetl over the plot (0.8 m high)

to protect the experiment from rain and direct esxe to sunlight.
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3.3.3 GC/MSanalysis of CO,

Analysis of CQ respired from soil was conducted as previouslylesd
(DeRito et al., 2005). A Hewlett-Packard HP5898 garomatograph (Wilmington,
DE) equipped with an HP5971A mass-selective deteess used for the respiration
analyses. With high-purity helium as the carrias,ga Hewlett-Packard Pora Plot Q
column (25 m by 0.32 mm, 10 um film thickness) wasd to separate carbon dioxide
from other gaseous components. The detector wesiggl at an electron energy of
70 eV and a detector voltage of 2,000 V. The murse pressure was maintained at
1x10° torr. A splitless injection was used, and the @@n was isothermal at 60°C.
CO; eluted at 1.18 min. Single-ion monitoring allonschultaneous quantification of
both™?CO, (M/z = 44) and**CO, (m/'z = 45). The concentration 5iCO, was
guantified using calibration curves prepared ugxigrnal standards (Scott Specialty
Gases, Plumsteadville, PA). The &0, produced from metabolism of the
[**C]benzoic acid was calculated by subtracting bamkgd *CO, produced by the
native microbial community from soil organic mattd&ackground®C0O, was inferred
from direct measurement HiCO, adjusted to the known fixed ratio BE to**C in
naturally occurring carbon (1.11%). This ratio veasfirmed analytically. NefCO,

values from replicate chambers were averaged atteae point.

3.3.4 DNA extraction

DNA was extracted from soil according to the metbbriffiths et al
(2000). Extractions were performed by combiniry @ (wet weight) of soil with 0.5
ml of hexadecyltrimethylammonium bromide (CTAB) mdtion buffer and 0.5 ml of
phenol-chloroform-isoamyl alcohol (25:24:1, pH=810)Lysing Matrix E tubes (MO
BIO Laboratories, Carlsbad, CA). CTAB extractiarffbr is prepared by mixing
equal volumes of 10% (wt/vol) CTAB in 0.7 M NaCltwi240 mM potassium
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phosphate buffer, pH 8.0. Samples were homogemibda bead-beater (BioSpec
Products, Bartlesville, OK) for 30 s, and the agqigephase was separated by
centrifugation (16,00@) for 5 min at 4°C. The aqueous phase was movedlté mi
tube and phenol was removed by mixing an equalmelaf chloroform-isoamyl
alcohol (24:1) followed by centrifugation (16,0§Dfor 5 min at 4°C. DNA was
precipitated from the aqueous layer with 2 volumie30% (wt/vol) polyethylene
glycol 6000 for 2 hours at room temperature. Tirezipitated DNA was pelleted by
centrifugation (16,000 g), washed with ice cold 7€8tanol, and air dried prior to

resuspension in TE (pH=8.0).

3.3.5 Isopycnic centrifugation and gradient fractionation

Density gradient ultracentrifugation and subseqéractionation were
performed according to the method of Lueders.¢28D4). 100 ng of extracted DNA
were added to a CsCl solution in TE buffer (pH=8da final volume of 5.5 ml and
an average density of 1.729 g'mIThe ultracentrifugation tubes were sealed and
centrifuged at 146000,gand 20°C for at least 60 hours. The centrifugedlignts
were fractionated from bottom to top into ~3dGractions by displacing the gradient
with sterile water from the top of the tube witHRLC pump. The density of each
fraction was determined by measuring the refradgtidex of a subsample using an
AR200 digital refractometer (Leica Microsystem&NA was precipitated from the
CsCl fractions with polyethylene glycol as abowved arecipitated DNA was washed
with 70% ethanol and suspended ingBFE. Primarily two fractions (1.70-1.71 and

1.747 g mt) were analyzed.
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3.3.6 T-RFLP

T-RFLP protocols and analyses of the fragments wertormed as described
by Cadillo-Quiroz et al. (2006). FAM-labeled angolhs were generated from
community DNA from 1 pl of selected gradient fracts using the FAM-27f (5'-
AGAGTTTGATCCTGGCTCAG), which was fluorescently |dbé on the 5’ end with
Carboxifluorescein, and 1492r (5-TACGGYTACCTTGTTSACTT) primers
(Integrated DNA Technologies, USA). The labele® IRNA genes were generetated
using Thermo-Start® PCR Master Mix (ABgene, Unikédgdom), with 0.5 uM of
each primer and 1.5 mM Mg£l The following PCR conditions were used: 94°C for
15 min; 34 cycles consisting of 94°C for 30s, 58%€1 min, 72°C for 1 min;
followed by 72°C for 5 min. Amplicons were purifi€Qiagen PCR Purification Kkit),
and 100 ng of pooled, triplicate PCR reactions veggested with 5 units d¥ispl
(New England Biolabs, USA) for 3 h at 37°C. Pexfidigested products were
concentrated in a vacuum centrifuge, and then pesuted with a mix of Hi Di-
Formamide (Applied Biosystems, USA) and Gene S€&il5z marker (124d ml-1;
Applied Biosystems, USA). Fragments were resolved an Applied BioSystems
3730xI DNA Analyser (Bio Resources Center, Corhaliversity). Terminal
restriction fragment length and peak height wetertieined using Peak ScanHér

(Applied Biosystems).

3.3.7 PCR cloning, restriction digestion, and sequencing

PCR amplification of 16S rRNA genes from gradieatfions using universal
eubacterial primers 27f and 1492r was performedkasribed previously (Bakermans
et al., 2002; DeRito et al., 2005). The producs Wgated into the vector pCR2.1 (TA
cloning; Invitrogen) by following the manufacturerecommended protocol.

Following transformation of plasmids into host sedhd blue/white screening,
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colonies with inserts were verified by PCR with tegespecific primers (5'-
GTAACGGCCGCCAGTGTGCT and 5-CAGTGTGATGGATATCTGCA)at
flanked the cloning region. Amplicons were digdsiteth Haelll and Hhal, and

RFLP patterns were analyzed on 3% MetaPhore aggetséBioWhittaker;
Molecular Applications, Rockland, Maine) with a 1P ladder (Promega) as a
marker. Clones that were selected for sequencerg grown overnight in 5 ml of
Luria-Bertani broth with kanamycin (5®/ml), pelleted, and plasmids were purified
(QiaPrep spin miniprep kit; QIAGEN, Santa Clari@alif.).

Sequencing (Cornell University DNA Sequencing Rggilwas conducted
with four primers: M13 forward (5-TGTAAAACGACGGCC@AT-3’), M13 reverse
(5'-AACAGCTATGACCATG-3'), 531 reverse (5-TACCGCGGIGCTGGCAC-

3’), and 533 forward (5’-GTGCCAGCMGCCGCGG-3’). Raaquence data were
assembled into full-length sequences using therpmGEQMAN Il (DNASTAR,
Inc.). After assembly, the consensus sequencererdged manually by referring to
the corresponding ABI chromatograms of the sequenaactions, and Bellerophon
(Huber et al., 2004) was used to check for chimeRisylogenetic relationships were
discerned by the neighbor-joining method usingabmputational tools of Lasergene

(DNASTAR, Madison, WI) and ClustalX (Thompson et 4097).

3.3.8 Isolation of benzoate-metabolizing bacteria

Benzoate metabolizing bacteria were isolated froits shat were left
unamended or treated with benzoic acid as in #id &xperiment. For both
treatments, 1 g soil was serially diluted in pha@pkouffered solution, spread plated
onto MSB agar plates (Stanier et al., 1966) witi® (0.7 mM) sodium benzoate in
duplicate, and incubated at room temperature.ekoh treatment, 30 individual

colonies from the two highest dilutions were rantoselected and checked for purity
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by streaking on R2A agar plates. Confirmed puttioes were grown again on MSB
agar with 0.01% benzoate, and isolates that mamdaihe benzoate-metabolizing
phenotype were stored at -80°C for later charazgan of the cultures. Eleven
genetically distinct isolates were distinguishedlb$ rRNA gene fingerprinting as

described above.

3.3.9 Amplification of the benzoate 1,2-dioxygenase large subunit gene in isolated
bacteria

A 540-bp fragment of the benzoate 1,2-dioxygengdgaasubunit gene was
amplified from selected isolates using primers BAL
GCRCARGAYAGCCAGATTCCC) and BAr2 (5'-
GGTGGCMGCYTAGTTCCAGTG), which were designed frone thomologous
regions ofbenA of Acinetobacter baylyi ADP1 andxyl X of Pseudomonas putida TOL
plasmid pWWO (Francisco et al., 2001; Harayamd.e1891; Neidle et al., 1991).
The benA fragment was amplified with the following progra@b°C for 15 min with
5 initial cycles of 94°C for 30 sec, 60°C for 3@ g€L° per cycle), and 70°C for 45
sec, followed by 35 cycles of 95°C for 30 sec, ®4°45 sec, 70°C for 45 sec, and a 1
min extension at 68°C. The resulting ampliconsensaquenced directly using the

PCR primers.

3.3.10 MPN-PCR

Quantification of bacteria identified by SIP by MANCR was performed as
previously described (Fredslund et al., 2001)pdrallel with the field SIP
experiment, three sets of triplicate soils wereedosith 100ug benzoic acid in 50l
water every 48 hours. Triplicate (0.5 g) soil seespvere collected and stored at -

80°C at times 0 (untreated), 48 (1 dose), 144 &edp and 192 hours (5 doses). DNA
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was extracted as described above from each soplsaand the primer
BurkhospitalF (5-AAAGGCCTCGCGCTCAAG) was designesing the 16S rRNA
gene sequence from isolate EBAO9 and cloned 16&rsdguences D603, D617, and
D638 (generated in this study) using Primrose sméwAshelford et al., 2002). A
180 bp amplicon was generated when Burkhospitald-usad in combination with
the universal eubacterial primer 342r (5-CTGCTGECEXCGTAG). Tenfold

dilution series of the extracted DNA were made aAptiwas used as template in a 20
ul PCR with the following program: 15 min at 95°Q@, 8ycles of 30 sec at 95°C, 30
sec at 60°C, 45 sec at 70°C; 4 min at 70°C; aral finld at 4°C. The second highest
dilution to produce the target 180-bp amplicon wssd as a starting point for
triplicate 3-fold dilution series. The freeware Nalculato(VB6 version; Michael
Curiale [http://www.i2workout.com/mcuriale/mpn/indatml]) was used to calculate
the MPN abundance of populations related to sE&AO9 in soil samples dosed with

benzoate.

3.3.11 Nucleotide sequence accession numbers
The nucleotide sequence data reported here havesbbenitted to GenBank

under accession no. EU677388 to EU677420.

3.4 Results
3.4.1 Benzoic acid metabolism at a field site

In order to investigate the dynamics of the benagid-metabolizing
community in the field agricultural study site, waried out a dosing regime based on
that established by DeRito et @005). For the first treatment, soils receive fi
doses of PC]benzoic acid, the second treatment receiveddoses of {*C]benzoic

acid with a final dose of{C]benzoic acid, and the third treatment received floses
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of [**C]benzoic acid. Monitoring of benzoic acid metasml in the field was
determined by GC/MS analysis B€0; respired from the soil after the final dose
(Figure 3.1). In soils exposed t3¢]benzoic acid, a net increase in respiD,
above background levels was observed, whereascreaigse was seen in soils
receiving f*C]benzoic acid. ThECO;respired from soils receiving a single dose of
[**C]benzoic acid amounted to 17% of the labeled cadsitled to the soil. Respired
13c0o, was nearly identical between soils that receiveidges of[C]benzoic acid
and soils that received 4 doses¥€]benzoic acid with a final dose &{C]benzoic
acid. This suggested two things: (i) that benzamid was metabolized quickly-- little
or no residual’C]benzoic acid remained in soils receiving priosés: and (ii) the
13C-labeled biomass (produced via assimilation ofyedwses of*[C]benzoic acid)

was relatively stable and not subject to furthetaielism during the experiment.

3.4.2 Community profiles of density-resolved DNA

Triplicate soil samples from each of the threedfigéatment were collected
and pooled. DNA was extracted, and tHE]DNA was separated fromi4C]DNA by
isopycnic centrifugation. We used T-RFLP to conspasmmunity profiles from
heavy (1.747 g rifl) and light (1.70-1.71 g i) fractions taken from the CsClI
gradient of each field treatment (Figure 3.2). Fegu3.2A and 3.2B show results of
our positive- and negative-control treatments, @espely, that received unlabeled
benzoate. As expected, the light fraction (Fighi@A) featured a complex T-RFLP
pattern typical of heterogenous populations inibcemmunity and the heavy fraction
(Figure 3.2B) that was virtually free of signalgdept for a spurious peak at 491 bp
that was also present in our reagent blank). AleoT-RFLP patterns should be
interpreted relative to Figure 3.2B and accordimgdntrasts between heavy and light

fractions in a given treatment.
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Figure 3.1. Confirmation of{C]benzoic acid metabolism measured as‘t@D,
respiration from the agricultural field study sit€CO, was produced from soils
receiving 5 doses of 100 pf¢]benzoic acid€), 4 doses of 100 pgd’Clbenzoic

acid and a final 100 pg dose 6f¢]benzoic acid«), or 5 doses of 100 pg
[**C]benzoic acid (x). The percentage in parenthsises's the proportion of the total
added f*C]carbon recovered &3CO,from the treatment receiving a single dose of
[**C]benzoic acid. Experimental values representrthan and standard deviation of

triplicate samples.
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For the three treatments, the distribution of T-REignals within a gradient
was consistent with type of benzoic acid laB&C (or *°C) the treatment received. In
contrast to the treatment receiving orf§d]benzoic acid (discussed above), T-RFLP
signals in the DNA from soil receiving 5 doses 6€]benzoic acid were enhanced in
the heavy fraction (Figure 3.2F) compared to thbktliraction of the gradient (Figure
3.2E). The peak corresponding to a fragment leafit89 bp, in particular, showed
enrichment as the density of the gradient incre@Sieire 3.2F). This suggested that
the population represented by the 139 bp fragmeastmetabolizing the benzoic acid
and fully incorporated thEC-label into its biomass. Three peaks, correspanttin
fragment sizes of 128, 139, and 149 bp were sHayred treatments, which suggests
that one or all of the organisms represented bsetifimgments were members of the

benzoic acid metabolizing community.

3.4.3 Identifying active benzoic acid metabolizing bacteria

We pursued two methods to investigate the idestiif active benzoic acid-
metabolizing bacteria: cultivation and cloning ptegjuencing 16S rRNA genes.
Prior to cultivating benzoic acid metabolizing et@ls, soil was either dosed with
benzoic acid as in the SIP experiment or left unated. Plate counts showed that
culturable benzoic acid-metabolizing isolates friv@ unamended soil were present at
3.9x10 CFU g soil, while successive benzoate additions ince#tse number of
benzoic acid degraders nearly 10-fold to 3.3BU g* soil. Comparison of RFLP
patterns generated from 16S rRNA gene amplicorestieg withHaelll and Hhal and
subsequent 16S rRNA gene sequencing revealed@hadt24 selected isolates from
the highest dilutions of the unamended soil vRsgidomonas species. However,
when the soil was exposed to benzoic acid, 14 a$édlates from the highest dilutions

wereBurkholderia species.
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Figure 3.2 Microbial community composition represehby T-RFLP profiles from
three fractions collected from CsCI gradients comi@ DNA extracted from soils
receiving (A) 5 doses of 100 ptf¢]benzoic acid, (C) 4 doses of 100 f]benzoic

acid and a final 100 pg dose &i¢]benzoic acid, or (E) 5 doses of 100 pg
[**C]benzoic acid. The buoyant density (g'jndf the fractions are shown in brackets.
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In addition to the above culture-based investiggtao16S rRNA gene clone
library was prepared from the heavy (1.747 g)nflaction (Figure 3.2F) of the
treatment that received 5 doses’8€]benzoic acid. Fifty eight clones were screened
by comparing RFLP patterns following double digaestwith Hhal and Haelll. There
were 25 unique RFLP patterns, and 22 clones remtiiagel2 unique RFLP patterns
were sequenced. No chimeras were detected witerBphon. BLAST analysis of
cloned sequences revealed clones representinggdeminant RFLP pattern (15 of
58 clones) wer8urkholderia species.

A phylogenetic tree was generated using compleferBMNA gene sequences
from 11 isolates cultured from soil amended withzmec acid and 19 cloned 16S
rRNA sequences (Figure 3.3). One group of isolBi#ttholderia strains, EBAO5,
EBAQ7, EBAQ9, and EBAL11, clustered n&arkholderia hospita andBurkholderia
sp. TH2. The latter is known to metabolize benzaat# chlorobenzoates (Suzuki et
al., 2001). Remarkably, this group of isolatestdted together with three clones
representing the dominant RFLP pattern from tA@]PNA fraction, suggesting we
had successfully isolated representatives of tinedie acid metabolizing population
that was active in the field. Isolate EBAQO9 wasrfd to have 99.5% sequence
similarity with this group of clones. Furthermotike T-RFLP pattern for isolate
EBAQ9 and clones from that cluster revealed a I88dgment (data not shown),
which matches the fragment enriched in tHE]DNA fraction from the field (Figure
3.2).

3.4.4 Phylogenetic analysis of benzoate 1,2-dioxygenase genes

A 540-bp fragment of the gene encoding the berezb@-dioxygenase alpha
subunit was amplified from isolates EBAO5, EBAOAd&EBAO9. The amplified
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Figure 3.3. Phylogenetic analysis of 11 benzoat@abuodizing isolates and 19 cloned
16S rRNA genes (~1400 bp) derived frbi@-labeled DNA from soils receiving 5
doses of °C]benzoic acid. Isolates are in bold, clones anglain text, and 17
reference strains are in italics. Accession nusbarreference sequences are given.
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benA fragments were sequenced and subjected to phylbgamalysis along with
other benzoate 1,2-dioxygenase, toluate 1,2-dioxgge, and chlorobenzoate
dioxygenase genes (Figure 3.4). The resultingqgenetic tree shows thoenA
genes from the isolates are closely related tmtmeunctionabenA in Burkholderia
sp. TH2 (Suzuki et al., 2002), as well chlorobeteahoxygenase genes from
Burkholderia sp. NK8 (Francisco et al., 200Burkholderia sp. TH2, and
Burkholderia cepacia 2CBS (Haak et al., 1995), which are able to metabol

chlorinated benzoates.

3.4.5 Growth of the Burkholderia populations in the field during the benzoate-dosing
regime

To demonstrate growth of the population represehieEBAO9 upon addition
of benzoic acid in the field, we performed MPN-PQiRarchived DNA extracts using
a primer targeting the 16S gene of EBA09 and cjossatedBurkholderia hospita
species (Figure 3.5). Specificity of the primeswested by performing PCR on
unrelatedBurkholderia species as well as all of the isolates from thebeacid
amended soil, which includégurkholderia, Pseudomonas, Arthrobacter, and
Cupriavidus species. We only obtained the expected 180 bpiaomplrom isolates
EBAO5, EBAO7, and EBAQ9, which share at least 99s&1uence similarity. The
DNA used in the MPN-PCR assay was extracted frometBets of triplicate soils that
were dosed with 100g benzoic acid in 501 water every 48 hours and triplicate soils
that were unamended. The soils treatments foMiRN-PCR assay occurred
simultaneously with the field SIP experiment, se field conditions for each were
identical. At time 0, the target population wasgant at slightly under 100,000 copies
per gram of soil, with little change after 48 houksowever, after 144 hours, the

population underwent approximately two doublingsttee target population had
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NahAc  Pseudomonas putida NAH7

XylX  Novosphingobium aromaticivorans
CbdA  Burkholderia cepacia 2CBS
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Figure 3.4. Phylogenetic analysis inferred fromahgnment of 175 amino acid
positions predicted frorbenA sequences amplified from isolates (EBAO5, EBAOQ7,
and EBAQ9; accession numbers EU677418, EU6774IBERIG77420, respectively;
in bold) as well as 19 reference sequences fordagezl,2-dioxygenase (benA),
toluate 1,2-dioxygenase (xylX), and chlorobenzaldaygenase (cbdA and cbeA)
sequences from GenBank. The naphthalene dioxygamad\c, from Pseudomonas
putida G7 is the outgroup.
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increased to 4.5-4.8x1@opies per gram of soil. Clearly, the target pafion
identified by stable isotope probing not only aelwvmetabolized benzoic acid, but

also reproduced in the field after the additiothaf substrate.

3.5 Discussion

In this study, we found that successive additibbemzoic acid to a field soil
resulted in the growth ddurkholderia species that were also identified as the primary
degraders of benzoic acid in situ by SIP. Althoidgntifying an organism by DNA-
SIP implies growth, MPN-PCR quantification of thepplation identified in our SIP
experiment confirmed the population underwent axpnately two doublings.
Furthermore, enumeration of culturable benzoic deigraders suggested
Pseudomonas species were initially the more abundant benzait degraders, but the
addition of benzoic acid to the soil caused a shithe community yielding greater
numbers oBurkholderia species. According to the rRNA operon copy number
database (Klappenbach et al., 2001; http://ribosameg. msu.edu/rrndb/index.php),
species from the genBurkholderia have an average of 4.94 16S rRNA gene copies.
Assuming the EBAQ9 population detected in the MRBRRassay has 5 16S rRNA
gene copies per cell, the population increased ibout 2x16cells per gram of soil
to just over 9x1Bcells per gram of soil during the experiment. I&wing the final
dose of benzoic acid, the number of culturable batezdegradingurkholderia were
approximately 35 to 40 times higher than thoseaeteby MPN-PCR, which used a
primer designed to detect only populations closelgted toBurkholderia sp. EBAO9.
This discrepancy between the final number of caliiegBurkholderia species and the
EBAOQ9 population measured by MPN-PCR is likely tm¢he specificity of the PCR
primers used in the MPN-PCR assay, and the likethtbat the EBAQO9 population is

a subset of the total benzoic acid-metabolizing oomty. Despite this difference, a
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Figure 3.5. Quantification of EBA09-like populationthe field by MPN-PCR during
growth on benzoic acid. Experimental values reprethe average copy number of
the target 16S rRNA gene from triplicate soil saesplError bars represent the

standard deviation.
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measured increase Burkholderia species after the addition of benzoic acid is
consistent between culture and non-culture-base¢daus.

The population numbers obtained by MPN-PCR indatatslowdown in
growth between 144 and 196 hours (Figure 3.5), wbauld indicate that nutrients
other than carbon were becoming scarce and limitieggrowth of the EBAQ09-related
population. If this were the case, it could hawlications for microbial communities
in soils receiving repeated carbon inputs. TlylhRNA gene copy number found in
manyBurkholderia species is associated with bacteria that emplapatrophic
ecological strategy (Klappenbach et al., 2000)piGoophic populations are expected
to respond quickly to the added carbon and extabst nutrients (e.g., N and P),
which may subsequently limit their activity. Thisuld explain why there was not
greater enrichment of the 139 bp fragment in trevii®NA fraction from the sample
that received only 1 dose df€]benzoic acid after 4 doses 6f¢]benzoic acid
(Figure 3.2). By the time tH&C-labeled substrate was added, nutrients other than
carbon may have been limiting, causing Buekholderia sp. EBAQO9 population to
grow at a slower rate. If the experiment had kedanded another 48-96 hours, it is
possible that oligotrophic populations, which teéadhave higher affinities for
nutrients, might have replaced tBerkholderia population as the active benzoic acid-
degraders within the community.

In order for bacteria to take advantage of an thiced carbon source, they
must have a combination of genes and physiologyahable them to compete for and
utilize a substrate. Species within the gelBudholderia are widespread in soil
environments, ecologically versatile, and capabl@etabolizing aromatic
compounds (Coenye and Vandamme, 2003; O’Sulliva\ahenthiralingam, 2005).
Other studies have suggestdakholderia species are the primary degraders of

aromatic compounds in soil environments. For examp soils amended with 2- and
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3-chlorobenzoateBurkholderia species were the dominant indigenous culturable
degraders of the added compounds (Gentry et &1;2ZBentry et al., 2004). Another
study using SIP founBurkholderia species to be the primary degraders of
polychlorinated biphenyls (Tillman et al., 2009)he ecological versatility of
Burkholderia is attributed to their multireplicon genomes, whaan be larger than 9
Mb (Chain et al., 2006). Such large genomes att@tabolic versatility, and the
presence of mobile genetic elements can promotengierplasticity and general
adaptability (Lessie et al., 1996). The isolatdmBurkholderia sp. EBAO9 will allow
subsequent experimentation to examine the genadiplysiological characteristics
that enabled ecological success of the bacteriuwn tipe introduction of benzoic acid

in the field.
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4. DYNAMIC SECONDARY ION MASS SPECTROMETRY (SIMS) | MAGING
OF MICROBIAL POPULATIONS UTILIZING '*C-LABELED SUBSTRATES
IN PURE CULTURE AND IN SOIL.

4.1 Abstract

We demonstrate that dynamic secondary ion massrepeiry (SIMS)-based ion
microscopy can provide a means of measutiBgassimilation into individual
bacterial cells grown offC-labeled organic compounds in the laboratory arféeld
soil. We grew pure cultures Beudomonas putida NCIB 9816-4 in minimal media
with known mixtures ot“C- and**C-glucose and analyzed individual cells via SIMS
imaging. Individual cells yielded signals of mas4@, 13, 24, 25, 26, and 27 as
negative secondary ions indicating the presené&af*C’, 24(*°C,), 2°(*<C3C),
212Ny, and®’(**C*N) ions, respectively. We verified that ratios afrsils taken
from the same cells only changed modestly durirg.&-min period of sputtering
with primary scanning by the erosive’®eam of the dynamic SIMS instrument.
There was a clear relationship between mass 22@stynals irPsuedomonas putida
cells grown in media containing varying proportiais$°C- to*C-glucose: a standard
curve was generated to predid€-enrichment in unknown samples. We then used
two strains oPseudomonas putida able to grow on either all or only a part of a
mixture of *C-labeled and unlabeled carbon sources to verifdtiferential™>C
signals measured by SIMS were dué’® assimilation into cell biomass. Finally, we
made three key observations after applying SIMSwmicroscopy to soil samples from
a field experiment receivingC- or **C-phenol: (i) cells enriched C were
heterogeneously distributed among soil populati¢is:*C-labeled cells were
detected in soil that was dosed a single time WiEhphenol; and (iii) in soil that

received 12 doses biC-phenol, 27% of the cells in the total communigrevmore
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than 90%-3C-labeled.

4.2 Introduction

Linking the identity of active microorganisms witheir functionin situ is a
central challenge in environmental microbiology (dan, 2005). Techniques such as
stable isotope probing (SIP), which combine molacidentification methods with
isotopic tracers (Boschker et,dl998; Buckley et al., 2006; Leigh et al. 2007; Inda
Conrad, 2005; Madsen, 2005, 2006; Manefield eRAD2; Neufeld et al., 2007;
Radajewski et al2000; Whiteley et al. 2007), are proving to be &ffee and
insightful means for identifying metabolically actimicroorganisms (Jeon et al.,
2003; Kasai et al., 2006; Liou et al. 2008; Pumptaied Madsen, 2008). The
growing application of such techniques in microl@@blogy has increased interest in
developing microscopic techniques that both contlierole of microorganisms that
are identified through SIP and measure the amdusbtopic label individual cells
have incorporated the into their biomass.

When suitable probes are available, fluorescesitinhybridization (FISH) is
an effective means of microscopic identificatiommo€roorganisms (Wagner et al.,
2003), and can be combined with techniques usidigaative and stable isotopes to
identify metabolically active microorganisms. Tbealization of radioactive isotopes
can be determined through microautoradiographyvareh used in combination with
FISH, can provide insight into the structure anaction of microbial communities
(Lee et al., 1999; Ouverney and Fuhrman 1999). tlk@tocalization and
measurement of stable isotopes, Raman microspecppgHuang et al., 2004; Huang
et al., 2007) and secondary ion mass spectrom®tig) are potentially powerful

methods that have been successfully combined M8H F

62



SIMS is a technique that can characterize the pgotmmposition of a sample
by first bombarding the sample surface with a priman beam, and then separating
and measuring the resulting secondary ions by s@Esstrometry (Chandra, 2005;
Chandra and Morrison, 2000). To date researchers &pplied various SIMS
techniques to pure cultures and environmental sesriplmeasurC, °N, as well as
inorganic isotopes in bacteria. Early pioneeringles applying SIMS to microbial
systems used a SIMS ion microprobe in combinatith fluorescent in-situ
hybridization (FISH) to show that methane-consunfinghaea in anoxic marine
sediments were naturall§C-depleted (Orphan et al., 2001; Orphan et al.2 208
SIMS ion microprobe was also used in combinatiothautoradiography and FISH to
show CH and CQ consumption by methanotrophic microbial mats (@esat al.,
2007). Time of flight SIMS (TOF-SIMS) has beendise measure inorganic carbon
and nitrogen assimilation in individual bacterialls and fungal hyphae (Cliff et al.,
2002), and to distinguisBacillus subtilis spores grown on different media based
elemental signatures (Cliff et al., 2005). Lechehal. (2006) demonstrated the use of
nanometer-scale SIMS (NanoSIMS) to sHoM fixation by Teredinibacter turnerae
and notEnterococcus faecalis in pure culture, and NanoSIMS was able to distisigu
1>N-enrichedPseudomonas fluorescens that were added to a soil matrix (Herrmann et
al., 2007). Application of NanoSIMS to a biofilnomhinated by sulfate-reducing
bacteria showed the aggregation of extracellulargims and biogenic zinc sulfide
crystals (Moreau et al., 2007). The use of anoolig-leotide probe labeled with
iodized cytidine was combined with NanoSIMS to wilsze bothEscherichia coli
grown on different amounts &iC and™®N, and an archaeal population from a
municipal solid waste bioreactor growing 6&-methanol (Li et al., 2008).

SIMS technology has tremendous potential to aigstigations examining the

role of bacteria in the biodegradation of orgarotiytants. DeRito et al. (2005) used

63



dynamic SIMS ion microscopy to provide qualitatexedence that a soil community
exposed td*C-phenol was enriched fiC relative to a population that received an
equal amount of’C-phenol. However, in this study the increaS&lsignal detected
by SIMS was qualitative, and the amount incorporated into the bacterial
biomass was unclear. A related ratio imaging apghi@applied to dynamic SIMS ion
microscopy clearly distinguishédC-labeled from unlabeled cells in soil samples
(Chandra et al., 2008). In the present investigative show that it is possible to use
dynamic SIMS ion microscopy to measure the degrémtopic enrichment in single
cells from pure cultures grown on mixtures-@- and**C-labeled organic substrates.
In addition, using pure-culture experiments to gateea dose-response curve, we
estimated the degree B-labeling in bacterial cells from a soil commurtitat

received-*C-phenol in a series of field soil experiments.

4.3 Methods
4.3.1 Bacterial strains and growth conditions

Standards of’C-labeled bacteria grown in known ratios'#¢- and*’C-
glucose were prepared by growing the naphthalegeadeng bacteriunPseudomonas
putida NCIB 9816-4 (Serdar and Gibson 1989) overnight inaral salts broth (MSB)
(Stanier et al., 1966) amended with-1Lg total glucose while varying the proportion
of 13C in the pool (Sigma&°C-glucose; 99 % purity). Initial proportions of tHe€ label
varied from 1% (natural abundance) to 25, 50, 79986*%C-glucose. To show that
metabolism of*C-glucose caused proportionate labeling of cBligutida NCIB
9816-4 andP. putida NCIB 9816-4.C (Stuart-Keil et al., 1998), a straimed of the
plasmid encoding naphthalene-catabolic genes, grexen in 6 ml MSB amended
with 0.1%"C-glucose (6mg) and 10 mgC-naphthalene (unlabeled) crystals in tubes

sealed with a Teflon®-lined septa. Bacterial gtoamd metabolism of the substrates

64



were monitored by optical density and headspack/sinaf respired C@by GC/MS,
respectively. Pure culture samples were fixedSiddS microscopy by adding 100 pl

of bacterial culture to 300 ul of 4% formaldehyde.

4.3.2 GC/MSanalysis of CO,

Procedures used were those of DeRito et al. (20@%)ewlett-Packard
HP5890 gas chromatograph (Wilmington, DE) equipp#&ld an HP5971A mass-
selective detector was used for Cdhalyses. With high-purity helium as the carrier
gas, a Hewlett-Packard Pora Plot Q column (25 .8 mm, 1Qum film thickness)
was used to separate €ftom other gaseous components. The detector pasied
at an electron energy of 70 eV and a detector geltd 2,000 V. The ion source
pressure was maintained at 1¥16rr. A splitless injection was used, and the GC
oven was isothermal at 60°C. Single-ion monitoaligwed simultaneous
quantification of bot’CO, (m/z = 44) and*CO, (m/z = 45). The concentration of
CO, was quantified using calibration curves prepadgiexternal standards (Scott

Specialty Gases, Plumsteadville, PA).

4.3.3 Soil field treatments

Soil samplegproduced in experiments IBeRito et al. (2005) were analyzed in
this study. Briefly, a soil plot (Collamer silt loam) at the @l University
Agricultural Experiment Station, Ithaca, NY wasééand free of vegetation. A table
was placed over the plot (0.8 m high) to proteetakperiment from rain and direct
exposure to sunlight. Three soil treatments rexkil?2 daily doses of phenol, with
each 2Qul dose containing 20@g of phenol. The first treatment received oHiy-
phenol and the second treatment received Bfalyphenol. The third treatment

received 11 daily doses HiC-phenol and a single dose of 13C-phenol on théttwe
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day. A fourth treatment was not dosed with phdoiothe first 11 days, but received a
single dose of°C-phenol on the twelfth day. Twenty-four hourdduling the final
dose, one-tenth of a gram of surface soil was es#lytcollected from the field

treatments, fixed in 4% formaldehyde (1 ml), amated in screw-cap glass vials.

4.3.4 SMSimaging

Procedures used were those of Chandra et al. (2@08nall drop (~2ul)
from the formaldehyde-fixed samples was smeareth@polished surface of sterile
silicon wafer pieces (Silicon Quest Internatior@dnta Clara, CA, about 1 émsurface
area). The samples were air dried and heat-fiad¢ldd silicon substrate by passing
rapidly (~2 sec) over a flame prior to SIMS anaysh CAMECA IMS-3f SIMS ion
microscope was used in the study. A 5.5 keV miltesed primary ion beam of O
(about 100-200 nA beam current with a spot siz&€0gfm) was raster scanned over a
250um? or 500um? region, depending on the need of a particularyaig!for
imaging studies. A 60m contrast aperture and 1pt transfer optics were
employed in the imaging mode for the detectionegative secondary ion signals.
SIMS images of masses 12, 13, 24, 25, 26, andr2iaply representing
contributions from?C’, *C’, 2%*2C,), 2(2*ct?Cy, 2°(**C*NY’, and?’(**C*NY,
respectively, were recorded for designated timetherPhotometrics CCD camera
capable of 14 bits per pixel image digitizatiohsHould be noted that under these
instrumental conditions of mass resolution of e microscope imaging mode, mass
interfering species likE**CHY, 2°(**C,), ©(**CHY, 2 (**C,H), and®’(*C¥NY
cannot be separated from the species of intekest*C**CY, 6(**C*N)’, and
2(13CNY. However, the enhancement of signals reflecteédrirmicroscopy images
of masses 13, 25 and 27 frdf-labeled phenol treated cells compared to controls

does provide meaningful imaging € incorporation in individual bacterial cells.
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4.3.5 Image analysis

Computer image processing was performed with D#i@t (Haydon Image
Processing Group). To measure the mean signalsitites for corresponding masses
(i.e. 27 and 26), the images of corresponding nsafssen the same field of view were
overlayed and registered. A region of interestljR@s drawn within an individual
bacteria cell on one image, copied onto the sathéndde corresponding image, and
the mean pixel intensities for the correspondingRi@tween the two images were
measured. The relationship between masses 276awd<calculated as percent mass

27 of the combined mass 26 and mass 27 signalg tierfollowing equation:

mass27
(mas26+ mas27)

% ma3827={ }QOO

Ratio imaging provided a direct comparison of theancement ofC signals in
individual bacterial cells due to the treatmentwiC-labeled phenol in direct
comparison to the unlabeled phenol treatment.rd&tay imaging, the corresponding
SIMS bacterial images were calibrated to a singlgrast scale; then tHaC signal
was divided by thé’C signal using the NIH’s ImageJ software. The ltdsian image
in which the value of each pixel is the ratio oeanass image to the other. A color
gradient map was then applied to each ratio imageobe Photoshop, where
2:1=cyan, 1:1=magenta, and O=yellow. This color salidevs clear distinction
between the highest ratios (cyan, wHEECN) is greater thaf®(**C*N)), the 1:1
ratios (magenta), and the fractional ratios (ye]lashere 13C isotopes are scarce or
not present). The resulting image distinguishegkvhacteria are assimilating the
13C-labeled compound and which are not. Overlay #sagere created using

Metamorph® software.
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4.3.6 Automated image processing

Analysis of secondary ion signal intensities of Slivhages was performed
with Metamorph Software (Molecular Devices). A tdrrespondence was
established between the DIP Station and Metamanplyses of the pure culture
standard images by first generating a mass 27 @ss8 86 composite image for each
field of view analyzed using ImageJ (NIH). ROIs e/eletermined by generating a
segmented image with minimum and maximum regiorthgidnd heights of 2 and 10
pixels respectively at specific graylevels abovwmekground intensity specific to each
composite image. ROIs identified in composite insagere transferred to
corresponding mass 27 and mass 26 images to quawnéfage ROI pixel intensities.
Field soil SIMS images and images from the puréucalexperiments involvinBg.
putida NCIB 9816-4 (wild-typeP. putida NCIB 9816-4.C (cured of pDTG1) were
analyzed in the same manner as the automated &nafyle pure culturé’C-glucose

standards.

4.4 Results
4.4.1 Effect of continuous ion beam sputtering on the constancy of isotope ratios

Our standard SIMS protocol for analyzing microbgital samples began with
~1 min of primary G" beam exposure used for fine focusing and sigahilstation.
Then, images of masses 12, 13, 24, 25, 26 and @&gative secondary ions from
each field of view revealed the presencé?6f, 1°C’, 2(*°C,), 2°(**c*?Cy, 2°(**CNy;,
and?(**C'*N) in individual bacterial cellsThe surface sputtering mechanism
utilized by dynamic SIMS is a destructive process masses are imaged one at a
time; therefore, it is essential to know that nsigaals and calculated isotopic ratios

from microbiological samples are consistent thraugtihe time images are recorded.

68



757

50 1

Percent Mass 27

1 23 456 7 8 9 101112 13 1415 16 17 18 19 20 21 22 23 24
Cell

Figure 4.1. A comparison of the change in massn2i/naass 26 signal intensities
detected by SIMS iR. putida NCIB 9816-4 cells grown olfC-glucose after

exposure to the £ beam for 4.5 min. The percent mass 27 for ealthvas

calculated from signal intensities from an iniiaasurement of mass 27 and 26 ions
(white bars) and signal intensities from a subsetjomeasurement after 4.5 minutes of
exposure to the £ beam (black bars). Image analysis was perforrsauyDIP

station software.
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The percent mass 27 relative to mass 26 beforafsedthe 4.5 minute beam
exposure was calculated and used to compare timgela signals from

Pseudomonas putida NCIB 9816-4 cells grown on 99%8C-glucose (Figure 4.1). The
vertical axis in Figure 4.1 did not reach 100% hseaseveral ions besid@§“C*N)
contribute to the mass 26 signal (see below). Antbhed@4 cells randomly examined
the average change in the percent mass 27 was#53886, with only two cells
showing a change of more than 10%. This showsthieadiestructive dynamic SIMS
sampling process under our experimental conditt@used minimal change in signal
ratios over the time typically needed to recordges thus, dynamic SIMS ion
microscopy can provide reliable data for deterngnsotope ratios in bacterial

samples.

4.4.2 Measurement of *3C incorporation by pure cultures

To determine whether dynamic SIMS ion microscopyl@dalistinguish
between cells that are unlabeled, partially lahededully labeled with>C, we grew
pure cultures oPseudomonas putida NCIB 9816-4 in minimal media with known
mixtures of*“C- and**C-glucose. Masses 12, 13, 24, 25, 26, and 27 messured
via SIMS imaging, and the average signal interfsityndividual cells was measured
both by hand drawing regions of interest (ROIshwitcells using DIP station and by
using Metamorph® to automatically select ROIs lemsity (Figure 4.2). Data
generated from images of mass 27 and 26 are shegaube these two masses
provide optimal resolution among the available seeoy ions. The other secondary
ions produced similar data to mass 27 and massr3ufe cultures, but have been
found to be less effective for soil samples (DeRital., 2005; Chandra et al., 2008).
Plotting the intensity of’C containing masses against the intensit{?@fcontaining

masses for individual cells revealed increasesoppesthat corresponded with an
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Figure 4.2. A scatter plot showing the relationdbgveen mass 27 and mass 26
signal intensities from individual cells Bf putida NCIB 9816-4 grown on 1-d-™
total glucose while varying the proportion’8€ label from 99 to 75, 50, 25, or 1%.
Each data point represents an individual bactegkiwhose mass 27 and mass 26
signals were determined using SIMS. Up to 200 dateations were completed for
each growth condition. Images were recorded byadya SIMS ion microscopy and
signal intensities were measured with Metamorphfénsoe.
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increase in°C-glucose in the growth medium (Figure 4.2). Riotsignal intensities
from individual cells also showed that though signgensity can vary greatly
between cells with simildC-enrichment, the ratios between signal intensities
mass 27 to mass 26) are consistent.

Standard curves were generated by plotting theageepercent mass 27 values
calculated from the mass 27 and 26 signals fronviehaal cells, which were grown
on various proportions dfC-glucose. For each growth condition, 60 individua
bacteria cells were measured manually and up tari@dual bacteria cells were
measured using a procedure with Metamorph® softicaeeitomatically select ROIs
by intensity and size. Cultures were grown on gigcwhosé>C proportions varied
from 1%, 25%, 50%, 75%, or 99%%C-glucose. Both manually measured images and
the automated procedure using Metamorph® softwaréyced equivalent standard
curves (Figure 4.3). The percent mass 27 valuessthat as°C increases in cellular
biomass, the't{C,)” secondary ion makes a greater contribution tertass 26 signal
than the *C'*N) secondary ion. Despite the influence of interfgninasses, there is
a positive correlation between mass 27 and 26 Egaeorded by dynamic SIMS ion
microscopy and the ratio 61C- to*?C-glucose in the growth media (Figure 4.3). This
relationship can be used to quantitatively estimi#@eenrichment in samples with
unknown carbon isotope ratios.

In order to demonstrate that an enriched signakored by SIMS was due to
metabolism and incorporation of thi€, we conducted experiments with wild-type
putida NCIB 9816-4 andP. putida NCIB 9816-4.C, which was cured of pDTG1, the
plasmid encoding naphthalene-catabolic genes. ®etlild-type and cured strain
were grown in minimal media containing a mixturéi&-glucose and unlabeletfC)
naphthalene crystals and we monitored growth (@&piration, and mass 27/mass 26

ratios in individual cells using SIMS (Figure 4.4)s expected, the highest OD
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Figure 4.3. Standard curves generated from putaregl ofP. putida NCIB 9816-4
grown on 0.1% glucose composed of 99, 75, 50, 25%0"°C-glucose. Plotted points
represent the mean percent mass 27 values calt@ilate the mass 27 and mass 26
signal intensities from individual cells that weneasured by automated selection with
Metamorph® software (x, solid trendline) or manyalith DIP station software (+,
dashed trendline). Error bars represent the 9584dmnce interval for the mean of
each sample. A total of 60 determinations for egrolwth condition were completed
manually, and up to 200 were completed automayicall
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reading (Figure 4.4A) was achieved by the wild-tgfrain, able to utilize both
glucose and naphthalene. The cured strain reactlgadnmderate density (Figure
4.4A), confirming it was growing on glucose, nophthalene. The wild-type strain
released high amounts of both labeled and unlali&@dfrom glucose and
naphthalene, respectively; Figure 4.4 B), whileaheed strain only respirddCO,,
indicating the cured strain only metabolized ff@glucose. As expected from the
above trends in growth and respiration, the raifamasses 27/26 in individual cells
showed that the wild-type strain exhibited a lowgmrtion of mass 27 in its biomass
because its cell carbon was derived from both &bahd unlabeled substrates (Figure
4.4C). In contrast, cured cells were fully labeldth **C (Figure 4.4C), which
indicates the naphthalene was not incorporatedtiv@aellular biomass and had little
to no influence on the SIMS signal. Using the dtad curve generated from pure
culture standards (Figure 4.3), the percent mas&Riés in the wild-type cells
suggested mixed isotopic compositions that rangetden 30-70%°C for individual
cells, confirming the wild-type strain metabolizaaid incorporated both tH&C-

glucose and’C-naphthalene.

4.4.3 Measurement of *3C incorporation by phenol-degraders in soil

Confident in our methods to measure carbon isotopgoosition in bacteria,
we applied SIMS ion microscopy to soil communitieat were exposed t6C- or
13C-phenol in the field. We plotted the mass 27 mmads 26 signal intensities from
soil treatments that received twelve @AGdoses (20Qug phenol per dose) of either
13C- or unlabeled phenol (Figure 4.5). The pattertabéling clearly shows that many
cells in the soil receivin’C-phenol were enriched iC compared to cells from soil

receiving only*’C-phenol. The mass 27 and 26 signal intensiti@s the'“C-phenol
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Figure 4.4. The metabolism of naphthalene or glednd. putida NCIB 9816-4 and
P. putida NCIB 9816-4.C is shown by (a) growth in MSB amenuéith unlabeled
naphthalene crystals and 0.186-glucose, (b) production ¢tCO, and**CO,

respired during growth on the substrates showa)inahd (c) mass 27 and 26 signal
intensities for individual wild-type (wt) or curd?l putida NCIB 9816-4 cells after
growth on the media in (a). Signal intensitiesewereasured with Metamorph®
software.
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treatment were consistent with intensities showhRigures 4.2 and 4.3. The mass 27
and 26 signal intensities from tH&€-phenol treatment indicated a much more diverse
distribution in terms of*C content: data in Figure 4.5 clearly show cellstaming a
low (natural abundance) 61C, as well as cells exhibiting a high degreé’6f
enrichment. Overlay images created by combiningsni2d images (green) and mass
26 images (red) confirmed that the soil microb@hmunity exposed t&'C-phenol
contained heterogeneous populations, with mang sélbwing no incorporation of the
3C-label and others showing a range-6f incorporation (Figure 4.6A). It is not
possible to distinguish metabolically inactive sdliom those that grew on phenol in
the*?C-phenol treatment (Figure 4.6B). Images creagedvierlaying the intensity of
mass 27 onto mass 26 for individual cells, providedeans of direct, semi-
quantitative assessment’d€ incorporation (Figure 4.6C). High mass 27 sigita
cells (blue in Figure 4.6C) clearly metaboliZé@-phenol; while cells showing low
(natural abundance) mass 27 signals in cells (yahoFigure 4.6C) did not. An
image of a comparable soil sample stained with D@&Rjure 4.6D) is provided for
comparison with the SIMS images. The absence pt¥hsignal in many cells in
these images (Figure 4.6) reinforce the informatiom Figure 4.4 that signal
intensity is a result dfC assimilation, not caused by physical associdigtween the
cell and an added labeled chemical.

To estimate perceftC-enrichment in individual cells from the soil
community dosed with either labeled or unlabelednalh, the percent mass 27 was
calculated for each ROI measured using Metamorpin®,percent’C-enrichment
was estimated using the standard curve generaieddure cultures (Figure 4.3).
Cells from the 4 field-dosing treatments were gemlipccording to percefiC-

enrichment by 10% intervals to show the distribuiti *°C in the populations that
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Figure 4.5. A scatter plot showing the relationdbgveen mass 27 and mass 26
signal intensities of bacterial cells detected B Sin soils exposed to 12 doses of
13C-phenol () or **C-phenol 4). The signal intensities of 481 regions of insére
(ROIs) from images of soil receivitgC-phenol and 327 ROIs from images of soil
receiving**C-phenol were measured with Metamorph® software.
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Figure 4.6. A comparison of mass 27 and mass 2&Sivhges. Mass 27 (green) to
mass 26 (red) overlay of field samples dosed wijh{C-phenol or (B}*C-phenol.
(C) A mass 27 to mass 26 ratio image of the sEMehenol exposed soil. (D) DAPI
image, 40x magnification, of comparable soil sanmaieexposed to the Obeam.
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received“C- or*C-phenol (Figure 4.7). For the control treatmefrgail dosed 12
times with'>C-phenol, 98% (473 of 481) of the cells were fotmtiave less than 10%
13C in their biomass. The distribution BE in cells from soil dosed 12 times with
13c-phenol differed markedly from the control treattheonly 30% (99 of 327) of the
cells from soil dosed witl*C-phenol were found to be less than 15% labeled;

while 27% of the cells were more than 98%-labeled, suggesting many cells were
metabolizing thé°C-phenol exclusively. The remainder of signalsrfreells in the
multiple **C-phenol treatment were of intermediate intengityni 20% to 80 %
enrichment), which was likely due to a combinatdmixotrophy, carbon cross-
feeding, and possible heterogeneous distributidi@phenol in the soil matrix.

Cells enriched withC above background levels were also detected itwbe
soil treatments that received a single dos€®fphenol. From the soil community
that only received a single dose*®€-phenol (no unlabled substrate), 61% (704 of
1150) were less than 10% labeled, while 33% coathbetween 10 and 20%C-
label, 4% of the cells contained between 20 and B, and a small number of
cells contained between 30 and 68%-label (Figure 4.7). Like the treatment with
no prior exposure, the soil community exposed fakeied phenol (11 prior doses),
60% (147 of 242) of the community was less than 1&8éled; however, 14% of the
population was labeled with 20-309%€, and 7% of the cells contained between 30%
and 40%-C-label. No detected cells in either treatmeat teceived a single dose of
13C-phenol were greater than 73%6-labeled, though the possibility of >90%
labeling of rare cells cannot be dismissed. Algtomultiple doses ofC-phenol
were necessary for detection the of fully labeleltisc dynamic SIMS ion microscopy
was sensitive enough to distinguish betwEenlabeled cells and unlabeled cells in

soil after exposure to a single dose of 20¢i0gphenol for 24 hours. These cells are
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Figure 4.7. A bar graph comparing the distributié?’C signal intensity in

individual bacterial cells responding to four tyggphenol treatments in a field-soll
experiment. The four treatments were: (i) the ®@i$ soil dosed 12 times witfC-
phenol (black bars, 481 ROIs measured) over agefid2 days; (ii)) no phenol was
added for the first 11 days, only a single dos¥®fphenol was added prior to
sampling at the end of day 12 (diagonal lines, 1IR&0s measured); (iii) during the
same 12-day period, the soil was soil dosed 11stiwith **C-phenol with a final dose
of *3C-phenol (white bars, 242 ROIs measured); andsgil)\was dosed 12 times with
13C-phenol (cross hatching, 327 ROIs measured).e&oh treatment, the percer(t-
enrichment of individual cells was estimated ugimg standard curve (Figure 4.3)
generated from pure culturesRfputida NCIB 9816-4 grown on known amounts of
13C-glucose. Cells were categorized by 10% interv&atios were calculated from
signal intensities measured with Metamorph® soféwvar
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likely to be the primary phenol degraders; notsckdbeled through carbon cross-

feeding.

4.5 Discussion

In this study, we demonstrate the use of dynarnS3on microscopy to
measuré>C-incorporation into individual bacteria grown inc settings: laboratory
media and field soil. It was first necessarytiow that although the primary ion
beam used in SIMS erodes the sample surface, we abtain reliable and consistent
images of bacteria (Figure 4.1). Overall, we fotimat signal change during SIMS
analysis processing was minimal over exposure tiy@sally needed to collect
images. However, occasionally signals from a smathber of cells would disappear
or appear during image acquisition, presumablytduehanges to the sample surface
caused by the primary ion beam and exposure ofaedle/ hidden beneath the
sampling plane. To increase the likelihood ofatglie signals it is advisable to
optimize and limit exposure times, sequentiallyorddmages of corresponding ions
(i.e. mass 26 then mass 27), and collect data &tamge sample size.

For dynamic SIMS ion microscopy assays to allowriehces about metabolic
function, it was necessary to link substrate adatioh to**C signal detection. For
this purpose, we chose two straing®séudomonas putida, one with and one without a
naphthalene catabolic plasmid. Absence of thexpthprevented cells from
incorporating carbon from naphthalene when celleevesposed to a mixture biC-
glucose and unlabeled naphthalene. The data @#y4) clearly showed th&C
signal intensity (measured by SIMS) was proportiena the degree ¢fC-substrate
respiration and growth. It was possible to mea$i@encorporation in bacteria by
imaging masses 12, 13, 24, 25, 26, and 27 repiagastntributions from?(*3C),

B3¢, 24(*4cy), (et 2°(*CMNY, and?’(**C*N) secondary ions, respectively
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(Figures 4.2 and 4.3). Unlike NanoSIMS and TOF-Sitdchniques, dynamic SIMS
ion microscopy does not provide the ion resolutieeded to distinguish the ion
species of interest from potentially interferingsigs of the same mass. However,
using pure cultures grown on known amount§’6f we were able to show that the
relationship between mass 26 and mass 27 sigmaisities strongly correlated with
13C-enrichment in cells (Figures 4.2 and 4.4).

When we measured the distribution™8 in a soil microbial community that
had respired®C-phenol in situ, dynamic SIMS ion microscopy alémhus to quantify
13C incorporated into individual cells (Figures 4rilat.7). Using the calibration and
image-processing procedures developed here anedpplour prior field soil
experiments (DeRito et al., 2005), we found thaémhkoil was dosed 12 times with
13C-phenol, 27% of the soil microbial populationsimsisted at least 90% of their cell
carbon from the add€dC phenol. The majority of cells however, were iadlst *C-
labeled. Because the phenol was applied to sdsllikely that the availability of
phenol was not even and that gradients were predémits, some cells may have
metabolized phenol exclusively, but did not acqemeugh phenol to become fully
labeled. It is also likely that mixotrophs in thepulation were metabolizingC-
phenol as well as other non-labeled substratesbo@across-feeding may also lead to
partial*C-labeling as bacteria metabolize by-products ahdraellular components
from the primary phenol degraders. We note ttmathstantial portion of the soil
community treated with’C-phenol never delivered*2C-signal above background
(approximately 60% from soil treated with one dos&C-phenol and 30% from soil
treated with 12 dosésC-phenol). These are likely dormant cells or ahes utilize
substrates other that phenol, or simply ones whoseth rate on phenol is relatively
slow. Understanding the physiology and ecologiokd of soil populations found to

be inactive by SIMS microscopy is a major reseérahtier.
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In order for dynamic SIMS ion microscopy to be nmaally insightful as a tool
in microbial ecology, researchers should be ableseoSIMS in combination with
techniques that identify individually labeled celiat are isotopically enriched. We
are exploring feasibility of using oligonucleotigeobes in combination with dynamic
SIMS ion microscopy. Additionally, different metf®of sample preparation are
being explored, such as cryogenic sample prepartatibich may help improve image

guality and quantitative analysis.
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