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Abstract:

Spills of contaminants such as oil, diesel, gasoline, and chlorinated solvents result in the introduction
complex mixtures of organic contaminants to the environment. I sought to discover relationships
between complex mixtures of organic contaminants and niche diversity of contaminant-degrading
microorganisms and to determine how the interactions of nonpolar organic contaminants within
mixtures influence microbial community structure and function. Denaturing gradient gel
electrophoresis (DGGE) analysis of PCR-amplified 16S rRNA gene fragments was combined with
traditional cultivation to investigate whether the changing composition of hydrocarbon mixtures could
be related to changes in microbial populations that might represent distinct functional groups.
Microbial communities associated with the biodegradation of crude oil and a 4-compound hydrocarbon
mixture underwent similar patterns of succession based on DGGE analysis, suggesting that different
bacterial populations appeared to be associated with the degradation of n- and isoprenoid-alkanes.
Since both n- and isoprenoid-alkanes are important nonaqueous phase liquids (NAPLs) that govern the
partitioning of other contaminants (e.g. aromatics) in crude oil, enrichments were conducted with
phenanthrene partitioned into heptadecane, pristane and a 1:1 mixture (v:v) of heptadecane and
pristane. Analysis of these enrichments indicated that the presence of heptadecane as a NAPL results in
different kinetics of phenanthrene degradation and community structure in comparison to enrichments
with phenanthrene partitioned into pristane. DGGE analyses were also applied to the study of methyl
tert-butyl ether (MTBE)-degrading bacteria from a gasoline-contaminated aquifer (Ronan, MT). A
consortium was cultivated that could utilize MTBE as a sole carbon and energy source and two
MTBE-degrading bacteria were isolated from this consortium. Molecular analyses of the consortium
combined with physiological characterization of the isolates suggested that microorganisms in the
consortium may be more fit for MTBE degradation than the cultivated isolates. These findings indicate
that contaminant mixture complexity may be important in determining microbial niche diversity, which
in turn drives selection of contaminantdegrading microbial communities. In addition, describing and
explaining the microbial population biology of contaminant degradation is critical to achieving a
predictive knowledge of contaminant fate and transport in situ.



INVESTIGATION OF MICROBIAL POPULATION BIOLOGY DURING THE
DEGRADATION OF ORGANIC CONTAMINANT MIXTURES

by

Eric Anthony Kern

A dissertation submitted in partial fulfillment
of the requirements for the degree

of
Doctor of Philosophy
in

Microbiology

MONTANA STATE UNIVERSITY
Bozeman, Montana

August, 2001




DV In

APPROVAL
of a dissertation submitted by
Eric Anthony Kem
This dissertation has been read by each member ofthe dissertation committee and has
been found to be satisfactory regarding content, English usage, format, citations,

bibliographic style, and consistency, and is ready for submission to the College of Graduate
Studies.

Dr. David M. Ward

(Signature) (Date)
W A
Dr. William P. Inskeep
(Signature) (Date)

Approved for the Department of Microbiology

Dr. Clifford Bond

Approved for the College of Graduate Studies

Dr. Bruce McLeod
(Signature) (Date)



iii

STATMENT OF PERMISSION TO USE

In preparing this dissertation in partial fulfillment of the requirements for a doctoral
degree at Montana State University-Bozeman, I agree that the Library shall make it available
to borrowers under rules of the Library. I further agree that copying of this dissertation is
allowable only for scholarly purposes, consisten;c with "fair use" as prescribed in the U.S.
Copyright Law. Requests for extensive copying or reproduction of this thesis should be
referred to Bell & Howard Information and Learning, 300 North Zeeb Road, Ann Arbor,
Michigan 48106, to whom I have granted "the exclusive right to reproduce and distribute my
dissertation in and from microfilm along with th;e non-exclusive right to réproduce and

distribute my abstract in any format in whole or in part."

e Lo ] /Kz\ |

Date /{/@l/é/




iv

TABLE OF CONTENTS

1. INVESTIGATION OF MICROBIAL POPULATION BIOLOGY DURING THE

15
LITERATURE CITED ...coviuiriesisisieneeneennumrmnairentsssinestessssssesesesssssessssesssssssssonsosessasseene s oe i6
2. MOLECULAR EVIDENCE FOR ECOLOGICAL SUCCESSION DURING
THE MICROBIAL DEGRADATION OF CRUDE OIL AND SYNTHETIC
INTRODUCTION.. .. cecvtirrrerrerrersesseennersesssesssessessanssesseessessssssosesssssssssssssansesesessensossesnessesns 22
MATERIALS AND METHODS.......ccouvuttrmimeeiinressesassisssesssasisees s esvaessssssessessosesesssossssssaens 26
ChemiCals.... ... ittt s ebese s b s esesse et sresesestesnens 26
SOI/SEAIMENL. . ... eu et eececserereeerreeeee e seereaseeseseees e s ersnesessseassessenssresssensasssnensanes 26
Enrichment Conditions........c.cocccetrrerienreniresnienes e restessissesessesessssssssessesesensassessens 27
Hydrocarbon Separation and Quantification..............cceeeeseeeeveseescereesneeiesescnne 28
Nucleic Acid Extraction, PCR, DGGE and Sequence Analys1s ............................. 29
Cryostage Scanning Electron Microscopy... R PPRSRRURUINC 1 |
Isolation of Hydrocarbon-degrading Bacterla U PTRTORRPIRC | |
RESULTS ...ttt tenssessetesesessnassasassssssessasssissnsastesssssansesasens 31
Crude Oil ENTICHIMENTS ....ccccvvirieieeeieiireveeteesseeesesessseseesssssesesssssessssssssesssesssessesssesses 31
Synthetic Mixture and Pure Hydrocarbon Enrichments............cccoocevvireeecreennee. 35
Characterization of Hydrocarbon-degrading ISolates ..........ccccoeeeevermenreveerencnnene 41
DISCUSSION ...uveeiieruentinreeeniairesrarenssnsesseecssasessssssesssssesssssesseseseressnssnssasesessasssnssesssnssssssssne 44
LITERATURE CITED ......ccoreirnrervnirnesseessunessnesssneesanessessnseens erureseensnensararsssiannsaariensenes 51
3. INFLUENCE OF NONAQUEOUS PHASE LIQUIDS ON THE KINETICS OF
PHENANTHRENE DEGRADATION AND MICROBIAL POPULATION
SELECTION ....viiiiitiiiiiiiiii e ierie ettt een et et eirceaeantesene s e e e s eererennnes 54
INTRODUCTION ..ovcvirriereninnssensssnnisessssisssessssssessssssssassesssssssosssss o s snesesesasassssensasnsssses 54
MATERIALS AND METHODS ....covonieiruisentneesessesessesenssesessenssesssssssssessssassassssessses s sseseses 58
ChemiCalS.......c. ittt ste e st steseesesbessessennenretsssonssssnsnne 58

DEGRADATION OF ORGANIC CONTAMINANT MIXTURES: :
INTRODUCTION ...uriiiiiniiiiiiiiie et e e eereeseseeesesessseassenns |
GOALS OF ECOLOGY uuvuurreriveeinraisevsieceasesesseeesessessssssssssesassesassase s s sesssssosssmstemesessssens 1
MOLECULAR ANALYSIS OF MICROBIAL COMMUNITIES -..vc.veeeveereeeeecsrs s neeseessessesssssesssssans 3
MICROBIAL ECOLOGY OF CONTAMINANT DEGRADATION .....ouveeeeereeesenseseesesrsesessssssens 5
MICROBIAL DEGRADATION OF CONTAMINANT MIXTURES ...eveevveerresseereenesssvessessossesssessens 7
OBJECTIVES, RATIONALES AND EXPERIMENTS .. RSSO § |
Chapter 2: Crude Oil and Synthetic Mlxture Degradatlon ............................. 13

Chapter 3: Partitioning Phenanthrene in Different NAPLs...

Chapter 4: Identification of Populations Important in MTBE Degradatlon.




........................................................................................

SOI/SEAIMENL. ... ..iiiiiiicirtreeceieiie ettt teecsssresesets s ts e et sese e 58
Enrichment Conditions..........cceoeevecueeeeereneeee s eeceeeeseeeeeesssesesssesesesss s 58
Hydrocarbon Separation and Quantification............ceceeeveeereereerensueeennnns 59
Nucleic Acid Extraction, PCR, DGGE and Sequence Analys1s ............................. 60
Isolation of Hydrocarbon-degrading Bacteria .. cesre e eerssnerssen s sersessennsesnnes O0
RESULTS AND DISCUSSION .....ucuvuimeurrncnirnsensinsonnsnstesesssesess s ssosessssssssscssssessssssssessansens 61
Phenanthrene Partitioned into Heptadecane ...............ceucveeeeeveeereeereseeereresessesenens 61
Phenanthrene Partitioned into Pristane .. e sesessaseseessasseneenaness O8
Phenanthrene Partitioned into a NAPL M1xture ................................................... 72
TMPHCAtIONS ...ovveiviiiiiiiii e seseseseseseenees T3
LITERATURE CITED .....c.uiimrererencenrssisistsnsssesesessssssesesssssssssssssssssssssesessssenssesssssssssas 78
. CHARACTERIZATION OF METHYL fer+-BUTYL ETHER (MTBE)-
DEGRADING BACTERIA CULTIVATED FROM A GASOLINE-
CONTAMINATED AQUIFER.........cccittiuniererceceiecsreesesesssenssessessssssesssesssans 80
INTRODUCTION ...ovuveeserersssiemsnsseneas s stensesesssseanssssssssasssessssssesssesssssensasssssasssnsasassssssacas ..80
MATERIALS AND METHODS .....cucuttrisennneeesieonsssassssssssssee s susssssssssssssssssssssasassessssssssssases &3
CREMUCALS....uoviiee it it ittt tsesrecee s s esnaerens sressesietens s essssesesssestseserenen s s oe 83
Site Characterization .........ccccecerivennenerisreeeeeseee e essesesessoresssssssesssssnses 83
SoiIl/Aquifer MaterialS.........coeerrurieieess ce s irrereretensieseresesessssesssssssssssecs s ase 85
Enrichment Conditions ...........ccovivviuriiriii s eecseessisesesessesseseses 83
Gas Chromatograplly ........ .. cuoriienninnierereressesse s sssessssereseseserssrionsensn s o 86
Bacterial Cell Counts........cueeviiiiiiiiiniieiie i e eee e e 87
Isolation of MTBE-degrading Bacteria ..........coccoeveveeeeververeeriseeenesseeceneesnesesene e o 87
Nucleic Acid Extraction, PCR, DGGE and Sequence Analysis.........ccocoevcuveivnne.n. 88
RESULTS ...coetriitiiitinnninisiisictsscsis e tstsssstssssssestsessasssesensssssensesenssssssesssensass seossonssns 89
Soil-Derived ENriChments ........coeceevereereeereneeneeeeeseresecesiseesseesessssnena erneean 89
MTBE Degradation by Consortium RS24 .......c.ccceveeveereeeeerecreeeeriieersresee s e 89
Growth Factor EXPEriments .......cccceeevverennisseneneesercrenrsesssesssssesesnssssesssesssesone o 94
Isolation of MTBE-degrading Bacteria.........ccceeueorereeeeeesuererereresseeressessenes e o 94
Molecular Charactenzatlon of MTBE-degrading Bacteria .. vrreetesienenrnnees 97
DISCUSSION ....ooviviriniieriinisisiniennsisesesesnesiesssassesssensssssssssetssesesasesssssesessasen s s sosssssssesesens 99°
LITERATURE CITED ......ooometecenrirsssssssssssssssssssessessssnsessssssssssssssssssoes — 104




vi
LIST OF FIGURES
Figure Page

1. GC/MS analysis of the alkane fraction of a physically weathered
crude oil during biodegradation by a freshwater sediment-derived :
enrichment CUULE. ......ouiniiiiii e e 33

2. Changing ratios of n-alkanes to branched alkanes during the
degradation of crude oil in a soil-derived enrichment culture................c.......... 34

3. DGGE profiles of a freshwater sediment-derived crude 011 -degrading
enrichment culture through time................c.oovnenens e seennn34

4. DGGE profiles of a soil-derived crude oil-degrading enrichment
culture through time..........oviiiiiiiiiir i e e 36

5. Concentrations of key n-alkanes and branched alkanes in a 4-compound
synthetic hydrocarbon mixture (a) or added as single substrates (b) by
a soil-derived enrichment culture............................ O 39

6. DGGE profiles depicting successional population changes in soil-derived
synthetic alkane mixture enrichments............cvcveeiivieeiiiiiiniieieiceee e 40

7. DGGE profiles of soil-derived liquid enrichments on individual
hydrocarbon substrates.........ccccoeiiiiiiiiiiiiiiiiiii et 42

8. Cryostage scanning electron micrographs of microbial colonization
of solid-phase n-octadecane during degradation in a single-substrate
liquid enrichment.......c.ccocoviiiiiiiiiiiiiiiii e et nraas 43

9. Relative abundance of hydrocarbons in enrichments with phenanthrene
partitioned into heptadecane .................. e PPN 62

10. DGGE profiles of a soil-derived enrichment culture with phenanthrene
partitioned into heptadecane through time.............c.cciviiiiiiiiiininieni e 62

11. Relative abundance of heptadecane, pristane and phenanthrene
(in the presence of heptamethylnonane) in enrichments on individual
hydrocarbon substrates. ...........coouuiiiiiiiiiiiii 065




vii

12. DGGE profiles of soil-derived liquid énrichments on 1nd1v1dua1

hydrocarbon substrates......... O S PTPRN 65
13. DGGE profile of a Paenibacillus species isolated from a
hydrocarbon-degrading enrichment..............ccc.eiiiiiiniinieeneeeeieiaeeeerennnnnn, 69
14. Relative abundance of hydrocarbons in enrichments with phenanthrene ,
partitionedintopristane............;.. ............... rerereeaenrasennes O PN 69
15. DGGE profiles of a soil-derived enrichment culture with phenanthrene
partitioned into pristane through time.............ccoevueeiiiiiiniinniiiiiee e eeeana, 71
16. Relative abundance of hydrocarbons in enrichments with phenanthrene
partitioned into a mixture of heptadecane and pristane................cceeenveveennenn... 74
17. DGGE profiles of a soil-derived enrichment culture with phenanthrene
* partitioned into a 1:1 mixture of heptadecane and pristane...............ccccvvuuennnn... 74
18. Schematic map of the MTBE-contaminated site in Ronan, MT.......................... 84
19. Recovery of 1C0, from “C-MTBE amended soil enrichments........ [EPTRN 90

.20. Degradation of increasing concentrations ef MTBE by enrichment’ ‘
Culture RS24....ceeiee i e s 92

21. Degradation of MTBE with corresponding increases in cell density
with enrichment culture RS24.............. Lt a et eee et e aa e eaaar e 93

22. Degradation 6f MTBE by enrichment culture RS24 in the presence
of spent (A) and fresh culture medium (B)..........cvvvieueiiieiiniiniiniiiiiineerannnnn. 95

23. MTBE degradation by bacterial isolates in the presence and absence
Of 2-propanol as @ COSUDSIIALE. .. ... uvueinreeenirirereiiieiieieeeseereieie e st eeiieeanas 96

24. DGGE profiles of RS24 and two subcultures taken from RSQ4 at
different times. ... ...ocvvviiiiiiiiii i e enean 98




viii
LIST OF TABLES
Table : | ‘ ‘ Page
1. Comparison of DGGE band sequences from soil-derived
enrichments and hydrocarbon-degrading isolates cultlvated

directly from the agricultural soil.................. eeeeeeeeiieeaaans ettt e ans 37

2. Comparison of DGGE band sequences from soil-derived
enrichments and hydrocarbon-degradmg isolates cultivated from
enrichments.................. PN rerrennaainaa. 63

. ‘3. Site concentrations of total petroleum hydrocarbons (TPH) and MTRBE..................84




ix

ABSTRACT

Spills of contaminants such as oil, diesel, gasoline, and chlorinated solvents result in

+ the introduction complex mixtures of organic contaminants to the environment. I sought to
discover relationships between complex mixtures of organic contaminants and niche
diversity of contaminant-degrading microorganisms and to determine how the interactions of
nonpolar organic contaminants within mixtures influence microbial community structure and
function. Denaturing gradient gel electrophoresis (DGGE) analysis of PCR-amplified 16S
rRNA gene fragments was combined with traditional cultivation to investigate whether the
changing composition of hydrocarbon mixtures could be related to changes in microbial
populations that might represent distinct functional groups. Microbial communities
associated with the biodegradation of crude oil and a 4-compound hydrocarbon mixture
underwent similar patterns of succession based on DGGE analysis, suggesting that different
bacterial populations appeared to be associated with the degradation of n- and isoprenoid-
alkanes. Since both n- and isoprenoid-alkanes are important nonaqueous phase liquids
(NAPLs) that govern the partitioning of other contaminants (e.g. aromatics) in crude oil,
enrichments were conducted with phenanthrene partitioned into heptadecane, pristane and a
1:1 mixture (v:v) of heptadecane and pristane. Analysis of these enrichments indicated that
the presence of heptadecane as a NAPL results in different kinetics of phenanthrene
degradation and community structure in comparison to enrichments with phenanthrene
partitioned into pristane. DGGE analyses were also applied to the study of methyl tert-butyl

" ether (MTBE)-degrading bacteria from a gasoline-contaminated aquifer (Ronan, MT). A
consortium was cultivated that could utilize MTBE as a sole carbon and energy source and
two MTBE-degrading bacteria were isolated from this consortium. Molecular analyses of the
consortium combined with physiological characterization of the isolates suggested that
microorganisms in the consortium may be more fit for MTBE degradation than the cultivated
isolates. These findings indicate that contaminant mixture complexity may be important in
determining microbial niche diversity, which in turn drives selection of contaminant-
degrading microbial communities. In addition, describing and explaining the microbial
population biology of contaminant degradation is critical to achieving a predictive knowledge
of contaminant fate and transport in situ. ‘
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CHAPTER 1

INVESTiGATION OF MICROBIAL POPULATION BIOLOGY DURING THE "

DEGRADATION OF ORGANIC CONTAMINANT MIXTURES: INTRODUCTION

Goals of Ecology

“Explanation, description, prediction and control”. This passage describes the .
goals of ecology as defined in a leading text (4). The authors define explanation as “a
search for knowledge in the pure scientific tradition” and go on to state that “in order to
do this... it is first necessary to describe”. The authors were clearly referring to the initial |
description of basic patterns of ecology within complex systems leading to the
development of hypothesis—driven explanations. This approach has led to the discovery
of basic patterns of ecology in plant and animal communities that have given insight into.
such processes as niche determination, competition, biogeogfaphy and succession, to
name only a few. The elucidation of similar patterns in microbial communities has been
hindered by the small size and nondescript morphology of microorganisms. The inability
to identify and' en:umerate microbial populations in situ has historically rendered the
description of even basic ecological patterns in microbial communities nearly impossible.
Therefore, the physiological characterizafion of bacterial isolates cultivated from natural
environments became the predominant approach for study. However, the laboratory '

conditions under which microorganisms were cultivated often failed to mimic natural
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| microenvironments and selected for populations that may not be representative of those
important in nature. In fact, less than 1% of microorganisms in nature have been
cultivated in the laboratory (1) and many cultivated bacteria may not be numerically
important in the environment from which they were selected (56). Scientists have long
recognized the existence of cultivation bias (5, 57), in part due to the difﬁculfy of
designing cultivation condiﬁons that accurately reflect chemical and physical
environments at a scale important to microorganisms. The study .of pure cultures did |

“yield a wealth of information on bacterial metaboiic diversity and furthéred tile
understanding of niche diversity in microbial ecology. Still, studies of natural systems
were limited to process level observations and interpretation at the population or
commﬁnity level generally involved making questionable assumptions. Thus,
methodological iimitétions and subsequent reliance on studying pure cultures to infer
.pattems of distribution and physiology in microbial communities have restilte(i in a lack
of knowledge of basic principles of the ecology of microorganisms in comparison with
those of larger organisms. Indeed, while the related fields pf bacterial physiology and
genetics are currently at stages of prediction and control, the field of microbial ecology is,
in many ways, still at the level of description. Fortunately, the knowledge‘gained from
pure culture analysis resulted in a detailed understanding of mi'c‘robial: génetics and
physiology, which led in turn to the development of new tools for the microbial ecologist

that permit detailed population-level analyses of microbial communities.
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Molecular Analysis of Microbial Communities

With the advent of cultivation-independent nucleic acid- and protein-based
molecular analyses for the study of microbial ecology, progress 1n the field is occurring
rapidly. The. 16S rRNA gene has been widely employed as a phylogenetic marker to
describe microbial diversity due to its conservation among all members of the bacterial,
archaeal and eukaryal l‘ineages. The current literature contains many examples of 16S
rRNA gene surveys describing microbial diversity in many différent environments, such
as soils (7, 8), sediments (11, 37), freshwater lakes (3, 26), marine waters (19, 20), hot
springs (30, ‘55) and termite hindguts (33, 39). Studies of microbial diversity are starting
to reach beyond simply sﬁrveying diversity by attempting to elucidate fundamentai
patterns of microbial ecology. Molecular techniques of‘(:ommunity analysis can provide
a high level of resolution to differentiate phenotypically similar organisms that may have
very specialized physiologies, further aiding the discovery of patterns of ecology Witﬁin
complex communities. For example, these techniques have been used to elucidate
patterns of microbial population distribution along environmental gradients in natural
environments (1 5, 16). Ferris et al. (15) and Ramsing et al. (42) reported the distribution
of closely related cyanobacteria along temperature and vertical (e.g. possibly light)
gradients in hot spring microbial mats. Field et al. (16) démonstrated different vertical
positioning of uncultivated proteobacteria in the mérine water column. In addition, |
experiments by Moore et al. (36) revealed the functional specialization of marine

cyanobacterial isolates to high and low light conditions, consistent with patterns of
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distribution observed with molecular analyses (14). In turn, the description of microbial
distribution along these environmental gradients leads to hypothesis-driven explanations
that center around basic ecological principles, for instance adaptive radiation in the
studies referred to above'(S 5)..

A molecular technique particularly well suited for distribution analysis is
denaturing gradient gel electrophoresis (DGGE) of PCR—am_pliﬂéd 16S rRNA genes.
DGGE has been widely employed to separate 16S rDNA fragments thereby
characterizing the com.position of microbial communities in natural environments (38) as
well as documenting the changing community structure at the population level in a single
environment. As with traditional cultivation, these new mole_cular tools still have
inherent biases (24, 43, 49); however, by ;:ombining cultivation-independent analyses
with more natural cultivation strategies, microbial ecologists are now in an exciting
position to be able to describe basic patterns of ecology'in microbial communities. In
fact, because of the wealth of information on principles of ecology gleaned from other
disciplines, we can begin asking ‘ecolog‘ic‘:al questions and let progress in the fields of
plant and animal ecology influence our approaches and interpretations; Multi-
dimensional strategies are now available for the study of microbial communities; what

remains is a need for a change in approach to accompany the change in methodology.
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Microbial Ecology of Contaminant Degradation

The field of bioremediation provides a good example of how approaches based
solely on cultivation can be problematic. Many bioremediation strategies have been
largely unsuccessful because they attempted to use reaciily cultivated species that méy be
more fit in the lab than in situ. For example, a single gram of contamipéted soil offers an
immense amount of niche diversity, which is reflected by an enormous degree of
microbial biodiversity, with estimates up to 4000 genetically distinct types of bacteria/g
(53). Contaminants may also be presented in various contexts, such as sorbed to organic ‘
matter or mineral surfaces, dissolved in water or in ﬂonaqueous phase liquids (NAPLs)
and this may lead to a concomitant variety of highly' adapted'contaminant-degrading
species. Yet, the laboratory conditions under which bacteria are cultivated often do not
select for populations that are most fit for contaminant degradation in situ, dr even in
more controlled ex situ systéms. Fér examplé, Mas_s;ol-Deya etal. (é 5) showed that
organisms present in tap water were able to displace inoculated populations in a
bioreactor treating aromatic hydrocarbons. A steady state biofilm was developed through
th¢ inoculation of three readily cultivated toluene-degrading isqlates in a fixed-film
reactor tfeating a mixture of benzene, tbluéne and ﬁ-xylene. When the reactor biofilm
was challenged with tap water, a new, stable community of aromatic-degrading
populations indigenous to the groundwater readily displaced the inoculated populations.
In addition, the new community showed enhanced removal of aromatics from the effluent

~ in comparison to the inoculated consortium, further reducing the concentration of toluene
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in the effluent from 0.140 mg liter” to 0.063 mg liter”! for 98% removal. The rapid
displacement of an established contaminant-degrading biofilm (in a controlled reactor
environment) by organisms present in tap water reflects our inability to select organisms
most fit for contaminant degradation in more complex systems. While the selection of
inappropriate contaminant-degrading baéteria (thrdugh unnatural cultivation strategies)
and competition contribute greatly to the failure of inoculated organisms to enhance
contaminant degradation in situ, other factors such as competition fqr limiting nutrients
(48) or other carboﬁ sources (21), predation (41), pH,‘salinity and temperaﬁne may also
limit the activity of inoculated populations.

The field of bioremediation is certainly in a descriptive phase with regard to
understanding basic ecological factors governing microbial population dynamics in
contaminant microenvironments. The use of molecular analyses and more natural
cultivation strategies has revealed the importance of microbial population biology in
contaminant degfadation. For example, the vést majority of polyaromatic hydrocarbon
(PAH)-degrading bacteria described in the literature have been cultivated-in either
mineral salts enrichments with individual PAHs in the aqueous phase (6, 23, 31) or as
colonies on solidified medium with PAHS sprayed on the plate surface as crystals (25,
32). These enrichment and isolation strategies may fail to select for organisms that have
evolved specialized means to utilize contaminants sorbed to solid phases, a characteristic
necessary for contaminant degradation in situ. Recently, several studies have described
the differential selection of populations based on the sorption of phenanthrene to solid

phases that sequestered phenanthrene to varying degrees (10, 18, 22, 50). Even though
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these studies provide an extremely simple representation of a natural contaminant
microenvironment (i.e. one sorpfive phase and one contaminant), they revealed the
existence of functionally specialized populations that traditional cultivation strategies
may fail to detect. Additionally, if population selection in these systems is based on
differences in phenanthrene bioavailability rather than differences 1n surface chemistry of
the solids, we are guided to 0the1; fundamental qﬁestions regarding the physiology and-
ecology 6f contaminant-degrading populations. Physiological questions may center
around explaining cellular mechanisms\of enhancing phenanthrene desorption or
differences in rates of phenanthrene degradation from various sorptive phases. In
_contrast, ecological questions fnay seek to explain the minimum threshold of niche
differentiation required for either stable'coexistence of contaminant-degrading
populations or interspecific competition for the sorbed phase contaminént. The
combination of proximal (e.g. phsfsiological) and ultimate (e.g. écological) éxplanations
is necéssary“to achieve a i)redictive knowledge of con"caminant degradation in situ. These
types of approaches will inprease our knowledge of both physiological specialization and

ecological distribution of contaminant-degrading populations.

Microbial Degradation of Contaminant Mixtures

Contaminant spills often result in the introduction of complex mixtures of
compounds into the environment (e.g. polychlorinated biphenyls, gasoline, diesel and

creosote) yet the influence of these mixtures on the structure and function of
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contaminant-degrading communities is unknown. Perhaps the increasing complexity of
contaminant mixtures is reflected by an increase in niche d1ver31ty and subsequently
higher diversity of contammant-degradmg microorganisms. Crude oil degradation
provides an excellent example of how mixture complexity might relate to population
dynamics. Crude oil is a complex hydrocarbon mixture con51st1ng of alkanes {normal -
and 1sopren01d), aromatics (varying in ring number and substitution), asphaltenes
(phenols, fatty acids, ketones, esters and porphyrins) and resins (pyridines,’ quinolines,
carbanoles, sulfoxides and amides) (12). Crude oil degradation has been shown to occur
in nearly every environment in which it has been investigated. Reports of hydrocarbon
degradation (and the presence of hydrocarbon-degrading microorganisms) in soils (445,
freshwater sediments (27), marine sediments (51), freshwater (2, 28) and marine waters
(58) are widespread in the literature. While the composition of crude oil varies with the
physiochemical characteristics of the environment to which it is introduced, a common
geochemical pattern ef sequential contaminant disappearance has been consistently -
observed following release into natural systems. Disappearance of crude oil components
usually follows a trend of n-alkanes > isoprenoids > low molecular weight aromatics >
high molecular weight aromatics > asphaltenes and resins (29, 54). While 'observations‘ |
of this geoehemical pattern are widespread, the basis for this sequential disappearance
remains undetermined. Foght et al. (17) reported that isolates with the capacity for n-
alkane degrudation could not degrade phenanthrene and isolates witli the capacity for
phenanthrene degradation could net degrade n-alkanes, suggesting that different

microbial populations were specialized to degrade individual classes of hydrocarbons.
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More recently, bacteria have been cultivated with the capacity to degrade a broad variety
of hydrocarbons, including both n-alkanes and PAHs (46). The interpretation of the
structure and function of contaminant-degrading comm{mities based on inferring
physiological characteristics of cultivated microorganisms is insufficient to accurately
describe patterns of ecology during the degradation of contaminant mixtures. However,
the molecular tools descﬁbed above can provide a means of correlating changing mixture
chemistry with population dynamics.

Elucidating factors governing the sequential degradation of components in crude
oil may provide insight into understanding the degradation of other hydrocarbon
mixtures, such as coal tar, diesel and gasoline. Therefore, in addition to crude oil, other
aspects of contaminant mixture degradation investigated in this thesis included the
influence of NAPLs on the kinetics bf contaminant ‘degradation and population selection. -
NAPLSs are important in partitioning very nonpolar constituentsiof hydrocarbon mixtures
and have been shown to limit their degradation (13, 40). For example, in érude oil, n-
alkanes and isoprenoids represent the primary NAPL phases that partition many of the
aromatic and resin constituents of the mixture. While degradation rates afe feduced when
contaminants are partitioned into NAPLs, they often exceed rates of spontaneous
contaminant partitioning into the aqueous phase, suggesting that factors other than mass
transfer are important in the degradation of contaminants partitioned into NAPLs.
Therefore, understanding the influence of microbial population selection in these systems
may lead to a stronger predictive knowledge of the fate of contaminant mixtures in

natural environments,
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The addition of methyl tert-butyl ether (MTBE) to gasoline has resulted in a very
novel contaminant mixture. MTBE is a synthetically produced chemical added to
gasoline at concentrations up to 15% (v/v) to reduce emissions and enhance octane.
Largely due to gasoline released from leaking underground storage tanks, MTBE is .
among fche most common contaminants of urban aquifers in the United States (47), yet

the env.ironmental fate and transport of the MTBE-gasoline mixture is not well
understood. In contrast to gasbline hydrc;carbons, MTBE has a relatively low octanol-
water partition coefficient (log Kow = 0.94 to 1.16) and a high aqueous solubility (~
50,000 mg/L at 25°C) resulting in minimal sorption to soil (34, 45) and enhanced
mobility in the subsurface environment. Such differences in chemistry and transport will
almost certainly influence the selection and activity of MTBE-degrading bacteria.
Currently, very few bacteria have been isolated that have the capacity to utilize MTBE as
a carbon and energy source and little is known about microorganisms responsible for
MTBE degradation in gasoline-contaminated aquifers. Therefore, the study of microbial
population dynamics in gasoline-contaminated aquifers must be preceded by the
identification and functional characterization of MTBE-degrading populations.

Nearly half a century of research on the microbia] degradation of hy&ocmbons
has revealed the ubiquity of hydrocarbbn—deérading microorganisms and environmental
factors governing crude oil degradation. Yet, even with a contaminant mixture as well
studied as crude oil, basic ‘ecological questions important in predicting and controlling the
fate and transport of crude oil in natural environments still remain. For example, is the

diversity of contaminant microenvironments reflected by an equally diverse range of
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mi;:robial niches in a complgx contaminant mixtqré? If s;), what factors govern the
breadth of niche availability for contaminant-degrading microorganisms? Answering
these questions will not only increase our ability to predict the fate of crude oil in natural
envirbnments, but may increase our understandihg of the basic ecological principles that

govern the degradation of other contaminant mixtures.

Obijectives, Rationales and Experiments

The objective of this thesis is to understand the role of microbial population

. biology (defined here as the study of ecologically distinct populations) in the degradation '

of hydrocarbons within contaminant mixtures. While the mixtures range from crude oil
to reformulated gasdline, the central goal is to describe thé respohse of cohtaiﬁinant- |
degrading communities to chemically dynamic contaminant environments. The existing
body of literature on the particular mixtures studied largely governs the types of
ques;cions I have attempted to investigate. For example, the immense amo'uﬁt of literature
on crude oil degradatién and the physiology of hydrocarbon-degrading bacteria defines a
specific question in studying how ~'changing mixtures affect crude 6ii-degrading | |
communitigs.. In contrast, ﬁluch less is known about the degradation of contaminants
partitioned into NAPL environments, Wiﬂ"l regard to mechanisms of utilization and
selegtion of contaminant-degrading bacteria. In the last study 'm}" work was more

descriptive. Since very little is known about the physiology or ubiquity of MTBE- |
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degrading bacteria, the study of reformulated gasoline mixtures must be preceded by
basic studies of MTBE-degrading bactgria.

In all experiments, DGGE analysis of PCR-amplified 16S rDNA fragments was
combined with traditional cultivation strategies to elucidate functional contaminant-
degrading populations. While the 16S rRNA gene provides valuable phylogenetic
information, other approaches must be used in conjunction with this technique to assess
functional specialization of populations within a community. The enormous biodiversity
of the soil environment necessitated the use of an enrichment strategy to simplify the
system and facilitate the observation of basic patterns of microbial population biology
during <I:ontaminant mixture degradation. The use of an enrichment strategy, rather than
soil columns or batch reactors, will undoubtedly affect the selection of specific
contaminant-degrading populations. However, it is the pattern I seek to elucidate, not the
specific species selected, as the pattern may reveal hypotheses about possible
mechanisms of population selection based on the changing contaminant
microenvironment. While some view enrichments as merely a “mixed culture [of
unknown provenance] on its way to becoming a pure culture” (9), Beijerinck, one of the
inventors of enrichment culture, considered enrichments as systems in which to study
varijation relative to environmental conditions (52). Hence they are suitable for studying
how populations may vary in relation to changing chemical environments. Therefore,
with an understanding of the biases inherent in my approach, I sought to observe basic
. patterns of microbial population biology in my enrichinents that are also representative of

natural environments. In addition to the characterization of contaminant-degrading
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populétions, detailed chemical analyses of contaminant-degrading enrichments were
performed to determine degradation kinetics and describe the changing chemistry of
contaminant mixtures. By comparing pattérns of population dynamics with patterns of
contaminant chemistry, I hopéd to describe trends of microbial population biology that
correlated with contaminant degradation activity. Admittedly, this type of approach may
be insufficient for identifying all relevant populations and respective physiological
mechanisms of contaminant utilization in a mixture environment. Howevér, |
understanding the basic patterns of microbial population biology will lead to hypothesis-
directed approaches to elucidate specific mechanisms in the degradation of nonpolar
contaminant mixtures.

Specific chapters of the thesis are introduced in the following sections.

Chapter 2: Crude Oil and Synthetic Mixture Degradation

This study centered around understanding microbial population ;iynamics during
the degradation of a complex contanﬁnant mixture. Using. cmde oil as a'model nﬁxture, I
tried to determine whether the sequential disappearance of hydrocarbons during crude oil
degradation was the result of a limited number of “generalis ? specie;s with l_)ro’ad ,
metabolic capacities or a succe‘ssion of populatiéns sﬁecialized to individual cbntaminant '
classes. If a succession of “specialist” pbpulations is indeed the case, I would
hypothesize that increases in contaminant mixture complexity should resﬁlt' in increased
niche diversity and biodiversity of contaminant-degrading ‘microorganisms. Soil-derived

enrichments were constructed with hydrocarbon environments of varying complexity,
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including crude oil, a simpler synthetic hydrocarbon mixture and individual hydrocarbons
as substrates and patterns of hydrocarbon degradation were compared with patterns of
selection of contaminant-degrading populations assayed by DGGE and culti\'fation. The
results indicate a succession of distinct microbial populations, representing separate
functional groups of n-alkane and isoprenoid degraders, governing the degradation of

these components in complex hydrocarbon mixtures.

Chapter 3: Partitioning Phenanthrene in Different NAPLs

Results présented in Chapter 2 indicated that the degradation of n-alkanes and
isoprenoids in crude oil occurs via the selection of functionally unique microbial |
populations. Recent réports in the literature indicate that NAPLs are important in -
controlling rates of microbial degradation of nonpolar contaminants, yet the effect of
different NAPLs on the ecology of contaminant-degrading microorganisms has not been
investigated. Since n-alkanes and isoprenoids partition aromatics and other nonpolar
constituents of crude oil, I investigated the influence of partitioning a model aromatic
contaminant (phenanthrene) in these NAPL phases on the selection of contaminant-
degrading populations. A series of enrichments were constructed with phenanthrene
partitioned into heptadecane, pristane, a 1:1 (v/v) mixture of heptadecane and pristane
and 2,2,4,4,6,8,8-heptaﬁ1ethyln0nane,, a reportedly nondegradable NAPL. As describéd
above, enrichments were inoculated with an agricultura] soil and selection of functional
hydrocarbon-degrading populations was monitored by DGGE and cultivation. The

influence of the different NAPLs on phenanthrene degradation was determined by
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monitoring the degradation of both the NAPLs and phenanthrene over time. Results
indicated that the different NAPLs affect both the kinetics of phenanthrene degradation

and microbial community dynamics in the contaminant-degrading enrichments.

Chapter 4; Identification of Populations Important in MTBE Degradation

The focus of this study was to identify functional MTBE—degradiné bacteria in
soils and aquifer materials sampled from a gasoline-contaminated aquifer. This study
differs in character from chapters 2 and 3, as it originated from a multidisciplinary class
project and evolved into an independent study, a part of which fit this thesis as another
application‘ of using molecular tools to study the microbial ecology of contaminant
degradation. The study site for this resealtrch was a gasoline fueling stat‘ion‘(Ronan, MT)
where an underground storage tank had released an estimated 40,000 L of gasoline over a
one-year period. A matrix of enrichments was constructed and amended with *C-MTBE
to assay for MTBE degradation in soil shurries. A cbnsortium was 'c;,u‘ltivated that could
degrade MTBE as the sole carbon and energy source. The consortium and isolates
cultivated from it were characterized with respect to kinetics of MTBE-degradation énd
molecular identification of bacterial members of the consortium. The pattern of MTBE
degradation in the consortium prompted an experiment in which the depen‘deﬁce of
MTBE degradation on cell density was determined. The resulting observation of a
quorum sensing-like pattern may have broad implications for the fate of reformulated

gasoline in natural environments.
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CHAPTER 2.

MOLECULAR EVIDENCE FOR ECOLOGICAL SUCCESSION DURING THE
MICROBIAL DEGRADATION OF CRUDE OIL AND SYNTHETIC

HYDROCARBON MIXTURES
Introduction

Contamination spills of polychlorinated biphenyls, gasoline, d“iesel, creosote and |
crude oil commonly result in the introduction of complex chemical mixtures into the
environment. F‘oHowing contamination, geochemical ,anaiyses often reveal a sequential
disappearance of compounds or compound classes within hydrocarbon mixtures. For
example, Solano-Serena et al. (29) observed the degradation of afomatics i)efore
aliphatics in gasoliné-amended enrichments. Using activated sludge as an inoculum for
batch enrichments, 88% of the ardmatic fraction of gasoline was degraded compared to
only 14% and 17% degradation of ﬂormal (n-) and Branched alka,nes over the same 2 day
period. An opposite trend of alkane degradation before aromatics has been observed
during the dggradation of both diesel and separated diesel components (26). A sequential

disappearance of n-alkanes before isoprenoid alkanes before aromatics before asphaltenes

[This Chapter is in preparation for submission as “Molecular evidence for ecological succession during the

degradation of crude oil and synthetic hydrocarbon mixtures” E.A. Kern, W.P. I.nsiceep and D.M. Ward.

Montana State Univ., Bozeman MT]
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has been repeatedly observed in geochemical analyses of crude oil spills in various
environments. For instance, geochemical analyses of crude oil following both the. Amoco
Cadiz and Exxon Valdez spills revealed in situ transfonnations following such a pattern
(20, 31). While such patterns of sequential disappearance of specific chemical classes
within contaminant mixtures have been repeatedly observed, no chemical or biological
basis has been elucidated. -

Such observations raise the question of whether the sequential loss of specific |
contaminants within a mixture is the result of "generalist" populations simply changing
catabolic pathways to degrade different chemical glasses of contaminants or the result of
a succession of unique populations specialized to the degradation of iﬁdividuai
contamiilants (or contaminant classes). Evidence exists to support the hypothesis of
_specialist populations, as McNaughton et al. (21) used molecular methods to observe
temporal microbial population changes among treatments including different nutrient
regimes or seecied populations in plots of beach sand that were experimentally
contaminated with crude oil. However, because crude oil disappearance was monitored
only in terms of degradation rate coefficients of total alkanes and total aromatics, it is
difficult to infer functional specialization of selected populations with respect to specific
chemical comounds or compound classes. Analysis of cultivated hydrocarbon-degrading
isolates has also revealed the possibility for niche specialization based on utilization of |
hydrocarbon substrates. In a study of 138 hydrocarbon-degrading bacteria isolated from
a variety of environments, 39% of the isolates could mineralize hexadecane and 4%

could mineralize phenanthrene, however none of the isolates had the capability to
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degrade both aliphatic and aromatic hydrocarbon substrates (1 5). We combinated
cultivation-independent approaches designed to elucidate population changes associated .
with chemical changes and metabolic analysis of cultivated isolates to provide new
insight into the functional specialization of populations selected duiing gmde oil
degradation. If succession of s’;)eciali's£ populationé is indeed fhe case, one may
hypothesize that contaminant mixture complexity reflects ecological niche complexity
and is a factor in regulating the functional diversity among contaminant-degrading
microorganisms.

Recently, evidence has been shown for the specialization of microbial populations
to degrading contaminants sorbed to solid phases (5, 9, 16, 19, 30). friedrich etal. (16)
found variations in community'proﬁles of microbial populations selected on
phenanfhrene sorbed to a series of soiid phases that restricted bidaVailability. Microbes
isolated on sorbed-phase phenanthrene were more fit to degrade thg sorbed-phase
contaminant than those isolated on crystalline phenanthrene (18, 30). Such studies
provide evidence for degradative populations that exhibit a high level of specificity to
unique sorptive microenvironments. Nonpolarlcontaminants are commonly found in
complex mixtures containing nonaquebus 'phase liquids (NAPLS), which represent
additional microenvironments that can partition contaminants and decrease their
bioavailability (11, 12, 27). Cbnseqﬁently, the heterogeneify of physical and chemical
environments characteristic of complex contaminant mixtures offers a variety of potential
“unique nichés that may be important in selecting for microbes responsible for degrading

contaminant mixture components.
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Our work focuses on crude oil as a rﬁodel‘ contaminant mixture and seeks to
understand the relationship between temporally bhahging contaminant mixture
complexity and the selection of contaminapt—degrading microbial commﬁm'ties, which
might either be generalists or specialists witﬁ respect to their metabolic function. In
attemptingﬁto monitor the selection of contaminant-degrading populations, we used an
enrichment strategy to evade the complexity of soil and elucidate basic trends of
microbial community change during degradation of hydrocarbon mixtures. A series of
enrichments were amended with contaminant mixtures réng‘ing from an extremely
complex natural contaminant mixture (e.g. crude oil) to a simpler synthetic four-
component hy&rocarbon mixture to single hydrocarbons.’ Iﬁ this way population shifts
associated with changes in the chemical composition of the natural mixture could be
related to changes in specific compound classes and compounds. These enrichments
were monitored over time and sampled fegularly for chemical analysis of the éontaniinant
mixtures and molecular analysis of the enriched microbial populations. Denaturing
gradient gel electrophoresis (DGGE) analysis of PCR-_amplﬁed 165 rRNA gene |
fragments was used as a culture-independent method to determine enrichment
composition (24). However, we also used traditional cultivation strategies to increasq our
‘ability to understand the functional attributes of those cultivated i)opulationS‘ that were
also detected by molecular means. Using these approaches, we observed community
shifts corresponding to discrete changes in the chemistry of complex contaminant
mixtures during biodegradation. The trends we observed demonstrate the Mpo@ce of

understanding the functional specialization of microbial populations for understanding
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the dynamics of degradation rates of specific components present in natural and synthetic

contaminant mixtures.
Materials and Methods
Chemicals

The following hydrocarbons were used in this study: n-heptadecane, n-
octadecane aﬁd pristane, obtained from Aldrich (Milwaukee, WI); methylene chloride,
benzene and hexane, obtained from Fisher Scieﬁtiﬁc (Pittsburgh, PA); phytane, obtained
from Protocol Analytical Supplies (Middlesex, NJ); and crude oil, obtained from Conoco

Corp., Billings, MT.

Soil/sediment

Crude oil enrichments were inoculated with sediment taken from a freshwater
spring on the campus of Montana State University and an agricultural soil (Arthur Pogt
Research Station, Bozeman, MT). Samples (50 gj of the sediment and soil were
extracted with methylene chloride using a soxhlet apparatus for 24 hrs (at 5 min/flush).
' Gas chromatography/mass spectrometry (GC/MS) analyses of the extracts (see below)
indicated that neither the soil nor the sediment contained detectable levels of aliphatic or
aromatic hydrocarbon contaminants. Synthetic alkane mixture and single s1‘1bstrate‘
enrichments were inoculated only with the agricultural soil. To inoculate enrichments, 1
g soil or sediment was diluted into 9 mL of a modified soil solution equivalent (SSE)

medium designed to represent "typical" concentrations of soil pore water constituents (3,
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18). The resulting shurry was mixed well and 100 pL Qas added to 200 mL enrichments.
This resulted in a 10 dilution of inocula, a concentration that was empirically
determined to be below the baseline for PCR/DGGE-based detection of community

DNA.

Enrichment Conditions

Aerobic batch enrichments were conducted in 500 mL culture flasks in triplicate
containing 200 mL. medium and incubated at 25 +/- 2° C on a rotary shaker. A mineral
salts medium containing (per liter) 4 g NaCl, 5 g NH,Cl, 5 g MgSO4-7H20, 5 g KH,PO,
and 5 g NaH,PO,°H,0 was used in crude oil-amended enrichments inoculated with the
freshwater sediment (1). SSE was used in crude oil-, synthetic mixture- and sihgle
hydrocarbon-amended enrichments inoculated with the agricultural soil. In all liquid
enrichments with SSE, C:N:P ratioé were held constant at 100:15:1. Before introduction
- into the enrichments, the crude oil was physically weathered for 120 hours under a strearﬁ
of N () to remove the more volatile components of the oil. Both sediment- and soil-
derived enrichments were amended with 1% (v/v) weathered crude oil. Subsequent
enrichments were conducted with pure alkanes and an alkane mixture cbntaining
predominant‘ n- and branched alkanes present in weathered crude oil. The pure
compounds and the mixture components were at concentrations that were equal‘to those
measured in the weathered crude oileprichment flasks (n-heptadecane, 70 mg/L; n-
octadecané, 44 mg/L; pristane, 40 mg/L; phytane, 17 mg/L). In addition, control

enrichments with no hydrocarbon amendment were inoculated with agricultural soil (in
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SSE medium) and sediment (in mineral salts medium). Enrichments were subsampled
regularly for molecular analysis of microbial populations and chemical analysis of

contaminant mixtures.

Hydrocarbon Separation and Quantification

Alkane and aromatic fractions of the crude oil were extracted and separated by
low pressure liquid column chromatography using the method of Hostettler and
Kvenvolden (20). For the alkane mixture and single substrate experiments, flasks were
vigorously shaken to ensure uniform sampling of NAPL-phase hydrocarbons and 2 mL
subsamples were taken for extraction (1:1, v/v) with methylene chloride. A variance of
less than 5% was observed between subsamplles taken from a single flask at a single
 timepoint (n=4). All hydrocarbons were quantified using GC/MS analyses. Samples (1
ul, splitless injectic;n) were analyzed on a Hewlett Packard GC equipped with a DB-5ms
column (30 m by 0.25 mm, 0.25 pm film thickness; J & W Scientific) and a flame
ionization detector; (He, ) was used as the carrier). For synthetic hydrocarbon analyses
(e.g. heptadecane, octéd‘ecane, pristane and phytane), the initial colﬁmn head pressure
was 70 Kpascals, however the pressure was ramped with the oven temperature to
maintain a constant He, ;) flow rate. The ramping cycle was as follows: the temperature

)

was held initially at 100°C for 2 min, then increased at 25°C/min to 175°C then at
5°C/min to 240°C. For crude oil analyses, the initial column head pressure was 40
Kpascals and the ramping cycles were as follows: the temperature was held initially at

40°C for 4 min, then increased at 5°C/min to a final temperature of 290°C, which was
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held constant for 5 min. Ratios of hydrocarbon abundance are based on absolute peak
areas of individual hydrocarbons. All samples were subsequently analyzed on a VG 70E-
HF double-focusing magnetic sector MS witﬁ a mass resolution of 1500 amu. The source
temperature was 200°C with an electron energy of 70 eV and an acceleration potential of
: SQOO V. The mass range was 45 f:o 350 for synthetic hydrocarbon samples and 45 to 500

for crude oil samples. The scan rate was 0.50 seconds per mass decade.

Nucleic Acid Extraction, PCR, DGGE and Segilence Analysis

Cell lysis and DNA extraction pl;otocols were based on those of M(;ré et al. (23).
Briefly, cells were lysed by mechanical disruption at 6.5 in/s for 45 s using a beadbgater |
(Sava}nt Instruments, Bio 101). The crude cell lysates were precipitated with ammonium
acetate and the DNA in the resulting supernatant was precipitated with isopropanol. PCR
conditions and primers were identical to those previously described (14). The primers
used (nucleotide positions 1070 to 1392 based on E. coli numbering) have been shown to
be highly conserved for numerous bacterial lineages, including the proteobacterial, Gram-
positive, cyanobacterial, green nonsulfur and Cyfophagales-Flavobacterium-Bacteriodes
lineages. DGGE conditions were similar to those used by Ferris et al. (14), with the
addition of a concentration gradient of acrylamide (6-11%) to enhance band sharpness by
reducing difﬁlsion of DNA (8). DGGE bands were purified for sequence analysis by
gently pressing a disposable 10 pl plastic pipette ti,p (Molecular Bio-Products, San Diego,
CA) into the center of a band and immersing the tip into a series of previously prepared |

PCR mixtures containing all reagents except template DNA. This method differs from
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other previously described purification strategies in that the band DNA is transferred
directly to a PCR reaction and no visible cdre or gel fragment is sampled. Band purity
was confirmed by analyzing the resulting PCR products on a DGGE gel in comparison to
the sample from which the band was obtained. Bidirectional sequencing reactions of
isolate DNA apd DGGE bands were performed'ﬁsing primers 1114f and 1392r and an
ABI Prism 310 ngetic Analyzer with a 47 cm capillary (PE Applied Biosystems, Foster
City, CA) and Prism BigDye terminator cycle sequencing ready reaction kit (PE Applied
Biosystems, Foster City, CA). Thé sequences were aligned using the Sequencher
3.1.1 soﬁw&e program (Gene Codes Corporatioﬁ, Ann Arbor; Mich.) anci compared to

sequences depoéited in GenBank by performing a BLAST search Q).

Cryostage Scanning Electron Microscopy

Individual octadecane crystals of approximately 3 mm x 5. mm (2-4 mm in |
thickness) wére removed at day 12 from soil-derived enrichments on pure octadecane.
Immediately followihg sampling, the crystals were attached to a pre-frozen, beveled
almﬁinum coupon usiﬁg O;C.T. compound (Miles Inc., Elkhart, I'N) Colloidal graphite
was placed 6n 2 to 3 points along the edges of the sample to minimize sample charging
under exposure to the electron beam. T-hecoupong with mounted samples were quickly
frozen in liquid nitrogen and introduced into an Oxford CT1500 Cryostation system for
coating under high vacuﬁm (< 10 to 2 mbar) to affect sublimation of any surficial water.

The sample-bearing coupon was then introduced into the cryostage within the SEM
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chamber of a JEOL JSM-6100 scanning microscope for imaging. All images were

collected at an accelerator voltage of 15.0 kV and a filament current of 3.2 A.

Isolation of Hydrocarbon-degrading Bacteria

Hydrocarbon-degrading Bacteria were isolated from the agricultural soil after
serial dilution in SSE by direct plating onto SSE agar plates. The plates were then
sprayed with 2% alkane hydrocarbon dissolved in acetone. Each dilutio;l from the series
was plated on heptadecane, ‘octadecane; pristane and phytane plates. Individual colonies
exhibiting zones of clearing on the respective hydrocarbons were picked f‘rom- the highest
dilution plates and transferred to 25% YEPG (0.05 g §f yéast extract liter ', 0.25 g of
peptone liter ', 0.5 g of glucose liter %, and 0.05 g of NHLNO; liter™") plates. After three |
transfers on YEPG plaées to ensure isolate purity, isolates were again plated on SSE
hydrocarbon spray plates and assayed for zones of clearing around individual colonies to

confirm degradative ability.

Results

Crude Oil Enrichments

Results of the che;nical analysis of crude oil degradation by the freshwater
sediment enrichment are shown in Figure 1. After an initial lag time of approx,irﬁately 14
days, biodegradation of the alkane fraction proceeded most notably with the loss of n-

alkanes in prefereﬁce to isoprenoid alkanes at approximately day 25. At day 42, only
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isoprenoid aild cyclic alkanes persisted in the alkane fraction of the crude oil. Analysis of
individual n-alkanes revealed that these compounds were degraded at approximately the
same rate regardless of chain length. The-enrichments inoculated with a?gricultural soil
showed the same trend of n-alkane disappearance before isoprenoid alkanes, as indicated
by nCys/pristane and nCyg/phytane ratios (Figure 2). However, a much shorter lag phase
was observed (~ 6 days) in addition to a more rapid degradation of n-alkanes in this
enrichment relative to the sediment enrichment. | As in the sediment'enrichments, no
differences were observed with respect to chain length for n-alkane degradation. DGGE
analysis of 16S rDNA fragments amplified from the sediment-derived enrichment
revealed a temporal pattern of population change that accompanies the changing
chemistry of the crude oil (Figure 3). Some bands (e.g., A, C and D) appeared early anci
persisted throuéhout the incubation period. Other bands (e.g., B, E and F)
appeared early but disappeared at approximately day 25, which corresponded to the
disappearance of n-alkanes in the crude oil. A third group of bands appeared only when
n-alkanes were largely degraded (e.g., band G appeared at day 25 and bands H and I
appeared at day 33). Samples taken from both sediment- and soil-inoculated control
enrichments (with no hydrocarbons added) did not yield PCR products at any time point,
indicating that cell growth in these enrichments was below the detectioﬁ limit of our
methods. Therefore, the populations detected were responding to the addition of

hydrocarbons, which were the sole carbon and energy sources in all other enrichments.




Figure 1.
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GC/MS analysis of the alkane fraction of a physically weathered crude oil
during biodegradation by a freshwater sediment-derived enrichment culture.
Major peaks in the day 11 profile are n-alkanes increasing in Ci increments
from n-Cn to O-CX; pristane (pr) and phytane (ph) peaks are shown.
Retention times of hydrocarbons in day 11 profile are ~7 min longer than day
25 and day 42 resulting from differences in GC conditions; however, peak
identities were confirmed by MS.
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Changing ratios of n-alkanes to branched alkanes during the degradation of
crude oil in a soil-derived enrichment culture.
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DGGE profiles of a freshwater sediment-derived crude oil-degrading
enrichment culture through time. The negative image of the gel photo is
shown.
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The soil-derived enrichment showed a similar‘trgnd of -population changes during
crude oil degrz;ldation (Figure 4), although, based on band migration, different populations
were observed in the soil- and sediment-derived enrichments. Band 1 was initially the
most intense band in the soil-derived enrichment profile and remained present through
day 20. The primary shift in banding pattern in this enrichment occurred at day 8 with
the appearance of two new intense bands 5 and 6, cbrresponding to the point at which
isoprenoid alkanes dominated the mixture. Sequence analysis of DGGE bands from soil
enrichments revealed that band 1 is contributed by an Acinetobacter calcoaceticus-like
population, whereas bands 5 and 6 are contributed by Rkodococcus koreensis-like
populations (Table 1). Bands 2 and 3, which appeared early in the timecourse and
~ remained present through the 20 day enrichment, both show a high degree of sequence
similarity (98,% and 100%, respectively) td the same nearest relative; Variovorax sp.
WEFF52. Band 4, contributed by a distant relative of Cytophagales str. MBIC4147, was

present early and disappeared by day 8.

Synthetic Mixture and Pure Hydrocarbon Enrichments

A simpler four-component hydrocarbon enrichment and a series of single
hydrocarbon enrichments were also conducted to discern which populations were
responsible for the degradation of individual contaminants or contaminant classes during

crude oil degradation. The simpler hydrocarbon mixture consisted of heptadecane,
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Figure 4. DGGE profiles of a soil-derived crude oil-degrading enrichment culture
through time. Numbers correspond to bands whose sequences are described
in Table 1.
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Table 1. Comparison of DGGE band sequences from soil-derived enrichments and
hydrocarbon-degrading isolates cultivated directly from the agricultural soil.

‘ . Hydrocarbon
I;GGE: IS°§ate Closest GenBank relative .Pe.r ce{1t c Genbank accession deygradationd
and similarity number .

n-alk is0
Proteobacteria
1 Acinetobacter calcoaceticus 99 AF159045
2 Variovorax sp. WFF52 98 AB003627
3 Variovorax sp. WFF52 100 AB003627
7 Leptothrix discophora 100 718533
8 m Bartonella vinsonii 99 U26258 X
f Bartonella qiiintana 9% AJ250247 X
Cytophagales-Flavobacterium-Bacteroides (CFB) Group
4 Cytophagales str. MBIC4147 90 ABO22889
g Taxeobacter 96 Y18836 X
gelupupurascens
I Dyadobacter fermentans 99 AF137029 X
h Cytophaga sp. P1 100 AF260716 _ X

_High G+C Gram-positive bacteria

5 a Rhodococcus koreensis 100 AF124342 X X
6 Rhodococcus koreensis 99 AF124342
] Rhodococcus zopfii 99 AF191343 X
1 Rhodococcus koreensis 96 AF124342 X
b Streptomyces mirabilis 99 AF112180 X X
C ___ Streptomyces bikiniensis 100 X79851 X X
0 Streptomyces bikiniensis 94 X79851 X
e Streptomyces 100 AJ399481 X X
pseudovenezuelae
p Streptomyces bicolor str. ISP 100 AJ276569 X
k Streptomyces subrutilus 99 X80825 X ‘
d Arthrobacter keyseri 99 . AF256196 X
n Nocardioides fulvus 99 AF005017 X

# Corresponds to marked bands in Figures 4, 6 and 7.

® Isolates listed on the same line as a corresponding band are identical to that band in the 322 bp region
sequenced.

¢ Percent similarity between band and/or isolate and the closest GenBank relative (accession numbers
shown are those of Genbank relatives).

¢ Degradation based on ability of isolates to grow and form zones of clearing on individual hydrocatbon
spray plates.
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octadecane, pristane and phytane, the m(’)st preddminant n-alkanes and branched alkanes
in our wéathered crude oil. These compounds were added to the simple mixture and
single hydrocarbon enrichments at concentrations and ratios equivalent to those measured
in the weathered crude oil. The degradation of n-alkanc;,s and isoprenoids in tile four- |
component mixture followed a pattern similar to that for the same components of the
* crude oil enrichments, with n-alkanes degfaded preferentially to isoprenoid aikanes
(Figure 5a). In single component enrichments, the degradation of heptadecane was rapid
following a brief lag phase of 4 days; pristane and phytane were again degraded at
slower rates (Figure 5b). Degradation kinetics were not quantified in octadecane
enrichments, where the presence of solid phase octadecane prevented represéntative
sampling.
Figure 6 shows DGGE patterns of replicate soil-derived alkane rﬁixture-degrading |
enrichments. The pattern of temporal population changes with the changing mixture
chemistry, including selection of intense bands contributed by Acinetobacter- and
Rhodococcus-like populations (bands 1 and 5), resembled that of the crude oil
enrichments. Bands 1,2,3,5 and 6 were 100% identical (in the region analyzed) to those
detected in the crude oil-dégrading enrichments. Two bands not observed in the crude

oil enrichment (e.g., bands 7 and 8, contributed by populations closely related to
Leptothrix discophora and Bartonella vinsonii, respectively; see Table 1) appeared in
later stages in one replicate. Interestingly, enrichments with heptadecane or octadecane

alone (Figure 7) selected primarily for the 4. calcoaceticus-like population (band 1) with
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synthetic hydrocarbon mixture or (b) added as single substrates by a soil-
derived enrichment culture.
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Figure 6. DGGE profiles depicting successional population changes in soil-derived
synthetic alkane mixture enrichments. Numbers correspond to bands whose
sequences are described in Table I.
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a less intense band corresponding toa Cytophaga-like organism (band 4). In one of the
two octadecane replicates, one of the R. koreensis-like16S rRNA gene fragments (band 5)
was selected in addition to the 4. calcoaceticus-like population (band 1) and the
Cytophaga-like organism (band 4). Scanning electron micrographs of octadecane
crystals from this enrichment are shown in Figure 8. Cells observed colonizing the
octadecane crystal were ﬁlam’ento_us with club-shaped ends resembling the pleimorphic
characteristics indicative of various cultivated actinomycetes. Both pristane- and |
phytane-amended enrichments selected for the R. koreensis-like poptﬂations (bands 5 and
6) as well as the Cytophaga-like ofganism contributing band 4 and many other less
intense bands. Sequences corresponding to bands from these enrichments are described

in Table 1.

Characterization of Hydrocarbon-degrading Isolates

72 hydrocarbon-degrading isolates were cultivated from a serial dilution of the
agricultural soil (Table 1). Of the total, 18 weré cultivated on heptadecane, 15 on
octadecane, 17 on pristane and 22 on phytane. Sequence analysis of the 16S rRNA gene
revealed 16 genetically uniqﬁe isolates with nearest relatives from proteobacterial, Gram-
positive and Cyfophaga-Flavobacterium-Bacteroides lineages (Table 1). The majority of
isolates were Gram-positive bacteria that grouped within the Rhodococcus lineage of the
high G+C division of Gram-positive bacteria.

A comparison of DGGE band and hydrocarbonjdegrading isolate sequences along

with hydrocarbon degradation capacity of isolates is shown in Table 1. Only two




Figure 7. DGGE profiles of soil-derived liquid enrichments on individual hydrocarbon
substrates. Numbers correspond to bands whose sequences are described in
Table 1.



Figure 8. Cryostage scanning electron micrographs of microbial colonization of solid-
phase n-octadecane during degradation in a single-substrate liquid
enrichments.
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hydrocarbon-degrading isolates (Rhodococcus koreensis, a; Bartonélla vinsonii, m)
corresponded to bands observed in the enrichments. The B. vinsonii-like isolate
corresponding to band 8 degraded only branched alkanes, consistent with its late
appearance in enrichments with the synthetic hydrocarbon mixture. Interestingly, the R.
koreensis-like isolate corresponding to band 5 was able to degrade both normal and
branched alkanes, even though it was observed only in later stages of crude oil and
synthetic hydrocarbon mixture and wheﬂ branched alkanes were provided as sole
substrates. Most isolates did not represent populations observed in DGGE profiles of
crude oil and hydrocarbon enrichments and no isolates were obtained for many of the

prominent bands observed in the enrichments (bands 1, 2, 3, 4, 6, 7; Table 1).
Discussion

The chemical pattern of sequéntial hydroAcarbon‘disappearance in our enrichments
is similar to that observed in previous studies of crude oil disappearance in both natural
and laboratory systems. Changes in ratios of n- to isoprenoid alkanes show similar“trends |
in both the sediment and soil-derived crude oil-amended enﬁchmeﬁts, although specific
population shifts occurred over different time intervals (Figures 1 and 2). Based on band
migration in DGGE profiles, it appéars that different poﬁulations were selected in the
sediment- and soil-derived enrichments (Figures 3 and 4). The timecourses of
hydrocarbon degradation in tﬁe enrichments were also notably different. This could have

been due to the difference in mineral salts media used in each enrichment series. The
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basic salts medium used in the sediment-derived enrichments has an ionic strength of 0.6
M, while the soil solution equivalent medium used in the soil-derived enrichments has an
ionic strength of 0.03 M. Such differences in salinity ha}ve been shown to affect the
selection of 'hydrocarbon'-degrading populations and may have resulted in a much longer -
lag phase before the onset of n-é]kane degradation in the sedimént—derived énrichment "
(13). However, other factors, such as inoculum type, may also explain the difference in
patterns of n-alkane degradation.

Despite differences between freshwater sediment and soil enrichments, similar
successional patterns of community change during the timecourse of crude oil
degradation were oBserved. The primary changes in community profiles coincided with
the disappearance of n- and isoprenoid alkanes- in each enrichment series. For instance,
in the sediment-derived enrichment series, several DGGE bands (Figure 3) appear to fade
in intensity or disappear completely, while other bands appear around the time of n- |
 alkane disappearance. In the soil enrichment a band shift occurred between days 4 and 6
correlating with the disappearance of n-alkanes in. the crude oil enrichment and the
subsequent dominance of isoprenoid alkanes as the primary contaminant type in the
remaining crude oil mixture. |
In an attempt to elucidate which populations were active in degrading individual

’ Cor
compounds (or compound classes) in the soil-derived crude oil enrichments, these
enrichmenté were examined in greater detail. A si;npler synthetic hydrocarbon

enrichment was constructed in addition to a series of single hydrocarbon enrichments.

The chemical transition of n- before isoprenoid alkanes in the synthetic mixture was very
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similar to that observed in the crude oil-amended enrichments. Furthermore, analysis of
population changes during the time course of hydrocarbon degradation in the synthetic
mixture reveéled a pattern nearly identical to that of the soil-derived crude oil-amended
enrichments. Sequence analysis of DGGE bands in b(.)th of these enrichment series
confirmed the selection of several populations that were common to both types of
treatments. An 4. calcéaceticus-like popillatiori was present m each treatment durmg the
period of n-alkane degradation, while R. koreensis-iﬂce populations were selected during
the period of isoprenoid alkane degradation. |

Molecular ahalysis of the siﬁgle hydrocarbon enrichments supported thé
impbrtance of the 4. calcoaceticus- and R. _koreensis-like populations in degrading n- and
isoprenoid-hydrocarbons, respectively. The 4. calcoaceticus-like population was
selected in both the heptadecéne aﬂd octadecane single hydrocarbon enrichments and
corresponded to the moét intense band present in the heptadecane treatment. The R.
koreensis-like populations were selected in each of the pristane and phytane single
hydrocarbons enrichments.. Interestingly, a hydrocarbon-degrading isolate with 100%
partial 16S rRNA sequence identity to R. koreensis-like band 5 was .ab'le to degrade both
normal and isoprenoid alkanes in pure culture.

A commdn trend observed in all the hydrocarbon-amended enrichments was the
increase in complexity of the banding patterns over time. Many sequences from bands
appearing later in the time course of degradation did not correspond with cultivated
alkane-degrading isolates (e.g. bands 2, 3, 7 and 6), possibly indicatilig that some of these

bands were associated with organisms.that degrade intermediates produced by
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hydrocarbon degraders and not the hydrocarbons themselves. The emergence of
organisms with multiple unique ribosomal operons may also explain the increase in band
complexity. It is possible that the very similar Variovorax-like (baxidsZ and 3) and R.
koreensis-like (bands 5 and 6) band seqﬁences observed in crude oil- and synthetic
mixture-amended emichments result from sequence heterogeneities of 168 rRNA
operons within single organisms (25). However, this is spéculative as bands 5 and 6 do
not co-occur in enrichments on phytane alone. The closest genbank relative of bands 5
. and 6 is a 2,4-dinitrophenol-degrading bacterium with two unique 16S rRNA genes that
are 99.3% similar (32).

Our DGGE observations by themselves appear to support the hypothesis that -
specialist organisms are important in the degradation of contaminant mixtures, however,
the situation may be more complex. A B. vz'nson'ii-likeAisolate corresponding to a DGGE
band that appeared when branched alkanes dominated some hydrocarbon mixtures seems
to specialize on branched alkanes. However, the R. koreensz‘s-like isolate, which also
corresponded with an intense band that was consistently associated with branched alkane
metabolism, can metabolize both normal and branched alkanes. It ¢can thel_'eforé be
considered a generalist with respect to metabolism of both élasses of hydrocarbons.
Other isolates were found to metabolize either strictly n-alkanes (e.g. isolate £, i, |, k and
n; Table 1), branched alkanes (e.g. isolate m, g, h, j, p and d; Table 1) or both types of
hydrocarbons (e.g. isolate a, b, ¢ and e; Table 1). Hence, the enrichments on hydrocarbon
mixtures may be comprised of both generahsts and specialists, with interspecific

competition governing the selectlon of n-alkane-degrading bacteria. The basis of
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selection and succession of different organisms on the two predominant hydrocarbon

- classes in crude oil is still unresolved. The influence of NAPL phase sequestration of less

abundant hydrocarbons on population selection and contaminant mixture degradation was

investigated by varying ratios of n- and branched alkanes. However, n-alkanes
degradation alWays preceded that of branched alkanes even with coﬁtaminant mixture
ratios (v/v) of branched alkanes:n-alkanes up to 100:1 (data not shown). Tﬁis suggests
that bioavailability limitations resulting from partitioning of less abﬁndant NAPL
hydrocarbéné into more abundant NAPL hydrécgrbons were not responsiBle for the
sequential degradation of n- and branched alkanes observed in our system.,

‘Focusing on the populations represented by the most intense bands in our
enrichments, it is interesting to note reports in the literature that sugges;t that |
Rhodococcus and Acinetobacter species use differenf modes of uptake for. alkanes. Many
Rhodococcus species rely on interfacial uptake of alkanes and are often cﬁaracterized by
cell surfaces that are very hydrophobic (4). Scanning electron micrographs correlate
- with the molecular -ana:lysés of our octadecané enrichments in that they confirm the
presence of organisms with Rhodococcus-like morphology on the surface of octadecane
crystals, possibly indicative of interfacial incorporation of the hydrocarbons. In contrast,
Acinetobacter sﬁec‘ies have been shown to commonly produce biosurfactants that
emulsify and solubilize the hydrocarbon substrates, a mgchanism well-suited for
organisms that have characteristically low cell surface hydrophobicity (22, 28).

One possible basis of succession durmg the degradatlon of these hydrocarbon

mixtures is facilitation (7) Perhaps the Acmetobacter—hke population produces
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biosurfactants or bioemulsifiers during the degradation of n-élkanes- that decrease droplet
size of the NAPL-phase hydrocarbons, a phenomenon observed qualitatively in the crudé
oil enrichments. If the thdo;occizs-like species selected in our enrichments are in fact '
dependent upbn interfacial incorporation of the Substraté, higher surface aree-l-to-volumei
‘ratios of the NAPL-phase contaminants would theoretically favor the proliferation of
these organisms. An ionic biosurfactant might, however, render the surface of the
micelle-bound NAPL droplets more hydroph_ilic which may inhibit aﬁachrﬁent of
potential branched alkane degraders. Colores et al. (6) observed distinct microbial
“population changes in response to surfactant ﬁnendment invphenan‘threne- and
hexadecane-degrading éoil microcosms; surfactant addition caused displacement of
Gram-positive hydrocarbon degraders by Gram-neéative hydrocarbon (and surfactant)
degraders. Such competi;ci've selection may explain the emergence of a relatively small
fraction of alkané-degraders in our enrichments in contrast to a much higher diversity of
isolates cultivated by direct plating from our inoculum (Table 1). The higher divgrsity of -
isolates may be a result of isoiation c.onditi(‘)ns that avoid the direct competitioﬂ between
organisms present in an emichmeﬂt environment (10)..

Our findings suggest that the sequential disappearance of n- and‘br'anched alkanes
during crude oil degradatién is the result of a distinct succession of microbial
populations. The population shifts observed were reproducible in replicates of both crude
oil and four compoﬁent synthetic mixtures. Molecular analysis of the single Ahydrocarbon
enrichments correlate with the presence of several populations (most notaBly

Acinetobacter- and Rhodococcus-like populations) selected in the more complex
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* mixtures with the degradation of individual n- and branched alkanes. Other recent
studies have shown similar patterns of population shifts occu;ing during contaminant
degradation. Fries et al. (17) used cultivation and molecular analyses to document
microbial succession following cosubstrate addition in a'trichloroethylene-doritétminated
aquifer. Other studies have shown evidence for population shifts in response to
hydrocarbon contamination and surfactant addition in soils (6, 21). All of theée studies
emphasize the need for coupling the study of environmental chemistry with microbial
population biology for understanding contaminant mixture degradation. Such approaches
enhance our understanding of the basic ecology of hydrocarbon-.degradin_g communities
and may ultimately allow for better prediction and control of in situ remediation efforts

for contaminant mixtures.
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CHAPTER 3

INFLUENCE OF NONAQUEOUS PHASE LIQUIDS -ON KINETICS OF
PHENANTHRENE ‘DEGRADATI.ON AND MICROBIAL POPULATION

SELECTION
Introduction

Partitioning of nonpolar organic contaminants into natural organic m,atter‘ has
been shown to affect the kinetics of microbial degradation and the selection of
contaminant-degrading microbial populations (4, 6, 11-14). Several studies have
provided evidence supporting the hypothe51s that mass transfer of a contaminant from
sorbed domains to the aqueous phase can control rates of contaminant biodegradation (3,
5,21). In cbmplex mb;turés, the partitioning of contaminaﬁts in nonaqueous phase
liquids (NAPLs) can also limit microbial degradation. Although degradaﬁqn rates are
reduced when contaminants are partitioned into NAPLs, the degradation rates often
exceed rates of contaminant dissolution‘ into the aqueoﬁs phase. For example, Efroymson

and Alexander (8) observed rates of phenanthrene mineralization by a Pseudomonas sp.

[This chapter is in preparation for submission as “Influence of nonaqueous phase liquids on kinetics of
phenanthrene degradation and microbial population selection” E.A. Kern, W.P. Inskeep and D.M. Ward.

Montana State University, Bozeman, MT]
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that exceeded the rates of phenanthrene dissolution from three NAPLS tested

(hexadecane, 2,2,4,4,6,8,8-heptamethylnonane and di-2-ethylhexyl phthalate) into the

- aqueous phase. However, m the same study, mineralization of phenanthrene by a soil
slurry was slower than phenanthrene dissolution from the NAPLs into the aqueous phase.
In addition, Ortega-Calvo et al. (19) reported that while mineralization rates of
phenanthrene in a series of soil slurries exceeded the rates of phenanthrene dissolution
from NAPL to water, phenanthrene degradation in these S]ﬁrries was eﬁhanced by
‘treatments that increased mass transfer rates 6f phenanthrene from NAPL to water. The
inconsistency in' these observations suggests that mass transfer limitation aloné may not
control the degradation of éoﬂtamiilants partitioned in NAPLs aﬁd other biological
factors may be important in these systelﬁs.

MicrpBial attachment to the NAPL surface may be an important mechanism for

utilization of contaminants partitioned into NAPLs.- Efromyson and Alexander @)
studied the effect of bacterial attachment on the degradation of naphthalene and n-

hexadecane partitioned into 2,2,4,4,6,8,8-heptamethylnone by an Arthrobacter sp. that

could not degrade the NAPL. Interestingly, the addition of 0.1% Triton X-100 inhibited

cell attachment and prevented hexadecane degradation, yet it increased the rate and
extent of naphthalene mineraliz;ation. Additionally, in a later study with the same
organism, cells attached to the NAPL-water interface degraded naphthalene at a rate four
times greater than the rate of naphthalene dissolution into'the aqueous phase (20). These

studies indicate the importance of attachment as a mechanism for utilization of
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contaminants partitioned in NAPLs, but also suggest that there may be variation in .

utilization of different types of contaminants in different NAPL contexts.

Several recent studies have shown that contaminant sorption to solid phasesisan

important factor governing microbial selection, and subsequent kinetics of contaminant
degradation (11, 12, 22). Friedrich et al. (11) observed the selection of different bacterial
populations in a series of enrichment environmentsi that differentially limited the
bioavailability of phenarithrene sorbed to solid-phase organic resins. In addition,
microbes isolated on sorbed-phase phenanthrene have shown more rapid rates of
degradation of sorbed-phase contarﬁinants than isolates cultivated on crystalline
phenanthrene (12, 22). We hypothesized that the partitioning of phenanthrene in
different NAPLs may also affect the selection of contaminant-degrading bacteria and
ultimately influence kinetics of contaminant degradation.
The chemical and physical characteristics of complex contaminant mixtures are
dynamic during microbial degradation, as certain components of a mixture are degraded
“before others. For example, in crude oil the mosf abundant contaminant classeé are
usually normal (n-) alkanes, followed by isoprenoids, aromatic;s and asphaltenes.
Therefore, aromatic contaminants in crude oil are initially partitioned in a NAPL
comprised mainly of n-alkanes; however, as n-alkanes are degraded the primary NAPL
will then consist of isoprenoid hydrocarbons. Since the degradation of n-alkanes in crude

oil often precedes that of isoprenoids and aromatics, a shift in NAPLs during crude oil

degradation may affect mass transfer of aromatic contaminants to the aqueous phase and ’

may alter the microenvironment for the selection of aromatic-degrading bacteria.
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In this study we used phenanthrene asa model aromatic contaminant and sought
to understand the influence of NAPLs on the kinetics of phenanthrenejdegrgdation and
the selection of contaminant-degrading bacteria. Enrichrhent cultures were suitable for
describing how population selection correlates with chang_iné mixture environments,
especially sincelsuch changes would bé difficult to discern against the complexity of
native species in situ. In an attempt to simulate the predominant NAPLs in which
phenanthrene is partitioned during crude oil degradatién, heptadecane and pristane (an n-
alkane and an isoprenoid among the most abundant in crude oil) and a mixture of the two
were chosen as NAPLs. In addition, the more recalcitrant 2,2,4,4,6,8,8-
heptamethylnonane was use& as a “control” NAPL to elucidate populations selected on
phenanthrene alone. Denaturing gradient gel electrophoresis (DGGE) of PCR—ampiiﬂed
16S rRNA gene fragments. was used in conjunction with traditional cultivation strategies
to not only track microbial populations in general, but also identify functional
contaminant-degrading populations selected in soil-derived enrichments. Using this
approach, we observed differences in patterns of phenanthrene degradation and

population selection in enrichments with phenanthrene partitioned in different NAPL

environments.
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Materials and Methods

Chemicals
The following .hydfocarbons. were uéed in this study: n-heptadecane and pristane,

purchased from Aldrich (Milwaukee, WI); methylene chloride, purchased from Fisher

Scientiﬁc (Pittsburgh, PA); and phenanthrene and 2,2,4,4,6,8,8-heptamethylnonane,

purchased from Sigma (St. Louis, MO).

Soil/Sediment

Enrichments were inoculated with an agricultural soil (Arthur Post Research
Station, Bozeman, MT). Previous chemical analysis indicated the soil did not contain
detectable levels of aliphatic or aromatic hydrocarbon contaminants (15). To inoculate
enrichments, 1 g soil 61' sediment was diluted into 9 mL of a modified soil solution
equivalent (SSE) medium designed to represent concentrations of inorganic nutrients
present in soil pore water (2, 12). The resulting siuny was mixed well and 100 pL was
added to 200 mL enrichments. This resulted in a 10™* dﬂution ofinocula, a concentration
that was empirically determined to be below the baseline for PCR/DGGE-based detection

of community DNA.
Enrichment conditions

Aerobic batch enrichments were conducted in 500 mL culture flasks containing

200 mL SSE medium and incubated at 25 +/- 2° C on a rotary shaker. In all liquid.
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enrichments, C:N:P molar ratios were held ‘constant at 100:15:1. NAPLs were added to
enrichments with equal concentrations (250 mg L) of heptadecane or pristane, » |
2,2,4,4,6,8,8-heptamethylnonane, or as a 1:1 (v/v) mixture of heptadecane and pristane.
Phenanthrene was dissolved into each NAPL (~8% w/v, a concentration below the
' empirically determined solubility limit in each pf the organic solvents) prior to addition
to enrichments. Enﬁchments were also conducted with individual substrates of pure
heptadecane (250 mg L™), pristine (250 mg L) and phenanthrene (15 mg crystals flask™)
present as (i) solid phase crystals and (ii) a liquid phase partitioned into a recalcitrant
NAPL carrier (2,2,4,4,6,8,8-heptamethylnonane). Degradation kinetics were not
quan‘tiﬁed in crystalline phenanthrene enrichments, where the presence of solid phase
phenanthrene prevented representative sampling. In addition, control enrichments with
no hydrocarbon amendments were inocﬁlated with agricultural soil in SSE medium.
Enrichments were subsampled regularly for molecular analysis of microbial populations

and chemical analysis of contaminant mixtures.

Hydrocarbon separation and quantification

Enrichment flasks were vigorously shaken to ensure uniform sampling of NAPL
hydrocarbons and 2 mL subsamples were taken for ‘ext,raction (1:1, v/v) with methylene
chloride. A variance of less than 5% was observed between subsamples jtaken from a
.single flask at a single firnepoint (n=4). All hydrocarbons were quantified using GC/MS

analyses as previously described (15).
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Nucleic acid extfaction. PCR. DGGE and sequence analysis

| Cell lysis and DNA. extraction protocols were based on those of Moré et al. (16).
PCR and sequencing .conditions é.nd- primers were identical to those previously described N
(9, 15). DGGE conditions and band puriﬁcaﬁon were identical \to‘ that described by Kem |
etal. (15). The sequences were aligned using the Sequelicher 3.1.1’ software program
(Gene Codes Cbrporation, Ann Arbo;, Mich,) and comparéd to sequences deposited in

GenBank by performing a BLAST search (1).

Isolation of -hydrocarbon-dvegading‘ bacteria

Bacteria were isolated from hydrocarbon-degrading enrichment flasks after serial
dilution in SSE by direct plating onto SSE or R2A (Difco Corp., Detroit, MI) agar plates.
'The SSE plates were then sprayed with 2% hydrocarbon dlssolved in acetone. Ind1v1dua1
colonies exhibiting zones of clearing of the respective hydrocarbons were picked from
the highest dilution plates and trapsferred to R2A plates for purification. After three-
transfers on R2A plates to ensure isolate purity, isolates were again plated on SSE
hydrocarbon spray plates and assayed for zones of hydrocarbon clearing around

individual colonies to confirm degradative ability.
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Results and Discussion

Phenanthrene partitioned into heptadecane

Chemical analyses of enrichments with phenanthrene partitioned into heptadecane
are shown in Figure 9. Heptadecane degradation began after day 4 and complete
degradation was observed by day 12. Significant phenanthrene degradation was first

observed at day 4 and approximately 60% of the phenanthrene was degraded by day 12.

- However, phenanthrene degradation stopped at day 12 and an extended lag was observed

between day 12 and day 20. Degradation resumed after day 20 and complete -
disappearance of phenapthrene was noted at déy 32. |
Results from DGGE enalysis of 16S rDNA fragments amplified from enrichments
with phenanthrene partitioned into heptadecane are ehown in Figure 10. Sequences
correspendirlg to bends from these enrichrﬁents are described in Table 2. Interestingly,
most of the bands sequenced were closely related (>97% similarity) to SSU rRNA gene
sequences of organisms in the database. Band 1 appeared earliest af day 4, which |
correlates with the disappearance of heptadecane, and while its relative intensity
decreased significantly beginning at day 20, the band remained present through day 32.
Sequence analysis indicated this band is contributed by an Acinetobacter calcoaeeticus-

like population that is 100% similar to a heptadecane-degrading isolate obtained in this

- study (Table 2). In an attempt to elucidate functional populations responsible for

degradation of NAPL hydrocarbohs and phenanthrene, enrichments were conducted with
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Figure 9. Relative abundance of hydrocarbons in enrichments with phenanthrene
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Table 2. Comparison of DGGE band sequences from soil-derived enrichments
and hydrocarbon-degrading isolates cultivated from enrichments.

. Genbank Hydroca¥b0§1
%GGE Isolate® Closest Genbank relative _Pe.r cent ¢ accession degradation
and : similarity
number
n-Cy; pr ph
Proteobacteria .
1 a Acinetobacter calcoaceticus 99 AF159045 y n n
2 Variovorax paradoxus 99 D88006
3 Alcaligenes sp. strain 05-51 100 X86584
4 b Alcaligenes sp. isolate R6 99 AJ002809 y n_y
5 Sphingomonas 100 U20774
aromaticivorans
7 Ralstonia sp. 91
10 Alcaligenes sp. isolate R6 98 AJ002809
14 Bdellovibro sp. SRP1 97 AF148940
15 Sphingomonas 99 U20774
aromaticivorans
Cytophagales-Flavobacterium-Bacteroides (CFB) Group
11 Flexibacter elegans 91 _M58783
High G+C Gram-positive bacteria
6 c Rhodococcus koreensis 99 AF124342 y y n
8 Rhodococcus koreensis 97 AF124342
9 Nocardioides sp. 0S4 100 U61298
12 d Paenibacillus cf, polymyxa 98 AF355463 n n n
13 Paenibacillus sp. TK 97
16 Paenibacillus sp. TK 98
17 Paenibacillus cf. polymyxa 98 AF355463

# Corresponds to marked bands in Figures 10, 12, 13, 15 and 17.

® Isolates listed with a corresponding band are identical to that band in the 322 bp region sequenced.

¢ Percent similarity between band and/or isolate and the closest GenBank relative.

¢ Degradation based on ability of isolates to grow and form zones of clearing on individual hydrocarbon
spray plates.
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hepfédecane, pristane and phenanthrene as indiviciual substrates. Changes in contaminant
concentrations over time are shown in.F igure 11 and corresponding DGGE analyses are
" shown in F iguré 12, which also demonstrates the high réprodu_cibility Qf our DGGE
results. Enrichments on heptadecane as an individual substra;ce revealed degradation
kinetics that were similar to those observed in enrichments with phenanthrene partitioned
into heptadecane ancf DGGE analysis revealed these emichrﬁents éelected only for the |
Acinetobacter calcoaceticus-like population contributing band 1 (Figure 12). This
populaﬁon was previously observed during periods of n-alkane degradation m
enrichments on crude oil, n- and isoprenoid alkane mixtures and heptadecane and
octadecane (15), indicating its involvement in heﬁtadecane degradation in the
enrichments shown in Figures 9 and 10. |

Returning to the enrichment with phenanthrene in heptadecane (Figure 10), bands
2, 4, 5'and 6 appeared on day 8 and all except the band 5 population remained present
through day 32. An Alcaligenes sp. R6-like isolate (corresi:ohding to band 4) could
‘utilize phenanthrene on spray plates and was present during both the early and the late
phases of phenanthrene degfadation, suggesting its 1iké1y role in phenanthrene
degradation in these enrichments. This population was also oBseryed in enrichments with
phenanthrene as thé sole substrate (Figu‘re'12). Asan aside, the enrichments on

phenanthrene as crystals and in 2,2,4,4,6,8,8-heptamethylnonane were conducted to
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Figure 11. Relative abundance of heptadecane, pristane and phenanthrene (in the

presence of heptamethylnonane) in enrichments on individual hydrocarbon
substrates.
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Figure 12. DGGE profiles of soil-derived liquid enrichments on individual hydrocarbon
substrates. Numbers correspond to bands whose sequences are described in
Table 2. (hmnis 2,2,4,4,6,8,8-heptamethylnonane)
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determine differences 1n microbiel population selection based on diffefent phases of a
single contaminant. Previous studies have reported that 2,2,4,4,6,8,8-heptamethylnonane
is refractory to degradation by some e.romatic-degrading bacteria (7) and these
enrichments were conducted to provide a “liquid phase” phenanthrene control; however,
a significant degree of 2,2,4,4,6,8,8-heptamethy]nonane degradation (~40%) was
observed during the time period of phenanthrene ciegradation (data not shownj.
Therefore, we cannot disregard the possible influence of 2,2,4,4,6,8,8-heptamethylnonane
degradation on the kinetics of phenanthrene degradation or the selection of microbial
populations in these enrichments. A Sphingomonas aromaticivorans-like ‘polpulation
contributing band 5 (Table 2) appeared on day 8, decreased in mten51ty at day 12 and
disappeared completely by day 16, exhibiting a pattern su:mlar to the initial phase of
phenanthrene degradation. We feel less confident about inferring phenotypes from bands
such as this for which we did not observe correeponding isolates. However, since very
close felatives of the Sphingomonas aromaticivorans-like populations have been shown
to degrade arometic contaminants (10), it is plausible that these populations may be
vcair'ldidates for phenanthrene degradation in our enrichments as well. Further evidenee
comes from the observation of this band in enrichments with phenanthrene as the sole
substrate (Figure 12). . | |
Bands 2 and 6 are contributed by Variovorax paradoxus- and Rhodoeoccus

koreensis-like populatlons, respectlvely (Table 2). Isolate ¢ showed 100% sequence
similarity to the Rhodococcus koreensz.;-llke poi)ulatlon and was capable of degrading

heptadecane, but not phenanthrerie. The Variovorax paradoxus-like population
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contributing band 2 was consistently observed during early and late periods of
phenanthrene degradation. The role of this population in phenanthrene degradation is-
unclear, as this band was not observed in enrichments with phenénthrene alone and no
isolate was cultivated to confirm its ability to deg;ade phenanthrene. Interestingly, a
previous study reported the transfer (by conjugation) of a plasmid containing genes for
2,4-dicholorphenoxyacetic acid degradation from an Alcaligenes sp. to Variovorax
paradoxus (17). Since our enrichments harbored a phenanthrene-degrading Alcaligenes
sp. and since genes for phenanthrene degradation are commonly plasmid borne,
horizontal gene transfer between these populations may be a possibilit};.

A major shift in banding pattern in this enrichment occurred at day 20,
approximately when phenanthrene degradation resumed, with the appearance of
numerous new bands (bands 11-17) (F igure' 10). This shift inclﬁded the appearance of
bands 12, 13, 16 and 17, which all showed a high degfee of similarity to the 16S rRNA
sequence of Paenibacillus species; which were noted previously to posséss multiple 16S
rRNA operons with small sequence heterogeneities (18). DGGE analysis of isolate d
indeed revealed the presence of multiple 16S ri{NA genes with sequence similarities .
between 98 and 99% in the region arialyzeci (Figure 1'3)‘.' Thus, this sudden increase in
band diversity probably does not reflect an equivalent increase in community diversity.
The failure of the Paenibacz'llu& isolate to metabolize heptadecane, pristane and
phenanthrene suggests that this organism may degrade metabolites prodﬁcéci dmiﬁg the
degradation of these contaminants. While the cultivation of this isolate' provides valuable

insight into accurately interpreting changes in community structure, the inability to
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cultivate isolates corresponding to many other bands makes attributing functions to these
populations difficult. The emergence of anothér Sphingomonas aromaticivorans-like
population (-band 15) corresponded with the late period of phenanthrene degradation. As ‘
in the case of the S. aromaticivorans-like population contributing band 5 (mentioned |
above), we are forced to rely on this correlation and the ability of close relatives to
degrade aromatics to infer that this. population may participate in phenanthrene
degradation. Band 14 (which appeared at day 24 and remained throughout) was 97%
similar to an ectoparasitic Bdellovibrio isolate, possibly indicating the selection of a
bacterial parasite in the enrichment. The function of band 11, which was the most intense
band in the community profile at day 20, is also difficult to resolve, especially since the
low degree of similarity with sequences in the database prohibits any ir;ference of

phenotype (Table 2).

Phenanthrene partitioned into pristane

Enrichments were conducted with phenanthrene partitioned into pristane to
determine whether an isoprenoid NAPL influenced phenanthrene degradétion kinetics or
the selection of hydrocarbon-degrading populations. Degradation of pristane was
initially slow with only approximately 20% degradation occurring by day 8, however, a
rapid period of degradation began at-day 8 and by day 12 less than 10% of the pristane
remained (Figure 14). Following a similar lag phase of about 8 days phenanthrene was

'rapidly and continuously degraded, and degradation was nearly complete by day 16.
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Figure 13. DGGE profile of a Paenibacillus species isolated from a hydrocarbon-
degrading enrichment. Numbers correspond to bands whose sequences are
described in Table I.

pristane
phenanthrene

time (d)

Figure 14. Relative abundance of hydrocarbons in enrichments with phenanthrene
partitioned into pristane.
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'DGGE analysis of these enrichments indicated a much simpler banding pattern (Figure
15) in comparison to enrichments with phenanthrene partitioned in;co heptadecane. Bands_
1,2 and 6 again appeared early in the profile (day 4), during the pe\riod of slow pristane
degradation. Band 6 was the ﬁost intense band in thé profile at day 4 and reméined
predominant through aay 16, suggesting its involvement in pristane degradation.
Enﬁchments on pi‘iétane as an individual substrate also selected for the Rhodococcus
koreensis-like population contributing band 6, in addition to several other more faint - .
bands that coﬁld not be purified sufficiently f(.)r sequence analyéis (Figure 12). In
addition, the Rhodococcus koreensis-like isolate corresponding to band 6 is capable of
pristane degradation (Table 2) “and is 100% similar to a population previously shown to
be important in isoprenoid degradation (15). The Acinetobacter calcoaceticus-like |
_population corresponding to band 1 decreased in intensity at day'8 and disappeared
completely by day i6. The isolate corresponding to this population could not degrade
either pristane or phenanthrene as substrates on spray plates, suggesting this population
may be metabolizing intermediates derived from the catabolism of pristane and/or
phenanthrene. This hypothesis is strengthened by the presence of the Acinetobacter
calcoaceticus-like population in enrichments on ;rystalline phenanthrene. The
- Variovorax paradoxus-like population corresponding to band 2 was again observed

during a period of phenanthrene degradation, indicating that this uncultivated population

may be a candidate for phenanthrene degradation.
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Figure 15. DGGE profiles of a soil-derived enrichment culture with phenanthrene
partitioned into pristane through time. Numbers correspond to bands whose
sequences are described in Table 1.
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Bands 4 and 10 first appear at day 8 and remain pfesent through day 16, which correlates

with the period of rapid pristane and phenanthrene degradation. Both these bands are

contributed by Alcaligenes-like populations, one of which (band 10) was not observed in

any other enrichments. Since the isolate corresponding to bapd 4 has the capacity to
degrade phenanthrene, the high degllree of similarity (99%) between the two Alcaligenes-
like populations suggests the possibility that the organism that contributes band 10 may
also be important in phenanthrene degradation. Interestingly, nc;,ither of thé ‘
Sphingomonas aromaticivorans-like populations that were observed in enrichments with
phenanthrene partitioned into heptadecane were ‘de‘tected when phenanthreﬁe was

partitioned into pristane.

Phenanthrene partitioned into a NAPL mixture

In an attempt to simulate the NAPL environment bresent in crude oil, enrichments
were conducted with phenanthfene partitioned into a 1:1 (v/v) mixture of heétadecane
and pristane. Heptadecane degradation kinetics were very similar to those observed in
enrichments with phenanthrene 'pai‘titioqed into heptadecane, with degradation beginning
at day 4 and complete by day 8 (Figure 16). Ina patt.ern similar to that observed in
enrichments with phenanthrene partitioned into heptadecane, ph‘en‘anthrene‘ degradation
began at day 4, stopped at day 12 and did not resume until after day 28. A similar and
more.pronounced interruption was observed in pristane degradatibn. Approximately 50%

of the pristane in the contaminant mixture was degraded between days 4 and 12;
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however, degradation stopped at day 12 and significant deé,radation was ndt observed
again until after day 28.

DGGE analysis again revealed the selection of the Acinetobacter calcoaceticus-
like population corresponding td band 1 at day 4, followed by the emergence of
Alcaligenes-, Sphingomonas aromaticivorans- and Rhodococcus koreensis-like
pdpulations at day 8 (bands 4,5 and 6, respecﬁvely; Figure 9). Since isolates
correspondidg to the Acinetobacter calcoaceticus- or Rhodococcus )coréénsis-like
populations can dggrade heptadecane, and heptadecane and pristane, respectively, these
populations are presumably responsiblé for the degradation of these NAPL components, N
as previously observed in other alkane enrichments (15). The best candidates for the
early phase of phenanthrene degradation are the Alcaligenes R6- (band 4) and
Sphingomonas aromaticivorans-like (bard 5) populations. The emergence and
disappearance of Sphingomonas aromaticivorans-like population between days 8 and 12
corresponded with the pattern of early phenanthrene degradation (as in enrichments with
phenanthiénd pdrti’cioned into heptadecane), but its reemergence on.day. 32 (together with
band 7) occurred. after phenanthrene was compietely degraded. The Variovorax
paradoxus-like population corresponding to band 2 also dppeared later in the time cdurse,

during the later phase of pristane and phenanthrene degradation.

Implications - : ‘ . ’ , ‘ " 1
The results of this study indicate the importance of NAPL phases in governing the

degradation of hydrophobic organic compounds. The presence of heptadecane as a

.
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Figure 16. Relative abundance of hydrocarbons in enrichments with phenanthrene
partitioned into a mixture of heptadecane and pristane.

Figure 17. DGGE profiles of a soil-derived enrichment culture with phenanthrene
partitioned into a 11 mixture of heptadecane and pristane. Numbers
correspond to bands whose sequences are described in Table 1.
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NAPL phase resulted in a biphasic pattern of phenanthrene degradation and decreased
rates of pristane deg;adation in the NAPL mixture enrichments. A biphasic pattern of a
long, slow phase of naphthalene degradation followed by a very rapid period of
mineralization has been previously reported with naphthalene partitioned into di(2-
ethylhexyl)phthalate and 2,2,4,4,6,8,8-heptamethylnonane (20). Based on this
observation, Ortega-Calvo and Alexander (20) hypothesized that two physiologically |
different p(;pulations may be responsible for naphthalene mineralization. In this.
hypothesis, a population is initially selected whose activity is limited by mass transfer of
the aromatic to the water phase, then a second p(_)pulati‘o.n is selected that can grow on the
NAPL-water interface and degrade the substrate at a faster rate than that of contaminant
dissolution into the aqueous phase. Our enrichments with phenanthrene partitioned into
heptadecane exhibit a rapid period of degradation, followed by a long lag and a
secondary phase of rapid degradation. The lag in phenanthrene degradation consistently
observed in enrichments containing heptadécane may have been due to phenanthrene
~ partitioning into other sorptive phases. Specifically, the enrichment flasks became
noticeably turbid during the period of heptadecane degradation, indicating substantial cell
growth and therefore the possibility for phenanthrene to partition into hydrophobic cell
lipids. Phenanthrene may have also precipitéted asa crystaliiné solid phase as the
solubility limit in heptadecane w;xs exceeded. These types of shifts in phenanthrene
distribution would influence mass transfer of phenanthrene to the aqueous phase and may

affect microbial pbpulation selection.
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The importance of microbial population biology in the degradatidn of
contaminants partitioned into differen’; NAPL:s is suggested by the presence of some
populations only in enrichments with pﬁenanthrene partitioned into pristane (e.g. band
10), the' presénce of others in enrichments on phenanthrene partitidned into heptadecane
(or the heptadecane/pristine mixture) (bands 5 and 15) and abrupt shifts in banding
patterns cbrrelating with changing chemical dynamics and degradatiqn rates. The
mechanisms controlling the selection of hydrocarbon-degrading populations in these
enrichments are difficult to elucidate, due to the problem of inferring-which populations
were responsible for the degradation of speéiﬁc constituents present in the mixture
environments. The cultivation of isolates corresponding to bands selected in the
enrichments provides valuable insight into specialized physiologies, however, numerous
populations were selected durﬁig i)eriods of hydrocarbon degradation whose capacity for -
contaminant degradation is uncertain (e.g. bands 2, 5, 10, 11 and 15). .In order to gain a
more detailed understanding of the functional specialization of selected populations,
methods must be developed that definitively link activity with phylogeny of |
hydrocarbon-degrading populations.

Our results suggest that chemlcally different NAPL phases may be important in
controlhng the degradatlon kinetics of contaminants partitioned in NAPLs In addition,
molecular analyses indicate that the presence of different NAPL phases may influence the
structure and function of contaminant-degrading microbial communities. The
mechanisms controlling the degradation of phenan;chrene partitioned into the structurally

different NAPLSs were not elucidated. We speculate that mass transfer rates of
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contaminants from NAPL to the aqueous phase and/or the varying surface chemistries of
the NAPLs are important factors governing the kinetics of contaminant degradation and
the selection of contaminant-degrading microorganisms adapted to specific contaminant ‘
microenvironments. The observation that different NAPL phases are important in
con&olling the selection of contaminant-degrading populations will guide our
understanding of mechanisms governing the degradation of contaminants partitioned into

NAPLs.
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CHAPTER 4

CHARACTERIZATION OF METHYL tert+-BUTYL ETHER (MTBE)-DEGRADING

BACTERIA FROM A GASOLINE CONTAMINATED AQUIFER
Introduction

Alkyl ethers such as methyl fert-butyl ether (MTBE), ethyl zert-butyl ether
(ETBE), and fert-amyl methyl ether (TAME) have been used as gasoline additives in the
United States since the late 1970s to reduce vehicle emissions. MTBE, the most common
fuel oxygenate, has been added at concentrations up to 15% (v/v) to more than 30% 6f all
gasoline sold in the United States. Due to the widesiafead use of MTBE in reformulated
gasoline, there have been numerous reports of releases into the subsurface from point
sources such as leaking underground storage tanks. In addition, non-point source

contamination by motorized watercraft (22) and urban air and rainwater

[This chapter was initiated by a class project to investigate the fate and transport of MTBE in a
contaminated aquifer. My involvement included the design and monitoring of the MTBE-degrading
enrichment, molecular characterization of the enrichment and MTBE-degrading isolates, and design of the
spent culture medium experiment. It has been submitted for publication as “Characterization of methyl ,
tert-butyl ether (MTBE)-degrading bacteria from a gasoline-contaﬁlinated aquifer” E. A. Kern, R.H. Veeh,

H.W. Langner, R.E. Macur, and A.B. Cunningham, Montana State Univ., Bozeman, MT]
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(11, 1§, 31) may also contribute significantly to detectable levels of MTBE in
groundwater. A 1993-1994 survey conducted by the USGS identified MTBE as the
second most common contaminant of urban aquifers in the U.S. (28). Despite the work
completed by the USGS in the early 1990s, only a few states were testing for MTBE
prior to 1995. Most MTBE plumes were not characterized, because states had no action
level for remediating the compound in groundwater or drinking water. Most states have .
only recently initiated routﬁe sampling for MTBE and are now identifying MTBE
plumes from petroleum releases at service stations.

The physical and chemical properties of MTBE contribute to its mobility in
groundwater. In contrast to gasoline hydrocarbons, MTBE has a relatively low octanol-
water partition coefficient (log Kow = 0.94 to 1.16) and a high aqueous solubility (~
50,000 mg/L at 25°C), which limit partitioning into soil organ.ic matter (16, 26). While
MTBE has a higher vapor pressure than benzene, its Henry’s Law constant (0.022 at
25°C) is an order of magnitude lower than that of benzene, resulting in minimal losses of
aqueous phase MTBE to the atmosphere (23). Due to mgmﬁcant partitioning of MTBE
into the aqueous phase and limited sorption to soil, MTBE plumes in contammated
groundwater are generally longer and more stable than coexisting gasoline plumes (14,
25). | |

Traditional pump-and-treat technologies, such as air stripping,_ used to eliminate
gasoline conétituents from groundwater, have not been as successful fo¥ MTBE removal.
However, bioremediation remains.a viabl‘eu strategy for removal of MTBE from gasoline-

contaminated aquifers. Recent studies suggest that biodegradation of MTBE and its
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degradation products of concern, zers-butyl alcohol (TBA) and fert-butyl formate (T}__3F),
occur primarily under aerobic conditions (2, 4, 5,‘ 12, 20, 24, 29). Hanson et al. (12)
recently reported a bacterial isolate (PM1) capable of utilizing MTBE as its sole carbon
- and energy source. In addition, cometabolism of MTBE may be a potentially important
mechanism of degradation. Steffan et al. (29) isolated several propane-oxidizing bacteria
that could degrade MTBE, ETBE and TAME after growth on propane or 2-propanol.
MTBE degradation by Pseudomonas aeruginosa has been'shown to 'bgcur in the preseﬁce
of pentane (10); and coinetabolism of MTBE (in the i)reSence of gaseous n-alkanes) by a
filamentous fungus has also been reported (13).

MTBE research is in its infancy and expanded knowledge of the fate and transport
of MTBE in natural systems is essential as more risk-based approaches‘to contaminaﬁt
remediation such as natural attenuation are evqluat'ed. Therefore, the goals of this study
were (i) to assay for the presence of MTBE-degrading bacteria at a coﬁtaminafced aquifer
as an initial step in assessing the potential for natural attenuation of MTBE and \(.ii) to
identify specific bacteria involved in MTBE degradation and their associated rates of
biodegradation. In addition to traditional cultivation strategieé, denatun'ﬁg gradient gel
c;,lectrophoresis (DGGE) of ‘ PCR-amplified 16S rRNA gene fragments was used to

determine the compos'itioﬂ of MTBE-degrading consortia.
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Materials and Methods
Chemicals
HPLC-grade MTBE and 2-propanol were purchased from Fisher Scientific
(Bridgewater, NJ). Uniformly labeled [**C]-MTBE (> 99% purity; 10.1 mCi mmol™)
was synthesized by DuPont New England Nuclear Products (Boston, MA). TBA
(99.6%) and TBF (99%) standards were obtained from J.T. Baker (Phillipsburg, NJ,

USA) and Aldrich Chemical Co. (Milwaukee, W), respectively.

Site Characterization

The contaminated s}te is located at a fuel station east of U.S. Highway 93, one
mile south of Ronan, MT where an underground storage tank (remox'fed in April, 1994)
released an estimated 40,000 L of gasoline over a 1-yéar period. The Montana
Department of Environmental Quality established 20 monitoring wells at the site to
identify plume boundaries, and 8 additional wells were installed in 1997 for free product
removal. Figure 18 shows the free product and dissolved contaminant plumes at the site
and Table 3 (MSE/HKM, unpublished data) presents se}ected well monitoring results of
contaminant concentrations over a 3-year period. The maximum depth to groundwater is
approximately 5 m a;t the point of release. The dominant lithology identified from bore
holes was silt and fine sand with scattered clay lenses, typical of glacial lacustrine
deposits common to the area. Remediation at the site has included a combination of
passive recovery skimmers, air sparging systems coupled with soil vapor extraction and

an interceptor trench.
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The Ronan Site

Gas
Station

Assumed M-16-
Solute Plume
) Assumed
Sparging Free-Product
Trench Plume
Assumed
M1 Plume Centerline
Figure 18. Schematic map of the MTBE-contaminated site in Ronan, MT.
sampling well M-12 well M-10 well M-13
date TPH MTBE TPH* MTBE* TPH* MTBE*
5/96 101000 19800 1570 1460 nd nd
12/96 94100 15800 3880 2900 100 221
12/97 98500 9540 8270 4570 201 204
11/98 68900 4950 9760 4650 50 57
6/99 21900 3500 5770 3580 58 72

Table 3. Site concentrations of total petroleum hydrocarbons (TPH) and MTBE
* TPH and MTBE concentrations are given in pg/L
nd not determined



85
Soil/Aquifer Materials
Soil and aquifer materials used as inocula for MTBE-degrading bacterial
enrichments were collected from two bore holes drilled to a depth éf 1 m below the
groundwater surface. One bore hole was near the down-gradient edge of the nonaqueous

phase liquid (NAPL) gasoline plume at well M-12 and the second was adjacent to well

M-19 near Spring Creek. Samples were retrieved from above, at the interface and below

the groundwater surface, and were stored at 4°C for one week prior to inoculation of
. enrichments. A pristine agrlcultural soil (Arthur Post Research Station, Bozeman, MT)

was used as moculum in several control enrlchments

Enrichment Conditions
Degradati'on experiments were conducted in closed‘ 125-mL Erlenmeyer flasks
under aerobic conditions. The flasks contained 25 mL of a mineral medium (SSE)
designed to simulate a typical soil solution (1) and contained NH,NO; (1.25 mM), CaS_O4
(2 mM), MgCl; (2 mM), KH,PO, (10 pM), KOH (1.25 mM), FeCl, (5 uM),
supplemented with 100 L L™ of micronutrient solution (27). Subsamples of thé
composite soil/aquifer material were used as inocula (1% W/v)‘for the MTBE-degrading
microcosms. MTBE was added to enrichment flasks to a final concentration of 10 mgL!
MTBE (~100,000 dpm flask! [14C]-MTBE), which was the approxi‘r'naté coﬁcentrétion of
| MTBE measured at well M-12 at the time of inoculum sampling. Radiolabeled *CO,
evolved from the enrichments was captured and used to track MTBE degradation.

Solutions of 0.5 M NaOH (0.3 mt) were utilized as 14COz-traps and were placed in cups
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suspended from the stoppers. The NaOH was removed weekly and “CO, was quantified
using liquid scintillation analysis. Disappearance of MTBE from the aqueous phase was
monitored by gas chromatography (GC). Treatments were tested in triplicate and
compared to autoclaved controls that contained 250 mg. L HgCl. |

Due to pofential loss of vapor phase MTBE during sampling of the base traps,
subsequent kinetic degradation experiments with one consortium were performed in 120-
mL serum bottles with sealed teflon-coated seiita. MTBE was introduced into 40 mL of '
SSE medium at concentrations ranging from 10-70 mg L and 2 mL samples were
aseptically removed for GC analysis. At each sampling tirﬁe, 3 mL of sterile air was
injected into the serum bottle headspace to maintain aerobic conditions.

In studies with spent culture medium amendmenf, duplicate MTBE-degrading
cultures of RS24 were centrifuged at 8,000 rpm for 10 min at 4°C. The supernatant was
decanted and saved, and the cell pellets were re-suspended in 3 mL of 0.85% phosphate
buffered saline. Aliquots (1 mL) from each cell suspension were used as inocula for
duplicate cultures with 40 mL spent growth medium, and 2 mL aliquots were used as
inocula for duplicate cultures with 40 mL of fresh SSE medium. The four new culturés

were amended with MTBE to a final concentration of 32 + 6 mg L,

Gas Chromatography
GC analysis of 2-propanol, MTBE, TBA, and TBF was conducted using a

Hewlett-Packard 5890 Series II gas chromatograph with a FID detector. A Porapak PS

80/100 mesh packed column (2 mm L.D. x 1.22 m glass; Supelco, Bellefonte, PA) was
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use(i with a He cgrrier gas flow rate pf 18 mL min™ at 100°C and a head pressure of 28
psi. The injector temperatﬁre was set at 196°C and the-detector temperature was 250°C.
The initial oven temperafure was set at 100°C for 4 min then ramped at 10°C min™ td a
final temperature of 200°C. The 2-propanol, TBA, MTBE, and TBF peaks showed

retention times of approximately 2.7, 4.5, 6.3, 8.3 min, respectively.

Bacterial Cell Counts

0.5-mL samples of MTBE-degrading enrichments were pléced above a 0.2-pm,
25 mm-dia black polycarbonate membrane (Poretics Products; Livermore, CA) clamped
in a filter chimney assembly and vacuum maﬁi’fold apparatus. A 100-uL aliquot of 10
mg L DAPI was added, cells were stained for 2 min and then riﬂéed 2-3 times with
dH2O to remove any unbound stain. Direct counts of DAPI-stained cells weré conducted
using a Nikon Eclipse E800 epiﬂudrescence microscope with a mércury lamp UV source.
The filter block used had an excitation bandwidth of 340-380 nm and an emission
bandwidth of 435-495 nm. Total cell counts were based on a calibrated chlar grid,

calculated total membrane area, and an average of 20 enumerated grid fields.

Isolation of MTBE-Degrading Bacteria

- Samples from an MTBE-degrading consortium were spre;ad on R2A agar plates
(Difco Corp., Detroit, MI) and Noble agar plates amended with SSE. Noble agar plates
were incubated in sealed metal cans containing MTBE vapors produced by volatilization
from MTBE-saturated filter paper. Half of the Noble agar plates also received 50 L of

20 mg L™ 2-propanol applied to the plate surface prior to inoculation with bacteria.
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Single colonies from both iypes of plates were purified throug"ﬁ repeated transfer under
identical cultivation conditions. Isolated colonies were selected by differences in colony
color and morphology and used to inoculate 120 mL serum bottles cdntaining 40 mL of
SSE amended with 10 mg L™ MTBE. 2-Propanol (20 mg L'i) ;vas added as a cosubstrate
in selected treatments. Gas chromatography was used to monitor MTBE disappearance

and accumulation of degradation products.

Nucleic Acid Extraction, PCR. DGGE .and Sequence Analysis

Cell lysis and DNA extraction protocols were based on those of Moré et al. (18).
Briefly, cells were lysed by mechanical disruption at 6.5 m s for 45 s using a beadbeater
(Savant Instruments, Qbiogene; Carlsbad, CA). The crude cell ly;sates were precipitated
with 12 M ammonium acetate and the DNA in the resulting supernatant was precipitated
with isopropanol. PCR conditions and primers were identical to those previously
described (9). These primers amplify é region of the 16S rRNA gene ﬁ'qm nucleotide
positions 1070 to 1392 (based on E. coli) and have been shown to be highly conserved
' for numerous bacterial lineages, including the proteobacterial, Gram-positive,
cyanobacterial, green nonsulfur and Cytophagales-F. lavobacterium-Bacteriodes lineages.
DGGE conditions were similar to those used by Ferris et al. (9), with a 6-11%
concentration gradient of acrylamide used in addition -to a 45-70% urea/formamide
gradient (8). DGGE bands were purified for sequence analysis by fou;:hing‘ individual
bands with a 10 pL pipet tip and immersing the tip into previously prepared PCR reaction

mixtures. Band purity was confirmed by ana_lyiing the re-amplified bands on a DGGE
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gel in comparison to the parent community. Sequencing of isolate DNA and DGGE
bands was performed on an ABI Prism 310 Genetic Analyzer usmg a 47-cm capillary (PE
Applied Blosystems Foster City, CA) and Prism BlgDye terminator cycle sequencing

ready reaction kits (PE Applied Biosystems, Foster City, CA).

Results

Soil-Derived Enrichments

A series of enrichment cultures amended with 10 mg L MTBE was established to as;e,ay
the presence of MTBE-degrading bacterla at the gasoline-contaminated site. The |
treatment matrix consisted of three inoculum types (M-12, M-19 and pristine) and two
concentrations of inorganic nutrients (1x and 0.1x SSE). 'In addition, a set of 0.1x SSE-
treated enrichments was amended with. 2-propanol. After an initial lag time of
approximately 15 days, one flask (RS24) inoculated with soil from well M-12 and
amended with 0.1x SSE and 2-propanol displayed significant MTBE degradation
compared to sterile controls and other treatments (E igure 19). “CO, analyses from this
enrichment indicatéd a maximum of 33% MTBE degradation after 35 d_ays. All_‘(_)ther
treatments displayed only minimal "*CO, evolution over the 35-day trial relative to the

sterile COntrols.

MTBE Degradation by Consortium RS24

The MTBE-degrading enrichment (RS24) was transferred (10% v/v) and

enriched further with 14 mg L™ MTBE and 20 mg L' 2-propanol. GC analysis revealed




Time (d)

Figure 19. Recovery of from MC-MTBE amended soil enrichments.
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the disappearance of 2-propanol and accumulation of two metabolites identified by mass
spectrometry as TBA and TBF after 7 days. TBA and TBF were still present at day 14
and disappeared by day 21. Over the 21-day period, the MTBE concentratio;l decreased '
to 12 mg L and continued to decrease steadily at a rate of aﬁout 0.l mgL™td?,
Following the complete disappearaﬁc’e of MTBE after 146 days, another transfer (10%
v/v) was made and the enrichment Was amended with 6 mg L) MTBE without the ‘
addition of 2-propanol. An extended lag time (~18 days) was again observed before
significant dégradation occurred (Figure 20). However, with subsequent addition of
MTBE on days 40, 47 and 53 the onset of degradation became increasingly rapid. As
, amendments of MTBE increased from 10.3 mg L™ to 14.7 mg L™ to 66.4 mg L™, no
signiﬁcant decrease in degradation rates were observed. Beginning on day 47, MTBE
disappearance was monitored daily and MTBE degradation rates of 0.15 mg d” and 0.66
mg d"! were calculated from days 47-53 and days 53-57, respectively. In contrast to the
previous enrichments in the presence of 2-propanol, no 'me'tabolifes were observed at any
point in the degradation. Figﬁre 21 shows increasing bacterial cell density during MTBE
degradation in duplicate transfer cultures (10% v/v) of RS24, indicating that microbial
growth was coupled to MTBE degradation. A gross estimate of biomass yigld based on
maximum MTBE utilization rates represented in the graphs was calculated. Assuming an
approximate dry mass of 2 x 10™° mg cell”,, a yield of 0.25 £ 0.02 mg dry biomass (mg

MTB‘E)'l was observed.
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Figure 20. Degradation of increasing concentrations of MTBE by enrichment culture
RS24. Letters correspond to MTBE additions of A, 10.3 mg L'], B, 14.7 mg/L"
and C, 66.4 mg L"1
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Figure 21. Degradation of MTBE with corresponding increases in cell density with
enrichment culture RS24. MTBE concentration (0) and bacterial cell density (m)
were monitored over time. Error bars represent standard deviation from the mean
of duplicate cultures.
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Growth Factor Experiments
A significant lag phase was repeatedly observed upon transfer of éctive MTBE-degrading
cultures of RS24 to fresh medium. However, when active culturés were spiked with
MTBE no lag in degradation was observed (Figure 20). To determine if a growth-related
factor in the medium may be involved in the metabolism of MTBE by enrichment RS24,
degradation experiments were conducted with fresh SSE and spent culture medium (i.e.
. supernatant from ac;tive MTBE-degrading cultures). Figure 22A shows MTBE
degradation with corresponding increases in cell‘ dénsity for the cultures with spent
growth medium. Despite a two-fold higher initial cell density, the cultures with fresh
SSE showed reduced MTBE degradation and cell growth over the 60-day trial 6eriod

(Figure 22B).

Isolation of MTBE-Degrading Bacteria
Thirteen MTBE-degrading isolates were cultivated from enrichment RS24 and MTBE

degradation kinetics were determined for each isolate in the presence and absence of 2-
propanol. Degradation of MTBE was more rapid.and complete in the presence of 2-
propanol for all isolates te_éted. Since many isolates had similar colé)ny fnorphblogies and
MTBE degradation kinetics, nucleotide sequence analysis of a 340-bp region of the 168
rRNA gene was performed to identify unique isolates. Of the nine isolates characterized,
four isolates showed 100% sequence similarity to Pseudomonas sp. Ant9 and five
isolates were 100% similar to Rhodococcus koreensis. Figure 23 shows ciegradation

kinetics of MTBE in the présénc‘e and absence of 2-propanol for representatii/e isolates
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Figure 22. Degradation of MTBE by enrichment culture RS24 in the presence of spent
(A) and fresh culture medium (B). MTBE disappearance (open symbols) and
bacterial cell density (closed symbols) were monitored over time. Error bars
represent standard deviation from the mean of duplicate cultures.
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Time (d)

Figure 23. MTBE degradation by bacterial isolates in the presence and absence of 2-
propanol as a cosubstrate. Symbols: Pseudomonas sp. Ant9 with (¢) and
without (0) 2-propanol; Rhodococcus koreensis with (A) and without (A) 2-
propanol; sterile controls with (m) and without (J) 2-propanol.

identified as Pseudomonas sp. Ant9 and Rhodococcus koreensis. Both isolates had
similar MTBE degradation rates in the presence of 2-propanol as a cosubstrate and
displayed minimal MTBE degradation in the absence of 2-propanol. GC analysis of 20
mg L"12-propanol treatments revealed an initial decrease in 2-propanol concentration
prior to the onset of MTBE disappearance, indicating a probable cometabolic induction
of MTBE degradation. Accumulation of TBA and TBF was observed during MTBE

degradation with both isolates in the presence of 2-propanol.
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Molecular Characterization of MTBE-Degrading Consortia

Figure 24 illustrates DGGE profiles of enrichment RS24 and ﬁo successive subcultures
taken from this consortium. Sequence analysis of purified DGGE bands reveaied a
phylogenetically div_erse group of bacteria present in the MTBE;degrading consortium,
which was comprised of members of Gram-positive, proteobacterial and C’ytophaga-
Flavobacterium-Bacteroides lineages. A decrease in the total number of bands in the
community profiles was observed with sﬁccessive subculturing of 'enr‘ichment RS24.
DGGE bands identified as Pseudomonas sp. Ant9 and Rhodococcus koreensis showed
100% sequence similarity to the two cultivated MTBE-degrading isolates identified |

above. Interestingly, the Rhodococcus koreensis band disappeé.red completely by the.
second subculture, while the band corresponding to Pseudomonas sp. Ant9 decreased in
intensity with subculturing. HoWever, due to bias inherent in the PCR, differences in
DGGE band intensity may not reflect populatibn abundance in the consortium. The bénd -
corresponding to Rhodoferax Jermentans was present in the original consortium and
appeared stable in both subcultures. After numerous attempts, band A could not be
sufﬁciehtly purified for sequence analysis. Bands H1 and H2 are believed to be-
heteroduplex molecules formed during the PCR reéction as single strands of DNA from |
different parent molecules combine to form a double-stranded product (Ferris et al.,
1996). Purification and re-ampliﬁca‘tion of bands H1 and H2 always yielded band A and
the band corresponding to Rhodoferax fer;mentans, suggesting thes'ey are the parent

molecules that form the heteroduplexes. Since heteroduplexes are often formed from




Genbank relative % Similarity

Pseudomonas flourescens 99%
Rhodoferax fermentans 98%
Flexibacter sancti 89%
Pseudomonas Sp. AntS 100%
Rhodococcus koreensis 100%

Figure 24. DGGE profiles of RS24 and two subcultures taken from RS24 at different
times. Genbank accession numbers for the sequences above are Pseudomonas
flourescens bv. G (AF228366), Rhodoferax fermentans (D16212), Flexibacter
sancti (M62795), Pseudomonas sp. Ant9 (AF184219) and Rhodococcus
koreensis (AF134343).
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very similar parent molecules, this indicates that the organism contributing band A may

be a close relatlve of Rhodoferax fermentans.

Discussion

Initial screening of thg.gaso]jne/I\/ITBE-contaminated soils yielded a single
enrichment capable of degrading MTBE in the presence of 2-propandl. Maintenance and
transfer of this enrichment resulted in a bacterial consortium (RS24) that cc‘)uld degrade
MTBE at rates of 0.66 mg d”! in the absence of 2-propanol as a cosubstrate. In this
consortium, cell growth couplgd fo MTBE degrédation as the sole carbon source and the
lack of metabolite accumulation suggested that the bacterial consortium derived energy
from the mineralization of MTBE. Calculated gross biomass yields for enrichment RS24
(~0.25 mg dry biomass (mg MTBE)!) were comparable to the estimated biomass yield of
0.18 mg cells (mg MTBE)™ reported by Hanson et al. (12) and to the estimated biomass
yields of 0.21-0.28 mg dry biomass (mg MTBE)™ reported by Salanitro et al. (1994).
Bacterial strain PM1 isolated by Hanson et al. (12) was identified by 16S rRNA gene
sequence analysis as a member of the Beta subgroup of Proteobacteria. In our study,
sequence analysis of a purified DGGE band identified Rhodoferax j’errﬁentans, alsoa
member of the Beta subgroup of proteobacteria, as an important member of the
consortium RS24 due to its stability over subculturing, |

While no metabolites were detected during degradation of MTBE by enrichment
- RS24 in the absence of 2-propanol, accumulation of both TBA and TBF was consistently

~ observed when RS24 was grown with 2-propanol, or in the presence of 10 mg L™
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benzene and 20 mg L™ 2-propanol (data not shown). In addition, both TBA and TBF
were repeatedly observed during MTBE aegradation by both iséiates, Pseudomonas Sp.
Ant9 and Rhodococcus kbreensis, in the presence of 2-propanol. The presence of these .
organisms in the community profile of RS24 and thelr subsequent disappearance with
subculturing suggests that these two isolates may be limited to cometabolic MTBE-
degradation. Mo et al. (17) reported a reduction in MTBE degradation bya Rhodococcus
sp. in the presence of butyl formate, #-butanol, and several other simple organic
compounds. These results coﬁpled with results from our study, showing an accumulation
of TBA and TBF by Rhodococcus koreensis and Pseudomonas sp. Ant9, suggest an
inhibitory effect caused By accumulation of these metabolites. |

The production of TBA and TBF support an MTBE degra.dation pathway such as
that proposed by Hardison et al. (13) in which the enzyme, cytochrome P-450, oxidizes
MTBE ’.to tert-butoxymethanol, which then may be converted to TBF via an alcohol
dehydrogenase. The TBF may then undergo hydrolysis to TBA. This latter hydrolysis
step was also proposed by Church et al. (7); however, they suggested that the initial
formation of TBF may be due to abiotic chemical oxidation by atmospheric oxygen. Our
results do not support chemical oxidation as a major MTBE degradation step as no
disappeérande of MTBE or. accumulation of TBA or TBF was observed in our sterile
controls in the presence or absence of 2-propanol.

The reduction of a lag phase in MTBE degradation bsl RS24 transfer cultures
grown 1n spent supernatant versus fresh SSE medium suggests the production of a fa;:tor

in the medium that stimulates MTBE degradation. The mechanism governing this
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regulation may involve either a repressor-regulated transcriptional system or activatér-
dependent regulation. In the first case, a constitutively expressed repressor protein would
prevent transcription of genes involved in MTBE degradation. Presumably, production
or activation of an inducer protein could be initiated by the presence of MTBE or an
effector protein. Production of the inducer over time would increase its concentration |
and affect more binding to and release of the repressor protein, thus allowing
transcription of genes responsible for MTBE degradation. This type of mechanism has
already been proposed for other genes involved in contaminant biodegradation. Leisinger
et al. (15) constructed a model for dichloromethane (DCM) degradation in
Methylobacterium sp. in which production of ﬁe protein DemA, which is responsible for
DCM dehalogenase production, is normally repressed By binding of the regulatory
protein DemR to the demA prombter. De-repressioﬁ (i.e. activation) of dcmA oceurs by
putative substrate-induced release of DcmR. In addition, Bertoni et al. (3) showed that
the XylIR protein has both repressor and activator roles in the control of toluene
biodegradation by Pseudomonas putida. Undoubtedly, some of these regulatory
mechanisms are strictly intracellular in nature. However, we speculate that ex&acellulm
release of regula.tory proteins acting as autoinducers such as those already identified in
other types of quorum sensing and cell-cell communication would confer a selective
advantage. For example, Visick and Ruﬁy (30) suggest that quorum sensing may prevent
unnecessary gene induction, allow a rapid sensing of changes in the environment, and

serve to coordinate consortial metabolism among bacterial species. Such concentration-
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dependent phenomena could result in observations of MTBE deéradetion similar to those
documented in this study. |

While se-veral MTBE-degrading bacterial species were cultivated from the Ronan '
aquifer, MTBE biodegradation in the aquifer is difficult to assess in relation to other
processes of natural attenuation. However, low dissolved oxygen (DO) measurements
and low tem;deratures (4-12°C) suggest that biodegradation in the aquifer is relatively .
slow. DO measurements from the first to the fourth quarters of 1999 were consistently.
less than 0.5 mg L™ for MW-10. Over this time period for the same monitoring well,
MTBE measurements first increased over an order of magnitude to 3,580 pg L and then
gradually decreased again to <300 pg L™, L1kew1se total petroleum hydrocarbon
(TPH) measurements increased almost two orders of magnitude to 10 900 pg L! and then
gradually decreased to< 900 pug L. lBackground_ DO levels obtained from well MW-11
upgradient of the contaminant plurrre as well as from well MW-6 and MW-16 (adjacent
to MW-12 but outside the contaminant plume) were consistently between 4-6 mg L™,
indicating oxygen utilization coupled to the degradation of gasoline hydrocarbons inside
the plume. Other studies have reported that low co,ncentrations‘ of DO and low
temperarures severely slowed rates of MTBE degradation rate (21) and injection of pdre
oxygen into an impacted aquifer enhanced MTBE degradation (6). Because measured
DO levels indicate that oxygen may be limiting biodegradation at thrs site, we
recommend that any applied treatment technology should irnveetigate oxygen addition.

This study demonstrates that bacteria capar)le of degrading MTBE were present in

the gasoline-contaminated aquifer near Ronan, MT. To our knowledge, this is only the
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second study of a gasoline-contaminated site in which indigenous MTBE-degfadin‘g
bacteria have been reported (5). Other studies targeting the identification of native
bacterial populations with the capacity to degrade MTBE in natufal environments will
help to establish the ubiquity of MTBE-degrading organisms and allow better preéﬁction
of the efficacy of biodegradation as a means to remédiate MTBE-contaminated aquifers.
In addition, further laboratory studies designed to elucidate factors that influence MTBE
degradation, such as co-substrates or the growth factor proposed in this study, may
provide insight into more efficient methods of stimulating MTBE degradation by

naturally occurring bacteria.




10.

104

Literature Cited

Angle, J. S., S. P. McGrath, and R. L. Chaney. 1991. New culture medium
containing ionic concentrations of nutrients similar to concentrations found in the
soil solution. Appl. Environ. Microbiol. 57(12):3674-3676.

Barker, J. F., M. Schirmer, and C. E. Hubbard. 1996. Presented at the The
Proceedings of the 1996 Petroleum Hydrocarbons & Organic Chemicals in
Ground Water: Prevention, Detection, and Remediation Conference, The Westin
Galleria, Houston, Texas.

Bertoni, G., J. Perez-Martin, and V. DeLorenzo. 1997. Genetic evidence of
separate repressor and activator activities of the XyIR regulator of the TOL
plasmid, pWWO, of Pseudomonas putida. Mol Microbiol 23:1221-1227.

Borden, R. C., R. A. Daniel, L. E. L. IV, and C, W. Davis. 1997. Intrinsic
blodegradatlon of MTBE and BTEX in a gasohne-contammated aquifer. Water
Res Res 33:1105-1115.

Bradley, P. M.,, J. E. Landmeyer, and F. H. Chapelle. 1999. Aerobic
mineralization of MTBE and fert-butyl alcohol by streambed sediment
microorganisms. Environ Sci Technol 33:1877-1879.

Carter, S. R.,'J. M. Bullock, and W. R. Morse. 1997. Presented at the In Situ
and On-Site Bioremediation, Columbus, OH.

Church, C. D., L. M. Isabelle, J. F. Pankow, D. L. Rose, and P. G. Tratnyek.
1997. Method for determination of methyl ferz-butyl ether and its degradatlon
products in water. Environ Sci Technol 31:3723-3726.

Cremonesi, L., S. Firpo, M. Ferrari, P. G. Righetti, and C. Gelfi. 1997.
Double-gradient DGGE for optimized detection of DNA point mutations.
Biotechniques 22(2):326-30.

Ferris, M. J., G. Muyzer, and D. M. Ward. 1996. Denaturing gradient gel
electrophoresis profiles of 16S rRNA-defined populations inhabiting a hot spring
microbial mat community. Appl Environ Microbiol 62:340-346.

Garnier, P. M., R. Auria, C. Augur, and S. Revah. 1999. Cometabolic
biodegradation of methyl #-butyl ether by Pseudomonas aeruginosa grown on
pentane. Appl Microbiol Biotechnol 51:498-503. . :




11.

12.

13.

14.

15.

" 16.

17.

18.

19.

20.

21.

105

Grosjean, E., D. Grosjean, R. Gunawardena, and R. A. Rasmussen. 1998.
Ambient concentrations of ethanol and methyl fert-butyl ether in Porto Alegre,
Brazil, March 1996-April 1997. Environ Sci Technol 32:736-742.

Hanson, J. R., C. E. Ackerman, and K. M. Scow. 1999. Biodegradation of
methyl tert-butyl ether by a bacterial pure culture. Appl Env1ron Microbiol
65:4788-4792.

Hardison, L. K., S. S. Curry, L. M. Ciuffetti, and M. R. Hyman. 1997.
Metabolism of diethyl ether and cometabolism of methyl terz-butyl ether by a
filamentous fungus, a Graphium sp. Appl Environ Microbiol 63:3059-3067.

Landmeyer, J. E., F. H. Chapelle, P. M. Bradley, J. F. Pankow, C. D. Church,
and P. G. Tramyek. 1998. Fate of MTBE relative to benzene in a gasoline-
contaminated aquifer (1993-98). Ground Water Mon Rem 18:93-102.

Leisinger, T., R. Bader, R. Hermann, M. Séhmid-Appert, and S. Vuilleamier.
1994. Microbes, enzymes and genes involved in dichloromethane utilization.
Biodegradation 5:237-248.

Mackay, D., W. Y. Shin, and K. C. Ma. 1993. Illustrated Handbood of Physical-
Chemical Propertles and Environmental Fate for Orgamc Chemlcals vol. IIL.
Lewis Publishers, Ann Arbor MI.

Mo, K., C. O. Lora, A. E. Wanken, M. Javanmardian, X. Yang, and C. F.

- Kulpa. 1997. Biodegradation of methyl #-butyl ether by pure bacterial cultures.

Appl Microbiol Biotechnol 47:69-72.

More, M. I J. B. Herrick, M. C. Silva, W. C. Ghlorse, and E. L. Madsen
1994, Quantatatlve cell lysis of indigenous microorganisms and rapid extraction
of microbial DNA from sediment. Appl Environ Microbiol 60:1572-1580.

Pankow, J. F., N. R. Thomson, R. L. Johnson, A. L. Baehr, and J. S.
Zogorski. 1997. The urban atmosphere as a non-point source for the transport of
MTBE and other volatile organic compounds (VOCs) to shallow groundwater.
Environ Sci Technol 31:2821 2828

Park, K., and R. M. Cowan. 1997. Presented at the Fourth International In Situ
and On Site Bioremediation Symposium, New Orleans, LA.

Park, K., and R. M. Cowan. 1997. Presented at the 213th ACS National
Meeting, Division of Environmental Chemistry, San Fransisco, CA.




22,

23.

24.

25.
26.
27.

28.

29.

30.

31.

106

Reuter, J. E., B. C. Allen, R. C. Richards, J. F. Pankow, C. R. Goldman, R.
L. Scholl, and J. S. Seyfried. 1998. Concentrations, sources, and fate of the
gasoline oxygenate methyl zers-butyl ether (MTBE) in a multiple-use lake.
Environ Scie Technol 32:3666-3672. '

Robbins, G. A., S. Wang, and J. D. Stuart. 1993. Using the static headspace
method to determine Henry's Law constants. Anal Chem 65:3113-3118.

Salanitre, J. P., L. A. Diaz, M. P. Williams, and H. L. Wisniewski. 1994.
Isolation of bacterial culture that degrades methyl t-butyl ether. Appl Environ
Microbiol 60:2593-2596. ' ' .

Schirmer, M, and J F. Barker. 1998. A study of long-term MTBE attenuation
in the Borden Aquifer, Ontario, Canada. Ground Water Mon Rem 18:113-122.

Shaffer, K. L. a. C. G. U. 1997. Uptake of methyl tertiary butyl ether (MTBE) by
groundwater solids. Bull Environ Contam Toxicol 59:744-749. :

Skerman, V. B. D. 1967. A Guide to the Identification of the Genera of Bécteria,
2 ed. The Williams and Wilkins Co, Baltimore, MD. ‘

Squillace, P. J., J. S. Zogoréki, W. G. Wilber, and C. V. Price. 1996. -
Preliminary assessment of the occurrence and possible sources of MTBE in
groundwater in the United States, 1993-1994. Environ S¢i Technol 30:1721-1730.

Steffan, R. J., K. McClay, S. Vainberg, C. W. Condee, and D. Zhang. 1997.
Biodegradation of the gasoline oxygenates methyl fert-butyl ether, ethyl ters-butyl
ether, and fert-amyl methyl ether by propane-oxidizing bacteria. Appl Environ
Microbiol 63:4216-4222. :

Visick, K. L., and E. G. 'Ruby. 1999. The emergent properties of quorum

~ sensing: consequences to bacteria of autoinducer signaling in their natural

environment, p. Chapter 21. In G. M. Dunny and S. C. Winans (ed.), Cell-Cell
Signaling in Bacteria. ASM Press, Washington, D.C. -

Wilson, E. 1997. Scientists wrangle over MTBE controversy. Chem Eng
News(May):54-56. ‘ '




107

CHAPTER 5
SUMMARY

Three studies were conducted to develop a better understanding of the importance
of microbial population biology in the degradation of organic contaminant mixtures. The
first study investigated the selection of contaminant-degrading microbial populations
during the degradation of crude oil and a synthetic hydrodarbon mixture. In this study I
c.letermined that functionally uniqile populations were responsible for the degradation of
n-alkanes and isoprenoids, two of the primary contaminant classes in crude oil. While |
previous studies had reported physiological evidence suggesting the specialization of
isolates to individual hydrocarbon classes, this is the first study that uses molecular
analyses to link microbial populatioﬁ selection with the sequential degradation of
individual contaminants in the crude oil mixture. However, the h&pothesis posed earlier
regarding the selection of either generalist or specialist species during the degradation of
contaminant mixtures is likely an oversimplification of the ecology of bioremediation of
crude oil. My findings suggest that while generalist species may have broad metabolic
capacities that would increase their fundamental niche breadth, tﬁe realized niches of
these populations are governed through competition. By demonstrating that different
populations are responsible for the degradation of individual components of a mixture,
future bioremediation efforts may involve a more integrated approach of stimulating the

activity of individual populations to control the degradation of complex mixtures. In
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addition, these results may gulde us in developing testable hypotheses regardmg spe01ﬁc
mechanisms controllmg the sequentlal degradation of individual contaminants in a
complex mixture, further moving us toward the goals of prediction and control. For
exaxﬂple, future studies may seek to determine mechanisms Qf competition for n-alkanes
between the 4. calcoaceticus- and R. koreensis-like populations selected in my
enrichments. Factors such as surface chemistry (based on biosurfactant productio'n) may
be importaﬁt in govemmg the popu}ation biology in these enrichments and increasing our
knowledge abqut suéh mechanisms may lead to thé dévelopment of a better predictive.
knowledge of contaminant mixture degradation.

. The second study addressed the influence of different NAPLSs on the kinetics of
phenanthrene degradation and microbial population seleci:ion. In this study I found that
different NAPLs affected the kinetics of phenanthrene (iegradation as well as the
selection of contaminant-degrading populations. Heptadecane had the most significant
effect on the kinetics of phenantilrené degradation and the stability of microbial
communities selected in the enrichments. Previous réports have established that NAPLs

* are important in governing the degradation of nonpolar contaminants and this study '
reveais tﬁeir influence on rfli;:robial community structure and function. The effect of
heptadecane and pristane on the selection of phenanthrene-degrading populations was
difﬁcult to understand, due tg the inability to directly link phylogeny with function in my
enrichments. Howéver, the results of the first two chapters of this thesis fnay aid in the
dévelopment of new technologies for linking phylogeny and function. The.observation

that phylogenetically distinct populations (e.g. 4. calcoaceticus and R. koreensis) are
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responsible for the degradation of different components of a mixture, suggests that this
system may be valuable for the development of new techniques based on retrieving and
separating molecular biomarkers synthesized from labeled substrates. For example, the
construction of parallel enrichments on phenanthrene and heptadecane with a different
"C-labelled substrate in each enrichment followed by the separate specific capturing of
"C-labelled 16S rRNA molecules of each population may allow the elucidation of which
populations degrade which hydrocarbons. Furthermore, the label could be tracked
through nucleic acids extracted from the enrichments over time to study possible
consortial interactions in a contaminant mixture-based food web.

The results of the third study indicated the pr‘esence of a phylogenetically diverse
group of MTBE-degrading bacteria at a gasoline-contaminatgd aquifer. These results
suggest the possibility for natural attenuation of MTBE following the release of
reformulated gasoline in soils and aquifers. Another significant finding of this study‘was
the observation of a quorum-sensing-like response to the amendment of spent eulture
medium to the MTBE-degrading consortium. Additional study of this phenomenon will

be necessary to determine the mechanistic basis and any application to stimulating the

- activity of naturally-occurring populations in gasoline-contaminated aquifers. In
addition, future studies may investigate the influence of gasoline hydrocarbons on the
kinetics of MTBE-degradation and the selection of MTBE-degrading bacteria.

In conclusion, these studies provide evidence of the importance of microbial
population biology in bioremediation ecology. Results from these studies may guide the

development of more comprehensive bioremediation strategies and promote additional
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research toward understanding ecological factors that control the selection of

contaminant-degrading microorganisms most fit for bioremediation of natural systems.







