ABSTRACT

CLAI RE CAUGHEY MOST. Metabolite Accunulation during m

Cresol Degradation b%EAquatic Bacteria. (Under the
Direction of DR FREDERI C K. PFAENDER)

The accunul ati on of netabolites in the agueous phase
was neasured during studies of mcresol biodegradation wth
natural water sanples. 14C-mcresol was separated from
radi ol abel ed products remaining in the aqueous filtrates
using HPLC. In heterotrophic activity studies, which
i nvol ve short-termincubations (< 24 h), netabolite
accunul ation accounted for only a small fraction of the
radi ol abel ed mcresol originally added. After |onger
i ncubations characteristic of die-away studies, netabolite
accunul ati on accounted for as nuch as 30% of the | abel
originally added. The nature of metabolite accunul ation
varied, and appeared to reflect differences in the initial
envi ronnmental sanples. Sonetines no netabolite
accunul ati on was detected. One time, a few products
accunul ated and they were | ess polar than mcresol. At
other times, many different products accunul ated and they
were nore polar than mcresol. Wen netabolite
accumul ation occurred, it was greater in sanples receiving
960 ug/1 mcresol than 120 ug/1 mcresol. No one
met abol ite accunul ated consistantly to a |evel greater than

5% of the radiolabel originally injected.


NEATPAGEINFO:id=164C4AC2-AAD1-4269-AEEF-464BDA9FAC33


TABLE OF CONTENTS

Page
LI ST OF TABLES. . . . . . . iv
LIST OF FIGURES. . . . ittt ittt e et e e e e e e e e v
ACKNOWLEDGEMENTS. . . . . . e e e e e e e e e e e e e Vi i
I NTRODUCTT ON. .« . oot e e e e e e e e e e, 1
LI TERATURE REVI EW . . . . e e e e e e e 4
Mcrobial Degradation................ ... .. ... ... ....... 4
Measures of Biodegradation........... e 8
CGeneral Features of Aromatic Degradation................. 12
Metabolismof mCresol...... .. ... . . . .. . . 14
Pure Culture Studies, the Natural Environnment, and
Metabolite Accunmulation............ ... . . .. .. ... .. ..., 22
MATERI ALS AND NMETHODS. . . . ottt et e e e e e e e e e e e 27
Sanple Source and Collection............................. 27
Sanpl e Preparation, Incubation, and Term nation.......... 28
HPLC Methodol ogy. . ... ... e 31
Instrumentati on. . .. ... ... . e 31
Separation Procedure forr Cresol D sappearance
EXxperiment . ... ... ... 32
Separati on Procedure for Metabolite Accunul ation
EXperiments. . ... ... . . . 33
Sep- Pak Concentration Procedure.......................... 36
RESULTS AND DI SCUSSI ON. . . . ottt et e e e et e e e e 37
Cresol Disappearance Experinents..................... 37
Cresol - Metabolite Separation Experiments............. 42
Met abolite Accumul ation Experiments.................. 43
CONCLUSI ONS. . . . e e e e e e e e 70
REFERENCES. . . . . . .. e 72
APPENDI X A . o o i 78


NEATPAGEINFO:id=05BE37E8-55F0-40C0-A0D7-04FC83E39DD4


Tabl e 1:

Tabl e 2:

Tabl e 3:

Tabl e 4:

Tabl e 5:

LI ST OF TABLES

HPLC Detention Tines and Fracti on Nunbers

of mCresol and Metabolite Standards........

Recovery in Aqueous Filtrates of the
Radi oactive Label Originally Injected.

Septenber, 1984......... ... . .. ... ...

Recovery Efficiencies of Radioactive Label
in Sanple Filtrates when Eluted with an
Acetonitrile Mb

Recovery in Aqueous Filtrates of the
Radi oactive Label Originally Injected.

Novenber, 1984. .. ... .. . . . . . .

Recovery in Aqueous Filtrates of the
Radi oactive Label Oiginally Injected after
Different Periods of Incubation. January,

ile Phase. Septenber, 1984...

. 50


NEATPAGEINFO:id=4A606A1F-5A92-4095-A123-4DF190D86A6C


Fi gure

Fi gure

Fi gure

Figure
Fi gure

Fi gure

Fi gure

Fi gure

Fi gure

Fi gure

Fi gure

Fi gure

LI ST OF FlI GURES

Page
Degradation of mcresol to ring-fission
substrates. . ... ... ... 16
The ortho fission pathway of protocatechuic
aci d. . . .. 19
The neta fission pathways of protocatechuic
acid and 3-methylcatechol ..................... 20
The gentisic acid pathway..................... 21
Calibration Curve......... .. . ... 34
Percent of m Cresol and Radioactivity
Renmaining in Sanples vs. Tinme................. 39
Percent of m Cresol and Radi oactivity
Remaining in Controls vs. Tinme................ 41

Sanpl e Chronmat ogram of m Cresol and Aromatic
Metabolites. ... .. . . . e 44

HPLC Fractionations of Sanple Filtrates.
Septenber, 1984...... .. . . . . . ... ... 48

HPLC Fractionation of One Sanple Filtrate
under Extended G adi ent Elution Conditions.

Septenber, 1984. ... ... . . . . .. ... 52

HPLC Fractionation of Sanple Filtrates.
Novenber, 1984. ... ... .. . . . 55

Proportion of Radi oactive Label Renmaining in
the Sanple Filtrates Which is Recovered as
Met abolites vs. Incubation Tine. January,


NEATPAGEINFO:id=635214D6-8A77-458B-86D8-423CF00F7E3A


Fi gure 13:

Fi gure 14:

Fi gure 15:

HPLC Fractionations of 960 ug/1l Sanple
Filtrates at 0 hours, 3 days, 8 days and 16
days. January, 1985........... .. ... .. . . ... .. 60

HPLC Fractionations of 120 ug/1 Sanple
Filtrates at 0 hours, 3 days, 8 days and 16
days. January, 1985............. ... .. . . ... .. 61

HPLC Fractionation when Collect 1 nml Fractions
instead of 2 ml Fractions. 960 ug/1l Sanple
Filtrate after 8 Days of Incubation.......... 63


NEATPAGEINFO:id=0A3D417C-3683-4D65-A80E-5088EF508992


ACKNOW._EDGEMENTS

I would like to thank nmy advisor. Dr. Fred Pfaender
for his tine, advice and support during the past couple
years. | would also like to thank Dr. Sobsey and Dr.
Turner for serving on ny conmmttee and for occasionally
Il ending their advice. Thanks to Marj Aelion for her
personal support through sone hard tines, and speci al
t hanks to ny husband. Bob, for his support throughout it

all.

This research was supported by a grant fromthe U S

Envi ronnment al Protection Agency (grant # CR 809-235-010).


NEATPAGEINFO:id=8DC4EF28-4E04-4AC7-8C5D-F3CC566AD76D


I NTRODUCTI ON

Hazard assessnents for chem cals released into the

envi ronnent involve two types of studies: toxicity studies
and environnental fate studies (dedhill and Saeger, 1979;
Lee and Jones, 1980). Environnental fate studies are an
integral part of any hazard assessnent schene because they
may reveal the ultinmte nobdes and concentrati ons of
exposure to the conpound. The transport and persistance of
any conpound will be influenced by a conpl ex web of
physi cal, chenical and bi ol ogical factors. One factor
especially inmportant in the di sappearance of conpounds in
the environnent is mcrobial degradation (dedhill and
Saeger, 1979; Al exander, 1980).

Several nethods are avail able for assessing the
bi odegradati on of potentially hazardous chemcals in the
environnent. The techni ques avail abl e have been revi ewed
by Larson (1984). One of the newer and nost sensitive
met hods, the heterotrophic bacterial activity method,
i nvol ves the use of radiol abel ed substrates to assess
bi odegradati on kinetics. Experinental conditions are
designed to sinulate those existing in the natura
envi ronnent as nuch as possible. Natural water sanples are

anended with | ow concentrati ons of radi ol abel ed substrate

and allowed to incubate until a small proportion of the

| abel has been net aboli zed. The i ncubati ons are short
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(less than 24 hours), and as such, are advant ageous because
they minim ze the effects of confinenent on the aquatic
sanpl e. Follow ng sanpl e i ncubation, the radioactivity
evol ved as carbon di oxi de and/or incorporated into cells is
neasur ed. This radioactivity is then used to conpute rates
of bi odegradati on, and when appropriate, analyze the data
according to an enzyne-saturation kinetic nodel.

Het erotrophic activity studies are concerned with only
two possible netabolic fates of the radi oactive | abel,
uptake into cells and production of carbon di oxide. One
potential limtation of these studies is that they do not
nmeasure a third possible netabolic fate, the rel ease of
met abolites of the parent conpound fromcells back into the
surroundi ng wat er. If such netabolites were to accunul ate
in the aqueous phase, then the heterotrophic activity
met hod woul d underesti mate the extent of biodegradati on.

Little is known about which products in a netabolic
pat hway are excreted and accumul ated outsi de the ni crobi al
cell (Al exander, 1980; Fletcher, 1979). Furt her nore, npbst
met abol i ¢ pat hways are establi shed under experi nental

conditions so different fromthose in the natural

environnent that it is difficult to extrapolate fromthe
results of these studies to the natural environnent. For
exanpl e, degradati on pathways are typically established
using pure cultures of microorganisns grown in artificial
media with the substrate of interest present at high

concentrations (Al exander, 1980; Dagley, 1975). In
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contrast, the heterotrophic activity studies involve m xed

m crobi al popul ations, |ow substrate concentrations, and a

nat ural water nedi um The effect of these conditions on
t he mechani sns of degradation and the accurnul ati on of
metabolites is largely unknown and difficult to predict
(Al exander, 1980; Bollag, 1974).

In this project, metabolite accunul ati on was expl ored
using mcresol, which has been identified as a priority
pol I utant under the Toxic Substances Control Act. The
conpound is produced fromthe high-tenperature
car boni zati on of coal and as a by-product in the petrol eum
and petrochem cal industries (Chapman, 1972). It is used
in the manufacture of disinfectants, fum gants,
phot ogr aphi ¢ devel opers, and expl osives (Merck | ndex,
1983). m Cresol was chosen for this particul ar project
because it has been studied extensively in this |aboratory
usi ng the radiol abel nethod descri bed above. The project
objectives were threefold: (1) to determ ne the extent of
met abol ite accunul ation in bi odegradati on studi es using
short term heterotrophic uptake assays, (2) to | ook at
met abol i ¢ products under close to real world conditions,
and (3) if products do accurulate, to determ ne the nunber,

anount and possibly identification of the netabolites.
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LI TERATURE REVI EW

M cr obi al Degradati on

When an organic chenical is released into the
environnent, biological, chem cal and physical factors wll
influence its fate. Mjor structural changes in the
conpound, however, are nmainly acconplished by
m croorgani sns (Al exander, 1980). Two types of microbia
met abolismare involved in the bi odegradati on of organic
conpounds (Harder, 1981). 1In the first form of nmetabolism
t he conpound serves as a substrate for growh and energy.

M crobi al enzynes degrade the conpound into other
structures involved in internediary netabolism Sone of

t he conmpound's carbon may then be converted into cel
constituents, while the rest nay be channeled into

oxi dative cycles. Conplete oxidation produces carbon

di oxi de and water, while providing energy for biosynthesis
(Chapman, 1979). Thus, this formof nmetabolismnmay lead to
the m neralization of an organic substrate into inorganic
products (Bollag, 1974; Rubin et _al., 1982; Subba-Rao et

al. , 1982). 1In a recent study, Chesney et al. (1985) found
that m croorganisns in freshwater sanples conpletely
renoved phenol present at trace concentrations. About

ei ghty percent of the parent phenol was nmineralized to

carbon di oxi de and about twenty percent was i ncor porated
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into trichloroacetic acid-precipitable biomss (cellul ar
macr onol ecul es such as nucl eic acids, proteins, or

pol ysaccharides). This study suggests that when a
hazardous conpound serves as a substrate for growh and
energy, nmicrobial netabolismmy be instrunmental in its
conplete renpval fromthe environnent.

In the second formof netabolism a chemcal is
transformed by a nmicroorgani smwi thout deriving carbon or
energy fromthat transfornation to support growh (Horvath,
1972). This phenonenon is terned conetabolisra and has been
denpnstrated in the | aboratory for conmpounds such as DDT
2,3,6-trichl orobenzoate (2, 3,6-TBA), 2,4, 5-
trichl orophenoxyacetate (2,4,5-T) and 3-nethyl cat echol
(Horvat h, 1972). From an environnental standpoint, one of
the nmaj or features of such conetabolic transformations is
that they only lead to partial degradati on of the parent
conpound. Conetabolisra of 2,3,6-TBA by a Brevi bacterium
sp. results in the accunulation of its transfornmation
product 3, 5-di chl orocatechol (Horvath, 1971). Simlarly,
p, p- di chl or odi phenyl nethane accunul ates fromthe
conet abol i sra of DDT by Aerobacter aerogenes (Wedeneyer,
1967). Such conetabolic products are often structurally
simlar to the parent conpound and can be | ess toxic, as
toxic, or even nore toxic than the parent conpound
(Al exander, 1980; Bollag, 1974). Thus, partial degradation
by conetabolisra may not renove the hazard posed by the

rel ease of the parent conpound into the environment.
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The extent of biodegradation is especially difficult
to predict because different organisns may transform a
conmpound differently. The insecticide carbaryl, for
exanpl e, is subject to hydrolysis by sone organisns and to
hydr oxyl ati on by others ( Bollag, 1979). Mbreover,
hydroxyl ati on of carbaryl by Aspergillus terreus produces 1-
Napht hyl N-hydr oxy- nmet hyl carbamate as the maj or netabolic
product. Hydroxylation by Penicilliumsp., in contrast,
produces 4-hydroxy 1-napthyl nmethyl carbamate as the major
met abol i ¢ product (Bollag, 1979). Formation of the forner
i nvol ves a side chain hydroxyl ati on, whereas the latter
i nvol ves a ring hydroxylation. Hence, even a sim|lar
initial reaction can produce products differing in the
subsequent transformations required and in the products
which ultimtely accunul at e.

A further conplication are popul ation interactions
anong mcrobes living in a comunity. Gunner and Zucker man
(1968) isolated fromsoil an Arthrobacter sp. and a
Streptonyces sp. which together could synergistically
degrade the ring structure of the organophosphate
i nsecti ci de di azi non. VWhen i ncubat ed al one, neither
organi sm coul d degrade the ring structure. Simlarly, Beam
and Perry (1974) reported a conmensal relationship involved
in the degradation of cycl ohexane. Mycobact eri um vaccae
conet abol i cly degraded cycl ohexane to cycl ohexanone whil e
growi ng on propane. A second organism which was unable to

grow on either cycl ohexane or propane, then used the
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cycl ohexanone as a growh substrate. Such popul ati on

i nteractions may enhance the degradati on of nmany organic
conpounds, especially those only partially degraded or
conetabolized. Negative interactions such as conpetition,
predation, or parasitismnay al so i nfluence conpound
degr adati on.
A host of physical and chenical factors affect
bi odegradation in the natural environnment. Factors of
i mportance in freshwater habitats include tenperature, pH
di ssol ved oxygen, and the presence of organic and inorganic
conmpounds (Atlas and Bartha, 1981; Fewson, 1981). Such
envi ronnental factors tend to influence overall m crobial
metabolic activity rather than bi odegradation specifically
(Scow, 1982). These factors also nay determ ne which
m crobi al popul ati ons persist within an ecol ogi cal niche or
are active at particular tines. Consequently, a chem cal
susceptible to mcrobial attack under one set of conditions
may not be degraded under other environnental conditions.
Substrate concentration is one factor that nay
specifically influence the rate and extent of mni crobial
attack. Some studies suggest that at | east sone organi sns
may have dual enzyne systens, one which functions at | ow
concentrations and another at high concentrations. GCeesey
and Morita (1979) found that a single mari ne bacterium
exhi bited bi nodel kinetics in the uptake of arginine. At
| ow concentration, uptake of arginine involved a high-

affinity transport system whereas at hi gh concentrations,
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a lower-affinity transport system was invol ved. Rubi n et

al. (1982) found that for mcrobial comunities fromthree
| akes, "the rate of phenol mnmineralization as a function of
concentration was linear below 1 ug/nm, fell off between 1
and 100 ug/mM, and was again high at |evels above 100
ug/m." They hypothesized that this reflected the activity
of oligotrophs at the | ower concentrations and eutrophs at
t he hi gher concentrati ons. In a nore recent study, Wang et
al. (1984) found that the mcrobial community in | ake
wat er sanpl es nineralized N phenyl carbamate (1 PC) at a
concentration of 400 pg/m . At the higher concentration of
1 ug/m, however, |IPC was not mineralized but was converted
to organi c products. The partial degradation at the higher
concentration may reflect the activity of different

organi sns or enzyne systens. All together, the above

st udi es suggest that concentration may influence the node,
extent and kinetics of biodegradati on, and thus, the

persi stance of a chemical and/or its nmetabolites in the

envi ronnent .

Measur es of Bi odegradati on

A wide variety of nethods are used to study

bi odegradati on. Methods typically include three parts:

the analytical test, the chemcal to be studied, and the
bi ol ogi cal sanpl e contai ning nicroorgani sns (Johnson,

1979). The anal ytical technique and testing conditions
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will influence not only the type of information obtained,
but al so the extent of biodegradati on observed (G| bert and

Lee, 1979). Consequently, the methods chosen will depend

on the nature of chenical and where it is released into the
envi ronnment .

Most anal yses foll ow the accunul ati on of bi onmass, the
di sappearance of reactants, or the appearance of
degradati on products (Raynond, 1979). Some of these
anal yses only foll ow bi odegradation indirectly, as in the
measur enent of oxygen uptake and carbon di oxi de evol uti on.
These anal yses tend to be sinple and i nexpensi ve because a
speci fic anal ytical techni que does not have to be devel oped
for each chem cal tested (Gl bert and Lee, 1979). They are
typically limted to screening tests, however, because of
their low sensitivity and linmting test conditions (G | bert
and Lee, 1979; dedhill et_al, 1979).

Bi odegradation is followed directly by anal yses which
nmoni tor the di sappearance of parent conpound. Commobn
t echni ques i ncl ude gas chronmat ography, high pressure |iquid
chronmat ograpy, and ultraviol et spectrophotonetry. In
contrast to the nonspecific anal yses di scussed above,
direct nethods are applicable under a wi de range of test
conditions (G bert and Lee, 1979). Conplete degradation is
not distinguished from partial degradation, however, unless
degradation products are also nonitored. The devel opment
of such procedures to detect parent conpound and al

significant degradation products is expensive and difficult
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because the identity of products is rarely known (G | bert

and Lee, 1979).

The npst reliable nethods for measuring bi odegradati on
i nvol ve radi ol abel ed conpounds (Johnson, 1979). These
conpounds not only provide a sensitive and specific nmeans
for assessing degradative activity, but they are applicable
to nearly all types of tests (Brock, 1979; Gl bert and Lee,
1979). The overall fate of the conpound nay be established
by nonitoring the radioactivity present as the parent
conpound, netabolites or in different environnental
conpartnents. Marinucci and Bartha (1979), for exanple,
used radi oactive |labeling to foll ow the bi odegradati on of
1,2,3- and 1, 2,4-trichl orobenzene in soil. They neasured
the radioactivity evol ved as carbon di oxi de, volatilized
products, and other products, as well as the radioactivity
bound to and extracted fromsoil. The primry di sadvant age
of such studies is the expense of the radiol abel ed
conpound, but the devel opnent of specific anal ytical
techniques to nonitor the fate of the conmpound nmay be nore
expensi ve and nore conplicated (Lee and Jones, 1979).

In the aquatic environnent, radiolabel ed conpounds are
frequently used in two types of biodegradation studies:
(1) river die-away studies, and (2) heterotrophic bacteri al
activity studi es. In an effort to sinulate environnental
conditions as nmuch as possible, both nethods often use

natural water sanples which are anended with | ow

concentrati ons of substrate and i ncubated under

10
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environnental ly rel evant conditions. The nethods differ,
however, in their |l ength of incubation and in the kinetic
model s usually applied to the generated data.

In di e-away studies, the disappearance of conpound is
nonitored as a function of tine. These studies typically
i nvol ve | ong i ncubati ons because they continue until a

significant fraction of the conpound has di sappeared

(Larson, 1984; Scow, 1982). Radioactivity evolved as
carbon di oxide, incorporated into cells, and/or renoved
fromsolution nay be nonitored as an indication of conpound
di sappearance. Lee and Ryan (1979), for exanple, nonitored
only 14C02 production in a die-away study of surface waters
anended with radiol abel ed benzene, phenol, chl orobenzene,
and ot her organochl ori ne conpounds. They found that the
m neralizati on of many of the conpounds coul d be descri bed
by first-order kinetics i.e. the rate of biodegradati on was
directly proportional to the concentration of the chenical
present (Larson, 1984). The first-order kinetic nodel has
been applied in nany other die-away studi es (Larson, 1984;
Larson and Payne, 1981; Paris et al. 1981). O her
i nvesti gators have used a second-order kinetic nodel (Paris
et al. , 1981), which includes a termfor bionass.

Het erotrophic activity studies, in contrast, are based
on the idea introduced by Parsons and Strickl and (1962)
t hat radi ol abel ed conmpounds can be used to nmeasure
substrate uptake by heterotrophic bacteria in natural

waters. They observed that the substrate uptake activity

11
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foll owed enzyme saturation kinetics and could be anal yzed
by the M chaelis-Menten kinetic nodel (Wight, 1974). The
Parsons and Strickl and nmet hod has subsequently been
nmodi fi ed by other investigators (Hobbie and Crawford, 1969;
Wi ght and Hobbie, 1965), and nore recently, has been

applied to the bi odegradati on of pollutants in natural

wat ers (Barthol onew and Pfaender, 1983; Larson, 1984;

Pf aender and Bart hol onew, 1982; Shi np and Pfaender, 1985
a,b). Pfaender and Barthol omew (1982), for exanpl e,
measured radi oactivity mneralized and i ncorporated into
cells in natural water sanples anended with mcresol,

chl orobenzene, nitrilotriacetic acid, and 1, 2, 4-

trichl orobenzene. They observed saturation kinetics with
each pollutant tested. Because of assunptions inherent to
the kinetic nodel, these studies involve short incubations
whi ch are stopped after a very snall proportion of the

| abel has been netabolized (Larson, 1984; Wight, 1973).
Short term i ncubations mninm ze the effect of bottle
confinenent on the community conposition and netabolic
activity of aquatic sanples (Ferguson at al, 1984).
Consequently, the bi odegradation rates observed in

heterotrophic activity studies may nore cl osely approxi nate

rates which would occur in the natural environnent.

CGCeneral Features of Aromati c Degradati on

The m crobial netabolismof aromatic conpounds has
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been studi ed extensively using pure culture nethods.
Fewson (1981) suggests that the degradation of an aromatic

may be divided into five phases. In the first phase, an

aromati ¢ conpound nust gain entry to the mcrobial cell.
Sone conpounds enter by diffusion, whereas others enter by
facilitated diffusion or active transport processes. In
t he second phase, the aronmatic conpound is nodified to
forma substrate appropriate for ring fission. This
rmodi ficati on may i nvol ve the nani pul ati on of side chains
and the introduction of hydroxyl groups into the ring. A
ring fission substrate nust have at | east two hydroxyl
groups | ocated ortho or - para to each other, and the
pl acement of these groups will determ ne the one pat hway
used by the organismto degrade the conpound (Dagl ey,
1978) .

The third phase of degradati on involves enzynmatic
cl eavage of the nodified substrate ring. The enzynes
responsi ble for ring cleavage are di oxygenases, and in the
process of ring fission, these enzynes incorporate both
atons of nol ecul ar oxygen into the substrate nol ecul e
(Fewson, 1981; Dagley, 1978). Wuen the substrate contains
hydr oxyl groups on adjacent carbon atons, ring cleavage my
occur either between the two carbon atons bearing the
hydr oxyl groups or between only one carbon bearing a
hydroxyl group and a different carbon. The forner node of
cleavage is termed an "ortho" cleavage, while the latter is

termed a "neta" cl eavage (Chapman, 1972).
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In the fourth phase of degradati on, the products of
ring fission are converted to tricarboxylic acid (TCA)
cycle internediates. This conversion occurs by one of
several catabolic pathways, each involving separate suites
of enzynes (Dagley, 1978). The enzynes i ncl ude hydrol ases,
hydr ol yases, al dol ases, and thiolases. Although the
enzynes in different pathways catalyze sinilar reactions,
they are specific for their substrates and usually do not
attack the netabolites of other pathways (Dagley, 1978).

Fi nal products of the pathways include TCA internedi ates
such as pyruvate, funarate, and oxal oacetate, and ot her
structurally related conpounds (Fewson, 1981).

In the fifth phase of aronmatic degradation, these
final products are catabolized as a source of energy, used
as buil ding bl ocks for other conpounds, or excreted. How
the conpound is used will depend on the current environnent
within the cell i.e. endogenous netabolite pools and
alternate substrates, enzyne i nduction and repression, and
other factors governing the integration of netabolism
within the organism Thus, the exact fate of the end
products of aromatic degradati on pat hways may be conplex to
det ermi ne and vari abl e. The li keli hood that the ultimte
catabolic or anabolic products would pose an environnent al

hazard, however, is small.

Met abol i sm of m Cr esol

14
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M cresol is netabolized by three known pat hways. In
each pathway, the mcresol is nodified to forma different
substrate for ring fission (Figure 1). Wile all three
ring fission substrates appear to be central internedi ates
in the degradation of aromati c conpounds, the particul ar
substrate forned from mcresol depends on the genus or
speci es of the organi smi nvol ved. A study by Bayly et al.
(1966) reveal ed that a fluorescent Pseudononas nodified m
cresol to form 3-nethyl catechol. They found that (1) whole
cells of the organi sm oxi di zed 3-raethyl cat echol when grown
on mcresol, (2) heat-treated extracts of the organi sm
oxi di zed 3-nethyl catechol to a ring-fission product, which
they characterized by spectrophotonmetry, and (3) this sane
ring-fission product was isolated fromwhole cells grown on
m cr esol . Hence, they concl uded that 3-nethyl catechol was
the ring fission substrate for that Pseudonbnas speci es.

Hopper and Chapman (1970), in contrast, found that
sone pseudonobnads first oxidize the nethyl group of m
cresol and then introduce a hydroxl group to formthe ring-
fission substrate. When mcresol was netabolized in the
presence of an inhibitor of bacterial oxygenases, the
intermedi ates fornmed prior to ring cl eavage accunul ated in
t he cul ture nedi um This enabled themto isolate m
hydr oxybenzoi c acid, the oxidized internediate, by thin-
| ayer chronmat ogr aphy.

Previ ous investigators (Yano and Arinma, 1958; Weelis

et al. , 1967) had shown that m hydroxybenzoic acid may be
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Degradatjon of mcresol to ring-fission
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hydroxyl ated at two different |ocations, thus fornmng two
different ring-fission substrates. Yano and Arima (1958)
i sol ated nunerous bacterial strains fromsoil and sewage,
and found that sone strai ns netabolized m hydroxybenzoic
acid through the gentisic acid pathway and ot hers through
t he protocatechuic acid pathway. They extracted and
partially characterized the m hydroxybenzoate hydrol ases
fromstrains using different pathways. One hydrol ase
i ntroduces a hydroxl group at the G4 position, thus
form ng protocatechuic acid, while the other introduces a
hydroxyl at the C-6 position, thus fornm ng gentisic acid.
CGentisic acid, protocatechuic acid, and 3-
nmet hyl cat echol are each cl eaved by di oxygenases. The nopbde
of cl eavage deternm nes which pathway is used to netabolize
the fission product to TCA i nternedi ates or rel ated
conpounds (Bayly and Barbour, 1984; Dagley, 1971). 1In the
case of protocatechuic acid, whose hydroxyl groups are
| ocated on adj acent carbon atoms, an ortho or a nmeta
cl eavage may occur. The subsequent pat hways of netabolism
are thus terned the ortho-fission pathway and the neta-
fission pathway, respectively. The latter pathway is al so
i nvolved in the nmetabolismof 3-nethylcatechol; although
t he specific enzynes involved are different, the sequence
of reactions are the sane (Stanier and Ornston, 1973). In
t he case of gentisic acid, whose hydroxyl groups are para
to one anot her, cl eavage occurs between the carbon bearing

one hydroxyl group and the carbon bearing the carboxylic
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group, and the subsequent pathway of netabolismis terned
t he gentisate pathway (Bayly and Barbour, 1984).

Met abol i sm of protocatechuic acid by the ortho-fission
pathway is shown in Figure 2 (Stanier and Ornston, 1973).
Ring fission by protocatechuate 3, 4-di oxygenase produces
bet a- car boxy-ci s, ci s-muconat e, and subsequent netabolism
yields the two end products of the pathway, succinate and
acetyl - CoA. Metabolismof protocatechuic acid and 3-net hyl
catechol by the neta-fission pathway is shown in Figure 3
(Chapman, 1972; Stanier and O nston, 1973; Bayly and
Bar bour, 1984). The nmeta cl eavage of protocatechuate by

pr ot ocat echuat e 4, 5-di oxygenase produces al pha-hydroxy-

gamma- car boxynuconi ¢ sem al dehyde. Subsequent netabolism
produces two nol ecul es of pyruvate and one nol ecul e of
formate. C eavage of 3-raethyl catechol by catechol 2, 3-
di oxygenase produces 2-hydroxy-6- ket ohept a- 2, 4-di enoat e.
End products of this pathway are acetate, acetal dehyde and
pyruvat e.

The gentisate pathway is shown in Figure 4 (Bayly and
Bar bour, 1984). Gentisic acid is cleaved by gentisate 1, 2-
di oxygenase to form mal eyl pyruvate. In sone organi sns
mal eyl pyruvate is isonerized to formfumaryl pyruvate, which
is then hydrolysed to formfumarate and pyruvate.
Hydrati on of fumarate produces L-nalate, which is an
internediate in the TCA cycle. In other organisns, the
i sonerization step is omtted. Mleylpyruvate is directly

hydrol ysed to mal eic acid and pyruvate. Hydration of


NEATPAGEINFO:id=2DD7547C-72A6-4592-8460-039E8CAC6321


19

Pr ot ocat echuat e

Hq‘C
>3- Car boxy-ci s, ci s-muconat e

gcC
y- Car boxy- nmuconol act one

~co.

>6- Ket oadi pate  enol -1 actone

22" | 3- Ket oadi pyl - Coi

Co2

QIO

| <3- Ket oadi pat e

8

Succi nat e and Acetyl - CoA

Figure 2 Th Fg sion pat hvvag of protocatechuic acid

0 fissi
and Orns


NEATPAGEINFO:id=CDB60950-B55D-4AD7-A36D-86AD76270E83


Pr ot ocat echuat e 3- Met hyl cat echol

I ‘1‘161

HCD 2 CH3CCO2

For mat e Acet at e

Fr U

CH3 64)
CH, cor HO
co, CH CH, coR
\ \
c=o =0 C
\
H o H EH
Pyruvat e Pyruvat e Acet al dehyde Pyruvat e

Figure 3: The neta fission pathmg§$ of protocatechuic acid

and 3-netq¥lcatechol (Chaprman, 1972; Stanier and

Ornston, 1973).


NEATPAGEINFO:id=1A62561C-2CB7-4FB3-B33E-3E2C9234483D


Genti sate

cocoo

COCOO!
CH3COCOO
COoOo

COOo-

HC- OH HO C H

coo- coo-
O- Mal at e

L- Mal at e

Figure 4. The gentisic acid pathway (Bayly and Barbour, 1984),

21


NEATPAGEINFO:id=5F4DA170-C2BC-4EEC-BE37-C7E711152CEA


22

raal eic acid produces D-nalate, which cannot enter directly
into the TCA cycle. The latter formof metabolismhas been
observed in the degradation of mcresol by two species of
Pseudonmonas (Hopper and Chapnan, 1970).

As was discussed in the previous section, the end
products of the ortho, nmeta and gentisate pathways may be
excreted, further oxidized, or channeled into anabolic
pathways. It nust be enphasized, however, that ATP is not
generated frommcresol during the couse of its degradation
via the ortho, meta or gentisate pathways. ATP is

generated by the oxidation of their respective end products
to C®2 through the TCA cycle, and the re-oxidation of NADH

in the electron-transport system

Pure Culture Studies, the Natural Environnent, and

Met abolite Accunul ati on

The mechani sms of mcresol degradation have been
reveal ed by studies using pure cultures of m crooganisras.
These cultures are usually isolated by their ability to
grow in artificial media with the substrate of interest
present at high concentration and as the sol e source of
carbon (Al exander, 1980; Dagley, 1975). The strains,
mutants of the strains, or isolated enzymes are then used
inan effort to discern the mechanismof interest. Though

t hese net hods have been valuable in the elucidation of

degradati on pat hways, the experimental conditions are so
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different fromthose in the natural environnment that it is
difficult to extrapolate fromthe results of these studies
to the natural environment (Al exander, 1980).

The effects of m xed popul ations, |ow substrate
concentrations, alternate carbon sources, and physical
condi tions on degrading nechanisms are all difficult to
predict (Al exander, 1980). Little is known about which
pat hways predom nate in the environnent, whether the
organi sms isolated by enrichnent cultures contribute to a
conpound' s degradation in nature, or whether other
degradation pathways exist (Al exander, 1980; Bollag, 1974).
Furthernore, little is known about which products in a
met abol i ¢ pathway are excreted and accunul ated outside the
m crobial cell (Al exander, 1980). Even if a product is not
directly toxic to humans, its accunul ation nmay inhibit
m crobial activity and prevent further degradation of the
toxic primary substrate.

In the case of mcresol, studies with pure cultures
suggest that few of the metabolites forned after ring-
fission woul d accurul at e because of the regul ati on of
enzyne induction. In tw Pseudononas putida isolates, for
exanpl e, mcresol induces sinultaneously all the enzymes of
t he neta-cl eavage pat hway (Bayly and Harbour, 1984).
Coi nci dent induction of enzynes has al so been observed in
two speci es which degrade protocatechuate via the ortho-
cl eavage pathway. |In Pseudononas putida and P. aerugi nosa

four enzynes are induced coincidently by a product, beta-
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ket oadi pate, whereas in Acinetobacter cal coaceticus, nearly
all enzynes of the pathway are coincldently induced by the
substrate, protocatechuate (Stanier and O nston, 1973).
Thus, in the organisns studied so far, few netabolites in
t he pathway have an inductive function, and with coincident
enzyme induction, nost netabolites along the sequence wl |l
not accunulate within the cell. Furthernore, nost of these
met abolites are chemcally unstable in aqueous solution and
are usual ly unable to perneate the nenbrane of intact cells
(Dagl ey, 1975; Stanier and Ornston, 1973). These factors
suggest that the internmediary netabolites are unlikely to
accunul at e outside the cell

In contrast, pure culture studies suggest that the
aromatic metabolites (before ring fission), end products,
and internedi ates of central oxidative pathways nay
accunul ate. Ring-fission substrates, for exanple, have
been detected in culture fluids (Dagley and Chapman, 1971).
Dagl ey (1978) suggests that when the supply of dissoved
oxygen is limted, the "rate of formation of a dihydric
phenol may sonetines exceed its rate of oxidation", thus
| eading to the accumul ation and excretion of the ring-

fission substrate.

( assic mcrobial and biochem cal studies with pure

cul tures have often reveal ed that overall netabolismis a

finely tuned process exhibiting such phenomena as feedback

inhi bition and allosteric control nmechani sns. Bat ch

studi es have shown that the rate of glucose uptake is
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cl osely balanced with the rate of glucose netabolism
Simlarly, feedback inhibition of neta pathway enzynes by
t he end product acetate has been observed in Pseudonobnas
putida (Bayly and Barbour, 1984). |In this case, the
conti nued accunul ati on of acetate and ot her end products
woul dnot beexpect ed.

Nei j ssel and Tenpest (1979) argue that netabolic
processes are not always so finely tuned, and that
over producti on of netabolites can and does occur. In
chenpstat cultures of Kl ebsiell a aerogenes, these
i nvestigators studied the effect of nutrient limtation on
the use of four carbon substrates: glucose, glycerol,

mani tol and | actate (Tenpest and Neijssel, 1978; Neijssel
and Tenpest, 1979). They found that when the carbon

substrate was the limting nutrient the only growh
products were organi sns and carbon di oxi de. Wen a
different nutrient was limting, however, the non-linting
carbon substrate was used less efficiently and certain
intermediary netabolites were excreted into the culture
f1 uids.

Nearly all these netabolites were internedi ates of
central oxidative pathways. They included the TCA
i nternedi ates pyruvate and acetate which, it is inportant
to note, were not necessarily the end products of the
carbon substrate's degradation pathway. The particul ar

met abol i tes excreted depended not only on the carbon

source, but on the nature of the nutrient limtation. A
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sim |l ar phenonenon was observed with the organi sns
Escherichia coli and Bacillus subtilis. Thus, this study
suggests that the overproduction and excretion of central

met abolites nmay occur in response to stressful

envi ronnental conditions. Whet her such excreti on and

accunul ati on woul d occur in batch studies with a m xed

m crobial community is unclear.
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MATERI ALS AND METHODS

Sanpl e Source and Col |l ecti on

Nat ural water sanples were collected fromtwo water
sources: the B. Everett Jordan Lake and the Haw R ver
Surface water from Jordan Lake was used in the first phase
of the research project. Jordan Lake is a eutrophic
reservoir located in the Piednont region of North Carolina.
The sanpling site was | ocated on a bridge where State Road
1008 crosses the reservoir. The water tenperature was
recorded at the time of collection. Sanples were then
stored in polyethylene containers, returned to the
| aboratory, and processed for experinments within two hours
of col | ecti on.

Degradative activity in Jordan Lake water had been
studied in nunerous short-termKkinetic studies and in three
| ong-term di e-away studies during the past two years. A
kinetic study on May 24, 1984 found unusually | ow
degradation rates for that tinme of year. Simlarly, the
first cresol disappearance study (May 29) was term nated
on its seventh day because al nost no degradation had
occurred. In the previous die-away studies at |east 45
percent of the mcresol was degraded by the seventh day.
Conpar abl e activity was observed in the second cresol

di sappearance experinment (June 6). Moreover, results from


NEATPAGEINFO:id=327B6AFD-A45E-48D9-A1A6-17EA14E32037


28

this experinent suggested that at these levels of activity,

nmetabolites did accunulate in the water. In the first two
met abol i te accurul ati on experiments, however, little
degradative activity and no netabolite accunul ati on was
observed. |t becane apparent that the Jordan Lake
envi ronnent had changed, precipitating changes in m crobial
activities and/or community conposition.

In view of tine constraints, a scarce supply of
radi oactive mcresol, a desire to have degradative activity
conparable to the | evels observed in the tine course
studi es over the last two years, and the need to have m
cresol degraded in order to study whether its netabolites
accunul ate in the aqueous phase, we decided to try a
different water source, the Haw River. The Haw River is a
pol luted, nutrient-rich river located in the Piednont
region of North Carolina and which flows into Jordan Lake.
Sampl es were collected froma bridge where State Road 1545
crosses the river about 10 miles southeast of Saxapahaw,
North Carolina. Sanples were collected in the sane manner
as those fromJordan Lake. Because sufficient degradative
activity was consistently observed, this water source was

used for the rest of the project.

Sanpl e Preparation, Incubation and Term nati on

Al though certain details varied depending on the

particul ar circunstances involved with each experinent, the
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basi ¢ method used in the die-away studies is outlined

bel ow.

25 m aliquots of the collected water sanple were
di spensed into autoclaved 250 m flint-glass bottles.
Typically, three bottles were used for each concentration

and time period. Two served as sanple replicates and the

ot her received 50 ul of 6.8% nercuric chloride or was

aut ocl aved, and served as an abiotic control. After

al l om ng the autoclaved bottles to cool, the appropriate
vol unmes of 12¢ mcresol and |*C mcresol delivery solutions
were added to each bottle to give the desired final
concentration (120 - 1000 ug/1) and level of radioactivity
(typically 1 uG/bottle). Delivery solutions were prepared
just before the experinent fromthe stock 12c and ["C m
cresol solutions. Diluent for the 12c was distilled water,
and for the [-~C, 50%EtOH Duplicate injections of the
radi oactive delivery solutions were added directly to
scintillation vials. In this way, the radioactivity added
initially to each bottle could be determ ned.

Al'l bottles were then capped with screw caps and
silicone septa lined with Teflon (Pierce Chemcal Co.
Rockford, XL) and incubated. In some experiments,
evol ution of 14002 was neasured. In this case, duplicate
sets of sanples and controls were inocul ated at each
concentration. Suspended from each septunof the
respiration vials was a small plastic cup. After capping,
all bottles were incubated at roomtenperature (22'C + 2
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*C). The incubation period depended on the experiment and
ranged fromO days to 16 days. The typical incubation
peri od was 8 days.

For the respiration sanples, incubation was stopped by

the injection of 50 ul of 2 N H2SO through the septum and
into the water sanple. Then 150 ul of 1 N KOH, a CQ2

trappi ng agent, was injected into the suspended cup.
Bottl es were placed on an rotary platform shaker for 5-6
hours. The caps were subsequently renoved and a fol ded
pi ece of filter paper (Watmn #1) was used to absorb the
KOH fromthe trap. Filter papers were then added to
scintillation vials containing cocktail, and subsequently
counted for radioactivity. Measured respiration was
corrected for the CO2 recovery efficiency, as determ ned by
the radioactive 14C02 recovered froma 25 nl water sanple
amended wi th Bal 4c03 (New Engl and Nucl ear) and processed
identically to the other respiration sanples.

For the uptake/filtrate sanples, incubation was stopped
by filtering the water sanple through a 47 nm 0.45 um
pol ycarbonate filter (Nuclepore Corp., Pleasanton, CA)
The vacuum apparatus included a glass funnel and a gl ass
filter hol der equipped with a stainless steel screen
(MI1lipore Corp., Bedford, MA). This apparatus was
autocl aved prior to each experinent. After each
filtration, the apparatus was rinsed with 300-400 m of
sterile distilled, deionized water.

Each filtrate was coll ected in an autocl aved si de-arm
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Chr omat ogr aphi ¢ separations were perforned with a
Waters high pressure liquid chronmatograph (Mdel 660)
equi pped with a loop injector (Waters Associ ates, Mdel
U6K), a 254 nm fi xed wavel engt h UV absor bance detector
(Waters Associ ates, Mdel 440), a fluorescence
spectrophot onet er (Perkin-El ner, Mdel 650-10S), a recorder
(Linear Instrunents, Mdel 300), and a prepacked uBondapack-
G 8 colum (Waters Associates; 3.9 cmx 30 cm. Fractions

were collected with a LKB 2112 Redi Rac fraction coll ector

(LKB- Prodkter AB, Bronma, Sweden). An Uptight precolum

(Upchurch Scientific, Inc.) packed with C'g naterial was

pl aced between the injector and anal ytical colum. Another
precolum (identical to the analytical colum) was placed
bet ween punps to clean up the water nobile phase (Randy
Goodman, personal communication). This colum was cl eaned

foll owi ng each day of use by backflushing wth

acetonitrile.

The nobi |l e phase consisted of two solvents, A and B
Sol vent A was water or water with 0.2% (v/v) glacial acetic
acid (J. T. Baker Chem cal Co., Phillipsburg, NJ., 99.9%
pure). The water had been purified with a Corning Mega-
Pure system Solvent B was acetonitrile (Fisher Scientific
Co., Fair Lawn, N.J., HPLC grade). Each solvent was
degassed prior to use. Though the flow rate was al nost
always 2 m/mn, the elution conditions depended on the

particul ar experi ment.

Separation Procedure for Cresol Disappearance Experinent:
In this experinent, sanples were eluted isocraticly
using a 20% acetonitril e/ 80% water nobile phase. The
injection volume for all sanples and standards was 10 ul.
m Cresol was detected using the fluorescence detector with
em ssion and excitation wavel engths set as follows:
excitation A =275 nm slit wwdth =5 nn emssion A =
310 nm slit width =5 nm Neither the UV detector nor the

fraction coll ector were used.

Under these conditions, mcresol eluted in 5.25 m nutes

sanpl e m xture was achieved. Detection was nonitored by
the UV detector set at 254 nmand a sensitivity of O, 1.
The sanple m xture was an aqueous sol ution of mcresol
protocat echui ¢ aci d, m hydroxybenzoic acid, 4-

met hyl cat echol, and when available, gentisic acid. The m
cresol was prepared fromthe stock 12c sol ution, whereas
aqueous sol utions of the other conpounds were all prepared
fresh the day of the experinent. Typically 2 ug of each

<zM
(o) 1 \ a 1 1 1
20 = . O SO QO t oo 120
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Figure 5: Calibration Curve,
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aliquots of each sample were also injected directly into
scintillation vials so that the recovery efficiency could

be det erm ned. All scintillation vials were counted on a

Packard Tri-Carb 300CD scintillation counter
Sep- Pak Concentration Procedure

In the cresol disappearance study, reverse-phase Sep-

Pak C'g cartridges (Waters Associates) were used to
concentrate mcresol fromthe aqueous sanples. The
cartridge was first prepared by passing 2 m of
acetonitrile through the cartridge, followed by 5 m of
wat er (the same as that used for the HPLC nobile phase).
Then 20 m of sanple filtrate were passed through the
cartridge at a flowrate of 6 mM/mn. Sanple elution was
wth 2 m of acetonitrile, and the exact eluent vol une was
measur ed and recor ded.

A prelimnary study was perforned using the same water
source and initial concentration as the subsequent creso
di sappearance study. Four replicate sanples were passed
t hrough Sep-Pak cartridges as described above and then
anal yzed by HPLC. The average mcresol recovery efficiency
was 89% w th a standard deviation of 2% HPLC data in the

cresol disappearance experinent was then corrected for this

recovery efficiency.
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RESULTS AND DI SCUSSI ON

Cresol D sappearance Experinents

In the Environnental M crobiology |aboratory of the UNC
Depart nent of Environmental Science and Engi neering, the
bi odegradati on of mcresol has been studied in nunerous
heterotrophic activity experiments and in several die-away
experinents during the past two years. In these
experinents, water sanples were amended with radiol abeled m
cresol and bi odegradati on was neasured by the evol ution of
14C02 and the uptake of |*Cinto cells. Wen radioactivity
in the aqueous phase was nonitored, it was assuned that al
radi oactivity remaining in this phase was in the form of
t he unnet abol i zed parent conpound, mcresol. I n ot her
wor ds, the phenonenom of netabolite excretion was assuned
to be insignificant in the degradation of mcresol. Two
questions were thus posed: (1) Wth regard to the past
experi nental nethods, has this assunption been valid?, and
(2) if netabolites are forned, what conditions favor their
producti on, and what m ght they be? The cresol
di sappearance experinment was designed to test the validity
of this assunption and to deterni ne whether there was
met abolite accumul ation to study in future experinments.
Thi s experinent was set up just like a typical die-away

study, with incubation periods ranging fromO to 336 hours.
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For each incubation period, however, two sanple sets were

i nocul at ed. One set received a mcresol sol ution

contai ning 14C mcresol, whereas the other received a
solution containing only 12C mcresol. The fina
concentration of both sets was 1000 ug/ 1. The sanpl e set
containing | *"C mcresol was used to follow the

di sappearance in radioactive label in sanple filtrates.
The 12c sanples, in contrast, were used to specifically

follow t he di sappearance of mcresol in the sanple

filtrates. mCresol in these filtrates was concentr at ed

using a Cis Sep-Pak cartridge and then anal ysed by HPLC.

The concentration chosen for this experinent was about 2x-
4x higher than the maxi mum concentration typically used in
earlier experinments, but was chosen so netabolism observed
over the experinent would be within the detection linmits of
t he procedure.

Results fromthis experinment are shown in Figure 6.
After 48 and 96 hours of incubation, the percent of
radi oactivity and mcresol remaining in the agueous phase
is very simlar. Thus, nost radioactivity remaining in
solution is in the formof the parent conpound, mcresol
rather than its netabolites. After |onger incubation
periods, a discrepancy appears between the percent of
radi oactivity remaining and the percent of mcresol
remai ni ng. This discrepancy suggests that radioactivity

remains in solution in the formof conpounds other than m

cresol .
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These results have obvious inplications for the
previous studies with mcresol. For the heterotrophic
activity experinments, which involve short incubation
periods (less than 24 h.)» the results support the
assunption that netabolite accumulation (in the water
medi um) accounts for only a snmall fraction of degradative
activity. For the die-away studies, which involve nuch
| onger incubations and are simlar to nost procedures used
to assess pollutant biodegradation, the results do not
support the assunption of no product formation. Rather,

t he nethod underestimates the extent of degradation by 15%
at 168 hours (7 days) and nearly 50% at 336 hours (14
days) .

These results also have inplications for future
studi es. They suggest that there may indeed be netabolites
accumul ating during the incubation, and that they begin to
appear after approxi mtely four days of incubation. Future
experiments were designed to confirmthe results obtained
inthis study while yielding nore information about the
quantity of netabolites.

An appreci abl e anount of degradation is apparent in the
HgCl 2 controls, particularly after the longer incubation
periods (Figure 7). This activity could be due to abiotic
renoval mechani sns, bi odegradati on by resistant
m croorgani sns, or mnicrobial contam nation. |In subsequent
experinents, all controls were autoclaved, and al nost no

degradati on was observed.

4-0
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Cresol - Metabolite Separation Experinents

The cresol disappearance experimnment suggested that
met abol ites may accunul ate in the aqueous phase under
certain conditions. The next step was to develop a
procedure to separate mcresol fromits nmetabolites. The
number, quantity and identity of netabolites generated
under such conditions was unknown. Therefore, the first
step was to devel op a separation procedure using sone known
met abolites. This procedure could then be refined |ater,
as needed.

The metabolites used in the procedure devel opment
experiments were m hydroxybenzoic acid, protocatechuic
acid, 4-methylcatechol and gentisic acid. These conpounds
wer e chosen because (1) they were all detectable with the
UV detector at 254 nra, (2) they were readily available, and
(3) the latter three are ring-fission substrates, which
have been known to accunulate in some pure culture fluids
(Dagl ey and Chapnan, 1971). 4-nethylcatechol was used as a
substitute for 3-methyl catechol, which was unavailable. It
was subsequently discovered that the 4-nethyl catechol was
i npure, and thus, of little value as a substitute anyway.

Q her than the ring-fission substrates, the conpounds
nost |ikely to accunmul ate were the end products of the
degradation pathway(s) or other TCA internediates. Mst of

t hese conpounds are di carboxylic acids or simlar

n2
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conpounds, and being very polar, are likly to elute before
the aromatic netabolites on a reverse-phase col um.
Therefore, the primry objective was to find elution
conditions that would separate mcresol fromthe ring-
fission substrates, the ring-fission substrates fromnore

pol ar conpounds and, as nuch as possible, the ring-fission

substrates from each ot her.

The final elution conditions are described in Materials

and Methods. The separation achieved under such conditions
Is shown in Figure 8  The 4-methylcatechol eluted in two
smal | peaks, one of which coeluted with m hydroxybenzoic
acid. Because the 4-nethylcatechol was only being used as
a substitute for 3-methylcatechol (and woul d not

necessarily have the same elution characteristics as that

conpound anyway), the inpurity problemwas not pursued

further.

The detention tine of each conmpound under the fina
elution conditions is shown in Table 1. The detention
times were corrected for the 0.6 mnute tinme |ag between
the UV detector and fraction collector. Fromthe tine of
arrival at the fraction collector, the fraction containing
t he conpound peak maxi mumwas estimted. In this way,
peaks detected with the W detector could be correl ated
wi th radioactive peaks detected in the netabolite

accunul ati on experinents.

Met abol ite Accunul ati on Experinents
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Table 1: HPLC Detention Tinmes and Fraction Nunbers of m Cresol
and Met abolite Standards.

Conpound Detention Time (mn) Tine at Collector F-'ostul ated Fraction M,

(mi n) 1 mn 0 5 mn

[ i 6. 92 7 14

pr ot ocat echuic acid 6,32 0, o7
gentisic acid 6.62 0. 08 7.22 8 15
8. 2 o 17

4--methylcatechol 7.6 0. 04
8. 71 0. 08 o. 31 10 19
[ i 9. 28 10 19
m hydr oxyben2oi ¢ aci d 8. 68 0. 05 2

m - cresol 12. 22 0. 04 12. 82 13

* mean of 5 or 6 neasurements, depending on the conpound
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After devel opnent of the netabolite separation
procedure, the next step was to performa series of die-
away studies. The focus of these die-away studies was not
measuring mneralization, radi oactive uptake, or
degradation rates, but assessing the nunber and relative
proportions of nmetabolites present in the aqueous phase. A
rigorous attenpt to identify a particular nmetabolite would
only proceed if it were produced in significant quantities
(greater then 5% of the | abel).

The first two experinents were performed with Jordan
Lake water, and as for two other degradati on studies that
summrer, unusually | ow degradative activity was observed.
The percent mcresol netabolized by the seventh day was
about 1/6 the |level observed in previous die-away studies,
and under these conditions, no netabolite accunul ati on was
detected. Because of the low levels of activity, we
decided to try a different water source, the Haw Ri ver

In light of the problems with the Jordan Lake sanpl es,
the first netabolite accunul ation experinent with Haw Ri ver
water was a snall study. Sanples were incubated for 8 days
at two mcresol concentrations, 120 ug/1 and 960 ug/1. No
upt ake or respiration neasurenents were nade; only the
radi oactivity remaining in the sanple filtrate was
noni t or ed.

HPLC fractionations of the sanple filtrates are shown

in Figure 9. Fractions were each collected for 0.5 mnutes
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and the radioactivity per fraction is expressed as a
percent of the radioactivity added to the water sanple at
day 0. The peak eluting at fractions 26, 27 and 28 is m
cresol. Most sanples show little radioactivity com ng off
before the mcresol peak. The exception is one 960 ug/1

sanmpl e, which has radioactivity eluting in fractions 5-10
and 16-17. Together these peaks represent 16% of the

radi oactivity originally added (Table 2). Only a trace of
radi oactivity is apparent in these same fractions in the
ot her sanpl es.

Furt her exam nation of the data, however, reveal ed that
the fractionation procedure failed to recover all the
radi oactivity present in the sanple filtrates (Table 2).
Only 41% 58% 81% and 76% of the injected | abel was
recovered fromthe 960#2, 960#1, 120#1, and 120#2 sanpl es,
respectively. This suggested two possibilities: (1) that
the radioactivity was binding irreversibly to the HPLC
colum, or (2) that it was eluting after, rather than
before, mcresol.

To test these possibilities, the recovery efficiency of
each sanple was determ ned when eluted with acetonitrile
(100% . Under these conditions, radioactive compounds
eluting after mcresol should be recovered, whereas those
binding irreversibly to the colum should not. The high
recovery efficiencies (Table 3) suggest that nost of the
"mssing" |abel was eluting after the mcresol. This was

confirmed for the 960 ug/1 #1 sanple. \Wen the |inear

n7
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Tabl e 2. Recovery in Aqueous Filtrates of the Radioactive Label
Oiginally Injected. Septenber, 1984.

Concentrati on Replicate % Label % m Cr esol % Ot her
(u.g/1) No. , Rermai ni nq Recovered Recovered
120 1 41 o
120 6
120 cont r ol 104 6
260 1 66 31
960 2 44 16

960 cont r ol 101 87 a4
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Table 3: Recovery Ef icie cies o di oactive. Label in | e
F?ftrat%s en uted mxtﬁaan AcetonltrP [e Nbbl?np

Phase. Septenber, 1984.

Sanple Repli cate Nd, RecQVeryEtficiency
120 ug/ 1 24
120 ug/ 1 99
120 uq/i contr ol 102
960 ug/ | 1 93
960 ug/ 1 82
960 ug/1 contr ol o8

m cr esol standard 100

* < Rad i oact i vi tv Recovered/Radi oact i vi ty Injected) 2; 1(30
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gradi ent was increased from15 mnutes to 45 mnutes, 3
radi oactive peaks eluted after the mcresol (Figure 10).

To acconodate such a | ong gradient, however, fractions of 1
m nute had to be collected. Consequently, in this figure,
m cresol elutes in fractions 13 and 14.

The identity of peaks a, b, and c is unknown, but their
elution after mcresol indicates that they are | ess pol ar
conpounds than mcresol, and that they are not netabolites
in its degradati on pathway. One possibility is that the
conmpounds are grow h products. 1In this case, mcresol is
degraded to pathway end products (Figures 2-4) which enter
the central pathways of nmetabolism Internediates in the
central pathways nay enter a diverse and diverging series
of biosynthetic pathways to form proteins, polysaccharides,
lipids, nucleic acids, or their respective precursors.
Thus, if peak a,b, and ¢ are in fact growth products, they
coul d be many different conpounds.

Anot her possibility is that peak a, b and c are
pol yrmeri zation products of mcresol. Bollag et al. (1979)
i sol ated an extracellular enzyne fromthe soil fungus
Rhi zoctoni a practicola that catal yzed the fornmati on of
pol yneri zed products from phenolic conpounds. The enzyne
pol ynmeri zed p-met hyl phenol to a dinmer, o-nethoxyphenol to
dinmers and triners, and phenol to diraers, trimers and
tetramers. Fungi produci ng such enzynes are active in the
formati on of hunic conmpounds in soil (Atlas and Bartha,

1981; Bollag, 1979). It is possible, therefore, that
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recent rains caused such a fungus to be carried with soi
runoff into the river. This possibility is further

supported by the fact that peaks a, b, and ¢ were not

observed in any subsequent or previous experinments. Thus,
their production nay reflect a change in the nicrobial
popul ati ons present.

One peak appeared to elute about 55 minutes after an
injection, leading to an extraneous peak in the follow ng
chromat ogram (see peak with "?" in Figure 10). To correct
this problemand to acconodate the possibility of peaks
eluting after mcresol, the gradients in all subsequent
experinents were 45 mnutes, followed by a 15 mi nute wash
with acetonitrile, and 1 m nute fractions were coll ect ed.
In all other respects, the gradients were identical.

A second netabolite accunul ati on experi nent was
initiated in Novenber. This experinent was a repeat of the
Sept enmber netabolite accunul ati on experi nent.

Fractionation results are shown in Figure 11 and Tabl e 4.
Clearly, these results are entirely different fromthose
observed in the Septenber netabolite accunul ati on study.
Nearly all radioactivity was recovered with the expanded
fractionati on procedure, but aside fromthe mcresol
impurity which eluted in fractions 20 and 21, nobst

radi oactivity eluted before mcresol (which elutes in
fractions 13 and 14). Thus, the products which accumul ate
in this experinent nay be netabolites in the degradation

pat hway of mcresol. A nore detail ed discussion of their
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I n Aqueous Filtrates of the Radioactive Label

Tabl e 4: Recover
| gi Yly I njected. Novenber, 1984.

Origina

Concentration Replicate . Label "'. mUresol 7. O her
<ug/ 1) No. Renai ni ng Recovered Recovered
a = OO ju BN 17
A = O = 16 L
120 cont r ol 102 89
D S O A 49
D S O == 42

960 contr ol 101
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identity will follow later.

Concentration differences were al so clearly apparent.
In the 120 ug/1 sanples, only 17% of the radioactivity
initially injected remai ned in the aqueous phase after

ei ght days, and al nost none of this was present as m

cresol . In contrast, about 45% of the initial

radi oactivity remained in the 960 ug/1 sanples, but about
60% of this was present as mcresol. Curiously, the %
metabolites of label initially added was about the sane at
bot h concentrati ons. This is in distinct contrast fromthe
Sept enber experinment, when the | abel theoretically present
as netabolites at 960- ug/1 was twi ce that at 120 ug/1.

G ven that the type of nmetabolites which accunulate in the
two experinments are so different, the factors which govern
their fornmati on and rel ease are bound to differ. D fferent
enzyne systens, and possibly, different organisns are

i nvol ved. Therefore, they would not be expected to respond
to concentration in the sane way.

G ven the conflicting results of the Septenber and
Novenber experinents, a third nmetabolite accunul ati on
experinent was initiated in January, 1985. The objectives
of this experinment were twofold: (1) to confirmthe
results of one, or both, of the previous experinents, and
(2) to follow cresol disappearance and netabolite
accurmul ation in the filtrate at several different peri ods.
The experinent was simlar to the two previous studies,

except that duplicate sets of sanples were incubated for O,
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3, 8 and 16 days. Sanple uptake and respiration were al so
measur ed.

Tinme study results are shown in Table 5. m Cr esol
di sappears nmore qui ckly fromthe agqueous phase than the
radi oacti ve | abel . Mor eover, as the i ncubation tine
i ncreases, the recovered netabolites account for an
i ncreasi ng proportion of the radi oactive |abel remaining in
t he aqueous phase (Figure 12). These results confirmthose
observed in the cresol di sappearance experi nent and
denonstrate that netabolite accunul ati on does occur w th
| onger i ncubati ons.

Metabolite recovery and fractionation results at day 8
are nearly identical to those observed in the Novenber
met abol i te accunul ati on experinment (Table 5, Figure 13-14).
A simlar fractionation pattern is observed at each tine
and concentration. As the percent of |abel in the form of
netabolites increases, the radioactivity in nost fractions
eluting before mcresol also increases. The increase
occurs after and including fraction 7, where aronatic
netabolites would elute, and before fraction 7, when
nonaronati c netabolites would el ute. Thus, both aromatic
met abol i tes and ot her products nay accunul at e.

No one fraction accounts for a significant percentage
(greater than 5% of the label initially added, but snall
radi oacti ve peaks do consistantly appear in fraction 7 and
fractions 3-5. Fraction 7 may be tentatively identified as

protocat echuic acid on the basis of coelution (Table 1).
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Table 5: Repovery in Agqueous Filtrates of the Radi oactive Label
Oiginally Injected after Different Periods of
I ncubation. January, 1985.

120 U L BAHPLES 960 U L. SAMPLES

| ncubation "/. Label "/. m....Cresol "/. Gther 7, Label 'L mGCresol "/. Oher
Ti me (days) Renmai ni ng F-Jecovered Recovered Renai ni ng Recover ed Recovered

O 20 i M) = O 1 S22 O S5 7 S S
3 sanpl e* =3 B B 15 SR/ 53 13
cont r ol A O L= v O a4 O OS5 =
S sa 1 e~ =222 =3 15 549 S 6 1 =
cCont r o a1 O 1 S 66 a1 102 B9 a o
1. 6 sanpl e* 21 - 19 21 - 1 b
cont r ol 103 O 1L a = a1 OO g N\ \

* average o-f 2 sanple replicates
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960 ug/
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Figure 12: Proportion of Radioactive Label Renmaining in the
Sanple Filtrates Wiich is Recovered as Metabolites
vs. Incubation Tinme. January, 1985.
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Thi s conmpound has been known to accunulate in culture
fluids during studies with pure cultures (Dagley, 1971).
More rigorous nmethods of identification were not pursued,
however, because the fraction typically contains |ess than
2% of the label initially added.

The radioactivity in fractions 3-5 together ranges from
about 4 to 9 percent of the label initially added, though
they typically contain about 6 percent. Conpounds el uting
in these fractions are polar and poorly retained by the
nonpolar G g colum. A major consequence of this is that
t he conpounds will also be poorly separated on the col um.
Thus, the higher radioactivity in these fractions could
easily be due to the coelution of a nunber of different
conpounds. Indeed, when smaller fractions of a 960 ug/|
sanpl e were collected, the radioactive peak in fractions 3-
5 was separated into two smaller peaks (Figure 15). Even
I f each of the two smaller peaks were to represent a single
conpound, they woul d each only account for about 3% of the
| abel initially added. A rigorous attenpt to identify
conpounds present In such small anpunts was outside the
scope of this project.

The only information gleaned fromthe chromatograns is
that the conpounds are polar and probably nonaronati c.

Thus, fractions 3-5 may contain both nonaronatic
i nternedi ates and end products of the mcresol degradation
pat hways. Products fornmed from mcresol, such as

i ntermedi ates of oxidative netabolism may al so accunul ate
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and elute in these fractions (Neijssel and Tenpest, 1979).
Pure cul ture studi es suggest that the nonaroraatic

internedi ates of mcresol degradation are unlikely to

accunul ate. Most of these compounds are chenically
unst abl e i n aqueous sol ution and are unable to perneate the
menbr ane of intact cells (Dagley, 1975; Stanier and
Ornston, 1973). Wich products are actually present cannot
be di stingui shed by these nethods. The fact that they are
| abel ed, however, clearly shows that they arose fromm
cresol .

Concentrati on does not appear to influence which

met abol i tes accumul ate because the fractionation patterns

are simlar at both concentrati ons. Concentrati on
di fferences are apparent, however, in the quantity of
net abol i tes accunul at e. The % net abolites of the | abel

originally injected is simlar at both concentrations
(Table 5). In 120 ug/1 sanples, it ranges from15 to 19 %
and in the 960 ug/1 sanples, it ranges from13 to 18 %

But the ratio of 12c to 14c differs at the two
concentrations, so netabolite accunulation in the 960
sanples is roughly seven tines that at 120 ug/ 1.
Degradation rates were al so higher in the 960 sanpl es
(Appendi x 1). That the degradation rates of mcresol and
ot her phenols may increase with an increase in
concentrati on has been shown in nunerous studies (Boethling
and Al exander, 1979; Pfaender and Barthol omew, 1982; Rubin

et al. , 1982). But why nore netabolites would accunul ate
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at the higher concentration is |ess clear.

One possibility is that the rate of mcreso
degradati on exceeds the capacity of the cell to use pat hway
end products to formcellular constituents or to produce
energy. For exanple, in studies with pure cultures,
Nei j ssel and Tenpest (1979) found that the overproduction
of metabolites can occur in response to non-carbon nutrient
limtation. They hypothesized that m croorganisns "wl |
over produce netabolites only when forced by particul ar
environnetnal conditions to do so, and that they do this in
order to resol ve physiological problens.” They suggested
that one factor inportant for netabolite overproduction is
that there is no extensive regul ation of the carbon source.
This is known to be true for certain organi sns which
degrade mcresol. In two Pseudonpnas putida isol ates, for
exanpl e, mcresol induces sinultaneously all enzynes of the
met a- cl eavage pat hway (Bayly and Barbour, 1984). 1In this
case, the degradation rate would be controlled by the
concentration of mcresol, rather than an end product or
i nt er medi at e. Thus, even if the cell were unable to use
the netabolites, they would continue to be produced. This
may explain why nore netabolites would accunul ate at the
hi gher m cresol concentrati on.

Anot her possiblity is that certain organisns in the
sanpl e are conetabolizing mcresol. |In this case, partial
degradati on products of mcresol nmay accunul ate (Al exander,

1980; Horvath, 1972). Such products may subsequently be
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conet abol i zed, mneralized, or left unaltered by other

m croorgani sns. This would explain why so nany different
products accurmul ate and in relatively small anpbunts.

One hypothesis used to explain conetablismis rel ated
to enzyne specificity (Al exander, 1980; Horvath, 1972).
Enzynes falling earlier in a nmetabolic sequence may have
|l ess stringent substrate specificities than an enzyne
occurring later in the sequence. Hence, a conpound
degraded by the forner enzynes nay produce an unsuitable
substrate for the latter enzyne. This may |l ead to the
accunul ation of the partially degraded substrate
(Al exander, 1980; Horvath, 1972). Because only a few steps

in the netabolic sequence nmay be invol ved, the usual
mechani sns for pathway regul ati on may not function. Thus,
t he nonspecific enzynes may conti nue to degrade m cresol at
a rate proportional to its concentration, and consequently,
more product(s) would accunul ate at the higher
concentrati on.

Simlar results were observed in a study with | ake
wat er by Wang, et al.. At a concentration of 1 ug/m,
i sopropyl N-phenyl carbamate (I PC) was converted only to
organi ¢ products, presunably by conmetabolism At 400
pg/m, 1 PC was nmineralized and converted to organic
products, but fewer organi c products were produced at the
| ower concentrati on. Thi s suggests that conetabolic
activity is influenced by concentration. An i nport ant

di fference between the two studi es, however, is that in the
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Wang study, organic products inside and outside m crobial

cells were neasured, whereas in the netabolite accunul ati on

experinents, only products which accunul ate outside the

cell were neasur ed.

In this context, it is interesting to note that the
fractionation pattern renains sinlar throughout the tine
cour se experiment. The unchangi ng fractionation pattern
could reflect the actual pattern of conpounds rel eased.
This pattern may renain the sane despite all the changes
occurring in the bottle. Anot her possibility is that

m crobi al or abiotic renpbval mechani sns obscure changes in

the quantity and quality of netabolites rel eased-. Some
conpounds, for exanple, may volatilize into the sanple
headspace. I n other cases, conpounds excreted by one

popul ati on may be taken up by other m crobial popul ati ons
within the comunity. I nduci bl e upt ake systens for certain

end products, C4-dicarboxylic acids, and ot her

i nt er nedi at es have been denonstrated (Ghei and Kay, 1972;
Kay and Kornberg, 1970; Ornston and Parke, 1976).

It is difficult to extrapolate the results of the
netabolite accunmul ati on experinents to the natura
envi ronment or other experinental nethods. The
experinental systemis conplex and poorly defined. As the
sanpl e i ncubates, the characteristics of the m crobial
community change in response to sanple confinenent in a
bottl e. Ferguson et al. (1984) found that confinenent of a

natural conmmunity of narine bacteriopl ankt on caused
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i ncreases in the nunber of culturable bacteria, the total
nunber of cells, the average cell volume, and the netabolic

activity. Changes in the species conposition of the

m crobial comunity were also observed. 1In this

| aboratory, sinilar bottle effects were observed previously

in two mcresol tinme-course studies. Bottles with and
wi t hout mcresol showed sinilar responses to confinement,
t hough nunbers of culturable bacteria increased nore

dramatically in bottles receiving mcresol. Due to such

bottle effects, the environmental conditions causing
met abolite accunul ation within the bottle are largely

unknown. The results only show what can happen, not

necessarily what woul d happen, in the natural environment.

Nei t her can the mechani sns by which the netabolites
accunul ate be determned. Only |abel which accunulates is
measur ed, but accunul ation itself will depend upon the
rates of conpound rel ease and the rates of conpound
di sappearance. Conpound rel ease nay occur by excretion or
cell lysis, and conpound di sappearance nay occur by
m cr obi al uptake or abiotic nechani sns.

Despite their limtations, the netabolite accunul ati on
experinents have denonstrated that netabolite accunul ati on
does occur with mcresol, but after long-termincubations
whi ch are characteristic of die-away studies. The nature
of the netabolite accumul ati on can vary dramatically, and

because sanple replicates within an experinent typically
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correlate closely, this variation may refl ect differences
in the initial environnmental sanples. The extent of
net abolite accunul ati on appears to vary with the | ength of
i ncubati on, the sanple of water and the concentration of m
cresol . Mor eover, no one netabolite accunul at es
consistantly to significant | evels.

These results have several inplications for
bi odegradati on studies with radi ol abel ed cresol. First,
with the | onger incubations of die-away studi es, the extent
of degradati on nay be underesti nated when only
m neralizati on and upt ake are neasur ed. Second, no
specific nmetabolite which accunul ates in the aqueous phase
appears to be appropriate as a third neasure of
bi odegradation. And third, the nonitoring of radioactivity
in the unfracti onat ed aqueous phase is only useful as part
of an effort to nake a mass-bal ance of the | abel, rather

t han as an i ndication of the concentrati on of mcresol

r emai ni ng.
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CONCLUSI ONSs

1. The accunul ati on of netabolites can occur in the
aqueous phase during studi es of mcresol biodegradation

with natural water sanpl es.

2. Most netabolite accunul ati on occurs after several days
of i ncubati on. In heterotrophic activity studi es, which

i nvol ve short-termincubations (less than 24 h.),

net abolite accunul ati on accounts for only a small fraction
of the radi ol abel originally added. Thus, this fate may be
insignificant in these studies. After |onger incubations,
whi ch are characteristic of many ot her nmethods used to
study bi odegradati on, netabolite accunul ati on accounted for
as nmuch as 30 % of the | abel originally added. Thus,
studi es which only nmeasure uptake and mni neralizati on may

underesti mate the extent of mcresol degradation.

3. The nature of netabolite accumul ati on varied, and
appeared to reflect differences in the initial

envi ronnent al sanpl es. Soneti nes no netabolite
accunul ati on was det ect ed. One tine, a few products
accunul ated and they were | ess polar than mcresol. At
ot her tines, many di fferent products accunul ated and t hey
were nore polar than mcresol. No one netabolite

accumul ated consistantly to a | evel greater than 5% of the
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radi ol abel originally injected.

4. \When netabolite accumul ation occurred, it was greater

in sanpl es reci eving a higher

concentrati on of mcresol.
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APPENDI X A

Degradation Rates - Metabolite Accunul ati on Experi nent
January, 1985.

concu <uq/j. > time (d) respiration rate tatal uptake rat!
(Li g/" 2/ h) (Li gArL1/i™")
120 0. 59 0. d:i
120 8 0. 21 0. 24
120 16 O. 05 0. 08
960 3 2. 25 - 89
960 s 0, 93 i, 1 a

960 16 0. 24 0. 41
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