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There have been extensive studies on the occurrence, kinetics, and
products of microbial transformation of orgénic compounds. Many of these
investigations were designed to serve as models to predict what will occur

in natural water, soil, sewage, and other ecosystems. Researchers assumed

that if a compound was mineralized, cometabolized, or resistant to micro-

bial conversion -at the levels normally uséd for blodegradation tests, it
would be similarly mineralized, cometabolized, or resistant at the. parts-
per-billion level, or even ipwer levels, in nature. It'also'was assumed
that the products woﬁld be the same regardless of substrate concentration
and that the kinetics would be unchanged except thatlrates woyld decline in
dirgct proportion to substrate concentrati;n.

Our results show that eFroneous'cénclusions may be reached from studies
or routine tests done with organic chemicalz at the levels often employed
for pradicting chemical fate in nature. These errors iﬁ extrapolation from
high to luw concentration may occu:lin routine evaluations of biodegra-
dation, careful assessments of kinetics, or the establishment of products
‘formed in water, soil, or sediments.

for the present purposé, high concentrations are not considered to be
thos? toxic to common heterotrophic bacteria and fungi (that is, those
species requiring organic compounds). Rather, the concentrations are in
ranges nét usually deemed to be inhibitory; for example they are in the
ranée of l—;OO/ug/ml of water or 1-100 hg/gvof soil or sédimenc. on a
dry~weight baéis. Low concentrations, ‘in contrast, are considered to be
'belbw the ranges cited; that 1is, in the pa;ts—per—billion (ng/ml or ng/e)
or parts-per-trillion (pg/ml or pg/g) range. The anomalies that vccur at
toxic chemiéal concentrations that we consider to be high lie outside the

scope of this review because such levels are rarelv encountered in nature.

-----
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Concern about the microbial metabolism of synthetic molecules at these
low levels is of practical importance for several reasons. First, criteria
and standards for water quality refer to maximum acceptable levels of many
organic pollutants that are below 100 ng/ml. Second, numerous toxicants
are harmful at levels in the parts-per-billion range, and risk assessments
suggest that many others are probably'injurious cven’in such trace amounts.

Third, a substance may be nontoxic in the' amounts that exist free in the

water or outside the microbial cell in soil, but if the chemical is subject

to bioconcentration, species Iac higher trophic 1levels wmay be harmed.
Although the toxic chemical affecting the species at the higher trophic
level 1is now at a high concentration within the oréanism, the chemical is
not subject to microbia]‘decompositiqn becauée'it is within the tissues ot
the animal or plant and not free iﬁ Qater, soil, or sediments.

Several types of curves have been obtained in plots of the aisappear-
ance of organic molecules added to samples of‘natural environments or to
pure cultures, On arithmetic axes, such substrate disappearance curves may
be concave-up, as ;n first-order kinetics, or concave-down during nearly
the entire éeriod of decreasiné substrate concentration, or the
concenttatiqn .Sf substrate or the appenrance of product may appear to

chaﬁge linearly with time. ' In natural ecosystems, a variety of facuors

probably alter the shapes of substrate disappearvance curves. The factors

may include bredation‘by protozoa, the time for induction of the active
organisms, the accumulétion of toxins produced by other miéroorganisms,
deplgtioﬁ of inorganic nutrients or growth factors, fhe presence of other
substrates which may repress utilization of the compound of interest, and
binding of the compound to cnlloidal matter. The impacts or interactinns
of such potentially important factors may make it difficult to pfedict the

kinetics of mineralization or disappearance of a particular substrate.
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One approach to establish why substrate disappearance curves have so
many different shapes is to seek an omnipresent minimum set of tactors
affecting the kinetics of biodegradation. In manyvinstances, it is poss-
ible that the only factors or variables, at least for substrates that are
mineralized, that need to be considered are the concegttation of the
cbmpound‘and the abundance of active organisms. A study thus was'désigned
to determine whetherA the variety of shapes of substrate disapbéérance
curves could be modeled with only the variables of substrate concentration
and population density and‘the parameters of gléssical Monod kinetics.

The rates of mineralization of [xaplbenzoate by an induced population
of .Pseudomonas 'sp. were measured at initial substrate conceﬁtrations
ranging from 10 ng/ml to lOO.ug/ml. Plots of the radioactivity remaining ‘
in the culture wére fit by nonlinear -regfession to six kinetic_ models
derived from the Monod equatibn. These quelé iﬁcorporage only the
variables. of substrate concentration and cell density. Pléts of the
mineralization kinetics 1in culture containing low, intermediate, and high
initial gubstrate concentrations were well fit by first-otdér, integrated
Monod, and loga:ithﬁic kinetics, respectively. Parameters such as maxiﬁum'
specific growth rate, half-saturation constant, and initial population

density divided by yileld agreed between cultures to within a factor of 3.4,

- Benzoate mineralization by microorganisms in acclimated sewdge was shown to

fit logistic (sigmoidal); Monod, and logarithmic kinetics when the compound
was added at initial concentrations of 0.1, 1.0, and lO’pg/ml; respec-
tively. The mineralization of 10 g of benzoate per ml in sewage also
tollowed logarirhmic kinetics in the absence of protozoa. [t is concluded
that much of the diversity in shapes of mineralization curves 1is 2 result

of the interactions of substrate concentration and population density.




We then developed a theoretical model for estimating threshold concen-
trations of organic substrates for Sacterial growth. The model sets a
physical limit on growth for bacteria in nutrient-poor enviroqments.. It is
predicted that thresholds occur when maintenance energy requirements, in

terms of substrate, equal the diffusive flux of substrate molccules to the

bacterium. The. model predicts either a negative growth ratz or a

diminishing cell size at concenfrations at or below the threshold. We then
applied the model to experimental studies of bilodegradation of organic
compounds.

Two general types of dual-substrate models can.be distinguished, each
of whigh requircs a different approach to describe the kinetics of degra-
dation of the test’compound. The’first class of models describing circum~
stances in which two compounds contribute substantialiy to the growth rate
of the population has been considered above. Models of the Eecoﬁd gene;a]
type are for éircumétances in which the substrate of interest is present At
a very low concentration and therefore is not important in determining the
growth rate of the active organisms. Growth of the active organismé in
such cases would Be governed élmost entirely by the concentration of one or
more alternatiie substrates. A study was thus designed to determinevto
what e*tent second substrates alter the‘kinétiés of mineralizatioa of low
concentrations of organic compounds by pure cultures of bacteria.

IWe developed 12 models of kinetics to describe the metabolism of
organic substrates that werce not supoorting bacterial growth. These models
can be used to dgscribe the biodegradation of organic compounds chaglale
not supporting growth when the responsible populations are growing logisti-

cally, logarithmically, or linecarly or are not increasing in numbers.
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Nonlinear regression analysis was used to fit patterns of mineralization by
two bacteria to these kinetic models. Pseudomonas acidovorans mineralized
1 ng of phenol ﬁer ml while growing eiponentially at the éxpense of unchar-
acterized organic carboﬁ in a synthetic medium. Phenal at a concentration
of 1 ng/ml did not affect the growth of P. aéidovoranﬁ. These data were
best fit by the model that incorporafes the equation for logarithmic growth
and assum2s a coancentration of test substate well below its Kﬁ value. 1In
the absence of a second substrate, glucose at concentrations below those
suppofting growth was mineralized by Salmonella typhimurium in a manner
best . described by pseudo first-order kinetics. In the presence of
different concenttatiqns’of arabinése, however, thé kinetics of gluéose
mineralization by S. typhimurium reflected linear, logistic, or logarithmic.
growth of the‘popu%ation on‘a;abinose;' We conclude that the kinetics of
mineralization of orgaﬁic combounds at concentrations toé low to support
growth are Sest described either by the first-order model or by models that
incorporate expressions for the kinetics of growth of the metabolizing
population on ocher substrates. When growth is at the expeﬁse'of otﬁe;
substrates;, the kinetics observed .reflect such growth, as well as the
cﬁncentration of thg substrate of interest.

In view of the availability of tﬁese new models, a study was initiated
to determine their applicability to the kinetics of mineralization in lake
water. For this purpose, two environmental pollutants, phenol and p-nitru-
phenol, were selected as test compounds. A wide range of concentrations
vas used, and samples of 1lake wéter were ;ollectcd at several times of
vear. |

The kinetics of minefalization of phéno} and p-nitrophenol in lake
water was determined at concentrations ranging from 200 pg to 5 .g/mi. The

mineralization data were fit by nonlinear regression to equations for L4



kinetic models that describe patterns of biodégradacion by nongrowing cells
or by microorganisms growing on either the test chemical or other orgadic
substrates. The kinetics ‘of mineralization of phenol in water 5amp1es
collected in July was best descrifed by first-order models at.0.5 ng of
phenol per ml; by Monod-without-growth, logistic, and logérithmiC'ﬁodels at
1.0 ng, 2.0 ng, and 5.0 ng to l.O/Jg/ml, reséectively, if it 1is assumed
: : / .
that the mineralizing population uses phenol as the sole carbon source for
growth; by models that assume the phenol-mineralizing population ar not
growing or are growing logarithmically or logistically on uncharacterized
carbon compounds but are metabolizing the phenol when present at levels
below and above the Km value, ;esﬁectively; fot that compouna;'and by a
logarithmic model at 5.0 ¥g/ml. Under the test conditions, usually less
than 10% of the phenol C.that was metapo{ized was' incorporated into micro~
bial cells or retained by other pérciculéte material in the water af sub=-
strate concentration Af 10 ng/ml or less, and the percentage increased at
higher substrate concentrations. The mineralization of 2.0 ng of phenol
per ml in water samples collected at other times of year was best describéd
by logistic or logarithmic models 1f the mineralizing bacteria were assumed
to be gtowiﬁg on phenol, by a first order meodel, or by a modcl assuming
logarithmic growth of_the phenol mineralizers oﬁ other organic compounds in
the water. If the lake water was incubated for 12 h before phenol was
added, mineralization was zero-order. Removal of particles from lake water
sampled after heavy run-off from land resulted in a change in kinetics of
phenol mineralization. The patterns of mineralization ;f 0.5 ng to 1.0 g
of anitrophenol per ml were best fit by the Monod-with-girowth modcllgr by
the logistic model if 1t {is assuméd that R—nitrophénol was the carbon
source for growth, or by models that assume logarithmic or logistic growth

on uncharacterized organic matter in the water.




Little attention ha; been given to tne biodegradat
chemicals present at very low concentrations in soil. L
of pollutants are common in soil, originating from wast
pesticide application, fall-out from industrial sctacks, ¢
We propose above several kinetic models for the influe
concentration on the kinetics of biodegradation, and we
models for assessing bioéegradation kinetics of pure cult
The.applicability of information on biodegradation kine

pure cultures to soil had yet to be demonstrated. 1In soil

fon of synthetic
ow ccncentrations
e~disposal sites,
>t other sources.
ce of subsfrate
then used 'these
ures of bacteria.
tics measured in

, the presence of

barriers to diffusion, a large microbial community, low levels of av .ilable

carbon sources, and different types of microorganisms may

result in kine-

tics of biodegradation that are different from those observed in other

environments or in pure cultures. Hence, an investigation

determine the kinetics of mineralization of low concentrg

was conducted to

ations of several

organic compounds in soil. Nonlinear regression techniJues were used to

fit the patterns of mineralization with models of kinetf

[cs developed for

pure cultures and soil and with a new model proposed for the kinetics of

biodegradation in soil.
The kinetics of mine;alization of l["C-labeled phenol

measured at initial concentrations ranging from 0.32 tc¢ 50

and aniline was

00 ng and 0.30 ng

to 500 yg/g of soil, respectively. Mineralization of phehol at conceuntra-

tions less than or equal. to 32 ng/g of soil and of anilipe at all concen--

tions began immediately, and the curves for the evolution of labeled C02

were biphasic. The patterns of mineralization of 4.0 ng

of 2,4-dichloro-

phenol per g of soil and 20 ng of nitrilotriacetic acid per g of soil were

similar to the patterns for phenol and aniline. The pacLerns of mincral-

ization of 1.0 to 100 ng of p-nitrophenol and 6.0 ng of benzylamine per g




of soll were also biphasic but after a short apparent lag period. The
curves of COZ evolution from higher concentrations of phenol and prnitro-
phenol had increasing apparent lag phases and were S-shaped or linear.

Cumulative plots of the percent of substrate converted to CO2 were [fit by

nonlinear regression to first-order, integrated Monod, 1logistic,| loga-

rithmic, zero-order, three-half-order, and two-compartment wodels. Noune of
the models of the Monod family provided the curve of best fit to any of the
patterns of miﬁeralization. The linear growth form of the three-half-order
model provided the best fit for the mineralization of p-nitrophenol, with
the exception of the lowest concentfations, and of benzylamjne. The two~-
compartment moéel provided the best fit for tne mineralization of c¢oncen-
trations of phenol below 100 ng/g, of several concentrations of amiline,
ard of nitrilotriacetic acid. Based on these data, we conclude that modeis
derived from the Monod equation, in;luding the first-order godel, do’ not
adequately describe the kinetics of mineralizatiop of low concentratjons of
chemicals added to soil.

A study was initiated to déterminc whether it 1s possible to |[obtain
nonlinear estimates of fthe parameters of Monod kinetics which describe the
patterns of mineralization of organic substrates in cultures containing
different cell densities and different conceuntrations of substrate. The
kinetics of mineralization of a wide range of concentrations of benzoate,
glucose, aund benzylamine by Pseudomonas sp., Salmonella typhimurium; and
microorgénisms in acclimated sewage was studied. The treatment of fnitial
substrate concentration and pcpulation density as inderendent variables in
nonlinear regression analysis permitted the estimatiun of a single -alue
for each of the parameters of Monod kinetics that best éoocribed the

mineraiization of subpstrate at each concentration by the pure cultupes and
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the gewage microflora. One value for each of the parameters of Monod
kinetics was used for each of the three compounds to produce theoretical
curves which lay close to the observed data om nineralization.. Statis-
ticall& significant differerces existed in the values of the parameters of
Monod kinetics that best described mineralization in cultures differing
only in initial substrate concentration and cell density. However, tor the
compounds tested, the variance left by analyses using onme value for each
parameter of Monod kinetics was less than double the umexplained variance
left by individual analyseé of the data from each treatment. Although
siéﬁificant, this increase is small cbmpared,vic$ the amount of variance
that could be explained using only one value for each parameter of Monod
kinetics.

In self-accelerating models of degradation, growth of cells active on a
primary substrate occure exclusively at the expenée of that substrate. In
three~half—order‘models, the growth of active cells is independent of the
concentration of the primary substrate. Both types ¢! models can apply to
the degradation of some compounds in some environments. A study was
undertaken tc dete:mine whether on2 of these two broad type; of kinetics
offered a better characterization of the degradation of organic compouuds
in samples of na&dral environments; The . patterns of microbial mineral-
ization of 0.3 to 30 ng of gluccse, benzoate, and phgﬁpl per ml of sewage
collected in late fall énd winter were analyzed with the integrated Mouod
equation and a model in which'gtowth of active organisms occurs at the
‘éxpensé of orgaﬁic compounds other than the test substra;e. Either mudel
could be closely fit by nonlirear regresgion to the data from individual
tests with one concentration of substcate éddnd to one dilution of sewage.
However, neither model accounted satisfacto;ily for differences in patterns

of mineralizaticn resulting from differences in substrate concentration and
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cell density between different tests. It is suggested that both the added
substrates and other organics present in sewage contributed to the growth
of the active organisms. The mineralization of glucose in sewage collécted
in summer was better described by a two-compartment model than by any other
model tes:éd.

SFudies were also conducted on the eflects of second substrates on the‘
biodegradation of low concentrations of organic coméounds. Pseudomonas
acidovorans and Pseudomonas sp. gcrain ANL but not Salmonella typhimurium
grew in an inorganic salts solution. The growth of P. acidovorans in this
solution was not enhanced by the addition»of'Z.Olﬂg‘of phenol per liter,
but the phenol was mineralized. Mineralization of 2.0 yg phenol per liter
by P. acidovorans was Qelayed 16 h by 70 .;g of acetate per liter, and the
delay was lengthened by_‘increasing acetate concentrations, whereas
phenol and acetate were utilized simultaneously at cpncentrétions of 2.0
and 13 ‘g/liter, respectively. Growth of Pseudomonas sp. in the inorganic
salts solution Qas not affected by the addition of 3.0 /g each of glucose
and aniline per liter, nor was mineralization of the two compounds detected
during the initial period of growth., However, mineralization of both sﬁb—
strates by this organism occurred simultaneously during the lattev pha;es
of growth and after gréwth had ended at the expense of‘the uncharacterized
dissolved organic compounds iq the sélts solution.‘ In. contrast, when
Pseudomonas sp. was grown in the salrs solution supplemehéed with 300 r g
each of glucose and aniline, the sugar was mineralized first, and aniline
was mineralized only'after much of the glucose cafbon was éonvertcd to

Cco S. typhimurium failed to multiply in the salts solution with 1.0 £

5
of glucose per liter. It grew slightly but mineralized little of the sugar
at 5.0 pgfliter, but its population density rose at 10 s g of glucose per

liter or higher. The hexose could be mineralized at 0.5 ‘'g/liter, however,
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if the solution contained 5.0 mg of arabinose per liter. In solutions with
this arabinose céncentration and glucose levels too low to support growth,
the petceﬁtage of glucose carbon incorporated into S. typhimurium cells was
the same as when the bacterium was grown in solutions with high concentra-
tions of glucose alone. Whgn glucose was the only carbon source for S.
typhiﬁurium, the percentage of the glucose carbon assimilated and mineral-
ized progressively declined as“the sugar concentration was reduced to
levels approaching the threshold for growth. These results indicate that
second substrates and uncharacterized dissolved organic carbon may playian
important role in controlling the rate and extent of btiodegradation of
organic compounds at low concentrations. |

During the course of our studies of the biodegradation of low conhcen-
t?acions‘of synthetic compounds in fresh water and sewage, we observed
patterns of minera;ization that were frequently unexpected based on invesf—.
igations of higher concentrations of the same or related chemicals. These

presumably anomalous findings were then evaluated since tests of biodegra-

‘dation of organic compounds at concentrations not typical of natural

ecosystems may lead to erroneous exirapo]ations about the transformations
that occur in natural habitats. The rates of mineralization of nitrilo-
triacetic acid (NTA), 2,4-dichlorophenoxyacetic acid (2,4~D), p-nitro-
phenol, aniiine, and {isopropyl N-pheny]garbamatg (IPC) at one or more
concentrations ranging from 100 pg/ml to 1.0 ﬂg/ml were proportional io
chemical concentrations in samples of three lakes. The rates at 100 pg of
NTA, 2,4-D, p=-nitrophenol, and aniline per .ml in samples of one or mere
lakes were less than predicted, assuming che rates weré linearly related to
the concentration. Neither NTA nor 2,4-dichlorophenol at 2.0 ng/ml was
mireralized in some lake waters, but higher levels of the two chemicals

were converted to CU, in samples of the same waters. In samples from two

-
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lakes, little or no mineralization of IPC or 2,4-D occurred at 1.0 wg/ml,
but 10 ng/ml or lower levels of the herbicides were mineralized. The
mineralization in sewage of 1.0 j/g of NTA per ml was biphasic; about 202 of
the substrate was mineralized in 20 h, and minexzalization was only reini-
tiated after a period of 130 h. The biphasic transformation was not a
result of thé accumulation of organic products, and it was still evident if
protozoan activity was inhibited. NTA also underwent a biphasic mineral-
ization in lake waters, and the biphasic pattern was not altered by aédi—
tions of gtﬁwth factors and inorganic nutrients. From 40 to 6U% of the
carbon of aniline added to lake water at levels of 100 pg/ml to 1.0 :g/ml
was mineralized, but more than 90% of the carbon of NTA, 2,4-D, or p—nitro-
phenol aqded to lake water at 10 ng/ml or 1.0j(g/ml was mineralized. The
microbial commﬁnities of lake water acclimated to degrade IPC and p-nitro-
phenol even bélow the minimal concentration at which bacteria can use

single carbon sources for growth. IPC at 400 pg/ml and 1.0 ng/ml and 2,4-D

PO

at 100 pg/ml, 10 ng/ml, and 1.0 ¢ g/wl were not mineralized in waters from
all lakes.

Seven presumed anomalies were evident‘ in this investigation of the
biodegradation of low concentrations of organic compouads. (i) The rate of
migéralization may be less than aﬁticipated it it is assumed that the rates
are linearly related to concentration. (ii) Chemicals mineralized at one
concéntration may not be converted tu (U, at lower 1e;els. (iid) Organic
compounds may not be min;ralized at low and presumablx nontoxic levels in
Qater, but they may be metabolized to CO

2 at still lower concentrations.

(1iv) Mineralization may not follow the commonly described kinetics but may’

BAANSS]

proceed in a biphasic manner. 1(v). The extent of mineralization in samples

from a single body of water may vary markedly. (vi) Microbial communitics

........
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may acclimate to mineralize a substrate even though the substrate
ceoncentration 15' below che threshold level to. sustain growth. (vii)
Compounds may be mineralized in some but not all waters. Given these
'putative anomalies, it seems likely that erroneous conclusions will be
reached if knowledge from studies of chemicals at bigh concentrations is
facilely extrapolated'to environments in whicﬁ‘the chemicals exist at low
.éoncentrations.

Microorganisms that cometabolize substrates convert them to organic
products but do not obtain energy from the reaction or use  carbon for
biosynthesis. Although cometabolism may yield products which are toxic and
persist in natural ecosystems, little information exists on the kinetics
and factors affecting rates. at chemical concentrations characteristic of
those found in nature. Our studies on compoﬁﬁds that are mineralized have
shown the importance of using concentrations characteristic of those in
nature because the rates .observed at the high concentrations commonly
tested in the laboratory cannot always be used to predict the rates at the
low concentration .cha acteristic of many bodies of natural water.
Moreover, a chemical may be mineralized at one concentration and cometabo-
lized at another. Hence, we carried out a study to characterize the
cometabolism of very low concentrations of three chemicals in sewage and
eutrophic lake water. Factors affecting the rate of come;abolism of one of
these compounds in samples from natural environments and in pure culture
were alsé investigated.

Low concentrations of propachlor (2—chloro-N-isopfupylacetanilide) and
alachlor [2-chloro-2',6'-diethvl-N-(methoxymethyl)acetanilide] were not
mineralized, cycloate (S-ethyl-N-cthylthiovcyclohexanecarbamate) was slowly
or not mineralized, and aniline and cyclohexylamine were readily mineral-

ized in sewage and lake water. Propachlor, alachlor, and cycloate were
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extensively metabolized, but the products were organic. Little conversion
of propachlor and alachlér was evident in sterilized sewage or lake water.
The cometabolism of propachlor was essentially linear with time in lake
water aﬁd was well fit by zero-order kinetics in short periods -~nd by
first-order kinetics in longer periods in sewage. The.tate of cometab lism
in sewage was directly proporéional to propachlor conégntraticn at levels
from 63-pg/mi to more thaan 100 ng/ml. Glucose but not aniline increased
the yield of products formed during propachlor éometabo]ism in sewage. No
microorganism able to use propachlor as sole source of carbon and energy
was isolated, but bacteria isolated from sewage and lake water metabolized
this chemical. During the metabolism of this herbicide by two of the
bacteria, none of the carbon was assimilated. Our data indicate that
cometabolism of these chemicals takes.place at concengracions of synthetic
compounds that commonly occur in natural warers.

Many synthetic orgaﬁic compounds that are mineraiizable persist in
sewage, natural waters, and soils for some time before a population of
microorganisms becomes sufficiently large or active to bring atov: their
destrucfion. One way to enhance destruction of these chemicals is to
inoculate the environment with microorganisms known to metabeclice the
chemicals’readily. It is also possible that genetically engineered micro-
organisms may be developed .:o bring about the rapid destruction of
cbmpounds that are slowly destroyed or that are not knowm to be mineralized
in nature, and these newly cons;ructed organisms would then be added to
natural ecosystems after their growth in the laboratory 6r in large
fermentors. Nevertheless, because abiotic stresses in natural environments
are often different from those in the laboratory and beciause the introduced
specles may face ?ntense competitioh, predation, or parasitjsﬁ in nature,

the inoculated organism may not bring about the desired biodegradation

after its addition to sewage, natural waters, or soils,
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The reasons for the inability of mi;roérganisms added to natural
environments or samples of these environments to bring about reactions they
effect in culture are unknown. Because the use of naturally occurring or
genetically engineered microorganisms represents a potentially promising
means of destroving polluting chemicals in sewage, natural waters, or
soils, a study was initiated to determine some of the reasons for, the

failure of microbial inocula to bring about deg;adative'teactions in nature

that they can catalyze in culture.

T O 5 O ERSOOCC OO G S ANy

Pseudomonas strains capable of mineralizing 2,4-dichlorophenol (DCP)

'.n

and p-nitrophenol (PNP) in culture media were isolated from soil. One DCP-

et w
SRS

metabolizing strain mineralized 1.0 Qnd 10;yg of DCP but not 2.0 to 300

ng)ml in culture, When added to lake water containing IOEUg‘of DCP per ml,

the bacterium did not mineralize the compound, and only after 6 days did it

}

cause the degradation of 1.0 yg of DCP per ml. The organism did not grow
or metabolize DCP when inoculated into sterile lake water, but it
multiplied in sterile lake water amended with glucose or with DCP and

supplemental nutrients. 1Its population density -declined and DCP was not

SHENEN TR

mineraliz~d when the pseudomonad was added to nonsterile sewage, but the

s e e

bacterium grew in sterile DCP-amended sewage, although not causing appre- -

ciable mineralization of the test compound. Addition of the bacterium to

nonsteérile soil did not result in the mineralization of 10 v'g of DCP per g,

pATATY

although mineralization was evident if the inoculum was added 'to sterile

g
* a4

i soil. A second DCP-utiliziﬁg pseudomonod failed to mineralize DCP when’
;; added to the surface of sterile soil, although activity was evident if the
e . ,

. inoculum, was mixed with the soil. A pscudumenad able to mineralize 9.0

. 4

+g of PNP per ml in culture did not mineralize the compound in sterile or

s

- nonsterile lake water. The bacterium destroyed PNP in sterile sewage and

".

o

K8 enhanced PNP mineralization in nonsterile sewage. When added to the

P
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surface of sterile soil, the bacterium mineralized little of the PNP
present at 5.0;;3/3, but it was active if mixed well with the sterile soil.
These data suggest that microorganisms able to degrade organic pollutants
in culture sometimes may fail to function when inoculated into natural
environments because the concentration in nature may be too low to support
g;owth.or because the organisms may be su§ceptible to toxins or predaturs.
in the environments, may use other organic comtiunds in prefereﬁce to the
pollutant, or may be unable to move through so0il to sites containing the
chemical.'

Studies of the efficiency of biomass production at the expense of
energy and carbon source, i.e., the yield coeéfinient, are important for
the analysis‘of both the kinetics‘of microbial processes in culeure and th;
éonversions of.substrates‘in natural ecﬁsystems to biomass, organic prod-
ué:s, and COZ' Large differences gxist among values reported for the yleld
coéfficient, however, and these variations make difficult the aralysis ot

processes 1in cultyre and ot "the conversions in natural environments,

Hence, a study was designed to determine the yield coefficients of a

heterogeneéus bacterial mixture, with special reference to the variable of
cell density andlsubstate concentration. Particular attention was given to
determining the yieid coefficients at tracé concentrations of the orgagic
substrate bécause low levels of numerous synthetic compounds; for example,

less than 100 ng/ml, ‘characterize the concentrations of pollutants in many

- fresh. estuarine, and marine waters. Measurements were made of the yield

‘coefficient during the aerobic metabolism of glucose by a heterogeﬁcnus

bacterial mixture. Expressed in terms of carbon, the coefficient was
approximately 0.48. The value did not vary with initial bacterial den-
sities ranging from 0.4 pg to 40 ,’g oi cell carbon per ml and with glucose

concentrations ranging from 43 pg to 100 , g of carbon per ml. Under 'all
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these circumstances, about 44%Z of the glucose carbon was converted to CO2
and 7.4% was excreted as organic products.

Research was conducted on the mechanisms responsible for the frequently
lo%g acclimation period prior to the biodegradation of low concentrations
of pollutants. The mineralization of 2 ppb of PNP in sewage (as measured
by counting the amount of radiocactive CO2 that was évolved) was detected on
the second day of incubation. This suggests .that the appearance of a

mutant ablé to mineralize the PNP is not a likely mechanism for the delay

in mineralization. To examine the role of protozoa in dectermining the

length of the acclimation period in sewage, their numbers as a function of
time were dctermined. Their population density in sewage amended with
eucaryotic inhibitors declined to less than 100 per ml in | day. The total

number rose to approximately fOS per ml on day 2 and remained at this:

. density for 8 days. Most of these protozoa were of one type,. a large

ciliate, and this ciliate was shown to be resistant to the an;ibiotics.
Counts of protozoa in sewage noc‘tecéiving the inhibitors increased from
leés‘than 103 to greater than 104 in 1 day, then declined and leveléd of f
at about IOA per ml. |

To determine the population dynaﬁiCS of the organisms biodegrading 2
ppb of PNP, fresh sewage was incubated with no aﬁendmenés, with PN?, and -
with PNP and eucaryotic irhibitors. After a l-day lag period, the number
of PNP-degraders incteased exponenti#lly from approximafe]y 100 to about 5
x lOA per ml after 8 days. The presence of PNP had no significant effect

on the rate of increase or the final number of PNP-mineralizing organisms.

However, in the presence of cucaryotic inhibitors, the number ot PNP-

. degraders inc.eased rapidly after 1 day, from approximately 100 tu greacer
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than 1000 per ml. The rapid increase of PNP-mineralizing organisms in
sewage in which the protozoa were suppressed suggests that protozoan
grazing is responsible for the acclimation prior to mineralization of PNP.

Eucaryotic inhibitors (cycloheximide and nystatin) reduced the leagth
of the acclimation period by 10 days prior to the mineralization of 2, 10,
and 100 ng of 2,4-D per ml and also reduced the extent of mineralization
form 90 to 10%. The inhibitors reduced by § days the length of the
acclimation period‘in séwage prior to the miﬁeralization of 10 or 100 ng of
2,4~dichlorophencl per ml and reduced the extent of'min;ralizgtion from 70
to 30%. Theéé results confirm our earlier data with PNP that grazing by
proszoa determines the length of the acclimation p;riod prior to biodegré-
dation in waste waters.

To determine the effects of aA alferngtive‘ prey on the . acclimation
period, a -ciliated ‘ protozoan (Tetrahymena), Enterobacter sp., and an
isolate capable of mineralizing PNP were added in various combinations go
media containing 100 ng of PNP per ml. The bresence of 108 Enterobacter
éellé per ﬁll had no effect on PNP mineralization by the isolate (104
cells/per wml). When Tetrtrahymena, Entefobacter, and the isolate were
present together at these cell deasities, thé length of the acclimation
period was inc;eased‘ Final cell densities of the isolatg‘were réduced by
the protozva only in the presence of Enterobacter. Thus, in the presence
of high densities of an alternagive‘ prey, protozoa will gra¥e the low
densities of a bacterium that is initiating biodégradation.

The presence pf toxins, the need for alternative organic substrates,
and protozcan grazine were apparently not responsible for the acclimation

prior tw PNP minerslization in lakewater. However, 10, g of glucose per ml
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increased the acclimation period prior to mineralizaiion of 200 ng of PNP
per ml. Addition of 10 nM phosphate increased the rate of mineralization
of 10 ng of caprolactam per ml, and additions of 0.01-100 mM phosphate
caused a significant shortening in the acclimation period prior to the
mineralization of 2-2000 ng PNP per ml. The effect of phosphate was not a
result of binding or precipitation of inhibitors.

Grounéwater samples from different 1locations were tested for their
ability to biodegrade various test compounds. Phenol at 100 ng/ml was
mineraiized in 1 day, and PNP at concentrations ranging from 1.0 to 1000
ng/ml was mineralized in 60 to 120 days. In groundwater naturally contam-
inated.with various volatile organic compoun&s, no mineralization of phenol
at 0.5-1000 ng/ml was observed in 28 days, although phenol at 0.1 ng/ml was
mineralized in 28 days, arproximately 10% of carbaryl at 2 ng/ml wa;
mineralized in 28 days, but not mineralization of 100 ng/ml PNP, 2,4-D, and
1PC was evident in 28 days. 1In groundwater obtained from a noncontamin;tcd
site cloée to the contaminated groundwater, PﬁP at 20 and 200 ng/ml was
mineralized in 6 days, and phenol at 0.1, 0.5, 1.0, 5.0, 10, 100, and 1000

ng/ml was mineralized within 48 h.
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