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A continuous-culture device was used to select and enrich for microorganisms,
from sewage and agricultural runoff, that were capable of using the organophos-
phorus insecticide parathion as a sole growth substrate. Parathion was dissimi-
lated by the highly acclimated symbiotic activities of Pseudomonas stutzeri,
which non-oxidatively and cometabolically hydrolyzed the parathion to ionic
diethyl thiophosphate and p-nitrophenol, and P. aeruginosa, which utilized the
p-nitrophenol as a sole carbon and energy source. Ionic diethyl thiophosphate
was found to be inert to any transformations. Methyl parathion was dissimilated
in an analogous way. The device functioned as a chemostat with parathion as

the growth-limiting nutrient, and extraordinarily high dissimilation rates were
attained for parathion (8 g/liter per day) and for p-nitrophenol (7 g/liter per day).
This is the first report ofparathion utilization by a defined microbial culture and
by symbiotic microbial attack and of dissimilation of an organophosphorus
pesticide in a chemostat.

Continuous-cultivation techniques have
rarely been used for studying the interactions
of microorganisms and xenobiotics, e.g., micro-
bial degradation of pesticides and toxic wastes.
Ware and Evans (69) and Evans and Kite (14)
gave perhaps the first reports of continuous
culture applied to detoxifying aqueous wastes
(i.e., phenols). Chemostats have been used to
investigate the microbial utilization of phenol
(26, 31, 70, 73), p-hydroxybenzoate (29), and 2,4-
dichlorophenol (68), three possible products of
pesticide breakdown. There are only two re-
ports of pesticides (both water-soluble herbi-
cides) serving as growth-limiting nutrients in a
chemostat: 2,4,-dichlorophenoxyacetic acid (68)
and dalapon (61, 62). Chu and Kirsch (7) re-
ported the continuous cultivation of a bacte-
rium on pentachlorophenol. McClure (38) con-
structed a membrane filter device that kept the
influent and effluent separate from the bacteria
for use in the enhanced biodegradation of the
herbicide propham. This device operated in a
manner similar to that of a continuously fed
batch system with constant removal of soluble
wastes. Pesticides and environmental pollut-
ants of limited water solubility have experi-
enced even fewer investigations. Hsieh and
Munnecke (28, 46) mentioned the growth of a
bacterial community on parathion in continu-
ous culture, but it was not able to maintain a
steady state because the parathion was fed to
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the growth vessel as an emulsion of uncon-
trolled and variable concentration. Pritchard
and Starr (57) described a novel device for the
continuous cultivation of bacteria on oil.
We have previously reported the utilization

of parathion by symbiotic bacterial activity in a
chemostat device (12) and the use of these bac-
teria for accelerated degradation of parathion
in soil (C. G. Daughton and D. P. H. Hsieh,
Bull. Environ. Contam. Toxicol., in press).
Parathion is an unusual substrate for microbial
utilization. Although it has poor water solubil-
ity (24 ,ug/ml, 82 ,uM), parathion can be hy-
drolyzed to two potential substrates that con-
tain carbon, nitrogen, phosphorus, and sulfur:
(i) fairly water-soluble and moderately toxic p-
nitrophenol and (ii) extremely water-soluble
potentially toxic ionic diethyl thiophosphate.
We report here the descriptions of the para-
thion-acclimated bacteria and the data ob-
tained from their growth in a two-stage chemo-
stat; the second stage was used to study possi-
ble diauxic growth on metabolites that were
not utilized in the first stage.

MATERIALS AND METHODS

Substrates. Technical-grade 98% parathion (0,0-
diethyl O-p-nitrophenyl phosphorothionate) (PTN)
was kindly supplied by Stauffer Chemical Co., Rich-
mond, Calif. Technical-grade 96% methyl parathion
(O,O-dimethyl O-p-nitrophenyl phosphorothionate)
(MPTN) was kindly supplied by Monsanto Chemical
Co., Anniston, Ala. p-Nitrophenol (mp 113 to 114°C)
(p-NP) was obtained from Matheson, Coleman and
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176 DAUGHTON AND HSIEH

Bell, San Francisco, Calif. All other chemicals were
of analytical reagent grade.
Continuous culture. The continuous-culture de-

vice was of a two-stage, single-stream design, with-
out feedback. The first stage (St-1) was a BioFlo
model C30 (New Brunswick Scientific Co., New
Brunswick, N.J.), 240 to 300 ml, maintained at
26°C and aerated at 0.8 liter/min; foam control was
not needed. The effluent overflowed into the second
stage (St-2) (690 ml). All tubing was either silicone
rubber or glass. A concentrated salts solution (25-
fold) contained (grams per liter of deionized water):
(NH4)2SO4, 25.0; MgSO4*7H2O, 5.0; CaCl2, 0.5;
FeCl3-6H20, 0.175; MnCl2*4H2O, 0.05; NaMoO4-
2H20, 0.025; ZnCl2, 0.0125; and CuC03, 0.0125. This
solution, in a reservoir separate from that of the
phosphate buffer (K2HPO4 * 3H20, 2 to 3 g/liter), was
pumped to St-1 at 1/25 the rate of the buffer by a
multichannel precision variable-speed peristaltic
pump (Sage model 375A, Orion Instruments). This
obviated the need for sterilizing the buffered mini-
mum salts solution to prevent ammonia oxidizer
growth in the reservoir and for organic chelating
agents, which are sometimes toxic to pseudomonads
and can serve as additional substrates and as cata-
lysts for the hydrolysis of PTN (34). Since technical
PTN has only limited water solubility (24 ,mg/ml, 82
,uM), it was metered into St-1 at 4 to 67 gl/h through
a Teflon needle from a 1.0- or 2.5-ml gas-tight sy-
ringe powered by a variable-speed precision syringe
pump (Sage model 335, Orion). When MPTN (mp =
38°C) was metered into St-1 as the sole substrate,
the syringe and Teflon inlet line were heated to 40°C
by wrapping them with Nichrome wire and applying
sufficient voltage. The theoretical or "effective"
PTN concentration in the influent buffered salts
solution (S,-PTN, micrograms per milliliter) was
calculated from the flow rate (F, milliliters per
hour), the PTN flow rate (P, microliters per hour),
and the specific gravity of the PTN (1.25 mg/,l):

Sr-PTN = 1,000 x (P X 1.25)/F
The pH of each stage was maintained between 6.5
and 7.2. When p-NP was fed as the sole substrate, it
was dissolved in the buffer reservoir.
The two stages were checked for efficient homoge-

neous mixing by following the washout ofp-NP from
each of the reactors (cell free) over time at a con-
stant dilution rate. The concentrations of p-NP in
St-1 (§,-p-NP) and St-2(§2-p-NP) were predicted very
well by the following equations, indicating nearly
perfect mixing:

§, = s0e-D I and

82 = D2/(D2 - DI) soe-Dit + Ce-D,t

where so is the initial p-NP concentration in both St-
1 and St-2, D, and D2 are dilution rates for St-1 and
St-2, respectively, and C is a boundary condition at
time (t) zero.
Acclimated microorganisms. The microbial inoc-

ulum was obtained from the University of Califor-
nia, Davis, Sewage Treatment Plant aeration tank,
which also receives agricultural runoff. Cells in the
sample were selected, enriched, and acclimated for

growth on PTN as the sole carbon and energy source
and maintained in continuous culture for over 2
years. Sterile techniques were not used while these
organisms were maintained in continuous culture.

Assays. Steady-state conditions in St-1 and St-2
were determined by monitoring turbidity with a
Klett-Summerson colorimeter with a blue filter (400
to 450 nm). Generally, for each step-change imposed
on the system, more than five residence times for
each stage elapsed before measurements were made.
For all analyses, samples were withdrawn from the
reactors and immediately processed. Dry mass was
determined by filtering measured volumes through
tared 0.2-,um Sartorius membrane filters, in quad-
ruplicate, followed by rinsing with 10 ml of deion-
ized water and drying at 90°C for at least 1 h. The
same procedure was followed for blanks of equiva-
lent volumes of water. Dry mass was calculated
after duplicate weighings on a Mettler model H20T
semimicro balance as: average mass (sample) - av-
erage mass (blank).
PTN was quantitated by extraction with ethyl

acetate or ethyl ether at pH 3 (65), dried over anhy-
drous Na2SO4, and injected on a Becker model 417
gas chromatograph equipped with a phosphorus-
thermionic detector and a 1-m glass column, 2 mm
ID packed with 10% Apiezon N on 60/80 Gas-
Chrom Q. Ionic diethyl thiophosphate (DETP) and
ionic dimethyl thiophosphate were obtained as the
potassium salts from American Cyanamid Co.,
Princeton, N.J. Dimethyl and diethyl phosphates
were obtained as the free acids from American Cy-
anamid Co., Wayne, N.J., and Eastman Chemical
Co., Rochester, N.Y., respectively. These were
quantitated as their methyl esters by using the pro-
cedure of Daughton et al. (11) without the resin
preconcentration step. Methylation of DETP and
ionic dimethyl thiophosphate yields both the 0- and
S-methyl esters, the latter of which can be formed in
90% yield if a protic solvent, such as methanol or
water, is present during methylation with ethereal-
ethanolic diazomethane; this agrees with published
data (39). The methylated samples were injected on
a gas chromatograph (phosphorus-thermionic) with
a 1.8-m glass column, 2-mm ID, packed with equal
mixtures of 15% QF-1 and 10% DC 200 on 80/100 Gas-
Chrom Q. Identification was confirmed by gas chro-
matography-mass spectrometry.
When present at less than 0.5 ,g/ml, p-NP was

quantitatively extracted at pH 3 with 2 equal vol-
umes of ethyl acetate (65), which was then dried
over anhydrous Na2SO4; the volume was decreased
by evaporation in vacuo, and the mixture was dried
under nitrogen gas. The residue was suspended in
1% Na2CO3 and membrane-filtered to remove sus-
pended solids; the absorbance at 410 nm was read in
a Spectronic 100 (Bausch & Lomb, Inc., Rochester,
N.Y.), with 1% Na2CO3 used as the blank. Samples
containing higher concentrations of p-NP were
quickly membrane-filtered, and the filtrate was
made alkaline with concentrated aqueous NaOH.

Qualitative identification of possible mono- and
dihydric phenolic metabolites was achieved by ex-
tracting an acidified sample with either ethyl ace-
tate, ethyl ether, or methyl-isobutyl ketone (10);
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forming the trimethylsilyl derivatives by adding
N,O-bis(trimethylsilyl)acetamide (Aldrich Chemi-
cal Co., Milwaukee, Wis.) to the dry residue; dilut-
ing with carbon disulfide; and comparing the reten-
tion times with those of standards on a Becker gas
chromatograph equipped with a flame ionization de-
tector and with a QF-1, DC 200 Gas-Chrom Q col-
umn.

Qualitative estimation of "total" phenols was ac-
complished by the method of Chrastil (6), which
gave responses to all the phenols of interest when
present at 5 jig or more per ml.

RESULTS
Acclimated microorganisms. After 2 years

of continuous growth on PTN or p-NP as the
sole carbon and energy source, the continuous
culture apparently consisted only of three mor-
phologically distinct bacterial forms: two motile
rods and one immotile coryneform. Of the ini-
tial isolates, one could grow on p-NP as the sole
substrate, but none could hydrolyze PTN.
Therefore, many late-growing and slowly de-
veloping colonies on nutrient agar were
screened for PTN-hydrolytic activity. Finally, a
colony was isolated that possessed extremely
active PTN-hydrolysis ability. Together with
the isolate that grew on p-NP, these two iso-
lates symbiotically utilized PTN as the sole
carbon and energy source in the chemostat and
in batch culture. In batch culture, PTN hydrol-
ysis was so rapid that p-NP accumulated in
toxic quantities, resulting in delayed growth by
the p-NP-utilizing species.
By using the procedures and data of Stanier

et al. (63) and Palleroni et al. (53), except for
the test for arginine dihydrolase (66), the iso-
lates were identified as follows.

(i) Pseudomonas aeruginosa. Gram-nega-
tive, motile rod, with yellow-green pigmenta-
tion, highly fluorescent; ortho cleavage of cate-
chol; no lytic response to P. putida phage; abun-
dant growth at 40 and 26°C, no growth at 40C;
oxidase positive; denitrification without gas
production; arginine dihydrolase rapidly posi-
tive; starch hydrolysis negative; no methionine
requirement; very rapid growth; no PTN-hy-
drolysis activity. Growth on the following com-
pounds as sole carbon sources: p-NP (with
much release of nitrite), p-hydroxybenzoate,
acetamide, DL-valine, arginine, D-glucose, be-
taine, sucrose (without levan formation), 83-hy-
droxybutyrate, lactate, glycollate, 2-noneic
acid, succinate, f-alanine, ethylene glycol, pro-
pylene glycol, mucate, 1)-fructose, and L-histi-
dine. No growth on: mannitol, cellobiose,
starch, DL-norleucine, DL-tryptophan, myo-ino-
sitol, m-hydroxybenzoate, fucose, adipate, mal-
tose, trehalose, maleate, lactose, L-threonine,

and n-arabinose. Variable growth on n-galac-
tose.

(ii) P. stutzeri. Rapidly hydrolyzes PTN;
gram-negative, motile rod; no pigmentation or
fluorescence; ortho cleavage of catechol; colo-
nies often dry and wrinkled; no growth at 40 or
40C; variable growth at 380C; growth at 260C;
oxidase positive; vigorous denitrification with-
out gas production; arginine dihydrolase
weakly positive; starch hydrolysis positive; no
methionine requirement; no accumulation of
polyhydroxybutyrate. Growth on the following
compounds as sole carbon sources: mannitol,
cellobiose, DL-valine, p-hydroxybenzoate, D-glu-
cose, sucrose (without levan formation), f8-hy-
droxybutyrate, lactate, fucose, maltose, treha-
lose, lactose, D-galactose, D-fructose, and pro-
pylene glycol. No growth on: starch, acetamide,
DL-norleucine, DLtryptophan, myo-inositol, m-
hydroxybenzoate, arginine, betaine, glycollate,
adipate, 2-noneic acid, maleate, ,B-alanine, p-
NP, mucate, L-threonine, and D-arabinose.
Variable growth on: ethylene glycol and L-histi-
dine.
The isolate of P. stutzeri did not possess sev-

eral characteristics of the species (e.g., utiliza-
tion of starch and glycollate), but since it had
been growing in mixed continuous culture, ex-
clusively on PTN for over 2 years, these proper-
ties could have been lost through mutation.
With all utilizable substrates, P. stutzeri grew
much slower than did P. aeruginosa. All of the
studies discussed here involve this highly accli-
mated culture containing the two defined bacte-
rial species.

Parathion-limited chemostat. Continuous
cultivation with parathion supplied as the sole
carbon source revealed that steady-state dry
cell mass in St-1 (xi) increased linearly as the
theoretical influent concentration of PTN (ST-
PTN) increased (Fig. 1). Steady-state PTN con-
centrations in St-i (&,-PTN) were less than 2%
of Sr-PTN. From the relationship x = Yob(S, -
s) (56), the observed yield (Yob), calculated on
the basis of the benzene nucleus carbon ofPTN,
was 36%. The yield was calculated only on the
basis of the carbon in the p-nitrophenyl moiety
since the diethyl phosphoryl carbon was not
utilized, as shown below.

Steady-state analyses for ionic alkyl phos-
phates and thiophosphates revealed the exclu-
sive presence of DETP in both St-1 and St-2.
More importantly, the steady-state concentra-
tion of DETP in St-1 and St-2 was always equi-
molar to the theoretical S,-PTN (150 to 2,274
jig/ml; 0.52 to 7.8 mM) (Fig. 2). The DETP
concentration was the same for a given steady
state whether determined by extraction of
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inflsemi PARATHION (mg/liter)

FIG. 1. Parathion chemostat: xl versus Sr-PTN.
Steady-state dry-cell mass in St-i (milligrams per
liter) versus the concentration of parathion in the
influent (milligrams per liter). Model equation x =
(Yob/loo) (Sr - s). Least-squares line: ix = 0.088
Sr -1.7, r2 = 0.94. s. = 4.04, Sb = 1.71,Sm = 0.007
(n = 13).
whole-cell suspensions or by using the 0.2-,um
membrane filtrate from cell suspensions. When
the supply of phosphate or sulfilr was with-
drawn from the chemostat, xl decreased to very
low values, the cells clumped, and DETP re-
mained unaltered. These results indicate the
following. (i) Since DETP was present exclu-
sively in the extracellular fluid, hydrolysis of
PTN was probably mediated exocellularly. In-
tracellular hydrolysis of PTN would have re-
quired the active transport of DETP from the
cell, since DETP is an ionic phosphate. In addi-
tion, suspended, stationary-phase cells of P.
stutzeri from nutrient agar, which had been
washed and membrane filtered, could immedi-
ately hydrolyze PTN, whereas the filtrate pos-
sessed no activity; hydrolytic activity was
shown by the extracellular appearance ofp-NP.
(ii) Since DETP reached steady-state concen-
trations equimolar to S,-PTN, this fortuitously
confirmed that the theoretical calculation ofSr-
PTN was valid and that the infusion of PTN to
the reactor was constant. (iii) There was no
significant loss of PTN by volatilization, since
all of the PTN entering the system could be
accounted for as DETP. (iv) DETP was recalci-
trant to microbial and chemical transforma-
tions, even when supplied as a sole phosphorus
and sulfur source.
When MPTN was infused as the sole sub-

strate, dissimilation was analogous to that of
PTN. Hydrolysis resulted in accumulation of
nearly equimolar quantities of ionic dimethyl

thiophosphate. High concentrations of MPTN
were perhaps less readily hydrolyzed since
MPTN is a solid below 38°C; this resulted in a
lessening of MPTN emulsification, due to solid
material floating on the culture surface or ad-
hering to the reactor walls, and a decrease in its
accessibility to hydrolytic enzymes.
When Sr-PTN was gradually increased to

2,274 ,ug/ml, Yob decreased by nearly 50%, but
s,-PTN still remained relatively low (52 ,ug/
ml). These results were achieved for a dilution
rate (D) of 0.15/h and represent a dissimilation
rate of 8 g of PTN per liter per day. The steady-
state concentration of phenols, including p-NP,
remained <0.5 ,ug/ml. The decrease in Yob was
probably due to the high concentrations of
DETP.
p-NP-limited chemostat. Since DETP was

not utilized, PTN utilization was directly re-
lated to that ofp-NP. Initiation of the continu-
ous cultivation of the acclimated bacteria on p-
NP, as a sole carbon and energy source, re-
quired low values for influent concentration of
p-NP (250 ,tg/ml) and dilution rate (0.1/h). To
achieve a higher Sr or D, the incremental in-
creases needed to be small (e.g., 150 gg/ml or
0.02/h); otherwise, what would have been a
transient increase in the amount ofp-NP pres-
ent in the reactor could have become growth
inhibitory. Evans and Kite (14) pointed out an
important characteristic of a continuous fer-
mentor used for degradation oftoxic substrates:
when it operates at dilution rates close to maxi-

7

6

52

0: Stag. 1
2 - ,. Stage 2

mM inflneut PARATHION

FIG. 2. Parathion chemostat: &1-DETP and &2-
DETP versus S-PTN. Steady-state concentration of
DETP in St-i (0) and St-2 (A) (mM) versus the
concentration of parathion in the influent to St-i
(mM).
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mum, fluctuations (e.g., step increases) in in-
fluent concentrations or flow rate can lead to
effluent concentrations that inhibit growth.

Steady-state dry-cell mass (x) versus S,-p-
NP (D = 0.13/h) is plotted (Fig. 3). As S, was
increased, x increased, but in proportionately
smaller amounts. Dry-cell mass yields were cal-
culated on the basis of the milligram equiva-
lents of the benzene-nucleus carbon of con-
sumed p-NP. With Sr-p-NP increasing from
240 to 960 ug/ml, Yob was 30 and 18%, respec-
tively. The steady-state dry-cell mass versus
S7-PTN is shown in Fig. 4. The values for St-2
are noticeably lower than those for St-1, com-
pared to the values resulting from the run
when p-NP was the substrate (Fig. 3). Since
liberation of DETP is the only distinguishing
feature of PTN metabolism compared to p-NP
metabolism, the lower values for x-PTN, proba-
bly due to cell lysis, indicate that DETP is
toxic.

Presumably, p-NP undergoes a nitro-group
removal as nitrite by a nitro-reductase prior to
its utilization (59). To be sure that this was the
rate-limiting step, so that p-NP disappearance
could be used as a direct measure of its utiliza-
tion, samples were analyzed for steady-state
concentrations of possible p-NP phenolic me-
tabolites in the extracellular fluid and in the
organic extracts ofthe acidified cell suspension.
No phenols other than p-NP were detectable by
either the total phenol or the gas chromatog-
raphy method.
Further verification that the chemostat was

p-NP limited involved following turbidity (in
Klett units as related to dry mass) and the
steady-state p-NP concentration in St-1, while
increasing D over a period of 3 weeks at a
constant Sr-p-NP (720.5 Ag/ml). Figure 5 shows
a plot of 1ID versus l/sl-p-NP. The equation

60 s

* 30

250 500 750 1000
isfiveeI p-NITROPHENOL (mg/liter)

FIG. 3. p-NP chemostat: x, and X, versus S,1p-NP.
Steady-state dry-cell mass in St-i (-) and in St-2 (A)
versus concentration of p-NP (milligrams per liter)
in the influent. D = 0.131h.

100

50

Stole 2

.5 1 1.5 2
inf sent PARATHION (i/liter)

FIG. 4. Parathion chemostat: Effect of large con-
centrations of parathion; xl and X, versus S,-PTN.
Steady-state dry-cell mass (milligrams per liter) in
St-i (0) and St-2 (A) versus the concentration of
parathion in the influent to St-i.

2.6

- 2.4
:5

2.0

U.5 1.0
I / S(i /

FIG. 5. p-NP chemostat: lID versus /ij. Double-
reciprocal plot of dilution rate (per hour) versus

steady-state concentration of p-NP (micrograms per
milliliter). S,-p-NP = 720.5 mg of p-NP per liter.
Model equation: lID = [(K,/p ,,,)(1I§)] + [1/p.].
Least-squares line: lID = [0.731(11i)] + 1.979, r2 =

0.56, ILma. = 0.50/h, K, = 0.37 mg ofp-NP per liter.
8V.Z = 0.170, Sb= 0.042, Sm = 0.081 (n = 31).

model for this line is 1ID = [KS/,Lmar(1/s)] +
[11/.majr], where K. is the Monod saturation con-

stant and tUma, is the maximum specific growth
rate (56). The least-squares regression line
gives a theoretical .ma, = 0.50/h and K, = 0.37
mg of p-NP per liter.
Figure 6 shows a plot of 1/Yb versus 1D (= 1/

,u). The equation for the line, as given by Pirt
(56), is 1/Yob = (m/t) + (1/Y,), where m is the
maintenance coefficient and Y. is the "true"
growth. yield or that which would be observed
in the absence of any maintenance require-
ment. From the least-squares regression line,
the following values result: m = 0.21 mg of p-

/ * wm-x s*.S hP,.S. h-1
V/ 1t~~~~~~~~s- 0.37 -9,
i
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lar results, in contradiction to the Monod
model. The maximum experimental dissimila-
tion rate achieved for p-NP (D = 0.13/h and S,-
p-NP = 940 ,g/ml) was 7 g/liter per day. This
rate, compared to the maximum achieved rate
for PTN dissimilation (8 g/liter per day), is
equivalent to 15 g of PTN per liter per day and
indicates that the rate-limiting step in PTN
utilization was its hydrolysis.
To determine if the nitro-group ofp-NP could

Yg : 0.21 mg cells/ mg p-NP
be used as a sole nitrogen source, the p-NP-

m
. 0.21 mg cpls/ mgsp-NP limited chemostat was operated at D = 0.29/h
B0.21 mg p-NP/ mg ce1 / h and Sr-p-NP = 674 gg/ml, and the sole exoge-

I nous nitrogen source, (NH4)2SO4, was with-
2 4 6 8 1O drawn from the influent salts solution. The cell

1/D (h)

FIG. 6. p-NP chemostat: l/Yob versus 1ID. Dou-
ble-reciprocal plot of milligrams of dry-cell mass
yield per milligram of p-NP in St-i (Yob) versus
dilution rate (per hour). Srp-NP = 720.5 mg of p-
NP per liter. Model equation: 1/Yob (m/,u) + (1/YO)
(D = ,t, at steady state). Least-squares line: 1 lYob =
0.21 (1 ID) + 4.755, r2 = 0.987, m = 0.21 mg ofp-NP
per milligram of dry-cell mass per hour, Yg, = 0.21
mg of dry-cell mass per milligram of p-NP con-
sumed. sv.x = 0.070, sb = 0.095, Sm = 0.014 (n = 16).

NP per mg of dry cell mass per hour; Y0, = 0.21
mg of cells per mg of p-NP.

Figure 7 shows a plot of i and s-p-NP versus
D. The theoretical curve through the data
points of s versus D was generated from the
Monod equation: s = DKsI(Lmax - D). The
curve through the points ofix verus D was gen-
erated from the Pirt modification of the Monod
equation (56): x = DYg[(Sr - s)/(mY0 + D)];
this equation takes the effects of maintenance
energy at lower dilution rates into considera-
tion. The experimental washout point (critical
dilution rate) was DC = 0.53/h. Notably, i-p-NP
dropped to a lower plateau when D reached
0.36/h; at this dilution rate, the steady-state
concentration ofp-NP exceeded 1 ,ug/ml. p-NP
is a potent "uncoupler" of oxidative phosphoryl-
ation (15). This perhaps accounts for the step
decrease in yield at the higher D values.
To determine the maximum p-NP dissimila-

tion rate, Sf-p-NP was increased in 150-,ug/ml
increments starting from 250 ,ug/ml at the dilu-
tion rate that gave a maximum x (i.e., D =
0.36/h). When Sr-p-NP reached 940 ug/ml, the
chemostat became unstable; but at D = 0.13/h
this same concentration resulted in a steady-
state level, suggesting that p-NP was still the
limiting nutrient. The Monod model for the
chemostat predicts that s should be independ-
ent of Sr for a given D, but, when S,-p-NP was
increased, s1-p-NP increased from <0.25 to 3.5
,ag/ml. Grady and Williams (20) reported simi-

mass concentration reached a steady-state level
25% lower, indicating that the nitro-group ofp-
NP was utilizable but that Yob was reduced by
25%. Reinitiation of the nitrogen source re-
sulted in x increasing to its original level (Fig.
8).

DISCUSSION
Although the biological treatment of organo-

phosphorus manufacturing wastes was first re-
ported by Coley and Stutz (9) and Lue-Hing and
Brady (36), we have presented the first account
of an organophosphorus insecticide serving as
the growth-limiting substrate in a chemostat,
allowing for a quantitative description of its
utilization, and the first documented report of
PTN utilization by a defined microbial culture,
as well as its utilization by symbiotic microbial
activity.

Symbiosis. After more than 2 years ofgrowth
in continuous culture with PTN as the sole
substrate, the acclimated PTN-utilizing culture
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FIG. 8. Effects of nitrogen limitation on the utilization of p-NP in the chemostat. Steady-state turbidity
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remained a multispecies association. Since
competition, as the only interaction between
species, would necessarily lead to mutual exclu-
sion of all but one species (30), we assumed that
a symbiotic interaction existed. This assump-
tion proved correct when we showed that the
PTN was hydrolyzed by a strain of P. stutzeri
and the resultant p-NP was utilized by a strain
ofP. aeruginosa. Neither of these species could
fulfill the role of the other, but they could grow
symbiotically on PTN in batch and continuous
culture. Therefore, P. stutzeri probably grew on
metabolic products from P. aeruginosa. Grif-
fiths and Walker (21) also isolated a pseudo-
monad that could grow on p-NP but could not
hydrolyze PTN; Munnecke and Hsieh (46) re-
ported a similar phenomenon. Only once before
has the synergistic microbial degradation of an
organophosphorus insecticide (i.e., diazinon)
been shown, but its utilization for growth was
not demonstrated (24).
The exceptionally high dissimilation rate

achieved for PTN (8 g/liter per day) is appar-
ently the highest ever reported for a pesticide.
This rate is nearly 10,000 times faster than the
reported hydrolysis rates in water or seawater
under comparable conditions (pH 7.4 to 7.8,
2300) (C. G. Daughton, Ph.D. thesis, Univer-
sity of California, Davis, 1976.) Notably, this
biodegradative process does not result in the
end-product formation of a stoichiometric
amount of toxicp-NP (51), and the low, steady-
state p-NP concentrations permitted bacterial
growth onp-NP for the first time at pH <7.0.

Nonoxidative hydrolysis of parathion. The
most widely reported mechanism for PTN hy-
drolysis is oxidative, involving an oxygenated-
sulfur complex ofPTN (58). Nakatsugawa et al.
(48, 49) reported that DETP was released from
PTN in eucaryotes primarily by microsomal
oxygenases but not by non-oxidative hydrolytic
enzymes. The hydrolysis of PTN by "thionase"
enzymes was reported by Matsumura and Ho-
gendijk (42) to occur in PTN-resistant house-
flies, but this postulated non-oxidative hydroly-
sis has since been questioned (48, 71). One of
the only reports of desulfuration of a thioate to
an oxon by a microorganism concerned the in-
tra-cellular desulfuration of Dyfonate to dy-
foxon by soil fungi (16). The role of non-oxida-
tive metabolism of organophosphates is largely
unknown, except for the reductive reactions
that yield such products as aminoparathion.
Oxidative desulfuration ofa thionate in procar-
yotes has never been shown, although the ab-
sence of the oxon, during metabolism of a thio-
nate, has been noted in nearly all investiga-
tions of bacterial (2, 5, 41, 43, 44) and fungal
(41, 67) transformations of phosphorothionates.
We conclude that P. stutzeri cometabolically

hydrolyzes PTN non-oxidatively probably with
an exocellular enzyme. Munnecke and Hsieh
(47) reported that the hydrolysis of PTN by
undefined acclimated bacteria was by an en-
zyme(s) predominantly associated with the
cells. Paris et al. (54) concluded that malathion
was hydrolyzed exo (ecto)-cellularly; Clark and
Wright (8) concluded that the slightly water-
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soluble carbamate propham was hydrolyzed ex-
ocellularly by Arthrobacter and Achromobacter
spp. Exocellular hydrolysis of organophospho-
rothionates by bacteria would explain the ab-
sence of oxon formation, due to the unavailabil-
ity of the requisite oxygenases outside the cell
membrane.

Since phosphotriesters may occur naturally
as phospholipids (17, 18) and since phospholi-
pases can act at the supersubstrate interface of
non-water-soluble substances, we propose that
the non-oxidative exocellular hydrolysis ofPTN
could be mediated by phospholipases. This en-
zyme class could have particular importance in
the hydrolysis of organophosphates in the envi-
ronment, especially soil, since it has recently
been shown that phospholipase production
could be a major characteristic of soil actinomy-
cetes (35). Phosphatases, on the other hand, act
upon phosphates rather than phosphorothio-
nates as preferred substrates (45), and rarely
hydrolyze phosphotriesters (25).
Fate of the dialkyl thiophosphoryl moiety.

Even though DETP was found to reach steady-
state concentrations in St-1 equimolar to the
influent PTN concentration, we hypothesized
that perhaps the DETP would support diauxic
growth in St-2, where the concentrations of
other more preferred substrates would be low.
DETP, though, was found to remain unaltered
in St-2, regardless of the presence of inorganic
phosphate. Wolfenden and Spence (72) reported
the isolation of an "Aerobacter" aerogenes that
could utilize DMP, but only as a sole phospho-
rus source. This is the only report of utilization
of an ionic dialkyl phosphate by a defined mi-
crobial culture; never has the utilization of an
ionic dialkyl thiophosphate been demonstrated,
and the only reported instances of dialkyl phos-
phate utilization have occurred when the com-
pound was the sole source of phosphate (4, 23,
24, 72).
Our results indicate that DETP and DMTP

are exceedingly stable, not only to chemical
hydrolysis, but also to attack by the highly
acclimated PTN-utilizing bacteria. The inabil-
ity of the PTN-utilizing bacteria to hydrolyze
DETP and DMTP was probably due to the lack
of or inaccessibility of a suitable phosphodies-
terase and the toxicity of the substrate. We
have calculated that in California alone (1974
to 1975) a potential 3 x 106 kg of ionic dimethyl
and diethyl phosphates and thiophosphates
could have been generated in the environment
by release from only the organophosphates ap-
plied to crops. In addition, these compounds are
used in very large quantities in several indus-
tries (1, 27).

Ionic dialkyl phosphates and especially thio-
phosphates are exceedingly unreactive and
highly unusual molecules to biological systems
(13, 19, 33, 50, 64). They are not without toxicity
to eucaryotes. Some ionic dialkyl phosphates
are quite toxic to fish, and, more importantly,
they can be potent synergists for the toxic ac-
tion of their parent insecticides (3). Plants have
been shown capable of assimilating ionic di-
alkyl phosphates and biosynthetically recon-
vert them to cholinesterase inhibitors (52).
O,O-diisopropyl phosphorothioic acid has been
shown to be a persistent fungal hydrolysis prod-
uct of Kitazin P (67); Masuda and Kanazawa
(40) isolated significant quantities of O,O-diiso-
propyl S-methyl phosphorothiolate from rice
straw and grains and from soils treated with
Kitazin P. Methylation of ionic phosphates and
phosphonates in biological systems has also
been reported (37, 60). The photolysis of PTN
and paraoxon was also recently shown to yield
stable trialkyl esters (22). Certain trialkyl
phosphoesters have proved to be potent poten-
tiators ofthe toxicity ofsome organophosphates
in warm-blooded animals (55).

In view of these results, concern about the
environmental fates of ionic dialkyl phosphates
and thiophosphates seems justified. In addi-
tion, these results further support the idea that
pesticide "nonpersistence" is too often equated
simply with "disappearance" of the parent com-
pound (32).
The use of microorganisms in continuous cul-

ture could provide another means of determin-
ing the possible environmental fates of syn-
thetic xenobiotics; the chemostat could be used
as a "model ecosystem." Compounds that would
ordinarily prove toxic to microorganisms in
batch culture could serve as growth substrates,
since low, steady-state substrate concentra-
tions are achievable.

ACKNOWLEDGMENTS
This research was supported by Public Health Service

training grant ES00125 from the Division of Environmental
Health Sciences and by National Science Foundation grant
BMS 75-22756.

LITERATURE CITED

1. Adler, H., and W. H. Woodstock. 1942. The alkyl esters
of phosphoric acid. Chem. Ind. 51:516-521, 557.

2. Ahmed, M. K., and J. E. Casida. 1958. Metabolism of
some organophosphorus insecticides by microorga-
nisms. J. Econ. Entomol. 51:59-63.

3. Bender, M. E. 1969. The toxicity of the hydrolysis and
breakdown products of malathion to the fathead min-
now (Pimephales promelas, Rafinesque). Water Res.
3:571-582.

4. Bhaskaran, R., D. Kandsasamy, G. Oblisami, and T.
R. Subramanian. 1973. Utilization of disyston as car-
bon and phosphorus sources by soil microflora.
Curr. Sci. 42:835-836.

APPL. ENVIRON. MICROBIOL.



PARATHION DEGRADATION IN A CHEMOSTAT 183

5. Bousch, G. M., and F. Matsumura. 1967. Insecticidal
degradation by Pseudomonas melophthora, the bacte-
rial symbiote of the apple maggot. J. Econ. Entomol.
60:918-920.

6. Chrastil, J. 1975. Colorimetric estimation of phenols
and tyrosine. Anal. Chem. 47:2293-2296.

7. Chu, J. P., and E. J. Kirsch. 1972. Metabolism of pen-
tachlorophenol by an axenic bacterial culture. Appl.
Microbiol. 23:1033-1035.

8. Clark, C. G., and S. J. L. Wright. 1970. Degradation of
the herbicide isopropyl N-phenylcarbamate by Ar-
throbacter and Achromobacter spp. from soil. Soil
Biol. Biochem. 2:217-226.

9. Coley, G., and C. N. Stutz. 1966. Treatment of para-
thion wastes and other organics. J. Water Pollut.
Control Fed. 38:1345-1349.

10. Cooper, R. L., and K. C. Wheatstone. 1973. The deter-
mination of phenols in aqueous effluents. Water Res.
7:1375-1384.

11. Daughton, C. G., D. G. Crosby, R. L. Garnas, and D. P.
H. Hsieh. 1976. Analysis of phosphorus-containing
hydrolytic products of organophosphorus insecticides
in water. J. Agric. Food Chem. 24:236-241.

12. Daughton, C. G., and D. P. H. Hsieh. 1976. Interactions
of ethyl parathion and an acclimated bacterial com-
munity in the chemostat, p. 123. In H. Dellweg (ed.),
Abstracts of papers, Fifth International Fermenta-
tion Symposium. Verlag Versuchs- und Lehranstalt
fur Spiritusfabrikation und Fermentationstechno-
logie im Institut fur Girungsgewerbe und Biotechno-
logie, Berlin.

13. Eckstein, F. 1975. Investigation ofenzyme mechanisms
with nucleoside phosphothioates. Angew. Chem. Int.
Ed. Engl. 14:160-166.

14. Evans, C. G. T., and S. Kite. 1961. Application of homo-
geneous continuous culture to the treatment of spent
liquor, p. 175-186. In Continuous culture of microor-
ganisms. SCI monograph no. 12. Society of Chemical
Industry, London.

15. Field, J., A. W. Martin, and S. M. Field. 1935. The
action of beta- and gamma-dinitrophenol and of the
mononitrophenols on yeast respiration. J. Pharma-
col. Exp. Ther. 54:314-336.

16. Flashinski, S. J., and E. P. Lichtenstein. 1974. Metabo-
lism of Dyfonate by soil fungi. Can. J. Microbiol.
20:399-411.

17. Galanos, D. S., and V. M. Kapoulas. 1965. Fractiona-
tion and identification of milk polar lipids; triester
glycolipids. Biochim. Biophys. Acta 98:293-312.

18. Galanos, D. S., and V. M. Kapoulas. 1965. Occurrence
of triester glycophospholipids in animal and plant
tissues and their biological significance. Biochim.
Biophys. Acta 98:313-328.

19. Gerlt, J. A., and F. H. Whitman. 1975. Purification and
properties of a phosphohydrolase from Enterobacter
aerogenes. J. Biol. Chem. 250:5053-5058.

20. Grady, C. P. L., and D. R. Williams. 1975. Effects of
influent substrate concentration on kinetics of natu-
ral microbial populations in continuous culture. Wa-
ter Res. 9:171-180.

21. Griffiths, D. C., and N. Walker. 1970. Microbial degra-
dation of parathion. Meded., Rijksfac. Land-
bouwwet., Ghent. 35:805-810.

22. Grunwell, J. R., and R. H. Erickson. 1973. Photolysis of
parathion. New products. J. Agric. Food Chem.
21:929-931.

23. Gunner, H. B. 1970. Microbial ecosystem stress induced
by an organophosphate insecticide. Meded., Rijksfac.
Landbouwwet., Ghent 35:581-598.

24. Gunner, H. B., and B. M. Zuckerman. 1968. Degrada-
tion of diazinon by synergistic microbial action. Na-
ture (London) 217:1183-1184.

25. Heurer, B., V. Birk, and B. Yaron. 1976. Effects of

phosphatases on the persistence of organophosphorus
insecticides in soil and water. J. Agric. Food Chem.
24:611-614.

26. Hill, G. A., and C. W. Robinson. 1975. Substrate inhibi-
tion kinetics: phenol degradation by Pseudomonas
putida. Biotechnol. Bioeng. 17:1599-1615.

27. Hochwalt, C. A., J. H. Lum, J. E. Melowan, and C. P.
Dywer. 1942. Alkyl esters of phosphoric acid. Ind.
Eng. Chem. 34:20-25.

28. Hsieh, D. P. H., and D. M. Munnecke. 1972. Acceler-
ated microbial degradation of concentrated para-
thion, p. 551-554. In G. Terui (ed.), Fermentation
technology today. Fermentation Society of Technol-
ogy, Osaka, Japan.

29. Huber, T. J., J. R. Street, A. T. Bull, K. A. Cook, and
R. B. Cain. 1975. Aromatic metabolism in the fungi.
Arch. Microbiol. 102:139-144.

30. Jannasch, H. W., and R. I. Mateles. 1974. Experimen-
tal bacterial ecology studied in continuous culture.
Adv. Microb. Physiol. 11:165-212.

31. Jones, G. L., F. Jansen, and A. J. McKay. 1973. Sub-
strate inhibition of the growth of bacterium NCIB
8250 on phenol. J. Gen. Microbiol. 74:139-148.

32. Katan, J., T. W. Fuhremann, and E. P. Lichtenstein.
1976. Binding of ['4C]parathion in soil: a reassess-

ment of pesticide residues. Science 193:891-894.
33. Kirby, A. J., and M. Younasm. 1970. The reactivity of

phosphate esters, diester hydorlysis. J. Chem. Soc. B
1970:510-513.

34. Knaak, J. B, M. S. Stahmann, and J. E. Casida. 1962.
Peroxidase and ethylenediaminetetraacetic acid-fer-
rous iron-catalyzed oxidation and hydrolysis of para-
thion. J. Agric. Food Chem. 10:154-158.

35. Ko, W. H., and F. K. Hora. 1970. Production of phos-
pholipases by soil microorganisms. Soil Sci. 110:355-
358.

36. Lue-Hing, C., and S. D. Brady. 1968. Biological treat-
ment of organic phosphorus pesticide waste-waters.
Purdue Univ. Bull. Ext. Ser. 122:1166-1177.

37. McBain, J. B., L. J. Hoffman, and J. J. Menn. 1971.
Dyfonate metabolism studies. II. Metabolic pathway
of O-ethyl S-phenyl ethyl-phosphonodithioate in rats.
Pestic. Biochem. Physiol. 1:356-365.

38. McClure, G. W. 1973. Membrane biological filter device
for reducing waterborne biodegradable pollutants.
Water Res. 7:1683-1690.

39. Mastryukova, T. A., M. Orlov, L. S. Butorina, I. Ma-
trosov, T. M. Shcherbina, and M. I. Kabachnik. 1974.
Alkylation of phosphorus monothio acids with ali-
phatic diazo compounds. 1. Reactions with diazo-
methane. Zh. Obshch. Khim. 44:1001-1011.

40. Masuda, T., and J. Kanazawa. 1973. Residue of Kitazin
P metabolite in rice plants and soil. Agric. Biol.
Chem. 37:2931-2932.

41. Matsumura, F., and G. M. Boush. 1966. Malathion
degradation by Trichoderma viride and a Pseudomo-
nas species. Science 153:1278-1280.

42. Matsumura, F., and C. J. Hogendijk. 1964. The enzy-
matic degradation of parathion in organophosphate-
susceptible and -resistant houseflies. J. Agric. Food
Chem. 12:447-453.

43. Miyamoto, J., K. Kitagawa, and Y. Sato. 1966. Metabo-
lism ot organophosphorus insecticides by Bacillus
subtilis, with special emphasis on sumithion. Jpn. J.
Exp. Med. 36:211-225.

44. Mostafa, I. Y., I. M. I. Fakhr, M. R. E. Bahig, and Y.
A. El.Zawahry. 1972. Metabolism of organophospho-
rus insecticides. XIII. Degradation of malathion by
Rhizobium spp. Arch. Microbiol. 86:221-224.

45. Motoyama, N., and W. C. Dauterman. 1974. The role of
non-oxidative metabolism in organophosphorus re-
sistance. J. Agric. Food Chem. 22:350-356.

46. Munnecke, D. M., and D. P. H. Hsieh. 1974. Microbial

VOL. 34, 1977



184 DAUGHTON AND HSIEH

decontamination of parathion and p-nitrophenol in
aqueous media. Appl. Microbiol. 28:212-217.

47. Munnecke, D. M., and D. P. H. Hsieh. 1976. Pathways
of microbial metabolism of parathion. Appl. Environ.
Microbiol. 31:63-69.

48. Nakatsugawa, T., N. M. Tolman, and P. A. Dahm.
1969. Metabolism of S35-parathion in the housefly. J.
Econ. Entomol. 62:408-411.

49. Nakatsugawa, T., N. M. Tolman, and P. A. Dahm.
1969. Degradation of parathion in the rat. Biochem.
Pharmacol. 18:1103-1114.

50. Neumann, H., L. Boross, and E. Katchalski. 1967.
Hydrolysis of S-substituted monoesters of phosphoro-
thioic acid by alkaline phosphatase from Escherichia
coli. J. Biol. Chem. 242:3142-3147.

51. Oettingen, W. F. 1949. Phenol and its derivatives: the
relation between their chemical constitution and
their effect on the organism. Natl. Inst. Health Bull.
190:232-284.

52. Orgell, W. H., K. A. Vaidya, and E. W. Hamilton. 1959.
Biosynthesis of cholinesterase-inhibitory substances
from non-inhibitory dialkyl thiophosphates by plant
tissues. Proc. Iowa Acad. Sci. 66:145-148.

53. Palleroni, N. J., M. Doudoroff, and R. Y. Stanier. 1970.
Taxonomy of the aerobic Pseudomonads: the proper-
ties ofPseudomonas stutzeri group. J. Gen. Microbiol.
60:215-231.

54. Paris, D. F., D. L. Lewis, and N. L. Wolfe. 1975. Rates
of degradation of malathion by bacteria isolated from
aquatic systems. Environ. Sci. Technol. 9:135-138.

55. Pellegrini, G., and R. Santi. 1972. Potentiation of toxic-
ity of organophosphorus compounds containing car-
boxyl ester functions toward warm-blooded animals
by some organophosphorus impurities. J. Agric. Food
Chem. 20:944-950.

56. Pirt, S. J. 1975. Principles of microbe and cell cultiva-
tion, p. 33, 67, 72. Halstead Press, New York.

57. Pritchard, P. H., and T. J. Starr. 1973. Microbial degra-
dation of oil and hydrocarbons in continuous culture,
p. 39-45. In D. G. Ahearn and S. P. Meyers (ed.), The
microbial degradation of oil pollutants. Louisiana
State University, Baton Rouge.

58. Ptashne, K. A., R. M. Wolcott, and R. A. Neal. 1971.
Oxygen-18 studies on the chemical mechanisms of the
mixed function oxidase catalyzed desulfuration and
dearylation reactions of parathion. J. Pharmacol.
Exp. Ther. 179:380-385.

59. Raymond, D. G. M., and M. Alexander. 1971. Microbial
metabolism and cometabolism of nitrophenols. Pes-

tic. Biochem. Physiol. 1:123-130.
60. Runneckles, V. C. 1958. Formation of alkyl phosphates

in wheat leaves. Nature (London) 181:1470-1471.
61. Senior, E., A. T. Bull, and J. H. Slater. 1976. Enzyme

evolution in a microbial community growing on the
herbicide Dalapon. Nature (London) 263:476-479.

62. Senior, E., J. H. Slater, and A. T. Bull. 1976. Growth of
mixed microbial populations on the herbicide sodium
2,2'-dichloropropionate (Dalapon) in continuous cul-
ture. J. Appl. Chem. Biotechnol. 26:329-330

63. Stanier, R. Y., N. J. Palleroni, and M. Doudoroff. 1966.
The aerobic pseudomonads; a taxonomic study. J.
Gen. Microbiol. 43:159-271.

64. Sturtevant, J. M., J. A. Gerlt, and F. H. Westheimer.
1973. Enthalpy of hydrolysis of simple phosphate
diesters. J. Am. Chem. Soc. 95:8168-8169.

65. Suffet, I. H., and S. D. Faust. 1972. The p-value ap-
proach to quantitative liquid-liquid extraction of pes-
ticides from water. I. Organophosphates: choice ofpH
and solvent. J. Agric. Food Chem. 20:52-55.

66. Thornley, M. J. 1960. The differentiation ofPseudomo-
nas from other gram-negative bacteria on the basis of
arginine metabolism. J. Appl. Bacteriol. 23:37-52.

67. Tomizawa, C., and Y. Uesugi. 1972. Metabolism of S-
benzyl O,O-diisopropyl phosphorothioate (Kitazin P)
by mycelial cells of Pyricularia oryzae. Agric. Biol.
Chem. 36:294-300.

68. Tyler, J. E., and R. K. Finn. 1974. Growth rates of a
pseudomonad on 2,4-dichlorophenoxyacetic acid and
2,4-dichlorophenol. Appl. Microbiol. 28:181-184.

69. Ware, G. C., and C. G. T. Evans. 1959. Some prelimi-
nary experiments on the treatment of phenolic trade
effluents by continuous culture. Folia Microbiol.
(Prague) 4:62-63.

70. Wase, D. A. J., and J. S. Hough. 1966. Continuous
culture of yeast on phenol. J. Gen. Microbiol. 42:13-
23.

71. Welling, W., P. Blaakmear, G. J. Vink, and S. Voer-
mans. 1971. In vitro hydrolysis of paraoxon by para-
thion resistant houseflies. Pestic. Biochem. Physiol.
1:61-70.

72. Wolfenden, R., and G. Spence. 1967. Depression of
phosphomonoesterase and phosphodiesterase activi-
ties in Aerobacter aerogenes. Biochim. Biophys. Acta
132:296-298.

73. Yang, R. D., and A. E. Humphrey. 1975. Dynamic and
steady-state studies of phenol biodegradation in pure
and mixed cultures. Biotechnol Bioeng. 17:1211-1235.

APPL. ENVIRON. MICROBIOL.


