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In vitro pure culture studies were conducted on three different strains of Escherichia coli (K-12, EPA 00244,
and SWEI) to determine the effect of chlorination on catalase activity. In each case, stationary-phase cells
exhibited significant (P < 0.001) reductions in enzyme activity following exposure to chlorine. Mean differences
in activity between control and chlorine-stressed cells ranged from 8.8 to 20.3 U/mg of protein for E. coli SWEI
and EPA 00244, respectively. Following initial enzyme studies, resuscitation experiments utilizing the
membrane filtration technique were conducted on chlorinated sewage effluent. Five different amendments,
including catalase (1,000 U per plate), heat-inactivated catalase (1,000 U per plate), sodium pyruvate (0.05%),
a catalase-sodium pyruvate combination (1,500 U/0.01%), and acetic acid (0.05%), were tested for the ability
to enhance detection of chlorine-stressed cells on M-fecal coliform (M-FC), mT7, M-Endo, and tryptone-
glucose-yeast extract (TGY) media. Significant (P < 0.001) increases in recovery of fecal coliforms on M-FC,
total coliforms on mT7 and M-Endo, and total heterotrophs on TGY were obtained on plates containing
catalase, pyruvate, or the combination of these compounds. Supplementation with heat-inactivated catalase
and acetic acid did not improve recovery of chlorine-stressed cells compared with recovery on nonamended
media. Subsequent analysis of colonies from plates containing compounds which enhanced recovery indicated
coliform verification percentages of >80% on M-FC, >90% on mT7, and >94% on M-Endo media. These data
suggest that the addition of peroxide-degrading compounds to various standard recovery media may improve
detection of both coliform and heterotrophic bacteria in chlorinated waters.

Chlorination is the most widely used method in the United
States for disinfection of potable waters and municipal
sewage discharges. Coliform bacteria are employed as indi-
cator organisms to monitor chlorinated waters, since their
detection may signify the presence of pathogens. It is well
recognized that coliforms subjected to chlorine may become
stressed, resulting in a reduced ability of these injured
bacteria to proliferate on selective media employed for their
detection (7, 10, 24, 33). Failure to detect coliforms can lead
to an overly optimistic estimate of the safety of a water
when, in essence, pathogens may still exist.
The inability to recover chlorine-injured coliforms on

recommended M-fecal coliform (M-FC) and M-Endo media
has been attributed, in part, to various surface-active ingre-
dients in each medium (6, 13). Normally, indicator organ-
isms are resistant to surfactants; however, damage to the cell
membrane following chlorine exposure may result in an
increased sensitivity to these compounds. Moreover, once

membrane systems are damaged, chlorine may attack other
components of the cell, including several enzymes and
nucleic acids (20, 21). Reductions in oxygen uptake and
respiration, cellular ATP concentration, and oxidative phos-
phorylation have also been shown to occur in Escherichia
coli as the result of chlorine-damaged membranes (5, 10, 20).
Because of the location of certain enzymes involved in

aerobic respiration, the possibility exists that these special-
ized proteins will be targets of chlorine attack. Several stress
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conditions reduce catalase activity in E. coli (8a, 9, 29, 30).
Although numerous methods to detect chlorine-stressed
coliforms from water have been developed, few of these
modified techniques were designed with respect to chlorine
damage of the catalase enzyme. A reduction in catalase
activity may afford a secondary stress to bacteria, especially
if the cells are forced to grow under aerobic incubation
conditions. One consequence of reduced catalase activity
may be the accumulation of toxic hydrogen peroxide (H202),
to which injured bacteria apparently become increasingly
sensitive (30, 35). The exogenous addition of catalase or
nonenzyme peroxide-degrading compounds, such as sodium
pyruvate, to various selective media has been reported to
increase detection of stressed cells of E. coli, Salmonella
spp., and coliform bacteria (8a, 25, 32). In these studies, the
main function of pyruvate was to degrade H202, as opposed
to functioning as an additional carbon source for the cells.
Accordingly, the objectives of this study were to (i) investi-
gate the effect of chlorine on catalase activity of E. coli in
pure culture, (ii) assess the effectiveness of catalase and
sodium pyruvate as amendments to standard recovery media
for the detection of coliform and heterotrophic bacteria from
chlorinated sewage effluents, and (iii) determine whether
these amendments promote the growth of noncoliforms on
selective media.

MATERIALS AND METHODS
Test organisms and cell preparation. E. coli EPA 00244 and

K-12 (ATCC 10798) from departmental stock cultures and E.
coli SWEI, an environmental isolate provided by S. M.
Walsh (Westfield State College, Westfield, Mass.), were
maintained at 4°C on nutrient agar (Difco Laboratories,
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Detroit, Mich.). Except where otherwise noted, all media
were obtained from BBL Microbiology Systems, Cockeys-
ville, Md.

Strains were transferred to 100 ml of Trypticase soy broth
(TSB) and incubated on a rotary shaker (120 rpm) at 35°C for
18 to 24 h. One milliliter was serially diluted in 0.1% peptone
(Difco) buffer, transferred to fresh TSB, and incubated for 18
h as described above. Following incubation, four 20-ml
samples were harvested by centrifugation at 3,020 x g for 10
min and washed three times in 19 mM KH2PO4 buffer, pH
6.7, and the pellets were suspended in 10 ml of the same
buffer. Two pellets were combined to yield separate 20-ml
cell suspensions for subsequent use as control and chlorine-
stressed cultures. All KH2PO4 buffer was rendered a chlo-
rine demand-free buffer (CDFB) according to procedures
outlined elsewhere (1).

Chlorine inqury. Twenty milliliters of washed 18-h cultures
was added to 480 ml of sterile CDFB and mixed for 1 to 2
min. A chlorine stock solution prepared fresh daily from
dilution of commercially purchased Clorox (5.25% sodium
hypochlorite) was volumeterically added to the buffer-cell
mixture at desired concentrations (0.75 to 1.89 mg of chlo-
rine as sodium hypochlorite per liter), and cells were
stressed for 7.5 or 8.0 min with constant stirring. The
reaction was terminated by the addition of 10 ml of 20%
Na2S203, with subsequent agitation for 10 min. A 250-ml
sample was removed from the flasks, and cells were recov-
ered by centrifugation at 3,020 x g for 15 min. Pellets were
suspended in 25 ml of 0.05 M potassium phosphate buffer
(9:1, K2HPO4-KH2PO4) containing 0.1 mM EDTA, pH 7.8.
Control cells were exposed to CDFB under identical condi-
tions and were harvested similarly. The chlorine exposure
protocol provided consistently >90% injury and an average
3- to 4-log reduction in cell viability. Exposure concentra-
tions of chlorine were calculated on the basis of a 5.25%
solution of sodium hypochlorite. The assumption was made,
on the basis of the studies of Fair et al. (18), that at least 85%
of the free chlorine in CDFB was in the hypochlorous form
at pH 7.0 Since the intention of this study was not to
investigate the species of chlorine responsible for injury but
rather to attain a cell injury level of at least 90%, no attempts
were made to determine total or free chlorine levels at any
time during exposure of cells.

Catalase activity measurement. Cells were disrupted by
sonication utilizing a microtip-equipped Branson sonifier
(model S110; Branson Instruments Inc., Stamford, Conn.)
with intermittent application (30-s pulse, 30-s cooling cycle)
at a power output of 7 A for 4 to 6 min in an ice-salt bath. Cell
debris was removed by centrifugation at 30,000 x g for 1 h at
4°C. Extracts were dialyzed against 0.05 M potassium phos-
phate buffer (3:2, K2HPO4-KH2PO4), pH 7.0, for 18 to 24 h.
One buffer change was made in each flask during the dialysis
period. Dialyzed cell extracts were held at 4°C prior to
catalase and protein analyses.

Cell extracts were assayed for total protein content ac-
cording to the procedure of Lowry et al. (28) utilizing a
commercially purchased diagnostic kit (Sigma Chemical
Co., St. Louis, Mo.). Colorimetric measurements were
made at 750 nm. Bovine serum albumin (Sigma) was em-
ployed as the standard. Catalase activity was determined
according to the procedure described by Beers and Sizer (4).
The decomposition of an -30 mM solution of reagent-grade
30% H202 was followed directly by the decrease in A240.
Catalase activities of nonstressed (CDFB control) versus
chlorine-stressed cultures were statistically compared by a
one-tailed Student t test (14).

Medium amendment analyses. Initial experiments were
conducted to determine the effect of addition of various
concentrations of catalase and sodium pyruvate to selective
and nonselective media on the recovery of coliform and
heterotrophic bacteria from chlorinated sewage effluent.
Tryptone-glucose-yeast extract (TGY) agar was used as the
nonselective medium for the recovery of heterotrophic plate
count (HPC) bacteria. Selective media for total and fecal
coliforms included Standard Methods (1) M-Endo and M-FC
broth, supplemented with 1.5% agar, and mT7 agar (Difco)
(22). Some media were amended with catalase, sodium
pyruvate, or both. Crystallized bovine liver catalase (Sigma)
was dissolved in 0.05 M potassium phosphate buffer (3:2,
K2HPO4-KH2PO4), pH 7.0, to desired concentrations. En-
zyme solutions were filter sterilized with a 0.22-,um-pore-
size membrane filter (GA-8; Gelman Sciences, Ann Arbor,
Mich.), and 0.1-ml samples were aseptically transferred to
the surfaces of the media to provide 500, 1,000, 2,000, and
4,000 U per plate. Sodium pyruvate (Eastman Kodak Co.,
Rochester, N.Y.) was added at desired concentrations (0.01,
0.05, 0.25, and 1.0%) directly to TGY and mT7 media prior
to autoclaving and to M-Endo and M-FC media prior to
boiling. The pHs of the sterile media were adjusted accord-
ing to the specifications of the manufacturer. Media lacking
supplements were designated nonamended controls.

Chlorinated sewage samples were collected from the ef-
fluent of the Morgantown Sewage Treatment Plant in sterile
2-liter Nalgene bottles containing 1 ml of 20% Na2S203.
Serial dilutions were prepared in 0.1% peptone buffer.
Levels of coliform and HPC bacteria were determined by the
standard membrane filtration technique (1) with type HA
0.45-pum-pore-size membrane filters (Millipore Corp., Bed-
ford, Mass.). Filters were transferred to the surfaces of
various media, and plates were incubated at 35°C (TGY,
mT7, and M-Endo) or 44.5°C (M-FC) for 24 h prior to colony
enumeration.
Data from initial experiments are presented as fold-in-

crease values calculated from the following equation: fold
increase = (mean CFU on amended media)/[mean CFU on
nonamended (control) media]. Fold-increase values were
utilized to evaluate the efficacy of various concentrations of
amendments to recover target organisms on respective me-
dia. For each medium, comparisons were made between
plate counts from nonamended (control) media versus
amended (catalase and pyruvate) media by a one-tailed
Student t test (14).
Enhanced-recovery studies. Data on compounds and con-

centrations which provided optimal recovery of chlorine-
stressed bacteria were employed in subsequent studies for
additional analysis of chlorinated sewage effluents. Media
(nonamended and amended) for recovery of coliforms and
HPC bacteria were as described above. In addition to these
supplements, heat-denatured catalase (60°C for 15 min) and
acetic acid (Fisher Scientific Co., Pittsburgh, Pa.) were
utilized and served as controls for the active enzyme and
sodium pyruvate, respectively. The degradation of H202
through oxidative decarboxylation of an a-keto acid such as
pyruvic acid results in the formation of acetic acid and CO2
as end products (16, 17). Addition of acetic acid to media and
subsequent pH adjustment were as described above for
sodium pyruvate. Chlorinated sewage samples were proc-
essed by the membrane filtration technique, and colonies
were enumerated after a 24-h incubation at appropriate
temperatures. Plate count data were analyzed by a one-way
analysis of variance (14). Differences between cell recovery
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FIG. 1. Effect of chlorination on catalase activity of 18-h cultures

of E. coli K-12, SWEI, and EPA 00244. Treatment: CONTROL,
cells exposed to sterile CDFB, pH 6.7; CL-EXPOSED, cells ex-
posed to 0.75 to 1.89 mg of chlorine as sodium hypochlorite (5.25%)
per liter of CDFB, pH 6.7. Histograms represent the means of six
determinations; bars represent 1 standard error of the mean.

on plates within each medium were determined by Duncan's
new multiple range test (14).

All blue colonies on M-FC medium, representing pre-
sumptive fecal coliforms, were picked from filters of at least
one replicate plate and inoculated simultaneously into tubes
of brilliant green lactose bile broth and EC broth for verifi-
cation. Similarly, all colonies producing a yellow color on
mT7 and a metallic green sheen on M-Endo media were
chosen from at least one replicate plate for total coliform
verification in lauryl sulfate broth and brilliant green lactose
bile broth. Tubes were incubated for 24 to 48 h under
appropriate temperatures and scored positive when growth
and gas formation were observed (1). Tubes exhibiting
growth but no gas formation were scored negative for
coliforms, and bacteria were identified by the API 20E
system (Analytab Products, Plainview, N.Y.).

RESULTS
Catalase activity. Without exception, all E. coli strains

exposed to chlorine exhibited significant (P < 0.001) reduc-
tions in the specific activity of catalase compared with
activity in their respective controls (Fig. 1). E. coli SWEI
was the most sensitive to chlorine, as indicated by a differ-
ence in the specific activities of control and chlorine-exposed
cells of 20.3 U/mg of protein. In contrast, the calculated
difference between activities of control and stressed cells of
E. coli EPA 00244 and K-12 were 8.8 and 9.3 U/mg of
protein, respectively.

Optimal recovery with catalase and pyruvate supplements.
On all media, at least one concentration of catalase provided
statistically better (P < 0.001) recovery of target organisms
from chlorinated sewage effluent than the controls did (Table
1). Increased recovery of HPC bacteria on TGY was ob-
served for all amended plates except those containing 4,000
U of catalase, with maximum detection on TGY containing
1,000 U of catalase. Similarly, fecal and total coliforms
benefitted most by addition of 1,000 U of catalase to M-FC
and M-Endo media, respectively. Amendments of 1,000 and
2,000 U of catalase provided optimal recovery of total
coliforms on mT7 medium. The catalase concentration of

TABLE 1. Effect of various catalase concentrations in recovery
media on detection of coliform and heterotrophic bacteria

from chlorinated sewage effluent

Catalase Fold increase (mean ± SEM)" in:
(U/plate) TGY M-FC mT7 M-Endo

500 1.6 0. lb,c* 1.2 0.2b 2.2 ± 0.2b 1.4 0.1b
1,000 3.2 ± 0.1c* 2.0 ± 0.1c* 3.1 ± 0.1C* 1.8 ± 0.1c
2,000 1.8 ± 0.l * 1.6 + 0.1 * 3 .5 + lc * 1.3 ± lb
4,000 1.2 0.1b 1.6 ± 0.1 * 2.3 + 0. bc 1.4 +0.1
a Calculated by dividing each CFU/100 ml on the catalase-amended medium

by the mean CFU/100 ml on the respective control medium. Values used in
calculations were from at least two experiments with at least three replicate
plates. A value of 1.0 indicates no difference in plate counts compared with
those of the nonamended control. *, Values within each column are statisti-
cally different (P < 0.001) from those of the control medium.

b.- Values within the same column followed by the same superscript letter
are not statistically different (a = 0.01), as determined by Duncan's new
multiple-range test.

1,000 U per plate was used for all media in subsequent
studies.
One or more sodium pyruvate concentrations for all media

permitted enhanced (P < 0.001) recovery of chlorine-
stressed organisms compared with recovery from nona-
mended media (Table 2). In TGY medium, all pyruvate
levels except 1.0% provided a 1.7-fold increase of HPC
bacteria. The highest recovery of fecal and total coliform
bacteria on M-FC and mT7 media was observed with plates
containing 0.05% pyruvate, whereas 0.01 and 0.05% amend-
ments provided optimal recovery on M-Endo medium. Con-
versely, supplementation of M-Endo with 1.0% pyruvate
resulted in a decreased detection of total coliforms compared
with the control. A concentration of 0.05% pyruvate was
utilized for all media in subsequent experiments.
Nine separate combinations of various catalase-sodium

pyruvate concentrations were tested in M-FC medium. With
the exception of plates containing 500 U of catalase plus
0.05% pyruvate, all combinations provided statistically bet-
ter (P < 0.001) recovery of chlorine-stressed fecal coliforms
than the control medium did (Table 3). Maximal recovery
was exhibited on plates containing 1,500 U of catalase plus
0.01% pyruvate, which was chosen as a supplement to all
other media in subsequent experiments.
Comparative recovery studies with supplemented media.

Those concentrations of catalase, sodium pyruvate, and a

TABLE 2. Effect of various sodium pyruvate concentrations in
recovery media on detection of coliform and heterotrophic

bacteria from chlorinated sewage effluent

Sodium Fold increase (mean ± SEM)Y in:
pyruvate

(%) TGY M-FC mT7 M-Endo

0.01 1.7 0.1b* 2.1 ± 0.1b* 2.0 ± 0.1 1.7 ± 0.1d*
0.05 1.7 0.1b* 2.7 ± 0.1b* 4.3 ± 0.1b* 1.6 ± 0.1d*
0.25 1.7 0.1b* 1.8 ± 0.1b 2.3 ± 0.1c 1.3 ± 0.1b
1.0 1.1 ± 0.1C' 0.9 ± 0.1 2.4 ± 0.1C* 0.3 + 0.1
a Calculated by dividing each CFU/100 ml on the pyruvate-amended

medium by the mean CFU/100 ml on the respective control medium. Values
used in calculations were from at least two experiments with at least three
replicate plates. A value of 1.0 indicates no difference in plate counts
compared with those of the nonamended control. *, Values are statistically
different (P < 0.001) from those of the control medium.

b,,.d Values within the same column followed by the same superscript letter
are not statistically different (a = 0.01), as determined by Duncan's new
multiple-range test.

Escherichia coli
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TABLE 3. Effect of various concentrations of a catalase-sodium
pyruvate combination in M-FC medium on the recovery

of fecal coliforms from chlorinated sewage effluent
Catalase/pyruvate Fold increase

(U/%) (mean + SEM)
500/0.01 .................................................. 1.22 + 0o04b.c*
500/0.05 ....................... 1.07 + 0.04bd
500/0.1 ....................... 1.29 0.o4ce*

1,000/0.01 ....................... 1.52 ± 0.04W*
1,000/0.05 ....................... 1.24 + 0.04bc.e*
1,000/0.1 ....................... 1.57 0.04fg*
1,500/0.01 ....................... 1.66 ± 0.049*
1,500/0.05 ....................... 1.44 ±0.08e*
1,500/0.1 .................................................. 1.56 ± 0.04fg*
a Calculated by dividing each mean CFU/100 ml on the catalase-pyruvate-

amended medium by the mean CFU/ml on the control medium. Values used
in calculations were from six replicate plates. A value of 1.0 indicates no
difference in plate counts compared with those of the nonamended control. *,
Values are statistically different (P < 0.001) from those of the control medium.

b.,xd,e.fg Values followed by the same superscript letter are not statistically
different (a = 0.01), as determined by Duncan's new multiple-range test.

combination of both amendments which provided optimal
recovery of bacteria were further evaluated with chlorinated
sewage effluent. Recovery of HPC bacteria was statistically
better (P < 0.001) on plates containing catalase, pyruvate,
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FIG. 2. Recovery of coliform and heterotrophic bacteria from chlorinated sewage effluent. Media: M-FC, fecal coliforms; mT7 and
M-Endo, total coliforms; TGY, total heterotrophs. Amendments: CONTROL, nonamended; CAT, catalase (1,000 U); H-CAT, heated
catalase (1,000 U); PYRV, sodium pyruvate (0.05%); CAT/PYRV, catalase (1,500 U) and sodium pyruvate (0.01%); AA, acetic acid (0.05%).
Histograms represent the means of counts from four replicate plates; bars represent 1 standard error of the mean.

M-Endo

and the combination of both compounds (Fig. 2). No differ-
ence between the recovery on the control medium and that
on medium amended with heated catalase or acetic acid was
exhibited. Catalase addition provided optimal recovery of
chlorine-stressed HPC bacteria (5.8 x 10' CFU/100 ml).
On M-FC media containing catalase, pyruvate, or both,

recovery was statistically greater (P < 0.001) than that of
other amendments tested and the control (Fig. 2). Plates
amended with catalase provided the highest recovery of
fecal coliforms (1.3 x 102 CFU/100 ml).
A significant increase (P < 0.001) in recovery of total

coliforms on mT7 and M-Endo media was observed with
plates amended with catalase, pyruvate, or both (Fig. 2). The
addition of pyruvate to mT7 medium and catalase to M-Endo
medium provided optimal recovery of chlorine-stressed
cells, with mean plate counts of 6.6 x 103 and 1.2 x 104
CFU/100 ml, respectively. Overall, M-Endo medium proved
superior to mT7 medium for the recovery of total coliform
bacteria from chlorinated sewage.

Effect of supplements on coliform verification. On M-FC
medium, verification percentages of blue colonies picked
from plates containing supplements, with the exception of
those containing acetic acid, were at least equal to those of
the control (Table 4). A minimum of one colony from each
plate which did not produce gas in EC broth was subjected to
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TABLE 4. Effect of addition of various compounds to M-FC,
mT7, and M-Endo media on the verification percentage of

coliform bacteria recovered from chlorinated sewage effluent

% Verification' in:
Amendmenta

M-FCC mT7d M-Endod

CONTROL 77 90 97
CAT 83 95 97
H-CAT 82 95 75
PYRV 84 90 97
CAT/PYRV 81 95 94
AA 62 85 94

a CONTROL, Nonamended; CAT, catalase (1,000 U); H-CAT, heated
catalase (1,000 U); PYRV, sodium pyruvate (0.05%); CAT/PYRV, catalase
(1,500 U) and sodium pyruvate (0.01%); AA, acetic acid (0.05%).

b Calculated by dividing the number of tubes scored positive in a verifica-
tion medium (see Materials and Methods) by the total sample size and
multiplying by 100.

c Medium for recovery of fecal coliform bacteria.
d Medium for recovery of total coliform bacteria.

identification with the API 20E system. All 11 randomly
chosen colonies were identified as total coliform bacteria.
Enterobacter cloacae was identified only once (from the
control medium), whereas the remaining 10 colonies were
Citrobacter freundii. The recovery of C. freundii was con-
sistent on all M-FC plates and was not associated with any
particular amendment.
Of the yellow colonies chosen from mT7 medium, 90% or

more were verified as total coliforms, except on plates
containing acetic acid, which had 85% verification (Table 4).
On mT7 plates containing supplements which provided
enhanced recovery of cells, the verification was not less than
that calculated for the control medium. Identification of 11
colonies randomly picked from all plates which did not
produce gas in brilliant green lactose bile broth was per-
formed. Ten of the isolates were identified as Klebsiella
oxytoca. The remaining isolate was identified as Serratia
oderifera and was removed from mT7 plates containing
pyruvate.

Verification of green-sheen colonies on all plates of
M-Endo medium was 94% or better, except on plates con-
taining heated catalase (Table 4). Eight colonies were chosen
for identification because no gas production was observed in
brilliant green lactose bile broth. Four isolates were identi-
fied as K. oxytoca, and three were identified as C. freundii,
and there was a single isolate of an Aeromonas sp.

DISCUSSION
Coliform bacteria are primary indicator organisms em-

ployed for analysis of treated waters; therefore, it is essential
that a method or medium provide optimal detection of both
noninjured and chlorine-injured cells (34). Exposure to chlo-
rine often renders a portion of the bacterial population
injured, resulting in the inability of these indicator organisms
to be recovered on recommended media (10). Several inves-
tigators have shown that supplementation of various selec-
tive media with catalase, pyruvate, or both can improve
recovery of heat- and freeze-stressed E. coli (30, 32, 35),
"Salmonella senftenberg" (37), Staphylococcus aureus (2,
8, 11, 31), and coliforms (25) which have presumably sus-
tained damage to the catalase enzyme necessary for degrad-
ing H202 formed during growth. However, the main objec-
tives of these studies were related to concerns associated
with areas of food microbiology employing the standard
pour- or surface-plating technique as the enumeration pro-

cedure. No information which addresses the effect of chlo-
rine stress on catalase levels in coliform bacteria associated
with treated waters exists. In this paper, we propose a
method by which detection of chlorine-stressed coliform and
HPC bacteria can be enhanced by incorporation of catalase,
sodium pyruvate, or both into recovery media. This ap-
proach was based on the hypothesis that chlorine, which
attacks the bacterial membrane, will likewise affect catalase
enzyme activity in the cell. The result is a debilitated state
which would restrict proliferation of cells on selective media
while functioning under an aerobic metabolism.

Significant reductions in catalase activity were exhibited
for three different strains of chlorine-stressed E. coli (Fig. 1).
Catalase is a tetramer consisting of separate single polypep-
tide chains that associate with a prosthetic group (27, 43).
Chlorine may oxidize either the protein portion of the
enzyme molecule or the heme groups of the protoporphyrin
IX prosthetic group. Oxidation of the protein structures can
result in lower specific activity but not a complete loss of
enzyme function. This condition may explain only reduced
catalase activity in chlorine-stressed cells as the result of
partial inactivation of the enzyme. Several investigators
have suggested that the oxidation state of the heme pros-
thetic group plays a key role in catalase activity (3, 12, 22).
If chlorine affected the oxidation state of the iron atom, then
either temporary or permanent reduction in catalase activity
would be expressed in stressed cells.
Reduced catalase activity in chlorine-stressed E. coli

suggests that H202 toxicity may play a role in low recovery
of indicator organisms from water. Addition of catalase or
pyruvate significantly (P < 0.001) enhanced recovery of both
coliform and heterotrophic bacteria from chlorinated sewage
effluent when incorporated into M-FC, M-Endo, mT7, and
TGY media. Similarly, supplementation of M-FC medium
with a catalase-pyruvate combination significantly (P <
0.001) increased recovery of fecal coliforms.

Incorporation of catalase or pyruvate into standard media
required minimal alterations of standard coliform detection
procedures to enhance recovery of stressed cells. Other
proposed methods to increase coliform recovery often in-
volve extra procedural steps, including (i) preenrichment in
nonselective broth or on minimal media with acclimation at
reduced incubation temperatures (26, 41), (ii) a nonselective-
selective medium overlay technique (39), (iii) preincubation
on dilute selective media (19), and (iv) elimination of selec-
tive components from recovery media (36). It is difficult to
accurately compare the present data with those of other
workers who modified procedures to increase fecal-coliform
recovery from chlorinated sewage, since all municipal waste
effluents differ from one treatment plant to another. Al-
though other methods have proven effective, the present
method has the advantage of being simple, rapid, and
accurate.

If enhanced recovery of stressed cells was not a function
of H202 toxicity but rather was the result of increased
substrate availability upon addition of catalase or pyruvate,
then recovery on media containing compounds devoid of
peroxide-degrading capability should produce similar re-
sults. However, data indicate that recovery on all media
containing catalase, pyruvate, or both was significantly
better than recovery on control (nonamended) media or on
media supplemented with inactivated enzyme or acetic acid.
Furthermore, if the added-substrate hypothesis were true,
then equal recovery of cells would be most evident on
nonselective TGY medium which can support growth of
various heterotrophic bacteria. However, colony counts on
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plates containing heated catalase or acetic acid were not
different from those on control plates.

Supplementation of M-FC, mT7, and M-Endo media with
catalase, sodium pyruvate, or both resulted in significantly
better recovery of coliform bacteria from chlorinated sewage
effluent. Subsequent verification of coliforms from these
plates compared well with that from the control, suggesting
that addition of these compounds did not promote the
growth of noncoliform bacteria.
Our findings indicate that M-Endo medium provided bet-

ter overall detection of total coliforms than mT7 medium did
(Fig. 2). In contrast, McFeters et al. (34) and LeChevallier et
al. (23) demonstrated that mT7 medium was superior to
M-Endo medium for analysis of potable water containing
primarily free chlorine as the active form of disinfectant. No
attempts were made in our study to measure the species of
chlorine present in the treated sewage, but the presence of
organic matter in domestic sewage suggests that combined
chlorine, such as chloramine, should compose a major
portion of the chlorine species. Our data parallel those of
Watters et al. (44) and Rice et al. (38), who observed better
recovery with M-Endo-type media than with mT7 medium
when enumerating chloramine-stressed coliforms. A second
explanation of the better recovery on M-Endo medium may
be related to the apparent ability of this medium to degrade
H202 (J. P. Calabrese, Ph.D. dissertation, West Virginia
University, Morgantown, 1988). The occurrence of H202 in
surface waters is well documented (40, 42, 45). Several
investigators have reported that high concentrations of H202
are characteristic of waters containing appreciable levels of
organics and exposed to sunlight (12, 15). Therefore, in
addition to oxidative cellular damage due to chlorine expo-
sure, water samples containing H202 may have afforded a
secondary stress to injured coliforms. Hydrogen peroxide
would be lost on M-Endo medium but persist on mT7
medium lacking peroxide-degrading compounds.
The existence of injured coliform bacteria in chlorinated

waters presents an ongoing challenge to microbiologists
attempting to detect these indicator organisms with currently
accepted methodologies. We introduce a technique by which
enhanced recovery of both coliform and HPC bacteria from
chlorinated sewage can be attained by incorporation of
catalase, sodium pyruvate, or both into standard recovery
media. This is one of the first reports on utilization of these
compounds in conjunction with the membrane filtration
procedure for detection of injured indicator bacteria from
aquatic environments.
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