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Lactose-utilizing and nalidixic acid-resistant populations of Escherichia coli,
having an optimum growth temperature of 370C, were placed in modified diffusion
chambers. The chambers were submerged in the epilimnion and hypolimnion of
a 1,100-hectare lake (Par Pond) which receives cooling water from a nuclear
production reactor. Control chambers were placed in a deep-water reservoir and
a Flowing-Streams Laboratory, both of which had comparable temperatures to
Par Pond. The populations of E. coli were sampled regularly for up to 3 weeks.
Viability of the bacteria was determined by dilution plating to nutrient agar

followed by replicate plating onto selective medium to determine lactose utiliza-
tion and nalidixic acid sensitivity. Initial populations of E. coli were lactose
positive but changed to lactose negative in Par Pond when the reactor was
operating (i.e., cooling water from the heat exchangers was being discharged to
the lake). This alteration occurred most rapidly in the chambers closest to the
cooling-water discharge point. Such changes did not occur in a deep-water
reservoir, in Par Pond when the reactor was not operating, or in the Flowing-
Streams Laboratory. The nalidixic acid-resistant characteristic remained stable
regardless of the chambers' placement or reactor operations. Although the reasons
for such alterations are unclear, it appears that lactose-negative populations of E.
coli are selected for in these reactor effluent waters. The loss of the lactose
characteristic prevents the recognition and identification of E. coli in this cooling
lake (when the reactor is operating) and may prevent the assessment of water
quality based on coliform recognition.

Escherichia coli is recognized as a member of
the coliform group of organisms which are used
as indicators of fecal pollution (4). No other
single bacterium is as well characterized from a
biochemical, physiological, and genetic stand-
point as E. coli, and its occurrence and survival
have been studied in different aquatic systems
(3, 5, 13). Extensive sampling regimes and water
quality assessments have been based on the
visualization of a diagnostic characteristic of the
coliform group, i.e., lactose utilization through
the use of selective media and temperature (1).
Although extensive monitoring information is
based on measuring lactose utilization, practi-
cally nothing is known about the stability of the
lactose expression of the coliforms in situ and
specifically for E. coli. Recent observations by
Gorden and Fliermans (9) on the survival of E.
coli in a thermally altered reservoir showed the
spontaneous occurrence of non-lactose-ferment-
ing E. coli.
This paper describes the effect of reactor cool-

ing waters on the survival of E. coli under in situ
conditions (in the lake) and the fermentative

utilization of lactose. The data contribute to the
knowledge of E. coli as an indicator organism in
stressed habitats.

MATERIALS AND METHODS
Study sites. Studies were conducted at the Savan-

nah River Plant near Aiken, S.C., which is a National
Environmental Research Park operated for the De-
partment of Energy by E. I. du Pont de Nemours &
Co. Experiments were conducted on Par Pond, a 1,100-
hectare lake; (7) in the thermally altered streams at
the Flowing Streams Laboratory (10); and at Clark
Hill, a 10,000-hectare, man-made reservoir on the Sa-
vannah River. Ambient temperature water from Par
Pond, along with 10% makeup water from the Savan-
nah River, is used to cool a nuclear production reactor.
Cooling water is discharged from the reactor's heat
exhangers through 11 km of canals and lakes before
discharging back into Par Pond at the hot dam (Fig.
1). During reactor operations, the warm arm of Par
Pond is generally 7 to 12°C warmer than ambient
temperature surface waters common for other south-
eastern lakes.
The Flowing Streams Laboratory at the Savannah

River Plant is a greenhouse laboratory housing six
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Pond

I lO mI

FIG. 1. Par Pond system showing the ambient
stations are numbered.

artificial streams (10). Duplicate streams receive water
directly from the parent stream and reflect its tem-
perature fluctuations. Additional streams are main-
tained at temperatures of 2.5, 5.0, 7.5, and 12.5°C
above the parent stream. The six streams are reflective
of once-through cooling systems and have in situ tem-
peratures similar to the temperatures observed at
different locations of Par Pond.

Clark Hill is approximately 130 river km upstream
from the Savannah River Plant on the Savannah
River. The reservoir, which serves as a source for
hydroelectric power, receives no thermal effluent from
any power plants. For these studies, Clark Hill served
as a control system where the lactose characteristic
could be observed in an additional deep-water system.

Permanent stations were established at each of the
sampling sites. Stations at Par Pond were located at
different distances from the input, whereas stations at
the Flowing Streams Laboratory were at ambient tem-
perature and 12.5°C above ambient. A single station
was located in the deepest portion of Clark Hill. Tem-
perature, dissolved oxygen, pH, conductivity, and ox-

and thermal (shaded) temperature regions. Sampling

idation/reduction potentials were measured for each
depth at each selected station (Table 1) with a Hydro-
lab Surveyor Multiprobe Analyzer (Hydrolab Corp.,
Austin, Tex.). Study sites and sampling locations were
selected to compare results of experiments conducted
during various thermal alterations.

Lactose variation studies. A clinical isolate of E.
coli F- (1533-68) with an optimal growth temperature
of 37 ± 1°C was obtained from the Center for Disease
Control (Atlanta, Ga.). This strain had previously and
repeatedly been shown by the Center for Disease
Control and our laboratory to be lactose positive
(Lac') and genetically stable for the measured diag-
nostic character. Over 4 x 104 colony-forming units
(CFU) were tested for reversion and mutation fre-
quency of the lactose expression without observing a
single revertant or mutant colony. For several of the
studies, this strain, which was nalidixic acid sensitive
(Nal'), was modified to produce a nalidixic acid-resist-
ant (Nalr) substrain by direct selection for Nal' mu-
tants on nutrient agar containing 200,ug of nalidixic
acid per ml. Cultures were grown from a single colony
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in nutrient broth (Difco) at 37°C for 24 h. Cells were
aseptically washed three times in 0.01 M phosphate-
buffered saline (pH 7.2) and concentrated by centrif-
ugation. To determine initial population densities and
genetic stability of Lac+ and Nalr characters, washed
cells were diluted in filter-sterilized buffer (0.22 nm),
plated on nutrient agar, incubated for 12 to 18 h at
37°C, and then replicated (11) to eosin-methylene blue
agar (Difco) with and without 100 lAg of nalidixic acid
per ml.

E. coli populations of a known density (ca. 4 x 1010
CFU/ml) were aseptically placed in sterile diffusion
chambers (6). The chambers were then attached to
stainless steel chains and lowered into the water col-
umn at each of the stations. At each station, duplicate
chambers were located in the epilimnion (1 m below
the surface) and in the hypolimnion (1 m above the
sediments), except at Clark Hill where equal sampling
depths were maintained. Stations within Par Pond
were chosen to represent the extreme conditions
where genetic variation had been detected previously
(9). Thermal control chambers were maintained in the
artificial streams of the Flowing Streams Laboratory
at ambient temperatures and at 12.5°C above ambient.

Samples were taken from duplicate chambers twice
daily (approximately every 12 h) over the study pe-
riods. During sampling, chambers were removed from
the lake, agitated for mixing, and sampled aseptically
with a sterile syringe. The samples were then trans-
ferred into sterile plastic tubes, and the chambers were
returned to the lake. Samples were immediately re-
turned to the laboratory, diluted in sterile phosphate
buffer (pH 7.2), and plated as previously described.
Colonies from replicated plates were differentiated
into one of the four following classes: (i) Lac' and Nalr,
(ii) Lac' and Nal', (iii) Lac- and Nalr, (iv) Lac- and
Nals. Throughout the study, colonies were picked at
random, restreaked, and tested in duplicate with the
API 20 E System (Analytab Products, Inc., Plainview,
N.Y.) to confirm identification as to species of the
wild-type E. coli.

RESULTS
Physical and chemical parameters measured

at the sampling stations during both reactor
conditions indicate differences between loca-
tions, particularly when the reactor was opera-
ting (Table 1). Chambers placed in the epilim-
nion when the reactor was operating exposed
the E. coli populations to warm aerobic waters
with a neutral pH and low conductivity. Popu-
lations in the hypolimnion were exposed to an-
aerobic, cooler waters having generally low oxi-
dation/reduction potential and relatively higher
conductivity. When the reactor was not opera-
ting, the chambers were exposed to waters with
neutral pH and low conductivity both at Par
Pond and Clark Hill. The AT = 12.5°C stream
at the Flowing Streams Laboratory had temper-
atures comparable to station I at Par Pond when
the reactor was operating.
The data in Table 2 demonstrate the changes

in population density of E. coli during the time
that the bacteria were suspended in the various
habitats. The data demonstrate that comparable
levels of survival occurred in all the habitats
over a 96-h period regardless of reactor influ-
ences. The survival of E. coli was generally
better in the hypolimnion than in the epilim-
nion. The population densities reflect measure-
ments on duplicate chambers and have been
shown in previous studies to have standard de-
viations within 10% of the arithmetic mean (6).
At each of the designated time intervals, the

percentage of lactose-utilizing E. coli was mea-
sured (Table 3). The data indicate that epilim-
nion populations all demonstrated a more rapid
appearance of Lac- cells than did hypolimnion
populations at the same site. When the reactor
was operating, the emergence of Lac- cells oc-
curred most rapidly near the discharge point of
the cooling water (station I), and dominated the
population by 72 h (Fig. 2a). When the reactor
was operating, the Lac- character appeared
within 72 h in all the chambers suspended in Par
Pond regardless of their position (Fig. 2a, b, and
c). By 96 h, epilimnion populations at stations I
and II were totally Lac- as well as the hypolim-
nion populations at station I (Fig. 2a and b).
Lac- populations were observed neither in
chambers placed in Par Pond when the reactor
was not operating nor in the streams of the
Flowing Streams Laboratory nor in Clark Hill.
Lac' and Lac- colonies picked at random from

enumeration plates were consistently identified
as E. coli by using the API 20E System. The
Nalr character remained stable for all the pop-
ulations tested regardless of the chamber depth,
station, reactor operating condition, or sampling
site.

DISCUSSION
The experimental design and use of diffusion

chambers provide a means for continually sam-
pling a given microbial population subjected to
in situ conditions over an extended period of
time and the subsequent measuring of the re-
sponse of those microorganisms. The simple de-
sign of the chambers affords extensive flexibility
to study the responses of both axenic and mixed
populations of microorganisms under in situ con-
ditions.
The data indicate that an emergence of lac-

tose-negative E. coli occurs from a lactose-posi-
tive population when the latter is placed in
sterile diffusion chambers and subjected to in
situ aquatic conditions peculiar to the effluent
discharged from this nuclear production reactor.
Although only 4 x 104 CFU were tested for
reversion and mutation frequency, the sponta-
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TABLE 1. Physical and chemical parameters measured at the stations used for lactose variability studies in
diffusion chambers

Depth Temp Eh D.0. Cond.
Station (m) (OC) (mv) (ppm) pH (ipmho/cm2)

Habitat: Par Pond, Reactor Operating

1 33.0
7 25.0

1 30.0
9 23.0

1 28.5
15 19.0

380 7.4
450 0.4

330 7.2
160 0.3

310 7.9
N.D.a 0.2

Par Pond, Reactor Not Operating

1 30.5
7 25.0

290 8.4
390 0.3

1 30.5 300 8.2
9 23.5 400 0.3

1 29.0 280 8.5 8.3
1S 17.0 400 0.3 6.7

Flowing Streams Laboratory

AT = 0°C Surface 21
AT = 12.50C Surface 34

Habitat:

1 3C
5 28

10 21
15 17
20 17
25 16
30 15
35 14
40 13
45 11
SOJ0

N.D. 6.0
N.D. 7.5

Clark Hill -No Reactor

325
315
340
350
330
340
350
340
335
360
350

5.8
5.9
3.8
3.4
2.1
2.0
1.6
1.1
0.8
0.8
0.8

a. N.D. = Not Determined.

neous reversion and mutation rate for stable
genes is generally 10-7 to 10-8 CFU (12). Similar
frequencies are assumed for the lactose expres-

sion in this strain of E. coli. The observed effect
is not merely a direct temperature phenomenon
because E. coli placed in chambers subjected to
similar temperatures in other natural systems
did not vary in their lactose utilization charac-

teristic. Additionally, E. coli in chambers placed
in deeper, cooler waters during reactor operating
conditions varied in their lactose characteristic
but to a slower degree than those in the overly-
ing warmer epilimnion waters. It is of interest
that the data in Fig. 2 suggest that changes in
the lactose expression of the E. coli population
occur in a sequential manner with distance from

I

II

V

6.9
6.6

6.9
6.5

7.9
6.7

Habitat:

70
80

70
100

80
120

I

II

V

8.0
6.1

7.9
6.2

Habitat:

80
90

80
110

70
110

22
21

5.9
5.9

8.8
8.8
8.8
8.8
8.8
8.8
8.8
8.8
8.8
8.8
8.8

370
370
330
310
325
345
370
350
350
390
430
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TABLE 3. Percentage of E. coli that remained Lac' when placed in selected habitats for different periods of
time

Depth Time (hr)
Station CM) 0 12 24 48 72 96 120

Habitat: Par Pond - Reactor Operating

I 1 100 (123)a 100 (269) 100 (180) 82 (116) 26 (156) 0 (211) NDb
7 100 (123) 100 (296) 100 (121) 100 (317) 46 (242) 0 (188) ND

11 1 100 (123) 100 (318) 100 (77) 96 (171) 72 (256) 0 (322) ND
11 100 (123) 100 (311) 100 (126) 100 (140) 82 (202) S2 (188) ND

V 1 100 (123) 100 (297) 100 (318) 100 (172) 89 (117) 62 (227) ND
15 100 (123) 100 (145) 100 (271) 100 (184) 95 (210) 89 (100) ND

Habitat: Par Pond - Reactor Not Operating

I 1 100 (160) 100 (242) 100 (319) 100 (411) 100 (302) 100 (187) 100 (112)
7 100 (160) 100 (117) 100 (lS9) 100 (214) 100 (181) 100 (231) 100 (269)

11 1 100 (160) 100 (221) 100 (171) 100 (191) 100 (91) 100 (114) 100 (281)
11 100 (160) 100 (1S9) 100 (110) 100 (212) 100 (16) 100 (120) 100 (240)

V 1 100 (160) 100 (211) ND 100 (118) 100 (191) 100 (300) 100 (171)
15 100 (160) 100 (141) 100 (110) 100 (212) 100 (138) 100 (219) ND

Habitat: Flowing Streone Laboratory

AT = 0oC 100 (140) ND ND ND ND 100 (124) ND
AT = 12.SC 100 (140) ND ND ND ND 100 (S4) ND

Habitat: Clark Hilt - No Reactor

I 1 100 (144) 100 (333) 100 (247) 100 (161) 100 (176) 100 (166) ND
15 100 (144) 100 (213) 100 (317) 100 (258) 100 (153) 100 (218) ND

a. Numbers in parentheses indicate the number of colonies tested for lactose utilization.

b. ND = Not determined.

the cooling-water discharge location. The epi-
limnion populations closest to the discharge lo-
cation are affected first.

Although "a cooling-water factor" is suggested
by the data, the studies in Par Pond with the
reactor operating and not operating were not
conducted concurrently. Experiments were ini-
tially conducted with the reactor not operating.
When the reactor had been operating for 30 days
and the physical and chemical conditions ap-
peared to stabilize in the lake, the "reactor op-
erating" experiments were begun. Thus, it is
unlikely that a pulse of a cooling-water factor
moved down the lake in a stepwise fashion.
Furthermore, subsequent dye releases into Par
Pond at the cooling-water discharge location
indicate that the dye remains in the top 2 m of
the water column, during the 6-h study period.
Additionally, the dye studies demonstrated that
the travel time to station I was less than 5 min,
and travel time to station II was 90 min. No data
are available for station V. Thus, the cooling-
water input may be primarily a surface phenom-
enon and of sufficient magnitude to have af-
fected stations I and II by the time the chamber
studies began.

Several possible reasons for the lactose varia-
bility may be put forward. Plating on nutrient
agar, once the E. coli was removed from the
chambers, might have selected for a Lac- pop-
ulation because no substrate was present to in-
duce the enzyme system for lactose utilization.
However, such plating was consistently done for
all sets of samples, so controls and test samples
would have the same selectivity. The high initial
cell densities might have masked the presence

of a Lac- substrain present in the initial popu-
lation. The exposure to conditions in the cooling
water may select against Lac' cells with Lac-
cells present initially in the population, either
increasing, maintaining, or decreasing less slowly
than Lac' cells. Such a differential in growth
would cause the Lac- cells to become dominant.

Additionally, some factor(s) in the cooling-
water effluent may have forced the conversion
of Lac' cells to Lac- cells. However, the dilution
of the cells in phosphate-buffered saline before
plating should have diluted such factors; thus, a
greater number of Lac' cells would have been
present in the greater dilutions. Such was not
the case because colonies from all dilutions were
consistent in their lactose-utilizing ability. Al-
though levels of lactose in Par Pond have not
been measured, no a priori data suggest that the
levels of lactose changed during reactor opera-
tions and affected the ecosystem.
A phage or transmissible plasmid may explain

the observed phenomenon, because phage
4X174 has been reported to reduce ,8-galactosid-
ase synthesis in E. coli (8). A loss of 83-galacto-
sidase would prevent the hydrolization of lactose
and subsequent utilization. If 4X174 were pres-
ent in the aquatic system, the pore sizes of the
diffusion chambers, 0.4 ,um, would not exclude
the phage. The differences observed in lactose
variability between reactor operating and not
operating conditions may be explained by the
presence of phage, because the high tempera-
tures that occur in the reactor subject the cool-
ing water to high temperatures (>700C) and
appear to lyse entrained microorganisms (Flier-
mans, unpublished data). If these microorga-
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FIG. 2. Lactose changes of E. coli in Par Pond at station I (a) station II (b), and station V (c) when the
reactor was operating. The numbers in parentheses represent the number of colonies replicated to eosin-
methylene blue plates.

nisms harbor the appropriate phage particles,
then their lysis may release these particles into
the aquatic ecosystem. Such an hypothesis does
not appear to explain the differences among
chambers and stations. Additionally, no evi-

dence of phage or prophage induction has been
observed. The E. coli strain used is resistant to
infection by MS II phage. This resistance indi-
cates that it does not harbor the F factor either
chromosomally or as a plasmid (11). With the
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plasmid mobilization techniques of Skerman et
al. (14), this strain of E. coli was shown to be
free of detectable transmissible plasmids (S.
Richardson, personal communication).

In these experiments, the appearance of Lac-
cells was always accompanied by Nalr cells. Be-
cause nalidixic acid resistance maps at 30 min
and the lactose operon is located at approxi-
mately 8 min on the E. coli genome (2), it
appears that the observed phenomenon is local-
ized. The absence of Lac- cells in Par Pond
when the reactor is not operating, in the Flowing
Streams Laboratory, and in Clark Hill where no
reactor input occurs indicates a cooling water
effect of some kind.

It is not clear whether the observations are
due to genotypic or phenotypic changes because
Lac- cells could repress the lactose operon at
the transcriptional or translational level. Lac-
cells may have lost all or part of their lactose
operon during replication of DNA. Regardless of
the type of change(s) occurring in the population
or the cause, the result is the same. That is, it is
not possible to easily detect and quantify E. coli
by standard methods (1) in Par Pond when the
reactor is operating. The applicability of this
research is broad if the other coliform bacteria
in these systems respond like E. coli. The as-
sessment of water quality based on coliform
measurements in lakes such as Par Pond would
result in data which would indicate that the
water quality is better than it really is. The data
further suggest that the use of standard coliform
measurements in natural waters, without estab-
lishing the stability of the diagnostic character-
istic in situ, may lead to erroneous results.
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