
All swabs were returned to the laboratory and immedi-
ately streaked onto tryptone lactose yeast extract (TLY) agar
plates and incubated for up to 24 hours (h) at 37°C. Colonies
were picked from the agar with a sterile loop and restreaked
on TLY incubated at 37°C for 12 h. Isolated colonies were
placed onto TLY slants and transported to Montana State
University.

Fish were collected in the McMurdo Station sewage
plume, as well as at pristine locations, and returned to the lab-
oratory. The animals were killed, and for each the skin, gills,
kidney, liver, stomach, and intestine were tested for the pres-
ence of bacteria by placing approximately 2 grams (g) of each
tissue type in TLY broth and incubating at 37°C for 24 h. Fol-
lowing incubation, a loop of broth was streaked onto TLY agar
plates to isolate colonies. Isolated colonies were placed onto
TLY slants to be transported to Montana State University.

Sea water samples contaminated with sewage were col-
lected at a depth of 17 meters (m), approximately 1 m above
the end of the outfall pipe, using a Niskin ® bottle, and placed
into sterile 1-liter (L) polyethylene bottles. The bottles were
transported to the laboratory and 10 milliliters (mL) of sample
was filtered through 0.45-micrometer (gm) filters (Millipore,
Corp.) then placed on Tergitol 7 agar (Difco) supplemented
with TTC. The filters were incubated for 24 h at 35°C. Typical
isolated colonies were picked from the agar with a sterile loop
and streaked onto TLY incubated at 37°C for 12 h to isolate
bacteria that may have formed a mixed colony. Isolated
colonies were placed onto TLY slants to be transported to
Montana State University.

Upon returning to Montana State University, antimicro-
bial resistance patterns were determined using the antimicro-
bic susceptibility test system (Difco). Cultures were streaked
and incubated at 37°C for 12 h to isolate colonies; four to five
isolated colonies from each culture were suspended in 5 mL
of Mueller Hinton Medium (Difco) and mixed for 10 seconds
(s). The resulting culture suspensions were used to inoculate
the entire surface of Mueller Hinton Agar (Difco) plates; two

plates were used for each isolate. The plates were allowed to
dry 5 to 10 minutes (mm), and the following antibiotic sus-
ceptibility disks were placed on the agar surface to determine
the animicrobiotic resistance patterns: tetracycline (Te 30),
streptomycin (S 10), penicillin G (P 10), nitrofurantoin (Fd
300), nalidixic acid (Na 30), kanamycin (K 30), gentamicin
(GM 10), chioramphenicol (C 30), cephalothin (Cr 30), and
ampidihin (Am 10). Plates were incubated 12 h, and the inhi-
bition patterns were determined.

A total of 100 samples, in addition to several coliforms
isolated from the outfall, was collected and screened for
antibiotic resistance. Of the bacterial isolates tested, none of
those from the indigenous animal population showed antibi-
otic resistance, and many showed extreme sensitivity to
antibiotics. Resistance bacteria were isolated from the sewage
outfall in large numbers, as anticipated. Comparison of the
antibiotic-resistant data collected from the animal popula-
tions present in McMurdo Sound to the resistance patterns of
coliforms isolated from the outfall over the three field seasons
(1990, 1991, and 1992) indicate no colonization of indigenous
fauna with human intestinal bacteria.

The technical and logistical assistance of S. Kottmeier, L.
Shervie, K. Larsen, and A. Brown as well as numerous others
with Antarctic Support Associates and the National Science
Foundation is gratefully acknowledged. This study was sup-
ported by National Science Foundation grant OPP 90-19059.

References
Howington, J.P., G.A. McFeters, J.P. Barry, and J.J. Smith. 1993. Distri-

bution of the McMurdo Station sewage plume. Marine Pollution
Bulletin, 25,324-327.

McFeters, G.A., J.P. Barry, and J.P. Howington. 1993. Distribution of
enteric bacteria in antarctic seawater surrounding a sewage out-
fall. WaterResearch, 27, 645-650.

Rolland, R.M., G. Hausfater, B. Marshall, and S.B. Levy. 1985. Antibi-
otic-resistant bacteria in wild primates: Increased prevalence in
baboons feeding on human refuse. Applied and Environmental
Microbiology, 49, 791-794.

Survival and recoverability of enteric bacteria exposed
to the antarctic marine environment

JAMES J. SMITH and GORDON A. MCFETERS, Department of Microbiology, Montana State University, Bozeman, Montana 59717

elease of untreated sewage into the marine environment
rom antarctic bases presents several unique conditions

that may allow the entrained human enteric bacteria to per-
sist for extended periods. Cold temperatures are known to
extend the survival of enteric bacteria (Lessard and Sieburth
1983). In addition, marine predation rates of indigenous het-
erotrophic nanofiagellates, as well as activity in general,
appear lower at reduced temperatures (Anderson, Rhodes,

and Kator 1983; Putt, Stoeker, and Altstatt 1991). Enteric bac-
teria exposed to environmental stress may also sustain sub-
lethal injury, precluding colony formation and detection on
standard laboratory media used for enumeration while
remaining viable in the environment. These bacteria also
enter a "viable, but non-recoverable" state in aquatic systems,
where they focus available energy on environmental adapta-
tion and survival (Roszak and Colwell 1987). We report the
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physiological responses and recoverability of an enteric bac-
terial indicator and a pathogen following exposure to in situ
marine conditions at McMurdo Station, Antarctica.

Early stationary-phase cultures of Escherichia coli (EC),
and Salmonella typhimurium (ST), grown at 37°C in Tryp-
tone -Lactose -Yeast extract (TLY) broth, were washed twice
with filter-sterilized sea water from the experimental site and
placed in 30-milliliter (mL) diffusion chambers (McFeters and
Stuart 1972). These were immersed in a 1,240-liter (L) circu-
lating aquarium at McMurdo Station (77°51'S) that received
-1.8°C, approximately 34.5 parts per thousand (ppt) sea water
at a dilution rate of 3.92 per hour (h-'). Chambers were sam-
pled after various periods for up to 57 days (d). Cells were
plated on TLY agar media with (TLYD) and without 0.1 per-
cent deoxycholate (selective agent). Injury was assessed as the
difference in plate count recoveries between the selective and
nonselective media. Substrate responsiveness was assayed by
the method of Kogure, Simidu, and Taga 1979. Respiration
was determined by the method of Rodriguez et al. (1992),
using tetrazolium salt reduction and epifluorescence
microscopy. All incubations were at 25°C except where noted.

Results showed only a 1-2 log decrease in substrate
responsive and physiologically active (respiring) cell numbers
over the 57-d exposure for both EC and ST (figure 1, A and B).
The increase in these numbers after approximately 30 d was
believed to be a result of nutrient input from the annual phy-
toplankton bloom in late November to early December (Wel-
born and Manahan 1991). Plate counts on selective and nons-
elective media significantly underestimated numbers of
viable cells in the environment as assayed by substrate
responsiveness and respiration. This degree of nonrecover-
ability increased with time of exposure to 4-6 logs underesti-
mation of viable cell numbers. EC (fecal indicator bacteria)
quickly sustained and maintained 99.9-100 percent injury
upon exposure; whereas ST showed 80-90 percent injury
throughout the experiment (data not shown). In addition, the
low temperature of the environment appeared to extend sur-
vival significantly compared with temperate regions (Lessard
and Sieburth 1983).

Optimal recovery temperatures using EC and ST cultures
exposed for 54 d indicated no cells could be recovered at
37°C; whereas best recoveries were obtained at lower temper-
atures (figure 2, A and B). Addition of 0.1-strength TLY broth
to 48-d exposed cells significantly increased respiration at all
temperatures tested (figure 3, A and B), indicating that enteric
bacterial activity in this environment is limited by nutrient
availability rather than temperature. This finding would help
explain increased substrate responsiveness and respiration
during the phytoplankton bloom (figure 1, A and B). Availabil-
ity of autochthonous or anthropogenically introduced organic
matter, as well as low temperatures, may thus allow viable
enteric bacteria from sewage to persist in the antarctic marine
environment.

These results indicate that enteric bacteria in untreated
sewage released into the antarctic marine environment from
centers of human activity such as McMurdo Station and
Amundsen-Scott South Pole Station persist in a physiologi-

cally active, yet nonrecoverable, state for extended periods.
Results of sewage plume dispersal studies that employ colony
formation for detection and enumeration must, therefore, be
considered minimum estimates of the number of viable bac-
teria present in the environment (Howington et al. 1992).

We gratefully acknowledge the assistance of J.P. Howing-
ton, J.M. Sommers, I. Priscu, A. Brown, and the Antarctic Sup-
port Associates staff at McMurdo Station 1991-1993. This
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Figure 1. Respiration (triangles), substrate responsiveness
(diamonds), and total (open circles) counts (minimum of 600 cells
counted) of (A) E. co/i and (B) S. typhimurium cells exposed to the
antarctic marine environment for 57 d. Plate-count (colony forming
units per mL, n=5) recoveries on TLY (closed circles), and TLYD
(squares) agar (see text) are also presented. Cells/ml denotes cells
per milliliter or colony forming units per milliliter.
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Figure 2. Selective (TLYD), and nonselective (TLY) plate counts
recoveries of (A) E. co/i and (B) S. typhimurium cells at different
temperatures after 54 d exposure to the antarctic marine
environment (see text). CFU/mI denotes colony forming units per
milliliter.
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Plasmid maintenance and expression in Escherichia coli
exposed to the antarctic marine environment

JAMES J. SMITH, JAMES P. HOWINGTON, and GORDON A. MCFETERS, Department of Microbiology,
Montana State University, Bozeman, Montana 59717

S
ewage discharged into the antarctic marine environment
is expected to contain enteric bacteria harboring antibiot-

ic-resistance, as well as virulence-associated plasmids
(Echeverria and Murphy 1980). Introduction of large numbers
of plasmid-harboring human enteric bacteria from a point
source increases the likelihood of horizontal transfer (conju-
gation and so forth) of these genes to naturally occurring bac-
terial populations. The autochthonous antarctic marine bac-
teria are known to harbor antibiotic-resistance plasmids
(Kobori, Sullivan, and Shizuya 1984). Transfer of virulence,
conjugative, and/or antibiotic-resistance phenotypes may
result in the increased dissemination of antibiotic-resistance
and/or virulence determinants to bacteria in the environ-
ment, with unknown impacts on the indigenous marine
macrofauna. Plasmids are maintained and expressed in
marine, lake, and well waters at 15-25°C (Awong, Bitton, and
Chaudhry 1990; Byrd and Colwell 1990; Caldwell et al. 1989),
but the maintenance and expression of plasmids with expo-
sure to polar marine conditions (that is, -1.8°C, 34.5 parts per
thousand salinity) is unknown.

An enterotoxigenic Escherichia coli strain harboring the
high-copy number, ampicillin -resistance plasmid pUC 19
(EC19), and a strain harboring the conjugative F-plasmid (EC-
F, F-plasmid also encodes streptomycin and ampicillin resis-
tance) were grown to early stationary phase, exposed in situ,
and enumerated as described by Smith and McFeters (Antarc-
tic Journal, in this issue), except that EC-F was not assayed for
substrate responsiveness. Tryptone-ampicillin/streptomycin
broth and agar were used for EC-F growth and enumeration.
TLY-ampicillin broth and agar were used for growth and enu-
meration of EC19. Tryptone and TLY agar media were used as
controls. Exposure times were 54 days (d) for EC19, and 21 d
for EC-F. All incubations were at 25°C.

Isolation of pUG 19 from EC19 cells after various periods
of exposure indicated plasmid maintenance throughout 54-d
exposure (data not shown). Plate counts on media with and
without antibiotics indicated that both pUC19 and F-plas-
mids were expressed throughout exposures in the vast major-

ity of culturable EC19 and EC-F cells (figures 1 and 2). A small
fraction of EC-F cells did not express the F-plasmid prior to
day 8, after which it was expressed in 100 percent of exposed
cells (figure 2). This same general pattern was observed with
EC19 between 7 and 15 d (figure 1). EC-F showed greater sur-
vival [time for 99 percent death (T 99) equals approximately 40
d] than EC19 (T99 equals approximately 14 d), when measured
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Figure 1. Survival, plasmid expression, and substrate
responsiveness of E. co/i (pUC19) cells exposed to the antarctic
marine environment. Cells were suspended in membrane diffusion
chambers in the McMurdo Station aquarium for 54 d. Plate counts
(recoverability as colony-forming units, n=5) of EC19 on tryptone-
lactose-yeast extract (TLY, solid circles), and TLY-ampicillin (open
circles) agar media. Recoverability of the parent plasmidless EC
strain on TLY agar (squares), as well as total (diamonds), and
substrate responsive (triangles) bacterial numbers (minimum of 600
cells counted) are shown.
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