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Abstract. The survival of Streptococcus faecalis and Escherichia coli was
studied in situ in a tropical rain forest watershed using membrane diffusion
chambers. Densities were determined by acridine orange direct count and
Coulter Counter. Population activity was determined by microautoradiog-
raphy, cell respiration, and by nucleic acid composition. Densities of S.
Jaecalis and E. coli decreased less than 1 log unit after 105 hours as mea-
sured by direct count methods. Activity as measured by respiration, ac-
ridine orange activity, and microautoradiography indicated that both bac-
teria remained moderately active during the entire study. After 12 hours,
E. coli was more active than S. faecalis as measured by nucleic acid com-
position. In this tropical rain forest watershed, E. coli and S. faecalis sur-
vived and remained active for more than 5 days; consequently, both would
seem to be unsuitable as indicators of recent fecal contamination in tropical
waters.

Introduction

In tropical areas of Nigeria [21], Hawaii [10], New Guinea [9], Puerto Rico
[13, 15], Sierra Leone [31], and the Ivory Coast [17], high densities of Esch-
erichia coli, an indicator of fecal contamination, were found in the complete
absence of any known fecal source. Monitoring of Puerto Rican waters by the
U.S. Geological Survey reported that 54 of 67 water sampling stations on rivers
in Puerto Rico exceeded the U.S. Environmental Protection Agency recom-
mended maximum contaminant levels (MCL) for recreational waters (i.e.,
< 1,000 fecal coliforms/100 ml) during 1984 [7]. Thus, only 19% of all sites
sampled met the recommended MCL for recreational waters, and none of these
waters could meet raw source water standards (<2 fecal coliforms/100 ml).
These findings have resulted in condemnation of sewage treatment in Puerto
Rico as a source of fecal pollution of natural waters due to improper treatment
{13, 15]. Yet, sampling sites upstream from sewage treatment plant outfalls
indicated fecal coliformn densities that were just as high as most downstream
sites [7].

* Present address: Westinghouse Savannah River Company, Savannah River Laboratory, Envi-
ronmental Sciences Division, Aiken, South Carolina 29808-0001, USA.



126 1. Mufiiz et al.

The reliability of fecal coliform techniques in the tropics has also been ques-
tioned. In Puerto Rico, less than 30% of the fecal coliform-positive isolates
from natural waters are confirmed as E. coli, whereas more than 90% of all
temperate water isolates are confirmed as E. coli [25]. Pagel et al. {22} compared
four fecal coliform assays in various types of freshwaters in Southern Canada.
They observed that while these assays were somewhat variable in their abilities
to detect fecal coliforms from environmental samples, they were all acceptable
in terms of their specificity and selectivity. In similar studies, Santiago-Mercado
and Hazen [25] used the same methodology to detect fecal coliforms from
freshwaters in Puerto Rico and found that the specificity of the media (deter-
mined by the ability of the medium to restrict growth of organisms other than
the target bacterium) was at least 20% less than the specificity reported by the
Canadian investigators. Thus, all the methods gave significantly higher false-
positive (mistakenly identified as E. coli) or false-negative (E. coli that were
not identified as E. coli in the test media) errors in tropical waters. Controls
using known strains of E. coli indicated the accuracy of the methods 10 be the
same in both studies.

Recent studies have also shown that E. coli can be isolated from pristine
areas of tropical rain forests in Puerto Rico [4, 23]. Plasmid profiles, antibiotic
sensitivities, coliphage susceptibility, and physiological and biochemical char-
acteristics confirm that even E. coli isolated from epiphytes in trees 15 m above
the ground are identical to clinical isolates of E. coli [23]. These environmental
isolates have identical mole% G + C of their DNA and more than 75% DNA
homology with E. coli B [4). Thus, tropical source waters may have high
densities of naturally occurring E. coli in the absence of pathogens or fecal
sources.

Water treatment in tropical countries is often deficient [30, 31]. Thus, prev-
alence of disease is exacerbated by the common use of traditional drinking
water sources that receive little or no treatment prior to use. In addition,
contaminated tropical waters may harbor a much greater variety of human
pathogens, some of which are unique to tropical climes [13]}. Streptococcus
faecalis has often been suggested as a possible alternative to E. coli as an
indicator of recent human fecal contamination [5]. The present study compares
the in situ survival and activity of these two bacteria in a tropical niver.

Materials and Methods

Study Site

The Mameyes River is located at the northeast comner of the island of Puerto Rico (Fig. 1). The
river originates in a cloud rain forest in a pristine portion of the Luquillo Experimental Forest,

U.S. Forest Service. For a more complete description of the Mameyes River watershed and site
1, see Carrillo et al. [6].

Water Quality

Dissolved oxygen, air temperature, and water temperature were measured with a dissolved oxygen
meter (Yellow Springs Instrument Co., Yellow Springs, OH). Three liters of sample water were
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fixed with either sulfuric acid, zinc acetate, or mercuric chloride, placed on ice, and transported
1o the laboratory for analysis. Nitrates plus nitrites, sulfates, total phosphorus, and phosphates (P,)
were determined in the laboratory as described in Standard Methods for the Examination of Water
and Wastewater [2].

Cell Densities and Activity

For survival studies, plexiglass diffusion chambers with 100-m] capacity were used with a 0.45-
um pore size, nylon reinforced Versapor membrane filters (Gelman, Instrument Co., Ann Arbor,
MI) as a diffusion surface. O-rings were added 10 chambers to reduce leakage and contamination.
Pure cultures of S. faecalis (CBSC 15-5600A) and E. coli (ATCC 11775) were grown in nutrient
broth at 35°C for 24 hours. The cells were then harvested by centrifugation and resuspended in
filter-sterilized phosphate-buffered saline (pH 7). Cell density was determined with a model ZF
Coulter Counter (Coulter Electronics, Hialeah, FL) and adjusted to a concentration of 108 cells
mi-". The bacterial suspensions were placed into the sterile diffusion chambers just before placing
them at the study sites. Chambers were sterilized by filling with 95% ethanol 24 hours before being
used. The chambers and their use are as previously described [6, 14, 18, 19]. Four chambers of
each bacterial species were suspended 30 cm below the surface at site 1. Samples (2 ml) were taken
with a sterile syringe at regular intervals over 105 hours beginning at 2100 hours on November
7, 1986. Half of each sample was incubated with 2-[4-iodophenyl}-3-[4-nitrophenyl]-5-phenyltet-
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Fig. 2. Changes in total density as measured by AODC for S. faecalis and E. coli (mean + 1 SE,
n=4)

razolium chloride (INT) as described by Zimmermann et al. [33]. The other half was incubated
with [*H]thymidine (75 uCi mmol-') for 2.5 hours as described by Tabor and Neihof [29]). Samples
were fixed in 10% phosphate-buffered formalin (pH 7), after the appropriate incubation [29, 33].
Aliquots of the first subsample were used 1o determine acridine orange direct counts (AODC) [19],
Coulter Counter direct counts [14], respiration (INT reduction [33]), and activity by AODC [6,
18, 19]. The second subsample was used to determine AODC [19] and [*H]jthymidine uptake-
positive activity (microautoradiography [28]).

Data Analysis

Programs developed for a Macintosh computer were used for all statistical analyses. Density data
were subjected to the log (x + 1) transformation before statistical analysis to reduce heteroscedascity
as described by Zar [32]. Any statistical probability <0.05 was considered significant.

Results and Discussion

Densities of S. faecalis were not significantly different from those of E. coli
determined by either direct count method over time (Figs. 2 and 3). The
numbers of both bacteria as measured by AODC were nearly two orders of
magnitude lower by Coulter Counter. This, as discussed in previous works [6,
18, 19], is because the aperture on the Coulter Counter is of sufficient size (50
um) to allow multiple bacteria to pass at the same time, resulting in underes-
timation of the numbers of bacteria in the sample. This phenomenon, however.
does not interfere with the ability of the instrument to detect changes over
time, and when compared to the samples counted by AODC can give a good
estimate of the relative changes in morphology that may be occurring in the
population. For a thorough discussion and controlled experimental results, see
Lopez-Torres et al. [19].
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Fig.3. Changes in total density as measured by Coulter Counter for S. faecalis and E. coli (mean
+ 1SE,n=4).
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Both bacteria decreased by less than one order of magnitude over the course
of the study, and the overall trend for the two bacteria was similar. Thus, the
calculated (linear regression for transformed data) time for S. faecalis to de-
crease by 90%, or one order of magnitude, under in situ conditions was >300
hours, whereas E. coli would decrease by 90% after 276 hours. McFeters et al.
[20] reported that densities of S. faecalis decreased by 90% within 29 hours
when exposed to temperate water in situ conditions using diffusion chambers.
G. K. Bissonnette (Ph.D. thesis, Department of Microbiology, Montana State
University, Bozeman, 1974) reported that even in the most sewage-contami-
nated temperate river, S. faecalis survival never exceeded 130 hours. McFeters
et al. also reported that E. coli showed a 90% reduction in cell density after 30
hours of exposure. Other studies have reported that Streptococcus spp. survive
slightly longer than coliforms in temperate waters [12]. However, studies in
our laboratory have shown that under most conditions E. coli will survive
indefinitely in tropical freshwaters [6. 18, 19]. In addition, no correlation be-
tween S. faecalis counts and presence of Sa/monella spp., a known pathogen,
was found in tropical waters in Africa [30], or Sierra Leone [31]. In addition,
though densities of fecal streptococci are usually lower than densities of fecal
coliforms in tropical areas, like the fecal coliforms they seem to be unrelated
to known sources of fecal contamination [7, 9, 10, 31).

No significant difference in the percentage of respiring cells was observed
(Fig. 4). The percentages of respiring cells fluctuated between 0 and 12% for
both bacteria. within the same range reported for naturally occurring bacteria
from diverse environmental samples [29. 33]. This was not surprising consid-
ering the oligotrophic nature of the waters in this study, as indicated by the
low phosphate concentrations (0.03 mg/liter, Table 1), confirming earlier stud-
ies of the same sites [6]. However, Lopez-Torres et al. [18] observed a decrease
in the percentage of respiring cells for E. coli at this site from 100% at time 0
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Fig. 4. Changes in percent INT-positive cells as measured by INT-reduction for S. faecalis and
E. coli (mean + 1 SE, n = 4).

to 10% after 96 hours. The lower percentages observed at the beginning and
during the course of the present study suggest that the bacteria may have been
stressed at the beginning of the present study or that the sustaining capacity of
the water in the previous study [18] was even lower than that in the present
study. The level of respiration observed for both bacteria was high enough to
suggest that neither one was under severe stress [29, 33]. '

The proportion of bacterial cells that incorporated [*H}thymidine was also
not significantly different between bacteria (Fig. 5). The percentage of active
cells for both bacteria fluctuated from 3 to 14%, though the average activities
for E. coli were higher at all sampling times except one (Fig. 5). These levels
of PH]thymidine uptake were also typical for naturally occurring temperate
bacterial populations [29], again suggesting that both bacteria were moderately
active.

Table 1. Water quality parameters in the Mameyes River watershed

Time Wtiemp Atemp
(hours) °C) °C) NO,., SO, TP PO,
0 18.0 19.0 0.04 0.02 0.08 0.01
24 20.0 20.0 0.06 0.02 0.09 0.03
48 21.0 21.0 0.03 0.03 0.05 0.01
72 19.5 19.5 0.03 0.02 0.08 0.01
96 19.0 18.5 0.02 0.02 0.08 0.01
105 ND ND 0.02 0.01 0.07 0.01

Mean 195205 19.6+04 0032001 002000 008=00! 001! =000

Wiemp = water temperature, Atemp = air temperature, NO, , , = nitrites plus nitrates (mg/liter).
SO, = sulfates (mg/liter). TP = total phosphorus (mg/liter), PO, = orthophosphates (mg/liter).
mean = mean + 1 SE
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Fig. 5. Changes in percent microautoradiograph (MA)-positive bacteria as measured by
[*H}thymidine uptake for S. faecalis and E. coli (mean percent of MA = 1 SE, n = 4).

The percentage of active E. coli cells, as measured by AODC, were signifi-
cantly higher than S. faecalis (Fig. 6; F = 52.9, df = 1 and 32, P < 0.0001).
These percentages were lower than those previously reported for E. coli at the
same site [6, 18], further suggesting slightly more stressful conditions for the
bacteria at the time of this study. AODC activities, as determined by the red/
red + green cell percent [19], for E. coli ranged from 55 to more than 90%,
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Fig.6. Changes in percent activity as measured by AODKC for S. faecalis and E. coli (mean percent
of activity = 1 SE. n = 4).
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whereas S. faecalis activity ranged from 25 to 67%. This level of AODC activity
has been shown in previous studies to indicate a physiologically active popu-
lation [6, 18, 19].

Neither direct count technigue showed dramatic changes in density for either
bacteria, thus, it may be assumed that these bacteria can survive for extended
periods [26]. However, because these were direct count measurements, the
physiological activity of the bacteria must be demonstrated. AODC activity
indicates, like microautoradiography (MA) and INT-reduction, that both bac-
teria were active in situ in this tropical freshwater stream; however, AODC
activity indicated that E. coli remained at a higher level of activity than S.
Jaecalis, unlike the assays for MA and INT-reduction. The differences in these
activity measurements undoubtedly lie in the differences of each technique.
The INT-reduction technique measures respiration via electron transport ac-
tivity [33]. As both of these bacteria are facultative anaerobes, low levels of
respiration did not indicate that these bacteria were not physiologically active.
Low levels of [*H]thymidine uptake would not indicate that these bacteria were
physiologically inactive, only that they were not growing rapidly [29]. As the
high levels of AODC activity indicated that protein synthesis was occurring
[18, 19], and direct counts indicated increases in density after the initial ac-
climation period, then the bacteria were growing. All of the activity measure-
ments confirmed that both bacteria were active. One of the three activity
measurements also indicate that E. coli has a higher activity than S. faecalis
in tropical freshwaters.

Density of fecal coliforms and presence of Streptococcus spp. in temperate
waters have been well demonstrated [12]. It has also been suggested that E.
coli is a better indicator for water quality than fecal coliforms [5, 8], and that
fecal streptococci may be better indicators than fecal coliforms [1, 3,11, 27].
The present study suggests that these assumptions are incorrect for tropical
freshwater. Indeed, E. coli, fecal coliforms, S. faecalis, and fecal streptococci
do not accurately indicate the presence of these pathogens in tropical waters
due to their rate of survival. and possible indigenous nature {4, 15, 23]. Thus,
the best indicator for tropical freshwaters is no indicator at all, i.e., enumerate
pathogens such as Salmonella spp. directly. The technology is available to
directly and very specifically monitor or detect pathogens using DNA probes
[16]) and immunofluorescence techniques [24). Current tropical source water
MCLs based on fecal coliforms. whose target is E. coli, are unenforceable and
may not represent a real public health risk under many circumstances.
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