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High levels of Escherichia coli were frequently detected in tropical soils in Hawaii, which present important
environmental sources of E. coli to water bodies. This study systematically examined E. coli isolates from water
and soil of several watersheds in Hawaii and observed high overall genotypic diversity (35.5% unique geno-
types). In the Manoa watershed, fewer than 9.3% of the observed E. coli genotypes in water and 6.6% in soil were
shared between different sampling sites, suggesting the lack of dominant fecal sources in the watershed. High
temporal variability of E. coli genotypes in soil was also observed, which suggests a dynamic E. coli population
corresponding with the frequently observed high concentrations in tropical soils. When E. coli genotypes
detected from the same sampling events were compared, limited sharing between the soil and water samples
was observed in the majority of comparisons (73.5%). However, several comparisons reported up to 33.3%
overlap of E. coli genotypes between soil and water, illustrating the potential for soil-water interactions under
favorable environmental conditions. In addition, genotype accumulation curves for E. coli from water and soil
indicated that the sampling efforts in the Manoa watershed could not exhaust the overall genotypic diversity.
Comparisons of E. coli genotypes from other watersheds on Oahu, Hawaii, identified no apparent grouping
according to sampling locations. The results of the present study demonstrate the complexity of using E. coli
as a fecal indicator bacterium in tropical watersheds and highlight the need to differentiate environmental
sources of E. coli from fecal sources in water quality monitoring.

The use of Escherichia coli as a fecal indicator organism is
contingent upon the validity of the assumption that its pres-
ence in the natural environment is the result of a recent fecal
contamination. Many studies have challenged the validity of
fecal indicator organism use by demonstrating the ability of
E. coli to survive for extended periods of time and even grow
in various secondary habitats, including soils (6, 8, 18), sedi-
ments (1, 4, 16), beach sands (17, 32, 33), and aquatic vegeta-
tions (7, 22). E. coli cells from these environmental sources
may enter into water bodies when conditions are favorable for
such transport, thus complicating water quality monitoring and
regulatory efforts.

The ability of E. coli to survive in various environments may
be attributable to its vast genetic diversity, as high genetic
diversity generally improves the species’ adaptability and resis-
tance to environmental changes (28). Based on the 22 E. coli
genome sequences completed to date, it is estimated that at
least 42,500 gene families exist within the E. coli species (29).
At the subspecies or strain level, the enormous genetic di-
versity of E. coli is manifested by the presence of numerous
distinct E. coli genotypes. Using various DNA fingerprinting
techniques, including repetitive extragenic palindromic PCR
(rep-PCR) (11, 19), ribotyping (2, 9), and pulsed-field gel
electrophoresis (PFGE) (27), microbial source tracking studies
have detected a large number of distinct genetic profiles (i.e.,
genotypes) in commensal E. coli isolates from different animal
hosts.

The genetic diversity of E. coli isolates in various environ-
ments in different geographic and climatic regions has also
been investigated. Studies on soil in the Great Lakes region
have generally reported a limited diversity of E. coli (8, 18);
persistent soil E. coli populations detected in a Lake Michigan
watershed were clustered into three main genetic groups based
on rep-PCR DNA fingerprinting analysis (8), and 86, 46, and
85% of soil E. coli isolates from three sampling sites within a
Lake Superior watershed belonged to the same genotypes (18).

Higher genotypic diversity was often observed in stream or
river water than in soil. A survey in a Canadian watershed
detected 7,325 unique genotypes out of 21,307 E. coli isolates
(34.4% uniqueness) from river water (24). Another study in
two central Texas lakes detected 175 unique genotypes out of
555 isolates (31.5% uniqueness) (10). Despite the numerous
aforementioned studies into environmental E. coli diversity,
few studies have attempted to investigate E. coli genotypic
diversity in both soil and water of the same watershed. Fur-
thermore, most previous studies were conducted in watersheds
of temperate or subtropical climates.

Hawaii’s tropical soils have long been suspected as impor-
tant sources of E. coli to stream waters due to the consistent
presence of high levels of E. coli (13, 15). Although the trans-
port of E. coli from soil to water can be expected during
rainfall-derived runoff events when eroded soil particles enter
stream water (13), interactions between stream bank soil and
water under dry weather conditions are less straightforward. In
the absence of surface runoff, E. coli cells from soil would need
to go through a multiprocess transport pathway through the
vadose zone and soil-water interface to reach stream water.

Given the high genotypic diversity of E. coli (24), tracking
environmental E. coli through such a complex pathway is ex-
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perimentally challenging and requires an innovative approach.
In one approach used in microbial source tracking studies,
dominant E. coli genotypes from contaminated bodies of water
are compared with host-specific libraries to infer potential host
sources (19, 34). In the present study, we propose a similar
approach involving the comparison of dominant E. coli geno-
types in stream bank soil and water at the same location, which
could also be used to assess the relative importance of stream
bank soil as a potential source of E. coli to water.

The overall goal of this study was to examine the genotypic
diversity of E. coli in the soil and water of watersheds in
Hawaii’s tropical climate. Environmental E. coli isolates were
obtained from sampling sites in the forest and urban reaches of
the Manoa watershed, and spatial and temporal variations of
E. coli genotypes detected within the watershed were investi-
gated. To assess the potential of soil as a source of E. coli to
stream water, E. coli genotypes detected in stream bank soil
and stream water at the same locations were compared and
used to infer potential soil-water interactions. Furthermore,
E. coli genotypes from three additional watersheds on the
island of Oahu, Hawaii, were obtained and compared with
those from the Manoa watershed.

MATERIALS AND METHODS

Sampling sites. Field sampling efforts were performed in the Manoa, Opaeula,
Waikele, and Kahana watersheds, which are located at different regions on the
island of Oahu, Hawaii (Fig. 1A). The Manoa watershed is a typical urban Oahu
stream that starts in the forest of the Koolau Mountain Range, passes through
the residential community of Manoa Valley, and finally discharges via the Ala
Wai Canal into the ocean. The stream has a total length of approximately 3 miles
and a total drainage area of 4,000 acres. Soil and water samples for E. coli
isolation were collected at six sampling sites, three in the forest region and
three in the urban region, along the stream (Fig. 1B). The global positioning
system (GPS) coordinates for the six sampling sites are as follows: for site A,
21°20�33.20��N and 157°47�57.70��W; for site B, 21°20�18.82��N and
157°48�00.24��W; for site C, 21°20�07.66��N and 157°47�58.12��W; for site D,
21°18�48.56��N and 157°48�23.81��W; for site E, 21°18�26.44��N and
157°48�31.73��W; and for site F, 21°17�34.38��N and 157°48�47.53��W. The three
other Oahu watersheds were also sampled but to a lesser extent than the Manoa
watershed. The Waikele watershed is located on the west side of Oahu and
drains upstream forest, agricultural, and urban lands over its 5-mile length. The
GPS coordinates for the Waikele sampling sites are as follows: 21°23�06.06��N
and 158°00�46.18��W, 21°24�06.89��N and 158°00�55.22��W, 21°27�53.03��N and
158°01�19.71��W, 21°28�40.88��N and 158°00�31.05��W, and 21°28�04.44��N and
157°57�21.52��W. The Opaeula watershed is located on the north side of Oahu
and drains upstream forest and downstream agricultural lands, and the GPS
coordinates for the sampling sites are 21°34�50.53��N and 158°06�01.43��W and
21°18�48.56��N and 157°48�23.81��W. The Kahana watershed is located on the
windward (northeast) side of Oahu and consists primarily of forest that receives
significantly more precipitation than the other watersheds. The GPS coordinates
for the Kahana sampling site are 21°32�14.90��N and 157°53�05.68��W.

E. coli isolation. Stream water samples (1 liter in sterile propylene bottles)
were collected directly from flowing water by standing on the stream bank. Soil
samples were collected at four different distances (i.e., 0, 1, 3, and 5 m) from the
stream bank at each sampling site. At each location, about 200 g of surface soil
(i.e., 0 to 4 cm from the surface after removing surface debris) was collected
using a clean shovel (i.e., wiped with 70% ethanol and air dried) and then stored
in sterile plastic bags. The water and soil samples were stored in the dark at 4°C
and processed immediately (for water samples) or within 24 h (for soil samples).
Soil samples were first extracted using ammonium phosphate buffer (APB) to
release soil E. coli cells in a procedure based on previously described techniques
for tropical soils (20). Ten milliliters of the soil extract supernatant was filtered
through sterile GN-6 membranes (Pall Life Science, Port Washington, NY) and
then incubated to selectively grow E. coli using the modified membrane thermo-
tolerant E. coli agar (mTEC) method (31). Stream water samples were filtered
directly through the membranes and then placed onto modified mTEC agar for
the growth of E. coli (31). Presumptive E. coli colonies on modified mTEC agar

plates were randomly picked and streaked onto LB agar for purification. The
authenticity of the E. coli isolates was then verified by indole–methyl red–Voges-
Proskauer–citrate (IMViC) tests, which resulted in verification ratios higher than
95%, and the verified E. coli isolates were used in subsequent genotypic analysis.
E. coli isolates obtained from soil samples collected at the four distances at each
sampling location were grouped together to collectively represent the soil of that
sampling location. The E. coli isolates were stored in Hogness modified freezing
medium (HMFM) and frozen at �80°C.

rep-PCR DNA fingerprinting. Genomic DNA fingerprinting of E. coli isolates
was performed using a procedure described by Dombek et al. (11). Briefly, fresh
E. coli cells were grown overnight on LB agar and then gently treated with 0.05
N NaOH to release total genomic DNA. The total genomic DNA in solution was
separated from cell debris by centrifugation at 250 rpm for 10 min. The super-
natants containing total genomic DNA were used as templates in PCR amplifi-
cation for rep-PCR DNA fingerprinting (11). Following amplification, the PCR
amplicons were electrophoresed, and the gel images were obtained using a
Typhoon scanner (GE Health, Piscataway, NJ) and processed with GelCompar
II software package (Applied Maths, Kortrijk, Belgium).

Genotype clustering and identification. The DNA banding pattern for each
isolate (i.e., fingerprint) was normalized for intergel comparisons using an ex-
ternal DNA size marker (DNA Hyperladder I; Bioline, Taunton, MA) that was
loaded into end lanes of each gel. A standard reference strain, E. coli ATCC
25922, was also run in each electrophoresis gel as an internal control to deter-
mine gel-to-gel variations. All fingerprint images were loaded into a database
and processed using GelCompar II. Dendrograms were created based on Pear-
son’s correlation unweighted-pair group method using arithmetic averages.

The identification of unique E. coli genotypes was based on a cutoff value

FIG. 1. Geographic locations of Manoa (1), Opaeula (2), Waikele
(3), and Kahana (4) watersheds on the island of Oahu, Hawaii (map
modified from the USGS [http://hawaii.wr.usgs.gov/oahu/]) (A) and
sampling sites in the Manoa watershed (map from the Hawaii State-
wide GIS Program) (B). Sites A, B, and C are in the rainforest, while
sites D, E, and F are in the urban region.
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established by DNA fingerprints of the internal control strain E. coli ATCC
25922. When rep-PCR fingerprints of the ATCC 25922 strain from repeated
analyses in all gels were compared in a dendrogram, fingerprints clustered with
an 80% similarity. This 80% cutoff value was used to subsequently cluster envi-
ronmental E. coli isolates into different genotypes; a cluster of E. coli isolates
with an 80% or higher dendrogram similarity was regarded as one genotype,
while an isolate that did not cluster with any other E. coli isolates based on the
80% cutoff was given its own genotype.

Analysis of E. coli genotypes. To compare E. coli isolates spatially, rep-PCR
DNA fingerprints were used in analyses of genotype dendrogram clustering and
identification as described above. After the total number of unique E. coli
genotypes was calculated, the distribution of the genotypes and their respective
occurring frequencies in water and soil samples from each sampling site were
determined. The temporal comparison of genotypes at each sampling site was
conducted similarly to the spatial comparison. The rep-PCR DNA fingerprints of
E. coli isolates at all sampling sites over the sampling period were used in a single
clustering analysis to identify unique genotypes. Then, the level of reoccurrence
of particular genotypes at the same sampling sites at different sampling dates was
determined.

To construct genotype accumulation curves, the unique genotypes and their
abundances (i.e., how many isolates share the same genotypes) were calculated
and then processed using EcoSim 700 software (14). To estimate the sharing of
E. coli genotypes between soil and water at individual sampling sites, the number
of genotypes found in both soil and water was divided by the total number of
genotypes to calculate the ratio of overlap. The rep-PCR DNA fingerprints of
E. coli isolates from different watersheds were compared using principal-com-
ponent analysis (PCA). The DNA banding patterns of all isolates to be analyzed
were used together to generate a banding character matrix using GelCompar II
software, and the matrix was then analyzed to identify principal components
using StatistiXL add-in software (Kalamunda, Australia) for Microsoft Excel.

RESULTS

E. coli isolates from Hawaii watersheds. E. coli isolates were
obtained from the soil and water of four watersheds on the
island of Oahu, Hawaii (Table 1). In the Manoa watershed,
two sampling schemes were utilized to assess the spatial and
temporal variations of E. coli genotypes. To determine spatial
variation, 146 and 136 E. coli isolates were obtained from water
and soil samples, respectively, collected on 15 May 2009.
Temporal variation was determined by obtaining additional,
smaller numbers of E. coli isolates per sample during five
subsequent Manoa sampling events, which yielded a total of
494 and 144 E. coli isolates from soil and water samples, re-
spectively. E. coli isolates were also obtained from three other
watersheds on the island of Oahu on single sampling events
and at either single or multiple sampling sites (Table 1). Over-
all, 459 isolates from water samples and 810 isolates from soil
samples were obtained and used in this study.

Spatial variation of E. coli genotypes in the Manoa water-
shed. The 146 E. coli isolates from stream water were analyzed
by rep-PCR DNA fingerprinting and then grouped into 75
unique genotypes based on cluster analysis. The distribution of
genotypes among the six sampling sites and their detection

frequencies (i.e., the number of isolates per genotype) at dif-
ferent sites are shown in Fig. 2.

The E. coli isolates from stream water showed considerable
spatial variation in genotype regardless of land use. There were
no genotypes detected at more than one forest sampling site,
and only two genotypes (i.e., 2.6% of 75) were detected at
more than one urban sampling site. Overall, there were seven
genotypes (9.3% of 75) shared between the urban and forest
sites (i.e., appearance in at least one forest site and one urban
site). The genotypic distribution of each sample appears to
include a few dominant genotypes and a larger number of rare
genotypes. Although some genotypes (e.g., genotype 51 at site
F) exhibited high detection frequencies and appeared to be the
dominant genotypes at the sampling sites, the majority of ge-
notypes (82.7%) were represented by two or fewer isolates.
Furthermore, the dominant genotypes from the different sam-
pling sites did not overlap, which further illustrates the large
spatial variation of E. coli genotypes in the stream water.

The 136 E. coli isolates obtained from stream bank soil
were also analyzed by DNA fingerprinting and subsequently
grouped into 61 unique genotypes. Similarly to observations in
stream water, E. coli in soil also exhibited considerable spatial
variation in the observed genotypes. The two different land
uses did not significantly affect the genotypic diversity (Fig. 3).
There were four E. coli genotypes (i.e., 6.6% of 61) detected at
more than one forest soil site, while there were no genotypes
shared among the urban soil sites. Of the 61 unique genotypes,
no genotype was shared between the urban and forest soil sites.
The E. coli genotypes detected in soil appeared to have slightly
higher detection frequencies than those in water. Overall,
54.1% of genotypes were represented by two or fewer isolates.
Some of the genotypes were likely present in the soil at high
levels as indicated by high isolation frequencies. For example,
at site F, genotypes 35 and 43 were represented by 7 and 8
isolates, respectively (Fig. 3).

Temporal variation of E. coli genotypes. E. coli isolates were
obtained from water and soil samples collected at five addi-
tional sampling dates during a 9-month period in the Manoa
watershed (Table 1). The E. coli isolates were fingerprinted
and clustered to identify unique genotypes (Table 2). The
frequencies of obtaining a unique E. coli genotype, as indicated
by ratios of genotypes versus isolates, were 0.64 for isolates
from water, 0.43 to 0.48 for isolates from forest soil sites, and
0.44 to 0.46 for isolates from urban soil sites, which are similar
to the frequencies observed in the spatial investigation. E. coli
genotypes were subsequently categorized into five groups (i.e.,
groups 1, 2, 3, 4, and 5 [Table 2]) based on their detection
during the five different sampling dates, and the distributions

TABLE 1. E. coli isolates collected from Manoa and other Hawaiian watersheds

Watershed
(no. of sampling sites) Sampling event(s): date(s) (mo/day/yr)

No. of isolates per site Total no. of isolates

Water Soil Water Soil

Manoa (6) Single: 5/15/2009 10–31 8–37 146 136
Multiple: 6/8/2009, 8/31/2009, 10/14/2009,

12/21/2009, 2/24/2010
3–6 5–26 144 494

Opaeula (2) Single: 4/29/2010 30 25 60 50
Waikele (5) Single: 9/30/2009 10 25 50 130
Kahana (1) Single: 4/29/2010 59 59
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of the genotypes in the five groups were calculated to illustrate
temporal variation (Table 2). For the isolates from water,
86.7% of genotypes were detected at only one sampling, 12.2%
were detected at two different samplings, and no genotypes
appeared more than two times over the five sampling dates.
The overlap of genotypes detected in soil was slightly lower
because individual sampling sites were considered separately.
The ratios of genotypes detected twice over the six sampling
dates ranged from 3.4 to 7.3% for forest soil sites and 2.9 to
5.1% for urban soil sites, indicating no significant difference
between the two land uses. At only one site (urban site F) was
one genotype detected during three different sampling dates.
The small percentages of E. coli genotypes detected during
more than one sampling date in water or in soil at the same site
(2.9 to 12.2%) indicate a strong temporal variation of the
observed E. coli genotypes in the Manoa watershed.

Sharing of E. coli genotypes between soil and water. To
assess the potential of soil as a source of E. coli to stream
water, E. coli isolates from stream bank soil and water from the
Manoa watershed were compared to determine the extent of
genotypic sharing. An example comparison of rep-PCR DNA
fingerprints of E. coli isolates from soil and water of one
sampling site during one sampling is shown in Fig. 4. After
unique genotypes were identified, a ratio of genotypic overlap
was calculated for each sampling site by dividing the number of
identical genotypes in stream bank soil and stream water by the
overall number of genotypes (Table 3). This comparison be-
tween soil and water genotypes was performed for all sampling
events. In general, there appeared to be a limited overlap of
E. coli genotypes between stream bank soil and stream water.
Out of a total of 34 valid comparisons, 14 had a value of 0,
indicating no overlap of E. coli genotypes, and 11 comparisons

FIG. 2. Distribution of the total 75 unique E. coli genotypes from water (x axis) and their detection frequencies (y axis) at the six sampling sites
(sites A to F).
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had values between 0 and 0.100. There were nine comparisons
that had values equal to or greater than 0.10, two of which had
values equal to 0.333 (i.e., 33.3% of the unique E. coli geno-
types found at that site during a particular sampling event were
isolated from both water and soil samples). The sharing of
genotypes between soil and water did not appear to be related
to land use, as no distinct patterns were detected between
forest sites A, B, and C and urban sites D, E, and F.

E. coli genotypic diversity in Hawaii’s tropical watersheds.
Out of 630 soil and 290 water E. coli isolates from the Manoa
watershed, a total number of 327 unique genotypes were iden-
tified. Genotype accumulation curves for isolates from both
water and soil did not result in asymptotes (Fig. 5A), indicating

that the number of isolates examined reflects only a fraction of
total E. coli diversity. When all E. coli isolates from the Manoa
watershed were combined to construct a rank abundance
curve, a fairly even distribution of genotypes was observed
(Fig. 5B). Of those genotypes, the three most abundant con-
tained 26, 23, and 18 isolates, representing only 7.3% of the
total number of E. coli isolates. The remaining 291 genotypes
contained five or fewer isolates, and 153 of those genotypes
were represented by a single isolate.

E. coli isolates from three additional watersheds located at
different regions on the island of Oahu were obtained and
compared with those observed in the Manoa watershed (Table
1). Fifty and 130 E. coli isolates from the soil of Opaeula and

FIG. 3. Distribution of the total 61 unique E. coli genotypes from soil (x axis) and their detection frequencies (y axis) at the six sampling sites
(sites A to F).
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Waikele watersheds were grouped into 18 and 51 unique ge-
notypes, corresponding to 36.0% and 39.2% uniqueness, re-
spectively. The rep-PCR fingerprints of soil E. coli isolates
from Opaeula (50 isolates), Waikele (130 isolates), and Manoa
(667 isolates) were clustered using principal-component anal-
ysis (PCA). The first two principal components (i.e., PC1 and
PC2) were used to illustrate genotypic relatedness. The soil
E. coli genotypes from the Opaeula watershed and the Wai-
kele watershed did not group separately and did not sepa-
rate from the much larger genotype library of the Manoa
watershed (Fig. 6A).

E. coli isolates from water (50 from Waikele stream, 60 from
Opaeula stream, and 59 from Kahana stream) were grouped
into 25, 25, and 31 unique genotypes, corresponding to 50.0%,
41.7%, and 52.5% unique recovery, respectively. The E. coli

TABLE 2. Temporal variation of E. coli genotypes in Manoa
stream water and bank soil

Site Frequency (ratio of
genotypes/isolates)

% genotypes detected at
multiple sampling eventsb

Group 1 Group 2 Group 3

Water (overall)a 0.64 86.7 12.2 0

Soil
Site A 0.46 96.6 3.4 0
Site B 0.48 92.7 7.3 0
Site C 0.43 94.4 5.6 0
Site D 0.46 94.9 5.1 0
Site E 0.44 97.1 2.9 0
Site F 0.44 93.3 3.3 3.3

a Water E. coli isolates from all six sampling sites were pooled in the analysis.
b Group 4 and group 5 have zero values, as no genotypes were detected during

more than three sampling events.

FIG. 4. Example dendrogram showing the genetic relatedness of E. coli isolates from soil and water at Manoa site F based on their rep-PCR
DNA fingerprints. The dashed vertical line indicates the cutoff value for identifying unique genotypes.

VOL. 77, 2011 E. COLI GENOTYPIC DIVERSITY IN TROPICAL WATERSHEDS 3993



genotypes isolated from stream water in the three watersheds
were compared with each other and also compared with those
found in the Manoa watershed by using PCA analysis (Fig.
6B). Like the soil E. coli isolates, water E. coli isolates in the
relatively small libraries of the Waikele, Opaeula, and Kahana
watersheds did not cluster separately by watershed and did not
separate from the E. coli genotypes of the Manoa stream.

DISCUSSION

The tropical soil and water of Hawaii’s watersheds contain
high levels of E. coli, which was often attributed to the partic-
ular geographic and climatic features of the Hawaii islands (6,
13, 15). Numerous recent studies, however, have indicated that

TABLE 3. Ratios of shared genotypes between soil and water at individual sampling sites and on individual dates

Sampling site
Ratio on indicated sampling date (mo/day/yr)

5/15/2009 6/8/2009 8/31/2009 10/14/2009 12/21/2009 2/24/2010

A 0.038 0 0.071 0.043 0.059 0
B 0.040 0.091 0.222 0 0 NAWa

C 0 0.333 0.056 0.100 0 NASb

D 0.031 0 0.143 0 0 0.100
E 0.095 0 0 0 0 0.067
F 0.118 0.333 0 0.067 0.125 0.111

a NAW, no E. coli isolated from stream water.
b NAS, no E. coli isolated from soil.

FIG. 5. Accumulation curves for E. coli genotypes isolated from
stream water and soil (A), and rank abundance curve for the pooled
water and soil E. coli isolates (B).

FIG. 6. Clustering of E. coli isolates obtained from soil (A) and
water (B) from different watersheds, based on principal-component
analysis of rep-PCR DNA fingerprints. Symbols in the foreground
denote Waikele (open triangle), Opaeula (open square), and Kahana
(open circle) watersheds, and the symbol in the background denotes
the Manoa watershed (gray circle).
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the survival and even growth of E. coli in the environment are
also widespread in other temperate and subtropical regions,
where E. coli was found to persist in soils (6, 8, 18), sediments
(1, 4, 16), beach sands (17, 32, 33), and aquatic vegetation (7,
22). To further understand the source, fate, and implications
for water quality regulation, environmental E. coli isolates
from temperate regions have been genetically characterized to
observe various levels of genotypic diversity (8, 18, 24, 25).
Although the environmental genotypic diversity of E. coli has
been well studied in temperate regions, it appears that studies
in tropical climates have yet to be conducted. In the present
study, a large number of environmental E. coli isolates were
systematically obtained from Hawaii’s tropical watersheds to
study the spatial and temporal variations and overall genotypic
diversities of E. coli in both water and soil.

Although E. coli is one of the most widely used fecal indi-
cator bacteria, the genotypic diversity of E. coli in water has
traditionally received little attention because current water
quality standards are based primarily on concentrations. Re-
cent discoveries of environmental reservoirs of E. coli (1, 4, 6,
13) have prompted the need for an improved understanding of
the genotypic diversity of E. coli in natural waters.

In the present study, it was observed that the genotypic
composition of E. coli from tropical stream water is similar to
that found in studies conducted in temperate regions (8, 18,
21). Individual water samples from the Manoa watershed usu-
ally contained several dominant genotypes with high abun-
dances and a large number of rare genotypes with lower abun-
dances (Fig. 2). The present study also showed that the overall
genotypic diversity of E. coli in Manoa stream water was very
large, as the 290 E. coli isolates from the Manoa stream water
covered only a fraction of the overall E. coli genotypic di-
versity. High genotypic diversity in water is in agreement
with previous studies in temperate regions, where much
larger E. coli isolate libraries could not sample environmen-
tal E. coli diversity to saturation (24).

Interestingly, this study observed considerable genotypic
variability in water samples collected within 2 h of each other
and from sites located no more than 2 miles apart along the
Manoa stream. This spatial variation differs from results of
studies in temperate regions, where the same dominant E. coli
genotypes were observed at different locations in rivers af-
fected by agricultural (24) and urban (25) land uses. A possible
explanation for the high spatial variation in Manoa stream
water could be the lack of dominant point fecal sources along
the stream. Instead, E. coli cells of different genotypes enter
the stream water at different locations from nonpoint sources.
Potential nonpoint sources of E. coli in the Manoa watershed
include sewer leakages, domesticated pets, wild birds, and
other animals, which are found throughout the watershed.
Alternatively, environmental E. coli sources, such as soil, may
very well contribute E. coli to stream water, as high levels of E.
coli consistently exist in the tropical soil of the Manoa water-
shed, even in the more pristine forest regions (D. K. Goto and
T. Yan, submitted for publication).

The genotypic diversity of E. coli in the stream bank soil was
also very high and comparable to that of E. coli in water (Fig.
3). This is significantly different from results of studies in tem-
perate regions, which have shown less E. coli genotypic diver-
sity in soil than in water (8, 18). Persistent soil E. coli popula-

tions detected in a Lake Michigan watershed were clustered
into only three main genetic groups based on rep-PCR DNA
fingerprinting analysis (8). A Lake Superior watershed study
identified 86, 46, and 85% of E. coli isolates from three sam-
pling sites as belonging to the same genotypes (18).

E. coli concentrations in the tropical soil of Hawaii are often
observed to be significantly greater than those in temperate
soils (5, 15, 26). A recent study detected up to 106.26 CFU of
E. coli per 100 g soil in forest soil of the Manoa watershed
(Goto and Yan, submitted). Given the increasing evidence
supporting E. coli as an autochthonous member of the soil
microbial community, it may be reasonable to expect a mech-
anistic linkage between the high concentration and the high
genotypic diversity in tropical soil. Hawaii’s tropical soils con-
tain nutrients sufficient to support the growth of E. coli (6),
while warm temperatures are known to promote the growth of
E. coli in soil environments (18).

In this study, E. coli genotypes in soil also exhibited large
spatial and temporal variations. Although the spatial variation
of E. coli genotypes in soil was expected because of the heter-
ogeneity of soil environments, it was interesting to observe that
even dominant E. coli genotypes changed over time at the
same sampling locations. This temporal variation of E. coli
genotypes in soil differs from previous observations in temper-
ate regions, where certain E. coli genotypes have been found to
persist over long periods of time (8, 18). The temporal varia-
tion of E. coli genotypes in soil may also be associated with the
high abundance of E. coli in the tropical soils of Hawaii (6, 15;
Goto and Yan, submitted) and the ability of soils to support
the growth of environmental E. coli strains (6). The overall
high concentrations of E. coli in soil permit the presence of a
large number of rare genotypes that could grow readily when
soil conditions change and subsequently lead to a shift in dom-
inant E. coli genotypes (1, 3).

Hawaii’s tropical soils have long been suspected as impor-
tant sources of E. coli to stream waters because of the presence
of high levels of E. coli (13, 15). The present study showed that
the comparison of predominant E. coli genotypes can provide
valuable information about overlaps of genotypes between
stream bank soil and water. Although the high overall geno-
typic diversity of environmental E. coli prohibits sampling to
saturation (24), the sample sizes in this study should permit the
assumption that the observed genotypes represented the dom-
inant E. coli genotypes at the sampling locations.

The sharing of detected genotypes between stream bank soil
and water in the present study was generally limited. Overall,
73.5% of the comparisons showed a genotypic overlap below
10%. Considering the high spatial variations (i.e., low spatial
overlaps) observed in the Manoa watershed (Fig. 2 and 3), the
low overlap ratios between stream bank soil and water do not
automatically indicate the lack of interactions. On the other
hand, 9 out of 34 comparisons had values equal to or larger
than 10%, while two comparisons observed 33.3% of common
E. coli genotypes in both water and soil (Table 3). Although
the relatively high genotypic overlaps occurred much less fre-
quently (26.5%) and more often between water and soil near
water, they illustrate the potential of genotype sharing between
stream bank soil and water. It remains to be determined
whether such genotypic similarity is a direct result of E. coli
exchange between stream bank soil and water. Further re-
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search considering the soil-water hydrological interactions and
groundwater contributions is needed to fully understand the
potential of soil as a reservoir of E. coli to water.

Another factor that may affect the genetic diversity of E. coli
in the environment is land use. It is widely observed that urban
and agricultural land uses are often associated with higher
levels of environmental E. coli (12, 23, 30) than forest land uses
(30; Goto and Yan, submitted). Studies performed at different
watersheds have indicated that water affected by urban land
use (25) may contain lower E. coli genotypic diversity than
water affected by agricultural land use (10, 24). However, a
study of the effect of different land uses on the genotypic
diversity of E. coli in the same watershed, which theoretically
should provide more-meaningful comparisons, has not been
attempted before. The Manoa watershed includes urban and
forest land uses within a very short geographic distance, pro-
viding for a model system for studying the effects of urban and
forest land uses on the genetic diversity of environmental
E. coli within the same watershed. The present study showed
that the genotypic diversity of environmental E. coli in soil and
water was not significantly affected by different land uses in the
Manoa watershed. A potential explanation for this phenome-
non may be the lack of dominant fecal sources in both urban
and forest regions of the Manoa stream, which should be
considered when extrapolating findings to other watersheds.

In summary, the present study observed high genotypic di-
versity of environmental E. coli isolates from stream water and
bank soil in Hawaii’s tropical watersheds. The high spatial
variations of E. coli genotypes in stream water suggest a lack of
dominant point sources of E. coli in the Manoa watershed
during samplings, further indicating the importance of differ-
entiating point and nonpoint E. coli sources in water quality
monitoring. The high temporal variations of E. coli genotypes
in soil indicate a dynamic E. coli population in tropical soil,
which corresponds to the often observed high E. coli concen-
trations. Further research into the relationship between high
genotypic diversity and high abundance of E. coli in tropical
soils would provide insight about the survival strategy of E. coli
in soil environments. The present study also illustrated the
feasibility of using a genotypic comparison approach to assess
the sharing of E. coli between environmental soil and water
habitats and in part demonstrated that soil can be an important
contributor of E. coli to stream water under certain conditions.
Taken together, the present study further questions the use of
the mere concentration of E. coli in water as an indicator of
fecal contamination in tropical environments and highlights
the need to holistically consider various factors, including E.
coli genotypic diversity, watershed conditions, and the pres-
ence of secondary E. coli sources, in water quality monitoring
and assessment.
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