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Abstract.—Four sites in the Guadalupe River were sampled for coliform
bacteria from the winter 2016 through spring 2017 to assess the microbiological
pollution situation in the river and to identify pollution sources. Numbers of
putative coliforms detected ranged from below detection limits to 260 CFUs per
100 mL. Over the time period sampled, coliform levels exhibited strong
seasonality, probably linked to the amount of rainfall prior to the sampling date.
Molecular analysis of confirmed E. coli isolates demonstrated that the spike in
coliform numbers 03 December 2016 was dominated by only two unique
fingerprints, suggesting the possibility of a watershed source for fecal
contamination in the urban area. The diversity of E. coli fingerprints was much
greater in the rural portion of the river, suggesting a variety of coliform sources,
probably including wildlife. Further studies are needed to identify and manage
sources of fecal pollution.
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The Guadalupe River is a part of the Guadalupe-San Antonio river
system, which flows across the Texas coastal plain from Kerr County
in the Hill Country to the San Antonio Bay on the Gulf of Mexico.
The river is extensively used for both contact (such as swimming) and
noncontact (fishing, boating) recreation. Throughout its course, the
river is influenced by runoff from fields, cattle feedlots, and urban
areas. Detection and monitoring of fecal pollution and identification
of sources and patterns are essential for maintaining public health.
Although studies measuring fecal pollution in the region have been
conducted previously (Mott & Lehman 2005), this is the first attempt
to apply molecular bacterial source tracking to the Guadalupe River.
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Fecal pollution in various water bodies is inferred based on the
presence of indicator organisms, such as Escherichia coli. This
organism serves as a reliable predictor of waterborne illness (Wade et
al. 2003), and water quality standards have been developed based on
the numbers of indicator organisms detected (TCEQ 2007). Numbers
exceeding the established criteria indicate a probability of human
enteric pathogens being present (Simpson et al. 2002). Unfortunately,
microbiological detection of indicator organisms alone fails to
distinguish anthropogenic and agricultural sources of pollution from
natural ones, or to assess whether different samples receive pollution
from the same or different sources. The situation is complicated by the
fact that the indicator organisms can persist in aquatic sediments and
return to the water column when the sediments are disturbed (Ishii et
al. 2007). Additionally, the amount of fecal pollution is expected to
vary greatly depending on the rainfall, creating highly irregular pulses
of nutrients and bacteria.

Molecular approaches can potentially distinguish among different
sources of indicator organisms (e.g., human vs. livestock or wildlife)
as well as to compare sites to determine if similar sources are
responsible for fecal pollution in those locations. Genome-based
methods may detect the organisms of interest directly in the water
samples via amplification of organism specific markers (Vadde et al.,
2019). Alternatively, indicator organisms can be recovered in a
culture as a part of culture-based enumeration effort. Upon such
recovery, a number of approaches can be used to generate a
fingerprint pattern that can be matched with similar patterns from the
same study or from a database. Those approaches include enzymatic
digestion of the whole genome, followed by pulse-field gel
electrophoresis (PFGE) (Barrett et al. 1994). Likewise, detecting the
length of a restriction fragment containing the 16SrRNA gene, called
ribotyping, allows to reliably distinguish between human- and animal-
sourced isolates (Parveen et al. 1999). BOX-PCR takes advantage of a
repetitive BOX motif throughout the genome to produce a molecular
fingerprint. Although this technique is not without concerns, including
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poor reproducibility (Yang & Yen 2012), it appears to be adequate for
strain differentiation (Olive & Bean 1999). In this study, we attempted
to evaluate the number of coliform cells present in the Guadalupe
River water, link those numbers to the events in the watershed, and
assess similarities of the fecal pollution sources at different sites
based on the coliform communities.

MATERIALS & METHODS

River water samples were collected monthly in triplicate from
existing structures at four locations: Seguin, Starcke Park riverwalk
(29.5512910541°, -97.9718573009°); Gonzales, kayak launch
upstream of Hwy 183 bridge (29.4841068321°, -97.4477686774°);
Cuero, Hwy 71 kayak launch (presently defunct; 29.090537294°,
-97.3298502305°);  Victoria, Riverside @ Park  boat  ramp
(28.8246949753°, -97.0154657525° all coordinates were retrieved
from Bing Maps by use of QGIS 2.8.6 software) along the Guadalupe
River system on the Texas coastal plain. Sterile plasticware was used
for collection immediately below the water surface. Samples were
stored on ice and returned to the laboratory within three hrs.

For coliform enumeration and recovery, 10 to 100 ml of each of
the sample triplicate were filtered through sterile nitrocellulose filters
(pore size 0.22 um). Filters were placed bacteria side up on the
surface of EMB Levine medium (Levine 1918) and incubated at 40°C
for 48 hrs. Characteristic golden sheen colonies were counted and
numbers of coliform colony-forming units (CFU) were calculated on a
per 100 mL basis.

For molecular analysis, colonies identified as putative coliforms
were picked with a sterile toothpick, streaked on a fresh EMB medium
plate and incubated for 24 hrs at 40°C. Subsamples of the streaks
exhibiting the same golden sheen were collected with a toothpick,
placed into 100 pL of 1x TAE buffer in a 96 well plate and incubated
for 20 mins at 96°C to lyse the cells. Lysates were used at 1% as
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templates for PCR amplification of E. coli specific B-glucuronidase
gene fragment (ca. 500 bp) with primers uidA1318F and uidA1698R
(Bower et al. 2005). The PCR mixture contained 10 pL 10X
PerfectTaq buffer, 20 uL 5P solution, 0.2 pL. each of 200 mM forward
and reverse primer solutions (Operon Technologies), 2 uL of 20 mM
dNTP solution (Fisher Scientific), 2.5 units PerfectTaq polymerase,
and PCR-grade water to a total of 100 uL. All PCR chemicals, unless
otherwise noted, were supplied as a part of the PerfectTaq kit (5
Prime, Inc.). Twenty five cycles with 30 secs of melting at 96°C, 30
secs of annealing at 60°C and 90 secs extension at 72°C were used for
amplification; cycles were preceded by initial melting at 96°C and
followed by final extension at 72°C; both for for 5 mins. Use of
PerfectTaq with 5P solution obviated the need to individually select
the annealing temperature for each primer set. Thermotolerant isolates
positive for E. coli-specific B-glucuronidase gene fragment were
presumed to be E. coli and retained for further analysis.

Isolates producing positive amplification of a fragment of expected
length with primers uidA1318F and uidA1698R (Bower et al. 2005)
were subjected to additional PCR amplification as described above,
except that BOX-A1R primer (Kon et al. 2007) was used to produce a
variety of fragment lengths (200-3000 bp expected). BOX-AIR
fragments were separated on 1% agarose gel in 0.5x TAE buffer with
1 pg/mL ethidium bromide to produce a fingerprint, and standard
DNA ladders were used as a reference. Gels were photographed and
images of individual gels scaled in the direction of electrophoresis
(no more than 10%) using GIMP image processing software to match
DNA ladder markers across all gels. Individual bands within the
fingerprints were identified and marked visually. Once a band was
identified in any of the samples, it was numbered and presence or
absence of a band in the same position was recorded in the remaining
samples. Presence of a band was scored as one for a particular
position and absence scored as zero, producing a binary string
describing the band pattern.
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Distances between the individual isolates were calculated as
Jaccard distances (J') for each pair of isolates as:

J' 12 =1-[C/(2N-C)]

where C is the number of common bands between isolates 1 and 2
(i.e., the number of sites where both isolates scored band presence),
and N is the total number of different bands in 1 and 2 (i.e., the
number of sites where one of the two samples scored one and the
other scored zero) (Tibayrenc et al. 1993). In this setting, Jaccard
distances can range from O (all bands are common between the two
sites) to 1 (no common bands observed).

Jaccard distances for each pair of isolates were represented as a
distance matrix, and a distance-matrix based tree generation function
of MEGAS5 software was used to visualize relationships among
individual isolates using UPGMA algorithm implemented in MEGAS
(Tamura et al. 2011). Rainfall data were obtained from publicly
available sources (U.S. Climate Data 2020) for the location closest to
the sampling site (Victoria, Cuero, and Gonzales; New Braunfels
rainfall data were used as a proxy for Seguin), and the coliform CFU
counts were plotted against the total precipitation in the week prior to
sample collection date.

RESULTS AND DISCUSSION

Over the course of this study, total coliform CFU counts varied
from below detection limits to occasionally as high as 260 (+ 20, CI
95) CFUs/100mL (Fig. 1), somewhat above the limits established for
recreational waters (200 coliform CFU per 100 mL of water for
contact recreation; TCEQ 2007), although our approach did not permit
a direct comparison to regulatory standards. Coliform levels were
consistently higher across all sites on the December 2016 sampling
date, with an additional peak in early April of 2017 (Fig. 1). At all
sites the coliform CFU counts were consistently low (near zero) when
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Figure 1. Total coliform counts in the Guadalupe River. Error bars, 95% confidence
interval; not shown if less than the size of the symbol.

cumulative rainfall was about 0.3 inch (7.6 mm) or below in the week
prior to sampling. On sampling dates with cumulative rainfall in the
week prior exceeding 0.3 inch (7.6 mm), a positive relationship
between rainfall and coliform CFU count was observed (Fig. 2),
suggesting land runoff as a possible coliform source. The highest
levels of coliform indicative of fecal pollution, were found at the
urbanized Seguin site, suggesting that urban locales are the main
pollution sources. On the other hand, the Seguin location was the only
impoundment sampled. As coliform bacteria can settle out and
persists in sediments (Ishii et al. 2007), disturbance of sediments
during major rain events can release coliforms back into the water
column. This effect is unlikely in the remaining sites were shallow
waters and strong currents were observed, as those conditions would
limit the retention of bacteria in the sediment.
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Figure 2. Relationship between rainfall over the week immediately preceding sample
collection and coliform count.

Not all colonies identified as thermotolerant coliforms based on the
EMB growth were confirmed as E. coli by PCR amplification of E.
coli-specific B-glucuronidase gene; the colonies not confirmed were
excluded from further analysis. Molecular fingerprints of E. coli
bacteria demonstrated appreciable differences across sampling sites
and times (Fig. 3). Isolates of E. coli recovered from the Seguin site
during a coliform spike on 03 December 2016 (Fig. 3, series S031216;
solid outline boxes) were primarily represented by two strains, as
evidenced by BOX-AIR pattern typing. This suggests a watershed
source for those organisms, rather than resuspension of sediment-
preserved bacteria, which usually appear to be more diverse (Kon et
al. 2007). Our study was not library-based and did not seek to identify
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Figure 2. Grouping of E. coli isolates based on BOX-A1R fingerprint patterns. See text
for explanation of highlighted parts of the figure. Scale = Jaccard distance. Image
assembled from multiple individual gels scaled to match DNA size standards. First
letter of the sample designation indicates site ("S" for Seguin, etc.), six digits that
follow are the collection date in ddmmyy format, remaining characters are the
individual isolate number.
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specific sources; further study is needed to link the bacteria to
potential sources.

Isolates identical to the ones recovered from other locations in
small numbers (Fig. 3, dashed box), suggest that the same source may
operate, to a smaller degree, in the rural areas as well. Nevertheless,
no clear relationship among the E. coli strains recovered from various
sites has emerged, which together with the great diversity of strains
recovered, suggests each site is affected by different E. coli sources.

CONCLUSIONS

Based on our findings, the Guadalupe River currently does not
experience a significant fecal pollution problem outside urban areas,
and even in those areas the issue appears to be transient. We
hypothesize that the presence and diversity of the coliforms in the
dynamic river system is influenced primarily by intensity and stage of
the rain event in the watershed; however, further studies of the
processes influencing river water quality are needed. Identification of
types of E. coli in the Guadalupe River is important for understanding
the sources and routes for fecal contamination of the river water. This
understanding is essential for making informed decisions in water
quality management. We intend to use the experience gained in this
preliminary study to specifically link organisms recovered from the
river with host species responsible for fecal pollution. This may
require using database-dependent approaches.
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