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Executive Summary 
The 2020 Texas Integrated Report of Surface Water Quality identified 338 waterbodies 
as being impaired due to excessive bacteria in Texas. To identify bacterial sources and 
help address these impairments, Texas established the Bacterial Source Tracking (BST) 
Program in 2006. To support the maintenance, expansion, and use of the Texas BST 
Library and other BST tools, the Texas Water Resources Institute (TWRI), University of 
Texas Health Science Center at Houston School of Public Health El Paso Campus, 
Environmental Microbiology Laboratory (UTH SPH), and the Texas A&M AgriLife 
Research, Department of Soil and Crop Sciences (SCSC) collaborated with the Texas 
State Soil and Water Conservation Board (TSSWCB) in fiscal years 2020 and 2021 to: 
(1) Continue personnel support and operation and maintenance of analytical 

infrastructure at public BST laboratories. 

(2) Continue delivery of information and materials that give an overview of BST 
activities in Texas to date and describe the use, capabilities, and applicability of BST 
and the services provided by the State-supported analytical labs to local, state, and 
national stakeholder audiences. 

(3) Expand the Texas Escherichia coli (E. coli) BST Library through known source 
sample collection in the Leon River watersheds. 

(4) Support BST efforts in the Leon River watersheds. 

(5) Evaluate and refine the Texas E. coli BST Library by assessing geographic and 
temporal stability, composition, average rates of correct classification, diversity of 
source isolates of the updated library, and working to develop/refine source-specific 
bacteria markers for library independent BST. 

(6) Provide statistical characterization of the Texas E. coli BST Library and integration 
of BST results and QMRA to evaluate the human health significance. 

(7) Provide outreach regarding BST. 

 
Major findings from the project include:  
• The Texas E. coli BST Library was expanded and refined, with the current version 

now containing 1,942 isolates from 1,775 known source fecal samples retrieved from 
4,351 individual known source samples in over 20 watersheds. An additional 38 
isolates from the Leon River watershed were added to the BST Library.  

• BST analysis in the Leon River watershed indicate that wildlife (non-avian and 
avian) are the leading contributors of E. coli in the watershed, followed by domestic 
animals and humans.  

• Analysis of the Texas E. coli BST Library and qPCR markers identified:  
o the need for continued evaluation of geographic impacts on source identification 

as the statewide library continues to expand and; 
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o potential application of new human-specific, dog-specific, and seagull-specific 
qPCR markers for future BST projects in Texas. 

• A quantitative microbial risk assessment was modelled from the data collected from 
the four sites studied in the Leon River watershed showed relatively low human 
health risks for recreational activities.  

• BST analyses in the Leon River watershed provided the opportunity to conduct a 
temporal assessment of E. coli isolates and fecal pollution contribution in a 
watershed that was previously evaluated in 2011-2012 and has been supported by a 
watershed protection plan.  

o There was a slight decrease in the overall percentage of source pollution from 
wildlife and human contributions with domestic animals and unidentified sources 
slightly increasing, however this current report sampled at four sites with normal 
rainfall while the previous Leon River report in 2011-2012 sampled at 15 sites 
under extreme drought conditions.  

• Outreach of the BST Program resulted in: 
o AgriLife SCSC gave a presentation on Bacterial Source Tracking (BST) on 

Tributaries of Trinity and Galveston Bays for Water and Sediment Quality 
Subcommittee of Galveston Bay Council, online meeting, June 10, 2020. 

o AgriLife SCSC gave a presentation on Bacterial Source Tracking (BST) on 
Tributaries of Trinity and Galveston Bays for Galveston Bay Council Quarterly 
Meeting, online meeting, July 15, 2020. 

o AgriLife SCSC gave a presentation on Use of Bacterial Source Tracking to 
Characterize Texas Watersheds at North Central Texas Council of Governments 
meeting, online meeting, January 7, 2021. 

o AgriLife SCSC gave a presentation on April 1, 2022, entitled “Use of Bacterial 
Source Tracking for Characterization of Watersheds” at a webinar hosted by the 
North Central Texas Council of Governments. 

o Discussed potential BST projects with multiple other cities and river authorities. 
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Introduction 
Bacteria are the number one cause of water quality impairments in Texas. Bacterial 
Source Tracking (BST) is a valuable tool for identifying human and animal sources of 
fecal pollution to support development of watershed plans, total maximum daily loads 
(TMDLs), and other strategies for addressing these impairments. Comprehensive BST 
has been completed by UTSPH EP and AgriLife SCSC in numerous watersheds 
throughout Texas with support provided by the TSSWCB. As a result of these joint 
efforts over the last decade, the Texas E. coli BST Library (ver. 04-22) currently contains 
1,942 E. coli isolates obtained from 1,775 different domestic sewage, wildlife, livestock, 
and pet fecal samples. Despite its expansiveness, continued development and 
refinement of the library to include additional known source isolates from additional 
Texas watersheds and different animal hosts are needed to further increase its utility. 
Looking to the future, library independent BST holds much promise. It is already being 
used to support BST analyses in Texas. However, to improve its ability to address the 
needs in Texas, further work is needed to develop and evaluate new markers. To further 
strengthen the statistical integrity of current BST work, different statistical methods 
need to be evaluated to calculate confidence intervals and provide a range of 
certainty/uncertainty with current library-dependent BST work. Evaluating the 
temporal integrity of the BST library in a watershed with previous BST analysis is 
necessary as well. Quantitative microbial risk assessment (QMRA) is a valuable tool that 
can integrate BST results and improve risk estimations for specific water bodies. Efforts 
to delineate QMRA outputs to inform policy and best practices can increase the utility of 
BST work. Finally, continued outreach and technology transfer is needed to expand 
awareness and understanding of BST, foster dialogue and collaboration, and bring water 
resource managers up to speed on advances in BST technologies, methodologies, 
applications, and results.  
 
According to the 2020 Texas Integrated Report, there are 338 impairments due to 
excessive bacteria. One key to effectively abating these impairments is the identification 
and assessment of fecal pollution sources. Proper evaluation of these sources is needed 
to target best management practices and develop bacterial TMDLs or watershed 
protection plans (WPPs). This information may also be useful to properly assess risk in 
contact recreation, as many waterborne pathogens causing human illnesses do not 
colonize nonhuman hosts. Use of genetic and biochemical tests which allow 
identification of the original host species is referred to as bacterial source tracking. The 
premise behind BST is that genetic and phenotypic tests can identify bacterial strains 
that are host specific so that the original host species and source of fecal contamination 
can be identified. While there has been some controversy concerning host specificity 
and survival of E. coli in the environment (Gordon, Bauer et al. 2002), this indicator 
organism has the advantage of being correlated with the presence of fecal contamination 
and being used for human health risk assessments. Thus, E. coli BST has direct 
regulatory significance and standardized culturing techniques for water samples 
available, such as EPA Method 1603 (USEPA 2005). 
 
BST is a valuable tool for identifying sources of fecal pollution. Comprehensive BST has 
been completed by UTSPH EP and AgriLife SCSC for the following watersheds: (1) Lake 
Waco and Belton Lake, (2) San Antonio area, (3) Lake Granbury, (4) Buck Creek, (5) 



10 
 

Leon and Lampasas Rivers, (6) Little Brazos River tributaries, (7) Big Cypress Creek, (8) 
Leona River, (9) Attoyac Bayou, (10) Galveston Bay, (11) Big Elm Creek, (12) Mission 
River, and (13) Aransas River. A Texas E. coli BST Library has been developed based on 
known source isolates from these and other (i.e. Upper Trinity River and Upper Oyster 
Creek) watersheds. The Texas E. coli BST Library (ver. 03-20) currently contains 1,912 
E. coli isolates obtained from 1,653 different domestic sewage, wildlife, livestock, and 
pet fecal samples. While this represents a significant step towards development of a 
statewide E. coli BST library, there remains a need for continued expansion of the 
library to include additional known source isolates from different Texas watersheds and 
different animal hosts. As the library is expanded, this will allow continued evaluation of 
the library for geographical stability and the diversity of source specific isolates to 
identify specific needs for future expansion and refinement of the library. Further, use of 
the Texas E. coli BST Library provides for significant cost and time savings for the 
identification of nonpoint source pollution in the development of TMDLs and WPPs. 
Lastly, the state of BST science, methodologies, application and confidence continues to 
evolve. Continued outreach and technology transfer is needed to foster dialogue and 
collaboration and bring water resource managers up to speed on advances in BST 
technologies, methodologies, applications, and results. 
 

Expansion of the Texas E. coli BST Library 
The Texas E. coli BST Library is a key component of the Texas BST Program, 
successfully identifying sources of E. coli in more than a dozen watersheds across Texas 
over the past decade. The Texas E. coli BST Library is dynamic, with new isolates being 
added with each successive BST project. In an effort to expand the Texas E. coli BST 
Library and to continue to support BST analyses in the Leon River watersheds, the 
project aimed to collect approximately 50 known source fecal samples, from which 75 E. 
coli isolates were fingerprinted for potential addition to the library. Over the course of 
the project, multiple trips were made to gather known source samples. Specific 
arrangements were made to meet with landowners to collect both livestock and wildlife 
samples. Human wastewater treatment facility (WWTF) samples were collected from 
both the inlets and outlets of functioning WWTFs in the watersheds. On-site sewage 
facility (OSSF) samples were collected from septic pump trucks operating in the 
watershed areas. Lastly, roadkill was also utilized as a source of wildlife samples when 
opportunities presented themselves. BST analyses in the Leon River watershed also 
provided the opportunity to conduct a temporal assessment of E. coli isolates and fecal 
pollution contribution in a watershed that was previously evaluated in 2011-2012 and 
was supported by WPPs.  
 
Known-source sampling in the Leon River watershed resulted in a total of 50 unique 
samples being collected between September 2020 and August 2021. Samples collected 
were held on ice until being transported to AgriLife SCSC for processing within 96 hours 
of collection. Table 1 describes the number of samples collected per source, the number 
of samples testing positive for E. coli, screened, validated, archived, and added to the 
Texas E. coli BST library. 
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Table 1. Number of samples collected per source, the number of samples testing positive for E. 
coli, screened, validated, archived, and added to the Texas E. coli BST Library. 

 
 
Of the 50 fecal known-source samples processed, 47 had culturable E. coli as 
determined using EPA Method 1603 (modified mTEC and NA-MUG positive).  A total of 
214 isolates from these samples were collected and archived. All 214 E. coli isolates were 
screened with ERIC-PCR, and 75 known-source isolates from 47 unique known-source 
fecal samples were DNA fingerprinted using RiboPrinting (ERIC-RP). After screening 
the 214 E. coli isolates for clonality, 84 unique E. coli isolates were identified. AgriLife 
SCSC analyzed 75 of these 84 unique E. coli isolates with RP. The chosen 75 E. coli 
isolates from 47 known-source samples were fingerprinted by ERIC-RP.  
 
The 75 known-source isolates from the Leon River local library were screened using the 
traditional self-validation step (a stringent seven-way split of source classes and an 80% 
similarity cutoff) resulting in 41 self-validated isolates from 24 samples. These 41 self-
validated isolates from the local library were combined with the similarly screened 
isolates from all previous watershed studies in order to perform serial Jackknife 
analyses to create the Texas E. coli BST library ver. 04-22, which contains 1,942 isolates, 

Source
Samples 
Collected

Samples (+) 
for E.coli

Isolates 
archived

Isolates 
screened by 

ERIC

Isolates RP in 
local library

Self-validated 
(isolate/sample)

TXSV 04-22 
(isolate/sample)

Human 11 10 102 102 32 24/9 23/9
Sewage 8 7 58 58 22 18/6 17/6
Septic 3 3 44 44 10 6/3 6/3

Cattle 6 6 19 19 7 2/2 2/2

Other non-avian 
livestock 10 9 28 28 13 5/4 3/3
Goat 4 4 13 13 5 1/1 1/1
Horse 3 2 6 6 3 1/1 0/0
Sheep 3 3 9 9 5 3/2 2/2

Pets 5 4 14 14 7 2/2 2/2
Cat 1 1 4 4 2 1/1 0/0
Dog 4 3 10 10 5 1/1 2/2

Avian Wildlife 0 0 0 0 0 0/0 0/0

Non-Avian 
Wildlife 18 18 51 51 16 8/7 8/7
Bobcat 2 2 6 6 4 2/2 2/2
Coyote 2 2 6 6 3 1/1 1/1
Deer 1 1 3 3 1 0/0 0/0
Hog, Feral 11 11 31 31 5 2/2 2/2
Fox 1 1 2 2 1 1/1 1/1
Raccoon 1 1 3 3 2 2/1 2/1

Total 50 47 214 214 75 41/24 38/23
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including 38 from the Leon River watershed. The composition, average rates of correct 
classification, and diversity of this new version of the library are detailed in Table 2.  
 
During the project period, the Texas E. coli BST Library was used to identify fecal 
pollution source contributions in the Leon River watershed as part of this project and 
other watersheds as part of multiple projects funded by the Texas Commission on 
Environmental Quality (TCEQ), San Antonio River Authority (SARA), and other cities 
and organizations.  
 

BST Library Refinement 
AgriLife SCSC evaluated the geographical and temporal stability, composition, average 
rates of correct classification (accuracy), and diversity of source specific isolates, while 
continuing to further develop and refine the Texas E. coli BST library with new known-
source isolates. To increase its accuracy and utility, the updated Texas E. coli BST 
Library with pooled self-validated local watershed libraries as described in Table 2 
(3,839 isolates) was refined through cross-validation. To attempt to remove 
cosmopolitan (non-specific) E. coli source isolates, repetitive Jackknife analyses of the 
combined self-validated libraries were performed to remove isolates that cross-
identified between human, domestic animals, and wildlife with the goal of 100% average 
rate of correct classification (ARCC) using a 3-way split of source classes. In the first 
round of serial Jackknife analysis, 1,851 isolates were removed leaving 1,988 isolates. 
Four additional rounds of Jackknife analysis were performed, resulting in 1,942 isolates 
with a 100% ARCC using a three-way split of source classes and a 93% ARCC using a 
seven-way split. A total of 19% of the isolates were singletons (i.e., unique fingerprints; 
Table 2). The Texas E. coli BST Library ver. 04-22 contains 1,942 isolates obtained from 
1,775 individual fecal samples. Library composition is based on three- and seven-way 
source class splits (Figures 1 and 2 respectively). 
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Table 2. Texas E. coli BST Library (ver. 04-22, cross-library validation) composition and rates of 
correct classification (RCCs) by Jackknife analysis of ERIC-RP composite data sets using an 
80% similarity cutoff and three- and seven-way splits. 

Source Class 
 

Number 
of 

Isolates 

Number 
of 

Samples 

Library 
Composition 
and Expected 
Random Rate 

of Correct 
Classification 

Calculated Rate 
of Correct 

Classification 
(RCC) 

RCC to 
Random 
Ratio*** 

Left 
Unidentified 

(unique 
patterns) 

HUMAN 447 408 23% 100 4.3 23% 

DOMESTIC 
ANIMALS 562 530 29% 100 3.4 20% 

Pets 91 82 5% 83 16.6 43% 

Cattle 247 230 13% 94 7.2 11% 

Avian Livestock 98 95 5% 86 17.2 28% 

Other 
Non-Avian 
Livestock 

126 123 6% 88 14.6 14% 

WILDLIFE 933 837 48% 100 2.1 17% 

Avian Wildlife 273 259 14% 79 5.6 19% 

Non-Avian 
Wildlife 660 578 34% 92 2.7 16% 

%Overall 1942 1775  
ARCC** =  

3-way 100% 
7-way 93% 

 19% 

*RARCC, expected random average rate of correct classification based on library composition 
**ARCC = average rate of correct classification: the proportion of all identification attempts which were 
correctly identified to source class for the entire library, which is similar to the mean of the RCCs for all 
source classes when the number of isolates in each source class is similar 
***An RCC/Random Ratio greater than 1.0 indicates that the rate of correct classification is better than 
random.  For example, the rate of correct classification for human is 4.5-fold greater than random chance 
based on library composition. 
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Figure 1. Texas E. coli BST Library (ver. 04-22) composition by three-way split of source classes 
(1,942 isolates from 1,775 different fecal source samples). 

 
 
Figure 2. Texas E. coli BST Library (ver. 04-22) composition by seven-way split of source classes 
(1,942 isolates from 1,775 different fecal source samples). 
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Leon River 
An additional 75 isolates from the Leon River watershed known-source isolates were 
added to generate the Texas E. coli BST Library ver. 04-22.  

Of the 50 total known source fecal samples collected by the Texas A&M Natural 
Resources Institute (NRI) from the watershed, AgriLife SCSC successfully isolated E. 
coli from 47 individual samples.  From these samples, 214 isolates (at least three isolates 
per known source sample) were screened using ERIC-RP and included in the local 
watershed library. AgriLife SCSC did subsequent library evaluation and used Jackknife 
analysis of the ERIC-RP to identify isolates that correctly classified using a 7-way split of 
source classes (i.e., human, pets, cattle, other non-avian livestock, avian livestock, avian 
wildlife, and non-avian wildlife).  Isolates with unique fingerprints (left unidentified 
using an 80% similarity cutoff) were also included to create the local self-validated 
library. In total, 41 isolates were self-validated in the local library.   

The 41 local self-validated source isolates from the watershed were then added to the 
current library of Texas E. coli BST self-validated source isolates from previous 
watershed projects across Texas. A series of Jackknife analyses were run on the 
combined libraries, removing all isolates that cross-identified between human, domestic 
animals, and wildlife. After each removal, the Jackknife was run again with the goal of 
100% ARCC using a three-way split of source classes. After four iterations of cross-
watershed validation, the resulting Texas E. coli BST Library (ver. 04-22) contained 
1,942 isolates from 1,775 samples, resulting in a 100% ARCC with a three-way split of 
source classes and a 93% ARCC using the seven-way split of source classes. A total of 
19% of the isolates were identified as singletons (unique fingerprints left unidentified 
using an 80% similarity cutoff) and were kept in the library in order to reflect the 
diversity of patterns potentially seen in unknown water samples. After cross-watershed 
validation, 38 isolates (51% of the local library samples) were included in the Texas E. 
coli BST Library (ver. 04-22). The 38 isolates were comprised of individual fecal 
samples from sewage (17), septic (6), cattle (2), goat (1), sheep (2), dog (2), bobcat (2), 
coyote (1), feral hog (2), fox (1), and raccoon (2). The 75 isolates were included with the 
new Leon River isolates when evaluating and generating the newest version of the 
library as described in the previous section (Table 2). 
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Texas E. coli BST Library Use 
 
Leon River Watershed  
NRI collected water samples from the Leon River watershed at four different sites from 
September 2020 through August 2021 (Figure 3). Samples were delivered to AgriLife 
SCSC for processing using EPA Method 1603. For twelve monthly samples, up to eight 
isolates from each sample were tested for each of the four sites, confirmed as E. coli 
(modified mTEC and NA-MUG positive), and archived. Collectively, the geometric mean 
for the E. coli colony counts for all four sites combined was 301 cfu/100mL. All isolates 
were fingerprinted using ERIC-PCR and RP. A total of 406 E. coli isolates were 
fingerprinted using ERIC-RP and compared against Texas E. coli BST Library v. 04-22 
for source determination. Overall results for the Leon River watershed isolates are 
shown in Figures 4 and 5.  
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Figure 3. Sampling locations in the Leon River watershed evaluated for BST analysis 
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Figure 4. Source classification of E. coli isolates (combined n=406) from Leon River watershed 
using a three-way split. 

 

                             
Figure 5. Source classification of E. coli isolates (combined n=406) from Leon River watershed 
using a seven-way split. 

 
Leon River at Coryell CR 183 
NRI collected water samples monthly from the Leon River at Coryell CR 183 (TCEQ 
Station ID 11929) from September 2020 through August 2021. E. coli colony counts 
ranged from 154 to 3,700 cfu/100 mL, and the geometric mean was 500 cfu/100 mL 
(Table 3). All isolates were fingerprinted using ERIC-PCR and RP. A total of 100 E. coli 
isolates were fingerprinted using ERIC-RP and compared against Texas E. coli BST 
Library v. 04-22 for source determination. Overall results for these isolates are shown in 
Figures 6 and 7.  
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Using a three-way split, 38% of the isolates were classified as originating from wildlife, 
44% from livestock and domesticated animals, and 6% from humans. Using the more 
detailed seven-way split, 32% of the isolates were classified as originating from cattle, 
30% from non-avian wildlife, 8% from avian wildlife, 7% for other non-avian livestock, 
6% from humans, 4% from pets, and 1% for other avian livestock. The source could not 
be identified for 12% of the isolates. 
 
Table 3. Monthly counts of E. coli isolates from water samples for Leon River at Coryell CR 183 
(TCEQ Station ID 11929) between September 2020 through August 2021. 

Sampling Months E. coli (cfu/100mL) 
September '20 660 

October '20 268 
November '20 159 
December '20 500 

January '21 160 
February '21 670 

March '21 990 
April '21 3700 
May '21 690 
June '21 154 
July '21 590 

August '21 560 
Geometric Mean 500 
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Figure 6. Source classification of E. coli isolates (combined n=100) from Leon River at Coryell 
CR 183 (TCEQ Station ID 11929) using a three-way split. 

             
Figure 7. Source classification of E. coli isolates (combined n=100) from Leon River at Coryell 
CR 183 (TCEQ Station ID 11929) using a seven-way split. 
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Leon River at Comanche CR 382 
NRI collected water samples monthly from the Leon River at Comanche CR 382 (TCEQ 
Station ID 11933) from September 2020 through August 2021. E. coli colony counts 
ranged from 154 to 2,100 cfu/100 mL, and the geometric mean was 352 cfu/100 mL 
(Table 4). All isolates were fingerprinted using ERIC-PCR and RP. A total of 102 E. coli 
isolates were fingerprinted using ERIC-RP and compared against Texas E. coli BST 
Library v. 04-22 for source determination. Overall results for the Leon River at 
Comanche CR 382 isolates are shown in Figures 8 and 9.  
 
Using a three-way split, 50% of the isolates were classified as originating from wildlife, 
25% from livestock and domesticated animals, and 6% from humans. Using the more 
detailed seven-way split, 41% of the isolates were classified as originating from non-
avian wildlife, 17% from cattle, 9% from avian wildlife, 6% from humans, 5% from pets, 
and 4% for other non-avian livestock. The source could not be identified for 18% of the 
isolates. 
 
 
Table 4. Monthly counts of E. coli isolates from water samples for Leon River at Comanche CR 
382 (TCEQ Station ID 11933) between September 2020 through August 2021. 

Sampling Months E. coli (cfu/100mL) 
September '20 481 

October '20 209 
November '20 174 
December '20 131 

January '21 271 
February '21 272 

March '21 820 
April '21 2100 
May '21 1900 
June '21 129 
July '21 154 

August '21 220 
Geometric Mean 352 
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Figure 8. Source classification of E. coli isolates (combined n=102) from Leon River at 
Comanche CR 382 (TCEQ Station ID 11933) using a three-way split. 

     
Figure 9. Source classification of E. coli isolates (combined n=102) from Leon River at 
Comanche CR 382 (TCEQ Station ID 11933) using a seven-way split. 
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Walnut Creek at FM 1476 
NRI collected water samples monthly from Walnut Creek at FM 1476 (TCEQ Station ID 
17379) from September 2020 through August 2021. E. coli colony counts ranged from 
56 to 4,900 cfu/100 mL, and the geometric mean was 276 cfu/100 mL (Table 5).  All 
isolates were fingerprinted using ERIC-PCR and RP. A total of 103 E. coli isolates were 
fingerprinted using ERIC-RP and compared against Texas E. coli BST Library v. 04-22 
for source determination. Overall results for the Walnut Creek at FM 1476 isolates are 
shown in Figures 10 and 11.  
 
Using a three-way split, 48% of the isolates were classified as originating from wildlife, 
31% from livestock and domesticated animals, and 5% from humans. Using the more 
detailed seven-way split, 34% of the isolates were classified as originating from non-
avian wildlife, 16% from cattle, 14% from avian wildlife, 8% for other non-avian 
livestock, 7% from pets, and 5% from humans. The source could not be identified for 
16% of the isolates. 
 
 
Table 5. Monthly counts of E. coli isolates from water samples for Walnut Creek at FM 1476 
(TCEQ Station ID 17379) between September 2020 through August 2021. 

Sampling Months E. coli (cfu/100mL) 
September '20 283 

October '20 73 
November '20 56 
December '20 180 

January '21 370 
February '21 580 

March '21 227 
April '21 152 
May '21 4900 
June '21 670 
July '21 226 

August '21 139 
Geometric Mean 276 
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Figure 10. Source classification of E. coli isolates (combined n=103) from Walnut Creek at FM 
1476 (TCEQ Station ID 17379) using a three-way split. 

                                 
Figure 11. Source classification of E. coli isolates (combined n=103) from Walnut Creek at FM 
1476 (TCEQ Station ID 17379) using a seven-way split. 
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Pecan Creek at SH 22    
NRI collected water samples monthly from Pecan Creek at SH 22 (TCEQ Station ID 
17547) from September 2020 through August 2021. E. coli colony counts ranged from 18 
to 7,000 cfu/100 mL, and the geometric mean was 168 cfu/100 mL (Table 6). All 
isolates were fingerprinted using ERIC-PCR and RP. A total of 101 E. coli isolates were 
fingerprinted using ERIC-RP and compared against Texas E. coli BST Library v. 04-22 
for source determination. Overall results for the Pecan Creek at SH 22 isolates are 
shown in Figures 12 and 13.  
 
Using a three-way split, 67% of the isolates were classified as originating from wildlife, 
22% from livestock and domesticated animals, and 0% from humans. Using the more 
detailed seven-way split, 46% of the isolates were classified as originating from non-
avian wildlife, 21% from avian wildlife, 15% from cattle, 4% from pets, and 3% for other 
non-avian livestock. The source could not be identified for 11% of the isolates. 
 
 
Table 6. Monthly counts of E. coli isolates from water samples for Pecan Creek at SH 22 (TCEQ 
Station ID 17547) between September 2020 through August 2021. 

Sampling Months E. coli (cfu/100mL) 
September '20 227 

October '20 62 
November '20 18 
December '20 64 

January '21 36 
February '21 158 

March '21 730 
April '21 260 
May '21 7000 
June '21 1900 
July '21 26 

August '21 38 
Geometric Mean 168 
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Figure 12. Source classification of E. coli isolates (combined n=101) from Walnut Creek at SH 22 
(TCEQ Station ID 17547) using a three-way split. 

 
 

                 
Figure 13. Source classification of E. coli isolates (combined n=101) from Walnut Creek at SH 22 
(TCEQ Station ID 17547) using a seven-way split. 

 

Leon River Watershed Temporal BST Comparison 
Between February 2011 and January 2012, UTSPH-EP received 116 water samples from 
flowing water from 15 sampling stations within the Leon River watershed as part of 
TSSWCB Project 10-51. The average number of water samples collected among the sites 
was seven samples per site ranging from 2 to 12. The water samples were processed 
using EPA Method 1603. Following enumeration, cultures were shipped to El Paso, TX 
for genetic typing by UTHealth Houston School of Public Health. Collectively, the 
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geometric mean of data from all 15 sites was 60.6 cfu/100 mL. Up to 5 isolates per 
sample, were analyzed with ERIC-PCR and RP.  A total of 566 isolates from 114 water 
samples were fingerprinted using ERIC-RP and identified using the Texas E. coli BST 
Library v. 10-12 for source determination. The number of isolates identified varied 
between 20 to 60 isolates per site.  
 
Between September 2020 and August 2021, AgriLife SCSC received 12 water samples of 
flowing water from four sampling station from the Leon River watershed. Samples were 
processed using EPA Method 1603. Up to 8 isolates from each sample were isolated 
from all four sites each month, and the minimum number of isolates identified was 100 
isolates per site. Collectively, the geometric mean of colony count data from all four sites 
ranged from 168 cfu/100mL to 500 cfu/100mL. The 2011-2012 water samples collected 
at the same four sites in comparison had a geometric mean of colony count data ranging 
from 16 cfu/100mL to 163 cfu/100 mL. All isolates were fingerprinted using ERIC-PCR 
and RP. A total of 406 E. coli isolates were fingerprinted using ERIC-RP and compared 
against Texas E. coli BST Library v. 04-22 for source determination. BST results for all 
566 watershed isolates identified from the 2011-2012 Leon River watershed iteration 
were compared with the overall identification results for all 406 watershed isolates 
analyzed from the 2020–2021 Leon River watershed iteration in Figure 14.  
 
Wildlife was the major contributor of E. coli contamination in the Leon River watershed 
for both iterations, however there was a slight percentage decrease of 44% to 38% (non-
avian) and 16% to 13% (avian) in 2020–2021. Regarding the human-derived E. coli 
isolates, there was a slight decrease from 8% to 4% in 2020–2021. Also, other avian 
livestock decreased from 2% to 1% in 2020–2021. All other source classes, including 
unidentified, slightly increased in 2020–2021 (Figure 14). 
 
The 2011-2012 Leon River project documented water quality and quantity conditions 
observed in the Leon River watershed under exceptional drought conditions that 
meteorologists characterized as the worst 1-year drought documented in Texas since 
record keeping began in 1895. Normal average annual rainfall for the area is 
approximately 30 inches. However. precipitation between February 1 and September 
30, 2011 averaged 4.33 inches, and precipitation between October 1, 2011 and January 
24, 2012 averaged 7.34 inches. These extreme drought conditions might account for the 
drastically lower E. coli geometric means when compared to the 2020–2021 Leon River 
watershed report.  
 
Following the initial BST study in the Leon River watershed, several rounds of 
implementation funding were dedicated to repairing and replacing failing OSSFs. These 
efforts were focused in Hamilton and Coryell counties. Centralized wastewater 
treatment facilities in the cities of Comanche and Hamilton and another system 
operated by the Upper Leon River Municipal Water District were all upgraded to 
improve their treatment processes. These actions all have direct impacts on instream 
water quality and BST results suggest that they have reduced contributions of human 
derived E. coli into the Leon River watershed.  
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Figure 14. Comparison chart between Leon River watershed E. coli identification overall 
percentage results using a seven-way split of source class from 2011-2012 (n=566; 131 samples) 
vs. 2020–2021 (n=406; 48 samples). 

 
Leon River at Coryell CR 183 
During 2011–2012, TCEQ Station ID 11929 produced 12 samples and 60 isolates were 
identified with an overall geometric mean of 76 cfu/100 mL. Of those 60 E. coli isolates, 
5 were human, 15 were livestock and domesticated animals, 36 were wildlife, and 4 were 
left unidentified. During the 2020–2021 Leon River watershed iteration, 12 samples 
were received, and 100 isolates were identified with an overall geometric mean of 500 
cfu/100 mL. Of those 100 E. coli isolates, 6 were human, 44 were livestock and 
domesticated animals, 38 were wildlife, and 12 were left unidentified. A percentage 
comparison chart of site 11929 is shown in Figure 15. The human and wildlife source 
class contributions have decreased while the livestock and domestic animals and the 
unidentified source class contributions have increased. 
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Figure 15. Comparison chart between Leon River watershed E. coli identification for TCEQ 
Station ID 11929 percentage results using a three-way split of source class from 2011–2012 
(n=60; 12 samples) vs. 2020–2021 (n=100; 12 samples). 

 
Leon River at Comanche CR 382 
During 2011–2012, TCEQ Station ID 11933 produced 10 samples and 50 isolates were 
identified with an overall geometric mean of 118 cfu/100 mL. Of those 50 E. coli 
isolates, 3 were human, 10 were livestock and domesticated animals, 34 were wildlife, 
and 3 were left unidentified. During the 2020–2021 Leon River watershed iteration, 12 
samples were received, and 102 isolates were identified with an overall geometric mean 
of 352 cfu/100 mL. Of those 102 E. coli isolates, 6 were human, 26 were livestock and 
domesticated animals, 51 were wildlife, and 19 were left unidentified. A percentage 
comparison chart of site 11933 is shown in Figure 16. The wildlife source class 
contributions have decreased while the livestock and domestic animals and the 
unidentified source class contributions have increased. The human source class 
contributions remained the same. 
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Figure 16. Comparison chart between Leon River watershed E. coli identification for TCEQ 
Station ID 11933 percentage results using a three-way split of source class from 2011–2012 
(n=50; 10 samples) vs. 2020-2021 (n=102; 12 samples). 

 
Walnut Creek at FM 1476   
During 2011–2012, TCEQ Station ID 17379 produced eight samples and 40 isolates were 
identified with an overall geometric mean of 163 cfu/100 mL. Of those 40 E. coli 
isolates, 3 were human, 10 were livestock and domesticated animals, 26 were wildlife, 
and 1 was left unidentified. During the 2020–2021 Leon River watershed iteration, 12 
samples were received, and 103 isolates were identified with an overall geometric mean 
of 276 cfu/100 mL. Of those 103 E. coli isolates, 5 were human, 32 were livestock and 
domesticated animals, 49 were wildlife, and 17 were left unidentified. A percentage 
comparison chart of site 17379 is shown in Figure 17. The human and wildlife source 
class contributions have decreased while the livestock and domestic animals and the 
unidentified source class contributions have increased. 
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Figure 17. Comparison chart between Leon River watershed E. coli identification for TCEQ 
Station ID 17379 percentage results using a three-way split of source class from 2011-2012 
(n=40; 8 samples) vs. 2020-2021 (n=103; 12 samples). 

 
Pecan Creek at SH 22    
During 2011-2012, TCEQ Station ID 17547 received four samples and 20 isolates were 
identified with an overall geometric mean of 16 cfu/100 mL. Of those 20 E. coli isolates, 
2 were human, 4 were livestock and domesticated animals, 12 were wildlife, and 2 were 
left unidentified. During the 2020-2021 Leon River watershed iteration, 12 samples 
were received, and 101 isolates were identified with an overall geometric mean of 168 
cfu/100 mL. Of those 101 E. coli isolates, 0 were human, 22 were livestock and 
domesticated animals, 68 were wildlife, and 11 were left unidentified. A percentage 
comparison chart of site 17547 is shown in Figure 18. The livestock and domestic 
animals, wildlife, and the unidentified source class contributions have increased, while 
the human source class contributions reduced to zero.  
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Figure 18. Comparison chart between Leon River watershed E. coli identification for TCEQ 
Station ID 17547 percentage results using a three-way split of source class from 2011-2012 
(n=20; 4 samples) vs. 2020-2021 (n=101; 12 samples). 

 
 

Evaluating Site-Specific Health Risks with Quantitative Microbial Risk 
Assessment 
The United States Recreational Water Quality Criteria (RWQC) of 2012 provided 
guidance regarding the development of alternative site-specific water quality standards 
using the quantitative microbial risk assessment (QMRA) framework (EPA, 2012). This 
mathematical framework consists of four phases - hazard identification, exposure 
assessment, dose-response, and risk characterization - to estimate potential human 
health risks associated with exposure to specific microbial contaminants (Haas, Rose, 
and Gerba, 2014). Results of BST, coupled with the site-specific E. coli concentrations 
measured in environmental samples, can be utilized in a QMRA to estimate human 
health risks that may be present due to waterborne pathogens in recreational waters. 
Estimated health risks developed from these site-specific conditions can be compared to 
the U. S. EPA risk threshold of 36 cases of a gastrointestinal illness per 1,000 recreators, 
or 0.036 (EPA, 2012). This approach of incorporating environmental BST and 
microbiological data into a QMRA to inform of health risks and provide guidance to 
water quality managers is currently being reviewed and implemented by public agencies 
in California, Canada, and more broadly in the U.S. (SCCWRP, 2022; Health Canada, 
2021; EPA, 2012).  This framework was applied to the four Leon River sites sampled 
during this project to evaluate not only human health risks, but the utility of using 
QMRA to supplement BST analyses in the state.  
 
The three-way split source-classification and geometric average of E. coli isolates at 
TCEQ stations 11929, 11933, 17379, and 17547 were incorporated into a QMRA 
framework to estimate human health risks for recreational activities at the four sites. 
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The unidentified category of each source-classification was divided to match the 
representation of the other three fecal sources. All sites except for 17379 are listed to 
meet primary contact 1 recreational standard (126 cfu/100 mL), while site 17379 is 
required to meet the water quality standards for secondary contact recreation two 
(1,030 cfu/100 mL). Exposure scenarios that included ingestion of water while 
swimming were conducted for sites 11929, 11933, and 17547, while site 17379 was 
evaluated for incidental ingestion of water while fishing. A potential exposure dose for a 
variety of pathogens was developed based on the concentration of E. coli isolates and 
three-way split source-classification. The three source categories were represented by a 
primary fecal polluter to narrow down the pathogens of greatest public health concern. 
The human source is represented by primary sewage (e.g. from a failing septic system), 
the domestic animal source is represented by cattle, and wildlife is represented by deer. 
Since not all E. coli isolates that are measured in a water body are pathogenic, reference 
pathogen doses were estimated, which take into consideration the prevalence of the 
pathogen in the host source and infectivity of the pathogen to humans (EPA, 2010; 
Soller et al., 2010; Soller et al., 2014). Reference pathogens for each fecal source used in 
the QMRA, that have been identified to pose a human health risk, are listed in Table 7.  
 
 
Table 7. Reference pathogens of public health concern for each fecal source. 

Fecal Source Reference Pathogens of Concern 

Human (sewage) Norovirus, Salmonella, Cryptosporidium, Giardia, 
Campylobacter, E. coli O157:H7 

Domestic Animals (Cattle) Salmonella, Cryptosporidium, Giardia, Campylobacter, 
E. coli O157:H7 

Wildlife (Deer) Cryptosporidium and Giardia 
 
 
Leon River at Coryell CR 183 
Station 11929 had a geometric average of 500 cfu/100 mL with a recategorized three-
way source split of human (6.8%), domestic animals (50%), and wildlife (43.2%). The 
human health risks associated with each reference pathogen at the site are depicted in 
Figure 19. Reference pathogen health risks at station 11929. The health risks associated 
with each fecal source is identified as blue-human, orange-domestic animals, and green-
wildlife. The red dashed line indicates the 0.036 U.S. EPA risk threshold. 
 
 
 



34 
 

 
Figure 19. Reference pathogen health risks at station 11929. 

 
Leon River at Comanche CR 382 
Station 11933 had a geometric average of 352 cfu/100 mL with a recategorized three-
way split of human (7.0%), wildlife (62.0%) and domestic animals (31%). The human 
health risks associated with each reference pathogen at the site are depicted in Figure 
20. 
 

 
Figure 20. Reference pathogen health risks at station 11933. 
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Walnut Creek at FM 1476 
Station 17379 had a geometric average of 276 cfu/100mL but is only required to meet 
secondary contact 2 recreational water quality standards. The recategorized three-way 
split included human (6.0%), wildlife (57.0%), and domestic animals (37.0%). The 
health risks associated with each reference pathogen at the site are depicted in Figure 
21. 
 

 
Figure 21. Reference pathogen health risks at station 17379. 

 
Pecan Creek at SH 22    
Lastly, station 17547 had a geometric average of 168 cfu/100mL, and a recategorized 
three-way split that only included wildlife (75.6%) and domestic animals (24.4%). 
Human fecal isolates were not detected at this site and were therefore not included in 
the risk estimate. The human health risks associated with wildlife and domestic animals 
are depicted in Figure 22. 
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Figure 22. Reference pathogen health risks at station 17547. 

 
 
Reference pathogens from both human (sewage) and the domestic animal (cattle) 
sources contribute towards a greater health risk than the pathogens from wildlife (deer). 
For the human source, norovirus likely contributes the greatest risk for human health, 
followed by Campylobacter from domestic animals. The 95th percentile health risk for a 
gastrointestinal illness, amongst all reference pathogens at all four sites, did not exceed 
the U.S. EPA recreational risk threshold of 0.036. The overall health risk associated with 
each fecal source at all four sites was also estimated and shown in Figure 23. 
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Figure 23. Source-specific and overall health risks for each site. Each station is represented by a 
specific color: 17379-orange, 11929-purple, 11933-blue, 17547-green. 

 
When considering the different fecal sources impacting each site, none of the estimated 
health risks exceeded the U.S. EPA risk threshold of 0.036. While three of the four sites 
did not meet water quality standards for E. coli, health risks were not found to be 
elevated, which is likely due to the significant proportion of E. coli originating from 
wildlife. These findings (of estimated human health risks associated with fecal indicator 
bacteria or pathogens from wildlife being lower than that of human and cattle sources) 
parallel similar QMRA studies conducted in both fresh and marine waters (Schoen and 
Ashbolt, 2010; Soller et al., 2010, 2014; Boehm and Soller, 2020). Health risks from 
fecal pathogens do exist, especially for pathogens that originate from humans and 
domestic animals (i.e. cattle). However, it is important to not only consider if 
microbiological water quality standards are being exceeded, but also which fecal sources 
are contributing to these exceedances. Targeting bacteria pollution from human and 
domestic animal sources may not always result in the greatest reduction of the overall E.  
coli contribution to a waterbody, but it will be the most protective for human health. 
This application of QMRA with BST provides valuable information regarding relative 
risks from pathogen sources that can aid watershed managers in decision making that 
can better target protecting public health.  
 

Other Watersheds  
AgriLife SCSC continued BST analysis in support of the San Antonio River Authority’s 
(SARA’s) watershed characterization efforts.  A total of 104 E. coli isolates from 10 water 
samples collected in 2021-2022 were isolated, verified as E. coli, fingerprinted by ERIC-
RP, and compared against Texas E. coli BST Library ver. 03-20 for source identification. 
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Additionally, AgriLife SCSC provided two watersheds in Central Texas with BST 
analysis. A total of 415 E. coli isolates from 51 water samples collected in 2020 were 
isolated, verified as E. coli, fingerprinted by ERIC-RP, and compared against Texas E. 
coli BST Library ver. 03-20 for source identification. 

Evaluation of the Texas E. coli BST Library 
The Texas E. coli BST Library was first developed as a way to counter one of the biggest 
drawbacks of library-dependent source tracking methods—the need to collect large 
numbers of known source samples for every watershed study. An identification library 
should reflect the large host inter- and intra-species variation in E. coli, so that the DNA 
fingerprints of E. coli isolates found in the water can be matched and their sources 
identified. We theorized that there would be enough geographical and temporal stability 
in the host specificity of E. coli populations to allow the DNA fingerprints from known 
source isolates from different watershed studies to be pooled together. Developing a 
statewide BST library using E. coli isolates from local watershed libraries allows for time 
and cost savings.   

Defining Host Class 
BST is based on the premise that different strains of E. coli have adapted to different gut 
environments to become host specific. There are many caveats to consider when dealing 
with E. coli populations. There are different strains of E. coli in a single individual while 
different strains of the bacteria will exist in different individuals. Similar strains may be 
present in similar environments. Strains of E. coli present may be dependent upon 
animal species; gut type; diet; environment; and interactions with other 
individuals/species. The questions of temporal and geographical variations are 
especially relevant to a pooled library, such as the Texas E. coli BST Library, since it is 
built over time from different watersheds. While library-independent markers attempt 
to identify a limited specific animal species, our library-dependent approach can work 
with these realities of E. coli populations while still giving practical results by using host 
classes. The most supportable division of known sources is into three host classes: 
human, domestic animals, and wildlife. These embrace the adaptations to a shared 
environment, allow the use of a wide variety of wildlife, and do not penalize cross-
identification seen between livestock. The division of water isolates into human, 
domestic animals and wildlife is also practical for making decisions about best 
management practices. There is also more statistical strength when small numbers of 
isolates are divided into fewer categories. To ensure a variety of host classes are included 
in collections for the library, domestic animals and wildlife are further divided into 
subsets. Below are the three- and seven-way split categories that were used for 
categorizing E. coli isolates and which we have most frequently used for characterizing 
watersheds:   
  
Three-way split   

1. Domesticated animals and livestock (livestock and pets)   
2. Wildlife (including feral hogs)   
3. Humans    
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Seven-way split   
1. Cattle   
2. Other livestock, non-avian (non-avian livestock other than cattle; sheep, etc.)   
3. Other livestock, avian (chickens, etc.)    
4. Pets (dogs, cats)   
5. Avian wildlife (ducks, geese, sparrows, etc.)   
6. Non-avian wildlife (deer, feral hogs, coyotes, etc.)   
7. Humans    

 
For any E. coli isolate that could not be matched to a group in the Texas E. coli BST 
Library, its source category was designated as being “unidentified.”   
 

Developing a Feral Hog Host Class 
To expand the utility of the Texas E. coli BST Library, a four-way split of host classes 
was explored. This creates a new category specifically for feral hogs that is separate from 
the wildlife pool of known E. coli isolates. Instead of refining the current version of the 
Texas E. coli BST Library, a new four-way split version was established starting with the 
total 3,839 of all known source E. coli isolates that have ever been archived and DNA 
fingerprinted from all previous watersheds, of which 268 E. coli isolates originated from 
feral hogs.  
 
Repetitive Jackknife analyses of the combined self-validated libraries was performed to 
remove isolates that cross-identified between human, domestic animals, feral hogs, and 
wildlife to attempt to remove cosmopolitan (non-specific) E. coli source isolates. The 
goal of this analysis was a 100% average rate of correct classification (ARCC) using a 
four-way split of source classes. In the first round of serial Jackknife analysis, 1,557 
isolates were removed leaving 2,282 isolates. Three additional rounds of Jackknife 
analysis were performed, resulting in 2,116 isolates with a 100% ARCC using a four-way 
split of source classes and an 80% ARCC using an eight-way split. A total of 19% of the 
isolates were singletons (i.e., unique fingerprints; Table 8). The utilization of this four-
way library variation with the separate feral hog category looks promising due to the 
100% ARCC at the initial source class split. Also, a larger pool of isolates remain after 
the serial Jackknife analysis when compared to the current three-way Texas E. coli BST 
library (ver. 04-22). However, future work needs to be done by analyzing a select 
number of isolates against each library and comparing the results before a 
determination can be made. 
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Table 8. Texas E. coli BST Library (ver. 4-way: 05-22, cross-library validation) composition and 
rates of correct classification (RCCs) by Jackknife analysis of ERIC-RP composite data sets using 
an 80% similarity cutoff and four and eight-way splits 

Source Class 
 

Number 
of 

Isolates 

Number 
of 

Samples 

Library 
Composition 
and Expected 
Random Rate 

of Correct 
Classification 

Calculated Rate 
of Correct 

Classification 
(RCC) 

RCC to 
Random 
Ratio*** 

Left 
Unidentified 

(unique 
patterns) 

HUMAN 430 358 20% 100 5.0 24% 

DOMESTIC 
ANIMALS 847 769 40% 100 2.5 12% 

Pets 132 119 6% 83 13.8 27% 

Cattle 347 316 16% 73 4.6 7% 

Avian Livestock 145 124 7% 56 8.0 17% 

Other 
Non-Avian 
Livestock 

223 210 11% 58 5.3 8% 

FERAL HOGS 77 72 4% 100 25 23% 

WILDLIFE 762 669 36% 100 2.8 17% 

Avian Wildlife 292 263 14% 69 4.9 17% 

Non-Avian 
Wildlife 470 406 26% 84 3.2 17% 

Overall 2,116 1,868  
ARCC** =  

4-way 100% 
8-way 80% 

 19% 

*RARCC, expected random average rate of correct classification based on library composition 
**ARCC = average rate of correct classification: the proportion of all identification attempts which were 
correctly identified to source class for the entire library, which is similar to the mean of the RCCs for all 
source classes when the number of isolates in each source class is similar 
***An RCC/Random Ratio greater than 1.0 indicates that the rate of correct classification is better than 
random.  For example, the rate of correct classification for human is 4.5-fold greater than random chance 
based on library composition. 
 
 
 
 
 



41 
 

Evaluation of Library-Independent PCR Markers 
In an effort to expand the BST toolbox for future projects, additional library-
independent markers and platforms were evaluated by AgriLife SCSC. As detailed 
below, the dog specific marker DogBact, the gull specific marker LeeSeaGull, and the 
Bacteroidales human-associated marker HF183/BacR287 was used for qPCR-based 
analysis of water samples and preliminary tests.   
 
Studies have shown that fecal pollution is associated with a decrease in the resilience 
and diversity of marine coastal systems. Galveston, Texas has been identified as hotspot 
for bacterial pollution by the Texas Beach Watch in long-term analysis monitoring fecal 
pollution along the Texas Coast. In collaboration with the Texas General Land Office the 
project “Integrative assessment of Bacterial Pollution” (contract number: 21-060-025-
D274), samples that are identified as high (>104MPN/100mL) are sent to Texas A&M, 
College Station, and evaluated using qPCR. Data will be used to pinpoint stations that 
exhibit a history of bacterial pollution as well as confirming the presence of human, dog, 
or gull waste through the testing of host specific markers. 
 
AgriLife SCSC evaluated qPCR for the dog marker, DogBact, and the gull marker, 
LeeSeaGull. The protocols followed Dick et al. (2005) for DogBact and Lee et al. (2013) 
for LeeSeaGull. Both were evaluated using synthetic standards of known copy number, 
synthesized by Integrated DNA Technologies (IDTDNA, Coralville, Iowa, USA) and 
constructed from a portion of the 16S rRNA gene of Bacteroides for DogBact and 
Catellicoccus for LeeSeaGull. The DogBact marker was then optimized with the 
standard curve R2 value of 0.996 and LeeSeaGull was optimized at a R2 of 0.991 (R2 
values should be ≥ 0.980). Note that R2 is a measure of the variability in the qPCR assay 
calibration curve. 
 
Lastly, in order to characterize human sources of fecal pollution in recreational waters, 
an EPA Method 1696-based approach was by evaluated by AgriLife SCSC using standard 
reference for the Bacteroidales human-associated qPCR marker HF183/BacR287 (Ref), 
internal amplification control (IAC), method blank (MB), and three water samples from 
Burton Creek in College Station, TX (unknown 1, 2, 3). Two components of the EPA 
protocol were adjusted: (1) a synthetic fragment from a similar DNA sequence was used 
for the standard reference and the internal amplification control sequence instead of 
plasmid DNA, and (2) for multiplexing, two fluorescence probes, FAM and SUNN, were 
used instead of the two fluorescence probes, FAM and VIC from the EPA method. The 
SUNN probe was used instead as an equivalent alternative, and it was more cost-
effective through Integrated DNA Technologies (IDTDNA, Coralville, Iowa, USA). The 
marker was optimized with the standard curve R2 value of 0.999 (R2 values should be ≥ 
0.980). 
 
These markers have only been optimized at this point and need additional testing to 
validate their accuracy. The next step is to evaluate unknown isolates with each marker 
then verify their correct classification with other BST methods.  
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Education and Outreach 
Education and outreach activity during the project included a combination of 
presentations, website updates and discussions about BST at various events. A total of 
four presentations were given regarding the use, application and results of BST and 
specific BST projects around the state. Two of these were regarding BST results for 
Galveston and Trinity Bays and were presented to the Galveston Bay Council. The other 
two presentations were to the North Central Texas Council of Governments regarding 
the use and application of BST in the greater Dallas-Fort Worth metroplex.  
 
The website was routinely updated throughout the course of the project and led to 
various phone calls regarding the use of BST in other parts of the state. During the 
project period, a total of 662 site visits occurred from 601 unique users. These website 
visits and presentations led to additional conversations with individuals from 
municipalities, river authorities and water districts regarding the use, costs, and ability 
to perform BST in other parts of the state.  
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Table S 1. QMRA parameters and assumptions. 

Parameter Value Units Source 

Geometric mean of E. coli at monitoring 
site 

11929: 500 

cfu/100 mL Field data 11933: 352 
17379: 276 
17547: 168 

E. coli in Human Sewage 6.7, 8.0a CFU/L Rose et al., 2004 
E. coli in Cattle Waste 2.525, 7.24a CFU/g Padia et al., 2012; USEPA 2010 

E. coli in Deer 4.146, 7.748a CFU/g Parker et al., 2013 
Human (Sewage) 

E. coli O157:H7 -1, 3.3a cfu/L Garcia-Aljaro et al., 2005 
Salmonella 0.5, 5a cfu/L Koivunen et al., 2003; Lemarchand and Lebaron, 2003 

Cryptosporidium -0.52, 3.7a oocysts/L Harwood et al., 2005; Crockett, 2007; Yang et al., 2015; Nasser 
2016; Schoen et al., 2017 

Giardia 0.51, 4.2a cysts/L Harwood et al., 2005; Kitajima et al., 2014 
Campylobacter 2.9, 4.6a MPN/L Stampi et al., 1993 

Norovirus 4.7, 1.5a gc/L Eftim et al., 2017 
Wildlife (Deer) 

Giardia 0.04, 3.07a cysts/g Heitman et al., 2002; Paziewska et al., 2007 
Cryptosporidium 0.26, 2.35a oocysts/g Garcia-Presedo et al., 2013; Paziewska et al., 2007 

Domestic Animals (Cattle) 
E. coli O157:H7 3.08, 1.49b organisms/g USEPA 2010 
Campylobacter 1.8, 4.5a organisms/g USEPA 2010 

Salmonella 2.6, 4.6a organisms/g USEPA 2010 
Cryptosporidium -0.3, 3.2a organisms/g USEPA 2010 

Giardia 0.2, 3.5a organisms/g USEPA 2010 
Ingestion Volume 

Swimming 1.15, 0.55c,d ml/hour Boehm et al. (2018); Dufour et al. (2017); McGinnis et al., 2022 

Fishing 1.28, 1.72b,e ml/hour Dorevitch et al. (2011); McGinnis et al., 2022 

alog10-uniform distribution; blognormal distribution;clog10-normal distribution; dassumed duration of 30 minutes; eassumed duration of 1 hour 
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Table S 2. Prevalence of infection and infectious potential of pathogens for non-human fecal sources. 

Fecal Source Reference 
Pathogen 

Prevalence of 
Infection in Source 

Infectious Potential 
(midpoint of range) Source 

Domestic Animals (Cattle) E. coli O157:H7 9.7-28% 83.5a Berry et al., 2007; Soller et al., 2010 

Campylobacter 5-38% 83.5a Hoar et al., 2001; Wesley et al., 2000; Soller 
et al., 2010 

Salmonella 5-18% 49.5b Hutchinson et al., 2004; Fossler et al., 2005; 
Soller et al., 2010 

Cryptosporidium 0.6-23% 83.5a Atwill et al., 2006; Sturdee et al., 2003; 
Soller et al., 2010 

Giardia 0.2-37% 83.5a Fayer et al., 2000; Wade et al., 2000; Soller 
et al., 2010 

Wildlife (Deer) Giardia 0.15-21.2% 16.5c Heitman et al., 2002; Paziewska et al., 2007 

Cryptosporidium 0.15-14.4% 16.5c Garcia-Presedo et al., 2013; Paziewska et 
al., 2007 

ainfectious potential range for high (67-100%); binfectious potential range for medium (33-66%); cinfectious potential range (0-33%) 

Table S 3. Dose response models utilized to estimate the risk of infection and illness. 

Pathogen Probability of Infection Probability of Illness|Infection References 

Salmonella 1-(1+dose/2884)-0.3126 0.17-0.4 Haas et al., 1999; Teunis et al., 1999 

Campylobacter 1-(1+(dose/7.59))-0.145 0.1-0.6 Medema et al., 1996 

E. coli O157:H7 1-(1+(dose/48.8))-0.248 0.2-0.6 Teunis et al., 2008 

Cryptosporidium 1-exp(-0.09*dose) 0.3-0.7 U.S. EPA, 2006 

Giardia 1-exp(-0.01982*dose) 0.2-0.7 Rose and Gerba, 1991; Eisenberg et 
al., 1996 

Norovirus 0.72*(1-exp(-dose/1)) 0.3-0.8 Messner et al., 2014; Van Abel et 
al., 2017 
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