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Executive Summary  
The 2022 Texas Integrated Report of Surface Water Quality identified 358 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 in El Paso, Environmental Microbiology 
Laboratory (UTSPH EP), 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 2023 and 2024 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 Lavaca River watershed.  
 

4. Support BST efforts throughout Texas 
 

5. Evaluate potential for a host-associated molecular marker for bats  
 

6. Evaluate a next generation sequencing (NGS) approach for BST and pathogen 
characterization, statistically evaluate and analyze metagenomics findings  

 
7. Review NGS findings with measured E. coli concentrations at sampling sites 

 
8. Compare findings of NGS BST and pathogen characterization and its effectiveness 

for informing future watershed management 
 

9. Provide statistical characterization of the Texas E. coli BST Library and integration of 
BST results and quantitative microbial risk assessment (QMRA) to evaluate the 
human health significance.  
 

10. Initiate watershed protection plan (WPP) implementation efforts in Petronila and 
San Fernando Creek watersheds through watershed coordinator support and 
engagement activity 
 

11. Assessment and discussion of NGS for watershed management 



2 
 

Introduction  
Bacteria continues to remain the number one cause of water quality impairments in the 
state of Texas. Numerous approaches have been applied to evaluate bacteria sources 
in streams and rivers to develop effective watershed management practices. Evaluating 
water quality integrity for contact recreation (and shellfish harvesting) has been dependent 
on measuring fecal indicator bacteria (FIB), specifically Escherichia coli (E. coli) and 
Enterococcus species. Bacteria source tracking (BST) has been identified as a valuable 
tool for identifying the different sources of fecal pollution, therefore informing the 
development of watershed plans, total maximum daily loads (TMDLs) and other strategies 
for addressing the 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.  
 

Project Description 
Continued interest in BST among state agencies, river authorities, and stakeholder groups 
across Texas emphasizes the necessity of maintaining statewide BST analytical 
infrastructure. Advances in BST science and methodology remain an important component 
of the state BST analytical infrastructure and program. This includes needed maintenance 
and repairs of analytical equipment, and continued support, training and retention of 
skilled personnel to facilitate using novel next generation sequencing (NGS) techniques. 
With recent personnel changes at UTSPH EP and TWRI, there was also a near-term need 
for increased interaction among laboratories to facilitate the transition. To meet the needs 
of the state, BST analytical capabilities were maintained at both UTSPH EP and AgriLife 
SCSC BST laboratories. Financial support was used to maintain lab personnel at UTSPH EP 
and AgriLife SCSC, continue refinement and evaluation of the Texas E. coli BST library, 
continue work on marker development and evaluation, and support targeted NGS BST 
analysis. Utilizing NGS techniques to screen water bodies for bacterial pathogens also 
provided opportunities to better assess the influence of different fecal sources on the 
distribution of specific microbial pathogens in surface waters, therefore informing 
watershed management practices. While measuring water quality for FIB and BST informs 
pollutant sources, directly evaluating a water body for an array of microbial pathogens 
provides the potential for rapidly identifying specific exposure risks.  

There were two parallel aims to this project which include: 1) conducting BST analyses 
using NGS techniques for water samples gathered from four sampling sites in the Lavaca 
River watershed and 2) examining the potential for NGS analyses of water samples to 
directly detect microbial pathogens present at the four sampling sites. Water samples 
were collected over 12 months to provide an overview of different fecal sources impacting 
these water bodies. Grab samples were collected concurrently to measure for E. coli, 
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which will be incorporated into the metagenomics analysis and evaluation of NGS 
techniques as a potential tool for the watershed management toolbox. AgriLife SCSC 
personnel 1) filtered collected water samples to collect microbial biomass, 2) extracted 
microbial DNA, and 3) conducted metagenomic sequencing using NGS technology. 
Generated data was compared against sequence data from known-source samples also 
collected in this project to identify the sources of fecal microorganisms. In consultation 
with stakeholders, 9 potential sources of fecal contamination in the watershed were 
identified. From each of these sources unique samples were collected (for a total of 80 
samples) and sequenced as described above to generate a known-source microbiome 
sequence library. Bioinformatics were then used to compare NGS data from water 
samples against the known-source NGS data for source determination. Additional shotgun 
metagenomic NGS sequencing results from the water samples were also compared 
against publicly available genomic databases to identify the presence of pathogenic 
microorganisms. AgriLife SCSC worked with the Texas A&M Institute for Genome Sciences 
and Society core facility for sequence analysis and bioinformatics training needed to 
interpret the metagenomics data for a water quality management context. Findings from 
the study were evaluated for application to watershed management and how information 
can be translated to the stakeholder level.  

This project represents the first use of NGS-based approaches for watershed source 
delineation in the Texas BST Program. This approach will be a valuable addition to the BST 
toolbox, complementing current library-independent tools. The second aim of using NGS 
techniques for pathogenic microorganism detection was to complement source tracking 
efforts by attempting to directly identify pathogens of public health concern. Comparing 
findings from these two aims improves the utilization and interpretation of NGS-based 
work for future water management. Further, it has the potential to provide information 
similar to that obtained using culture-based, library-dependent approaches, but at 
substantially lower cost due to rapid advances in sequencing technologies.  

To initiate development of a bat-specific BST marker, NGS sequencing of the microbiome 
in 50 bat fecal samples was done to identify unique organisms and sequences in bat 
samples. Bioinformatics were used, in connection with Texas A&M Institute for Genome 
Sciences and Society core facility, to analyze and compare the sequence data against 
those in publicly available genomic databases. From identified unique sequences, 
prospective polymerase chain reaction (PCR) markers were developed. Prospective 
markers were evaluated against the bat samples collected in this project along with the 
non-target Lavaca River samples (also collected as part of this project). Additional 
archived fecal samples from previous BST projects were evaluated as needed to 
supplement and expand potential sources.  

The project included continued development and refinement of the Texas E. coli BST 
Library, specifically to evaluate the delineation of feral hogs. Existing DNA fingerprints of 
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feral hogs in the library were evaluated to determine if a four-way split of source classes, 
including human, domestic animals, wildlife, and feral hogs is feasible. Stakeholders have 
expressed strong interest in the possibility of a feral hog source class.  

BST results, from previous studies and this one, were integrated into the quantitative 
microbial risk assessment (QMRA) framework to not only inform of human health risks 
associated with contact recreation, but also assist in informing watershed management 
practices. The QMRA followed methods described in Quantitative Microbial Risk 
Assessment (Haas et al., 2014). Estimated risk outputs will be evaluated and the feasibility 
of recommendations for incorporating QMRA into future watershed management across 
the state of Texas will be developed. 

Furthermore, NGS data generated from this project was deposited in the National Center 
for Biotechnology Information GenBank database and will be a valuable asset to other 
water quality projects. Discussing and sharing findings from this novel project are critical 
towards advancing watershed management science and water quality protection. TWRI, 
AgriLife SCSC, and UTSPH EP developed materials concerning the project and the 
application of the science and distribute the information to water resource managers, 
natural resources agencies, universities and other stakeholders. TWRI included 
information on the project in its publications.  

Traditional ERIC-RP BST analysis was conducted on water samples collected in the Double 
Bayou watershed. Samples were collected from four sites during five sampling events. 
Sixteen routine and four storm water samples for a total of 20 samples between July 2023 
and February 2024. Analysis results supplied desired information to watershed 
stakeholders to be used in prioritizing future WPP implementation activity.  

An additional task supported the initiation of WPP implementation activity in the Petronila 
and San Fernando Creek watersheds. Complementary projects have completed the 
process to develop a WPP and BST was performed in these and the larger Baffin Bay 
watershed. This project supported watershed stakeholder engagement efforts by providing 
resources for a watershed coordinator to meet with stakeholders, provide education and 
outreach opportunities, and facilitate continued discussions regarding WPP 
implementation.   
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Task 1: Project Administration 
Texas Water Resources Institute (TWRI) effectively administered, coordinated, and 
monitored all work performed under this project including technical and financial 
supervision and preparation of status reports. 

Subtask 1.1: QPRs 
TWRI submitted quarterly progress reports (QPRs) to TSSWCB. QPRs contained an 
overview of project activities completed during each quarter, an overview of activities to be 
completed in the next quarter, and highlighted related issues or problems associated with 
the project. The QPRs were submitted by the 1st of January, April, July and October and 
distributed to all Project Partners. 

Subtask 1.2: Reimbursement Forms 
TWRI provided financial supervision to ensure tasks and deliverables were acceptable and 
completed within budget. Financial supervision consisted of submitting appropriate 
reimbursement forms at least quarterly to TSSWCB and submitting necessary budget 
revisions. 

Subtask 1.3: Project Coordination 
TWRI hosted quarterly coordination meetings or conference calls with Project Partners to 
discuss project activities, the project schedule, communication needs, deliverables, and 
other requirements. TWRI developed lists of action items needed following each project 
coordination meeting and distributed them to project personnel. 

Subtask 1.4: Final Report 
A Final Report was developed by project partners that summarizes activities completed 
during the duration of the project as well as the conclusions reached. This Final Report 
also discussed the extent to which the project goals and measures of success were 
achieved. 

Task 2: Quality Assurance 
TWRI developed data quality objectives and quality assurance/control (QA/QC) activities 
to ensure data generated through this project were of known and acceptable quality. 

Subtask 2.1: QAPP Development 
TWRI developed a quality assurance project plan (QAPP) for activities in Tasks 3-6 
consistent with the most recent versions of the U.S. Environmental Protection Agency (U.S. 
EPA) Requirements for Quality Assurance Project Plans (QA/R-5) (U.S. EPA, 2001) and the 
TSSWCB Environmental Data Quality Management Plan (TSSWCB). All monitoring 
procedures and methods prescribed in the QAPP were to be consistent with the guidelines 
detailed in the TCEQ Surface Water Quality Monitoring Procedures, Volume 1: Physical and 
Chemical Monitoring Methods for Water, Sediment, and Tissue (RG-415) (TCEQ, 2012) and 
Volume 2: Methods for Collecting and Analyzing Biological Assemblage and Habitat Data 
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(RG-416) (TCEQ, 2014). [Consistency with Title 30, Chapter 25 of the Texas Administrative 
Code, Environmental Testing Laboratory Accreditation and Certification, which describes 
Texas’ approach to implementing the National Environmental Laboratory Accreditation 
Conference standards (TNI, 2016), were required where applicable.] After developing the 
QAPP, TWRI sent draft and final versions to TSSWCB, and a final document was approved. 

Subtask 2.2: QAPP Implementation 
TWRI implemented the approved QAPP. TWRI submitted revisions and amendments of the 
QAPP to TSSWCB when necessary.  

Task 3: NGS-based BST Analyses & QMRA 
UTSHP EP and AgriLife SCSC used NGS-based BST to characterize fecal source 
contributions in the Lavaca River watershed and expanded the Texas BST toolbox through 
the analysis of 80 known source fecal samples and 48 water samples. The goal of 
collecting 100 overall fecal samples was not reached as some species were more difficult 
to collect than others. Additionally, one species source, bats, were not able to be sampled 
at all since there was no viable colony in the Lavaca River watershed. BST were utilized in a 
QMRA to evaluate human health risks. 

Subtask 3.1: Maintenance of BST Analytical Equipment 
UTSPH EP and AgriLife SCSC maintained BST analytical equipment (e.g., RiboPrinter) and 
general laboratory equipment to support BST analyses. This included securing 
maintenance contracts, replacement parts and expendable supplies. 

Subtask 3.2: Maintain Laboratory Operating Capacity and Technical Expertise 
UTSPH EP and AgriLife SCSC retained and hired lab personnel, students and/or 
Postdoctoral Research Associates to maintain laboratory operating capacities and 
technical expertise to conduct BST studies across the state. 

Subtask 3.3: Targeted BST Analysis in the Lavaca River Watershed 
UTSPH EP and AgriLife SCSC performed targeted BST analysis to support WPP 
implementation efforts in the Lavaca River watershed. BST analyses were performed on 
monthly samples from 4 sites (i.e., 12 months x 4 sites = 48 total samples) in the Lavaca 
River watershed (samples listed in Subtasks 4.2 and 4.3). 
 
AgriLife SCSC filtered water samples to collect microbial biomass and preserved the filters 
at -80°C. DNA from water samples and fecal samples (Subtask 4.2) was extracted using a 
ZymoBIOMICS® DNA Kit. The V3-V4 region of the 16S ribosomal ribonucleic acid (rRNA) 
genes were amplified by PCR and sequenced on the Illumina® Nextseq™ platform (Zymo 
Research, Irvine, CA). The raw sequencing data was processed in QIIME2 (v 2023.2) with 
DADA2 pipeline for trimming, denoising, chimeras removing, and generating an amplicon 
sequence variants (ASVs) table. After filtering out ASVs with a frequency of 10 or less, a 
total of 62,433 ASVs remained in the table. The number of good reads per sample ranged 
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from 51,964 to 156,285. The plateauing rarefaction curves shown in Figure 1 demonstrate 
that the sequencing depth sufficiently captured the bacterial diversity of the samples. The 
filtered table was subsequently used for SourceTracker2 analysis. 
 

 
Figure 1. Rarefaction curve showing the number of observed species in the 128 samples (48 Lavaca River water + 
80 fecal source samples). 

Subtask 3.4: Water Sample Source Contributions 
AgriLife SCSC and UTSPH EP determined water sample source contributions through 
bioinformatics (e.g., SourceTracker2) evaluation of water sample NGS data against known-
source NGS data. Environmental water samples often contain hundreds to thousands of 
different bacterial populations (i.e., species). The vast majority of these bacteria are not 
pathogens but instead play critical roles in nutrient cycling and other processes; however, 
they can have utility as diagnostic organisms if they are unique to specific environments 
such as the intestines of certain animals. NGS-BST characterizes the bacterial community 
in each sample and compares the specific bacterial populations found in each water 
sample with those found in the tested known source samples. Based on similarity of the 
bacterial populations found in the water samples and those found in the known source 
samples, NGS-BST determines the portion of the bacterial community in each water 
sample that matches with each potential source (e.g., cattle, deer, human). In this project, 
SourceTracker2, a Bayesian approach with Gibbs sampling method, was used to estimate 
the proportion of bacterial contaminants in the water samples originating from each 
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source based on similarity of the bacterial communities between the water and specific 
fecal samples. This analysis was based on the filtered ASV table (Subtask 3.3) and a 
metadata file categorizing 48 Lavaca River water samples as "sink" and 80 fecal samples 
as "source." The results are shown in Figure 2. 
 
For all samples, the largest source of bacteria in Lavaca River water was categorized as 
“Unknown” (Figure 2A); this majority of this “source” most likely consisted of native river 
microbes and did not originate from fecal contamination, although there is possibility of 
fecal contributions from sources that were not tested. Among the tested fecal sources, 
human wastewater was identified as a relatively consistent source across sites with the 
treated wastewater treatment plant effluent being the most similar source for most 
samples, especially those collected between December and February. Contributions from 
each of the animal sources were detected across the four sites but were generally smaller 
than human sources, although cumulative animal contributions were higher than human 
sources for several samples.  
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Figure 2. Source contribution of microbial contamination in Lavaca River water samples, analyzed using 
SourceTracker2. (A) Analysis includes the unknown source category; (B) Analysis excludes the unknown source. 

The beta diversity of the microbiome, a measure of the similarity or dissimilarity of 
microbial communities of different samples, can be considered an alternative way to 
determine water sample source contributions. A low beta diversity index means a high 
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level of similarity while a high beta diversity index indicates a low level of similarity. The 
beta diversity based on Weighted-UniFrac distance was measured in QIIME2 by combining 
the ASV table and metadata file mentioned in Subtask 3.4 and the phylogenetic tree 
generated from the representative sequences of ASVs. The results are visualized by 
Principal Coordinate Analysis (Figure 3A) and Weighted-UniFrac distance matrix (Figure 
3B). 
 
Among the tested sources, the bacterial communities in human wastewater showed the 
greatest similarity to those in Lavaca River waters. This was followed by feces from farm 
animals (chickens and cattle) and then by feces from pets and wildlife. Within human 
wastewater samples, treated effluent from wastewater treatment plants, consistent 
across all four sites, was most similar to the bacterial communities in the river water 
samples. These findings aligned well with the SourceTracker2 results. Additionally, the 
bacterial community in Lavaca River samples was more influenced by temporal factors 
(e.g., sampling time/climate) than by spatial factors (e.g., geographical location of 
sampling sites) as shown by the results clustering by sampling time but not by site (Figure 
3C). 
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Figure 3: Comparison of bacterial community similarities and differences between Lavaca River water samples and 
fecal samples. (A) Principal Coordinate Analysis (PCoA) based on Weighted-UniFrac distance showing the 
similarity of bacterial communities between Lavaca River water and fecal samples. (B) Weighted-UniFrac distance 
between Lavaca River water samples and fecal samples from different sources. (C) PCoA based on Weighted-
UniFrac distance illustrating variations in bacterial communities of Lavaca River water samples among distinct 
sites and at different collection times. 

Subtask 3.5: Deposit NGS Data in GenBank 
AgriLife SCSC deposited the 16S NGS data for the Lavaca River water and known-source 
fecal samples in GenBank (accession No. PRJNA1125451). 
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Subtask 3.6: Evaluate BST Data of Lavaca River Watersheds 
UTSPH EP and AgriLife SCSC evaluated differences in BST data and findings between the 
Lavaca River watershed and other comparable watersheds in the state with traditional 
library-dependent BST results.  
 
Overall, NGS-BST results for the Lavaca River samples appeared to differ somewhat from 
results for previous watersheds that instead used E. coli-based BST. In the current study, 
the “source” of the majority of bacteria in each sample was not identified and was thus 
categorized as originating from an “unknown” source based on a lack of similarity between 
the bacterial community in the water samples and tested known-source fecal samples. 
Many, if not most, of the bacteria in this category were likely naturally occurring aquatic 
bacteria, but some could have been from fecal sources that were not included as a known 
source for the BST. When only the tested sources were used for allocating source 
contributions (i.e., the unknown source category removed), the largest fraction of the 
source-categorized Lavaca River sample microbiomes were determined to have originated 
from human sources (average = 65%) with smaller contributions from domesticated 
animals (average = 22%) and wildlife (average = 13%). The human source contributions 
were primarily driven by similarity to the treated wastewater effluent microbiome. The 
average contribution for untreated human sources (e.g., sewage, septic) was estimated at 
13%, which is more similar to human contributions reported in other BST studies, most of 
which used E. coli-based BST. The domesticated animal contributions were similar to 
those found in other studies, but the wildlife contributions were generally lower. A possible 
reason for the lower observed wildlife contributions is that only three animals (deer, 
racoons, feral hogs) were considered in the wildlife category using the NGS-BST approach. 
 
The Lavaca River NGS-BST results were greatly impacted by sampling time than sampling 
site. Samples collected between December and February were generally more similar to 
treated wastewater effluent with other months having increased similarity to untreated 
human, domesticated animal, and wildlife sources. Additional sequencing and analysis 
did identify some differences between sites as described in Task 5. 
 
As anticipated, there were some differences between the NGS-BST results and those 
obtained in other projects using E. coli-based BST and other methods. Most other methods 
focus on specific organisms, such as E. coli, that are of fecal origin. In contrast, the NGS 
approach analyzes the entire community in the tested sample. Thus, NGS-BST has the 
advantage of examining many more bacterial populations in the analysis but the 
disadvantage of these organisms generally not being pathogens or fecal indicator 
organisms such as E. coli. Also, many of the organisms detected by NGS-BST in water 
samples will likely not be of fecal origin but instead be naturally occurring members of the 
aquatic environment being tested. This has the potential to complicate interpretation of 
the BST results since they cannot be easily differentiated from fecal organisms that were 
not identified solely because an appropriate known source comparison was not included 
in the BST. This reinforces the need to include as many potential fecal sources as possible 
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in NGS-BST analysis. Additionally, NGS-BST uses DNA directly extracted from samples and 
thus may include both live and dead organisms, whereas typical E. coli-based BST is based 
on characterization of only viable E. coli isolated from samples. Despite these differences, 
there appeared to be some congruence between the NGS-BST results in this study and the 
E. coli-based BST results from previous studies for similar watersheds. Given this and its 
potential advantages in terms of increased analysis speed and reduced costs, additional 
examination of NGS-BST for watershed characterization is warranted. Another result of 
note from the NGS-BST is the large similarity between the bacterial communities in the 
water samples and treated wastewater effluent. This has also been reported in other 
studies (Li et al., 2022 & Zimmer-Faust et al., 2021). Given a possible impact of treated 
wastewater effluent, it should be considered in future BST studies, ideally in conjunction 
with QMRA as discussed in the next section.  
 

Subtask 3.7: Integration of BST Results and QMRA 
UTSPH EP and AgriLife SCSC integrated the BST results from the project into a quantitative 
microbial risk assessment to evaluate the human health significance of the project’s data. 
 
Numerous studies have recognized that the human health risks associated with exposure 
to pathogens from human and non-human fecal sources in recreational waters do vary 
(Soller et al., 2010, 2014; Boehm et al., 2015, 2018; Boehm and Soller, 2020; Gitter et al., 
2020, 2023). Human fecal sources of pollution (e.g., raw sewage, partially and secondary 
treated wastewater) continue to be identified as the most pathogenic fecal contamination 
source in recreational water bodies (Brown et al., 2017; Boehm and Soller, 2020; Gitter et 
al., 2023). Given these findings, the United States Recreational Water Quality Criteria of 
2012 provides updated guidance regarding the development of alternative site-specific 
water quality standards that identify source-specific fecal contamination sources and 
utilizes human health risk assessment, specifically QMRA, to assess human health risks 
(US EPA, 2010, 2013). This mathematical modeling approach consists of a framework with 
four phases - hazard identification, exposure assessment, dose-response, and risk 
characterization – that can estimate the potential human health risks associated with 
exposure to specific microbial contaminants in different environments (Haas et al., 2014). 
Results of the BST assessment can be utilized in a QMRA to estimate human health risks 
that may be present due to the potential for 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 for freshwater environments (US EPA, 2013, p. 201). 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 considered and, in some 
areas, implemented by communities in other states (SCCWRP, 2024). Additionally, several 
countries use QMRA to assess drinking water quality guidelines and inform public health 
decision-making (Schijven et al., 2011; Canada, 2019; National Institute for Public Health 
and the Environment (Netherlands), 2024b, 2024a). This framework was applied to the four 
Lavaca River sites sampled during this project to evaluate not only human health risks, but 
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the utility of using QMRA to supplement BST analyses across the state to inform public 
health-centric water quality management. 
 
As described in Section 3.4, this BST project utilized NGS technologies to detect and 
quantify the fecal sources impacting water quality in the Lavaca River. Bioinformatics (e.g., 
SourceTracker) were utilized to evaluate the water sample NGS data against known-source 
NGS data. Specifically, the SourceTracker2 software estimated the varying proportions of 
source-specific bacterial contaminants. Several assumptions were made to delineate 
specific proportions of fecal sources given that the majority of bacterial contaminants 
identified were “unknown”. A conservative approach of estimating percentages for specific 
pollutant sources based on the “identified” proportion of bacterial contaminants was 
conducted, in which the following sources were selected- treated wastewater effluent 
(human), sewage (human), cattle, chicken, feral hog, and dog- and the proportional 
percentages were recalculated based on the sum of those sources (e.g., assuming that if 
only 3% of bacterial contaminants were identified by the above sources, their total 
percentage would be used for the recalculation by dividing the source-specific percentage 
by 3% and not out of 100%). While this approach greatly overestimates the contribution of 
the listed fecal sources, the >90% proportion of unknown sources could originate from an 
array of unidentified and still potentially pathogenic fecal sources. The fecal sources were 
also selected based on public health significance (treated wastewater and untreated 
sewage originating from humans), the measured percentages through NGS and 
bioinformatic techniques, and stakeholder interests (e.g., pets such as dogs and invasive 
species such as feral hogs). Next, the geometric average of E. coli for each of the sampling 
sites were utilized to assess the potential bacterial contribution of each fecal source in the 
QMRA.  
 
All sites (12524, 12525, 18190, and 12527) are listed to meet the primary contact 1 
recreational standard for E. coli, which is 126 colony forming unit (cfu)/100 milliliters (mL), 
yet all four sites exceeded this standard quite significantly (see Table 1). Primary contact 
recreation 1 is defined as activities that likely involve a significant risk of water ingestion 
(e.g., swimming, wading, etc.) and secondary contact recreation 2 (regulatory E. coli 
standard of 1,030 cfu/100mL) includes activities such as fishing and kayaking which have 
limited body contact due to occurring near the shoreline with minimal risk of ingesting 
water (Texas Commission on Environmental Quality, 2024). Exposure scenarios that were 
evaluated in the QMRA included ingestion of water while swimming, an example of primary 
contact recreation 1 activity, and the incidental ingestion of water while fishing, an 
example of a secondary contact recreation 2 activity. A potential exposure dose for a 
variety of reference pathogens that are known to be associated with each fecal source was 
developed based on the concentration of E. coli isolates and the fecal source contributing 
percentages previously described. The human fecal source includes both primary sewage 
(e.g., failing septic system) and treated wastewater (e.g., effluent discharged by a 
wastewater treatment plant), cattle and chicken are representative of domestic livestock, 
feral hogs remain a consistent environmental problem due to being an invasive wildlife 
species (once domesticated), and dog was representative of a pet fecal source. Since not 
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all E. coli isolates that are measured in a water body are necessarily pathogenic, reference 
pathogen doses were estimated, which incorporate the prevalence of the pathogen in the 
host source and infectivity of the pathogen to humans (Soller et al., 2014; Soller et al., 
2010; US EPA, 2010). Reference pathogens known to be associated with the fecal waste of 
each source that were used in the QMRA are listed in Table 2. Parameters, assumptions, 
and dose response models utilized are listed in Supplementary Tables S 1 – S 3.  
 

Table 1. Measured E. coli concentrations at monitoring sites along the Lavaca River used in the QMRA. 

Monitoring Site E. coli (MPN/100 mL)* 
12524 392 
12525 281 
18190 599 
12527 192 

*The geometric average was calculated based on five samples collected during the project study period.  
 
Table 2. Reference pathogens of public health concern for specific fecal sources. 

Fecal Source Reference Pathogens of Concern 

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

Human (treated wastewater) Cryptosporidium, Giardia, Norovirus 

Cattle Salmonella, Cryptosporidium, Giardia, 
Campylobacter, E. coli O157:H7 

Chicken Salmonella, Campylobacter 
Feral Hog Salmonella, Campylobacter 

Dog Campylobacter 
 
Site 12524: Estimated Human Health Risks for Recreational Activities 
Site 12524 had a geometric average of 392 MPN/100mL with a recategorized six-way 
source split of human (sewage) (8.0%), human (treated wastewater) (76.7%), cattle (5.4%), 
chicken (3.8%), feral hog (4.1%), and dog (2.0%) (Table 3). The specific human health risks 
associated with each reference pathogen at site 12524 (for both primary contact 
(swimming) and secondary contact activities (fishing)) are depicted in Figure 4 and Figure 
5, respectively. The human health risks associated with each fecal source are identified as 
green-human (sewage), blue-human (treated wastewater), orange-cattle, purple-chicken, 
yellow-feral hog, and brown-dog. The red dashed line indicates the suggested U.S. EPA risk 
threshold 36 illnesses per 1,000 recreators or 0.036. Except for norovirus in treated 
wastewater, for both swimming and secondary contact recreation (e.g., fishing), this risk 
threshold was not exceeded for any other fecal source or reference pathogen in either 
exposure scenario. 
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Table 3. Fecal source fraction percentages for site 12524. 

Source Percentages 
Human (sewage) 8.0% 

Human (treated wastewater) 76.7% 
Cattle 5.4% 

Chicken 3.8% 
Feral Hog 4.1% 

Dog 2.0% 
 

 

 
 

Figure 4. Human health risks associated with each reference pathogen (for each respective fecal source) while 
swimming at site 12524. The red dashed line represents the suggested U. S. EPA risk threshold of 36 illnesses per 
1,000 recreators.  
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Figure 5. Human health risks associated with each reference pathogen (for each respective fecal source) while 
engaging in secondary conduct activities (e.g., fishing) at site 12524. The red dashed line represents the suggested 
U. S. EPA risk threshold of 36 illnesses per 1,000 recreators. 

 
Site 12525: Estimated Human Health Risks for Recreational Activities 
Site 12525 had a geometric average of 281 MPN/100mL with a recategorized six-way 
source split of human (sewage) (7.2%), human (treated wastewater) (81.2%), cattle (3.6%), 
chicken (3.1%), feral hog (3.0%), and dog (1.9%) (Table 4). The specific human health risks 
associated with each reference pathogen at site 12525 (for swimming and secondary 
contact) are depicted in Figure 6 and Figure 7, respectively. The human health risks 
associated with each fecal source are identified as green-human (sewage), blue-human 
(treated wastewater), orange-cattle, purple-chicken, yellow-feral hog, and brown-dog. The 
red dashed line indicates the suggested U.S. EPA risk threshold 36 illnesses per 1,000 
recreators or 0.036. Similar to site 12524, only the reference pathogen norovirus in treated 
wastewater, for both swimming and secondary contact recreation (e.g., fishing), exceeded 
the risk threshold. 
 
 
 



18 
 

Table 4. Fecal source fraction percentages for site 12525. 

Source Percentages 
Human (sewage) 7.2% 

Human (treated wastewater) 81.2% 
Cattle 3.6% 

Chicken 3.1% 
Feral Hog 3.0% 

Dog 1.9% 
 

        
Figure 6. Human health risks associated with each reference pathogen (for each respective fecal source) while 
swimming at site 12525. The red dashed line represents the suggested U. S. EPA risk threshold of 36 illnesses per 
1,000 recreators. 
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Figure 7. Human health risks associated with each reference pathogen (for each respective fecal source) while 
engaging in secondary conduct activities (e.g., fishing) at site 12525. The red dashed line represents the suggested 
U. S. EPA risk threshold of 36 illnesses per 1,000 recreators. 

 
Site 18190: Estimated Human Health Risks for Recreational Activities 
Site 18190 had a geometric average of 599 MPN/100mL with a recategorized six-way 
source split of human (sewage) (8.2%), human (treated wastewater) (76.9%), cattle (5.1%), 
chicken (5.0%), feral hog (2.1%), and dog (2.7%) (Table 5). The specific human health risks 
associated with each reference pathogen at site 18190 (for primary and secondary 
contact) are depicted in Figure 8 and Figure 9, respectively. The human health risks 
associated with each fecal source are identified as green-human (sewage), blue-human 
(treated wastewater), orange-cattle, purple-chicken, yellow-feral hog, and brown-dog. The 
red dashed line indicates the suggested U.S. EPA risk threshold 36 illnesses per 1,000 
recreators or 0.036. Only the reference pathogen norovirus in treated wastewater 
exceeded the risk threshold for both exposure scenarios. 
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Table 5. Fecal source fraction percentages for site 18190. 

Source Percentages 
Human (sewage) 8.2% 

Human (treated wastewater) 76.9% 
Cattle 5.1% 

Chicken 5.0% 
Feral Hog 2.1% 

Dog 2.7% 
 

     
Figure 8. Human health risks associated with each reference pathogen (for each respective fecal source) while 
swimming at site 18190. The red dashed line represents the suggested U. S. EPA risk threshold of 36 illnesses per 
1,000 recreators. 
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Figure 9. Human health risks associated with each reference pathogen (for each respective fecal source) while 
engaging in secondary conduct activities (e.g., fishing) at site 18190. The red dashed line represents the suggested 
U. S. EPA risk threshold of 36 illnesses per 1,000 recreators. 

 
Site 12527: Estimated Human Health Risks for Recreational Activities 
Site 12527 had a geometric average of 192 MPN/100mL with a recategorized six-way 
source split of human (sewage) (13.8%), human (treated wastewater) (64.6%), cattle 
(7.5%), chicken (5.5%), feral hog (3.5%), and dog (3.1%) (Table 6). The specific human 
health risks associated with each reference pathogen at site 12527 (for primary and 
secondary contact) are depicted in Figure 10 and Figure 11, respectively. The human 
health risks associated with each fecal source are identified as green-human (sewage), 
blue-human (treated wastewater), orange-cattle, purple-chicken, yellow-feral hog, and 
brown-dog. The red dashed line indicates the suggested U.S. EPA risk threshold 36 
illnesses per 1,000 recreators or 0.036. Similar to the other three sites, the reference 
pathogen norovirus in treated wastewater was only the reference pathogen estimated to 
exceed the risk threshold. 
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Table 6. Fecal Source Fraction Percentages for Site 12527. 

Source Percentages 
Human (sewage) 13.8% 

Human (treated wastewater) 64.6% 
Cattle 7.5% 

Chicken 5.5% 
Feral Hog 3.5% 

Dog 3.1% 
 

         
Figure 10. Human health risks associated with each reference pathogen (for each respective fecal source) while 
swimming at site 12527. The red dashed line represents the suggested U. S. EPA risk threshold of 36 illnesses per 
1,000 recreators. 
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Figure 11. Human health risks associated with each reference pathogen (for each respective fecal source) while 
engaging in secondary conduct activities (e.g., fishing) at site 12527. The red dashed line represents the suggested 
U. S. EPA risk threshold of 36 illnesses per 1,000 recreators. 

 
Across all four sites and for both primary and secondary contact recreational activities, 
norovirus was the reference pathogen of great public health concern in treated wastewater 
(human), followed by Cryptosporidium and Giardia (also in treated wastewater). Norovirus 
was also a pathogen of concern in raw sewage. Also of importance, while the associated 
risk of illness for Campylobacter from chicken and feral hog was relatively low, the 
pathogenic risk from the cattle source was only two orders of magnitude lower than 
norovirus originating from sewage (human source). Salmonella and E. coli O157:H7 had 
the lowest estimated risk of illness for all reference pathogens evaluated. Identifying which 
pathogens may be most significant for public health (in addition to the fecal source) is 
critical when identifying risk mitigation strategies (e.g., additional treatment for 
wastewater) and future water quality management practices. 
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Overall Human Health Risks for Recreational Activities 
 
When considering the different fecal sources impacting each site, all four sites exceeded 
the U.S. EPA risk threshold of 0.036 for both primary (swimming) and secondary contact 
activities (fishing). As previously discussed, all four sites did not meet the primary contact 
1 recreational water quality standard for E. coli. The associated human health risks varied 
greatly among the different fecal sources identified to be contributing to the bacterial 
contamination at the monitoring sites (Figure 12 and Figure 13). Given that treated 
wastewater effluent was the greatest identified contributor (as determined through 
SourceTracker analysis), this fecal source was the primary “driver” for the overall health 
risk. The other fecal sources had much lower proportional contributions to the overall 
detected bacterial contamination and therefore were not estimated to have an elevated 
human health risk for both swimming and secondary contact activities. Both feral hog and 
chicken fecal sources had the lowest estimated risk for human health. Additionally, while 
the health risks slightly varied between each site for each fecal source (excluding treated 
wastewater effluent), the overall estimated human health risk when considering all fecal 
sources was identified to be elevated (exceeding the U.S. EPA risk threshold) and similar 
among the four sites. The findings that non-human fecal sources tend to be associated 
with lower health risks than human fecal sources (and cattle) parallel similar QMRA 
studies conducted in both fresh and marine waters (Schoen and Ashbolt, 2010; Soller et 
al., 2010, 2014; Boehm et al., 2015, 2018; Brown et al., 2017; Boehm and Soller, 2020; 
Gitter et al., 2020, 2023). Health risks from fecal pathogens do exist, especially for 
pathogens that originate from humans and domestic animals (e.g., cattle), which can pose 
a significant public health concern. However, it is important to consider the fecal sources 
which may be contributing to a bacterial exceedance as well as the fecal indicator 
microbiological water quality standards.  
 
It is important to note though that several assumptions were made to conduct this QMRA, 
which may not necessarily be most representative of current water quality. The use of NGS 
approaches in risk assessment (as opposed to traditional library dependent or 
independent BST PCR/ quantitative polymerase chain reaction (qPCR) techniques) is novel 
and continues to be investigated, hence the development of the approach discussed in 
this report. The ability to detect an array of different fecal sources using NGS approaches 
and bioinformatics is extremely valuable, but the significant percentage of “unidentified” 
contributions increases the uncertainty in the assumptions, risk assessment model, and 
therefore risk estimates. The human health risk estimates discussed in the report should 
be considered a very conservative, worst case scenario assessment, but still a valuable 
public health perspective for assessing water quality. Future integrated QMRA-BST work 
will aim to improve the environmental data produced for the risk assessment model.  
 
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 
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watershed managers in decision making that can better target protecting public health 
while also improving water quality for future generations. 
 
 

   
Figure 12. Human health risks associated with each fecal source and for each monitoring site while engaging in 
primary contact activities. The red dashed line represents the suggested U. S. EPA risk threshold of 36 illnesses per 
1,000 recreators. 
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Figure 13. Human health risks associated with each fecal source and for each monitoring site while engaging in 
secondary contact activities. The red dashed line represents the suggested U. S. EPA risk threshold of 36 illnesses 
per 1,000 recreators. 

Task 4: BST Sample Collection 
To use NGS-based approaches for BST to characterize fecal source contributions and 
pathogens in the Lavaca River watershed through the collection of 80 known source fecal 
samples and 48 water samples. The goal of collecting 100 overall fecal samples was not 
reached as some species were more difficult to collect than others. 

Subtask 4.1: Targeted List of Species for Fecal Sample Collection 
TWRI worked with UTSPH EP, AgriLife SCSC and LNRA to develop a target list of needed 
species for fecal sample collection and plan for their collection and delivery. 
 
Subtask 4.2: Lavaca River Collection of Fecal Samples  
LNRA collected a total of 80 fecal samples from 9 fecal sources within the watershed in 
accordance with the plan developed in Subtask 4.1 and worked closely with AgriLife SCSC 
to coordinate delivery of the samples (Table 7). The 10th fecal source, bats, were not 
collected since there were no viable colonies for collection. Lavaca Navidad River 
Authority (LNRA) communicated with a select group of organizations, agencies and 
businesses in the watershed to arrange and resolve any access concerns and gather input 
to improve geographic targeting of sample collection. LNRA coordinated closely with TWRI, 
UTSPH EP and AgriLife SCSC to ensure sample delivery adhered to established QA/QC 
procedures.  
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Table 7. List of fecal samples collected for Lavaca River BST. 

*Human = 4 WWTP raw; 2 WWTP treated effluent; and 4 septic samples 
**No viable colonies located in Lavaca River Watershed for sample collection 

Subtask 4.3: Lavaca River Monthly Grab Samples 
LNRA collected monthly grab samples from 4 selected monitoring sites in the Lavaca River 
watershed (Table 8). LNRA/TWRI coordinated delivery of samples to AgriLife SCSC for 
processing. Collected water samples were analyzed for E. coli and incorporated into the 
overall NGS-BST and pathogen characterization study. 
 
Table 8. Sampling dates for Lavaca River water samples. 

Sampling Round Sampling Date* 
1 2/16/23 
2 3/28/23 
3 4/27/23 
4 5/18/23 
5 6/8/23 
6 6/29/23 
7 7/24/23 
8 12/5/23 
9 12/19/23 
10 2/8/24 
11 2/28/24 
12 3/22/24 

*Additional samples collected on 3/30/23 and 8/18/23 but not analyzed because did not have samples for all 
sites. 
 
Figure 14 displays the courses of the Lavaca River and its tributaries, as well as the 
geographic locations of the four selected water monitoring sites and sewage wastewater 
treatment plants. 

Source Number of Samples Collected 
Cat 8 
Cattle 10 
Chicken 8 
Deer 12 
Dog 10 
Feral hog 10 
Horse 5 
Human* 10 
Raccoon 7 
Bat** 0 
Total 80 
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Figure 14. The course of Lavaca River and its tributaries. It also shows the geographic locations of four selected 
water monitoring and sewer wastewater treatment plants. 
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Task 5: Next Generation Sequencing Analyses of Water Samples for 
Pathogens 
Water samples were evaluated for the presence of pathogens using NGS-based DNA 
sequencing. Data was interpreted in context for watershed management and assessed for 
the potential of the technology and analyses for use in future watershed planning to 
identify potential pollutant sources and human health risk. 

Subtask 5.1: Metagenomics Sequencing 
AgriLife SCSC performed metagenomics sequencing on DNA from the 48 extracted water 
samples (Task 3.3) using the Nanopore PromethION sequencing platform (this is a larger-
scale version of the long-read sequencing technology used in the MinION platform, and 
allowed for more rapid sample analysis). Sequencing, data quality control, and 
bioinformatics analysis were supported by the Texas A&M Institute for Genome Sciences 
and Society core facility and conducted with the advanced computing resources provided 
by Texas A&M High Performance Research Computing System on the Grace high-
performance computing cluster. Adapter trimming of sequences was performed using 
Porechop (version 0.2.4). Sequence data was compared against publicly available 
genomic databases (e.g., GenBank and Comprehensive Antibiotic Resistance Database) 
for identification of detected organisms with a focus on human pathogens and 
pathogenicity-related genes (e.g., antimicrobial resistance); this is described in more 
detail in the next section.  
 

Subtask 5.2: Metagenomics Data Analysis 
TWRI and AgriLife SCSC compared metagenomics data, E. coli grab sample data, water 
quality parameters, and land use information to determine any trends or unique findings 
pertinent to watershed management efforts. 

After quality control, a total of 452,144,926 long reads from 48 water DNA samples 
remained for downstream bioinformatics analyses, with an average of 9,419,686 reads per 
sample and an average read length of 3,139 base pair (bp). Sequencing results were 
screened for the presence of genes/targets known to be related to pathogenicity. 
Specifically, the trimmed sequencing reads were scanned for antimicrobial resistance 
(AMR) genes and virulence factors (VFs) by comparing against the CARD, MEGARes, and 
VFDB databases using ABRicate (version 1.0.0). CARD and MEGARes are two AMR gene 
databases while VFDB is a VF database. The gene abundance was normalized using the 
following equation: 

 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =  𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺
𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺ℎ

1000 ×𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇
1000000

 

RPKM: reads per kilobase per million reads. 
GeneNumReads: the number of reads mapped to the specific gene. 
GeneLength: the length of the specific gene in database (bp). 
TotalNumReads: the number of total reads in the sample. 
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The software Kraken2 (version 2.1.2) was used for the taxonomic assignment of trimmed 
metagenomics sequencing reads based on the combinations of several databases (e.g., 
GenBank, RefSeq, TPA, etc.). The results from ABRicate and Kraken2 were combined 
together to provide the taxonomy information for the reads that were predicted to contain 
AMR genes. 

Across the 48 Lavaca River water samples, a total of 371 AMR genes were detected using 
the CARD database, 304 AMR genes were identified by the MEGARes database, and 267 
VFs were found using the VFDB. As shown in Figure 15, AMR genes were categorized by the 
class of antibiotics they confer resistance to, with glycopeptide, rifamycin, and multi-drug 
being the top three resistance classes. The abundance of AMR genes and VFs was 
generally higher at Sites 18190 and 12527 compared to Sites 12524 and 12525. Although 
these two sites are upstream on the Lavaca River, Site 12527 is near the city of 
Hallettsville, and Site 18190 is in Rocky Creek, a tributary of the Lavaca River that flows 
through the city Shiner. This may explain the higher detection of AMR genes and VFs at 
these locations compared to the downstream sites. Across all four sites, the total 
abundance of AMR genes and VFs varied with sampling time, increased following heavy 
precipitation (dates marked in red), and was lowest during the summer/dry season.  

Three of the most commonly detected AMR genes were vanRO, rbpA, and mtrA, which 
confer resistance to glycopeptides, rifamycin, and multiple drugs, respectively. These 
genes constituted the majority of AMR gene abundance detected in the water samples and 
showed an increase following heavy precipitation (Figure 16).  
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Figure 15. Normalized abundance of antimicrobial resistance (AMR) genes and virulence factors (VFs) in Lavaca 
River water samples. The dates marked in red indicate heavy rainfall either on that day or within the preceding 2 to 
3 days. 



32 
 

 
Figure 16. Normalized abundance of top 20 antimicrobial resistance (AMR) genes in Lavaca River water samples 
determined by CARD database. The dates marked in red indicate heavy rainfall either on that day or within the 
preceding 2 to 3 days. 

The AMR gene vanRO detected in the Lavaca River water samples was most similar to 
genes harbored by Streptomyces species, followed by species of Nocardia and other 
genera. Streptomyces spp. are infrequent pathogens, with many naturally found in the 
environment and being the most important source of antibiotics for medical, veterinary, 
and agricultural use. Pathogenicity has not been reported for the Streptomyces species 
that carry the vanRO genes identified in the water samples. The Nocardia-like vanRO genes 
detected were similar to those found in N. terpenica and N. brasiliensis ATCC 700358 
which are known as pathogens, but they were not widely detected in these river water 
samples (Figure 17). 
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Figure 17. Visualization of the normalized abundance of vanRO gene in Lavaca River water samples. The upper 
panel displays a bar plot representing the total normalized abundance of vanRO across 48 river water samples. The 
lower panel presents a heatmap illustrating the distribution of the normalized abundance of vanRO among different 
bacterial species in the 48 river water samples. Rows represent bacterial species while columns correspond to 
individual river water samples. The color intensity, ranging from white to dark green, indicates the normalized 
abundance of vanRO, with darker color representing higher abundance values. 
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The rifamycin-resistance gene rbpA and multi-drug resistance gene mtrA were both 
primarily found in Mycolicibacterium/Mycobacterium species. Most Mycobacterium 
species are non-pathogenic to humans. However, the Mycobacterium avium complex 
(MAC), which includes M. avium and M. intracellulare, is an exception as members of this 
group can infect humans. These bacteria typically enter the body through inhalation into 
the lungs or ingestion, but they only cause infections in individuals who are 
immunocompromised or have severe lung disease. In the analyzed river water samples, 
genes rbpA and mtrA similar to those carried by MAC bacteria were detected but were not 
widespread (Figure 18; Figure 19). 

 
Figure 18. Visualization of the normalized abundance of rbpA gene in Lavaca River water samples. The upper 
panel displays a bar plot representing the total normalized abundance of rbpA across 48 river water samples. The 
lower panel presents a heatmap illustrating the distribution of the normalized abundance of rbpA among different 
bacterial species in the 48 river water samples. Rows represent bacterial species while columns correspond to 
individual river water samples. The color intensity, ranging from white to dark rose red, indicates the normalized 
abundance of rbpA, with darker color representing higher abundance values
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Figure 19. Visualization of the normalized abundance of mtrA gene in Lavaca River water samples. The upper panel displays a bar 
plot representing the total normalized abundance of mtrA across 48 river water samples. The lower panel presents a heatmap 
illustrating the distribution of the normalized abundance of mtrA among different bacterial species in the 48 river water samples. 
Rows represent bacterial species while columns correspond to individual river water samples. The color intensity, ranging from light 
gray to dark purple, indicates the normalized abundance of mtrA, with darker color representing higher abundance values.
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Subtask 5.3: NGS Technology and Watershed Management 
AgriLife SCSC evaluated findings for potential areas for further research concerning the 
use of NGS technology and watershed management.  
 
Multiple pathogenicity-related genes, including several related to AMR, were detected by 
the NGS sequencing, but most of these appeared to be from microorganisms not known to 
be human pathogens. There was both spatial and temporal variation observed for the 
results with samples from sites 18190 and 12527 and those collected within a few days 
after rainfall having greater levels of pathogenicity-related genes. Site 12527 is the most 
urban of the sites, being in Hallettsville, so it is possible that related point and nonpoint 
sources played a role. Sources around site 18190 are less clear being more rural, although 
it is downstream of Shiner. The higher levels generally detected across all sites after 
rainfall suggest contributions from nonpoint sources may have been important 
contributors.  
 
The NGS sequencing approach revealed some interesting results but may need to be 
modified for future projects. The Nanopore-based sequencing generated a relatively large 
number (~nine million) of reasonably long (~three thousand bp) reads per sample. The 
longer read length is a major advantage of Nanopore sequencing and likely resulted in 
more accurate taxonomic assignment than possible for shorter reads produced from other 
sequencing platforms. However, it appears that deeper sequencing or more targeted 
sequencing may be beneficial in future projects for detecting more pathogens in water 
samples like those from the Lavaca River in which pathogens are likely to be relatively low 
in abundance in comparison to the background microbiome. Also, the sampling sites in 
this project were relatively far apart allowing for limited delineation of potential sources. 
More targeted sampling, such as immediately upstream and downstream of major 
potential sources, may be beneficial in future projects.  

Subtask 5.4: Collaborate with NGS Experts 
AgriLife SCSC collaborated with experts at Texas A&M Institute for Genome Sciences and 
Society (TIGSS) and Oxford Nanopore Technologies to determine appropriate sequencing 
methods and bioinformatics approaches for using NGS techniques to better understand 
the potential of the science for advancing water quality management approaches in Texas. 
Results will be presented at future scientific conferences for discussion with other experts 
in the field. 

Subtask 5.5: Deposit NGS Data in GenBank 
AgriLife SCSC deposited NGS data in GenBank (accession No. PRJNA1126728). 

Task 6: Library-Independent Marker Development 
Developed and refined library-independent markers. 
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Subtask 6.1: Collect Bat Fecal Samples 
TWRI collected approximately 50 bat fecal samples and delivered them to AgriLife SCSC. 

Subtask 6.2: Extract DNA From Fecal Samples 
AgriLife SCSC sequenced the bat fecal microbiome using 16S rRNA gene-based NGS. 
Initial attempts to extract DNA from individual bat fecal pellets yielded insufficient DNA, so 
multiple bat fecal pellets were combined to generate discrete samples for extraction and 
sequencing. DNA was extracted using a ZymoBIOMICS® DNA Kit and full length 16S rRNA 
sequencing performed using the PacBio platform (Zymo Research, Irvine, CA).  Sequence 
data was deposited in GenBank (accession No. PRJNA1125459). 

Subtask 6.3: Analyze Sequence Data 
AgriLife SCSC analyzed sequence data and compared against those in publicly available 
genomic databases to identified unique, bat-specific sequences. Initial analysis of the 
sequence data indicated that the samples were dominated by the phylum Firmicutes 
(Figure 20). At the species level, Enterococcus faecalis and Lactococcus lactis were most 
abundant among the sequences (average relative abundance of 31.3% and 9.0%, 
respectively) and consistently occurred among the 50 bat samples (Figure 21), 
representing good candidates for marker evaluation. Therefore, the consensus sequence 
of Enterococcus faecalis was used for potential primer design. 
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Figure 20. Bacterial community composition of bat fecal samples at phylum level. 
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Figure 21. Relative abundance of top 20 most abundant bacterial species in bat fecal samples.
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Subtask 6.4: Prospective PCR Markers 
From these sequences in Subtask 6.3, prospective PCR markers were developed and 
evaluated for specificity and sensitivity. Specifically, representative sequences of 199 
ASVs that belong to Enterococcus faecalis were extracted from the representative 
sequences file. The multiple sequence alignment tool Clustal Omega was used to align the 
199 sequences. The multi-alignment result was visualized using software Jalview, and 
consensus sequence was exported for primer design in Primer3Plus. In the primer design 
process using Primer3Plus, the following parameters were established: primer size ranged 
from 18 to 24 nucleotides; GC content was set between 40% and 60%, with 50% 
considered optimal; the melting temperature fell within the range of 57°C to 63°C; and a 
minimum of one CG clamp was required. Ultimately, 10 sets of candidate primers were 
generated and tested specificity using NCBI Primer-BLAST tool. The sequences of the 
candidate primers are listed in Table 9. 
 
Table 9. Candidate primer pairs for PCR marker of bat feces. 

Primer Sequence Product size Specificity 
(Yes or No) 

pair1: forward: ATTGGAAAGAGGAGTGGCGG 192 bp Yes reverse: TGAGCCGTTACCTCACCAAC 

pair2: forward: CCACACTGGGACTGAGACAC 236 bp No  reverse: TGCCACCTACGTATTACCGC 

pair3: forward: TGGTAGTCCACGCCGTAAAC 189 bp No reverse: GGTAAGGTTCTTCGCGTTGC 

pair4: forward: TTCGGGGACAAAGTGACAGG 154 bp No reverse: ACCTTCCTCCGGTTTGTCAC 

pair5: forward: TCGTGTCGTGAGATGTTGGG 152 bp No reverse: CCCAGGTCATAAGGGGCATG 

pair6: forward: AAACGCATTAAGCACTCCGC 223 bp No reverse: ACATCTCACGACACGAGCTG 

pair7: forward: TGTAACTGACGCTGAGGCTC 164 bp No reverse: TCAACCTTGCGGTCGTACTC 

pair8: forward: TGGGAAGTACAACGAGTCGC 183 bp No reverse: AAACTCTCGTGGTGTGACGG 

pair9: forward: AACGCTTCTTTCCTCCCGAG 208 bp Yes reverse: CAACTAGCTAATGCACCGCG 

pair10: forward: CGCGGTGCATTAGCTAGTTG 162 bp No reverse: TGCTCGGTCAGACTTTCGTC 
 
The two primers with good specificity based on sequence analysis (pairs 1 and 9) represent 
good candidates for use as bat-specific qPCR markers. Future projects will evaluate their 
in vitro specificity using non-target samples and also explore potential development of 
qPCR probes for use with TaqMan chemistry for increased reaction specificity. 
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Subtask 6.5: Evaluate and Refine Bacterial PCR Markers 
AgriLife SCSC and UTSPH EP evaluated additional library-independent PCR markers for 
potential inclusion in the Texas BST toolbox. Specifically, qPCR for the human HF183 
marker and for general E. coli were evaluated. The HF183 assay, based on USEPA Method 
1696, was highly reproducible and was used to characterize water samples from 
Galveston Island and Beaumont. Marker levels were much higher in the freshwater 
samples from the Beaumont area than in the Galveston samples. Initial tests of an E. coli 
qPCR marker (Walker et al., 2017) were linear at higher concentrations, but the assay did 
not perform as well at lower concentrations. Additional testing will be required to evaluate 
and optimize the E. coli qPCR method. 

Task 7: BST Library Refinement 
Evaluate and refine the statewide E. coli BST Library. 

Subtask 7.1: Development and Refinement of Texas E. coli BST Library 
UTSPH EP and AgriLife SCSC collaborated to evaluate the geographical and temporal 
stability, composition, average rates of correct classification (accuracy), diversity of 
source specific isolates, and further development and refinement needs of the Texas E. 
coli BST library. 
 
No new known-source E. coli isolates were processed as part of this project, so the 
official, latest version of the Texas E. coli BST Library (ver. 04-22; Table 10) was not 
changed. In previous projects, there has been a concerted effort to add wildlife isolates to 
the Library given the large number of different wildlife species possibly present in a given 
watershed. This has resulted in wildlife being the largest category represented in the 
Library (Wildlife = 933; Domestic Animals = 562; Human = 447). This raised a question 
about whether this uneven representation between categories has an impact on source 
identification. As detailed in Subtask 7.2, alteration of the library composition, while 
adding a feral hog category, impacted source identification. The revised trial library had 
more isolates from livestock and domesticated animals but fewer from wildlife. This 
corresponded with more tested isolates being identified as originating from livestock and 
domesticated animals and less from wildlife. This suggests a potential artifact from library 
composition that warrants further study in future projects. 
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Table 10. 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 3- 
and 7-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. 
 

Subtask 7.2: Feral Hog Source Category 
Bioinformatic analysis was conducted to examine the possibility of creating a separate 
“feral hog” source category in the Texas E. coli BST Library using existing data. A new 4-way 
split version was established starting with 3,839 known source E. coli isolates archived and 
DNA fingerprinted from previous projects, of which 268 E. coli isolates originated from feral 
hogs. The feral hog isolates were removed from the wildlife source category and moved 
into a new “Feral Hog” source category. 
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To remove cosmopolitan (non-specific) E. coli source isolates, 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 with the goal 
of 100% average rate of correct classification (ARCC) using a 4-way split of source classes. 
In the first round or 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 4-way split of source classes and an 80% ARCC using 
an 8-way split. A total of 19% of the isolates were singletons (i.e., unique fingerprints; Table 
11).  
 
To examine the utility of the 4-way library, water isolates from a previous project were 
analyzed. There were 108 water isolates from Plum Creek that were archived and source 
identified against the current Texas E. coli BST Library at that time (Texas Water Resources 
Institute TR-508). Of the isolates screened, wildlife (avian and non-avian) dominated the 
identification. Of the non-avian wildlife isolates, the closest match for a large number of 
these isolates were to E. coli collected from feral hogs. Those 108 Plum Creek isolates 
were chosen to make a comparison with the current Texas E. coli BST Library (ver. 04-22, 
cross-library validation) and also the 4-way Texas E. coli BST Library (ver. 05-22, cross-
library validation) that has feral hog as a source class. 
 
Initially, the 3-way host class library identified 19 of the 108 Plum Creek water isolates as 
non-avian wildlife, and possibly originating from feral hogs (Table 12). The same isolates 
were screened against the 4-way library with the feral hog host class included, and 5 of 
those 108 isolates identified as feral hog. Only 3 water isolates identified as feral hog in 
both libraries. There were 16 isolates that were identified as possibly feral hog (closest 
match) from the 3-way library but then identified as something else in the 4-way library 
(Table 12). Feral hog was the closest match for one of the isolates in both libraries but it 
was below the 80% similarity threshold, so it was labeled as unidentified. 
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Table 11. 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 4 
and 8-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. 
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Table 12. Selected water isolates from Plum Creek in 2017 compared with the Texas E. coli BST Library (ver. 3-
way: 04-22, cross-library validation) and the Texas E. coli BST Library (ver. 4-way: 05-22, cross-library 
validation). 

 
 
 
 
 
 
 

Animal Source Similarity 3way ID Animal Source Similarity 4way ID
PC 1/30 12556-B Feral Hog 91.4 Wild Feral Hog 91.4 Feral Hog
PC 2/20 20484-B Feral Hog 88.1 Wild Feral Hog 88.1 Feral Hog
PC 9/26 12556-B Feral Hog 91.8 Wild Feral Hog 90.2 Feral Hog

PC 8/7 12556-A Feral Hog 89.7 Wild Human 89.3 Human
PC 4/3 12647-A Feral Hog 95.3 Wild Bird 82.4 Wild
PC 11/14 12640-B Feral Hog 86 Wild Cattle 88.6 Domesticated
PC 12/12 17406-A Feral Hog 92.4 Wild Cattle 83.9 Domesticated
PC 7/24 12647-A Feral Hog 86.3 Wild Cattle 88.9 Domesticated
PC 11/14 17406-B Feral Hog 83.8 Wild Cattle 83.4 Domesticated
PC 5/8 12556-A Feral Hog 91.9 Wild Cattle 94.4 Domesticated
PC 8/7 12647-A Feral Hog 85.4 Wild Cattle 86.1 Domesticated
PC 5/8 12647-A Feral Hog 88 Wild Cliff swallow 81.2 Wild
PC 3/13 12556-B Feral Hog 90 Wild Donkey 90.4 Domesticated
PC 4/3 12556-A Feral Hog 94.7 Wild Donkey 90.7 Domesticated
PC 4/3 17406-B Feral Hog 93 Wild Goose 83.5 WILD
PC 7/24 12556-B Feral Hog 88.4 Wild Rabbit, l ivestock 86.8 Domesticated
PC 7/24 17406-B Feral Hog 82.6 Wild Turkey 84.4 Wild

PC 5/8 17406-B Feral Hog 80.1 Wild Cowbird 77.8 Unidentified
PC 9/26 20484-A Feral Hog 80.1 Wild Cattle 77.4 Unidentified

PC 3/13 12647-B Feral Hog 77.3 Unidentified Grackle 80.5 Domesticated
PC 8/7 20484-A Feral Hog 79.1 Unidentified Feral Hog 79.1 Unidentified

PC 2/20 12640-C Raccoon 92.3 Wild Feral Hog 88.4 Feral Hog
PC 3/13 17406-B Cattle 87.7 Domesticated Feral Hog 87.5 Feral Hog

4way 05-22 TXSV Library3way 04-22 TXSV Library
Water Isolate Key
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Figure 22. Source classification of E. coli isolates (n=108) from Plum Creek 2017 using the Texas E. coli BST 
Library (ver. 3-way: 04-22, cross-library validation) and displayed in a 3-way split (L) and 7-way split (R). 

 
Figure 23. Source classification of E. coli isolates (n=108) from Plum Creek 2017 using Texas E. coli BST Library 
(ver. 4-way: 05-22, cross-library validation) and displayed in a 4-way split (L) and 8-way split (R). 

 
When using the current 3-way library, the composition of the 108 water isolates from Plum 
Creek was largely dominated by wildlife, however when using the 4-way library, the 
composition becomes largely dominated by livestock and domesticated animals (Figure 
22 and Figure 23). This could be explained by the self-validation process during the 
jackknife analysis in which a given known source isolate must correctly match with its 
associated host class in order to remain in the library. In the 3-way library, a known feral 
hog E. coli isolate that matches in the wildlife host class can remain in the library. For 
instance, a feral hog E. coli isolate can match with a raccoon or deer and still pass as a 
correct match of host class. This resulted in the 3-way library that had 1,942 entries of 
which 166 of the isolates were originating from feral hog (Table 10). However, the 4-way 
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library has a more stringent standard for feral hog isolates to remain in the library. The 
known source feral hog isolate must correctly match to a feral hog host class in order to 
remain in the library. This resulted in the 4-way library that had 2,116 entries of which only 
77 of the isolates were originating from feral hogs (Table 11).  
 
A wildlife known source isolate that previously matched to feral hog in the 3-way library 
would pass self-validation; however, this scenario happening in the 4-way library would 
kick out these incorrectly matched isolates. The 4-way library had 762 wildlife isolates 
compared to the 933 wildlife isolates in the 3-way library. Conversely, the 4-way library had 
an increased number of livestock and domesticated animal isolates after the final self-
validation process resulting in 847 isolates compared to the 562 livestock and 
domesticated animal isolates in the 3-way library (Table 10). This may have caused the 
Plum Creek water isolates to match with livestock and domesticated animals more often 
in the 4-way library as the best next match, which may have otherwise matched better to a 
wildlife isolate if they were not kicked out during jackknife analysis. Based on these results, 
it appears that adding a separate feral hog category would reduce accuracy of BST 
identifications as compared to the existing 3-way source classifications. 
 

Task 8: Education and Outreach 
The team provided continued education and outreach regarding BST and its application 
through improving the statewide knowledge base regarding current BST practices, 
scientific advances, improvements in the application of BST and incorporating information 
from other areas of the nation into the BST approaches used in Texas. Outreach also 
included discussion of scientific advances and opportunities of applying NGS technology 
to assess water quality and pollutant sources in water bodies in Texas. 

Subtask 8.1: BST Website 
TWRI hosted and maintained the http://texasbst.tamu.edu website to disseminate 
educational materials, project updates, science updates, notify readers about educational 
opportunities and other outreach efforts to advance the science and application of BST in 
Texas and nationally. 

Subtask 8.2: BST Outreach 
TWRI, UTSPH EP and AgriLife SCSC promoted the use of and provided resources on BST. 
This included development and distribution of informational material via social media 
platforms (e.g., Facebook and Twitter) and in print (e.g., tri-folds and handouts) that could 
be used to 1) discuss the appropriate application of BST in identifying fecal contamination 
sources and 2) promoted the analytical laboratory capability of public BST labs that the 
state has invested in. As appropriate, TWRI included information about BST in general, and 
this project specifically, in the txH2O magazine and Conservation Matters e-mail 
newsletter. Finally, TWRI, UTSPH EP and AgriLife SCSC periodically met with natural 
resource agencies, public and private laboratories, and other researchers/academia to 
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advance the general knowledge and understanding of BST and appropriate methodologies 
and standard operating procedures (SOPs) for use of BST in Texas. 

Task 9: Double Bayou BST Assessment 
To conduct BST analysis on water samples collected in the Double Bayou watershed to 
inform future implementation prioritization and support stakeholder education. 

Subtask 9.1: Double Bayou Watershed Routine and Stormwater Samples 
Houston Advance Research Center (HARC) coordinated and facilitated the collection of 20 
routine and stormwater samples in the Double Bayou watershed and arranged for sample 
delivery to AgriLife SCSC in College Station for BST analysis. 
 
The Double Bayou BST Assessment study’s 
goal was to characterize bacterial source 
loadings at monitoring locations on the East 
and West Forks of Double Bayou. HARC 
coordinated with the United States 
Geological Survey (USGS) to collect a total of 
20 water samples at four sites during five 
sampling events in the Double Bayou 
watershed (Figure 24). Five total samples 
were collected at each site. Sixteen routine 
(ambient conditions) and four event 
(stormwater) samples were collected from 
July 2023 through February 2024. 
 
The field-collected water samples were 
transferred to the AgriLife SCSC at Texas 
A&M University in College Station for 
processing using USEPA Method 1603.  
 

Subtask 9.2: Double Bayou Watershed 
ERIC-RP BST 
AgriLife SCSC processed samples received 
using traditional ERIC-RP BST methods and sent a final data report to HARC on 4/23/24. A 
total of 150 E. coli isolates were fingerprinted using Enterobacterial repetitive intergenic 
consensus sequence-polymerase chain reaction (ERIC-PCR) and RiboPrinting (RP) and 
compared against the Texas E. coli BST Library (ver. 04-22) for source determination.  
 
HARC conducted a BST assessment because stakeholders recommended it as a 
management measure during the creation of the WPP. The BST study results will be 

Figure 24. Map of 4 USGS sampling locations in the 
Double Bayou watershed 
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integrated for stakeholder engagement and adaptive management in the implementation 
phase of the Double Bayou WPP.  
 
Three- and seven-way split results for 150 isolates identified from all 20 water samples 
collected from the Double Bayou watershed are shown in Figures 25 and 26. In the three-
way split, 46% of the isolates were classified as originating from Wildlife, 27% Unidentified, 
25% were from Domesticated Animals, and 2% from Human sources. In the seven-way 
split, 32% of the isolates were classified as originating from Non-avian Wildlife, 27% 
Unidentified, 15% from Avian Wildlife, 12% from Cattle, 10% from Pets, 2% from Humans, 
2% from Non-avian Livestock, and 1% from Avian Livestock. There was one isolate that 
was identified as a tie between two E. coli isolates in different categories (Three-way split: 
Domesticated Animals and Wildlife; Seven-way split: Non-avian Wildlife and Pets). Half of 
the isolate was assigned to each of the two categories that resulted in a tie to determine 
the percentages for each source contribution. 
 

 
 

 

Figure 25. Source classification of E. coli isolates (combined n=150, where n is the number of isolates) from the Double Bayou 
watershed using a three-way split 
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Wildlife along with Domesticated Animals, including Pets and Cattle, are among the main 
sources influencing instream bacteria concentrations in the watershed. Pets contribute to 
instream bacteria concentrations at similar proportions to Cattle in the Double Bayou 
Watershed. However, slightly more than a quarter (27%) of the bacteria load originated 
from Unidentified sources.  
 

Task 10: Petronila and San Fernando Creek WPP Implementation 
To initiate WPP implementation activity in the Petronila and San Fernando Creeks 
watershed through continued stakeholder engagement, education and outreach activity 
and facilitated discussions regarding implementation activities. 

Subtask 10.1: Existing Stakeholder Engagement Efforts 
The watershed coordinator continued stakeholder engagement efforts by participating in 
existing meetings with individuals, groups, and public forums and discussed WPP 
implementation plans, efforts, progress, and related needs. 
 
Notable engagement efforts included coordination of monthly meetings with groups who 
are working with agricultural producers to implement water quality best practices in the 
Petronila Creek watershed, including the Coastal Bend Bays & Estuaries Program (CBBEP), 
Natural Resources Conservation Service, the American Farmland Trust, TAMU-CC, and 
TSSWCB. The Watershed Coordinator also facilitated communication meetings about 

Figure 26. Source classification of E. coli isolates (combined n=150, where n is the number of isolates) from the 
Double Bayou watershed using a seven-way split. 
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ongoing On-Site Sewage Facility (OSSF) remediation projects with partners including Harte 
Research Institute, CBBEP, the Nueces River Authority, and TWRI. Watershed Coordinator 
participated in public meetings and workshops including the Coastal Bend Row Crop 
Symposium, the Coastal Bend Alliance for Sustainable Stormwater meetings, Coastal 
Bend Regional Water Planning Group meetings, regional Soil and Water Conservation 
District meetings, CBBEP implementation team meetings, TCEQ Stakeholder meetings, 
and Watershed Coordinator Roundtables contributed to engagement efforts. Various 
communication channels, including email newsletters, postcard mailers, individual 
meetings, project website, and social media, were used by the Watershed Coordinator to 
effectively communicate with stakeholders. Additionally, a Baffin Bay Stakeholder Group 
meeting was held at HRI on November 2nd, 2023.  
 

Subtask 10.2: WPP Education and Outreach 
The watershed coordinator worked to schedule and deliver WPP related education and 
outreach content as appropriate across the watershed for audiences as appropriate to 
support WPP implementation plans and activities. 
 
Education and outreach activities included delivering presentations on WPP efforts and 
the Bringing Baffin Back initiative at events including the Baffin Bay Stakeholder Group 
meeting, the Rockport Bay Education Center’s Rockport Bay Talk series, the Corpus Christi 
CCA’s Anglers Night Out event, the Healthy Lawns Healthy Waters workshop, the Texas 
Riparian & Stream Ecosystem education workshop, the Kleberg-Kenedy Soil Health 
workshop, and the Texas Outdoor Writers Association conference. The Watershed 
Coordinator worked with program organizers to schedule WPP-related education events 
including the Healthy Lawns Healthy Waters workshop (Benevides TX, November 2023), 
the Kleberg-Kenedy Soil Health workshop (Kingsville TX, March 2024), the Texas Riparian & 
Stream Ecosystem Education workshop (Kingsville TX, May 2024), and the upcoming OSSF 
Maintenance workshop (Jim Wells County, August 2024). Additionally, the Watershed 
Coordinator, in collaboration with Dr. Wetz and additional partners and volunteers, 
successfully organized and facilitated a single-day Texas Brigades youth leadership camp 
titled ‘Exploring Baffin Bay’, at which participants learned about local watershed issues 
and dynamics, as well as outdoor recreation including boating, fishing, and birding. 
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Table S 1. QMRA parameters and assumptions. 

Parameter Value Units Source 

Geometric mean of E. coli at monitoring site 

12524: 392 

cfu/100mL Field data 12525: 281 
18190: 599 
12527: 192 

Human (sewage) 
E. coli 7.35 Log10 cfu/L (Rose, 2005) 

E. coli O157:H7 1.15 Log10 cfu/L (García-Aljaro et al., 2005) 
Salmonella 2.75 Log10 cfu/L (Koivunen et al., 2003; Lemarchand and Lebaron, 2003) 

Cryptosporidium 1.59 Log10 oocysts/L 
(Harwood et al., 2005; Crockett, 2007; Nasser, 2015; Yang 

et al., 2015; Schoen et al., 2017)  
Giardia 2.36 Log10 cysts/L (Harwood et al., 2005; Kitajima et al., 2014) 

Campylobacter 3.75 Log10 MPN/L (Stampi et al., 1993) 
Norovirus 3.1 Log10 gc/L (Eftim et al., 2017) 

Fraction Human-Infectious Strains 1 unitless  assumed 

Human (treated wastewater) 
E. coli 3.699 Log10 cfu/L (Rose, 2005) 

Cryptosporidium 1.2 Log10 oocysts/L (Rose, 2005) 
Giardia 1.8 Log10 cysts/L (Rose, 2005) 

Norovirus 3.63 Log10 gc/100mL (Flannery et al., 2013) 
Fraction Human-Infectious Strains 1 unitless assumed 

Cattle 
E. coli 4.88 Log10 cfu/g (US EPA, 2010; Padia et al., 2012) 

E. coli O157:H7 2.29 Log10 organisms/g 

(US EPA, 2010) 

Salmonella 3.6 Log10 organisms/g 
Cryptosporidium 1.45 Log10 organisms/g 

Giardia 1.85 Log10 organisms/g 
Campylobacter 3.15 Log10 organisms/g 

Fraction Human-Infectious Strains 0.835 unitless 

Chicken 
E. coli 10.6 cfu/g (Soller et al., 2010) 

Salmonella 2.45 Log10 organisms/g (US EPA, 2010) 
Campylobacter 4.15 Log10 organisms/g (US EPA, 2010) 

Fraction Human-Infectious Strains 0.495 unitless (US EPA, 2010) 
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Parameter Value Units Source 
Feral Hog 

E. coli 7.32 Log10 cfu/g (Gallagher et al., 2012) 
Salmonella 0.74 Log10 pathogens/g 

(Wahlstrom et al., 2003; Wacheck et al., 2010; Vieira-
Pinto et al., 2011; Díaz-Sánchez et al., 2013) Campylobacter 2.32 Log10 pathogens/g 

Fraction Human-Infectious Strains 0.165 unitless 

Dog 
E. coli 7.38 Log10 gc/g (Ahmed et al., 2018) 

Campylobacter 5.5 Log10 organisms/g (Chaban et al., 2010) 
Fraction Human-Infectious Strains 0.06 unitless (Gras et al., 2013) 

Ingestion Volume 
Swimming 14.13 mL (DeFlorio-Barker et al., 2018) 

Secondary Contact 
(example activity: fishing) 

1.28 mL (Dorevitch, 2011; McGinnis et al., 2022) 

 
Table S 2. Prevalence of infection of pathogens for non-human fecal sources. 

Fecal Source Reference Pathogen Prevalence of Infection Source 

Cattle 

E. coli O157:H7 18.9% 

(US EPA, 2010) 

Salmonella 11.5% 

Cryptosporidium 11.8% 

Giardia 18.6% 

Campylobacter 21.5% 

Campylobacter 33% 

Chicken 
Salmonella 47.5% 

(US EPA, 2010) 
Campylobacter 63% 

Feral Hog 
Salmonella 11% (Wahlstrom et al., 2003; Wacheck et al., 2010; Vieira-Pinto et al., 

2011; Díaz-Sánchez et al., 2013) Campylobacter 33% 

Dog Campylobacter 19% (Chaban et al., 2010) 
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Table S 3. Dose response models are utilized to estimate the risk of infection and illness. 

Pathogen Probability of Infection Probability of Illness | 
Infection 

References 

E. coli O157:H7 1-(1+dose/48.8)-0.248 0.4 (Teunis et al., 2008) 
Salmonella 1-(1+dose/2884)-0.3126 0.285 (Haas et al., 1999; Teunis et al., 1999) 

Cryptosporidium 1-exp(-0.09*dose) 0.5 (U.S. EPA, 2006) 

Giardia 1-exp(-0.01982*dose) 0.45 (Rose and Gerba, 1991; Eisenberg et al., 
1996) 

Campylobacter 1-(1+dose/7.59)-0.145 0.35 (Medema et al., 1996) 

Norovirus 0.72*(1-exp(-dose/1)) 0.55 (Messner et al., 2014; Van Abel et al., 
2017) 
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