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Abstract 

 Helicobacter pylori is a pathogenic bacterium that infects more than half of the world’s 

population. The large number of H. pylori infections in Puerto Rico could be related to the 

waterborne transmission of the pathogen. While the San Juan Bay Estuary (SJBE) system is 

home to over three million people, water quality studies in this area of Puerto Rico are lacking. 

The goal of this study is to determine seasonal and yearly (2020-2021) shifts and relationships 

between the presence of H. pylori and host-specific (human and dog) Bacteroides in streams that 

flow through the northern coastal zone of Puerto Rico and streams that drain into the SBJE 

waters using quantitative polymerase chain reaction (qPCR) methods and microbial source 

tracking (MST) techniques. The 16s rRNA gene fragment of H. pylori was detected in twenty-

nine (16.86%) of the 172 water samples collected over the two-year period with higher detection 

rates in the wet seasons (17.65%) than the dry seasons (16.09%). Microbial source tracking of 

human- and dog-specific Bacteroides in H. pylori positive samples over the two-year period 

resulted in equal detection rates (51.72%) of both host sources. Human- and dog-specific 

Bacteroides were detected in eighty-three (48.26%) and seventy-six (44.19%) of the 172 samples 

collected, respectively. A total of eleven samples were positive for all three markers (H. pylori, 

human, dog). Five of these samples were collected during the 2020 sampling event from two 

sample sites at subbasin Juan Méndez and one sample site from the Blasina, Rio Piedras Norte, 

and Dona Ana subbasins. The remaining six samples were collected during the 2021 sampling 

event from two sample sites located at the Dona Ana subbasin, and one sample site from 

subbasins Juan Méndez, Río Herrera, Blasina, and Río Canovanillas. 
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Introduction 

Puerto Rico 

 The San Juan Bay Estuary (SJBE) area in Puerto Rico is home to approximately 3.2 

million people (United States Census Bureau 2020). The island of Puerto Rico receives an 

abundant amount of rainfall each year and averages about one tropical cyclone per year (Pielke 

et al. 2003). With average water temperatures of approximately 25°C in both the wet and dry 

seasons, the climate of this area is optimal for the growth and survival of aquatic enterococci and 

potential pathogens (Truitt et al. 2020). Fecal contamination from human or animal sources 

poses a serious health risk when detected in surface waters. Septic tanks introduce approximately 

165 million gallons per day into the streams of the Rio Piedras Watershed alone (Sodenberg 

2008, Quiñones 2012, Garcia-Montiel et al. 2014). Human fecal pollution from septic tanks has 

previously been identified as having a correlation to general public health of tropical regions 

(Lamparelli et al. 2015). This risk remains present whether the population is using the surface 

water for drinking, food production, or recreational use (Soller et al. 2010, Kauppinen et al. 

2019).  

It is not uncommon for the presence of potentially harmful pathogens to correlate with 

locations high in enterococci number (Korajkic et al. 2018). H. pylori is a human pathogen that 

largely impacts the health of people living in developing countries, such as Puerto Rico 

(González-Pons et al. 2017). Helicobacter pylori infections have previously been correlated with 

gastric carcinomas (Ernst & Gold 2000, Peek & Crabtree 2006). Gastric cancer was listed as the 

fifth leading cause of death for men living in Puerto Rico from the years 2008 to 2012 (Zavala-

Zegarra et al. 2015). A 2017 study of a Puerto Rican population found that 33% of the 

population was infected with H. pylori (González-Pons et al. 2017). 
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Helicobacter pylori 

 Helicobacter pylori is a gram-negative, flagellate, microaerophilic bacterium that was 

first identified as pathogenic in 1984 (Marshall & Warren). This bacterium can be found in 

numerous morphological forms including spiral, curved/straight, filamentous, and coccoid forms 

(Martinez et al. 2017, Sycuro et al. 2010, Sycuro et al. 2012). The variability of H. pylori forms 

as a rapid response to environmental changes may facilitate its pathogenicity and allow for 

survival in a particular niche. H. pylori has previously been isolated from human hosts as well as 

aquatic environments (Idowu et al. 2019, Li et al. 2021). H. pylori employs an array of virulence 

factors to achieve its goal of attacking host cells. The pathogen’s motility is mediated by flagella 

as it moves toward the epithelial cells of the host’s stomach where it will eventually penetrate the 

mucus lining (Kao et al. 2016). H. pylori can attach to the epithelial cells of the host through the 

production of adhesins (Huang et al. 2016). The pathogen exits the host through the host’s feces 

which can eventually be found in nearby aquatic environments that may be involved in the 

transmission route of the pathogen (Vale & Vitor 2010). 

Previous literature provides evidence for H. pylori infections through oral-oral, fecal-oral, 

or gastro-oral routes. Indirect transmission routes such as food or water have also been suggested 

(Khalifa et al. 2010, Goh et al. 2011). Water was first suggested as a route of transmission in 

1991 and H. pylori has since been detected in water sources through PCR amplification and 

media culturing (Klein et al. 1991, Hulten et al. 1996, Moreno et al. 2007, McDaniels et al. 

2005, Nayak & Rose 2007). Following this suggestion, H. pylori infections have also been linked 

to lack of clean drinking water and proper sanitation (Baker & Hegarty 2001, Brown 1999, 

Kusters et al. 2006, Soto et al. 2003, Ramirez-Ramos et al. 1997). 
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After the detection of H. pylori in patients with gastric ulcers, duodenal ulcers, and 

duodenal cancer, Marshall and Warren (1984) identified H. pylori as an infectious pathogen. H. 

pylori has since been identified as the source of infection in human patients diagnosed with 

gastric carcinoma and mucosa-associated lymphoid tissue (MALT) lymphoma (Crowe 2019, 

McColl 2010, Gravina et al. 2018). It has been shown that the number of coccoid forms of H. 

pylori is higher in patients that have been diagnosed with gastric adenocarcinoma than in patients 

that have been diagnosed with peptic ulcer diseases. This suggests the coccoid bacteria’s 

potential involvement in carcinogenesis (Zhao et al. 2017). Prompted by this discovery, the 

International Agency for Research on Cancer (IARC) (1994) classified H. pylori as a class I 

carcinogen. It has been shown that both the spiral and coccoid forms of H. pylori are crucial for 

the colonization of the human stomach (Worku et al. 1999).  

 Helicobacter pylori possesses the ability to adapt and survive in harsh or unfavorable 

conditions. This bacterium is capable of decreasing metabolic activity by transforming into a 

coccoid form during stressful conditions (Saito et al. 2003, Sōrberg et al. 1996, Kusters et al. 

1997). The coccoid form of H. pylori has been divided into the three following categories: dying 

form, viable and culturable form, and a viable but nonculturable (VBNC) form (Gião et al. 2008, 

Azevedo et al. 2007). H. pylori may convert to a VBNC form once it experiences an 

environmental shift, such as a decrease in temperature or the depletion of nutrients (Besnard et 

al. 2002, Cook & Bolster 2007). The conversion of H. pylori to a VBNC state can increase its 

chance of survival by slowing metabolism, reducing nutrient absorption, and decreasing the 

amounts of cytoplasm and proteins which gives it a higher resistance to physical and chemical 

factors (Kryżek & Gosciniak 2018, Zhao et al. 2017). VacA and UreA mRNA genes have 

previously been detected through reverse transcription-polymerase chain reaction of H. pylori 
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cells in the coccoid, VBNC form suggesting that the bacterium may still be infectious in this 

form (Nilsson et al. 2002). 

 The conversion of H. pylori into a VBNC state can make detection of the pathogen much 

more difficult. In this state, it is difficult to culture pathogens on typical media, which makes the 

identification of H. pylori increasingly more challenging (Oliver 2005). The detection of H. 

pylori in both human host and aquatic sources is key in eradication of gastric diseases linked 

with the bacterium. The urea breath test (UBT) and the stool antigen test (SAT) are two most 

commonly used non-invasive methods of H. pylori detection in human hosts (Saxena et al. 2020, 

Idowu et al. 2019, Yañez et al. 2000, Pellicano et al. 2005). In marine samples, the most specific 

detections of H. pylori have been a result of polymerase chain reactio amplification of virulence 

genes (Idowu et al. 2019). 

  

Microbial Source Tracking (MST) 

 Fecal indicator bacteria (FIB), such as Escherichia coli, have often been used as 

measurement of fecal contamination and water quality in tropical water sources (Kongprajug 

2021). This detection method, while useful, is unable to identify the source host of the fecal 

contamination. Instead, microbial source tracking (MST) is now often used to identify and 

distinguish fecal contamination from different animal hosts (Sowah et al. 2017, Brooks et al. 

2020, Marti et al. 2013, Molina et al. 2014). Animal hosts are identified through qPCR 

amplification of the 16S ribosomal RNA gene of different Bacteroides that are specific to 

different animal hosts, such as humans and dogs (Boehm et al. 2013, Layton et al. 2013, 

Bernhard & Field 2000, Kildare et al. 2007). The objectives of this study are to identify the 

presence of H. pylori in the SJBE waters of Puerto Rico between the years 2020 and 2021 and to 
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identify relationships between H. pylori and human- and dog-specific fecal pollution through 

quantitative polymerase chain reaction (qPCR) and microbial source tracking (MST). 

 

Methods 

Sampling Sites 

 A total of one hundred and seventy-two samples were collected from twenty-three 

different subbasins located in the SBJE. Sample site locations were selected using specific 

criteria of interest such as agriculture or population. Dry season sampling events (June 2020 and 

June 2021) and wet season sampling events (August 2020 and August 2021) are listed by sample 

number and site location in Table 1 and are depicted in Figures 1-6. 

 

Table 1. Watershed, station, latitude, and longitude for each corresponding sample site. (a) June 

2020 sampling event. (b) August 2020 sampling event. (c) June 2021 sampling event. (d) August 

2021 sampling event.  

 

Sample # Subbasin Station Latitude Longitude 

1a Rio Piedras Sur 9 18.3435 -66.0598 

2a Rio Piedras Sur 7 18.35853 -66.0656 

3a Rio Piedras Norte 1 18.36687 -66.0633 

4a Rio Piedras Norte 4 18.39435 -66.056 

5a Rio Piedras Norte 7 18.41659 -66.0785 

6a Margarita 9 18.41197 -66.1039 

7a Margarita 11 18.40846 -66.0963 

8a Juan Méndez 4 18.39855 -66.0405 

9a Juan Méndez 10 18.42451 -66.0397 

10a Juan Méndez 11 18.42454 -66.0395 

11a Juan Méndez 12 18.42725 -66.0395 

12a Blasina 8 18.39529 -65.9655 

13a Blasina 9 18.41554 -65.9652 
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14a Blasina 10 18.41848 -65.9665 

15a Blasina 17 18.38433 -65.9677 

16a Blasina 19 18.38887 -65.9741 

17a San Antón 8 18.41328 -66.0078 

18a San Antón 11 18.41798 -66.0006 

19a San Antón 12 18.42146 -65.991 

20a Dona Ana 5 18.39349 -66.0906 

21a Dona Ana 11 18.40133 -66.0778 

22a Josefina 3 18.3947 -66.0798 

23a Josefina 5 18.39996 -66.0766 

24a Río Grande de Loíza 2 18.3859 -65.9209 

25a Río Grande de Loíza 14 18.42989 -65.8806 

26a Río Grande de Loíza 16 18.43329 -65.8837 

27a Río Canovanillas 2 18.30439 -65.9103 

28a Río Canovanillas 5 18.3153 -65.9041 

29a Río Canóvanas 3 18.29217 -65.8889 

30a Río Canóvanas 15 18.33826 -65.8884 

31a Río Canóvanas 16 18.34728 -65.8917 

32a Río Canóvanas 17 18.34455 -65.8919 

33a Bocaforma 1 18.37559 -65.9042 

34a Bocaforma 2 18.3775 -65.9053 

35a Bocaforma 5 18.38054 -65.8966 

36a Río Herrera 2 18.33242 -65.867 

37a Río Herrera 3 18.33947 -65.8675 

38a Río Herrera 4 18.3394 -65.8668 

39a Río Herrera 6 18.34865 -65.8661 

40a Río Herrera 11 18.3815 -65.8538 

41a Quebrada Angela 7 18.38796 -65.8446 

42a Quebrada Cambalache 4 18.3815 -65.8623 

43a Canal San Isidro 2 18.39106 -65.892453 

44a Canal San Isidro 4 18.39817 -65.896519 

1b Rio Piedras Norte 3 18.38402 -66.0587 

2b Rio Piedras Norte 5 18.40246 -66.0649 
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3b Rio Piedras Norte 6 18.41052 -66.0704 

4b Margarita 1 18.39897 -66.1086 

5b Margarita 2 18.39891 -66.1086 

6b Catano Toro Greek 18.41919 -66.1281 

7b Catano Puente Blanco 18.43014 -66.1369 

8b Juan Méndez 3 18.39778 -66.0422 

9b Juan Méndez 7 18.41992 -66.0374 

10b Blasina 5 18.38292 -65.9839 

11b Blasina 7 18.38577 -65.9782 

12b Blasina 19 18.38887 -65.9741 

13b San Antón 7 18.41064 -66.0012 

14b Sabana Llana 6 18.39249 -66.014 

15b Guaracanal 6 18.38432 -66.0574 

16b Guaracanal 1 18.36378 -66.0314 

17b Buena Vista 7 18.39982 -66.0671 

18b Dona Ana 6 18.38989 -66.094 

19b Josefina 2 18.3908 -66.0816 

20b Josefina 4 18.3972 -66.0781 

21b Río Grande de Loíza 4 18.39203 -65.913 

22b Río Grande de Loíza 7 18.41363 -65.8905 

23b Río Grande de Loíza 15 18.43035 -65.8813 

24b Río Grande de Loíza 16 18.43329 -65.8837 

25b Río Canovanillas 4 18.30906 -65.9051 

26b Río Canovanillas 9 18.34989 -65.9236 

27b Río Canovanillas 12 18.37135 -65.9205 

28b Río Canovanillas 13 18.37699 -65.9164 

29b Río Canóvanas 2 18.26704 -65.8751 

30b Río Canóvanas 6 18.31625 -65.8842 

31b Río Canóvanas 8 18.32654 -65.8888 

32b Río Canóvanas 18 18.36137 -65.8877 

33b Río Canóvanas 20 18.37866 -65.8922 

34b Bocaforma 3 18.37585 -65.8972 

35b Bocaforma 6 18.38137 -65.9006 
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36b Río Herrera 6 18.34865 -65.8661 

37b Río Herrera 8 18.37807 -65.8588 

38b Río Herrera 10 18.38031 -65.85 

39b Quebrada Angela 4 18.35905 -65.8672 

40b Quebrada Angela 6 18.37815 -65.8616 

41b Quebrada Angela 8 18.38893 -65.8623 

42b Quebrada Cambalache 1 18.36911 -65.8733 

43b Canal San Isidro 1 18.3819 -65.886270 

1c Rio Piedras Norte 2 18.40245639 -66.06490361 

2c Rio Piedras Norte 2 18.41052389 -66.07038472 

3c Juan Méndez 4 18.39778333 -66.04221611 

4c Juan Méndez 4 18.41991889 -66.03736694 

5c Buena Vista 10 18.39982389 -66.06707472 

6c Dona Ana 12 18.38989361 -66.09403417 

7c Josefina 13 18.39080278 -66.08157778 

8c Dona Ana 12 18.3972 -66.07811389 

9c Catano Toro Greek 18.419188 -66.128051 

10c Catano Puente Blanco 18.430143 -66.136908 

11c San Antón 7 18.41063833 -66.00124389 

12c Río Grande de Loíza 14 18.39203 -65.913011 

13c Río Grande de Loíza 14 18.413626 -65.890491 

14c Río Grande de Loíza 14 18.430346 -65.881289 

15c Río Grande de Loíza 14 18.43329 -65.883662 

16c Río Herrera 18 18.348647 -65.866104 

17c Río Herrera 18 18.378067 -65.858803 

18c Río Herrera 18 18.380314 -65.849966 

19c Quebrada Angela 19 18.359046 -65.86724 

20c Quebrada Angela 19 18.378148 -65.861579 

21c Quebrada Angela 19 18.38893 -65.86228 
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22c Quebrada Cambalache 20 18.369111 -65.873332 

23c Canal San Isidro 21 18.381895 -65.88627 

24c Rio Piedras Norte 2 18.38401583 -66.05871889 

25c Blasina 5 18.38291944 -65.98387972 

26c Blasina 5 18.38577194 -65.97821833 

27c Blasina 5 18.388865 -65.974051 

28c Sabana Llana 8 18.39249472 -66.01400028 

29c Guaracanal 9 18.36378083 -66.03140361 

30c Guaracanal 9 18.38431639 -66.057385 

31c Río Canovanillas 15 18.30906 -65.905053 

32c Río Canovanillas 15 18.34989 -65.923588 

33c Río Canovanillas 15 18.371353 -65.920459 

34c Río Canovanillas 15 18.376992 -65.916357 

35c Río Canóvanas 16 18.267042 -65.875099 

36c Río Canóvanas 16 18.316247 -65.884178 

37c Río Canóvanas 16 18.326537 -65.888797 

38c Río Canóvanas 16 18.361373 -65.887702 

39c Río Canóvanas 16 18.378657 -65.892234 

40c Bocaforma 17 18.375847 -65.89716 

41c Bocaforma 17 18.381368 -65.90062 

1d Rio Piedras Sur 1 18.34349722 -66.05983306 

2d Rio Piedras Sur 1 18.35853028 -66.06557778 

3d Rio Piedras Norte 2 18.36687111 -66.06330722 

4d Rio Piedras Norte 2 18.39434917 -66.05604444 

5d Margarita 3 18.41196722 -66.10391139 

6d Margarita 3 18.40845778 -66.09632861 

7d Juan Méndez 4 18.39854917 -66.040465 

8d Juan Méndez 4 18.42450889 -66.03970111 
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9d Juan Méndez 4 18.42454417 -66.03948694 

10d Juan Méndez 4 18.42724694 -66.03953778 

11d Blasina 5 18.39528944 -65.96548 

12d Blasina 5 18.41553833 -65.96521583 

13d Blasina 5 18.41847722 -65.96653333 

14d Blasina 5 18.38433139 -65.96771222 

15d Blasina 5 18.388865 -65.974051 

16d San Antón 7 18.4132825 -66.00784444 

17d San Antón 7 18.41798 -66.000591 

18d San Antón 7 18.421456 -65.990973 

19d Dona Ana 12 18.39349361 -66.09062583 

20d Dona Ana 12 18.40132778 -66.07781917 

21d Josefina 13 18.3947 -66.07979444 

22d Josefina 13 18.39996111 -66.07657222 

23d Rio Piedras Norte 2 18.4165925 -66.07854333 

24d Río Grande de Loíza 14 18.385898 -65.920941 

25d Río Grande de Loíza 14 18.429894 -65.880633 

26d Río Grande de Loíza 14 18.43329 -65.883662 

27d Río Canovanillas 15 18.34989 -65.923588 

28d Río Canovanillas 15 18.371353 -65.920459 

29d Río Canóvanas 16 18.292173 -65.88889 

30d Río Canóvanas 16 18.338262 -65.888405 

31d Río Canóvanas 16 18.347277 -65.891652 

32d Río Canóvanas 16 18.344551 -65.891866 

33d Bocaforma 17 18.375592 -65.904241 

34d Bocaforma 17 18.377496 -65.905261 

35d Bocaforma 17 18.380541 -65.896559 

36d Río Herrera 18 18.332418 -65.866983 
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37d Río Herrera 18 18.339469 -65.86748 

38d Río Herrera 18 18.339396 -65.866819 

39d Río Herrera 18 18.348647 -65.866104 

40d Río Herrera 18 18.381499 -65.853813 

41d Quebrada Angela 19 18.387964 -65.844627 

42d Quebrada Cambalache 20 18.381499 -65.862326 

43d Canal San Isidro 21 18.391064 -65.892453 

44d Canal San Isidro 21 18.398167 -65.896519 

 

 

DNA Extraction 

 A 0.22-µm-pore-size nitrocellulose membrane filter (Type GS, Millipore, Billerica, MA, 

USA) was used to filter one hundred milliliters of each water sample. These filters were then 

frozen at -20°C and shipped on dry ice to Georgia College and State University where a Qiagen 

PowerSoil Kit (Qiagen, Hilden, Germany) was used to extract DNA from the filters following a 

modified protocol (Bachoon et al. 2010). Extracted DNA was quantified using a Nanodrop ND-

1000 Spectrophotometer (Wilmington, DE) and then stored at -20°C until further analysis. 

 

Quantitative Polymerase Chain Reaction (qPCR) Detection of Helicobacter pylori 

 Quantitative polymerase chain reaction (qPCR) assays targeted an 85-bp segment of the 

16S ribosomal RNA gene found in H. pylori (Kobayashi et al. 2002). Extracted DNA 

amplification using the Bio-Rad CFX96 (Hercules, California, 94547, USA) was performed in 

duplicates and followed a modified protocol (Holman et al. 2014). Each assay consisted of 

genomic DNA from H. pylori ATTC® 700392D-5 as a positive control, genomic DNA from E. 

coli strain B Sigma® D4889 as a negative control, and a no-template control. The final mixture 
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of each SsoFast Evagreen (Bio-Rad) reaction had a volume of 20µL and contained 10ng of 

template DNA, 1.5mM of magnesium, and 500nM of each primer (Table 2). Each qPCR reaction 

was performed under the following conditions: 95°C for 3 minutes; 40 cycles of 95°C for 10 

seconds, and 67°C for 20 seconds (Holman et al. 2014). 

 

Quantitative Polymerase Chain Reaction (qPCR) Assays of Microbial Source Tracking (MST) 

 Both human and dog fecal pollution qPCR assays were performed in duplicate using 

QuantiTect Probe PCR (Qiagen) reagents. Each assay had a total volume of 20 µl and consisted 

of 2 µl of extracted DNA, 500nM of each primer, and 200nM of the probe (Table 2). Assays 

were subjected to thermal conditions beginning with 95°C for 15 minutes, followed by 40 cycles 

at 95°C for 10 seconds and 60°C for 40 seconds. Bacteroides specific to dog and human hosts 

were used as positive controls and E. coli strain B genomic DNA Sigma® D4889 was used as a 

negative control (Bachoon et al. 2010). Specifically, Bacteroides dorei and canine fecal DNA 

were used as positive controls. No-template controls were also performed for both assays. 
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Table 2. Primer and probe sequences of Helicobacter pylori and microbial source tracking qPCR 

assays. 

 

Target Primer Sequence Reference 

16S rRNA gene HP-F 

HP-R 

CTCATTGCGAAGGCGACCT 

TCTAATCCTGTTTGCTCCCCA 

Kobayashi et al. 

2002 

    

Human HF-183-1 

BFDRev 

BFDFam 

ATCATGAGTTCACATGTCCG 

CGTAGGAGTTTGGACCGTGT 

6-FAM-

CTGAGGAGAAGGTCCCCCACATTG

GA-TAMRA 

Green et al. 2014 

    

Dog BacCan-545F1 

BacUni-690R2 

Probe 

GGAGCGCAGACGGGTTTT 

AATCGGAGTTCCTCGTGATATCTA 

6-FAM-

CTGAGGAGAAGGTCCCCCACATTG

GA-TAMRA-MGB 

Kildare et al. 2007 

 

 

Results 

Helicobacter pylori and MST 

 A total of one hundred and seventy-two water samples were analyzed for the presence of 

H. pylori and host-specific MST markers during the wet and dry seasons between the years 2020 

and 2021 (Table 3). A total of eighty-seven samples were analyzed from the dry and wet seasons 

during the year 2020. Approximately 15.91% of the samples collected during the 2020 dry 

season and 20.93% of the samples collected during the 2020 wet season were positive for H. 

pylori. The water samples collected during the 2020 wet and dry sampling events collectively 

showed an H. pylori detection rate of 18.39% (Figure 1).  
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 Microbial source tracking of the samples collected during the dry 2020 sampling event 

resulted in three samples that were positive for both H. pylori and human fecal bacteria (Figure 1 

and Figure 3). During the wet 2020 sampling event, six of the samples were positive for both H. 

pylori and human fecal bacteria. During the 2020 sampling season, a total of 5 samples were 

positive for all markers tested (H. pylori, human fecal pollution, and dog fecal pollution). Two of 

these samples were collected during the dry sampling event from sample sites at Blasina and 

Juan Méndez, and the remaining three samples were collected during the wet sampling event 

from sample sites at Rio Piedras Norte, Juan Méndez, and Dona Ana (Figure 1, Figure 3, and 

Figure 5). 

A total of eighty-five water samples were analyzed from the dry and wet seasons during 

the year 2021. Approximately 19.51% of the samples collected during the 2021 dry season and 

11.36% of the samples collected during the 2021 wet season were positive for H. pylori. The 

water samples collected during the 2021 wet and dry sampling events collectively showed an H. 

pylori detection rate of 15.29% (Figure 2).  

Microbial source tracking of the samples collected during the dry 2021 sampling event 

resulted in five samples that were positive for both H. pylori and human fecal bacteria (Table 3). 

During the wet 2021 sampling event, only one sample, collected from the Río Canovanillas 

subbasin, was positive for both H. pylori and human fecal bacteria markers (Table 3, Figure 2, 

and Figure 4). During the 2021 sampling event, a total of six samples were positive for all 

markers tested (Table 3). Five of the samples were collected during the dry sampling event from 

two sample sites at Dona Ana, and sample sites located at the Juan Méndez, Río Herrera, and 

Blasina subbasins. The remaining sample was collected during the wet sampling event from a 

sample site located at the Río Canovanillas subbasin (Figure 2, Figure 4, and Figure 6). 
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Table 3. Positive (+) and negative (-) qPCR results for Helicobacter pylori and animal-specific 

fecal markers in water samples collected during dry (June) and wet (August) seasons over a two-

year period. (a) June 2020. (b) August 2020. (c) June 2021. (d) August 2021. 

 

Sample Site H. pylori Human Dog 

1a - - - 

2a - - + 

3a - + + 

4a - + + 

5a - + + 

6a - + + 

7a - + - 

8a + + + 

9a - - - 

10a - + + 

11a - + + 

12a + + + 

13a - - - 

14a - - - 

15a - - - 

16a - - - 

17a - + + 

18a - - - 

19a - + + 

20a - + + 

21a - + + 

22a - + + 

23a - + + 

24a - - - 

25a + + - 

26a - - + 

27a - - - 

28a - - + 

29a - - + 

30a - - - 

31a - - - 
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32a - - + 

33a + - + 

34a - - - 

35a - - + 

36a + - - 

37a - - - 

38a - - + 

39a + - + 

40a + - - 

41a - + + 

42a - + + 

43a - + - 

44a - + + 

1b + + + 

2b + + - 

3b - + + 

4b - + - 

5b + + - 

6b - + - 

7b - - + 

8b - + + 

9b + + + 

10b - + + 

11b - + + 

12b - + + 

13b - + + 

14b - + - 

15b - + - 

16b - - - 

17b - + + 

18b + + + 

19b - - - 

20b - + + 

21b - - - 

22b - - - 

23b - - - 
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24b + - - 

25b - - - 

26b + - - 

27b - + + 

28b - + + 

29b - - - 

30b - - - 

31b + - + 

32b - - - 

33b - - - 

34b - - - 

35b + + - 

36b - - - 

37b - - - 

38b - + - 

39b - - - 

40b - + - 

41b - - - 

42b - - - 

43b - - - 

1c - + + 

2c - + + 

3c + + + 

4c - + + 

5c - + + 

6c + + + 

7c - - - 

8c + + + 

9c - + + 

10c - + - 

11c - + + 

12c - - - 

13c - + - 

14c - - - 

15c - - - 

16c - - - 
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17c - - + 

18c + + + 

19c - - + 

20c - + - 

21c - - - 

22c - - + 

23c - - - 

24c - - + 

25c - + - 

26c + + + 

27c - + + 

28c - + + 

29c + - + 

30c - + + 

31c - - + 

32c - - - 

33c - + + 

34c - - - 

35c - + + 

36c + - - 

37c - - + 

38c - - - 

39c - - + 

40c + - - 

41c - + + 

1d - - - 

2d - - - 

3d - - - 

4d - - - 

5d + - - 

6d - + - 

7d + - - 

8d - - - 

9d - + + 

10d - + + 

11d + - - 
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12d - - + 

13d - - + 

14d + - - 

15d - - + 

16d - + + 

17d - - - 

18d - + + 

19d - + + 

20d - - - 

21d - - - 

22d - - + 

23d - + - 

24d - - - 

25d - + - 

26d - - - 

27d - - - 

28d + + + 

29d - - - 

30d - + - 

31d - + - 

32d - + - 

33d - + - 

34d - - - 

35d - + - 

36d - - - 

37d - - - 

38d - + - 

39d - - - 

40d - + - 

41d - + - 

42d - + - 

43d - + - 

44d - + - 
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Figure 1. Presence of Helicobacter pylori in samples collected from the San Juan Bay Estuarian 

(SJBE) study area during both the dry (triangles) and wet (circles) seasons 2020. Red indicates a 

positive result, while green indicates a negative result. 

 

 
Figure 2. Presence of Helicobacter pylori in samples collected from the San Juan Bay Estuarian 

(SJBE) study area during both the dry (triangles) and wet (circles) seasons 2021. Red indicates a 

positive result, while green indicates a negative result. 
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Figure 3. Presence of human fecal pollution in samples collected from the San Juan Bay 

Estuarian (SJBE) study area during both the dry (triangles) and wet (circles) seasons 2020. Red 

indicates a positive result, while green indicates a negative result. 

 

 
Figure 4. Presence of human fecal pollution in samples collected from the San Juan Bay 

Estuarian (SJBE) study area during both the dry (triangles) and wet (circles) seasons 2021. Red 

indicates a positive result, while green indicates a negative result. 
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Figure 5. Presence of dog fecal pollution in samples collected from the San Juan Bay Estuarian 

(SJBE) study area during both the dry (triangles) and wet (circles) seasons 2020. Red indicates a 

positive result, while green indicates a negative result. 

 

 
Figure 6. Presence of dog fecal pollution in samples collected from the San Juan Bay Estuarian 

(SJBE) study area during both the dry (triangles) and wet (circles) seasons 2021. Red indicates a 

positive result, while green indicates a negative result. 
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Discussion 

 Overall, Helicobacter pylori was detected in 16.86% of samples collected during the 

2020 and 2021 wet and dry seasons (Table 3 and Figures 1-2). Previous studies of tropical 

regions have resulted in the detection of H. pylori being higher than the percentage detected in 

the current study (Sondos et al. 2018) With H. pylori infection rates as high as 33% in Puerto 

Rico, it was expected that H. pylori would be detected in the rivers and streams of the SBJE 

(González-Pons et al. 2017). 

 Helicobacter pylori presence in the SBJE system was higher during the dry seasons 

compared to the wet seasons (Table 3 and Figures 1-2). These results could be attributed to the 

dilution of water experienced in the study area during the dry seasons. The dilution of water in 

the study area can often result in larger numbers of pathogens per sample collected. A previous 

study of the coastal waters of Puerto Rico resulted in a greater detection of pathogenic 

Leptospira in samples collected during the wet season compared to the dry season (Truitt et al. 

2020). While flooding or heavy rainfall on tropical islands has been shown to increase the 

enumeration of certain pathogens such as Leptospira, this phenomenon is not apparent in the 

current study (Truitt et al. 2020)  

 Human fecal contamination was detected at a consistent rate (~50%) throughout both the 

wet and dry seasons of the 2020 and 2021 sample collections (Table 3 and Figures 3-4). These 

findings are similar to the findings of Li et al. (2021) which resulted in the detection of human 

fecal contamination in approximately 50% of the samples collected during both the wet and dry 

seasons. The findings of the current study were as expected as a portion of the samples that were 

collected during this study were collected from an area of known human fecal contamination. 

The Rio Piedras watershed is the location in which the capital city of San Juan resides. This 
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watershed receives the discharge of two wastewater treatment plants (Puerto Nuevo Regional 

and Bayamon Regional WWTPs). It is common for people residing in areas of high elevation in 

San Juan to use septic tanks (Quiñones 2012, Garcia-Montiel 2014). Previous literature has 

described a possible fecal-oral route of H. pylori and the large amount of sewage and septic 

seepage in Puerto Rican rivers could be a possible source of H. pylori infections in this area 

(Khalifa et al. 2010, Goh et al. 2011). Previous research conducted by Holman et al. (2014) 

resulted in the detection of H. pylori in the coastal waters of the Rio Piedras watershed, which 

supports the findings of the current study. 

 The detection of human fecal pollution in the coastal waters of Puerto Rico could explain 

the presence of human fecal pollution in the rivers and streams of the SBJE system. This could 

also explain why more than half of the samples that were positive for H. pylori were also positive 

for human fecal pollution (Table 3 and Figures 3-4). Previous studies show that the coastal 

waters of the SBJE are highly contaminated with human fecal pollution (Bachoon et al. 2010). 

The findings of this study align with the findings of Holman et al. (2014), which implies that 

human fecal pollution may not be a reliable indicator of the presence of H. pylori in the SBJE. 

 In conclusion, H. pylori was detected in each of the four sampling events of this study 

and MST methods using host specific Bacteroides led to the identification of two sources of 

fecal contamination that may be positively related to the detection of H. pylori in the SBJE area. 

MST assays of samples containing H. pylori led to the identification of both human and dog 

specific Bacteroides. The eradication of H. pylori related diseases in this area begins with both 

the detection of H. pylori and the identification of fecal contamination hosts using MST. Future 

studies in this area should be conducted to determine the quantity and seasonal changes of H. 

pylori concentration in water sources. 



 26 

References 

Azevedo, N.F., Almeida, C., Cerqueira, L., Dias, S., Keevil, C.W., and Vieira, M.J. (2007) 

Coccoid form of Helicobacter pylori as a morphological manifestation of cell adaptation 

to the environment. Appl Environ Microbiol 73(10), 3423-3427. 

Bachoon, D.S., Markand, S., Otero, E., Perry, G., and Ramsubaugh, A. (2010) Assessment of 

non-point sources of fecal pollution in coastal waters of Puerto Rico and Trinidad. Mar 

pollut bull 60(7), 1117-1121. 

Baker, K.H., and Hegarty, J.P. (2001) Presence of Helicobacter pylori in drinking water is 

associated with clinical infection. Scand J Infect Dis 33(10), 744-746. 

Bernhard, A.E., and Field, K.G. (2000) A PCR assay to discriminate human and ruminant feces 

on the basis of host differences in Bacteroides-Prevotella genes encoding 16S rRNA. J 

Appl Environ Microbiol 66(10), 4571-4574. 

Besnard, V., Federighi, M., Declerq, E., Jugiau, F., and Cappelier, J.M. (2002) Environmental 

and physico-chemical factors induce VBNC state in Listeria monocytogenes. Vet Res 

33(4), 359-370. 

Boehm, A. B., Van De Werfhorst, L. C., Griffith, J. F., Holden, P. A., Jay, J. A., Shanks, O. C., 

Wang, D., and Weisberg, S.B. (2013) Performance of forty-one microbial source tracking 

methods: a twenty-seven lab evaluation study. Water Res 47(18), 6812-6828. 

Brooks, Y.M., Spirito, C.M., Bae, J.S., Hong, A., Mosier, E.M., Sausele, D.J., Fernandez-Baca, 

C.P., Epstein, J.L., Shapley, D.J., Goodman, L.B., Anderson, R.R., Glaser, A.L., and 

Richardson, R.E. (2020) Fecal indicator bacteria, fecal source tracking markers, and 

pathogens detected in two Hudson River tributaries. Water Res 171(115342). 

Brown, L.M. (2000) Helicobacter pylori: epidemiology and routes of transmission. Epidemiol 

Rev 22(2), 283-297. 

Cann, K., Thomas, D,R., Salmon, R.L., Wyn-Jones, A.P., and Kay, D. (2013) Extreme water-

related weather events and waterborne disease. Epidemiol Infect 141, 671– 686. 

Cook, K.L., and Bolster, C.H. (2007) Survival of Campylobacter jejuni and Escherichia coli in 

groundwater during prolonged starvation at low temperatures. J Appl Microbiol 103, 

573–583. 

Crowe, S.E. (2019) Helicobacter pylori infection. N Engl J Med 380, 1158–1165. 

Ernst, P.B., and Gold, B.D. (2000) The disease spectrum of Helicobacter pylori: the 

immunopathogenesis of gastroduodenal ulcer and gastric cancer. Annu Rev Microbiol 

54(1), 615-640. 

Fauzia, K.A., Miftahussurur, M., Syam, A.F., Waskito, L.A., Doohan, D., Rezkitha, Y.A.A., 

Matsumoto, T., Tuan, V.P., Akada, J., Yonezawa, H., Kamiya, S., & Yamaoka, Y. (2020) 

Biofilm formation and antibiotic resistance phenotype of Helicobacter pylori clinical 

isolates. Toxins 12(8), 473. 

Garcia-Montiel, D.C., Verdejo-Ortiz, J.C., Santiago-Bartolomei, R., Vila-Ruiz, C.P., Santiago, 

L., and Melendez-Ackerman, E. (2014) Food sources and accessibility and waste disposal 



 27 

patterns across an urban tropical watershed: Implications for the flow of materials and 

energy. Ecol Soc 19(1). 

Gião, M.S., Azevedo, N.F., Wilks, S.A., Vieira, M.J., and Keevil, C.W. (2008) Persistence of 

Helicobacter pylori in heterotrophic drinking-water biofilms. J Appl Environ Microbiol 

74(19), 5898-5904. 

Goh, K.L., Chan, W.K., Shiota, S., and Yamaoka, Y. (2011) Epidemiology of Helicobacter 

pylori infection and public health implications. Helicobacter 16, 1–9. 

González‐Pons, M., Soto‐Salgado, M., Sevilla, J., Márquez‐Lespier, J.M., Morgan, D., Pérez, 

C.M., and Cruz‐Correa, M. (2018) Seroprevalence of Helicobacter pylori in Hispanics 

living in Puerto Rico: A population‐based study. Helicobacter 23(1), e12453. 

Gravina, A.G., Zagari, R.M., De Musis, C., Romano, L., Loguercio, C., and Romano, M. (2018) 

Helicobacter pylori and extragastric diseases: a review. World J Gastroenterol 24(29), 

3204–3221. 

Green, H.C., Haugland, R.A., Varma, M., Millen, H.T., Borchardt, M.A., Field, K.G., Walters, 

W.A., Knight, R., Sivaganesan, M., Kelty, C., and Shanks, O.C. (2014) Improved HF183 

Quantitative real-time PCR assay for characterization of human fecal pollution in 

ambient surface water samples. J Appl Environ Microbiol 80(10), 3086-3094. 

Holman, C.B., Bachoon, D.S., Otero, E., and Ramsubhag, A. (2014) Detection of Helicobacter 

pylori in the coastal waters of Georgia, Puerto Rico and Trinidad. Mar pollut bull 79(1-

2), 354-358. 

Huang, Y., Wang, Q., Cheng, D., Xu, W., and Lu, N. (2016) Adhesion and invasion of gastric 

mucosa epithelial cells by Helicobacter pylori. Front Cell Infect Microbiol 6(159), 1-11. 

Hulten, K., Han, S.W., Enroth, H., Klein, P.D., Opekun, A.R., Gilman, R.H., Evans, D.G., 

Engstrand, L., Graham, D.Y., and El-Zaatari, F.A. (1996) Helicobacter pylori in the 

drinking water in Peru. Gastroenterol 110(4), 1031-1035. 

IARC Working Group on the Evaluation of Carcinogenic Risks to Humans (1994). 

Schistosomes, liver flukes and Helicobacter pylori. Monogr Eval Carcinog Risks Hum 

61, 1–241. 

Idowu, A., Mzukwa, A., Harrison, U., Palamides, P., Haas, R., Mbao, M., and Njom, H. (2019) 

Detection of Helicobacter pylori and its virulence genes (cagA, dupA, and vacA) among 

patients with gastroduodenal diseases in Chris Hani Baragwanath Academic Hospital. 

BMC Gastroenterol 19(1), 1–10. 

Khalifa, M.M., Sharaf, R.R. and Aziz, R.K. (2010) Helicobacter pylori: a poor man's gut 

pathogen? Gut Pathog 2(2).  

Kao, C.Y., Sheu, B.S., & Wu, J.J. (2016) Helicobacter pylori infection: An overview of bacterial 

virulence factors and pathogenesis. Biomed J 39(1), 14-23. 

Kauppinen, A., Pitkänen, T., Al-Hello, H., Maunula, L., Hokajärvi, A.M., Rimhanen-Finne, R., 

and Miettinen, I.T. (2019) Two drinking water outbreaks caused by wastewater intrusion 

including sapovirus in Finland. J Environ Res 16(22), 4376. 



 28 

Kildare, B.J., Leutenegger, C.M., McSwain, B.S., Bambic, D.G., Rajal, V.B., and Wuertz, S. 

(2007) 16S rRNA-based assays for quantitative detection of universal, human-, cow-, and 

dog-specific fecal Bacteroidales: a Bayesian approach. Water Res 41(16), 3701-3715. 

Klein, P.D., Opekun, A.R., Smith, E.O., Graham, D.Y., Gaillour, A., and Gastrointestinal 

Physiology Working Group. (1991) Water source as risk factor for Helicobacter pylori 

infection in Peruvian children. Lancet 337(8756), 1503-1506. 

Kobayashi, D., Eishi, Y., Ohkusa, T., Ishige, I., Suzuki, T., Minami, J., Yamada, T., Takizawa, 

T., and Koine, M. (2002) Gastric mucosal density of Helicobacter pylori estimated by 

real-time PCR compared with results of urea breath test and histological grading. J Med 

Microbiol 51, 305-311. 

Kongprajug, A., Denpetkul, T., Chyerochana, N., Mongkolsuk, S., and Sirikanchana, K. (2021) 

Human fecal pollution monitoring and microbial risk assessment for water reuse potential 

in a coastal industrial–residential mixed-use watershed. Front Microbiol 12(759). 

Korajkic, A., McMinn, B.R., and Harwood, V.J. (2018) Relationships between microbial 

indicators and pathogens in recreational water settings. Int J Environ Res Public Health 

15(12), 2842. 

Krzyżek, P., and Gościniak, G. (2018) A proposed role for diffusible signal factors in the biofilm 

formation and morphological transformation of Helicobacter pylori. Turk J Gastroenterol 

29(1), 7. 

Kusters, J.G., Gerrits, M.M., Strijp, J.A.G., and Vandenbroucke-Grauls, M.J.E. (1997) Coccoid 

forms of Helicobacter pylori are the morphologic manifestation of cell death. Infect 

Immun 65(9), 3672-3679. 

Kusters, J.G., van Vliet, A.H.M., and Kuipers, E. (2006) Pathogenesis of Helicobacter pylori 

infection. J Clin Microbiol 19(3), 449–490. 

Lamparelli, C.C., Pogreba-Brown, K., Verhougstraete, M., Sato, M.I Z., de Castro Bruni, A., 

Wade, T.J., and Eisenberg, J.N. (2015) Are fecal indicator bacteria appropriate measures 

of recreational water risks in the tropics:A cohort study of beach goers in Brazil? Water 

Res 87, 59–68. 

Layton, B. A., Cao, Y., Ebentier, D. L., Hanley, K., Balleste, E., Brandão, J., Byappanahalli, M., 

Converse, R., Farnleitner, A.H., Gentry-Shields, J., Gidley, M.L., Gourmelon, M., Lee, 

C.S., Lee, J., Lozach, S., Madi, T., Meijer, W.G., Noble, R., Peed, L., Reischer, G.H., 

Rodrigues, R., Rose, J.B., Schriewer, A., Siginalliano, C., Srinivasan, S., Stewart, J., Van 

De Werfhorst, L.C., Wang, D., Whitman, R., Wuertz, S., Jay, J., Holden, P.A., Boehm, 

A.B., Shanks, O., and Griffith, J.F. (2013) Performance of human fecal anaerobe-

associated PCR-based assays in a multi-laboratory method evaluation study. Water Res 

47(18), 6897-6908. 

Li, D., Van De Werfhorst, L., Steets, B., Ervin, J., Murray, J.L., Devarajan, N., and Holden, P.A. 

(2021) Bather shedding as source of human fecal markers to a recreational beach. Front 

Microbiol 12, 1317. 



 29 

Marshall, B.J., and Warren, J.R. (1984) Unidentified curved bacilli in the stomach of patients 

with gastritis and peptic ulceration. Lancet 323(8390), 1311-1315. 

Marti, R., Gannon, V.P., Jokinen, C., Lanthier, M., Lapen, D.R., Neumann, N.F., Reuker, N.J., 

Scott, A., Wilkes, G., Zhang, Y., and Topp, E. (2013) Quantitative multi-year elucidation 

of fecal sources of waterborne pathogen contamination in the South Nation River basin 

using Bacteroidales microbial source tracking markers. Water Res 47(7), 2315-2324. 

Martinez, L.E., Hardcastle, J.M., Wang, J., Pincus, Z., Tsang, J., Hoover, T.R., Bansil, R., and 

Salama, N.R. (2016) Helicobacter pylori strains vary cell shape and flagellum number to 

maintain robust motility in viscous environments. Mol Microbiol 99(1), 88-110. 

McColl, K.E. (2010) Helicobacter pylori infection. N Engl J Med 362(17), 1597–1604. 

McDaniels, A.E., Wymer, L., Rankin, C., and Haugland, R. (2005) Evaluation of quantitative 

real time PCR for the measurement of Helicobacter pylori at low concentrations in 

drinking water. Water Res 39(19), 4808-4816. 

Molina, M., Hunter, S., Cyterski, M., Peed, L.A., Kelty, C.A., Sivaganesan, M., Mooney, T., 

Prieto, L., and Shanks, O.C. (2014) Factors affecting the presence of human-associated 

and fecal indicator real-time quantitative PCR genetic markers in urban-impacted 

recreational beaches. Water Res 64, 196-208. 

Moreno, Y., Piqueres, P., Alonso, J.L., Jiménez, A., González, A., and Ferrús, M.A. (2007) 

Survival and viability of Helicobacter pylori after inoculation into chlorinated drinking 

water. Water Res 41(15), 3490-3496. 

Nayak, A.K., and Rose, J.B. (2007) Detection of Helicobacter pylori in sewage and water using a 

new quantitative PCR method with SYBR® green. J Appl Microbiol 103(5), 1931-1941. 

Nilsson, H.O., Blom, J., Al-Soud, W.A., Ljungh, A., Andersen, L.P., and Wadström, T. (2002) 

Effect of cold starvation, acid stress, and nutrients on metabolic activity of Helicobacter 

pylori. Appl Environ Microbiol 68(1), 11-19. 

Oliver, J.D. (2005) The viable but nonculturable state in bacteria. J Microbiol 43, 93-100. 

Peek Jr, R.M., and Crabtree, J.E. (2006) Helicobacter infection and gastric neoplasia. J Pathol 

208(2), 233-248. 

Pellicano, R., Smedile, A., Ponzetto, A., Berrutti, M., Astegiano, M., Saracco, G., De Angelis, 

C., Repici, A., Morgando, A., Abate, M.L., Fagoonee, S., and Rizzetto, M. (2005) How 

accurate is the culture of Helicobacter pylori in a clinical setting? An appraisal. Pan-

minerva Med 47, 191–194. 

Pielke, R.A., Rubiera, J., Landsea, C., Fernández, M.L., and Klein, R. (2003) Hurricane 

vulnerability in Latin America and the Caribbean: Normalized damage and loss 

potentials. Nat Hazards Rev 4(3), 101-114.  

Quiñones, F. (2012) Impacto ambiental de pozos sépticos en puerto rico y su diseño y control. 

Dimensión Revista Colegio Ingenieros Agrimensores Puerto Rico 1, 16–22. 

Ramirez-Ramos, A., Gilman, R.H., Leon-Barua, R., Recavarren-Arce, S., Watanabe, J., Salazar, 

G., Checkley, W., McDonald, J., Valdez, Y., Cordero, L., and Carrazco, J. (1997) Rapid 



 30 

recurrence of Helicobacter pylori infection in Peruvian patients after successful 

eradication. Clin Infect Dis 25(5), 1027-1031. 

Saito, N., Konishi, K., Sato, F., Kato, M., Takeda, H., Sugiyama, T., and Asaka, M. (2003) Plural 

transformation-processes from spiral to coccoid Helicobacter pylori and its viability. J 

Infect 46(1), 49-55. 

Saxena, A., Mukhopadhyay, A.K., and Nandi, S.P. (2020) Helicobacter pylori: Perturbation and 

restoration of gut microbiome. J Biosci 45(1), 1-15. 

Senhorst, H.A.J., and Zwolsman, J.J.G. (2005) Climate change and effects on water quality: a 

first impression. Water Sci Technol 51(5), 53-59. 

Soderberg, C.-A.P. Agua potable y saneamiento para comunidades aisladas: Un imperativo 

social y ambiental para Puerto Rico. (2008) Rev Int Desastres Nat Accid Infraestruc. Civ 

8, 1–3. 

Soller, J., Bartrand, T., Ravenscroft, J., Molina, M., Whelan, G., Schoen, M., & Ashbolt, N. 

(2015) Estimated human health risks from recreational exposures to stormwater runoff 

containing animal faecal material. Environ Model Softw 72, 21–32. 

Sondos, A., Rahem, A., and Elhag, W.I. (2018) Molecular Detection of Helicobacter pylori in 

Drinking Water in Khartoum State (Sudan). African Journal of Medical Sciences, 3(5). 

Sörberg, M., Nilsson, M., Hanberger, H., and Nilsson, L.E. (1996) Morphologic conversion 

ofHelicobacter pylori from bacillary to coccoid form. Eur J Clin Microbiol Infect Dis 

15(3), 216-219. 

Soto, G., Bautista, C.T., Roth, D.E., Gilman, R.H., Velapatiño, B., Ogura, M., Dailide, G., 

Razuri, M., Meza, R., Katz, U., Monath, T.P., Berg, D.E., and Gastrointestinal 

Physiology Working Group in Peru. (2003) Helicobacter pylori reinfection is common in 

Peruvian adults after antibiotic eradication therapy. J Infect Dis 188(9), 1263-1275. 

Sowah, R.A., Habteselassie, M.Y., Radcliffe, D.E., Bauske, E., and Risse, M. (2017) Isolating 

the impact of septic systems on fecal pollution in streams of suburban watersheds in 

Georgia, United States. Water Res 108, 330-338. 

Sycuro, L.K., Pincus, Z., Gutierrez, K.D., Biboy, J., Stern, C.A., Vollmer, W., and Salama, N.R. 

(2010) Relaxation of peptidoglycan cross-linking promotes Helicobacter pylori’s helical 

shape and stomach colonization. Cell 141(5), 822-833. 

Sycuro, L.K., Wyckoff, T.J., Biboy, J., Born, P., Pincus, Z., Wollmer, W., and Salama, N.R. 

(2012) Multiple peptidoglycan modification networks modulate Helicobacter pylori’s cell 

shape, motility, and colonization potential. PLoS Pathog 8(3), 1-14. 

Truitt, Z.G., Poon-Kwong, B., Bachoon, D.S., & Otero, E. (2020) Seasonal shifts in the presence 

of pathogenic leptospires, Escherichia coli, and physicochemical properties in coastal 

rivers and streams of Puerto Rico. J Environ Qual 49(5), 1264-1272.  

“U.S. Census Bureau Quickfacts: Puerto Rico.” United States Census Bureau, 2020. 

https://www.census.gov/quickfacts/fact/table/PR/PST045221. 

Vale, F.F., & Vítor, J.M.B. (2010) Transmission pathway of Helicobacter pylori: does food play 

a role in rural and urban areas? Int J Food Microbiol 138(1-2), 1-12. 

https://www.census.gov/quickfacts/fact/table/PR/PST045221


 31 

Worku, M.L., Sidebotham, R.L., Walker, M.M., Keshavarz, T., and Karim, Q.N. (1999) The 

relationship between Helicobacter pylori motility, morphology and phase of growth: 

implications for gastric colonization and pathology. J Microbiol 145, 2803-2811. 

Wu, H., Oun, A., Kline-Robach, R., and Xagoraraki, I. (2018) Microbial pollution 

characterization at a TMDL site in Michigan: source identification. J Great Lakes Res 

44(3), 412-420. 

Yañez, P., la Garza, A.M., Pérez-Pérez, G., Cabrera, L., Muñoz, O., and Torres, J. (2000) 

Comparison of invasive and noninvasive methods for the diagnosis and evaluation of 

eradication of Helicobacter pylori infection in children. Arch Med Res 31, 415–421. 

Yin, L., Liu, F., Guo, C., Wang, Q., Pan, K., Xu, L., and Chen, Z. (2018) Analysis of virulence 

diversity of 73 Helicobacter pylori strains isolated in Guizhou province. China Mol Med 

Rep 18(5), 4611–4620. 

Zavala-Zegarra, D.E., Tortolero-Luna, G., Torres-Clintrón, C.R., Alvarado-Ortiz, M., Traverso-

Ortiz, M., Romȧn-Ruiz, Y., and Ortiz-Ortiz, K.J. (2015) Cancer in Puerto Rico, 2008-

2012. Puerto Rico Central Cancer Registry. San Juan, Puerto Rico. 

Zhang, Y., Riley, L.K., Lin, M., and Hu, Z. (2012). Determination of low-density Escherichia 

coli and Helicobacter pylori suspensions in water. J Water Res 2140-2148. 

Zhao, X., Zhong, J., Wei, C., Lin, C.W., and Ding, T. (2017) Current perspectives on viable but 

non-culturable state in foodborne pathogens. Front Microbiol 8(580). 

 

 

 


	Tracking the Source of Helicobacter pylori in Watersheds of San Juan, Puerto Rico
	Recommended Citation

	tmp.1659019808.pdf.mnKYB

