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• Gerardo Ávila-Torres1

• Oscar A. Moreno-Valenzuela2
•

Gilberto Acosta-González1
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Abstract The Yucatan Peninsula of Mexico hosts a karst

aquifer system that is the only source of freshwater for the

area; however, it is vulnerable to human-mediated con-

tamination. Pepper mild mottle virus (PMMoV) is one of

the most abundant RNA viruses associated with human

feces, making it a viable indicator for tracking fecal pol-

lution in aquatic environments, including groundwater. In

this study, groundwater samples collected from a karst

aquifer from fresh and brackish water locations were ana-

lyzed for fecal indicator bacteria, somatic and male F?

specific coliphages, and PMMoV during the rainy and dry

seasons. Total coliform bacteria were detected at all sites,

whereas Escherichia coli were found at relatively low

levels\40 MPN/100 ml. The highest average concentra-

tions of somatic and male F? specific coliphages were 920

and 330 plaque forming units per 100 ml, respectively,

detected in freshwater during the rainy season. PMMoV

RNA was detected in 85% of the samples with gene

sequences sharing 99–100% of nucleotide identity with

PMMoV sequences available in GenBank. Quantification

of PMMoV genome copies (GC) by quantitative real-time

PCR indicated concentrations ranging from 1.7 9 101 to

1.0 9 104 GC/L, with the highest number of GC detected

during the rainy season. No significant correlation was

observed between PMMoV occurrence by season or water

type (p[ 0.05). Physicochemical and indicator bacteria

were not correlated with PMMoV concentrations. The

abundance and prevalence of PMMoV in the karst aquifer

may reflect its environmental persistence and its potential

as a fecal indicator in this karst aquifer system.

Keywords Fecal indicator � Groundwater � Pepper mild

mottle virus � Karst � Yucatan Peninsula

Introduction

The Yucatan Peninsula (YP) hosts one of the largest karst

aquifer systems in the world, covering an extensive area

that includes portions of Mexico, Guatemala, and Belize.

The aquifer supports diverse ecosystems that depend on

groundwater sources, and it provides the only available

source for drinking water supply for the peninsula (Bauer-

Gottwein et al. 2011). Karst aquifers are known to be

highly susceptible to fecal contamination because karst

features provide crucial pathways for the rapid flow of

water in the system, and therefore of transport of the

associated contaminants (Mahler et al. 2000). The highly

permeable karst limestone facilitates the percolation of

rainwater through its porous substrate from where it flows

into the water table (Metcalfe et al. 2011), resulting in the
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rapid transport of groundwater and contaminants through-

out the system (Hernández-Terrones et al. 2011; Leal-

Bautista et al. 2013; Arcega-Cabrera et al. 2014).

One of the most striking and abundant karstic features of

karst limestone aquifers are the sinkholes or ‘‘cenotes’’

(Bauer-Gottwein et al. 2011) that are formed by the dis-

solution of the carbonate rock in the karst platform, which

results in the formation of caves that fill with groundwater,

that can eventually become open sinkholes, as is the case in

the YP aquifer (Schmitter-Soto et al. 2002). Sinkholes are

widely distributed along the YP and have long been used

for swimming and recreation, particularly, in the north-

eastern portion of the aquifer system. In recent years, their

increasing value as a tourism resource has caused new

forms of appropriations, they are not only used for aquatic

recreation, they are also becoming a valued commodity for

the tourist market in the YP (Munro and Melo-Zurita

2011). Recently, human activities have put this area at

great risk owing to anthropogenic pollution stemming from

the intensive tourism industry, together with a rapid pop-

ulation growth (Bauer-Gottwein et al. 2011; Encuesta

Intercensal 2015), by negatively affecting groundwater

quality (Marin et al. 2000; Hernández-Terrones et al.

2011, 2015). In the YP, microorganisms such as bacteria,

protozoans, and viruses can contaminate groundwater,

submarine springs, and lagoons (Pacheco et al. 2000; Leal-

Bautista et al. 2011, 2013; Hernández-Terrones et al.

2011, 2015), primarily through the disposal of raw sewage,

or improperly treated wastewater delivered by deep-water-

injection, overloaded wastewater treatment plants, and

inadequate septic systems (Pacheco et al. 2000; Leal-

Bautista et al. 2013).

To infer the microbiological quality of water and the

potential associated public health risks, it has become

common to use fecal indicator bacteria such as Escherichia

coli, fecal coliforms, enterococci and bacteriophages, as

indicators (Harwood et al. 2013). Alternatively, certain

‘viral indicators’ have been proposed to improve or com-

plement current methods for monitoring water quality,

because fecal indicator bacteria titer does not necessarily

reflect the associated health risk levels, or provide a direct

measure of human-pathogenic agents, such as waterborne

enteric viruses (Gerba et al. 1979; Updyke et al. 2015).

Among the alternative viral indicators under consideration

for water quality monitoring, are several human enteric

viruses, such as enteroviruses and adenoviruses, because

waters contaminated by them create a public health con-

cern (Fong and Lipp 2005). Although the latter types of

viruses present promising water quality indicators, the

detection methods are often highly specific, and therefore

applicable for recovering only one or a few target viruses,

over others (Ikner et al. 2011). Further, the detection of

indicator viruses in water environments depends heavily on

their abundance, resulting from incidence within the

community and may vary dramatically by season (La Rosa

et al. 2010).

Many plant viruses are present in vegetables or fruits,

which can pass through the human digestive tract following

ingestion, and are released as viable virions into sewage,

having the potential to contaminate recovered and

reclaimed water (Rosario et al. 2009) and the water envi-

ronment (Mehle and Ravnikar 2012). The presence of plant

viruses in human and animal feces does not depend on

establishment of an active infection of the ‘passive host’

population (Rosario et al. 2009). In particular, the plant

pathogenic Pepper mild mottle virus PMMoV (genus

Tobamovirus) causes yield loss in infected pepper crops,

worldwide, and has been found to be highly abundant in

human feces, with as many as 109 virions per gram dry

weight of fecal matter (Zhang et al. 2006), in raw sewage,

treated wastewater, ponds, farm-land water, river water,

drinking water, and in wastewater-contaminated seawater

(Haramoto et al. 2013; Kitajima et al. 2014; Kuroda et al.

2015; Rosario et al. 2009; Symonds et al. 2016). Conse-

quently, the ubiquitous prevalence of PMMoV in fecal

samples of humans but only in several other animal species

suggests that the ability to detect it in water may largely be

attributed to contamination of water by human feces

(Hamza et al. 2011). The remarkable persistence and sta-

bility of PMMoV in wastewater and environmental water

samples have lead to its consideration as a novel indicator

of fecal pollution in water environments (Rosario et al.

2009; Kuroda et al. 2015). The potential for such use is

further borne out by a recent demonstration of PMMoV as

a domestic wastewater marker, robustly correlated with

human-associated microbial source tracking (MST) mark-

ers (Symonds et al. 2016). To date, no information is

available regarding the possible occurrence of plant viru-

ses, or their use as novel markers of human-associated

contamination of the YP karst aquifer system. The objec-

tive of this study was to determine whether PMMoV is

present in groundwater in the northeast YP, and if so, to

estimate its prevalence. In parallel, the prevalence and

incidence of previously accepted fecal bacteria and col-

iphages indicators of groundwater contamination were

assessed.

Materials and Methods

Collection of Water Samples

Sampling sites were located in the northern part of the state

of Quintana Roo (Q. Roo) that harbors the northeast YP

aquifer. Representative sinkholes and surface brackish

water sites were selected as sampling sites in Cancun, Q.
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Roo, as well as sinkholes near Puerto Morelos, a small

fishing village that has recently been used more frequently

for recreational activities (Fig. 1). In the state of Q. Roo,

about 69% of the population is served by a sewer collection

system. There are 33 wastewater treatment plants located

in the urban areas that are operating within established

Mexican standards; however, there is an estimated high

percentage of the population in the state that uses septic

tanks [Comisión de Agua Potable y Alcantarillado (CAPA)

2011], which can result in health-threatening groundwater

contamination. A rapid increase (threefold between 1998

and 2005) in the number of hotel rooms and visitors in the

area of Puerto Morelos has also occurred, which has

resulted in an increase of nutrients and pollutants in the

coastal zone (Rodrı́guez-Martı́nez 2008).

A total of 20 water samples were collected (one sample

per site), 10 during the rainy season of 2015 (August–

October) and 10 during the dry season of 2016 (April–

June) as follows: (1) freshwater from sinkholes (sites 1–8);

and (2) brackish water (sites 9 and 10) for a total of ten

sampling sites (Fig. 1). One sample was also obtained from

the prechlorinated effluent of a wastewater treatment plant

in the area. During sample collection, physicochemical

variables such as temperature (�C), conductivity (lS/cm)

and total dissolved solids (g/l) were determined in situ with

a data probe (YSI 600 QS, Yellow Springs, OH, USA),

while pH was determined with a Hach HQd probe

(Loveland, CO, USA). Both probes were calibrated with

standard buffer solutions. At every site, 100 l of surface

water was collected into 10-l plastic sterile containers and

immediately transported to the laboratory for same day

processing.

Total Coliform and E. coli Densities

For total coliform and E. coli analyses, samples consisted

of 100 ml of water from each sampling site collected in

sterile bottles. Samples were tested using the chromogenic

substrate test ColilertTM by IDEXX and IDEXX Quan-

tiTray/2000 following manufacturer’s instructions (IDEXX

laboratories, Inc., Westbrook, ME, USA). All samples were

assayed within 6-h post-collection. Results were reported

in terms of most probable number per 100 ml (MPN/

100 ml).

Fig. 1 Map showing the study area located in the northeast Yucatan Peninsula karst aquifer system of Mexico. Dots indicate the location of

freshwater (sites 1–8) and brackish water sites (sites 9–10) used for this study
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Detection of Somatic and Male F1 Specific

Coliphage

Coliphages were enumerated according to the double-layer

plaque assay method (U.S. Environmental Protection

Agency method 1601) (U.S. EPA 2015). E. coli host bac-

terial strains used in this study were obtained from

American Type Culture Collection (ATCC) (Manassas,

VA). Somatic coliphages were detected from each envi-

ronmental water sample using strains ATCC 13706 and

ATCC 700609 CN13 (Nalidixic acid-resistant mutant of

ATCC 13706). Male F? specific coliphages were enu-

merated using strains 15597 C-300, and 700891

HS(pFamp)R (ampicillin resistant). Undiluted water sam-

ples were used for coliphage enumeration using 40 ml of

water, per site, before ultrafiltration according to the pro-

tocol described below. Briefly, 5 ml of trypticase peptone

semisolid agar (1%) containing 500 ll of the bacterial

strain in exponential growth phase, and aliquots of 2 ml of

the water sample, was mixed and poured onto trypticase

peptone solid agar plates (5 plates per sample) with their

respective antibiotic (1% w/v of nalidixic acid for strain

700609 and 0.15% w/v of each ampicillin and streptomycin

for strain 700891) or without antibiotics. Plates were

incubated at 37 �C for 16–18 h, and plaques of lysis were

counted. The results were expressed as the number of

plaque forming units per 100 ml (PFU/100 ml).

Concentration of Viruses from Water Samples

by Ultrafiltration

To concentrate the virus(es), water samples (100 l) were

first filtered through a hollow fiber ultrafilter (Fresenius

hemoflow F80A polisulfone dialysis with 15,000–20,000

MWCOs, Fresenius Medical Care, Lexinton, MA, USA)

following the filtration set-up and the ultrafiltration proto-

cols previously described by Hill et al. (2005), and Her-

nández-Morga et al. (2009), which reported a recovery

efficiency for MS2 phage of 59 ± 10 and 95.8 ± 22.36%,

respectively. A second concentration step was used,

according to the method described in Hernández-Morga

et al. (2009). Briefly, a mixture of 12% of polyethylene

glycol 8000 (Sigma, Saint Louis, MO, USA) and 0.8 M of

NaCl was added to final retentate to precipitate virus par-

ticles in the samples. Samples were mixed manually and

incubated overnight at 4 �C. Pellets were recovered by

repeated centrifugation in a fixed angle rotor (52009g,

30 min to 2 h, 4 �C). The pellet was resuspended in 5 ml

of phosphate-buffered saline solution (0.01 M sodium

phosphate and 0.154 M NaCl, pH 7.0). An equal volume of

butanol–chloroform (1:1) was added to each sample and

mixed manually. Samples were centrifuged at 52009g,

15 min, at 4 �C, and the supernatant was collected. To

further reduce the final sample volume obtained, approxi-

mately 6–17 ml of the supernatant was centrifuged using a

Centriprep YM-50, 50 kDa NMWL centrifugal filter

device (Millipore, Billerica, MA, USA) according to the

manufactureŕs instructions. The concentrated samples, at a

volume of approximately 5.5–15 ml, were stored at

-20 �C. Effluent wastewater (prechlorinated) was con-

centrated using the electronegative filter method followed

by centrifugation as described by Schmitz et al. (2016).

Viral RNA Extraction

An aliquot of 280 ll of the final concentrated sample was

used for RNA isolation with the QIAmp viral RNA mini kit

(QIAGEN, Hilden, Germany), according to the manufac-

tureŕs instructions. Total RNA was eluted in 50 ll of AVE
buffer (provided by the extraction kit) and stored at

-20 �C.

Amplification of Viral PMMoV by RT-PCR

and Cloning

An aliquot of 5 ll of total RNA (approximately

150–200 ng) was used for RT-PCR (cDNA synthesis and

PCR) with the Access RT-PCR System (Promega, Madi-

son, WI, USA) following the manufactureŕs instructions.

The RT-PCR mixture contained 10 ll of AMV/Tfl 59

buffer, 20 lM of each forward and reverse primers, 25 mM

of magnesium, 10 mM of each dNTP, and 5 U/ll of the
AMV reverse transcriptase and the Tfl DNA polymerase.

The total volume for each RT-PCR was 50 ll. Negative
controls were prepared using 5 ll of PCR-grade water as

template. For environmental samples, the following pri-

mers were used: forward primer PMMV-FP1 50-
GAGTGGTTTGACCTTAACGTTTGA-30 and reverse

primer PMMV-RP1 50-TTGTCGGTTGCAATGCAAGT-
30 (Haramoto et al. 2013), to amplify an expected size

fragment of 68 base pair (bp) of the PMMoV RNA-de-

pendent RNA polymerase (RdRp) gene. For the effluent

water sample and for environmental sample number 6, the

following primers were used to obtain an expected 474 bp

size fragment from the PMMoV coat protein gene (Cp):

forward primer PMMoV-CP 50-ATGGCTTACA-
CAGTTTCCAGT-30 and reverse primer PMMoV-CP 50-
CTAAGGAGTTGTAGCCCAGGTG-30 (Peng et al. 2015).

The RT-PCR amplicons were separated on a 2% agarose

gel in Tris–acetate–EDTA buffer, pH 8.0, stained with

ethidium bromide, and visualized under a UV light. The

amplicons of the expected size (*68 bp for RdRP and

*474 bp for Cp) were excised from the agarose gel, and

purified using the Wizard SV Gel and PCR Clean-Up

System (Promega, Madison, WI, USA). Products were

cloned into pGEM-TEasy vector (Promega, Madison, WI,
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USA) according to manufactureŕs instructions. Following

ligation, the products were transformed into E. coli TOP 10

competent cells using the heat shock method (Sambrook

et al. 2001). Recombinant colonies bearing the expected

size amplicons were selected for plasmid isolation. Purified

plasmids were subjected to unidirectional capillary DNA

(Sanger) sequencing, using the universal M13F primer, at

Macrogen, Seoul, Korea.

Quantification of PMMoV by Real-Time PCR

Reverse transcription was performed using the Superscript

III First Strand Synthesis System (Invitrogen, Carlsbad,

CA, USA) following manufactureŕs instructions and ali-

quots of 5 ll of total RNA as template. Aliquots of 2.5 ll
of total cDNA were used as template for qPCR amplifi-

cation with the StepOne Real-Time PCR system (Applied

Biosystems, Foster City, CA, USA), following the protocol

described by Haramoto et al. (2013). The primers and the

PMMoV-Probe1 were synthesized by Integrated DNA

Technologies (IDT, Coralville, IA, USA), using a custom

qPCR double quenched probe with 506-FAM dye and

30ZEN–30Iowa Black FQ. Amplifications were done by

using Platinum Taq (Invitrogen, Carlsbad, CA, USA) fol-

lowing manufacturer’s instructions. PCR cycle conditions

were programmed as follows: one cycle of 95 �C for

2 min, followed by 40 cycles of 95 �C for 30 s, 60 �C for

30 s, and 72 �C for 30 s. Standard curves were prepared by

serial tenfold dilutions of plasmid DNA (100–105 DNA

genome copies) containing the 68 bp fragment of the RdRp

qPCR target sequence for PMMoV. The standard curve

was generated for each experiment from the linear rela-

tionship between the log initial concentration of the plas-

mid DNA and the threshold cycle Ct value. A negative

control was prepared in each experiment by using 2.5 ll of
PCR-grade water as template. All water, standard samples,

and negative control amplifications were carried out in

triplicate. The Ct value was determined as the number of

the cycle at which the fluorescence intensity exceeded the

threshold value. As previously described (Haramoto et al.

2013), the PMMoV concentration from the starting water

sample was calculated based on a PCR template of 2.5 ll,
assuming no loss of virus occurred during the detection

procedure. Viral quantifications were obtained in genome

copies per liter (GC/L).

Sequence Analysis

A total of 29 PMMoV sequences were obtained, with 17

sequences from four environmental positive sites, and 12

from the effluent sample from a wastewater treatment plant

(WWTP). Sequences were edited to remove the cloning

vector sequence, and then annotated using BLASTn, and

compared with PMMoV sequences available in GenBank.

The nucleotide sequences corresponding to the CP gene

(474 bp) reported in this work were deposited in the

GenBank database under the following sequential acces-

sion numbers: KY288626–KY288640.

Statistical Analysis

To determine the difference in the concentration of

PMMoV during the rainy and dry seasons and in the dif-

ferent water sources (freshwater and brackish water), a

multivariate analysis was conducted based on permutations

(PERMANOVA), using the software PRIMER-e v.6.1.

16? PERMANOVA v.1.0.6 (Anderson et al. 2008). For

PERMANOVA analysis, the concentrations of PMMoV in

water samples were pretreated by transforming all data to

x - 1. The Bray–Curtis similarity test was carried out

using season, either rainy or dry, and water type, either

freshwater or brackish, as fixed factors. Also a two-way

crossed design test was carried out. Here, a type II (con-

ditional) test was used to calculate the square sum (SS),

using the unrestricted permutation of raw data method. The

Monte Carlo permutation tests were conducted by con-

templating the fixed effects as zero and multivariate anal-

yses were performed with 10,000 permutations (Anderson

et al. 2008). A multiple regression analysis (Zar 1996) was

conducted using the free software R version 3.2.5 available

at https://www.r-project.org, to determine the correlation

between the concentration of PMMoV and coliphage (so-

matic and male F? specific), respectively, total and E. coli

density, and selected physicochemical parameters: tem-

perature, pH, conductivity, and total dissolved solids.

Results

Physicochemical and Bacteriological Parameters

Because physicochemical variation was minimal when

comparing seasons, the results are reported as the minimum

and maximum values of triplicate sampling points from

each collection site, during the rainy and dry seasons

(Table 1). The average minimum and maximum tempera-

ture was 27.2 and 28.1 �C, respectively, at all of the

sampling sites. The minimum water temperature recorded

was 24.4 �C from freshwater at site 5, and the maximum

water temperature was 30.5 �C recorded from brackish

water at site 10 (Table 1). All sites including freshwater

and brackish water showed pH values greater than 7.0,

indicating prevalence of alkaline conditions. Freshwater

and brackish water sites showed a pH ranging from 7.1 to

8.8 and from 8.1 to 8.5, respectively. The lowest pH value

was 7.1 registered from site 6, and the highest was 8.8
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registered from site 4, both freshwater sites. However, on

average, the brackish sites exhibited higher, or more

alkaline, pH values compared to the freshwater sites.

Conductivity measurements from the freshwater sinkholes

ranged from 232 to 1272 lS cm-1, whereas the brackish

water conductivity ranged from 34235 to 49190 lS cm-1.

Total dissolved solids in freshwater sinkholes ranged from

0.14 to 0.80 g l-1, and from brackish waters, from 20.5 to

29.9 g l-1 (Table 1).

Total coliform (TC) bacteria were detected at all sam-

pling sites during the rainy and dry seasons, with minimum

and maximum densities of 770 MPN/100 ml and [2420

MPN/100 ml, respectively. The average density of TC

bacteria was 1565 MPN/100 ml during the dry season and

1559 MPN/100 ml during the rainy season. E. coli was

detected in 10% of the samples during the rainy season and

in 30% of the samples during the dry season (Table 2). The

highest densities of E. coli were detected at site number 1

(freshwater) during the dry season, at concentrations lower

than values established by Mexican standards applied

environmental water for recreational use, e.g., CE-CCA-

001/89: E. coli\ 200 MPN/100 ml. The total coliforms

were detected at all sites during the rainy and the dry

seasons. In contrast, more sites were positive to E. coli

during the dry season.

Distribution of Somatic and Male F1 Specific

Coliphages by Season

During the rainy season, somatic coliphages were detected

in 80% of the samples, with a range of 10–530 PFU/

100 ml, based on E. coli host bacterial strain 13706,

Table 1 Minimum and maximum values of physicochemical parameters obtained from freshwater and brackish water sites

Type of water Site Temperature (�C) pH Conductivity (ls/cm) Total dissolved solids (g/l)

Min–Max Min–Max Min–Max Min–Max

Freshwater (sinkholes) 1 27.2–29.4 7.5–7.9 232–436 0.14–0.26

2 26.7–27.8 8.0–8.3 965–1272 0.60–0.80

3 29.9–30.3 8.2–8.6 530–567 0.32–0.33

4 27.1–28.6 8.2–8.8 883–901 0.55–0.55

5 24.4–25.2 7.5–8.1 943–999 0.61–0.66

6 25.7–25.9 7.1–8.0 961–1036 0.61–0.66

7 24.7–24.8 7.4–7.6 1061–1131 0.69–0.74

8 28.7–29.5 8.4–8.7 1087–1129 0.66–0.67

Brackish water 9 28.2–28.8 8.1–8.5 42,629–49,190 26.1–29.9

10 29.5–30.5 8.2–8.3 34,235–45,775 20.5–27.0

Table 2 Concentration of PMMoV, total coliform, and Escherichia coli in the northeast aquifer of the Yucatan Peninsula

Type of water Site Positive samples

detected by RT-PCR

Average concentration of PMMoV

(genome copies/l) by qPCR

Total coliform

MPN/100 ml

Escherichia coli

MPN/100 ml

Rainy Dry Rainy Dry Rainy Dry Rainy Dry

Freshwater (sinkholes) 1 ? ? 8.59 9 102 1.35 9 102 1011 1011 \1 39

2 ? ND 1.02 9 104 3.38 9 102 1011 [2420 \1 \1

3 ? ND 1.04 9 104 5.91 9 101 792 1120 \1 \1

4 ND ND 1.79 9 101 2.22 9 102 [2420 [2420 8 11

5 ND ND 1.44 9 103 1.51 9 102 1203 1732 \1 \1

6 ND ? 1.74 9 102 4.67 9 103 [2420 1732 \1 \1

7 ND ND 2.31 9 102 9.13 9 101 914 770 \1 \1

8 ND ND 6.63 9 101 ND 2420 [2420 \1 \1

Brackish water 9 ND ND 5.35 9 103 ND 980 1011 \1 2

10 ND ND 4.50 9 101 ND 2420 1011 \1 \1

The quantification limit of the qPCR assay was 10 genome copies/l

ND not detected
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compared to 70% of samples, at a range of 10–920 PFU/

100 ml, when the E. coli host bacterial strain 700609 was

used (Fig. 2a). During the dry season, somatic coliphage

was detected in 50% of samples, at a range of 10–200 PFU/

100 ml, based on E. coli host bacterial strain 13706,

compared to 40% of samples, at a range of 10–190 PFU/

100 ml, when the E. coli host bacterial strain was 700609

(Fig. 2c). Male F? specific coliphages were detected dur-

ing the rainy season in 50% of samples, at a range of

10–330 PFU per 100 ml, using the E. coli host bacterial

strain, 15597. However, all samples were negative for male

F? specific coliphage when E. coli strain 700891 was used

as the host (Fig. 2b). During the dry season, male F?

specific coliphage was detected in 30% of samples, at a

range of 10–110 PFU per 100 ml, using the E. coli host

bacterial strain 15597, whereas male F? specific coliphage

was detected in 30% of samples, at a range of 10–50 PFU

per 100 ml, when the E. coli bacterial strain 700891 was

used as the host (Fig. 2d). The highest concentrations of

somatic and male F? specific coliphages were detected at

site number 2 (freshwater) during the rainy and dry seasons

(Fig. 2).

The use of E. coli host bacterial strains 13706 and

700609 allowed the detection of somatic coliphages in

fresh and brackish water types during both rainy and dry

seasons (Fig. 2a, c). During the rainy season, Male F?

specific coliphages were only detected in freshwater by

using the E. coli host bacterial strain 15597, whereas dur-

ing the dry season, male F? specific and F? RNA col-

iphages were detected in fresh and brackish water using the

bacterial strains 15597 and 700891 as the hosts (Fig. 2b, d).

Overall, the highest average concentrations of somatic and

male F? specific coliphages were observed in the fresh-

water sites during the rainy season (Fig. 2).

Occurrence and Distribution of PMMoV in the YP

Karst Aquifer System

The 20 water samples collected from all sites during the

rainy and dry seasons were screened for PMMoV by RT-

PCR and by quantitative PCR (qPCR). RT-PCR results

indicated that PMMoV was detected in 30% of the loca-

tions sampled, and in particular at sites 1, 2, and 3 during

the rainy season. In contrast, during the dry season,

PMMoV was detected in 20% of the samples, and in par-

ticular, at sites 1 and 6. The RT-PCR amplification assay

enabled PMMoV detection only in freshwater samples

during the rainy and dry seasons (Table 2).

Fig. 2 Somatic and male F? specific coliphage concentrations

obtained from environmental water samples during the rainy and

dry seasons. Numbers above bars indicate the absolute plaque

forming units per 100 ml (PFU/100 ml). Escherichia coli bacterial

hosts used to enumerate somatic coliphage are indicated as 13706 and

700609; E. coli bacterial hosts used to enumerate male F? specific

coliphage are indicated as 15597 and 700891. a, b rainy season; c,
d dry season
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Considering the limited information about the prevalence

of PMMoV in karst systems and the low percentage of

positive PMMoV detection using RT-PCR amplification,

cDNA from all 20 samples was used as template for qPCR.

The quantification limit obtained from the qPCR assays was

10 genome copies (101), and the equivalent volume of water

tested varied from 50 to 140 ml, based on the volume

obtained from each final concentrate per water sample. The

results indicated that qPCR amplification facilitated detec-

tion and quantification of PMMoV at all locations sampled

during the rainy season, compared to 70% of detection, at the

same locations during the dry season. Based on qPCR,

concentrations of PMMoV were obtained from freshwater

and from brackish water during the rainy season; however,

PMMoV concentrations were obtained only from freshwater

during the dry season. TheminimumPMMoV concentration

detected during the rainy season was 1.79 9 101 GC/L at

site 4, and the maximum was 1.04 9 104 GC/L detected at

site 3. During the dry season, the minimum PMMoV con-

centrationwas 5.91 9 101GC/L, at site 3, and themaximum

was 4.67 9 103 GC/L, at site 6. The highest

detectable PMMoV concentrations were observed in fresh-

water during the rainy season, at sites 2 and 3 (Table 2).

DNA Sequence Analysis

A total of 17 environmental PMMoV sequences were

obtained from sites 1, 2, and 3 during the rainy season and

from sites 1 and 6 during the dry season. Twelve PMMoV

sequenceswere obtained from the treatedwastewater sample

(before chlorination). Sequences corresponding to the RNA-

dependent RNA polymerase (RdRp) PMMoV gene (68 bp)

from sites 1, 2, and 3 shared 100% of nucleotide (nt) identity

among them and with PMMoV isolates available in Gen-

Bank (accession numbers LC082099, KX272631). Sequen-

ces corresponding to the coat protein (Cp) PMMoV gene

(474 bp) from site 6 and from the treated wastewater sample

shared 99–100% of nucleotide identity with published

PMMoV isolates from GenBank (accession numbers

KP877410, KP877414, KP877423, KP877426, AY632863,

KU311159). The partial Cp and RdRp gene sequences

determined here exhibitedminimal genetic variation, having

99–100% similarity scores (BLASTn) with 100% sequence

coverage and e values for Cp (e value = 0) and RdRp

(e value = 2.00E-25), respectively. For both partial gene

fragments, the isolates determined here were highly related

to PMMoV isolates reported previously from China.

Correlation of PMMoV with Physicochemical

Parameters, Seasons, and Type of Water

The PERMANOVA test using Bray–Curtis distance matri-

ces showed no significant differences between PMMoV

concentrations and the season (rainy or dry) or between

PMMoV and water type (freshwater, brackish water)

(PERMANOVA, p[ 0,05). PMMoV concentrations were

not correlated with concentrations of coliphages, coliform

bacteria, and physicochemical parameters (p value: 0.2296).

Discussion

Due to its geohydrological features, the YP karst aquifer

system is extremely vulnerable to contamination from

human-mediated and other environmentally related alter-

ations, such as farming or weather-related damage that

causes run off (Mahler et al. 2000). Physicochemical

variables measured in this study were very similar to those

previously reported for the YP (Schmitter-Soto et al. 2002;

Pérez et al. 2011). The conductivity range was found to be

variable, owing to differences in salinity of the water col-

lected in the coastal environments from sites 9 and 10. The

latter was expected since conductivity of brackish water in

the area can be as high as 55,300 lS/cm (Pérez et al. 2011).

Different anthropogenic contaminants, such as organic

compounds, heavy metals, bacteria, pharmaceuticals,

organochlorine pesticides, and fecal sterols, have been

reported to occur in freshwater bodies, locally known as

sinkholes (Pacheco et al. 2000; Marin et al. 2000; Arcega-

Cabrera et al. 2014; Medina-Moreno et al. 2014; Polanco

et al. 2015; Derrien et al. 2015), in lagoons (Hernández-

Terrones et al. 2011), and in coastal areas (Leal-Bautista

et al. 2011; Metcalfe et al. 2011; Leal-Bautista et al. 2013;

Hernández-Terrones et al. 2011, 2015), indicating negative

effects on water quality by anthropogenic factors, thereby,

underscoring the crucial importance of a continuous water

quality monitoring program. Water quality studies in the

area are often conducted by using fecal bacterial indicators

(Pacheco et al. 2004; Leal-Bautista et al. 2011; Hernández-

Terrones et al. 2015); however, viral contamination and the

potential relationship(s) to bacterial and chemical charac-

teristics of groundwater (specifically sinkholes) in the YP

have not been previously studied. In summary, the extent

of viral contamination in the YP aquifer and other karst

aquifers in South America is not well known, despite

reports of a wide range of viruses that can cause diseases in

humans upon exposure to these aquifers have been shown

to occur (Johnson et al. 2011; Hunt et al. 2014; Sinreich

et al. 2014; Schiperski et al. 2016). To our knowledge, this

is the first study to use bacteriophages (e.g., somatic and

male F? specific coliphages) and a pathogenic plant virus

Pepper mild mottle virus, to explore the possible correla-

tion between viral prevalence and fecal indicator bacteria

in the YP groundwater karst aquifer system.

The concentration of coliform bacteria (TC and E. coli)

is often used as an indicator to estimate recent fecal
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contamination, and to assess the microbiological safety of

water (Plummer et al. 2014). In this study, TC bacteria

were associated with all sampling sites, and though a

portion of them might be from non-fecal sources, it is

unlikely, because all sites harbored positive detection

concentrations of [770 MPN/100 ml, which are similar

values to those previously reported in the groundwater

aquifer where fecal contamination occurs (Leal-Bautista

et al. 2013). E. coli densities were rarely found in this

study, suggesting a recent contamination event at these

sites. It is interesting to note that E. coli densities were

lower than the acceptable Mexican standard values for

recreational water quality at CE-CCA-001/89:

E. coli\ 200 MPN/100 ml. This might not be surprising,

given that E. coli densities are known to vary greatly over

the year (Leal-Bautista et al. 2011; Hernández-Terrones

et al. 2015). It is widely accepted that bacterial indicators

not always reflect a direct potential for an associated health

risk, including those caused by of viral pathogens (Lee

et al. 2013). Coliphages are generally considered better

fecal or viral indicators, because they reflect enteric virus

behavior in the environment and they are abundant in

wastewaters of human origin (Agulló-Barceló et al. 2016).

Two main groups of coliphages used to estimate water

quality are somatic coliphages and specific RNA phages,

and they share many properties with human viruses, while

being resistant to environmental factors, making them more

accurate indicators of water quality than fecal bacteria (see

Jofre et al. 2016). In this work, somatic and male F?

specific coliphages concentrations were higher during the

rainy season, suggesting that runoff events increased the

concentration of fecal-associated coliphages in environ-

mental waters of the YP karst aquifer. This is not surprising

given that storm water readily transports sediment, bacte-

ria, and even viruses (Reed et al. 2011; Williamson et al.

2014). At site 2 in Cancun, the highest concentration of

somatic and male F? specific coliphages was detected

during both the rainy and dry seasons, strongly suggesting

leaking septic systems from on-site residences. These

findings are consistent with failing or inadequate on-site

sewage systems, and leaking septic tanks reported to occur

in other YP locations (Marin et al. 2000; Pacheco et al.

2000; Hernández-Terrones et al. 2015).

There are multiple microbial source tracking (MST)

markers that can be used to identify sources of fecal con-

tamination in water (Harwood et al. 2014). The plant virus,

PMMoV, most certainly has a dietary origin, and has been

shown to be associated at high concentrations with human

feces, making it an abundant virus in wastewater (Rosario

et al. 2009; Kuroda et al. 2015), likely, in most countries

where peppers and pepper-based products are consumed. In

addition, PMMoV has been previously (and herein)

demonstrated to serve as a robust wastewater-associated

marker reflective of potential health risks for human viral

or bacterial contamination in environmental waters

(Rosario et al. 2009; Hamza et al. 2011; Haramoto et al.

2013; Symonds et al. 2016) associated with high-density

human use for recreation and other activities, and in

managed aquifer recharge systems designed to remove

enteric viruses (Betancourt et al. 2014). Although PMMoV

has been successfully used as a human fecal marker, its

prevalence in sewage, and baseline presence in recreational

waters throughout the world requires thorough considera-

tion (Rosario et al. 2009). In this study, the frequency of

PMMoV detection in environmental water was extensive,

e.g.,[70% of sites, indicating it is widely prevalent at the

sites sampled, and perhaps elsewhere in the karst water

system. Although the PMMoV estimated average concen-

tration fell within the lower range, at 1.79 9 101–

1.04 9 104 GC/L, compared to previous reports from

environmental water, at 103–106 GC/L (Haramoto et al.

2013; Kuroda et al. 2015), this lower detectable relative

concentration of PMMoV in sinkhole sites could be related

to the particular hydrogeological characteristics of the YP

karst aquifer. A major plausible factor may be

attributable to the regional-scale groundwater flow system

in the YP, which could facilitate dilution of contaminants

owing to rapid transport of water, albeit, following differ-

ent and sometimes complicated flows that might result in

different levels of dilution over time (Mahler et al. 2000;

Bauer-Gottwein et al. 2011). However, it is also important

to notice that PMMoV concentrations obtained here by

qPCR could underestimate the real viral concentration in

the original sample (Haramoto et al. 2013).

Correlation analyses indicated that TC and E. coli den-

sities (measured in parallel) may not be good predictors of

the presence of stable and persistent viruses, like col-

iphages and Pepper mild mottle virus, in the dynamic YP

karst aquatic environment. In addition to serving as a

robust indicator of water use by humans, these results

reflect a multi-seasonal utility of the virus as a marker,

given the nearly ubiquitous distribution of PMMoV during

both the dry and rainy seasons, further underscoring the

potential for this novel approach for water quality assess-

ment in the region, and probably elsewhere. Because the

presence and abundance of PMMoV was not significantly

correlated with water type or physicochemical parameters

found in the aquifer, these results support a potentially high

reliability of its deployment as an important wastewater

marker. Although a relatively small samples size was

considered here, the distribution of selected sites is

reflective of aquifer system coverage, and results point to

this plant virus indicator species as a more accurate pre-

dictor of human presence, e.g. than viral pathogens or

bacterial markers used previously to monitor the aquatic

environment. Even so, in-parallel monitoring of human
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viruses in the YP groundwater karst aquifer system is of

great importance for directly tracking the prevalence, dis-

tribution, and fate of human pathogens in the only source

of drinking water available in the YP.
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