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Abstract: Reclaimed wastewater for irrigation is an opportunity for recovery of this natural resource.
In this study, microbial risk from the use of treated wastewater for irrigation of recreational parks in
the city of Chihuahua, evaluating the effect of distribution distance, season, and presence of storage
tanks, was analyzed. Escherichia coli, Salmonella, and multidrug-resistant bacteria were recovered from
samples of reclaimed water and soils at recreational parks in Chihuahua by the membrane filtration
method, using selected agars for microbial growth. Samples were taken at three different seasons.
No correlation in the presence of microbial indicators and multidrug-resistant bacteria (p > 0.05) was
found between the distance from the wastewater treatment plant to the point of use. Presence of
storage tanks in parks showed a significant effect (p < 0.05) with a higher level of E. coli. The highest
count in wastewater occurred in summer. We isolated 392 multidrug-resistant bacteria from water
and soil; cluster analysis showed that the microorganisms at each location were of different origins.
Irrigation with reclaimed wastewater did not have a negative effect on the presence of microbial
indicators of the quality of soils in the parks. However, the prevalence of multidrug-resistant bacteria
still represents a potential risk factor for human health.
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1. Introduction

The increase in water demand from population increase in arid and semi-arid zones makes
converted domestic wastewater a precious resource. Reclaimed wastewater can be re-used in
urban areas, in agriculture, or in industrial processes. Regulations in Mexico, specifically contained
in the Official Mexican Standard NOM-003-ECOL-1997, allow the uses of reclaimed water for
non-potable uses, such as irrigating landscapes, public gardens, and groundwater recharge [1].
Using reclaimed water can mitigate water requirements and diminish the generation of other
environmental problems [2]. Nevertheless, treated wastewater for irrigation produces increased
salinity, pH, and organic content in soils of household and recreational gardens [3,4]. Wastewater
treatment does not eliminate all health risks, including the spread of antibiotic-resistant bacteria that
can transfer their resistance through mobile genetic elements (plasmids, transposons, and gene cassette
integrons) to other microbial cells [5,6]. Transfer of resistance genes can be done by any of these
mechanisms: (1) horizontal transference—incorporation into the genome of a gene from a different
microorganism or from an outside source; or (2) vertical transference—which occur in the progeny by
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the direct transfer of genetic material from parent cells [7]. Additionally, the use of treated wastewater
is not accepted as suitable for human consumption by many cultures [1].

There are integrated plans for using treated wastewater in major cities worldwide [8],
which requires monitoring the quality of the reclaimed water, including microorganisms, such as
Salmonella spp., Escherichia coli, and protozoa, that are used as microbial indicators of quality [8,9].
E. coli has been described as the most specific indicator of fecal pollution, because its natural habitat
is the large intestine of warm-blooded animals, and does not survive for long periods outside of the
intestinal tract [10]. Additionally, the presence of E. coli has been related to the potential presence
of pathogens, such as Salmonella spp. or hepatitis A virus [11,12]. On the other hand, the presence
of antibiotics and bacteria with antibiotic-resistant genes in soil and water has been designated
contaminants [13] and their presence it has been identified as a serious medical problem by World
Health Organization [14]. Even more, antibiotic-resistant bacteria, as indicators of contamination of
the environment, was proposed as an alternative to the currently-used microbiological indicators [15].
Although many antibiotic-resistant bacteria are not pathogenic, resistant genes can be transferred to
pathogens, which represents a public health risk; together with this, multidrug-resistant bacteria can
persist in soils after long periods after the last irrigation with wastewater [16]. In recent years, the search
for antibiotic-resistant bacteria in effluents of wastewater treatment plants have gained importance
in evaluating possible environment impacts of the wastewater as a resource [17,18]. One of the main
concerns is the effect of wastewater treatment biological processes on the survival of antibiotic-resistant
bacteria and antibiotic-resistant gene transfer in the environment [18].

Although it has been reported that wastewater treatment systems efficiently reduce the presence
of quality microbial indicators [19,20], it is possible that the distribution systems can affect the final
quality of the reclaimed water, by allowing bacterial regrowth [21,22]. Moreover, the presence of
storage sites, such as storage tanks at the final disposition points, tends to decrease water quality as
well [23]. Accordingly, an evaluation of the wastewater effluent in the treatment plant is not enough
to conclude on the safety or the possible environmental impact of using reclaimed wastewater for
irrigation purposes [24]. Taking into account all the above considerations, an evaluation of the presence
of microbial indicators of quality in reclaimed wastewater at the final point of reuse is recommended.

For this reason, the purpose of this study was to determine the water quality of reclaimed
wastewater, as indicated by the presence of microbial indicators of quality, including E. coli, Salmonella,
and multi-drug resistant bacteria in effluents received in parks at different distance from the wastewater
treatment plant. Additionally, the same microbial indicators were used to indicate conditions in the
soil of the parks. We tested the hypothesis that parks further from the wastewater treatment plant and
those that have storage tanks for reclaimed wastewater, showed higher prevalence of quality microbial
indicators and multi-drug resistant bacteria than parks closer to the wastewater treatment plant or
without storage tanks.

2. Materials and Methods

2.1. Sampling

A total of 28 recreational parks in the city of Chihuahua in Mexico, which are irrigated with
reclaimed wastewater from the wastewater treatment plant were sampled (Figure 1). Treatment plants
in Chihuahua are level 2 facilities, where the treatment process includes mechanical pre-treatment,
and an aerobic activated sludge system, followed by a disinfection process by chlorine. Samples of
reclaimed wastewater (100 mL from the faucet) and the soil surface (5 g from 0 to 10 cm deep) from
each park were taken, in triplicate, during three seasons in 2011: February (winter), May (summer),
and September (autumn). Samples were collected in sterile containers and brought to the laboratory
under refrigeration. The silty clay soils were dried in a microbiological chamber at 30 ◦C on an
aluminum tray overnight, and then sieved through 0.15 mm mesh [25].
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Figure 1. Sample sites (from Briones [26]). Recreational parks (green points) in the city of Chihuahua
in Mexico irrigated by reclaimed wastewater (purple line = pipeline) from wastewater treatment plant
(WWTP = blue square).

2.2. Determination of Chemical Oxygen Demand (COD)

COD was measured by oxidation with dichromate [27]. Briefly, 0.4 g of mercuric sulfate (231-992-5;
Merck Millipore, Bellerica, MA, USA) and 5 mL of 0.04 M potassium dichromate solution was added
to 10 mL of sample and mixed for 10 min. The remnant of potassium dichromate was -titrated with a
solution 0.012 M ammoniacal ferrous sulfate using ferroin as indicator. 1 M of reduced dichromate it is
equivalent to 1.5 M O2.

2.3. Initial Processing of Soil and Water Samples

Water samples were analyzed within 3 h of collection, each replicate was filtering 100 mL through
a sterile cellulose membrane of cellulose (0.45 µm pore size, Merck Millipore, Bellerica, MA, USA).
We used the membrane filtration method for soil analysis, which has been reported as having significant
linear correlation (r = 0.91), compared with the MPN (most-probable number) technique to enumerate
microorganisms [28]. For each replicate of soils samples, 1 g was vortexed in 100 mL of 0.85% sterile
saline solution and then filtered through the 0.45 µm sterile cellulose membrane.

2.4. Determination of E. coli

For E. coli analyses, the membrane filter method was used [29]. After filtration, the membrane was
placed on a Petri plate containing violet red bile agar (211695, Difco/Becton Dickinson, Franklin Lakes,
NJ, USA) and then the agar was incubated for 24 h at 44.5 ± 0.2 ◦C. After incubation, the colonies on
the membrane were counted and reported as CFU·100 mL−1.

2.5. Determination of Salmonella

For counting Salmonella, the membrane filter method was used [29]. After filtration, the membrane
was pre-enriched in 90 mL of peptone buffer containing (in g·L−1): tryptone (10), NaCl (5), NaH2PO4

(9), KH2PO4 (1.5), and incubated at 36 ± 0.2 ◦C for 18 h. After incubation, 1 mL of peptone buffer was



Int. J. Environ. Res. Public Health 2017, 14, 1009 4 of 12

transferred to 10 mL of Rappaport’s medium (in g·L−1): soy peptone (4.5); NaCl (7.2); KH2PO4 (1.26);
K2HPO4 (0.18); MgCl2 (13.58); and malachite green (0.036), and incubated at 41.5 ± 0.2 ◦C for 24 h.
After incubation, a sample from Rappaport’s medium was taken and inoculated on Salmonella-Shigella
agar and then incubated at 36 ± 0.2 ◦C for 24 h. The colonies suspected of belonging to Salmonella
were confirmed by microscopy, colonial morphology, and standard biochemical tests: triple-sugar iron
agar, lysine iron agar, indole ornithine motility, sulfite indole motility, methyl red, Voges-Proskauer
test, and urea broth (all from Difco, Detroit, MI, USA).

2.6. Qualitative Determination of Multidrug-Resistant Bacteria

After filtration, the membrane was placed in a flask containing 100 mL of nutrient broth (#N7519,
Sigma-Aldrich, St. Louis, MO, USA) and incubated at 36 ± 0.2 ◦C for 24 h. After incubation, 100 µL
of inoculated nutrient broth was inoculated on Petri plates with tryptic soy agar (TSA; Difco/Becton
Dickinson, Franklin Lakes, NJ, USA), which contained different antibiotics (in mL−1): ampicillin
(10 µg); riphampicin (5 µg); chloramphenicol (30 µg); ciprofloxacin (5 µg); gentamicin (10 µg);
and trimethoprim-sulphametoxazole (300 µg), and then incubated at 36 ± 0.2 ◦C for 24 h. Colonies were
obtained in pure culture and later tested for resistance to the other five antibiotics that were analyzed.
Strains were inoculated, using a sterile toothpick in a TSA plate with antibiotics, as mentioned above.
Gram stain, catalase, and oxidase tests, as well as the microscopic and macroscopic morphology of
each isolate, were analyzed for identification. Taking into account that a multi-drug resistant bacteria
is defined as a bacterial strain that acquired non-susceptibility to at least one antimicrobial agent in
three or more antimicrobial categories [30], multi-drug resistant bacteria were those that were resistant
to three or more antibiotics. For strains with different morphology, the results of catalase and oxidase
tests, as well as the antibiotic resistant profile, were selected for further study.

2.7. Statistical Analysis

All samples were taken in triplicate. The presence of E. coli in sites with or without storage
tanks was compared by Student’s t-test for independent samples. The effect of distance, as well as
the presence or absence of storage tanks, on the E. coli counts and multidrug-resistant bacteria were
analyzed by Pearson’s correlation coefficient (p < 0.05). Comparisons between seasons were done by
one-way ANOVA and then by LSD post-hoc analysis. All analyses were carried out using Minitab
17 statistical software (Minitab, State College, TX, USA). Data of multi-drug resistant bacteria from soil
and water samples were analyzed by cluster analysis, using binary code (0 = sensitive; 1 = resistant) to
assign data for each isolate tested, with NTsys 2.02j software (Applied Biostatics, St. Paul, MN, USA);
strains that showed similar antibiotic-resistance pattern were clustered. A comparison between seasons
at the frequency of antibiotic-resistant bacteria obtained for each antibiotic agent tested was compared
by chi-square test.

3. Results and Discussion

3.1. Presence of Microbial Indicators of Quality in Soil and Water

The E. coli count in reclaimed water samples was different among the three seasons. The presence
of E. coli was higher in samples taken in February and May than in September (Figure 2). Lower levels
of E. coli in reclaimed wastewater during September could be due to the dilution effect due to the water
from rains received in this month. No significant correlation between the distance of the sampling
site from the treatment plant and the concentration of E. coli was found at any season: September
(p = 0.88); February (p = 0.384); and May (p = 0.156). The concentration of E. coli in May was constant
with distance and in February it decreased at >8 km from the treatment plant (Figure 2).
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Figure 2. Presence of E. coli in reclaimed wastewater during different seasons from recreational parks
at different distances from the wastewater treatment plant. Whisker lines represent the standard error.

Distribution systems of reclaimed water in urban areas, over time, affects the final quality of
treated wastewater [21,22,31]. From our tests, the distribution system that is in place in Chihuahua
had no negative effect on the quality of the effluent at the point of usage. Although, there is evidence
that higher temperatures enhance the bacteria count in wastewater treated with UV or chlorine [22,32],
we did not find regrowth of E. coli in the effluent at distant points during May.

There is evidence that tanks storing reclaimed wastewater enhance microbial growth and biofilm
and act as reservoirs for bacteria in water supplies [33]. We found a significant effect by the presence
of storage tanks at the sampling point with E. coli during all seasons: September (p = 0.004); February
(p = 0.016); and May (p = 0.036) (Figure 3).
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Lye [34] found coliforms and other bacteria in water system tanks, and Al-Salaymeh et al. [23]
report that poor maintenance of tanks is the main contamination. Organic matter is an important factor
for the presence of microbial indicators of quality and stability of reclaimed water [35]. The amount of
COD in the reclaimed wastewater decreased as the distance increases (negatively-correlated, p < 0.01)
during February, but no correlation occurred at the other sampling dates (Figure 4). The decrease of
COD with distance results from consumption of residual organic matter by microorganisms in the
distribution system. In all months of sampling, the amount of COD were independent of distance
between the treatment plant and the parks (data not shown). These results agree with Manios et al. [36]
who reported that the distance traveled by water though the pipeline from the treatment plant and the
final destination does not affect COD concentration.
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The effect of irrigation with reclaimed wastewater on fecal count has been controversial,
but depends on soil characteristics [37]; organic matter content, pH, and moisture-holding capacity
determine the retention of microorganisms in soils [38]. The effect of rain and dry weather on microbial
indicators has been well established [39,40]. We did not find a relationship between the amount of E. coli
in the reclaimed wastewater and the enumeration of this microorganism in the soils that were irrigated
with this water during the months of February and September (Figure 5), however, there was a positive
relation between E. coli counts in water and soils in summer (Figure 5). This suggests that reclaimed
wastewater treated by chlorination on microbial counts in soils is more affected by environmental
conditions than by the concentration of bacteria in the reclaimed water used for irrigation.
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Figure 5. The presence of E. coli in reclaimed wastewater and soils in recreational parks during three
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Wastewater is one of the main sources of transmission of Salmonella to the environment [41].
To decrease the persistence of Salmonella, Ravva and Sarreal [42] proposed holding the wastewater for
sufficient reduction cycles in ponds. We found Salmonella only in one water sample (sample site 23,
Figure 1) and three soil samples in sufficient amounts for qualitative determination (sample sites 3,
5, and 19, Figure 1). Although Salmonella can grow in grass-covered soils [43], its persistence in soils
irrigated with wastewater is no more than three days [44] because it is affected by temperature,
moisture, soil type, presence of plants, exposure to sunlight, and predation by protozoans and
indigenous soil microbes [45]. Additionally, the source of bacteria, like Salmonella, may be domestic or
wild animals. Still, only four samples indicated the presence of Salmonella.

3.2. Multidrug-Resistant Bacteria

Urban wastewater at treatment plants does not reduce or change the antibiotic-resistance of
bacteria in the final effluent, but can reactivate and select antibiotic-resistant bacteria [31,46,47].
We isolated 392 multi-drug resistant strains in culture media at higher concentrations of each
antibiotic than the Enterobacteriaceae breakpoints given by the European Committee on Antimicrobial
Susceptibility Testing (EUCAST). Although the sampling sites (sampling points 4–6) that showed in
soils a higher number (24, 24, and 27 isolates, respectively) of multi-drug resistant bacteria are near
to WWTP (>6 km) no correlation was found between the number of multidrug-resistant bacteria in
the reclaimed wastewater of these sampling points (4, 9, and 9 isolates, respectively) and the distance
between the treatment plant and the sampling station (p = 0.761), or the presence or absence of storage
tanks at sampling sites (p = 0.53). Many bacterial isolates from water were resistant to ampicillin and
gentamicin (230 and 229 isolates, respectively) and soils (166 and 171 isolates, respectively) (Table 1).
Huang et al. [31] report that chlorination during wastewater treatment reactivates antibiotic-resistant
bacteria, specifically ampicillin. Reactivation could explain the prevalence of ampicillin-resistant
bacterial strains in water. Birošová et al. [17] report that most coliforms in treated wastewater have
a higher resistance to ampicillin and gentamicin. Additionally, intrinsic ampicillin resistance by the
presence of the AmpC β-lactamase has been found in Enterobacteriaceae [48]. During September
a lower presence of antibiotic-resistant bacteria was observed in water samples. Nevertheless,
soils samples showed a decrement in the presence of this type of bacteria during the month of
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May, but not in September (p < 0.05) (Table 1). The effect of seasons in the prevalence of antibiotic
resistant E. coli has been reported by Akiyama and Savin [49] in reclaimed wastewater with a significant
decrement during September. On the other hand, it has been reported that in winter the prevalence of
antibiotics in soils is higher than in summer [50]. Nevertheless, independently of the gain or intrinsic
resistance to a specific antibiotic in bacteria, the number of bacteria with a broad antibiotics resistance
profile indicates an impact from humans or animals [51,52].

Table 1. Number of bacterial isolates resistant to each antibiotic from samples of water and soil taken
at recreational parks during three seasons.

Antibiotic (µg·mL−1)
Water Soil

September 1 February May Total September February May 1 Total

Ampicillin (10) 64 86 80 230 65 72 29 166
Gentamicin (10) 63 84 82 229 68 74 29 171

Trimethoprim-Sulphametoxazole (300) 49 74 73 196 51 53 23 127
Chloramphenicol (30) 31 66 62 159 52 53 21 126

Riphampicin (5) 55 84 80 219 62 73 25 160
Ciprofloxacin (5) 29 62 64 155 23 29 12 64

1 Statistically different (p < 0.05), analyzed by chi-square test.

Using reclaimed wastewater to irrigate soils may increase the risk of antibiotic-resistant soil
microorganisms. The generation of new antibiotic-resistant microorganisms in environments
containing wastewater is related to two mechanisms: (1) the presence of low levels of antibiotics
in the effluents [53], and (2) the transfer of antibiotic-resistant bacteria from wastewater to the
environment [18,54], which transfer their resistance to other microorganisms [55]. The real effect of
wastewater irrigation on levels of antibiotic-resistant bacteria in soils is not clear. Negreanu et al. [56]
indicate that irrigation with treated wastewater of soils in crop production has a negligible effect on
the levels of antibiotic-resistant bacteria in the soil.

To analyze the resistance patterns in the bacterial isolates and test the correlation between water
and soil samples taken at the same sampling point, a cluster analysis was performed. Our results
showed that, although both sources (water and soil) of multidrug-resistant strains presented
higher resistance to the same antibiotics (ampicillin and gentamicin), we found that 249 strains
of the 392 analyzed had differential resistance to the different combinations of antibiotic tested.
Multidrug-resistant strains clustered by types of sample (water or soil) instead of by sampling point
(Table 2).

Table 2. Cluster of multidrug-resistant bacteria isolated from water and soils, based on the kind of
antibiotic presenting resistance.

Cluster Number of Strains
Source

Water Soil

I 3 1 2
II 5 0 5
III 8 0 8
IV 8 2 6
V 28 0 28
VI 49 45 4
VII 67 66 1
VIII 81 12 69
Total 249 126 123

These data indicate that the microorganisms had a behavior of antibiotic resistance that is related
to the niche from which they originate (reclaimed wastewater or soil). Although there are many
environmental factors that can facilitate the emergence of antibiotic resistance in bacteria, the presence
of resistant genes associated with mobile genetic elements (mobilomes) make the study of the spread
of antibiotic-resistant bacteria more complicated [57]. In practice, gene flow is probably structured
by ecology, with species that share similar niches drawing antibiotic resistance from similar gene
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pools [57,58]. High levels of multidrug-resistant bacteria in soils using reclaimed wastewater represent
a public health risk; the pool of antibiotic resistance genes will continue to increase [59].

4. Conclusions

The use of reclaimed wastewater for irrigating city parks does not present an immediate effect on
the presence of microbial indicators of quality in soils, as determined by indicator microorganisms,
such as E. coli and Salmonella. Our results show the relationship between season, distance from the
treatment plant, and storage tanks for reclaimed wastewater at the sampling point with E. coli and
multidrug-resistant bacteria. The hypothesis tested in this work is rejected for the effect of distance on
microbial indicators, but accepted for the presence of storage tanks in the parks. The effects of summer
on the concentration of E. coli demonstrate the importance of controlling chlorine concentration at the
treatment plant to avoid possible increases in levels of bacterial growth. Although cluster analysis
indicates that multidrug-resistant bacteria are clustered according to their origin in water or soil,
the high levels of these microorganisms is a potential risk factor for human health.

Acknowledgments: This project was supported by a grant from the Gob. Edo. Chihuahua–Consejo
Nacional de Ciencia y Tecnología (CHIH-2008-C02-92384). Oskar A. Palacios was a recipient of a fellowship
(CONACYT 226169).

Author Contributions: Oskar A. Palacios, María S. Espino-Valdés, and Guadalupe V. Nevárez-Moorillón.
conceived and designed the experiments; Oskar A. Palacios performed the experiments; María S. Espino-Valdés
participated in the selection and sampling of selected points; María de Lourdes Ballinas-Casarrubias participated
in the chemical analysis of the samples; Francisco J. Zavala-Díaz de la Serna analyzed the data for cluster analysis;
and Oskar A. Palacios and Guadalupe V. Nevárez-Moorillón conducted the statistical analysis and drafted the
manuscript. All authors approved the final version of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Otoo, M.; Mateo-Sagasta, J.; Madurangi, G. Economics of water reuse for industrial, environmental,
recreational and potable purposes. In Wastewater Economic Asset in an Urbanizing World, 1st ed.; Drechsel, P.,
Qadir, M., Wichelns, D., Eds.; Springer: Dordrecht, The Netherlands, 2015; Chapter 10, pp. 169–194,
ISBN 978-94-017-9544-9.

2. Meneses, M.; Pasqualino, J.C.; Castells, F. Environmental assessment of urban wastewater reuse: Treatment
alternatives and applications. Chemosphere 2010, 81, 266–272. [CrossRef] [PubMed]

3. Al-Hamaiedeh, H.; Bino, M. Effect of treated grey water reuse in irrigation on soil and plants. Desalination
2010, 256, 115–119. [CrossRef]

4. Qian, Y.L.; Mecham, B. Long-term effects of recycled wastewater irrigation on soil chemical properties on
golf course fairways. Agron. J. 2004, 97, 717–721. [CrossRef]

5. Galvin, S.; Boyle, F.; Hickey, P.; Vellinga, A.; Morris, D.; Cormican, M. Enumeration and characterization of
antimicrobial-resistant Escherichia coli bacteria in effluent from municipal, hospital, and secondary treatment
facility sources. Appl. Environ. Microbiol. 2010, 76, 4772–4779. [CrossRef] [PubMed]

6. Sáenz, Y.; Briñas, L.; Domínguez, E.; Ruiz, J.; Zarazaga, M.; Vila, J.; Torres, C. Mechanisms of
resistance in multiple-antibiotic-resistant Escherichia coli strains of human, animal, and foods origins.
Antimicrob. Agents Chemother. 2004, 48, 3996–4001. [CrossRef] [PubMed]

7. Tenover, F.C. Mechanisms of antimicrobial resistance in bacteria. Am. J. Med. 2006, 119, 3–10. [CrossRef]
[PubMed]

8. Kalavrouziotis, I.K.; Apostolopoulos, C.A. An integrated environmental plan for the reuse of treated
wastewater effluents from WWTP in urban areas. Build. Enrvion. 2007, 42, 1862–1868. [CrossRef]

9. Gemmell, M.E.; Schmidt, S. Microbiological assessment of river water used for the irrigation of fresh produce
in a sub-urban community in Sobantu, South Africa. Food Res. Int. 2012, 47, 300–305. [CrossRef]

10. Odonkor, S.T.; Ampofo, J.K. Escherichia coli as an indicator of bacteriological quality of water: An overview.
Microbiol. Res. 2013, 4, 5–11. [CrossRef]

11. Brüssow, H.; Canchaya, C.; Hardt, W.D. Phages and the evolution of bacterial pathogens: From genomic
rearrangements to lysogenic conversion. Microbiol. Mol. Biol. Rev. 2004, 68, 560–602. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.chemosphere.2010.05.053
http://www.ncbi.nlm.nih.gov/pubmed/20580058
http://dx.doi.org/10.1016/j.desal.2010.02.004
http://dx.doi.org/10.2134/agronj2004.0140
http://dx.doi.org/10.1128/AEM.02898-09
http://www.ncbi.nlm.nih.gov/pubmed/20525867
http://dx.doi.org/10.1128/AAC.48.10.3996-4001.2004
http://www.ncbi.nlm.nih.gov/pubmed/15388464
http://dx.doi.org/10.1016/j.amjmed.2006.03.011
http://www.ncbi.nlm.nih.gov/pubmed/16735149
http://dx.doi.org/10.1016/j.buildenv.2006.07.016
http://dx.doi.org/10.1016/j.foodres.2011.07.016
http://dx.doi.org/10.4081/mr.2013.e2
http://dx.doi.org/10.1128/MMBR.68.3.560-602.2004
http://www.ncbi.nlm.nih.gov/pubmed/15353570


Int. J. Environ. Res. Public Health 2017, 14, 1009 10 of 12

12. Truchado, P.; Lopez-Galvez, F.; Gil, M.I.; Pedrero-Salcedo, F.; Alarcón, J.J.; Allende, A. Suitability of different
Escherichia coli enumeration techniques to assess the microbial quality of different irrigation water sources.
Food Microbiol. 2016, 58, 29–35. [CrossRef] [PubMed]

13. Munir, M.; Xagoraraki, I. Levels of antibiotic resistance genes in manure, biosolids, and fertilized soil.
J. Environ. Qual. 2011, 40, 248–255. [CrossRef]

14. World Health Organization. Antimicrobial Resistance: Global Report on Surveillance; World Health Organization:
Geneva, Switzerland, 2015; ISBN 978-92-4-156474-8.

15. Niemi, N.; Sibakov, M.; Niemela, S. Antibiotic resistance among different species of fecal coliforms isolated
from water samples. Appl. Environ. Microbiol. 1983, 45, 79–83. [PubMed]

16. Palacios, O.A.; Contreras, C.A.; Muñoz-Castellanos, L.N.; González-Rangel, M.O.; Rubio-Arias, H.;
Palacios-Espinosa, A.; Nevárez-Moorillón, G.V. Monitoring of indicator and multidrug resistant bacteria in
agricultural soils under different irrigation patterns. Agric. Water Manag. 2017, 184, 19–27. [CrossRef]

17. Birošová, L.; Mackulak, T.; Bodík, I.; Ryba, J.; Škubák, J.; Grabic, R. Pilot study of seasonal occurrence
and distribution of antibiotics and drug resistant bacteria in wastewater treatment plants in Slovakia.
Sci. Total Environ. 2014, 490, 440–444. [CrossRef] [PubMed]

18. Rizzo, L.; Manaia, C.; Merlin, C.; Schwartz, T.; Dagot, C.; Ploy, M.C.; Michael, I.; Fatta-Kassinos, D.
Urban wastewater treatments plants as hotspots for antibiotic resistant bacteria and genes spread into
the environment: A review. Sci. Total Environ. 2013, 447, 345–360. [CrossRef] [PubMed]

19. Bakopoulou, S.; Emmanouil, C.; Kungolos, A. Assessment of wastewater effluent quality in Thessaly region,
Greece, for determining its irrigation reuse potential. Ecotoxicol. Environ. Saf. 2011, 74, 188–194. [CrossRef]
[PubMed]

20. Friedler, E.; Kovalio, R.; Ben-Zvi, A. Comparative study of the microbial quality of greywater by three on-site
treatment systems. Environ. Technol. 2006, 27, 653–663. [CrossRef] [PubMed]

21. Gaki, E.; Banou, S.; Ntigkakis, D.; Andreadakis, A.; Borboudaki, K.; Drakopoulou, S.; Manios, T. Qualitative
monitoring of tertiary treated wastewater reuse extensive distribution system: Total coliforms number and
residual chlorine concentration. J. Environ. Sci. Health Part A 2007, 42, 601–611. [CrossRef] [PubMed]

22. Power, K.N.; Nagy, L.A. Relationship between bacterial regrowth and some physical and chemical parameters
within Syndey’s drinking water distribution system. Water Res. 1999, 33, 741–750. [CrossRef]

23. Al-Salaymeh, A.; Al-Khatib, I.A.; Arafat, H.A. Towards sustainable water quality: Management of rainwater
harvesting cisterns in Southern Palestine. Water Resour. Manag. 2011, 25, 1721–1736. [CrossRef]

24. Ikehata, K.; Liu, Y.; Sun, R. Health effects associated with wastewater treatment, reuse, and disposal.
Water Environ. Res. 2009, 81, 2126–2146. [CrossRef]

25. DOF. Mexican Official Method. NMX-021-RECNAT-2000, Que Establece las Especificaciones de
Fertilidad, Salinidad y Clasificación de Suelos. Estudios, Muestros y Análisis (In Spanish). Available
online: http://diariooficial.gob.mx/nota_detalle.php?codigo=717582&fecha=31/12/2002 (accessed on
2 September 2017).

26. Briones, A.R. Evaluación del Impacto Ambiental del Reuso de Agua Residual en la Ciudad de Chihuahua.
Master’s Thesis, School of Engineering, Universidad Autónoma de Chihuahua, Chihuahua, Mexico, 2011.
(In Spanish)

27. DOF. Mexican Official Method. NMX-AA-030/1-SCFI-2012, Análisis de Agua. Medición de la Demanda
Química de Oxígeno en Aguas Naturales, Residuales y Residuales Tratadas.- Método de Prueba. Parte
1—Método de Reflujo Abierto (In Spanish). Available online: https://www.gob.mx/cms/uploads/
attachment/file/166774/NMX-AA-030-1-SCFI-2012.pdf (accessed on 2 September 2017).

28. Stoddard, C.S.; Coyne, M.S.; Grove, J.H. Fecal bacteria survival and infiltration through a shallow agricultural
soil: Timing and tillage effects. J. Environ. Q. 1998, 27, 1516–1523. [CrossRef]

29. DOF. Mexican Official Method. NOM-210-SSA1-2014, Productos y Servicios. Métodos de Prueba
Microbiológicos, Determinación de Microorganismos Indicadores. Determinación de Microorganismos
Patógenos (In Spanish). Available online: http://dof.gob.mx/nota_detalle.php?codigo=5398468&fecha=26/
06/2015 (accessed on 2 September 2017).

30. Magiorakos, A.P.; Srinivasan, A.; Carey, R.B.; Carmeli, Y.; Falagas, M.E.; Giske, G.C.; Harbarth, S.;
Hinder, J.F.; Kahlmeter, G.; Olsson-Liljequist, B.; et al. Multidrug-resistant, extensively drug-resistant and
pandrug-resistant bacteria: An international expert proposal for interim standard definitions for acquired
resistance. Clin. Microbiol. Infect. 2012, 18, 268–281. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.fm.2016.03.006
http://www.ncbi.nlm.nih.gov/pubmed/27217356
http://dx.doi.org/10.2134/jeq2010.0209
http://www.ncbi.nlm.nih.gov/pubmed/6337553
http://dx.doi.org/10.1016/j.agwat.2017.01.001
http://dx.doi.org/10.1016/j.scitotenv.2014.05.030
http://www.ncbi.nlm.nih.gov/pubmed/24867706
http://dx.doi.org/10.1016/j.scitotenv.2013.01.032
http://www.ncbi.nlm.nih.gov/pubmed/23396083
http://dx.doi.org/10.1016/j.ecoenv.2010.06.022
http://www.ncbi.nlm.nih.gov/pubmed/20719387
http://dx.doi.org/10.1080/09593332708618674
http://www.ncbi.nlm.nih.gov/pubmed/16865921
http://dx.doi.org/10.1080/10934520701244367
http://www.ncbi.nlm.nih.gov/pubmed/17454367
http://dx.doi.org/10.1016/S0043-1354(98)00251-6
http://dx.doi.org/10.1007/s11269-010-9771-0
http://dx.doi.org/10.2175/106143009X12445568400773
http://diariooficial.gob.mx/nota_detalle.php?codigo=717582&fecha=31/12/2002
https://www.gob.mx/cms/uploads/attachment/file/166774/NMX-AA-030-1-SCFI-2012.pdf
https://www.gob.mx/cms/uploads/attachment/file/166774/NMX-AA-030-1-SCFI-2012.pdf
http://dx.doi.org/10.2134/jeq1998.00472425002700060031x
http://dof.gob.mx/nota_detalle.php?codigo=5398468&fecha=26/06/2015
http://dof.gob.mx/nota_detalle.php?codigo=5398468&fecha=26/06/2015
http://dx.doi.org/10.1111/j.1469-0691.2011.03570.x
http://www.ncbi.nlm.nih.gov/pubmed/21793988


Int. J. Environ. Res. Public Health 2017, 14, 1009 11 of 12

31. Huang, J.J.; Hu, H.Y.; Tang, F.; Li, Y.; Lu, S.Q.; Lu, Y. Inactivation and reactivation of antibiotic-resistant
bacteria by chlorination in secondary effluents of a municipal wastewater treatment plant. Water Res. 2011,
45, 2775–2781. [CrossRef] [PubMed]

32. Guo, M.; Hu, H.; Liu, W. Preliminary investigation on safety of post-UV disinfection of wastewater:
Bio-stability in laboratory-scale simulated reuse water pipelines. Desalination 2009, 239, 22–28. [CrossRef]

33. Watson, C.L.; Owen, R.J.; Said, B.; Lai, S.; Lee, J.V.; Surman-Lee, S.; Nichols, G. Detection of Helicobacter pylori
by PCR but not culture in water and biofilm samples from drinking water distribution systems in England.
J. Appl. Microbiol. 2004, 97, 690–698. [CrossRef] [PubMed]

34. Lye, D.J. Bacterial levels in cistern water systems of Northern Kentucky. J. Am. Water Resour. Assoc. 1987, 23,
1063–1068. [CrossRef]

35. Weinrich, L.A.; Jjemba, P.K.; Giraldo, E.; LeChevallier, M.W. Implications of organic carbon in the
deterioration of water quality in reclaimed water distribution systems. Water Res. 2010, 44, 5367–5375.
[CrossRef] [PubMed]

36. Manios, T.; Gaki, E.; Banou, S.; Ntigakis, D.; Andreadakis, A. Qualitative monitoring of a treated wastewater
reuse extensive distribution system: COD, TSS, EC and pH. Water SA 2006, 32, 99–104. [CrossRef]

37. Friedel, J.K.; Langer, T.; Siebe, C.; Stahr, K. Effects of long-term waste water irrigation on soil organic matter,
soil microbial biomass and its activities in central Mexico. Biol. Fertil. Soils 2000, 31, 414–421. [CrossRef]

38. Gerba, C.P.; Goyal, S.M. Pathogen removal from wastewater during groundwater recharge. In Artificial
Recharge of Groundwater; Asano, T., Ed.; Butterworths: Boston, MA, USA, 1985; pp. 283–318.

39. Arnade, L.J. Seasonal correlation of well contamination and septic tank distance. Groundwater 1999, 37,
920–923. [CrossRef]

40. Plachá, I.; Venglovský, J.; Sasáková, N.; Svoboda, I.F. The effect of summer and winter seasons on the survival
of Salmonella typhimurium and indicator micro-organisms during the storage of solid fraction of pig slurry.
J. Appl. Microbiol. 2001, 91, 1036–1043. [CrossRef] [PubMed]

41. Turki, Y.; Ouzari, H.; Mehri, I.; Ben Ammar, A.; Hassen, A. Evaluation of a cocktail of three bacteriophages
for the biocontrol of Salmonella of wastewater. Food Res. Int. 2012, 45, 1099–1105. [CrossRef]

42. Ravva, S.V.; Sarreal, C.Z. Survival of Salmonella enterica in aerated and nonaerated wastewaters from dairy
lagoons. Int. J. Environ. Res. Public Heatlh 2014, 11, 11249–11260. [CrossRef] [PubMed]

43. Sinton, L.W.; Braithwaite, R.R.; Hall, C.H.; Mackenzie, M.L. Survival of indicator and pathogenic bacteria in
bovine feces on pasture. Appl. Environ. Microbiol. 2007, 73, 7917–7925. [CrossRef] [PubMed]

44. Melloul, A.A.; Hassani, L.; Rafouk, L. Salmonella contamination of vegetables irrigated with untreated
wastewater. World J. Microbiol. Biotechnol. 2001, 17, 207–209. [CrossRef]

45. Jacobsen, C.S.; Bech, T.B. Soil survival of Salmonella and transfer to freshwater and fresh produce.
Food Res. Int. 2012, 45, 557–566. [CrossRef]

46. Guardabassi, L.; Wong, D.M.L.F.; Dalsgaard, A. The effects of tertiary wastewater treatment on the prevalence
of antimicrobial resistant bacteria. Water Res. 2002, 36, 1955–1964. [CrossRef]

47. Da Silva, M.F.; Tiago, I.; Veríssimo, A.; Boaventura, R.A.R.; Nunes, O.C.; Manaia, C.M. Antibiotic resistance
of enterococci and related bacteria in an urban wastewater treatment plant. FEMS Microbiol. Ecol. 2005, 55,
322–329. [CrossRef] [PubMed]

48. Boehme, S.; Werner, G.; Klare, I.; Reissbrodt, R.; Witte, W. Occurrence of antibiotic-resistant enterobacteria in
agricultural foodstuffs. Mol. Nutr. Food Res. 2004, 48, 522–531. [CrossRef] [PubMed]

49. Akiyama, T.; Savin, M.C. Populations of antibiotic-resistant coliform bacteria change rapidly in a wastewater
effluent dominated stream. Sci. Total Environ. 2010, 408, 6192–6201. [CrossRef] [PubMed]

50. Hu, X.; Zhou, Q.; Luo, Y. Ocurrence and source analysis of typical veterinary antibiotics in manure, soil,
vegetables and groundwater from organic vegetables bases, northern China. Environ. Pollut. 2010, 158,
2992–2998. [CrossRef] [PubMed]

51. Da Costa, P.M.; Loureiro, L.; Matos, A.J.F. Transfer of multidrug-resistant bacteria between intermingled
ecological niches: The interface between humans, animals and the environment. Int. J. Environ. Res.
Public Health 2013, 10, 278–294. [CrossRef] [PubMed]

52. Kemper, N. Veterinary antibiotics in the aquatic and terrestrial environment. Ecol. Indic. 2008, 8, 1–13.
[CrossRef]

http://dx.doi.org/10.1016/j.watres.2011.02.026
http://www.ncbi.nlm.nih.gov/pubmed/21440281
http://dx.doi.org/10.1016/j.desal.2008.03.003
http://dx.doi.org/10.1111/j.1365-2672.2004.02360.x
http://www.ncbi.nlm.nih.gov/pubmed/15357718
http://dx.doi.org/10.1111/j.1752-1688.1987.tb00856.x
http://dx.doi.org/10.1016/j.watres.2010.06.035
http://www.ncbi.nlm.nih.gov/pubmed/20619432
http://dx.doi.org/10.4314/wsa.v32i1.5229
http://dx.doi.org/10.1007/s003749900188
http://dx.doi.org/10.1111/j.1745-6584.1999.tb01191.x
http://dx.doi.org/10.1046/j.1365-2672.2001.01471.x
http://www.ncbi.nlm.nih.gov/pubmed/11851811
http://dx.doi.org/10.1016/j.foodres.2011.05.041
http://dx.doi.org/10.3390/ijerph111111249
http://www.ncbi.nlm.nih.gov/pubmed/25358096
http://dx.doi.org/10.1128/AEM.01620-07
http://www.ncbi.nlm.nih.gov/pubmed/17951435
http://dx.doi.org/10.1023/A:1016686501953
http://dx.doi.org/10.1016/j.foodres.2011.07.026
http://dx.doi.org/10.1016/S0043-1354(01)00429-8
http://dx.doi.org/10.1111/j.1574-6941.2005.00032.x
http://www.ncbi.nlm.nih.gov/pubmed/16420639
http://dx.doi.org/10.1002/mnfr.200400030
http://www.ncbi.nlm.nih.gov/pubmed/15538714
http://dx.doi.org/10.1016/j.scitotenv.2010.08.055
http://www.ncbi.nlm.nih.gov/pubmed/20888028
http://dx.doi.org/10.1016/j.envpol.2010.05.023
http://www.ncbi.nlm.nih.gov/pubmed/20580472
http://dx.doi.org/10.3390/ijerph10010278
http://www.ncbi.nlm.nih.gov/pubmed/23343983
http://dx.doi.org/10.1016/j.ecolind.2007.06.002


Int. J. Environ. Res. Public Health 2017, 14, 1009 12 of 12

53. Kim, S.; Aga, D.S. Potential ecological and human health impacts of antibiotics and antibiotic-resistant
bacteria from wastewater treatment plants. J. Environ. Sci. Health Part B 2007, 10, 559–573. [CrossRef]
[PubMed]

54. Dodd, M.C. Potential impacts of disinfection processes on elimination and deactivation of antibiotic resistance
genes during water and wastewater treatment. J. Environ. Monit. 2012, 14, 1754–1771. [CrossRef] [PubMed]

55. Stalder, T.; Barraud, O.; Casellas, M.; Dagot, C.; Ploy, M.C. Integron involvement in environmental spread of
antibiotic resistance. Front. Microbiol. 2012, 3, 119. [CrossRef] [PubMed]

56. Negreanu, Y.; Pasternak, Z.; Jurkevitch, E.; Cytryn, E. Impact of treated wastewater irrigation on antibiotic
resistance in agricultural soils. Environ. Sci. Technol. 2012, 46, 4800–4808. [CrossRef] [PubMed]

57. Wellington, E.M.H.; Bosal, A.B.A.; Cross, P.; Feil, E.J.; Gaze, W.H.; Hawkey, P.M.; Johnson-Rollings, A.S.;
Jones, D.L.; Lee, N.M.; Otten, W.; et al. The role of the natural environment in the emergence of antibiotic
resistance in Gram-negative bacteria. Lancet Infect. Dis. 2013, 13, 155–165. [CrossRef]
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