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Abstract

This synthesis of research work considers the dynamic, antibiotic resistance,
hemolytic, and hemagglutination activities of non-O1 Vibrio cholerae in comparison
with those of fecal coliforms, fecal streptococci, and Pseudomonas aeruginosa isolated
from suburban and rural groundwater supplies in a Marrakesh area (Morocco). In
addition, it assesses the influence of some chemical factors on the distribution of all
these bacterial groups. The obtained results showed that the prospected well waters
contain them at varying abundance degrees while undergoing generally spatial and
temporal fluctuations. The total occurrence of these bacteria during the period of
study was 94%. Detectable non-O1 V. cholerae was present in 81% of the samples
and the mean abundances ranged from 0 to 11100 MPN/100 ml. According to WHO
standards for drinking water, they were heavily contaminated and could have signifi-
cant health risks for the local population consuming them. Non-O1 V. cholerae and
the other studied bacteria are virulent since most of them were found to be adhesive,
producers of hemolysins and multi-resistant to antibiotics. Pollution activities
around the wells lead to an increase of virulence and antimicrobial resistance in
groundwater. This shows the role of these bacteria in several cases of gastro-enteric
and systemic pathologies noted in Marrakech local population.

Keywords: non-O1 Vibrio cholerae, antibiotic resistance, groundwater,
hemagglutination, hemolysin, chemical factors

1. Introduction

Currently, pollution, water scarcity and seasonal droughts are emerging as major
development challenges for many developing countries. According to data for the
world’s most water-stressed countries [1], Morocco is among the most vulnerable
and will become a water-stressed country by 2040 [2, 3]. Thus, the preservation and
management of its aquifers against various forms of pollution is a major national and
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regional concern. In Marrakesh area, groundwater supplies are a valuable resource
for wide suburban and rural populations. However, their consumers’ growth and
anthropogenic activities heavily influence these wells water. In fact, due to the lack
of sewerage networks and the absence of household waste collection, these people
are directly discharging wastewater and solid waste onto the ground. Then, the
chemical and microbial quality of well water under such environments is seriously
threatened. Also, these communities rely only on these untreated wells’ water as a
source of human and animal drinking, domestic activities, and cultural irrigation.
The use of these well waters without any previous treatment involves serious health
problems due to the potential presence of pollutants and pathogenic bacteria. Water
pollution has a direct impact on human health so that about 884 million people are
living without access to clean drinking water in 2019 [4, 5]. According to WHO,
about 1.8 million people die every year because of cholera and diarrhea, and 3900
children die every day as a result of contaminated water consumption and sanitation
conditions inadequacy [6, 7]. Indeed, emergences of some aquatic diseases and spo-
radic outbreaks of acute diarrhea were reported on several occasions in Marrakesh
area especially in the hot period [8, 9]. Even so, etiological information related to
such outbreaks in this region is very limited. The occurrence of antibiotic-resistant
bacteria in these wells’ water could worsen more than in this previous situation.
Many research studies have noted the important public health implications of the
presence of antibiotic-resistant bacteria and especially multiple antibiotic-resistant
bacteria, in suburban and rural groundwater [10, 11]. The horizontal gene transfer
and clonal spread of resistant bacteria can mediate the transfer of not only antibiotic
resistance genes but also virulence factors [12, 13].

There is a growing trend toward infection due to Vibrio spp., their capacity to per-
sist in the aquatic environment and their association with abiotic and biotic factors
[14, 15]. Non-O1 Vibrio cholerae is ubiquitously distributed in diverse aquatic envi-
ronments where water acts as a reservoir and source of its transmission [16]. They
are an essential and potentially life-threatening cause of infections that are primarily
related to the consumption of feces-contaminated water and person-to-person
transmission [17-19]. This pathogen leads to self-limiting gastroenteritis, septicemia,
bacteremia, meningoencephalitis, oral infection, wound or ear infections, and
non-epidemic diarrhea with a fatal outcome in immunocompromised hosts with
predisposing medical conditions [19-23]. Different virulence factors have been
suggested to be involved in these diseases such as a heat-stable toxin, hemolysin and
other cell-associated hemagglutinins [24-26]. Few studies have been conducted in
Morocco on the occurrence of antibiotic resistance and virulence factors of non-O1 V
cholerae in groundwater supplies in Morocco and particularly in the Marrakesh area.
Accordingly, this study presents a synthesis of our research works on the dynamics,
occurrence of antibiotic resistance, and potential virulence of non-O1 V. cholerae in
supplying well water in comparison with other bacteria. The incidence of hemolytic
and hemagglutination activities and the importance of some chemical parameters on
the distribution of non-O1 V. cholerae, Pseudomonas aeruginosa, fecal coliforms (FC),
and fecal streptococci (FS) is discussed.

2. Dynamics, pathogenicity of non-O1 V. cholerae in suburban and rural
groundwater supplies in Marrakesh area (Morocco)
2.1 Dynamics and ecology of non-O1 V. cholerae

Diarrheic diseases caused by contaminated water continue to be a serious
problem in developing countries and a lesser, but chronic problem in developed
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countries [4, 5]. More than half of the reported waterborne disease outbreaks have
been linked to contaminated groundwater [27]. The importance of the ecology, dis-
tribution, and pathogenicity of non-O1 V. cholerae in water ecosystems is underesti-
mated in the Mediterranean region [28] and particularly in Morocco. In preliminary
research, the bacteriological and physicochemical quality was studied in sixteen
well waters [29]. The prospected wells were located in two regions (Tensift and
Jbilet aquifers) with environments representing different vulnerability to contami-
nation. Sampling stations are situated at the north of Marrakesh city. The hydrology
of these regions was relatively similar but they were geologically different. In the
Jbilet region where the 10 studied wells (W1, W2, W3, W4, W5, W6, W7, W8, W9,
and W10) are situated, the geological formations are almost all represented by
Schist [30]. They are altered on the surface and give a stony soil with a few centime-
ters of clay soil. However, runoff waters seep partly into cracked and altered areas
and fault zones [30, 31]. In the Tensift region where the other 6 monitored wells are
sited, there is a predominance of superficial limestone formations and very perme-
able alluvial deposits [32]. In these two areas, the groundwater contained in these
permeable formations was relatively slightly deep (6-30 m). To study the dynamic
of non-O1 V. cholerae, we have targeted essentially six wells depending on their level
of fecal contamination, proximity to pollution sources. The other reasons were their
relative importance for local populations, and given that the research methodology
of this pathogen is arduous and pricey. We have also selected wells that are highly
susceptible to degradation by anthropogenic activities. W11 was the control well as
it’s not damaged by any pollutant source categories. Taking into account all these
factors and risks, we opt for the following wells to identify non-O1 V. cholerae:

W2, W3, W5, W9, W11, and W14. Spatial and temporal distributions of non-O1 V.
cholerae, P. aeruginosa, and fecal indicators abundances were conducted over a year.
Sampling was done each month from April 2004 to April 2005.

For non-O1 V. cholerae enumeration, the three tubes MPN technique was
accomplished to search this bacterium according to the methodology described
by Mezrioui et al. [33], Mezrioui and Oufdou [12] and Lamrani Alaoui et al. [34].
Concentration by the membrane filtration technique (Millipore size, pore: 0.45 pm)
of volumes of 100, 10, and 1 ml or their dilutions was the perfect way to inoculate
non-O1 V. cholerae into three tubes using the MPN technique. It consists of three
steps: alkaline peptone water enrichment step (1% peptone, 1% NaCl, pH 8.6) for
18 hours of incubation at 37 °C. Seeding stage on thiosulfate-citrate-bile-sucrose
selective media (TCBS) with incubation at 37 °C for 24 h. Identification of colonies
presumed to be non-O1 V. cholerae through screening tests cited previously.

The standard bacterial indicators of fecal pollution in waters are FC. They are
the most used to know the bacterial load of groundwater and testify the potential
presence of enteric pathogens in water. But, to differentiate the fecal contamina-
tion of human and animal origin, it is proposed to use FS [35-37]. P, aeruginosa is
an environmental microorganism that has become a major cause of opportunistic
infections. It is regarded as complicated and can be life-threatening, especially
respiratory tract infection in patients with cystic fibrosis and corneal infection or
septicemias and diarrhea [38]. The counts of FC, FS, and P, aeruginosa were carried
out on filtered volumes by 100, 10, and 1 ml of water samples by the membrane
filtration technique (® = 0.45 pm). The appropriate selective media to each bacte-
rial group was used like the following: lactose 2, 3, 5-Triphenyl Tetrazolium Chloride
(TTC) agar with tergitol 7 (Biokar Diagnostics) for FC, Slanetz agar with TTC
(Pasteur Diagnostics) for FS, and Cetrimid agar medium (Merck Diagnostics) for
P, aeruginosa. For FC, the yellow colonies were enumerated after incubation at
44.5 °C for 24 h. For FS, the pink colonies were enumerated after incubation at
37 °C for 24 h. For P. aeruginosa, the fluorescent colonies were enumerated after
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incubation at 42 °C for 24 h to 48 h. The densities of these bacteria were expressed
by the indirect count of colonies forming units (cfu). For the physicochemical
analyses, water temperature, pH, salinity, conductivity, and dissolved oxygen were
measured iz situ by the multiline engine parameters P4 SET. The other measured
parameters (nitrate, nitrite, ammonium, organic matter, sodium, chloride, calcium,
potassium, and sulphates) were determined at the laboratory according to the
methods described by Lamrani Alaoui et al. [29].

The dynamics of non-O1 V. cholerae, P. aeruginosa, FC, and FS were statisti-
cally analyzed using SPSS 10.0 for windows. The two factor analysis of variance
(ANOVA) was used for seasonal variation and the difference between the stations’
comparison of bacterial abundances. Bacterial densities were transformed into a
log10 unit to realize data analysis. Significant differences between each pair of aver-
age were established when p < 0.05. While being based on the Spearman correlation
test, the nature of relationships between bacterial abundances and physicochemical
factors was performed. Densities variation of non-O1 V. cholerae, P. aeruginosa, FC,
and FS underwent high spatial and temporal fluctuations. The degree of pollution
in these wells was different. Detectable non-O1 V. cholerae was present in 81% of
samples and the average abundances ranged from 0 to 11100 MPN/100 ml. The
annual average abundances of non-O1 V. cholerae were 4903 MPN/100 ml in all
samples. Detectable P, aeruginosa was present in 88% of samples and its abundances
ranged from O to 1670 cfu/100 ml with annual average densities of 206 cfu/100 ml.
Throughout the year of study, the total incidence of FC and FS was 94%. The con-
siderable variations of their densities were respectively recorded from a minimum
of 0 cfu/100 ml to a maximum of 10200 cfu/100 ml for FC and 6700 cfu/100 ml
for FS. Nevertheless, the annual mean abundances of FC and FS were respectively
1891 cfu/100 ml and 1246 cfu/100 ml. Among the studied physical parameters,
the water temperature was important to define cold and hot periods. The average
water temperature during the whole period of our study was 22 °C. Temperature
values varied between 15 °C and 30 °C. Based on the average water temperature,
two periods were defined: October to March (cold period: T < 22 °C) and April to
September (hot period: T > 22 °C). This has served to scrutiny the temporal evolu-
tions of non-O1 V. cholerae, FC, FS, and P. aeruginosa which generally appeared
to be similar. Relatively, their highest densities were noted during the hot period,
while their low levels were noted during the cold period. The average abundances of
non-01 V. cholerae were 7696 MPN/100 ml in the hot period and 2109 MPN/100 ml
in the cold period. The hot period was characterized by average abundances
of FC of 3083 cfu/100 ml and 699 cfu/100 ml in the cold period. FS registered
1821 cfu/100 ml in the warm season and 671 cfu/100 ml in the cool season. But,

P, aeruginosa was distinguished by mean densities of 308 cfu/100 ml in the warm
period and 104 cfu/100 ml in the cold period.

For non-01 V cholerae and FC, W9 was the most contaminated. This well is
located near a municipal landfill and sewage effluent. The bacterial abundances
were compared in the studied wells. The average densities of FC, FS, P, aeruginosa,
and non-O1 V. cholerae were very significantly (p < 0.05, ANOVA test) higher in the
whole wells compared to the control well (W11). On the other hand, indicators of
fecal contamination showed significantly higher abundances than those of P. aerugi-
nosa (p < 0.05, ANOVA test). P. aeruginosa is requiring more interest as an indicator
in the assessment of swimming pool water quality, drinking water, recreational and
wastewater [39, 40]. This opportunistic pathogen provides differentiation of the
human origin feces most likely rather than animal origin feces in waters [41]. All of
these results demonstrated that the studied well waters were heavily contaminated
with non-O1 V. cholerae, indicators of fecal contamination, and P. aeruginosa. The
prospected wells play a crucial role in the supply of rural and suburban populations
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in the Marrakesh area to meet their needs for drinking water, domestic water sup-
ply, and recreation activities. This fact points out potential health effects on popula-
tions using them directly without any previous treatment.

The comparison of these bacterial abundances in the different sampling loca-
tions has shown that the most loaded wells were surrounded by several sources
of pollution such as septic pit, manure, wastes, spreading wastewater, animal
stools and detergents. Based on the results of our study, it is possible to conclude
that groundwater can play an important role as a transmission vehicle of non-O1
V. cholerae and the other studied bacteria. Our findings are in agreement with
those reported by Nogueira et al. [42] and Isaac-Marquez [17]. These authors
investigated water quality at sources and points of consumption of urban and rural
communities. According to them, the water distribution system, spring water and
private wells samples had high coliforms positive and high percentages of non-O1
V. cholerae. Several reports have demonstrated that gastrointestinal and extraint-
estinal infections caused by non-O1 V. cholerae are linked with contaminated water
and other activities in aquatic environments, and this bacterium could therefore
pose a problem for public health [43, 44]. In this study, it appears that the con-
tamination of the two prospected aquifers was not only due to a simple process of
diffusion but also to the various sources of pollution around the wells. The wells
situated close to many sources of pollution showed the greatest densities of the
studied bacteria. These sources of contamination include faulty septic systems,
landfill leachates, and infiltration of untreated sewage. Also, septic tanks seepage
or runoffs of human and animal activities nearby the studied wells have an impact
on their safety. All of these factors led to the contamination of the groundwater.
The majority of the studied wells are situated 20 to 400 m from pollution sources.
Furthermore, Tensift and Jbilet aquifers are found under the highly porous texture
of the ground, allowing rapid infiltration of contaminants into groundwater. Next
to that the extreme permeability subsurface formations generate hydraulic fractur-
ing made up through cracks, root channels, and fissures in these sloping areas. The
nature of these subsurface formations produces an accelerated flow of pollutants
derived from the surface build-up of solid waste and sewage. The shallowness
of the monitored wells is also involved in the contamination of Tensift and Jbilet
groundwaters. In addition, these unprotected dug wells facilitate the introduc-
tion of polluting substances. These combined factors revealed the vulnerability
of Tensift and Jbilet groundwater. Besides, the obtained results indicated that
the distributions of FC, FS, P, aeruginosa, and non-O1 V. cholerae undergo spatio-
temporal fluctuations. Their abundances increased in the hot season and were
lower in the cold season. The effects of the temperature on the microbial growth
rate, lag phase, and cell yield have been defined in previous studies [45]. Indeed,
Pseudomonas putida presented a shorter growth phase lag of only 10 h at 17.5 °C but
was longer within 3 days at 7.5 °C [45].

To evaluate the impact of some chemical factors on the evolutions of the studied
bacterial groups, the evolutions of physicochemical parameters were followed.
According to the survey, the water pH of these two studied aquifers remained neu-
tral or slightly basic and varied from 6.8 to 8.1. Total mineralization of the studied
water wells was expressed by electrical conductivity. Its values average showed that
the prospected wells were fair to greatly mineralized. Moreover, the wells situated
downstream are the most loaded. When conductivity values exceed 2000 puS/cm,
water presents laxative effects for the consumers [46]. The water of the two-studied
groundwater presented strong concentrations of major elements (Ca**, Na*, Cl',
SO,*" and K*) with high concentrations of nitrogenous ions. They were particularly
very hard, very salt, very chlorinated, and present high concentrations of sulphate.
According to the international standard limits, the gauged concentrations of
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nitrites, calcium, sodium, and chloride overtake these requirements [47]. Seasonal
impacts are expressed by ammonium, nitrites, calcium, and organic matter. Their
fluctuations were similar to those of the counted bacterial groups, but there was no
temporal pattern for the other chemical parameters. These influences result from
rainwater runoff and temperature variation that upload greatly calcium, ammo-
nium, nitrites, and organic matter from soil to groundwater during the wet season
compared to the dry season.

Based on the above results, the relationship between bacteriological and physi-
cochemical parameters was determined using the Spearman correlation test. The
studied wells are a dynamic system where bacteriological and chemical components
might interact in a complex synergistic or antagonistic manner. Analysis of poten-
tial correlations between the different abundances of non-O1 V. cholerae and FC
reflected that there is a stronger linkage among them in the studied wells. FC can
testify to the existence of non-O1 V. cholerae in Marrakesh groundwater. However,
no significant statistical correlation could be shown between the concentrations of
non-01 V. cholerae and P. aeruginosa. Several studies were conducted for the purpose
of correlating the densities of fecal indicators with the presence of pathogens.
Gallacher and Spino [48] emphasized that a correlation between the levels of total
and fecal coliforms and the possibility of isolating pathogens would be valuable in
setting reliable bacteriological standards, particularly for recreation and fishing
uses. Hoi et al. [49] also demonstrated significant correlations between the occur-
rence of coliform bacteria and that of FS and also between coliform bacteria and
Vibrio vulnificus. However, Mezrioui et al. [33] and Mezrioui and Oufdou [12] have
shown that the spatial-temporal dynamic of non-O1 V. cholerae abundances was
reverse to that of FC in other ecosystems such as sewage waters or water purified by
the stabilization pond system.

The simulation of the sixteen well water points to a single ecosystem indicates
a strong and positive relationship between calcium and FC and FS abundances. It
was also indicated that a synergistic relationship exists between non-O1 V. cholerae,
salinity, chlorides, calcium, sulphates, and nitrates (p < 0. 05) especially after the
mock of the six wells water like a single ecosystem. However, there is a significant
negative correlation between calcium and P. aeruginosa abundances. These same
correlations between nitrites and FC, FS, and P. aeruginosa abundances were
recorded. Sjogren and Gibson [50] have revealed an important effect of acidic pH
linked with the concentrations of calcium, magnesium, and other ions commonly
present in hard-water, on the survival of enteric bacteria in the environment. These
elements contributed to the adsorption of Fe** and AI** in the environment [51].
Ca’* or Mg”" are necessary for the physical integrity of many microbial components
and intervene in some Bacillus species metabolism in the organic molecules trans-
portation through the cell wall [52].

2.2 Pathogenesis of non-O1 V. cholerae

Infections caused by pathogenic Vibrios remain a severe threat to the public.
Most of these infections result from the consumption of contaminated water or
undercooked seafood products [53]. Non-O1 V. cholerae can also cause infections
to range from self-limiting gastroenteritis to severe life-threatening septicemia
and necrotizing fasciitis [53]. However, their infections are under-detected
and under-reported because clinicians and microbiologist underestimate their
abilities to induce diarrhea, and given that searching non-O1 V. cholerae is not
subjected to routine testing [54]. Between 1 and 3.4% of cases of acute diarrhea
are believed to be due to non-01 V. cholerae, in developing and developed coun-
tries alike [55]. Up to now, there are few reports of the frequency of isolation of
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non-O1 V. cholerae and there is an under-diagnosis of their infections, especially
for those taken as milder cases, from the consumption of contaminated ground-
water supplies in Morocco. The significant abundances of non-O1 V. cholerae, FC,
FS, and P, aeruginosa recorded in this work confirm the presence of pathogenic
microorganisms in groundwater consumed by the suburban and rural population
in Marrakesh area. So that also informed the need to conduct the study about
their virulence factors.

The enteropathogenicity of non-O1 V. cholerae is multifactorial [56]. The vari-
ous putative virulence determinants identified in non-O1 V. cholerae include the
production of cholera toxin CT [57, 58], enterotoxin LT or ST [59, 60], V. cholerae
cytolysin (VCC) referred to a hemolysin and cytolysin with activity against a range
of eukaryotic cells [61], shiga-like toxin [62] and cell-associated hemagglutinins
[63]. It has been demonstrated that non-O1 V. cholerae adheres and invades the
epithelial cells of gut mucosa and starts its multiplication [64]. It includes mild
watery diarrhea of 1 or 2 days duration, a severe dehydrating disease resembling
cholera, and dysentery [65]. This situation occurs only with the expression of
certain virulence factors as previously cited [60-62, 64]. Alternatively, V. cholerae
virulence factors encoded on a mobile genetic element, can spread through hori-
zontal transfer. This underscores the importance of the environmental strains of
non-01 V. choleare as a reservoir of virulence genes that generate the dissemination
of new variants [66].

In this work to characterize the virulence factors of the bacterial isolates recov-
ered during our study, hemolysis and hemagglutination with human erythrocytes
were realized. The potential virulence of non-O1 V. cholerae in supplying well waters
in comparison with P, aeruginosa, FC, and FS. To our knowledge, this is the first
report on the incidence of hemolytic and hemagglutination activities and antibiotic
resistance of bacteria isolated from rural and suburban well waters from Morocco
and particularly in Marrakesh groundwater. For hemolytic activity and hemag-
glutination assays 317 strains of non-O1 V. cholerae, 208 strains of P. aeruginosa, 320
strains of FC, and 338 strains of FS were collected from the prospected wells over
the year. After bacterial strains, isolation was streaked onto Trypticase Soy Agar
(TSA) for purification. The ability of all these isolates to adhere and destroy host
cells was verified with human O erythrocytes. Quantification of hemolytic activity
of bacterial cells was performed according to the procedure described by Rahim
etal. [67] and Lamrani Alaoui et al. [34]. The hemagglutination test was realized
according to the methodology described by Pal et al. [68] and Lamrani Alaoui
etal. [34]. To statistically analyze the percentage of hemolytic and hemagglutina-
tion activities, the test of two proportions or frequencies was carried out as referred
by Schwartz [69].

This test enables comparisons and identification of significant differences
between two frequencies: f; noted on n; samples and f, noted on n, samples as
shown below:

- f1-1£2 With nlf1+n2f2 )

\/f(l—f)(1+ 1 ) nl+n2

nlﬁ

If |t | < 1.96: the difference between f1 and {2 was not significant (p > 0.05).

If [t | > 1.96: the difference was significant (p < 0.05).

Non-O1 V cholerae, P. aeruginosa, FC, and FS strains have distinct hemolysin
production. Complete and partial hemolytic activities of non-O1 V. cholerae isolates
indicate major percentages of 71.29%. Hemolysin productions, among FS and
FC strains have reached respectively considerable levels of 20.71% and 16.88%
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compared to P. aeruginosa isolates (9.13%). Non-O1 V. cholerae expressed signifi-
cantly the greatest p hemolytic activity of 33.12%, while only 3.44% of FC and
4.44% of FS strains were [ hemolytic (p < 0.05, the test of two proportions). The
lowest  hemolytic activities were recorded among P. aeruginosa strains (1.44%).
Hemolysin of V. cholerae is suggested to be a virulence factor contributing to
pathogenesis [70]. Guhathakurta et al. [71] Purified a bifunctional hemolysin-
phospholipase C molecule from non-O1 V. cholerae (0139) showing enterotoxic
activity, as shown by fluid accumulation in the ligated rabbit ileal loop and in the
intestine of suckling mice [68]. In this work, obtained hemolytic activity percent-
ages were comparable to those registered by Begum et al. [72]. They noted that 80%
of non-01 and non-0139 V. cholerae strains were hemolysin producers. Nevertheless,
our findings were inferior in number to those given by Amaro et al. [73]. They dem-
onstrated that hemolytic activity within environmental non-O1 V. cholerae strains
achieved a percentage of 97%. Adhesion to the intestinal mucosa represents the first
step in the infectivity of bacterial pathogens such as V. cholerae [74].

The extent of the results of hemagglutination activities of the adhesive bacte-
rial strains isolated from Marrakesh groundwater was fluctuating from 63.09% for
non-01 V. cholerae to 65.09% for FS, 84.06% for FC, and 87.98% for P. aeruginosa.
From a total of 317 strains of non-O1 V. cholerae, 18.93% were highly adhesive and
44.16% did not agglutinate completely to the erythrocytes. Besides, 69.06% of FC
strains and 62.02% of P. aeruginosa possessed a complete agglutination ability, and
respectively 15% and 25.96% of them agglutinated partially. Our results are consis-
tent with prior research related to the distribution of hemagglutination in environ-
mental non-Ol V. cholerae [73]. They noted that 78% of the tested strains presented
agglutinating ability. Baffone et al. [75] study on the identification of virulence
factors among V. fluvialis, V. alginolyticus, non-O1 V. cholerae, and V. parahaemolyti-
cus showed that their adhesive capability was respectively expressed with varying
percentages of 40% to 55-80%.

2.3 Antimicrobial susceptibility of non-O1 V. cholerae

Antibiotics and other antimicrobial agents have been used, since their dis-
covery, for the treatment and management of bacterial infections in humans and
animals [76]. Waterborne bacterial pathogens such as Vibrio spp., Escherichia coli,
Pseudomonas, fecal coliforms and enterococci, and other enteric pathogens cause dis-
eases around the world and still with their increasing antibiotic resistance the major
drinking water health threats in developing countries [35-37]. Disappointingly, the
rapid overuse of recommended antimicrobials drives mainly to the development
of drug-resistant pathogens. So, antibiotic resistance is a global health threat that
requires more expensive medication and can compromise therapeutic success lead-
ing to morbidity and mortality [77, 78]. On the other side, many people, especially
in rural areas, rely on untreated groundwater for their water supplies. Consumption
of contaminated water is one of the sources of Vibrio infections. Among the other
virulence factors, resistance to antibiotics is more important. Several authors have
noted that V. cholerae species are rapidly adapting to new drugs commonly used in
medicine [79, 80], becoming a potential risk to public health. In addition, molecular
analyses demonstrated that resistance to antibiotics and the other virulence factors
are chromosomally mediated [81, 82]. Few studies have been done to determine
the antibiotic resistance of isolates from groundwater. Non-O1 V. cholerae and
Pseudomonas were resistant to ampicillin, chloramphenicol, and streptomycin have
been isolated [35, 83]. According to our knowledge, no study has been developed
on the occurrence of antibiotic resistance of non-O1 V. cholerae in groundwater
supplies in Morocco and particularly in Marrakesh area. For this reason, the other
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objective was focused on the study of the antibiotic resistance of non-O1 V. cholerae
in untreated suburban and rural well water of Marrakesh region. A comparison
was made between the dynamics and antibiotic resistance of non-O1 V. cholerae and
those of fecal coliforms (FC).

In order to estimate the sanitary risk associated with antibiotic resistant bacteria,
a total of 317 strains of non-O1 V cholerae, 320 strains of FC, 338 strains of FS, and
204 strains of P. aeruginosa were collected from the prospected wells over the year
and were tested for their antibiotic susceptibility. The strain antibiotic resistance
study was carried out using the multipoint inoculation method reported by Oufdou
etal. [84] and Lamrani Alaoui et al. [34]. The antibiotic was incorporated into
molten Muller-Hinton agar in order to prepare the plates. After their inoculation,
they were incubated at 37 °C for 24 h.

The control plate was elaborated without antibiotic and was inoculated in the
same way. In comparison with the control plate and if no growth of the strain is
observed in the medium containing the concentration of antibiotic tested the bacte-
rium is considered resistant. The concentrations (given in pg ml™") of the antibiotics
tested have been cited in the above studies. These antibiotics were chosen for two
reasons: (i) they have been used in the treatment of human and/or livestock illnesses;
and (ii) they have been used in previous surveys of antibiotic resistance in aquatic
environments [12, 84-86]. Similarly, the test of two proportions or frequencies
described by Schwartz [69] was used to compare percentages of antibiotic resistance
between non-O1 V. cholerae, FC, FS, and P. aeruginosa. Obtained results showed that
the overall resistance (resistance to at least one antibiotic) of non-O1 V. cholerae
strains was 79%, while it was 100% for P, aeruginosa, FC, and FS strains. The mono-
resistance (resistance to one antibiotic) of non-O1 V. cholerae was 10% while it was
5% for FC and FS strains. The multi-resistance of non-O1 V. cholerae strains remain
at a degree (69%) significantly below those of FC and FS strains (95%) (p < 0.05, the
test of two proportions), while all P aeruginosa strains were multi-resistant. On the
other hand, the multi-resistance of non-O1 V. cholerae and FC strains was signifi-
cantly higher (p < 0.05, the test of two proportions) than that of their monoresis-
tance. The susceptibility of non-O1 V. cholerae to all antibiotics tested is estimated
at 21%, while none of the isolates P. aeruginosa, FC and FS was susceptible to all
antibiotics tested. Our findings highlighted the most common antibiotics for which
non-01 V. cholerae strains resistance is recorded are in ascending order: trimethoprim
(49%), cephalothin (60%), streptomycin (62%) and sulfamethoxazole (75%). The
lowest proportions of resistance were toward erythromycin (18%), kanamycin and
polymyxin B (12%), cephotaxim (8%), gentamycin (7%), and tetracycline (2%).

It’s important to perceive that all the 317 non-O1 V. cholerae isolates were susceptible
to chloramphenicol, nalidixic acid, and novobiocin. Amaro et al. [73] have demon-
strated that non-O1 V, cholerae environmental isolates were resistant to sulfanilamide
(80%), to ampicillin (63%) and to amoxicillin (61%) and were susceptible to chlor-
amphenicol, nalidixic acid, tetracycline, novobiocin and trimethoprim. Radu et al.
[87] showed that all V. cholerae isolates were susceptible to chloramphenicol and
exhibited high rates of resistance to cephalothin (90.9%), streptomycin (87.9%), and
tetracycline (77.79%). Isolates of non-O1 V. cholerae from the aquatic environment

in India were found to have multiple antibiotic resistance. Thirty-nine percent of

V. cholerae isolates were resistant to two drugs [88]. Furthermore, several cases of
antimicrobial resistance have been described in environmental as well as in clinical
strains, involving cefotaxime, nalidixic acid, tetracyclines, cotrimoxazole, cipro-
floxacin, and depending on location, certain multidrug resistant strains having been
reported [55, 89]. Nevertheless, FC results are in perfect agreement with the findings
of McKeon et al. [10] indicating that the overall resistance of the coliforms is around
87%. This one comprises respectively 14, 64, and 94% of E. coli, Citrobacter freundii
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and Enterobacter cloacae isolates. The multi-resistance was registered by all bacterial
strains isolated from groundwater and fluctuated as great as 100% for Enterobacter
cloacae, Klebsiella pneumoniae, and Klebsiella ozonae. These authors have also dem-
onstrated that 100% of the non-coliforms isolated from groundwater were multiple
antibiotics resistant. El-Zanfaly et al. [90] observed a high multiple antibiotic
resistance (63%) for gram-negative bacteria isolated from rural waters. Amundsen
et al. [91] noted that 45% of total coliforms isolated from untreated well water were
multidrug-resistant.

Antimicrobial resistance of FC strains was most widely manifested against
sulfamethoxazole (91%), followed by cephalothin (88%) and ampicillin (84%).
More than 30% of the FC isolates were resistant to kanamycin, gentamycin,
streptomycin, trimethoprim, and tetracycline. However, the smaller susceptibil-
ity proportion was noted to chloramphenicol (13%) and nalidixic acid (28%).

FS isolates were resistant to polymyxin (87%), sulfamethoxazole (86%), and
nalidixic acid (85%), cephalothin (82%), and to streptomycin (74%), while they
were less resistant to ampicillin (28%) and amoxicillin-clavulanic acid (34%).
28%, 34%, and 40% of FS isolates were resistant respectively to ampicillin,
amoxicillin-clavulanic acid, and cephotaxim. The highest prevalence of resistance
was observed among P. aeruginosa strains. More than 90% of these isolates were
resistant to cephalothin (95%), cephotaxim (93%), polymyxin (92%), and cepha-
mandole (90%). Also, 86% of P. aeruginosa isolates were resistant to tetracycline
and nalidixic acid, 83% to ampicillin and kanamycin, 81% to streptomycin and
80% to trimethoprim, respectively. P. aeruginosa strains were generally resistant
to the antibiotics tested, whereas they were less resistant only to imipenem (12%).
The predominant resistance property observed was to -lactam antibiotics, either
alone or in combination with resistance to other antibiotics. Bell et al. [92] have
also noted ampicillin and cephalothin resistance exhibited by most fecal coliform
strains isolated from both rural and urban environments. McKeon et al. [10]
analyzed antimicrobial susceptibility toward sixteen antibiotics of 265 coliform
and non-coliform strains isolated from rural groundwater. They established that
the overall resistance was approximately 70% and frequently indicated against
novobiocin, cephalothin, and ampicillin. They have found that resistance toward
tetracycline and nitrofurantoin was more than 30%.

The main multi-resistant patterns identified for non-O1 V. cholerae were to seven
antibiotics with a percentage of around 24.09%. These strains were characterized
with six profiles to seven antibiotics while the maximal multidrug resistance was to
ten antibiotics with two profiles: “Gm, Str, Km, Tpm, Smx, Amp, Amx, Cfl, Cfm,
Ery”, and “Gm, Str, Km, Tpm, Smx, Tc, Amp, Amx, Cfl, Cfm”. For the isolated
FC, antimicrobial susceptibility toward five or more antibiotics was registered by
80% of them. The prevalent multi-resistant profile recorded for FC was to eight
antibiotics (11.6%). The maximal multidrug resistance was to fourteen antibiotics
with two patterns: “Amp, Amx, Amx-clav, Cfl, Cfm, Cft, Gm, Km, Na, PB, Smx,
Str, Tc, Tpm” and “Amp, Amx, Amx-clav, Cfl, Cfm, Cft, Chl, Gm, Na, PB, Smx, Str,
Tc, Tpm”.

3. Conclusion

Groundwater is the primary drinking water source for a large suburban and rural
population in Morocco. Hence, it is critical to ensure that groundwater resources
are protected and of acceptable drinking quality. To the best of our knowledge,
this study presents the most comprehensive monitoring of non-O1 V. cholerae, P
aeruginosa, and fecal indicator bacteria from Marrakech wells waters. Our findings
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show that microbial presence within Marrakech groundwater supplies is a persistent
issue, with a total occurrence of 81% for non-O1 V. cholerae and 94% for FC, FS, and
P, aeruginosa. Another ecological challenge was elucidated since these bacteria with
other physicochemical parameters underwent generally spatial and temporal fluc-
tuations that structure bacterial variability. The temporal evolutions of non-O1 V/
cholerae and FC appeared to be similar. Relatively, the highest densities were noted
during the hot period, while the low levels were noted during the cold period. This
heavy colonization of the prospected wells, with potentially pathogenic bacteria,
implies that they are unsuitable for drinking and other domestic activities accord-
ing to the international norms. Also, a highly significant relationship was observed
between non-O1 V. cholerae and FC abundances in the studied wells. FC can be used
to detect the presence of non-O1 V. cholerae in Marrakesh groundwater. Generally,
no significant correlation was detected between these fecal indicator bacteria and
P, aeruginosa. This opportunistic pathogenic bacterium is acquiring greater impor-
tance and may be useful in evaluating groundwater quality. The degrees of antibi-
otic resistance and particularly of multi-resistance of non-O1 V. cholerae, FC, FS,
and P, aeruginosa strains are high. The multi-resistance of non-O1 V. cholerae strains
(69%) was significantly lower than that of FC strains (94%). Non-O1
V. cholerae, FC, FS, and P, aeruginosa strains resistant to antibiotics occurred during
the whole study period. The multiple antibiotic resistant bacteria once introduced
into the studied groundwater supplies are capable of long-term survival in this eco-
system. In addition, non-O1 V. cholerae and the other studied bacteria isolated from
Marrakesh groundwater are virulent since most of them are producers of hemoly-
sins, hemagglutinins. These wells are used directly without any previous treatment
for drinking water supply and domestic and recreation activities of these rural and
suburban populations. This fact could be at the origin of the emergence of diarrheal
diseases noted among them. It is well known that the incidence of multiple antibi-
otic resistant bacteria is a cause for concern because of possible colonization of the
gastrointestinal tract and conjugal transfer of antibiotic resistance to the normal
flora, serving to further amplify the number introduced into aquatic environments
such as groundwater reservoirs. The ability of non-O1 V. cholerae and the other
bacteria to survive in groundwater throughout the period of the study indicated a
continuing trend of human and animal fecal contamination. The leachates from the
reservoir of animal fertilizer which contaminate the groundwater might be a source
of antibiotics in this water ecosystem. The manure runoff, leakage from septic tanks
or broken sewage channels, led to the input of antibiotic resistant bacteria into
groundwater. Given that the groundwater may play an important role in the spread
of resistant and virulent bacteria, further study using molecular tools is warranted
to properly evaluate the public health and ecological significance of these antibiotic
and virulent bacteria in rural drinking water supplies. Non-O1 V. cholerae and
the other bacteria could act as a reservoir of resistance and virulence genes in the
groundwater environment.

Ultimately, the study highlights the need to remain highly suspicious of non-O1
V. cholerae infections related to consumption of contaminated wells water with
known risk factors. Adaptation of special strategies should be taken to avoid poor
maintenance, inappropriate well location and a historical lack of regulation that has
led to many instances of groundwater contamination and associated public health
issues. Consumption of these wells water requires an urgent reaction to apply ade-
quate solutions. The protection of these wells waters, implementation and manage-
ment of sanitation systems and sewerage network, the disinfection of groundwater
should be adopted to cope with unforeseen situations and to decrease the water-
related disease burden. As shown in reported results, this approach is still valuable
in indicating potential avenues for future research. It’s vital to link education and
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social awareness with these measurements which play a major role in confronting
and controlling groundwater pollution, water-related diseases, and subsequently in
improving the human health of these suburban and rural populations.
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