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Abstract 
The effect of human activities on water resources has expanded dramatically during the past few decades, leading to the spread of waterborne 

microbial pathogens. The total global health impact of human infectious diseases associated with pathogenic microorganisms from land-

based wastewater pollution was estimated to be approximately three million disability-adjusted life years (DALY), with an estimated 

economic loss of nearly 12 billion US dollars per year. Although clean water is essential for healthy living, it is not equally granted to all 

humans. Indeed, people who live in developing countries are challenged every day by an inadequate supply of clean water. Polluted water 

can lead to health crises that in turn spread waterborne pathogens. Taking measures to assess the water quality can prevent these potential 

risks. Thus, a pressing need has emerged in developing countries for comprehensive and accurate assessments of water quality. This review 

presents current and emerging advanced techniques for assessing water quality that can be adopted by authorities in developing countries.  
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Introduction 
A clean water supply is critical for maintaining the 

health and well-being of people worldwide. Although 

great strides have been made in providing services, the 

safety of many water supplies remains unknown or 

uncertain; thus, poor water quality continues to pose a 

major threat to human health. The World Health 

Organization (WHO) reported that almost one billion 

people lack access to an improved water supply, and 

two million annual deaths are attributed to unsafe 

water, sanitation, and hygiene. In addition, more than 

50 countries continue to report active cases of cholera 

to the WHO, millions of people are exposed to unsafe 

levels of naturally occurring arsenic and fluoride, and 

an estimated 260 million suffer as a result of 

waterborne pathogens [1]. Thus, health concerns 

resulting from poor water quality have increased in 

recent years, with rising numbers of disease outbreaks 

caused by waterborne pathogens. 

Clean water is essential for good health. 

Unfortunately, people living in developing countries 

are faced daily with inadequate supplies of clean 

water. Contaminated water generates health risks for 

these people that may lead to diseases, which further 

spread waterborne pathogens. Thus, assessing water 

quality can prevent the spread of disease. However, 

the lack of financial and technological resources 

restricts developing countries from effectively 

monitoring water supplies. In addition, the monitoring 

programs that are in place in developing countries 

have not been standardized. Moreover, although the 

increasing use of wastewater in agriculture is common 

in developing countries, it is also associated with 

serious public health risks. Crocker and Bartram 

(2014) investigated seven developing countries and 

concluded that there are few adequate approaches for 

monitoring water in those countries, and more 

advanced technologies are required [2].  

Epidemics caused by waterborne pathogens and 

health hazards in developing countries are mainly 

associated with improper management of water 

resources. To prevent the spread of waterborne 

infectious diseases, local authorities should implement 

a good practice of monitoring water supplies. This 
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review elucidates the advanced technologies that can 

be used to properly assess safety and appropriateness 

water resources. These advanced techniques rapidly 

and effectively monitor for the presence of pathogens 

in a water sample. If they are globally applied, these 

technologies can improve water quality monitoring 

worldwide, ultimately creating cleaner and healthier 

environments. 

 

Pathogens in water 
The risk of acquiring a waterborne infection 

increases with the level of contamination by 

pathogenic microorganisms. Waterborne diseases are 

caused by infectious organisms spread primarily 

through contaminated water. Pathogens, which 

including viruses, bacteria, protozoa, and parasites, are 

disease-producing agents found in the feces of infected 

persons. Most organisms that cause intestinal (enteric) 

diseases are infectious and are transmitted through 

fecal waste. These enteric diseases are more prevalent 

in areas with poor sanitary conditions, as these 

pathogens travel through water sources and interfuse 

through people handling food and water. Hepatitis, 

cholera, dysentery, and typhoid are the most common 

waterborne diseases affecting large populations in 

tropical regions [3].  

The sources of these infectious pathogens originate 

primarily from either a point source, such as sewage 

discharge, or from non-point sources, such as 

agriculture, wildlife, and urban water runoff. A point 

discharge can be easily managed by treating the source 

(i.e., sewage); however, non-point sources are 

considered a threat because of their wide 

dissemination [4]. In general, any microbial 

contamination of water sources is a probable health 

concern and needs to be monitored closely. This is 

because contaminated water could harbor a variety of 

pathogens, such as Escherichia coli, Salmonella, 

Shigella, Campylobacter, Yersinia, Vibrio, 

enterovirus, norovirus, adenovirus, coxsackievirus, 

echovirus, and hepatitis A and E viruses (HAV, HEV), 

Schistosoma, Dracunculus medinensis, Echinococcus 

granulosus, Entamoeba histolytica, Cryptosporidium 

parvum, and Giardia lamblia [5-11].  

 

Traditional pathogen detection techniques 
(culture-based methods) 

It is difficult to test water for every potential 

pathogen. Therefore, to assess the quality of water, 

scientists typically employ bioindicators, surrogates 

for the actual pathogens that indicate the likely 

presence of those pathogens. Bioindicators are 

microbes that share the same water route access as 

pathogens; however, bioindicators are easier to 

monitor, enumerate, and culture in the laboratory than 

are most pathogens. Traditional bioindicators are 

mainly fecal coliforms that are associated with feces of 

both animals and humans; thus, bacteria can be used to 

indicate the presence of fecal contamination. The 

criteria for good bioindicators are as follows: (a) they 

must be present in fecal samples in high 

concentrations (higher than pathogens) and should not 

be hazardous themselves; (b) they should be absent in 

uncontaminated water samples; (c) they should be 

testable (measurable); and (d) they should have the 

same resistance to environmental conditions and 

disinfectants as the pathogens they represent [12]. 

Currently, the WHO recognizes three groups of 

indicators. The first group is composed of general 

microbial indicators, including total heterotrophic 

bacteria or total coliforms remaining after chlorine 

disinfection. The second group is represented by fecal-

specific indicators, a group of organisms that directly 

indicates fecal contamination (i.e., thermotolerant 

coliforms such as E. coli). The third type of indicator 

uses an index organism or a model organism of related 

pathogens (e.g., E. coli as an index for Salmonella, and 

F-RNA coliphages as a model for human enteric 

viruses) [13,14].  

The United States Environmental Protection 

Agency (EPA) mandates the use of bacterial indictors 

such as Clostridium perfringens, enterococci, fecal 

coliforms, or E. coli to assess water quality [15]. 

Although these bacteria provide inexpensive 

monitoring methods, they are not ideal indicators for 

several reasons. One example of a fecal indictor 

limitation is an often-observed lack of correlation 

between the presence of these indictors and the actual 

pathogens posing the potential health risk. This may 

be explained by effects of different environmental 

factors (e.g., water flow rates, temperature, pH, 

attachment of bacteria to particles, sedimentation) on 

the indicators and pathogens in environmental 

samples. For instance, enterococci survive better than 

E. coli in surface water [16], and some strains of 

Cryptosporidium oocysts tend to sediment in calm 

water [17]. The most challenging limitation for the 

currently used indicators is the lack of accurate 

indicators for viruses and protozoa. Previous studies 

have shown that bacterial indicators alone are 

insufficient to indicate the presence of pathogenic 

protozoa and viruses [9,18]. Therefore, researchers 

have proposed the use of viral indicators in 
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conjunction with bacterial indicators to increase the 

accuracy of fecal pathogen detection. 

Viruses such as adenovirus, polyomavirus, 

enteroviruses, HAV, HEV, norovirus, rotavirus, and 

astrovirus present in water are potentially pathogenic. 

Previous studies have reported that adenovirus and 

polyomavirus are predominant in the environment [19-

21]. Examples of some viral indicator candidates 

include phages of Bacteroides fragilis and coliphages 

(e.g., F-RNA phages) [22-25]. In addition, adenovirus, 

polyomavirus, norovirus, and enterovirus have been 

recognized as potential viral markers for human waste 

contamination [21,26-28]. Hepatitis A and E viruses 

are associated with poor countries that lack sanitation 

and strict hygiene controls. Viral pathogens that are 

associated with fecal contaminants tend to persist 

longer in the environment than do bacterial 

contaminants and are known for their ability to survive 

harsh weather and disinfecting treatments [29]. 

Adenovirus is an example of resilient virus that 

survives ultraviolet (UV) disinfection better than 

bacterial indicators [30]. Hence, observations suggest 

that the use of viruses (or phages) as bioindicators is 

an excellent alternative to traditional bacterial 

indicators [31,32].  

Two traditional techniques commonly used to 

detect the presence of bioindicators (i.e., coliforms) in 

water are discussed next: the most probable number 

(MPN) technique and a membrane filtration technique. 

 

Most probable number (MPN) 

The MPN method was developed to assess the 

bacteriological quality of water using traditional 

cultivation and enumeration methods for fecal 

bacteria. Multiple tubes containing a selective broth 

culture medium are inoculated with test portions of a 

water sample and incubated at a given temperature and 

time. Any tube that produces gas is considered 

presumptive positive because gas indicates the 

potential presence of coliforms. However, other 

organisms may also produce gas. Thus, a second 

confirmatory test is required. Here, the presumptive 

positive samples are incubated in a more selective 

culture medium, and after an appropriate incubation 

time, these samples are also examined for gas 

formation. The number of tubes inoculated for the 

confirmatory test and the number of positive samples 

obtained in this test are then entered into statistical 

tables to estimate the most probable number of 

bacteria present.  

 

Membrane filtration 

Indicator bacteria can be cultured on media 

specifically formulated to allow the growth of the 

species of interest while inhibiting the growth of other 

organisms. Typically, environmental water samples 

are filtered through membranes with small pore sizes 

before the membrane is placed onto a selective agar. 

Bacterial colonies are counted 24–48 hours later, 

depending on the type of bacteria. Counts are reported 

as colony forming units per 100 mL (cfu/100 mL). 

Detailed methodological protocols of traditional 

detection techniques are provided by the WHO and 

available online at 

http://www.who.int/water_sanitation_health/dwq/2edv

ol3i.pdf. 

There are additional traditional methods, including 

the use of selective media, for cultivating 

bioindicators; however, no universal indictor exists. 

Instead, a selection of individual bioindicators, each 

having its own strengths and weaknesses, is utilized 

[14].  

 

Limitations of traditional techniques 

The most challenging limitations for the currently 

used traditional methods include their time-consuming 

and laborious nature, the lack of accurate indicators 

for viruses and protozoa, and the fact that most 

infectious pathogens are nonculturable. Therefore, 

such limitations prompted those working in the field to 

explore increasingly accurate methodologies for 

detecting waterborne contaminants using molecular 

biology-based tools. Such approaches will ultimately 

lead to improved methods for safeguarding water 

resources.  

 

Molecular detection techniques (nucleic acid-
based methods) 

Despite their limitations, traditional 

microbiological techniques have provided extensive 

information on waterborne contaminants. By contrast, 

molecular-based approaches simultaneously screen for 

thousands of pathogens present in a water sample. 

Such methods are rapid, effective, and can potentially 

be adapted by health authorities in developing 

countries to improve water quality monitoring 

worldwide. The five general molecular-based assays 

described below are suggested to address the lack of 

specificity and reliability of traditional microbiological 

methods. Although all techniques have strengths and 

weaknesses that must be considered when interpreting 

results, nucleic-acid based methods, such as 

polymerase chain reaction (PCR), quantitative PCR 
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(qPCR), quantitative reverse-transcriptase PCR (qRT-

PCR), sequencing of PCR amplicons, and next-

generation sequencing, can be more specific, robust, 

and rapid than culture-based or microscopic 

techniques when used in environmental studies [33]. 

 

Polymerase chain reaction (PCR) 

The molecular technique of PCR has the ability to 

amplify a minute amount of DNA to millions of copies 

in less than four hours. It is the most widely used 

molecular technique in the detection of 

microorganisms in water samples. Indeed, PCR-based 

methods have been utilized to detect waterborne 

pathogens such as Campylobacter jejuni, 

Campylobacter coli, Yersinia enterocolitica, E. coli, 

and Salmonella [19,34].  

Multiplex PCR is a type of PCR where multiple 

primer sets are used to simultaneously amplify several 

targets (i.e., organisms) in a single reaction. Such 

technology saves time and effort, although it is 

restricted to a certain number of organisms that do not 

cross-react. Therefore, sensitivity and specificity may 

be an issue in this approach [35]. Different multiplex 

PCR assays have been developed to detect waterborne 

bacterial pathogens (including Salmonella spp., 

Shigella spp., Aeromonas spp., Vibrio spp.), 

waterborne viral pathogens (e.g., Norwalk virus, 

astroviruses, and enteroviruses), or multiple microbial 

pathogens (such as V. cholera, calicivirus, and 

Aureococcus anophagefferens) [36-39]. 

Real-time PCR is another approach to amplify, 

quantify, and detect organisms in real time. Recent 

studies have revealed that the quantification of 

enterococci, Escherichia, adenoviruses, and 

Salmonella using real-time PCR showed higher 

sensitivity than either the viral plaque assay or pure 

culture [19,40]. Sharma and Dean-Nystrom (2003) 

reported a real-time multiplex PCR assay targeting 

three virulence genes (stx, stx2, eae) that distinguishes 

different forms of E. coli O157:H7 [41]. Real-time 

qPCR is an excellent tool that can allow investigators 

to discriminate between different bio-contaminants. 

These methods have been used to study the 

distribution of human viruses (i.e., enterovirus, 

adenovirus, and hepatitis A virus) in seawater, river 

water, sewage, and shellfish [42,43]. Such methods 

have been successfully used to detect waterborne 

pathogens, such as Salmonella and E. coli O157:H7 

[44-46].  

A new approach also has been proposed to 

investigate water quality, tracing the source of fecal 

contamination by targeting animal species rather than 

microbes. This idea was initially suggested by 

Mertellini et al. in 2005 [47]. Mitochondrial DNA (mt-

DNA) genes were targeted to differentiate between 

human and animal sources. A single multiplex PCR 

using mt-DNA sequences specific for human, bovine, 

ovine, and porcine DNA was tested and showed 

promise of differentiation without cross-reactivity. 

 

16S rRNA  

This technique is based on the RNA of the small 

ribosomal subunit, which is universal and abundant. 

This approach not only detects the microbe, it also 

identifies the microbial species presents the sample 

diversity, and provides a genetic library for microbial 

population in any given sample. Therefore, it is widely 

used in the field of microbial ecology to provide very 

specific taxonomic data, detect minority microbial 

groups in the sample, and identify microorganisms that 

have not yet been cultured. This approach starts with 

the extraction of nucleic acids from a water sample, is 

followed by PCR amplification using 16S rRNA 

universal primers, then cloning, sequencing, and 

finally identification and genetic library construction 

[48]. The 16S rRNA gene sequence is sufficiently long 

to generate informative data (taxonomic ranking) that 

can be visualized in a phylogenetic tree. Additional 

information, such as the predominant microorganism 

in the water, can be gained using this technique, and 

can be utilized as an indicator. Several molecular 

techniques are based on the amplification and 

comparison of the rRNA gene (i.e., nucleic acid 

fingerprinting). Those techniques include denaturing 

gradient gel electrophoresis (DGGE), terminal 

restriction fragment length polymorphism (tRFLP), 

16S-RFLP (ARDRA), and ribosomal intergenic spacer 

analysis (RISA). As for any technique, the approach 

using 16S rRNA possesses some disadvantages; for 

example, it cannot be used with viruses because 

viruses do not contain a diagnostic shared genetic 

marker such as the bacterial 16S rRNA gene.  

 

Fluorescent in situ hybridization (FISH) and confocal 

microscopy 

FISH has proven useful for determining the 

abundance of respective populations in any given 

microbial sample. It enumerates microbial cells, 

allowing the production of quantitative data of the 

microbial population in a sample [49]. Briefly, the 

technique is based on treating microbial cells with a 

fixative solution, hybridizing the cells on a glass slide 

with specific probes, and then visualizing the probes 

with epifluorescence or confocal laser microscopy. 
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The combination of FISH and confocal microscopy 

has become an acceptable monitoring practice in 

wastewater treatment plants [50].  

 

Microarray 

One cutting-edge approach based on molecular 

biology is microarray technology. The use of the 

microarray technique allows scientists to conduct 

large-scale, data-intensive experiments on many 

environmental samples simultaneously. Scientists are 

beginning to employ this technology to detect the 

presence or absence of pathogens in environmental 

water samples [51,52]. Microarray technology is based 

on the hybridization of a target sequence of nucleic 

acids (DNA or RNA) to a complementary sequence 

(i.e., probe). Generally, microarray probes target 

taxonomic genes such as 16S or functional genes. This 

technique has been used extensively for identification 

and characterization of microbial populations in water 

samples [13,19,53].  

One of the most recent types of microarray 

technology is the electrochemical detection (ECD) 

12K microarray. The ECD technology utilizes a 

semiconductor matrix that contains more than 12,000 

nucleic acid probes individually synthesized on a 

single chip. Semiconductor matrix circuitry digitally 

controls the microelectrodes to allow synthesis of 

custom probes for specific desired sequences. Each 

probe microelectrode is synthesized and activated 

under the control of a computer software program. 

Because a custom oligonucleotide can be synthesized 

at each microelectrode, it enables the design and 

redesign of any desired probe or combination of 

probes [54,55]. The main principle behind ECD array 

technology is the redox active reaction that allows 

detection of positively hybridized probes. The reaction 

of horseradish peroxidase and the associated substrate 

tetramethylbenzidine is performed proximal to specific 

microarray electrodes, allowing the ElectraSense 

reader to compare the measured signal intensity of a 

hybridized probe with that of a non-hybridized control 

probe. This technology was successfully used to 

simultaneously, rapidly, and cost-effectively screen for 

thousands of pathogens present in a water sample [19].  

 

Next-generation sequencing (NGS)  

The recent emergence of NGS shows a promising 

future for directly detecting microbial sequences in 

water samples without prior knowledge of the type of 

contamination. NGS can also provide a full genome 

sequence of the presently known microbes, and this 

information can eventually be used in phylogenetic 

tree construction as well as microbe identification. 

This approach may reveal unique sequences of isolates 

from each country. In addition, by counting the reads 

of each sequence, valuable information may be learned 

about the contamination load in each water sample. 

One NGS approach, pyrosequencing, is a high-

throughput molecular-level sequencing technique that 

has been applied to the study of microbial 

metagenomes in a variety of environmental samples, 

such as marine systems, freshwater, open ocean water, 

and reused wastewater [56-60]. Pyrosequencing 

delivers sequence reads up to 450 base pairs, which 

makes it possible to generate large amounts of data for 

bioinformatic analyses. NGS can also provide 

significant and informative signature sequences of 

microorganisms that are present in any given sample 

[61]. Various studies have named viruses among the 

best candidates to be studied using metagenomic 

approaches because viruses have unique nucleic acid-

encoded capsid proteins (i.e., hardened capsids) that 

allow them to tolerate the sample treatment protocols 

employed in laboratories for virus concentration and 

purification [62]. The small genome sizes of viruses, 

especially bacteriophages, are also advantageous for 

bioinformatics techniques and genome assembly [62-

64]. In addition, viruses do not contain a diagnostic 

shared genetic marker such as the bacterial 16S rRNA 

gene. Therefore, NGS can provide millions of short 

metagenomic sequences for assembly into contigs that 

can be used to identify viral members present in a 

microbial population of a given sample. Previous in 

silico studies have shown that an error in virus 

identification of less than 1% can be achieved using 

this technique [64], suggesting that the use of NGS to 

demonstrate the viral diversity in relevant 

environmental samples is a good tool for the microbial 

studies focusing on characterizing viral contaminants 

in the environment. 

 

Limitations of molecular techniques 

One important limitation of these techniques is that 

they do not provide information about the viability and 

infectivity of the microbes and thus cannot provide the 

real infectious risk to a population. Extracting good-

quality DNA from mixed populations in a sample can 

also be challenging. Another limitation is that 

amplification techniques may favor certain species due 

to different accessibilities of DNA target sites. In 

addition, the presence of inhibitors in the water sample 

may affect the specificity of the molecular assay. 

Finally, interpreting NGS data remains a challenging 

task because of the short size of the reads and the large 
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amount of data generated. However, better and more 

user-friendly tools and software are continually being 

developed to overcome this challenge.  

 

Suggested future directions for developing 
countries  

Because of a lack of research and advanced 

technologies, developing countries often follow 

international practices despite insufficient information 

regarding the water quality and microbes present in 

their countries. We recommend that each country 

investigate the prevalence of microbes in their water 

samples. Indeed, in addition to the standard microbes, 

others may be detected, as landscapes, animal stocks, 

nutrition, weather, and health practices differ across 

countries. With the advent and accessibility of such 

advanced methodologies, it is highly recommended 

that developing countries adopt molecular-based and 

high-throughput technologies. The molecular-based 

technologies discussed in this review, such as PCR, 

RT-PCR, 16S rRNA, microarray, and next-generation 

sequencing, are proven effective and efficient water 

quality monitoring techniques in developed countries 

and could be adapted in developing countries. In 

addition, we suggest that the WHO increases its efforts 

toward establishing monitoring programs in 

developing countries. Overseeing water-monitoring 

practices may help to identify deficiencies and 

promote proper techniques. 

Emerging and re-emerging pathogens may affect 

not only a developing country but also the entire 

world. Thus, a united effort is required to create 

standard monitoring techniques. All humans deserve 

the best possible quality of life, and this includes 

access to clean water. 

 

Conclusions 
In summary, the powerful advanced techniques 

discussed in this review are commonly used in 

developed countries. We have shown that these 

techniques yield a rapid, effective, and accurate water-

monitoring practice that is inconceivable using 

traditional microbiological methods, and we encourage 

their utilization in developing countries for more  
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