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Foreword

Environmental degradation remains among the most significant challenges faced 
by the African continent, fueled by a combination of numerous factors such as 
rapid population growth, high rates of urban migration, the need for increased food 
supply, lack of basic sanitation and water supply facilities, among others. The 
adverse consequences of this degradation include decreased land for human 
habitat, decreased soil fertility and associated hunger, biodiversity loss, and most 
importantly, increased incidence of human diseases, including those linked to anti-
biotic resistance.

Despite the numerous challenges, Africa is still reported to only contribute less 
than 1% of research findings globally. Limited or absence of funding, lack of infra-
structure, low availability of modern equipment, and lack of skilled personnel are 
only a few of the factors that may make the situation worse. Even where the funding 
is available, prioritizing where the funds should be directed is also challenging. 
These issues, in turn, may affect policy meant to protect and preserve the 
environment.

We have compiled this volume on current microbiological research in Africa, 
with a focus on approaches for sustainable environmental management. Our aim is 
to stimulate areas that may need research attention on the continent, such as eco-
friendly sustainable agriculture and pollution abatement, the current state of the 
environment’s role in disease transmission on the continent, and most importantly, 
antibiotic resistance, which is a problem of global concern.
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It is our firm conviction that this book is the beginning of a bigger initiative in 
which we are only playing a small part, and that the bigger picture lies on the 
combined efforts of the global society to ensure that we contribute to a better envi-
ronment in Africa, through research, for present and future generations.

One hand cannot tie a bundle.—Cameroonian proverb

Akebe Luther King Abia
Antimicrobial Research Unit (ARU) 
University of KwaZulu-Natal
Westville, Durban, KwaZulu-Natal, South Africa

Guy R. Lanza
Department of Environmental and Forest Biology (ESF) 
State University of New York
Syracuse, NY, USA

Foreword
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Preface

Filthy water cannot be washed.—West African Proverb

The world’s second largest and second most-populous continent, Africa, is 
achieving new levels of growth and economic development and occupies about 6% 
of the earth’s total surface area and about 20% of earth’s land area. Degradation of 
terrestrial and aquatic ecosystems on the continent is lowering water and soil qual-
ity, decreasing biodiversity, and is rapidly changing the African microbiome. One 
immediate concern with shifts in the microbial communities is the challenge of 
increased microbial disease transmission.

The 13 chapters in our book were chosen to illustrate interesting and informative 
examples of the current applied research agenda in environmental microbiology in 
selected countries in Africa. Chapter authors from Northern Africa to South Africa 
are included along with contributions from Nigeria and Tanzania. Different chapters 
are built on specific research objectives and provide a variety of applied methods 
and approaches to meet the pragmatic needs faced by environmental microbiolo-
gists in Africa. Topics provided in our book include studies of the three major groups 
of microorganisms: viruses, bacteria (including cyanobacteria), and protozoa. Their 
important roles in disease transmission, the enhancement of agriculture and 
aquaculture for food production, and in the bioremediation/degradation of oil and 
hydrocarbons are emphasized. The activities of microorganisms in different com-
mon indoor (e.g., household kitchens, latrines, and hospitals) and outdoor settings 
including air, soil, and water habitats are described.

The book contains chapters on the subject of the biodegradation of hydrocarbons 
in both halophilic and non-halophilic environments and descriptions of the applica-
tion of biosurfactants for the bioremediation of oil spills in water. New information 
on topics relating to food production is offered in two chapters: one describing the 
risks to humans and fish from the use of antibiotics in aquaculture while another 
chapter illustrates the prospects for developing competitive strains of Rhizobia inoc-
ulants for agricultural applications. The important topics of the emergence and re-
emergence of pathogenic, zoonotic, and hemorrhagic viruses (e.g., Dengue, Zika, 
Marburg, Chikungunya, Hantavirus, Monkeypox virus, Ebola, Lassa, and Influenza), 



x

bacteria (Vibrio cholera, and other emerging bacterial pathogens), and protozoa 
(Cryptosporidium and Giardia) in water and wastewater are presented in several 
chapters. One chapter provides new information on the important topic of ecotoxic-
ity changes measured with indicator organisms following the biological treatment of 
the toxic cyanobacteria Oscillatoria and Microcystis.

Africa stands at the crossroad of rapidly changing methods due to scientific 
breakthroughs and the need for modern training in environmental microbiology in 
African universities. Modern research training in environmental microbiology is 
essential to the health and economic prosperity of Africa. Taken together, the 13 
chapters in our book illustrate the types of applied environmental microbiology cur-
rently under study in selected African countries. However, the realm of environmen-
tal microbiology is changing rapidly, driven by the advent of powerful new genomic 
methods including CRISPR, next-generation sequencing, and innovative approaches 
to address the challenges of increasing environmental degradation, food and water 
security, and continuing emergence of resistance to antibiotics and other medica-
tions. Hopefully, the modern training required to prepare African microbiologists to 
meet the challenges they face will become widely available in African universities.

Durban, KwaZulu-Natal, South Africa�   Akebe Luther King Abia 
Syracuse, NY, USA �   Guy R. Lanza  

Preface
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Chapter 1
Some Bacterial Pathogens of Public Health 
Concern in Water and Wastewater: 
An African Perspective

Mohamed Azab El-Liethy and Akebe Luther King Abia

1.1  �The Primary Water Sources in Africa

It is well known that freshwater resources are always renewed via a continuous 
cycle of evaporation, precipitation, and runoff. The African continent has about 9% 
of the world’s freshwater resources and also contains 11% of the global population 
(CIWA (Cooperation in International Water in Africa) 2016; UNESCO 2016). The 
primary water sources in Africa are rivers, fresh lakes, groundwater, and rainfall. 
Africa contains 17 rivers with catchment areas greater than 100,000 km2, and it has 
more than 160 lakes larger than 27 km2. The majority of these are located in the 
equatorial region and the sub-humid East African highlands within the Rift Valley 
(African Union 2017). The four major rivers of Africa (Fig. 1.1) are the Nile which 
is considered the world’s longest and is approximately 6670 km long, followed by 
the Congo (4700 km), Niger (4180 km), and the Zambezi (2574 km) Rivers. River 
Nile runs across ten different African countries with Egypt, Sudan, and Eritrea con-
tributing the lowest annual amount of rainfall within the basin. However, Sudan 
represents 63.6% of the total area of the basin, while Egypt covers only 10.5%.

River Nile is produced by the meeting of the Blue River Nile, which comes from 
the Tana Lake located in the highlands of Ethiopia, and the White River Nile, which 
begins in the headwaters of Lake Victoria. Both rivers join at Khartoum, Sudan, 
before draining northward to the Mediterranean Sea. The Congo River comes from 
the highlands of East Africa with many tributaries. The Congo River flows in the 
north direction, then drifts to the west before draining into the Atlantic Ocean.  

M. A. El-Liethy (*) 
Environmental Microbiology Laboratory, Water Pollution Research Department, National 
Research Centre, Giza, Egypt
e-mail: ma.el-liethy@nrc.sci.eg 

A. L. K. Abia 
Antimicrobial Research Unit, College of Health Sciences, University of KwaZulu-Natal, 
Durban, South Africa
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The Niger River comes from the Guinea hills to Mali in the northeast, then to Niger 
and Nigeria in the southwest. The Zambezi River originates from Central Africa and 
flows southeast to the Indian Ocean.

Groundwater is a vital water source for drinking and irrigation in Africa. This 
resource was estimated at 0.66 million km3 (0.36–1.75 million km3) in 2012 and is 
the primary source of water for drinking and other purposes, especially in the north-
ern and southern countries (MacDonald et al. 2012). According to the African Union 
(2017), although a substantial percentage of people living in urban areas had been 
covered by piped drinking water, boreholes are still the most essential water source 
for over 24% of the people in these areas. Northern African countries, including 
Libya, Algeria, Sudan, Egypt, and Chad, have the largest groundwater reserves 
(MacDonald et al. 2012). On the other hand, many of the Saharan aquifers are not, 
however, actively recharged, but were recharged in wet climate since more than 
5000 years ago (Scanlon et al. 2006; Edmunds 2008). The storage volumes of these 
aquifers are more than 5 × 106 m3 km2 (equivalent to 75 m water depth), and the 
volume of groundwater in Africa is higher than freshwater by 100 times and also 
more than the storage water in fresh African lakes by 20 times (MacDonald et al. 
2012). Although the mean annual rainfall on the Africa continent is similar to that 
of other continents, the evaporation rates are high in Africa. The annual amounts of 
rainfall in Africa are about 670 mm and vary from one place to another and from 
time to time by about 40% (African Union 2017).

It is estimated that achieving universal access to safe and affordable drinking 
water for all by 2030 would require immense efforts to supply over 844 million 

Fig. 1.1  The four major rivers in Africa (http://sayregeographyclass.weebly.com/uploads/1/4/8/8/ 
14883058/major_rivers_in_africa.pdf)

M. A. El-Liethy and A. L. K. Abia
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people still living without even a basic water service, the majority of who are in 
Africa (United Nations 2018). Those lacking these services are among the poorest 
and most vulnerable in the world (Hunter et al. 2010). It is well known that life 
quality, agriculture, and industry are enhanced by ready and steady access to clean 
water and good sanitation. Thus, moving these people out of their poverty levels 
through the provision of safe potable water for drinking and other purposes is an 
undisputable need (Grey and Sadoff 2007; Hunter et al. 2010). Meeting this need is, 
however, challenged by the projected water shortages which are predictable to be 
potential triggers for new wars in the future as about 25 African countries will be 
entering into water stress by 2025 compared to 13 in 1995 (African Union 2017).

1.2  �The Relationship Between Bacterial Indicators 
and Pathogens

Added to the quantity-related stress, there are ever-increasing reports on pollution 
of the already stressed water resources. These pollution events introduce undesir-
able and hazardous substances, including microbial pathogens, into the water 
bodies, with potentials to cause severe adverse human, animal, and environmental 
health effects. Thus, to provide water that is microbiologically safe for human 
consumption, the microbial quality of these water bodies needs to be monitored 
constantly for the presence of microbes, including pathogenic ones. However, given 
the excessively large number and significantly diverse nature of microbes that can 
be present in any water body at any given time, an attempt to obtain a complete 
picture of the microbial quality of such water bodies would not only be technically 
but also be financially unrealistic. Thus, it has been suggested that checking for the 
presence of microbial indicators could provide a rapid indication of the potential 
dangers associated with exposure to a water source.

The scientist van Fritsch in 1880 suggested the expression “indicators” depend-
ing on his observations of a bacterium called Klebsiella in human feces that was 
also detected in water (Hendricks 1978). In 1885, Escherich recommended Bacillus 
coli that was later named Escherichia coli as a proper indicator for fecal contamina-
tion of water since it was found in high densities in feces (Leiter 1929). In the twen-
tieth century, certain bacterial groups were recognized as indicators of the presence 
of potentially pathogenic microbes in natural and treated waters. The bacterial 
groups most frequently used as indicators are heterotrophic bacteria (HB), also 
known as total bacterial counts or total viable bacterial counts. Other bacterial group 
indicators of fecal contamination are total coliforms (TC), fecal coliforms (FC), 
E. coli, and fecal streptococci (FS) recently named Enterococci (Fig. 1.2). E. coli is 
a subgroup of fecal coliforms, and fecal coliforms are a subgroup of the total 
coliforms. Therefore, many investigators have considered that E. coli is the most 
suitable fecal indicator for the microbial quality of water (Sunny et al. 2007; Haller 
et al. 2009; Odonkor et al. 2013).

1  Some Bacterial Pathogens of Public Health Concern in Water and Wastewater…
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Bacterial groups recovered through the HB test generally include normal flora 
bacteria (non-hazardous) but may also include pathogenic bacteria in polluted water 
(Bartram et al. 2003). Generally, HB level in drinking water should not exceed the 
defined limits as such excess would generally signal a deterioration of water quality. 
Some of the African countries use the same permissible limits of the WHO. For 
example, the South African Bureau of Standards allows HB in drinking water up to 
100 colony forming units (CFU)/mL (SABS 2001). In Egypt, the HB should not 
exceed 50  CFU/mL according to the Egyptian Standard (2007) (Table  1.1). 
Moreover, drinking water should be free from fecal bacterial indicators, including 
E. coli (that is 0 CFU/100 mL).

Bacterial Indicators

Heterotrophic bacteria
(HB)

Fecal indicators

Total coliforms
(TC)

Fecal coliforms
(FC)

Fecal
streptococci

(FC)

E. coli

Fig. 1.2  A schematic diagram representing the bacterial indicator groups of water pollution

Table 1.1  Heterotrophic bacteria limits for drinking water in some African countries

Country

Heterotrophic 
bacteria at

Units Standard guideline References
20 or 
22 °C

35 or 
37 °C

Egypt <50 <50 CFU/mL Egyptian Standard for 
drinking water

Egyptian Standard 
(2007)

Nigeria 100 100 CFU/mL Environmental Protection 
Agency Safe Drinking 
Water Act. 
EPA 816 – F – 03 – 016

EPA (2003)

South Africa 100 100 CFU/mL South African Bureau of 
Standards

SABS (2001)

Sudan 100 100 CFU/mL Sudanese Standards and 
Metrology Organization

SSMO (Sudanese 
Standards and 
Metrology 
Organization) (2002)

International 
limit (WHO)

100 100 CFU/mL International Standard WHO (2008)

M. A. El-Liethy and A. L. K. Abia
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The use of indicator bacteria has been suggested based on the results of previous 
studies that showed a positive correlation between the bacterial indicators and the 
presence of some pathogens (Odonkor et al. 2013; Gruber et al. 2014; El-Liethy 
et al. 2016). However, the study carried out by Grabow et al. (1995) found that there 
was no direct correlation between the numbers of any indicator bacteria and total 
pathogens. Numerous epidemiological studies have also failed to illustrate any rela-
tionship between microbial indicators and pathogens; this has been related to fac-
tors like improper study design, the extensively fluctuating ratio of pathogens to 
fecal indicators, and the presence of varying virulence factors of the pathogens 
(Fleisher 1990; Oliveira et al. 2018). This temporal lack of correlation has led to 
conclusions that there is no single indicator able to assure that water is free from 
pathogens (Horman et al. 2004; Abia et al. 2015; Hassard et al. 2017). Although it 
may not be feasible to check for the presence of all microbial pathogens in water 
during routine monitoring programs, checking for their presence is encouraged, 
especially in cases such as during disease outbreaks.

1.3  �Pathogenic E. coli and Salmonella in Africa Waters

1.3.1  �Pathogenic Escherichia coli

1.3.1.1  �Brief History

Escherichia coli is a normal flora of both humans and other animals (Nontongana 
et al. 2014). Some strains of this organism were only associated with disease in the 
early 1940s (Bray and Beavan 1948). The history of the various pathogenic forms 
has previously been reviewed (Nataro and Kaper 1998; Deborah Chen et al. 2005). 
Some key dates associated with the major diarrheagenic forms include:

•	 1885—Discovery of Escherichia coli (Eseherich 1885).
•	 1955—Coining of the term EPEC (Neter et al. 1955).
•	 1956—First test of ETEC in mice (De et al. 1956).
•	 1971—First confirmation of ETEC in human volunteers (DuPont et al. 1971).
•	 1971—First demonstration of EIEC pathogenic potential in humans (DuPont 

et al. 1971).
•	 1978—Confirmation of EPEC’s involvement in human disease (Levine et  al. 

1978).
•	 1982—Recognition of EHEC O157:H7 as a human pathogen (Riley et al. 1983).
•	 1987—First description of EAEC (Nataro et al. 1987).

Since their discovery, these pathogenic E. coli strains have been implicated in 
numerous disease outbreaks both in developed and in developing countries.

1  Some Bacterial Pathogens of Public Health Concern in Water and Wastewater…



6

1.3.1.2  �Taxonomy and Microbiological Characteristics

The pathogenic strains of E. coli are a subgroup of E. coli that is in the family 
Enterobacteriaceae. The bacteria are facultative anaerobes, Gram-negative bacilli 
often testing positive for catalase, and can reduce nitrate. Motility is through 
peritrichous flagella while some strains are not motile (Don et al. 1986; Gyles 2007). 
Strains of Escherichia coli have been placed into different serogroups and serotypes 
depending on the antigenic features expressed on the bacterial cell surface, that is, 
the outer membrane (O), flagella (H), and capsule (k) antigens (DebRoy et al. 2016). 
Over 170 distinct serogroups based on the O, >50 based on the k, and more than 100 
based on the H antigens have been reported and have been employed to further 
categorize the bacterium into different serotypes (Gyles 2007).

Different pathogenic E. coli pathotypes have been identified based on their 
virulence potentials and the mode through which they initiate infection. These 
pathogenic strains can further be divided into intestinal or diarrheagenic E. coli 
(DEC), which are associated with diarrhea (Gomes et al. 2016), and extraintestinal 
pathogenic E. coli (ExPEC) (Luna et al. 2010). The DEC pathotypes include:

	1.	 Shiga toxin- or verotoxin-producing E. coli (STEC or VTEC), which harbor 
genes that encode either Stx1 or Stx2 or both and are among the leading food-
borne pathogens globally (Ranjbar et al. 2018).

	2.	 Members of the EHEC group are considered a subset of STEC strains and are 
known to cause hemorrhagic colitis (HC) and HUS (Viazis and Diez-Gonzalez 
2011).

	3.	 Enteropathogenic E. coli (EPEC), responsible for severe infantile diarrhea espe-
cially in developing countries (Trabulsi et al. 2002b).

	4.	 Enterotoxigenic E. coli (ETEC) include strains that are the leading cause of trav-
elers’ diarrhea in developing countries (Mudrak and Kuehn 2010).

	5.	 Enteroinvasive E. coli (EIEC), which gain access to epithelial cells, become 
intracellular, and cause dysentery-like diarrhea similar to Shigella spp. (Pasqua 
et al. 2017).

	6.	 Recently identified diffuse-adhering E. coli (DAEC), with a mechanism of infec-
tion that has not yet been fully understood but are believed to cause diarrhea by 
exhibiting a diffuse attachment pattern to intestinal cells (Mansan-Almeida et al. 
2013).

	7.	 Entero-aggregative E. coli (EAggEC), for its aggregative or “stacked-brick”-like 
adherence to cultured mammalian cells (APHA 2012), hence its name, and pro-
ducing toxins which lead to the initiation of infection (Kaper et al. 2004).

The ExPEC members include uropathogenic E. coli (UPEC), which is responsi-
ble for most urinary tract infections globally (Welch et al. 2002), and neonatal men-
ingitis E. coli (NMEC), which is among the primary causes of meningitis in neonates 
worldwide (Logue et al. 2012). Also, with the increase in implication of some E. coli 
strains in human bacteremia, another ExPEC pathotype known as sepsis-associated 
E. coli (SEPEC) has been reported (Sarowska et al. 2019).

M. A. El-Liethy and A. L. K. Abia
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1.3.1.3  �Virulence Factors and Antibiotic Resistance of Major 
Human-Associated Pathotypes

The pathogenic potentials of disease-causing bacteria are determined by virulence 
factors which allow them to replicate and spread within a susceptible host, sometimes 
overcoming or avoiding the host’s defense system (Cross 2008). These virulence 
determinants are regulated by a set of genes, the products of which allow the bacte-
ria to adapt, survive, and cause infection in the environment in which they find 
themselves either intentionally or accidentally (Thomas and Wigneshweraraj 2014). 
This set of genes for a particular organism is known as the virulome of that organ-
isms (Lebughe et al. 2017) and may vary from as little as 100 to as many as several 
thousand, depending on the prevailing environmental conditions in which the organ-
ism is and the methods used for the detection of the gene (Thomas and Wigneshweraraj 
2014). The different E. coli pathotypes possess different virulence factors that allow 
them to cause disease (Mainil 2013; Hazen et al. 2017). Although numerous genes 
may be necessary to initiate infection by these pathogenic strains in humans, the 
main virulence factors involved and mostly used for characterizing these strains are 
summarized in Table 1.2.

With advanced techniques such as whole-genome sequencing, the virulence fac-
tors aiding in pathogenesis in the different pathogenic E. coli strains could be more 
than is presented in the current write-up and previous literature.

Several studies in Africa reported that pathogenic E. coli isolated from diverse 
sources were resistant to different antibiotics. In Ismailia City, Egypt, El-Alfy et al. 
(2013) found multiresistant antibiotic EHEC serotypes isolated from humans, animals, 
and environmental samples. In a separate study in Egypt carried out by El-Shatoury 
et al. (2015), all STEC O157:H7 isolated from El-Rahawy Drain and untreated hospi-
tal wastewater samples were resistant to amoxicillin, and 77% were resistant to clar-
ithromycin. In the Eastern Cape, South Africa, multi-antibiotic-resistant E. coli O157 
strains were reported in feces of dairy cattle by Iweriebor et al. (2015). Also, in Nigeria, 
E. coli O157 and other E. coli isolated from diarrheal stools and surface waters were 
resistant to different types of antibiotics (Chigor et al. 2010). A study conducted on 
wastewater and a river in Cape Town, South Africa, reported that over 60% of the 
pathogenic E. coli isolates obtained from the samples exhibited multiresistance against 
ampicillin, cefuroxime, cephalexin, ceftazidime, and tetracycline with multidrug resis-
tance indices ranging between 4.2 and 5.6 (Doughari et al. 2011).

1.3.1.4  �Detection Methods

No specific African guidelines or standards exist regarding the detection of pathogenic 
E. coli in water; thus, most of these countries depend on existing international stan-
dards. From previously published works, the most used detection method has been the 
culture method, followed by confirmation using different biochemical, serological, or 
immunological tests and PCR for the detection of virulence genes of pathogenic E. coli. 
Other molecular methods like restriction fragments length polymorphism (RFLP) 

1  Some Bacterial Pathogens of Public Health Concern in Water and Wastewater…
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PCR, pulsed-field gel electrophoresis (PFGE), and enterobacterial repetitive intergenic 
consensus (ERIC) PCR have been used to discriminate or establish the clonal relation-
ship between isolates. Although culture suffers from some limitations such as not being 
able to detect viable but not culturable bacteria (VBNC) and interference from some 
nonpathogenic flora that naturally occur in such environments, the culture method is 
still the preferred choice in developing countries, probably backed by its simplicity and 
cost for routine analysis.

Culture-Based Methods

The culture-based method may involve plating on selective media or the multiple 
tube technique (Prats et al. 2007). While some of the media used may not be specific 
to pathogenic E. coli, some like Sorbitol MacConkey (SMAC) agar are most widely 
used and designed for E. coli O157:H7 (Effler et  al. 2001; El-Shenawy and 
El-Shenawy 2005) because of its significant involvement in numerous diseases out-
breaks worldwide. Thus, the following paragraphs in this section will focus on 
methods for the isolation of this strain.

Pre-enrichment in broth followed by streaking on selective agar media has been 
proposed for analysis of water samples to ensure higher recovery of pathogenic 
E. coli while inhibiting the competing background microflora. For examples, tryptic 
soy broth (TSB), modified E. coli (mEC) broth, and peptone water (Effler et  al. 
2001) supplemented with antibiotics have been used (Meyer-Broseta et al. 2001). 
SMAC agar media containing cefixime and potassium tellurite has also been used 
(Meyer-Broseta et al. 2001). The cefixime and potassium tellurite in this agar-based 
medium delay sorbitol fermentation and the absence of ß-glucuronidase (GUD) 
activity of E. coli O157, leading to characteristic clear colonies while the other non-
pathogenic strains would appear bright pink (Manafi and Kremsmaier 2001). The 
primary role of cefixime is to target Proteus spp. (Chapman et  al. 1991), while 
potassium tellurite aids in inhibiting or eliminating the growth of other E. coli and 
other bacterial species like Aeromonas spp. (Zadik et al. 1993). In South Africa, the 
immuno-magnetic separation (IMS) enrichment procedure has been used to investi-
gate the presence of disease-causing E. coli in wastewater samples (Grabow 
et al. 2003).

Many fluorescence-based and color-based selective differential agars have been 
reported to perform better than SMAC in environmental samples (Manafi and 
Kremsmaier 2001). Some of these include Rainbow Agar O157, CHROM agar 
O157, HiCrome EC O157:H7 selective HiVeg agar base, and HiCrome SMAC agar 
base supplemented with tellurite-cefixime (Zadik et al. 1993). In Egypt, HiCrome 
EC O157:H7 selective agar base which contains sorbitol and a proprietary chromo-
genic mixture instead of lactose and indicator dyes and supplemented with cefixime 
and potassium tellurite was used. E. coli O157:H7 selectively and precisely breaks 
down the chromogenic substrate in this media producing a dark purple to a magenta-
colored moiety. E. coli O157:H7 exhibit light pink to mauve-colored colonies 
(El-Leithy et al. 2012; El-Shatoury et al. 2015) (Fig. 1.3).

1  Some Bacterial Pathogens of Public Health Concern in Water and Wastewater…
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Moreover, HiCrome MacConky sorbitol agar base supplemented with tellurite and 
cefixime has been used to confirm E. coli O157:H7. The bacterium E. coli O157:H7 
showed colorless colony confirming non-sorbitol fermentation (El-Liethy 2013). In 
South Africa, Mṻller et al. (2001) used Rainbow agar O157 to isolate E. coli O157 and 
other EHEC strains. Rainbow agar O157 contains a chromogenic substrate which is 
specific for two E. coli-associated enzymes: β-galactosidase (blue-black substrate) 
and β-glucuronidase (red substrate). The strain characteristically lacks glucuronidase 
activity, and thus produces unique charcoal gray or black colonies on this media.

Molecular-Based Methods

In Africa, PCR-based detection protocols targeting virulence genes of the different 
pathogenic E. coli have been used after an initial culture step. These reactions may 
target a single gene (El-Jakee et al. 2009; Grabow et al. 2003) or multiple gene pairs 
(El-Leithy et al. 2012; El-Shatoury et al. 2015). Genes used to identify the different 
pathotypes have been reported in numerous studies in Africa (Omar and Barnard 
2010, 2014; Abia et al. 2016c, 2017)

1.3.1.5  �Occurrence in Different African Water Sources

Pathogenic E. coli have been detected in many studies in Africa from humans, 
animals, food, and water. In this chapter, we focus on the occurrence of pathogenic 
E. coli in different water sources.

Fig. 1.3  E. coli O157:H7 on chromogenic selective agar media. (a) HiCrome EC O157:H7 selec-
tive agar, (b) HiCrome MacConky sorbitol agar

M. A. El-Liethy and A. L. K. Abia
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Occurrence in Drinking Water

Abong’o et al. (2008) examined 30 water samples collected from drinking water 
and boreholes in South Africa. The samples were examined using culture methods 
followed by PCR. The PCR results showed 8.6% of the examined water samples 
harbored E. coli O157:H7 bearing homologous fliCH7, rfbEO157, and eaeA genes 
(Abong’o and Momba 2008). Also, Momba et al. (2008) investigated the prevalence 
of E. coli O157:H7 in 180 drinking water samples collected from selected distribu-
tion systems within the Amathole District of the Eastern Cape using enrichment 
culture and confirmed isolates using molecular methods. The authors detected 
E. coli O157 in 46 (25.56%) of the samples. In another study, seven virulence genes 
screened for (Ial, Stx1, Stx2, EaeA, Eagg, ST, and LT) were isolated from different 
drinking water sources (Jagals et  al. 2013). In Southern Africa, mainly in South 
Africa and Swaziland, heavy rainfall occurred several days before the occurrence of 
one of the most significant outbreaks involving E. coli O157:H7 in 1992 that con-
taminate surface and drinking water (Table 1.3) (Effler et al. 2001).

Occurrence in Surface Water

Various E. coli pathotypes have been detected in different surface water sources, e.g., 
rivers, lakes, sea, and agricultural drainage water. E. coli O157:H7 can survive in river 
water at room temperature up to 3 months (Ibrahim et al. 2019). In South Africa, 
Mṻller et al. (2001) investigated the occurrence of E. coli O157:H7 in various river 
waters in South Africa and reported that 4% of the isolates carried virulence genes. In 
a separate study in Cape Town, South Africa, the authors used culture, followed by 
biochemical and serological tests and reported several pathogenic E. coli serotypes 

Table 1.3  The occurrence of pathogenic E. coli in drinking water

Country Source Organisms Year
Detection 
methods Counts References

South Africa Drinking 
water and 
their 
containers

EIEC and 
EHEC

2012 PCR 46% 
virulence 
genes

Jagals et al. 
(2013)

South Africa Drinking 
water

E. coli 
O157:H7

NM Culture 
and PCR 
methods

46 out of 
180 
positive

Momba 
et al. (2008)

South Africa Drinking 
water and 
boreholes

E. coli 
O157:H7

NM Culture 
and PCR 
methods

25.5% Abong’o 
and Momba 
(2008)

Swaziland and South 
Africa

Drinking 
water

E. coli 
O157:H7

1992 Culture 
and 
PFGE

42% 
(327/778)

Effler et al. 
(2001)

NM Not mentioned

1  Some Bacterial Pathogens of Public Health Concern in Water and Wastewater…
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including E. coli O26, E. coli O55, E. coli O111:NM, E. coli O126, E. coli O44, 
E. coli O124, E. coli O96:H9, E. coli O103:H2, E. coli O145:NM, and E. coli O145:H2 
(Doughari et al. 2011).

Saline water samples collected from the seashore of the Mediterranean Sea at 
Alexandria City, Egypt, were examined for the presence of E. coli O157 on Sorbitol 
MacConky agar followed by antiserum. EHEC was recovered from 23 out of 48 
seawater samples (48%) (El-Shenawy and El-Shenawy 2005). Furthermore, in 
2009, El-Jakee and his group investigated water samples from different sources, 
including the River Nile, and found the presence of numerous virulence genes in 
the isolates (El-Jakee et al. 2009). El-Leithy et al. (2012) examined 175 water sam-
ples collected from River Nile, groundwater, agriculture drainage water, and the 
Mediterranean Sea. E. coli O157:H7 was detected using the culture method on 
HiCrome EC O157:H7 agar and six virulence genes including Shiga toxin 1 and 2 
genes (stx1 and stx2), intimin gene (eae), hemolysin gene (hly), somatic O157 
antigen gene (rfbE), and flagellar antigen gene (fliC) of the detected E. coli 
O157:H7 isolates were investigated using multiplex PCR.  It was found that the 
stx2, eae, and rfbE were the most frequent genes in E. coli strains (98%) followed 
by stx1 (84%) and fliC (66%) while the hly gene was not detected. Also, in the 
same study, E. coli O157 was detected in 64% River Nile (Rossita Branch) samples 
using multiplex PCR and 100% in El-Rahawy Drain water samples (Table 1.4). 

Table 1.4  Some African studies on the presence of pathogenic E. coli in surface water

Country Water matrix Organisms
Studying 
year

Detection 
methods Counts References

Egypt Mediterranean 
Sea

EHEC 2002 Sorbitol 
MacConky 
agar, Antisera

48% El-Shenawy 
and 
El-Shenawy 
(2005)

Egypt River Nile, 
Drainage 
water

E. coli 
O157:H7

2009–
2011

HiCrome EC 
O157:H7 agar, 
multiplex 
PCR

32% El-Leithy 
et al. (2012)

Egypt River Nile E. coli 
O157

2009–
2011

Multiplex 
PCR

32 out of 50 
(64%)

El-Leithy 
et al. (2012)

Egypt El-Rahawy 
Drain

E. coli 
O157

2009–
2011

Multiplex 
PCR

100% El-Leithy 
et al. (2012)

Egypt Agriculture 
drains

Fecal 
coliforms

NM MPN method >90% El-Jakee 
et al. (2009)

Egypt Surface water Pathogenic 
E. coli

NM Culture 
followed by 
PCR

57.1% (stx1); 
28.6% (stx2); 
21.4% (eae) 
28.6% 
(fliCh7)

El-Jakee 
et al. (2009)

South 
Africa

Rivers E. coli 
O157:H7

1998 Culture 
followed by 
Antisera

4% 
containing 
virulence 
genes

Mṻller et al. 
(2001)

NM Not mentioned

M. A. El-Liethy and A. L. K. Abia
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The occurrence of pathogenic E. coli in El-Rahawy Drain originated from huge 
amounts of agricultural drainage water, and untreated wastewater from surround-
ing areas of El-Rahawy villages. The dam also received a large amount of partially 
treated wastewater from Zenin and Abou-Rawash wastewater treatment plants 
from the Greater Cairo that discharged directly into Rossita Branch by passing 
through El-Rahawy Drain (El-Leithy et al. 2012).

Occurrence in Wastewater

Wastewater treatment plants (WWTPs) have been identified as significant contribu-
tors to poor surface water quality due to the constant discharge of poorly treated or 
untreated wastewater into these water bodies. Thus, the presence of pathogenic 
bacteria, especially in the final effluent of these plants would indicate the quality of 
the water downstream from the WWTP discharge point. Thus, numerous studies 
have been conducted in some African countries to detect the presence of pathogenic 
organisms, including E. coli pathotypes.

For example, Grabow and his colleagues (2003) successfully isolated these 
pathotypes from sewage samples in South Africa using the enrichment Immuno-
Magnetic Separation (IMS) selective agar. The samples included raw sewage and 
primary, secondary, and tertiary effluents from six wastewater treatment plants 
around Johannesburg, Gauteng province, South Africa. The authors reported the 
presence of all the pathotypes tested in the raw influent while ETEC and EAEC 
were detected in all treated wastewater samples after primary and secondary 
treatments. Also, Omar and Barnard (2010) used a multiplex PCR targeting eight 
virulence genes belonging to different E. coli pathotypes and reported the pres-
ence of EAEC (90%), ETEC (80%), and EIEC (10%) in the samples.
Other researchers have reported the presence of E.coli pathotypes in wastewater in 
Tunisia (Salem et al. 2011), South Africa (Adefisoye and Okoh 2016), and Senegal 
(Alpha et al. 2017).

1.4  �Salmonella Spp.

1.4.1  �Brief History

Theobald Smith first successfully isolated the organisms from pigs and the bacterium 
was named Salmonella after Theobald’s partner, Daniel Elmer Salmon, who was a 
veterinary pathologist (Salmon and Smith 1886). In Africa, invasive Salmonella 
enterica infections appear to have been widespread in 1955 (Watson 1955). A further 
study on the distribution of the typhoid bacteria was carried out by Crocker (1957). 
In many countries in sub-Saharan Africa, Salmonella was sporadic and a correlation 
between malaria, HIV, and typhoid was suggested in 1929 and confirmed in 1987 
(Giglioli 1929; Mabey et al. 1987; Reddy et al. 2010). However, the first cases of 

1  Some Bacterial Pathogens of Public Health Concern in Water and Wastewater…
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invasive non-typhoidal salmonella together with the report of AIDS occurred in 
Africa in 1984 (Feasey et al. 2012). Today, Salmonella is a primary etiologic agent of 
invasive bacterial febrile illness throughout sub-Saharan Africa with a high preva-

lence mostly observed in children younger than 15 years (Marks et al. 2017).

1.4.2  �Microbiological Characteristics

The genus Salmonella is in the family Enterobacteriaceae, which consists of 
rod-shaped, Gram-negative bacteria measuring approximately 2–5 μm in length and 
0.7–1.5 μm in diameter (Costa et al. 2008). Salmonella is nonencapsulated, non-
spore-forming, and mostly motile (Ryan and Ray 2004). Salmonellae, S. arizonae, 
are lactose, sucrose, and malonate non-fermenters (Andrews et  al. 1995). The 
organisms can grow in wide pH (4.05–9.0) and temperature (5.3–5.3 °C) depending 
on the surrounding conditions (Chung and Goepfert 1970; Jay 1996). These bacteria 
are facultative anaerobes that have the potential of producing hydrogen sulfide 
(Fabrega and Vila 2013).

Salmonella species have been divided into different groups based on two anti-
genic features, the somatic (O) and flagellar (H) antigens, and these together include 
more than 2500 serotypes (Agbaje et al. 2011). Salmonella is divided into two spe-
cies according to the Center for Disease Control and Prevention (CDC), that is, 
S. enterica and S. bongori (Popoff and Minor 1997). The nomenclature of Salmonella 
serotypes is not italicized, and the first letter is capitalized such as Salmonella 
enterica subspecies enterica I serotypes Enteritidis, Typhimurium, Typhi, or 

Choleraesuis (Brenner et al. 2000).

1.4.3  �Virulence Factors and Antibiotic Resistance

Salmonella Typhi is considered as a human pathogen and the etiologic agent of 
typhoid fever that is a life-threatening disease. The WHO (World Health 
Organization) (2018) estimated that between 11,000,000 and 21,000,000 cases of 
typhoid fever are recorded worldwide every year, with an associated 128,000 to 
161,000 deaths.

It has been reported that the virulence factors contributing to pathogenicity in 
most enteric bacterial pathogens like E. coli, Yersinia, and Shigella spp. are mostly 
plasmid encoded. On the other hand, virulence plasmids contribution to pathogenesis 
is less significant in Salmonella than in the other bacterial pathogens. However, some 
Salmonella serovars contain virulence plasmids (Bäumler et al. 1998). Salmonellae 
carry some virulence genes such as viz, sef, pef, spv, or inv that are involved in adhe-
sion to and invasion of the host cells (Clouthier et al. 1993; Bäumler et al. 1996). 
Others genes are linked to the survival of the pathogens in the host system, e.g., mgtC 
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(Blanc-Potard and Groisman 1997), while some genes such as the sop, stn, and/or pip 
A, B, and D play a critical role in pathogenicity processes (Wallis and Galyov 2000). 
Salmonella Typhi is the typical model for Salmonella pathogenesis, and causes 
typhoid fever through secretion of the typhoid toxin; secretion only occurs when the 
bacteria are within mammalian cells (Chang et al. 2016). The typhoid toxin belongs 
to a family called AB5 subunits and is a remarkable exotoxin produced by all S. Typhi, 
Paratyphi A, and B, but is uncommon in S. Paratyphi C (Chang et al. 2016).

In several studies that have been carried out in African countries, Salmonella spe-
cies showed resistance to different groups of antibiotics. In a study conducted in 
Nigeria by Oluyege et al. (2009), 13.3% of Salmonella strains isolated from wells, 
streams, and borehole water were multiresistant with resistance recorded against 
antibiotics like tetracycline, amoxicillin, cotrimoxazole, nitrofurantoin, gentamicin, 
nalidixic acid, and ofloxacin. In another study in Nigeria, 24 out of the 54 Salmonella 
spp. that were isolated from different water sources were susceptible to ciprofloxacin 
while all species were resistant to penicillin (Stella et al. 2018). Similarly, Salmonella 
isolates recovered from well water samples in Ghana showed high resistance to many 
antibiotics still commonly used within the country. The authors, however, showed 
that the majority of the isolates were susceptible to antibiotics investigated (Dekker 
et al. 2015). Antibiotic-resistant Salmonella spp. have been reported in many other 
African countries like Cameroon (Moctar et al. 2019), Egypt (Elkenany et al. 2019), 

South Africa (Ekwanzala et al. 2018), and Gabon (Ehrhardt et al. 2017).

1.4.4  �Detection Methods

1.4.4.1  �Culture-Based Methods

Most developing countries, especially in Africa, depended on culture methods for 
detecting Salmonella. The most frequently used culture media for Salmonella detec-
tion include Salmonella-Shigella (SS) agar, bismuth sulfite agar, xylose lysine 
desoxycholate (XLD) agar, and/or chromogenic selective salmonella agar followed by 
morphological and biochemical confirmation and serotyping (Akinyemi et al. 2006; 
Momba et al. 2006; El-Taweel et al. 2010; Traoré et al. 2015; Maysa and Abd-Elall 
2015) (Fig. 1.3). For example, Momba et al. (2006) isolated Salmonella from drinking 
water samples using XLD agar followed by confirmation of suspected isolates using 
biochemical tests. In another study, the organism was isolated from water using a 
chromogenic selective Salmonella agar following a pre-enrichment in Selenite F; con-
firmation was done using a latex agglutination test and the API 20E (Dekker et al. 
2015). Also, a recent study used a pre-enrichment step in buffered peptone water and 
subcultured into both Tetrathionate broth and Rappaport-Vassiliadis Soy Peptone 
(RVS) broth followed by streaking onto two selective agar, namely, Chromogenic 
Salmonella agar and Miller Mallinson agar, and confirmed using biochemical and 
serological tests using polyvalent antiserum (Stella et al. 2018).

1  Some Bacterial Pathogens of Public Health Concern in Water and Wastewater…
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1.4.4.2  �Molecular-Based Methods

Although molecular methods like PCR have been used to detect Salmonella in water 
samples in Africa, this has almost always been used for the confirmation of pre-
sumptive isolates obtained from culture media. For example, Salmonella species 
were detected in ground and surface water samples in South Africa, using culture 
method on XLD media, and all suspected S. Typhimurium isolates were negative 
using PCR (Momba et al. 2006). However, another study conducted in South Africa 
investigated the presence of Salmonella in river water and riverbed sediments by 
targeting the invA gene directly from the samples using real-time PCR, following 
pre-enrichment in peptone water, but without prior isolation on solid media (Abia 
et al. 2016b). Pulsed-field gel electrophoresis (PFGE) has also been used to estab-
lish the clonal relatedness of Salmonella isolated from well water (Dekker et  al. 
2015). PCR has also been used to characterize Salmonellae isolated from African 
waters. For example, a study conducted in Egypt used molecular methods for the 
identification of Salmonella from irrigation drain water samples and further identi-
fication of specific virulence genes in the isolates (Maysa and Abd-Elall 2015). 
Other studies that used molecular methods for the identification and characteriza-
tion of Salmonella have been conducted in many other countries. Some of these 
were conducted in Moroccan coastal waters (Setti et al. 2009), South African river 
water and riverbed sediments (Ekwanzala et  al. 2017), Tanzanian water sources 

(Kweka 2013), and irrigation water in Nigeria (Abakpa et al. 2015).

1.4.5  �Occurrence in Different African Water Sources

Typhoid fever and salmonellosis might be caused via direct consumption of 
untreated contaminated water or poorly cooked or raw food (Eng et  al. 2015). 
Intentional or accidental exposure to such contaminated water sources could lead to 
the risk of infection from salmonellae (Abia et al. 2016a). This is particularly cru-
cial for most African countries where access to safe water is limited or absent and 
contaminated water sources serve as alternatives, and at times the only available 
water source for personal and household use. Despite this, the prevalence of 
Salmonella in surface and drinking water has not been widely investigated in many 
African countries. The presence of this pathogen in fresh surface water environ-
ments is limited although surveys involving drinking water are more common, a 
reflection of poor water quality in these countries. The lack of safe drinking water 
coupled with poor sanitation and hygiene have therefore led to the increased inci-
dence and spread of typhoid fever in many of these countries (Akinyemi et al. 2006; 
Momba et al. 2006; Oluyege et al. 2009).
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1.4.5.1  �Occurrence in Drinking Water

In some countries in Africa, borehole, rain, and groundwater sources are often used 
as a drinking water source and mostly consumed without any treatment. For exam-
ple, numerous reports of the presence of Salmonella in drinking water in South 
Africa and Nigeria have been published. In Nigeria, Akinyemi et al. (2006) investi-
gated 180 water samples from wells and taps sampled from 18 different points and 
found S. Typhi in three of the well water samples. In a separate study conducted by 
Oguntoke et al. (2009) who collected water samples from rain, wells, and boreholes 
in Ibadan City, the authors found that 23.6% of well water samples were positive for 
S. Typhi (Table 1.5). In a recent study, Salmonella species were the most prevalent 
in reservoir (35.0%) and borehole (7.45%) water samples collected from Nnokwa, 
Alor, Nnobi, Abatete, and Oraukwu areas in Nigeria (Stella et al. 2018). The authors 
reported the isolation of S. Typhi, S. Paratyphi A, S. Paratyphi C, and S. Enterica, 
with S. Typhi being the most isolated species.

Table 1.5  The detection of Salmonella spp. in drinking water

Country Water matrix Organisms Year
Detection 
methods Counts References

Burkina 
Faso

Tap water Salmonella 
enterica

2008–
2010

Culture and 
serotype

Negative Traoré et al. 
(2015)

Burkina 
Faso

Well water Salmonella 
enterica

2008–
2010

Culture and 
serotype

2% Traoré et al. 
(2015)

Burkina 
Faso

Reservoir 
water

Salmonella 
enterica

2008–
2010

Culture and 
serotype

15–20% Traoré et al. 
(2015)

Burkina 
Faso

Channels 
water

Salmonella 
enterica

2008–
2010

Culture and 
serotype

20–31% Traoré et al. 
(2015)

Ghana Dug well 
water

Salmonella spp. 2009–
2010

Culture and 
API

6.5% 
positive

Dekker et al. 
(2015)

Nigeria Well water Salmonella 
Typhi

NM SS Agar 3 out of 
18 
samples

Akinyemi 
et al. (2006)

Nigeria Well water Salmonella 
Typhi

2005 NM 23% 
positive

Oguntoke 
et al. (2009)

Nigeria Reservoir 
water

Salmonella spp. 2013 Culture and 
biochemical 
tests

35.0% 
Positive

Stella et al. 
(2018)

Nigeria Boreholes Salmonella spp. 2013 Culture and 
biochemical 
tests

7.45% 
positive

Stella et al. 
(2018)

South 
Africa

Boreholes and 
groundwater

Salmonella spp. 2001–
2002

XLD agar, 
biochemical 
tests

100% Momba et al. 
(2006)

South 
Africa

Boreholes and 
groundwater

Salmonella 
Typhimurium

2001–
2002

XLD agar and 
PCR

Negative Momba et al. 
(2006)

NM Not mentioned
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In a study in South Africa, ground and surface water sources were tested for 
4 months, and Salmonella was present in two of the borehole water samples used as 
primary drinking water sources (Momba et al. 2006) (Table 1.5). In Ghana, Dekker 
et al. (2015) collected 398 well water samples, and their results demonstrated that 
26 samples (6.5%) were positive for Salmonella spp. with serological testing reveal-
ing the presence of different serovars including serovars S. Colindale, S. Stanleyville, 
S. Duisburg, S. Rubislaw, S. Saabruecken, S. Nima, and S. Give.

Similarly, Traoré et  al. (2015) investigated 218 water samples for Salmonella 
presence from different sources in Ouagadougou, Burkina Faso, including taps, 
wells, channels, and reservoirs. Their results indicated Salmonella was absent in all 
tap water and was noticed in only one well sample. However, Salmonella was com-
monly detected in the samples from the reservoir and channel.

1.4.5.2  �Occurrence in Surface Water

Salmonella species reach to surface water via surface runoff such as during heavy 
rains and when these water bodies overflow their banks. Wild animals also play an 
important role in water contamination as the organism has been isolated in such 
animals (Skov et  al. 2008) and the relationship between the wildlife and human 
isolates has also been established (Smith et al. 2014). In Africa, aquatic environ-
ments are considered natural reservoirs and play a crucial role in transmitting 
salmonellae when used for drinking (Momba et  al. 2006; Maysa and Abd-Elall 
2015; Stella et  al. 2018). It has also been found that S. Typhimurium is able to 
survive in surface water (River Nile) for more than 3 months (Ibrahim et al. 2019). 
Similarly, Abia et al. (2016d) demonstrated using laboratory experiments that the 
organism could survive in water and sediments of the Apies River in South Africa, 
for over 30 days.

In a study conducted on drains from farm settings in Egypt, the authors reported 
the presence of Salmonella in 18.3% of the agricultural drains, reporting the isola-
tion of S. Typhimurium, S. Enteritidis, and S. Virchow (Osman et al. 2011). Also, in 
the same study Salmonella was detected in 7.5% of irrigation canals in which 
S. Typhimurium and S. Senftenberg were confirmed using PCR (Maysa and Abd-
Elall 2015). Moreover, El-Taweel et al. (2010) analyzed 60 samples collected from 
the River Nile at Cairo and 14 water samples collected from the Rossita Branch. In 
this study, Salmonella was detected using two conventional methods, and presump-
tive isolates were confirmed using PCR. The results showed that 83.3% and 98.3% 
of the water samples were positive for Salmonella using the MPN and membrane 
filtration methods, respectively. Similarly, in a recent study in Nigeria, Salmonella 
species were the most prevalent in surface water by 42.9%, and 16 of these were 
confirmed as being S. Typhi, S. Paratyphi A, S. Paratyphi C, or S. Enterica (Stella 
et al. 2018). These studies, the methods used, and the results obtained, are summa-
rized in Table 1.6.
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1.4.5.3  �Occurrence in Wastewater

Typhoid patients are carriers of Salmonella and can shed these bacterial pathogens 
in their feces over long periods. Thus, considerable counts of Salmonella species are 
frequently reported in raw wastewater. It has been reported that the organisms may 
even be resistant to conventional wastewater treatment processes and find their way 
into the final effluent of these plants (Toze et al. 2004). For example, the effluents of 
two wastewater treatment plants in Durban, South Africa, were investigated for 
Salmonella. The authors reported counts ranging between 0 and 4.14 logs CFU/mL 
in both the wastewater treatment plants. Also, an overall high percentage of the 200 
confirmed Salmonella isolates possessed the spiC, misL, orfL, and pipD genes 
(Odjadjare and Olaniran 2015). In another study, the prevalence of Salmonella spe-
cies in four sewage treatment plants in Gauteng Province, South Africa, was inves-
tigated, and the findings revealed significantly high Salmonella Typhimurium 
counts in all the treatment plants (Dungeni et  al. 2010). Similarly, a study in 

Table 1.6  The occurrence of Salmonella spp. in surface water

Country Water matrix Organisms Year
Detection 
methods Counts References

Egypt Agriculture 
drains

Salmonella spp. 2014 Culture, 
biochemical 
and 
serological 
tests

18.3% 
positive

Maysa and 
Abd-Elall 
(2015)

Egypt Irrigation 
drains

Salmonella spp. 2014 Culture, 
biochemical 
and 
serological 
tests

7.5% 
positive

Maysa and 
Abd-Elall 
(2015)

Egypt Wastewater 
effluent and 
River Nile

Salmonella spp. NM Culture and 
biochemical 
tests

10.6% 
positive

Osman et al. 
(2011)

Egypt River Nile Salmonella spp. 2005–
2008

MPN and MF 
methods

83.3–
98.3%

El-Taweel 
et al. (2010)

Egypt River Nile 
(tributary)

Salmonella spp. 2005–
2008

MPN and MF 
methods

100% El-Taweel 
et al. (2010)

Nigeria Surface 
water

Salmonella spp. 2013 Culture and 
biochemical 
tests

42.9% 
positive

Stella et al. 
(2018)

South 
Africa

Surface 
water

Salmonella 
Typhimurium

2001–
2002

Culture 
method

100% 
positive

Momba et al. 
(2006)

South 
Africa

Surface 
water

Salmonella spp. 2016 Real-time 
PCR

23.5% 
positive

Abia et al. 
(2016b)

Zimbabwe Surface 
water

Salmonella spp. 2007 Culture and 
biochemical 
tests

NM Zvidzai et al. 
(2007)

NM Not mentioned
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Al-Sharqiya Governorate, Egypt, reported the presence of Salmonella in wastewater 
after analyzing samples from untreated, aeration, oxidation, and anaerobically 
treated wastewater for the presence of Salmonella (Mahgoub et  al. 2016). Other 
examples of studies that have investigated the presence of Salmonella in Egyptian 
wastewater samples include Zaki et al. (2009) and El-Lathy et al. (2009)

The occurrences of Salmonella in the final effluent and all wastewater treatment 
steps of the Agadir wastewater treatment plant, Morocco, were examined and the 
researchers reported the presence of Salmonella in samples from all the treatment 
steps and further reported a high diversity in the identified serotypes (El Boulani 
et al. 2016). Table 1.7 summarizes the findings of some of the studies on the pres-
ence of Salmonella in African wastewater.

Table 1.7  The occurrence of Salmonella spp. in wastewater

Country
Water 
matrix Organisms Year

Detection 
methods Counts References

Egypt Inlet of 
oxidation 
pond of 
El-Sadat 
City

Salmonella spp. 2005–
2008

MPN and 
Surface plate 
methods

2.8 × 104 
MPN/100 mL 
and 9.6 × 104 
CFU/100 mL

El-Lathy 
et al. (2009)

Egypt The outlet 
of oxidation 
pond of 
El-Sadat 
City

Salmonella spp. 2005–
2008

MPN and 
Surface plate 
methods

1.1 × 102 
MPN/100 mL 
and 3.3 × 102 
CFU/100 mL

El-Lathy 
et al. (2009)

Egypt Inlet of 
Zenin 
wastewater 
treatment 
plant

Salmonella spp. 2005–
2008

MPN and 
Surface plate 
methods

4.0 × 104 
MPN/100 mL 
and 1.5 × 105 
CFU/100 mL

El-Lathy 
et al. (2009)

Egypt The outlet 
of the Zenin 
wastewater 
treatment 
plant

Salmonella spp. 2005–
2008

MPN and 
Surface plate 
methods

1.0 × 102 
MPN/100 mL 
and 3.3 × 102 
CFU/100 mL

El-Lathy 
et al. (2009)

Morocco Agadir 
wastewater 
treatment 
plant

Salmonella spp. NM Culture, API 
and molecular 
methods

19 Salmonella 
serotype

El Boulani 
et al. (2016)

South 
Africa

Wastewater 
treatment 
plant 
effluent

Salmonella spp. 2012–
2013

Culture 
followed 
biochemical 
and PCR

0–104 CFU/
mL

Odjadjare 
and 
Olaniran 
(2015)

South 
Africa

Wastewater S. Typhimurium 2007–
2008

Culture and 
API 
confirmation

0–88.2% Dungeni 
et al. (2010)

NM Not mentioned
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1.5  �Conclusion

Pathogenic E. coli and Salmonella species are present in water sources in many 
African countries. The presence of these organisms in wastewater represent a 
menace for the quality of the receiving water bodies. However, advanced scientific 
equipment are strongly needed for the effective detection and characterization of 
these pathogens in the different African water sources. Also, many African coun-
tries, especially in the sub-Saharan region, lack centralized sewage systems. Thus, 
reports on these pathogens in wastewater in such countries will be limited or 
completely absent. This could have adverse effects on effective monitoring and 
reporting of the actual prevalence of these pathogens in these countries, with 
possible adverse consequences to public health.
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Chapter 2
Emerging and Reemerging Bacterial 
Pathogens of Humans in Environmental 
and Hospital Settings
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2.1  �Introduction

A survey of human pathogens from the World Health Organization (WHO), the 
Centres of Disease Control and Prevention (CDC), and PubMed lists identified 
1407 human pathogens of which 177 (13%) were recognized as emerging patho-
gens. Prevalence data, more than a decade ago, for the various groups of pathogens 
for total and emerging pathogens was already, respectively, 208 and 77 (44%) for 
viruses/prions, 538 and 54 (30%) for bacteria or rickettsia, 317 and 22 for fungi, and 
57 and 14 for protozoa (Woolhouse and Gowtage-Sequeria 2005). Emerging patho-
gens can be zoonotic or non-zoonotic. However, about 60% of emerging pathogens 
are reported as being zoonotic (Jones et  al. 2008; Cutler et  al. 2010). Zoonotic 
pathogens are pathogens for which humans or other vertebrates are either the main 
hosts or occasional hosts. As such, these pathogens are easily transmitted between 
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humans and vertebrate animals (Woolhouse and Gowtage-Sequeria 2005). These 
pathogens can be transmitted to humans via direct contact, scratches or bites, arthro-
pod vectors, exposure to contaminated feces, feces-contaminated environmental 
sources and carcasses, or consumption of contaminated food and water (Chikeka 
and Dimler 2015). Water and food are notable environmental reservoirs and vehi-
cles of transmission of zoonotic and non-zoonotic bacterial pathogens (Vouga and 
Greub 2016). Also, significant environmental and sociodemographic changes have 
resulted in increased human exposure to environmental pathogenic species and 
transmission between persons (Vouga and Greub 2016).

2.2  �Definition of Emerging and Reemerging Pathogens

Emerging pathogens can be defined as organisms that were previously not recog-
nized to cause any human disease or that are newly appearing. They also include 
pathogens that have existed but are rapidly increasing in prevalence in a population 
due to increased human exposure or pathogens that are expanding to new geograph-
ical regions (Hoogenboezem 2007). Reemerging pathogens are pathogens that were 
previously easily controlled by antibiotics and treatable but have now developed 
resistance and appear in epidemics (United Nations Environment Programme 
Global Environment Monitoring System/Water Programme (UNEP/GEMS) 2008; 
Vouga and Greub 2016; Nii-Trebi 2017).

2.3  �Reasons for the Emergence/Reemergence of Pathogens

Many variables interplay in the emergence and reemergence of pathogens. These 
variables can be grouped into human/demographic, pathogen, socioeconomic, envi-
ronmental, and scientific/technological factors (Table  2.1) (Woolhouse and 
Gowtage-Sequeria 2005; Louten 2016).

Emerging bacterial pathogens may have long been present in the environment 
but remained undetected due to inadequate diagnostic techniques or humans only 
recently became exposed to them. Thus, pathogen emergence can mainly be attrib-
uted to increased human exposure to natural reservoirs of bacterial pathogens, the 
emergence of more virulent bacterial strains with the potential to cause opportunis-
tic infections, and development of improved and novel diagnostic techniques (Vouga 
and Greub 2016). Other factors that facilitate pathogen’s emergence include 
improved disease surveillance, climate change, agricultural intensification and 
development, microbial adaptation, immigration, and travel, increase in natural res-
ervoirs and vectors, development of biological weapons, breakdown of public health 
measures and mutation (Ohimian 2017). Also, of major concern is the emergence of 
resistance of infectious pathogens to many first-line antibiotics worldwide 
(WHO 2017).
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Table 2.1  Factors that contribute to the emergence of pathogens

Factors Variables Mechanism References

Human factors Human 
demographics

Increase in high-risk populations, 
rapid population growth, population 
density, overcrowding

Jones et al. (2008); 
Louten (2016)

Migration/
transportation

Continuous mass travel allows 
infectious pathogens in isolated places 
to quickly become global threats, 
dispersal of pathogenic species 
facilitated by the transportation of 
food, and animals

Tulchinsky and 
Varavikova (2015)

Urbanization Urbanization increases the population 
of persons in cities and increases 
transmission of pathogens by bringing 
people in closer contact with one 
another. Unplanned and inadequately 
planned urbanization or development 
leads to the growth of peri-urban 
slums in cities

Sharma et al. 
(2003); 
Hoogenboezem 
(2007); La Rosa 
et al. (2012); 
Knobler et al. 
(2006)

Globalization Brings people together in trade and 
culture and fosters the transfer of 
pathogens

Louten (2016); 
Sellman and 
Pederson (2007); 
Morens and Fauci 
(2013)

Human behavior, 
vulnerability, and 
intent to harm 
(bioterrorism)

Individual’s level of fitness, nutrition, 
stress, deliberate or accidental release 
of pathogens into the environment, 
pregnancy, age, immune status, 
chronic sickness, increase and 
unprescribed use of antibiotics, drug 
abuse/addiction, deliberate human 
action directed at the development of 
biological weapons of destruction

Morens and Fauci 
(2013); Nii-Trebi 
(2017)

Socioeconomic 
factors

Poor sanitation Littering of the environment, improper 
waste disposal

Woolhouse and 
Gowtage-Sequeria 
(2005)

Poor population 
health

Access to health infrastructure, 
inadequate healthcare, availability of 
health services, level of healthcare 
providers’ expertise, insufficient 
number of health personnel, lack of 
public health programs, malnutrition

Woolhouse and 
Gowtage-Sequeria 
(2005)

Basic amenities Lack of proper sewage disposal 
systems, access to safe or treated 
water, lack of or breakdown of public 
health systems, the decline in 
infrastructure

Sharma et al. 
(2003); 
Hoogenboezem 
(2007); La Rosa 
et al. (2007)

(continued)
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2.4  �The Global Significance of Emerging Pathogen

Despite the tremendous progress that has been recorded in the prevention and con-
trol of infectious diseases, these diseases remain among the top causes of deaths 
globally. The WHO estimates that about one-third of annual deaths in the world 

Table 2.1  (continued)

Factors Variables Mechanism References

Environmental 
factors

Climatic and 
weather change

Increased rainfall and temperature 
often correlate with the spread of 
diseases to areas where they were not 
previously found

Knobler et al. 
(2006); Louten 
(2016)

Vectors/wildlife Increased vector movement leads to 
increased exposure to vectors and 
reservoirs of pathogens, wildlife host 
species richness

Knobler et al. 
(2006)

Pollution Contamination of food sources and 
water supply

Woolhouse and 
Gowtage-Sequeria 
(2005)

Pathogen 
factors

Genetic 
composition

Type of nucleic acid (DNA or RNA) Louten (2016)

Genetic evolution Antimicrobial resistance arising from 
exposure to sublethal doses of 
antibiotics or acquisition of resistance 
genes, increased virulence, mutation, 
recombination, selection, and 
deliberate manipulation result in 
nucleotide substitution rates which 
affect adaptation and rise of new 
strains/variants of known pathogens 
with improved pathogenic potential, 
persistence and spread to the human 
host

Sellman and 
Pederson (2007); 
Tulchinsky and 
Varavikova (2015); 
Woolhouse and 
Gowtage-Sequeria 
(2005); Cutler 
et al. (2010)

Scientific and 
Technological 
factors

Modernization in 
agricultural 
practices

Excessive use of antibiotics and 
antiparasitic medicine in agriculture 
and livestock farming, increase in 
insecticides use

Woolhouse and 
Gowtage-Sequeria 
(2005)

Development and 
industry

Changes in land use and 
industrialization lead to modification 
of the environment by deforestation or 
reforestation, development of dams 
which change the ecosystems and their 
relations to humans, e.g., dams 
increase arthropod populations

Woolhouse and 
Gowtage-Sequeria 
(2005); Vouga and 
Greub (2016); 
Morens and Fauci 
(2013)

Improved 
diagnostic tools

Recent advances in microbiological 
diagnosis have increased the number 
of identifiable bacteria

Vouga and Greub 
(2016)
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results from infectious diseases, of which 70% are caused by emerging pathogens. 
This represents a significant burden on human health and the global economy. 
Measures that calculate mortality rates, such as public health burden, can be esti-
mated by disability-adjusted life years (DALY). This was developed in the 1990s as 
a means of weighing the differences in general health and life expectancy of differ-
ent countries. DALY is denoted as the aggregate of years lost ascribed to illness, 
disability, or premature death, and one DALY can be considered as one lost year of 
a healthy life. The sum of all DALYs across a population represents the gap between 
the present health condition and a perfectly healthy population (Devleesschauwer 
et al. 2014). For instance, the burden of foodborne diseases including campylobac-
teriosis is substantial: annually one in every ten persons fall ill resulting to an aver-
age of 500 million cases and 33 million of healthy life years are lost (WHO 2018e). 
The burden of Campylobacter is estimated at 7.5 million DALY or 8.4% of the total 
burden of diarrheal disease in the 2010 Global Burden of Disease Study (World 
Health Organisation 2013).

The impact of pathogen emergence extends beyond increased health risk and has 
broader implications on economic development. The socioeconomic development 
and prospect for a better future are crippled by the burden of infectious diseases 
(World Health Organisation 2015). There is a massive loss of income to combating 
epidemics in many countries. Hence, most countries have lost focus on develop-
ment, improved health, and alleviating poverty by fighting diseases. The economic 
impact of epidemics is depicted by rising treatment cost and reduced productivity 
caused by sickness. Emerging infectious diseases are estimated to have caused hun-
dreds of billions of dollars worth of damage (McCloskey et al. 2014).

A summary of some reported outbreaks caused by some of these emerging and 
reemerging pathogens is presented in Table 2.2.

Table 2.2  Most recent common outbreaks in countries in Africa

Country
Number of 
districts affected Pathogen/serotype Year

Suspected cases 
(lab-confirmed 
cases) Deaths

Angola 14 Provinces V. cholerae 2006 46,758 1893 (4.0%)

Burkina Faso 34 Districts N. meningitidis 
(serogroup A)

2007 22,255 1490 (7%)

Cameroon 6 Regions V. cholerae 2010 7869 515 (6.5%)

5 Districts N. meningitidis A 2011 923 57 (6.2%)

Côte d’Ivoire 1 District: Divot V. cholerae 2003 70 15

D.R. Congo 1 Province: 
Kinshasa

V. cholerae 2018 1065 (83) 43 (4%)

Ethiopia 5 Regions V. cholerae O1 Inaba 2006 22,101 219 (1.0%)

Guinea-Bissau Nationwide V. cholerae 2008 7166 133 (1.9%)

Kenya 7 Counties V. cholerae 3967 (596) 76 (1.9%)

Liberia 1 District N. meningitidis C 2017 31 (14) 13

Mozambique 2 Provinces V. cholerae 2018 1799 1 (0.06%)

Niger 4 Regions V. cholerae O1 Inaba 2018 3692 68 (1.8%)

13 Districts N. meningitidis C and W 2015 8500 573

(continued)
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Country
Number of 
districts affected Pathogen/serotype Year

Suspected cases 
(lab-confirmed 
cases) Deaths

Nigeria 1 State V. cholerae 2017 1558 (13) 11 (0.7%)

5 States N. meningitidis C 2017 1407 211 (15%)

Northern 
Sudan

9 Provinces V. cholerae O1 Inaba 2006 2007 77 (3.8%)

Senegal V. cholerae 2005 23,325 303 (1.2%)

Sierra Leone 13 Districts V. cholerae 2012 20,736 280 (1.35%)

Somalia 4 Districts V. cholerae O1 Ogawa 2018 1613 9 (0.6%)

South Africa 3 Provinces L. monocyte-genes 
ST6, and 19 other 
strains

2017–
2018

(1024) 200

1 Province: 
Mpumalanga

V. cholerae 2003 179 5 (2.79%)

1 District: Juba V. cholerae 2014 586 22 (3.8%)

Nationwide N. meningitidis 
serogroup A

2007 6946 430 (6.19%)

Tanzania 23 Regions V. cholerae 2016 24,108 378

Togo 19 Health 
districts

N. meningitis W 2017 201 17

Zambia V. cholerae O1 Ogawa 547 15 (1.8%)

Zimbabwe V. cholerae 8535 (163) 50 (0.6%)

West Africa 8 Countries V. cholerae 2005 31, 259 517

Central Africa Cameroon, Chad, 
Niger

V. cholerae 2010 40,468 1879

African 
Meningitis 
Belt

18 Countries N. meningitidis
serogroup W135  
and A

2013 9249 857 (9.3%)

Prepared from data extracted WHO reports from http://www.who.int/en/news-room/fact-sheets/
detail/cholera, http://www.who.int/csr/don/2013_06_06_menin/en/, https://www.who.int/media-
centre/factsheets/listeriosis/en/ and http://www.who.int/csr/don/02-may-2018-listeriosis-south-
africa/en/

Table 2.2  (continued)

2.5  �Some Notable Emerging/Reemerging Bacterial 
Pathogens in Africa

2.5.1  �Campylobacter Species

Campylobacter species are now recognized as significant emerging pathogens due 
to increasing prevalence in clinical diseases. Campylobacters are also known to 
cause a wide range of gastrointestinal and extra-gastrointestinal diseases in human 
and animals. Globally, Campylobacter is one of four key etiological agents of diar-
rheal diseases and is now considered as the most common bacterial cause of human 
gastroenteritis in the world. As a result, Campylobacter species have emerged as 
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prominent etiological agents of gastroenteritis and diarrhea in humans with infec-
tious doses of 300 and 800 colony forming units (CFU), respectively (Coker et al. 
2002; Sandberg et  al. 2006; Gallo et  al. 2016). The gastroenteritis caused by 
Campylobacter species is termed campylobacteriosis, caused primarily by C. jejuni 
and C. coli, although other species such as C. upsaliensis and C. lari are gaining 
recognition (MacDonald et al. 2015). The average incubation period preceding the 
onset of Campylobacter infection is usually 2–5 days with a range from 1 to 10 days, 
depending on the infective dose. The most clinical manifestation of Campylobacter 
infections includes diarrhea, abdominal pain, fever, headache, nausea, and vomit-
ing. Sequelae such as bacteremia, pancreatitis, miscarriage, hepatitis, reactive 
arthritis, and neurological disorders (e.g., Guillain-Barre syndrome) may arise from 
Campylobacter infections (WHO 2018e). Electrolyte replacement and rehydration 
is the usual treatment option for Campylobacter infection, unless for invasive cases 
where antimicrobial treatment is required (WHO 2018e).

2.5.1.1  �History, Description, and Identification

Theodor Escherich first observed spiral-shaped organisms that resembled 
Campylobacter in diarrheic stool samples from children in 1886. MacFaydean and 
Stockman identified Campylobacter in the tissue of fetus of aborted sheep in the early 
twentieth century. Moreover, in 1919, Smith studied virulent abortions of bovines and 
isolated a spiral-shaped bacterium and suggested the name Vibrio fetus. The genus 
Campylobacter was established in 1963 by the renaming of Vibrio fetus to 
Campylobacter fetus (Sebald and Veron 1963; Kist 1986; Butzler 2004). Campylobacter 
belongs to the family Campylobacteraceae, and of the phylum Proteobacteria 
(Kaakoush et al. 2015). Campylobacter species are non-spore-forming, Gram-negative 
bacteria and are approximately 0.2–0.8 μm by 0.5–5 μm. Campylobacters are spiral, 
rod-shaped, or curved bacteria, having either a single polar flagellum, bipolar flagella, 
or no flagellum, depending on the species (Man 2011). Most Campylobacter species 
grow under microaerobic conditions, but certain species prefer anaerobic conditions 
(Vandamme and De Ley 1991; Kassa et al. 2005). Many species of Campylobacter 
have been identified including Campylobacter concisus, C. curvus, C. rectus, C. muco-
salis, C. showae, C. gracilis, C. lari, C. upsaliensis, C. jejuni, C. coli, and C. hyointes-
tinalis. However, C. jejuni and C. coli are considered the major gastrointestinal 
disease-causing pathogens in this genus (Kaakoush et al. 2015).

Traditional culture media for the isolation of campylobacters include blood agar, 
Campylobacter blood-free selective agar, charcoal cefoperazone deoxycholate agar 
(CDDA), Preston broth, modified Exeter broth (MEB), Campylobacter enrichment 
broth, cefoperazone, vancomycin, and amphotericin B agar (CVA) and Bolton broth 
(Diergaardt et al. 2003; Horman et al. 2004; Bull et al. 2006; Kwan et al. 2008; Kim 
et al. 2016). Antibiotics are often added to these media for selective recovery of 
Campylobacter species from specimens with a high background of competing bac-
teria. Successful molecular detection of Campylobacter species is based on the 
amplification of the rpo, 23S rRNA, 16S rRNA, and rpoB (the subunit of the RNA 
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polymerase) sequences (Diergaardt et  al. 2003; Korczak et  al. 2009; Lang et  al. 
2010; Kim et al. 2016). In addition, amplification of various housekeeping genes 
such as aspA (aspartase A), glnA (glutamine synthetase), gyrA (gyrase), gltA (citrate 
synthase), glyA (serine hydroxymethyltransferase), pgm (phosphoglucomutase), tkt 
(transketolase), and uncA (ATP synthase alpha subunit) has been adopted for the 
molecular identification of Campylobacter species (Dingle et  al. 2001; Korczak 
et al. 2009).

2.5.1.2  �Epidemiology, Risk Factors, and Transmission Modes

Campylobacter infections are among the most common and widespread infectious 
diseases of the last century. Both developed and developing countries have experi-
enced an increased incidence of these diseases over the last decades (Coker et al. 
2002). Data from Australia, North America, and Europe have revealed dramatic 
increases in campylobacteriosis while data from parts of Africa suggest that this 
infection is endemic in Africa, especially among children (Kaakoush et al. 2015). 
Globally, about 5–14% of total diarrheal cases is believed to be caused by 
Campylobacter spp., particularly C. jejuni (Lang et al. 2010; Kaakoush et al. 2015). 
Among diagnosed diarrhea cases, Campylobacter spp. have been observed to cause 
diarrhea either singly or as coinfection.

Campylobacter infections are predominant among persons that are <5 years and 
≥65 years (Sopwith et al. 2010). Geographical location and seasonal variation are 
other factors that appear to influence the epidemiology of Campylobacter infections 
and could contribute to an increase in the concentration of a single strain of 
Campylobacter species (Levesque et al. 2013). Higher incidences of Campylobacter 
infections have been reported in rural areas than in cities and is associated with 
warmer summer months (Sopwith et al. 2008; Lengerh et al. 2013).

The development of Campylobacter infection after exposure to a reservoir or vehi-
cle depends on certain risk factors at various times for sporadic Campylobacter infec-
tions (Sandberg et  al. 2006). Besides contact with animals or infected persons, 
identified risk factors associated with the incidence and spread of Campylobacter 
disease include consumption of animal products, milk, and raw vegetables, fishing, 
patient age and gender, dwelling in rural areas with no or inadequately treated water 
supply, rainfall, international travel, and exposure to polluted water (Kemp et al. 2005; 
Sandberg et al. 2006; Kwan et al. 2008; Sopwith et al. 2008; Sopwith et al. 2010; 
Lengerh et al. 2013; Levesque et al. 2013; Pham-Duc et al. 2014; Kaakoush et al. 
2015; MacDonald et al. 2015). Campylobacter infections were formerly considered 
mainly as foodborne, but it is now recognized that transmission via contaminated 
water is possible (Clark et al. 2003; Jakopanec et al. 2008; Silva et al. 2011). While the 
role of water as a reservoir of Campylobacter remains debatable owing to their low 
numbers, survival rates, and persistence in water, the role of water as a vehicle of 
Campylobacter transmission is highly documented (Kwan et al. 2008).
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2.5.1.3  �Distribution and Reservoirs of Campylobacter Spp.

Campylobacter spp. are distributed in a wide variety of environmental matrices with 
a high recovery rate of ≥50% from various environmental sources. Poultry is con-
sidered the major animal reservoir and source of transmission of Campylobacter 
species to humans (Axelsson-Olsson et al. 2005; Bull et al. 2006; MacDonald et al. 
2015). However, other reservoirs including environmental waters (such as rivers, 
lakes, freshwater and recreational beaches, wastewater effluent), bird droppings, 
irrigation water, slaughterhouses and food-processing plants, animal and bird car-
casses, farm litter and fecal matter, river sediment, soils, cattle, wildlife, pets, 
humans, and pigs can harbor and transmit campylobacters (Horman et  al. 2004; 
Kemp et al. 2005; Bull et al. 2006; Sopwith et al. 2008; Lang et al. 2010; Berghaus 
et al. 2013; Lengerh et al. 2013; Khan et al. 2013a; Khan et al. 2013b; Banting et al. 
2016). Each of these hosts harbors a unique strain or group of strains of these organ-
isms. For instance, Campylobacter strains, ST-21, and ST-61 are highly prevalent 
among ruminants, while ST-45 are especially prevalent among wildlife and the 
environment (soil and water).

2.5.2  �Arcobacter Species

Arcobacter is a leading cause of traveler’s diarrhea and infections in immunosup-
pressed people. Comparatively, infections by Arcobacter appear to be more severe 
than those by Campylobacter species, because most patients with Arcobacter infec-
tions are treated as inpatients. Infections by Arcobacter spp. include acute diarrhea 
lasting 3–15 days, and persistent or recurrent diarrhea lasting >2 weeks to 2 months 
(Vandenberg et  al. 2004; Prouzet-Mauléon et  al. 2006). Clinical symptoms of 
Arcobacter spp. infections are manifested differently in humans. Sometimes the 
diarrhea is characterized by abdominal pain or the patient may experience abdomi-
nal pain alone, bloody and watery stools, vomiting, acute renal failure, rectal bleed-
ing, fever, anorexia, weight loss, and asthenia (Vandenberg et al. 2004; Wybo et al. 
2004; Prouzet-Mauléon et al. 2006; Douidah et al. 2012; Figueras et al. 2014). Most 
diarrhea caused by Arcobacter spp. can be attributed to A. butzleri, which appears 
to be the major clinically significant organism in this genus although other species 
like A. cryaerophilus and A. skirrowii are also potential causal agents of bacteremia, 
pyelonephritis, septicemia, and peritonitis (Lau et al. 2002). However, the extent to 
which Arcobacter spp. are involved in these conditions is unknown because of the 
high rate of coinfection with other organisms such as Salmonella, toxigenic C. dif-
ficile, and rotavirus which has been reported (Van den Abeele et al. 2014). Arcobacter 
can be recovered from several clinical specimens, including stool, peritonitis pus, 
and blood (Prouzet-Mauléon et al. 2006).

Arcobacter is a common contaminant of surface water (Collado et  al. 2008; 
Webb et al. 2017; Moreno et al. 2003). Arcobacter species, notably A. butzleri, often 
occur in nature together with Campylobacter species and appear to be more preva-
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lent in most cases (Banting et al. 2017). Several factors, including misidentification, 
are responsible for their delayed detection and recognition as waterborne patho-
gens. Following the development and adoption of molecular methods such as PCR 
in the detection of pathogens in humans, water, animals, and other environmental 
samples, Arcobacter species have become recognized as potential emerging patho-
gens. Their regular presence in feces allows them to be grouped as potential enteric 
pathogens (Khan et al. 2013b; Ugarte-Ruiz et al. 2015).

2.5.2.1  �History, Description, and Identification

Arcobacter was first isolated in 1977 by Ellis from aborted bovine fetal tissues and 
previously named Campylobacter butzleri until the genus Arcobacter was created in 
the early 1990s. Arcobacter spp. are aerotolerant, Gram-negative, motile, curved-
rod, non-spore-forming bacteria capable of growing at temperatures <30 °C; this 
differentiates them from Campylobacter spp. (Houf et al. 2005; Prouzet-Mauléon 
et al. 2006; Van den Abeele et al. 2014). They are positive for catalase, oxidase, and 
nitrate reduction but negative for hippurate hydrolysis and urease activity (Ertas 
et al. 2010; Fisher et al. 2015).

Arcobacter growth media include Arcobacter enrichment broth, blood agar, 
MacConkey agar, CCDA agar, JM broth, CVA, and Arcobacter selective agar incu-
bated aerobically at 30 °C for 48–72 h (Collado et al. 2010; Glacometti et al. 2013). 
Selective supplements comprising cefoperazone, amphotericin B, and teicoplanin 
are used for the selective isolation of Arcobacter species. Other supplements used 
with Arcobacter broth are 5-fluorouracil, novobiocin, and trimethoprim 
(Chinivasagam et al. 2007). Molecular identification of Arcobacter spp. may involve 
amplification of the 23S rRNA and 16S rRNA genes; however, identification based 
on 23S rRNA appears to be less accurate than 16S rRNA (Houf et al. 2002; Collado 
et al. 2011; Douidah et al. 2012). Various housekeeping genes, namely gyrA, gyrB, 
rpoB-rpoC, and hsp-60, can be used to differentiate between species and show their 
phylogenetic relationship. In addition, putative Arcobacter virulence genes (ciaB, 
cadF, cj1349, hecB, hecA, mviN, pldA, and irgA) that confer capacity to cause 
infection can be adopted for their identification (Collado et  al. 2010; Fera et  al. 
2010; Collado et al. 2011; Zacharow et al. 2015).

2.5.2.2  �Epidemiology, Risk Factors, and Transmission Modes

Arcobacter species cause sporadic clinical infections and are of increasing inci-
dence, particularly among diarrheal patients (Douidah et al. 2012; Jiang et al. 2010). 
Several factors, including misidentification, are responsible for their delayed detec-
tion and recognition as emerging pathogens (Khan et al. 2013b; Ugarte-Ruiz et al. 
2015). Improved diagnostic techniques have enabled the efficient isolation of this 
organism and revealed that Arcobacter butzleri and, occasionally, A. skirrowii and 
A. cryaerophilus constitute a significant proportion of organisms that were formerly 
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identified as Campylobacter-related organisms (Prouzet-Mauléon et al. 2006; Van 
den Abeele et al. 2014). Vandenberg et al. (2004) reported that Arcobacter species 
made up 3.5% (97 isolates) of Campylobacter and related organisms that were 
recovered from 77 patients in Brussels, Belgium. Although Arcobacter spp. have 
been identified in temperate regions, they are endemic in tropical and developing 
countries, especially among travelers (Jiang et  al. 2010). Arcobacter spp. infect 
patients within the age bracket of 30 days to 90 years, but infection with Arcobacter 
spp. is more common among members of older age groups (Vandenberg et al. 2004; 
Van den Abeele et al. 2014). They are present in asymptomatic persons (healthy 
carriers), and comparative infection rates have been observed in males and females 
(Vandenberg et al. 2004). Arcobacter-induced diarrhea is common among interna-
tional travelers and immunocompromised patients and is considered the fourth most 
frequently isolated Campylobacteraceae in human clinical samples; in some cases, 
Arcobacter has been detected as the only enteropathogen in patients with diarrhea. 
This observation of high incidence and being the sole pathogen in human gastroin-
testinal disease emphasizes their role in the disease (Prouzet-Mauléon et al. 2006; 
Figueras et al. 2014; Wybo et al. 2004).

Arcobacter infections appear to share similar risk factors and exposure routes as 
Campylobacter infections as well as display related microbiological and clinical 
features as C. jejuni (Vandenberg et  al. 2004). Frequent detection of Arcobacter 
species in water, food, and feces allows them to be grouped as potential water/food-
borne and enteric pathogens (Khan et al. 2013b; Ugarte-Ruiz et al. 2015). Thus, the 
transmission of Arcobacter could be via person-person, consumption of under-
cooked meat and contaminated water, or contact with pets (such as dogs) or animal 
feces (Wesley 1997; Figueras et al. 2014; Houf et al. 2008). There are scanty reports 
on possible risk factors that predispose humans to Arcobacter infections. Figueras 
et  al. (2014) reported a persistent case in a healthy 26-year-old Spanish male of 
bloody diarrhea caused by A. cryaerophilus, and despite not being able to find the 
contagious source of Arcobacter in the environment of the patient, they speculated 
that the infection could have been acquired through the consumption of poorly 
cooked poultry meat or fish. Living in a place with inadequate water supplies as 
well as residing in a household which has dogs as pets have also been implicated as 
possible risk factors for Arcobacter infections (Wesley 1997; Houf et al. 2008).

2.5.2.3  �Distribution and Reservoirs of Arcobacter Spp.

Arcobacters are widely distributed in nature and can be recovered from several envi-
ronmental sources that could serve as vehicles of transmission. Also, this organism 
tends to show spatial clustering in the environment, suggesting that its incidence 
varies with location. Their presence in environmental waters of varying salinity 
gradients has also been established, suggesting that Arcobacter is predominantly 
found in environmental waters (Collado et al. 2008; Lee et al. 2012). Other reported 
reservoirs of Arcobacter spp. include agricultural produce, raw milk, poultry car-
casses, pork, beef, sewage, livestock feces, domestic animals, and stormwater (Houf 
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et al. 2005; Andersen et al. 2007; Collado et al. 2008; Ertas et al. 2010; Houf et al. 
2008; Douidah et al. 2012; Mottola et al. 2016; Zacharow et al. 2015). These reser-
voirs should be regarded as a hazard for human health as they are potential vehicles 
for transmission to humans and dissemination in the environment.

2.5.3  �Plesiomonas shigelloides

Plesiomonas shigelloides has been identified as a cause of both locally acquired and 
travelers’ diarrhea. P. shigelloides can cause diarrhea in humans and animals that is 
usually mild, self-limiting, and may not require treatment (Wong et  al. 2000). 
However, the organism can be invasive, has been associated with several outbreaks, 
travelers’ diarrhea, and local diarrhea episodes, and some patients have experienced 
severe and prolonged symptoms (Theodoropoulos et  al. 2001; Nwokocha and 
Onyemelukwe 2014). The diarrhea is occasionally cholera-like, with numerous 
bowel movements (up to 30) occurring during the peak of the illness (Arai et al. 
1980; Kain and Kelly 1989; Matsuyama et al. 2015). The diarrhea, which often lasts 
between 2 to several weeks (7 weeks) may be presented as watery and/or bloody 
stools (Xia et al. 2015; Kain and Kelly 1989). Other associated symptoms character-
izing P. shigelloides infection include fever, abdominal pain and discomfort, fecal 
leukocytes, dehydration, mucus in stools, colitis, hypogastric pain, peritonitis, and 
vomiting, which are generally more common among female patients (Shigematsu 
et al. 2000; Kain and Kelly 1989; Wong et al. 2000). Generally, three major types of 
P. shigelloides diarrheal infections have been noted, viz. a watery secretory type, an 
invasive cholera-like type, and a subacute or chronic form lasting between 2 weeks 
and 3 months (Salerno et al. 2007).

Although infection by P. shigelloides can be self-limiting, chronic cases and 
cases with more severe symptoms including death have been reported, particularly 
in patients that are immunocompromised by underlying medical conditions 
(Rolston and Hopfer 1984). Wong et al. (2000) reported two deaths and 25 patients 
presented with prolonged symptoms from P. shigelloides infection. Also, the 
authors presented evidence of an increasing prevalence of P. shigelloides among 
patients with diarrhea, suggesting that the organism probably occurs more com-
monly than is currently recognized. They reported severe gastrointestinal symp-
toms, with prominent cramping, dehydration, and febrility characterizing infections 
by P. shigelloides in cancer patients whose immunity was further suppressed by 
chemotherapy.

Coinfection with other enteric bacteria, namely Campylobacter, Shigella, 
Salmonella, and Yersinia, has been observed among patients with diarrhea, which 
has been estimated to increase the risk for disease sixfold compared with single 
infections by P. shigelloides (Escobar et al. 2012). Moreover, other extraintestinal 
diseases have been associated with P. shigelloides infection, namely proctitis, men-
ingitis/meningoencephalitis, bacteremia, fatal septicemia, and biliary tract and liver 
diseases (Paul et al. 1990; Chen et al. 2013). Infection with P. shigelloides in infants 
can cause meningitis/meningoencephalitis with consequent effects on the cardio-
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vascular, hematologic, gastrointestinal, respiratory systems, and coagulation (Xia 
et al. 2015). The clinical manifestations of sepsis and meningoencephalitis caused 
by this bacterium in the early stage are like those of common infections. However, 
P. shigelloides-induced sepsis and meningoencephalitis progress fast and destroy 
multiple organs, and so the mortality rate may increase with delayed diagnosis or 
incorrect antibiotics treatment (Xia et al. 2015).

P. shigelloides strains capacity for pathogenicity is unclear, but it is likely, as this 
pathogen has demonstrated the ability to produce putative virulence factors related 
to enteropathogenicity (Falcon et al. 2003). Furthermore, P. shigelloides possesses 
virulence-associated properties of Shigella spp. such as harboring plasmids and pro-
duction of toxins that are hydrophobic and cytotoxic to HeLa cells and are Hep-
invasive (Olsvik et al. 1990). Isolates of P. shigelloides culture can cause intracellular 
vacuolation in mammalian cells and produce hemolytic and enterotoxic activities 
(Falcon et al. 2003). Furthermore, P. shigelloides can adhere and multiply in host 
intestinal cells (Theodoropoulos et al. 2001; Falcon et al. 2003).

2.5.3.1  �History, Description, and Identification

Plesiomonas shigelloides garnered attention from researchers in the mid-twentieth 
century. It was initially considered to be related to Vibrio cholerae and Aeromonas, 
and thus the genus Plesiomonas was placed within the family Vibrionaceae. 
However, phylogenetic analyses and antigenic profiling revealed a closer relation-
ship with members of the family Enterobacteriaceae (Theodoropoulos et al. 2001). 
These organisms are motile (with lophotrichous polar flagella), short, Gram-
negative, rod-shaped (generally 0.3–1.0 μm in width, 0.6–6.0 μm in length), non-
spore-forming, and facultatively anaerobic bacteria, recently classified in the family 
Enterobacteriaceae (Salerno et al. 2007).

Plesiomonas shigelloides can be isolated with a variety of media such as blood 
agar, MacConkey agar, salmonella-shigella agar, alkaline peptone water, and inositol-
brilliant green-bile salts agar, where they produce non-lactose-, non-sucrose-
fermenting colonies (Fisher et  al. 2015). However, alkaline peptone-water and 
inositol-brilliant green-bile salts agar are optimal for its growth (Von Graevenitz and 
Bucher 1983). On inositol Brilliant Green Bile Agar, it appears as pink colonies, while 
on blood agar, large, gray, opaque, and convex β-hemolytic colonies usually about 
2–3 mm in diameter are obtained after incubation at 35–37 °C for 16–24 h (Public 
Health England 2015). This organism can be typed and grouped into different serovars, 
namely the O and H antigen group (Aldova 2000). The O antigen includes some 
somatic antigen groups that are also found in Shigella spp. (Shepherd et al. 2000; 
Farmer et al. 2006). Presumptive identification of P. shigelloides rests on their motility 
with multiple flagella, ability to produce cytochrome, oxidase, and ferment inositol 
and mannitol (Shigematsu et al. 2000). They can grow at salt concentrations of 0–5%, 
at a pH of 4.0–8.0, and at temperatures of 8–44 °C (Tseng et al. 2002; Murray et al. 
2003). The molecular identification of P. shigelloides can be achieved by the amplifi-
cation of the 23S rRNA, hugA, and various housekeeping (fusA, leuS, pyrG, recG, and 
rpoB) genes (Gonzalez-Rey et al. 2003; Salerno et al. 2007).
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2.5.3.2  �Epidemiology, Risk Factors, and Transmission Modes

Plesiomonas shigelloides was initially considered a foodborne or zoonotic organ-
ism, but it is now recognized as an emerging and significant enteric and extraintes-
tinal pathogen that is widespread in water (Salerno et al. 2007; Gonzalez-Rey et al. 
2003). The bacterium has been identified in healthy symptomless adults and chil-
dren, but carrier rates in children are higher than in adults. An estimated incidence 
rate of about 0.0078% among healthy carriers has been reported (Arai et al. 1980; 
Matsuyama et al. 2015). However, contrasting reports were presented by Chen et al. 
(2013) and Nwokocha and Onyemelukwe (2014). These authors did not recover 
P. shigelloides from healthy humans. This implies that P. shigelloides may not be an 
indigenous microflora of the human intestine, but a high prevalence in an area may 
result in its presence in healthy humans.

The distribution of P. shigelloides infection differs significantly between regions 
and periods. Characteristically, P. shigelloides is predominant in regions with tropical 
and subtropical climates, but this bacterium has also been detected in environments of 
extreme cold climate such as the Arctic regions (Gonzalez-Rey et al. 2003; Chen et al. 
2013; Paul et al. 1990). Studies in Asia (Shigematsu et al. 2000), Europe (Paul et al. 
1990), North America (Kain and Kelly 1989), and Africa (Nwokocha and 
Onyemelukwe 2014) have revealed a substantial prevalence of P. shigelloides in diar-
rheic stools collected from travelers as well as out- and inpatients who have com-
plained of diarrhea and other symptoms. Plesiomonas shigelloides has been ranked as 
the third to fourth bacterial pathogen occurring in these stools, and this bacterium is 
often in association with other enteric bacteria and viruses (Chen et  al. 2013; 
Nwokocha and Onyemelukwe 2014). The prevalence of P. shigelloides among 
patients with diarrhea has been reported to range from 7.2% to 8.6% and has been 
linked to patients of all age groups (with an age distribution of 3 months to 86 years) 
(Escobar et al. 2012; Nwokocha and Onyemelukwe 2014). Nevertheless, its incidence 
is higher in patients from the age of 19 to 44 years, and the organism infects both 
males and females equally (Kain and Kelly 1989; Wong et al. 2000; Chen et al. 2013). 
Also, seasonal effects have been observed with the occurrence of this organism among 
healthy humans, animal carriers, and diarrhea outbreaks. Most of the locally acquired 
infectious gastroenteritis outbreaks in humans caused by P. shigelloides occurred dur-
ing the summer season, a time which corresponds to the period of major environmen-
tal contamination (Arai et  al. 1980). However, P. shigelloides-induced travelers’ 
diarrhea usually occurs throughout the year (Wong et al. 2000; Shigematsu et al. 2000).

The pathogen is transmitted through the fecal-oral route, consumption of sea-
food and unsafe water, exposure to animals that are carriers of this pathogen, and 
traveling (particularly to developing countries). Chen et  al. (2013) reported that 
15.4% of patients with diarrhea had a history of consuming seafood and uncooked 
food in the week before the onset of their illness. In Africa, the sources of 
P. shigelloides-induced diarrhea are not fully known, but water sources seem to be 
the most likely cause. Obi et al. (2002) and Nwokocha and Onyemelukwe (2014) 
reported that most of the patients from whom P. shigelloides was isolated depended 
largely on streams, ponds, rivers, and hand-dug wells of doubtful water quality as 
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their water source in South Africa and Nigeria, respectively. These water sources 
were observed to be liable to contamination by filthy litter in many areas, indis-
criminate defecation, and animals freely moving around the vicinities. Living in an 
overcrowded condition also fosters the transmission of this pathogens.

Risk factors such as age, gender, length of trip, and immunity status most often 
are better associated with additional symptoms (e.g., vomiting, fever, abdominal 
pain) characterizing an infection by P. shigelloides rather than with the predisposi-
tion to infection (Shigematsu et al. 2000).

2.5.3.3  �Distribution and Reservoirs of Plesiomonas shigelloides

The natural reservoirs of P. shigelloides in temperate and tropical environments are 
water and aquatic life such as fish, shellfish, seafood, amphibians, reptiles, and 
waterfowls. Some animals, such as dogs and cats, are frequent intestinal carriers of 
this pathogen (Chen et al. 2013). Also, reports indicate that birds are also potential 
hosts of P. shigelloides (Matsuyama et al. 2015). These environmental reservoirs 
help in the dissemination and widespread occurrence of P. shigelloides.

2.5.4  �Aeromonas hydrophilia

Aeromonas hydrophila is now considered as one of the prominent enteric patho-
gens of public health risk, and this pathogen is listed on the Contaminant Candidate 
list by the US Environmental Protection Agency (Igbinosa et al. 2012). Aeromonas 
is a free-living bacterium with a vast host range that includes humans, animals, 
birds, fish, and reptiles. Aeromonas hydrophila is known to primarily cause 
gastrointestinal disease. However, it has been implicated in the etiology of non-
gastrointestinal health complications such as cellulitis, bacteremia, septicemia, 
pneumonia, osteomyelitis, neonatal urinary tract infection, meningitis, kidney, 
ocular and respiratory tract infections with infectious doses and incubation periods 
≥1010 organisms and 1–38 days, respectively, depending on the clinical case (Public 
Health Agency of Canada 2011).

2.5.4.1  �History, Description, and Identification

Historically, Aeromonas species were allocated to the family Enterobacteriaceae 
based on phenotypic characteristics (Janda and Abbott 2010). However, recent 
advances in molecular phylogenetic studies indicated that Enterobacteriaceae evo-
lutionary history is different from Aeromonads and this observation warranted a 
proposal for a distinct family Aeromonadaceae and placement of Aeromonads in 
their own family (Janda and Abbott 2010; Stainer 1943). The genus Aeromonas is 
divided into two groups: the nonmotile (psychrophilic) spp. represented by 
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Aeromonas salmonicida, and the motile spp. known as the mesophilic species, 
which includes Aeromonas hydrophilia (A. hydrophilia).

A. hydrophilia was previously referred to as Proteus hydrophilic (Stainer 1943). 
It is the type species of the motile group of Aeromonas (Janda and Abbott 2010). 
Aeromonads are mesophilic, facultative anaerobe, and grow in a temperature range 
of 35–37 °C (Janda and Abbott 2010). They are indole and oxidase-positive, non-
sporulating, polar-flagellated, Gram-negative rods ranging from 0.3 to 1.0 μm in 
width by 1.0 to 3.5 μm in length (Public Health Agency of Canada 2011; Khor et al. 
2015). They are frequently isolated with media that contain cefsulodin-irgasan-
novobiocin (CIN) and starch ampicillin agar (SAA) (Hoel et al. 2017), Aeromonas 
selective media (ASM) (Chen et al. 2015) or with Tryptic Soy Agar (TSA) (Zhang 
et al. 2014). Accurate identification and confirmation of A. hydrophilia based on 
biochemical tests is a challenge due to the heterogeneous nature of the species 
(Persson et  al. 2015).  However, molecular detection of some highly conserved 
genes, such as the 16S RNA-23S RNA intergenic spacer regions (Musa and Ahmed 
2017), gyrB gene which codes for the B-subunit of DNA gyrase (Yáñez et al. 2003), 
rpoD gene, encoding the σ70 factor conferring promoter specific transition initia-
tion on RNA polymerase (Soler et al. 2004); the RNA polymerase D subunit (rpoD) 
has offered easy and precise identification of A. hydrophilia (Hoel et al. 2017).

A. hydrophila is a highly pathogenic organism; detection of virulence genes is 
very important in determining the potential virulence capacity of strains (Janda and 
Abbott 2010). Pathogenic strains of A. hydrophila have been observed to possess 
several virulence factors, genes or secreted enzymes, that may have supported 
pathogenicity and influenced infection (Janda and Abbott 2010; Soler et al. 2002). 
Such factors include lipase, hemolysins genes (hlyA, ahhl, and asa1), enterotoxins 
(heat labile and heat stable; act, alt ast, respectively) (Hoel et al. 2017), protease, 
nuclease, aerolysin (aerA), quorum sensing, and secretion mechanisms (Varoutas 
et al. 2002; Aguilera-Arreola et al. 2007; Janda and Abbott 2010; Rasmussen-Ivey 
et al. 2016). Involvement of some genes coding for aerolysin and hemolysin has 
been extensively investigated; 91% and 52% were reported among clinical samples 
and chicken isolates, respectively (Aguilera-Arreola et al. 2007; Musa and Ahmed 
2017). These genes are highly conserved in A. hydrophila and are associated with 
the activation of serine protease and glycerophospholipid-cholesterol acyl-
transferase (GCAT) (Chacón et al. 2003).

2.5.4.2  �Epidemiology, Risk Factors, and Transmission Modes

A. hydrophila is an aquatic organism occurring naturally in freshwater bodies such 
as rivers and lakes (Chacon et al. 2003), estuaries, seashores, and sewage (Dahdouh 
et al. 2016). It rarely occurs in water with high salinity and extremely polluted rivers 
(Dahdouh et al. 2016). It is the primary agent of necrotizing fasciitis or sepsis in 
patients with diabetics mellitus (Abuhammour et al. 2006; Janda and Abbott 2010) 
and immunocompromised patients especially those with burns or aquatic trauma 
(Hiransuthikul et  al. 2005). Until recently, A. hydrophilia was believed to be a 
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marine and amphibian pathogenic organism (Yang et al. 2018; Teka et al. 1999) and 
an opportunistic pathogen in immunocompromised patients (Chao et  al. 2013). 
However, increasing number of cases of intestinal and extraintestinal diseases docu-
mented globally has revealed that A. hydrophilia is a highly virulent emerging 
pathogen, capable of causing infection in both immunocompetent and immunocom-
promised host (Bogdanović et al. 1991; Janda and Abbott 2010; Hiransuthikul et al. 
2005; Chao et al. 2013; Chen et al. 2015; Li et al. 2015). A. hydrophilia was the only 
agent found in a blood culture of a preterm neonate with meningitis (Kali et  al. 
2016). In China, 8.2% was reported among diarrhea patients, and it was also 
involved with sepsis in a bone graft donor (Hasan et al. 2018). Among the after-
mates of the 2004 natural disaster (Tsunami), A. hydrophilia was the most isolated 
agent of bone and soft tissue infection (Hiransuthikul et al. 2005). Its association 
with hemolytic uremic syndrome (Bogdanović et al. 1991) and necrotizing fasciitis 
has also been reported (Abuhammour et al. 2006). The mortality rate due to bacte-
remia caused by A. hydrophila ranges from 28% to 46% (Okumura et  al. 2011; 
Chao et al. 2013).

The organism is also the principal pathogenic agent responsible for motile 
Aeromonas septicemia (MAS) epidemic outbreak in fishing industries (Pang et al. 
2015; Yang et al. 2018), especially the recent event that occurred in China, which 
led to a massive economic loss as a result of MAS in catfish and other sea verte-
brates (Pang et al. 2015). Most commonly associated symptoms observed in fishes 
are skin hemorrhage, red sores, body ulceration, lethargy, pop-eye, and fin-rot (Yang 
et al. 2018). It is transmitted to man through the consumption of contaminated sea-
food or water (Hoel et al. 2017; Vivekanandhan et al. 2002) and via recreational 
activities such as boating, skiing, and diving (Zhang et al. 2014). Whole genome 
sequencing and comparative genomic report studies show that A. hydrophilia iso-
lated from different countries processes similar virulence factors (Hossain 
et al. 2014).

2.5.4.3  �Distribution and Reservoirs of A. hydrophila

Aeromonas hydrophila is ubiquitous in aquatic systems, evident by its consistent 
presence in a wide range of water bodies. Aeromonas hydrophila presence has been 
established in flood water, dams, coastal and marine waters, springs, lake, private 
wells, and drinking water. Prevalences of up to 60% or more have been documented 
in some of these waters, and the organism was found to occur at concentrations over 
1000 CFU/100 mL (Biamon and Hazen 1983; Razzolini et al. 2010; Miyagi et al. 
2016). As such, water appears to be a major reservoir of this pathogen in the envi-
ronment. Wastewater systems are also known to harbor A. hydrophila as well as 
contribute to its spread in the environment.

Furthermore, Aeromonas hydrophila can be found in fresh produce, mud, beef, 
poultry, pork, shellfish, shrimp, dairy products, and soil (Public Health Agency of 
Canada 2011).
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2.5.5  �Listeria monocytogenes

Listeria monocytogenes is a foodborne bacterial pathogen that causes listeriosis. It 
is responsible for foodborne infections in humans, which is often severe and causes 
between 20% and 50% mortality in most susceptible populations. Although the 
number of cases of L. monocytogenes infections is small, the high rate of death 
associated with this pathogen makes it a significant public health concern (WHO 
2018c). Recently, this pathogen resulted in an outbreak in South Africa of which 
1024 laboratory-confirmed cases were reported to the National Institute of 
Communicable Diseases (NICD) between 1 January 2017 and April 2018. A fatality 
rate of 28.6% (200 deaths) was recorded within this period, and the spread of this 
outbreak was observed in Namibia (WHO 2018b).

Listeria monocytogenes can cause noninvasive and invasive listeriosis. The non-
invasive form often occurs as gastroenteritis and is a mild form of the disease affect-
ing mainly healthy people, while the severe and invasive form affects specific 
high-risk populations and is characterized by severe symptoms and high mortality 
rates (WHO 2018c). Infection caused by L. monocytogenes is characterized by diar-
rhea, fever, body pains, weakness, vomiting, skin rash, sepsis, and a flu-like illness; 
severe infection can also result to health complications like convulsions, bacteremia 
or septicemia, endocarditis, meningoencephalitis, brain abscess, and meningitis 
(Huang et al. 2006; Muriana and Kushwaha 2017; New York State Department of 
Health 2017). Listeria monocytogenes is considered the fourth most common cause 
of meningeal infection and accounts for 10% of community-acquired bacterial men-
ingitis. However, in certain high-risk groups such as pregnant women, patients with 
or undertaking treatment for cancer, AIDS and organ transplants, older adults and 
infants, L. monocytogenes is the most common cause of bacterial meningitis. In 
pregnant women infected by the organism, miscarriage or stillbirth due to septice-
mia or meningitis form of the disease, premature delivery, decreased fetal movement, 
and fetal tachycardia have been reported (Farber et  al. 1996; Huang et  al. 2006; 
New York State Department of Health 2017; Shange 2017). The organism can infect 
many parts of the body, including the brain, spinal cord membranes, bloodstream, 
and gastrointestinal tract (New York State Department of Health 2017).

The average incubation period of Listeria monocytogenes before the onset of an 
infection is 8 days (range: 1–67 days) but differs significantly by the type of clini-
cal disease. The average/(total span of) incubation period of 27.5 days (17–67 days), 
9 days (1–14 days), 2 days (1–12 days) and 24 h (6–240 h) have been reported for 
the onset of the Listeria monocytogenes induced pregnancy-associated, central 
nervous system (CNS), bacteremia and gastrointestinal infections, respectively 
(Goulet et al. 2013). The estimated infectious dose of L. monocytogenes is approxi-
mately 107–109 CFU in healthy humans and 105–107 in high-risk persons (Farber 
et al. 1996). The organism can be recovered from several human specimens, includ-
ing blood, stool, placenta, and cerebrospinal fluid (CSF) (Huang et al. 2006; Goulet 
et al. 2013). Listeria monocytogenes is susceptible to ampicillin, gentamicin, and 
trimethoprim-sulfamethoxazole (Huang et al. 2006).
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2.5.5.1  �History, Description, and Identification

The first isolation and description of Listeria monocytogenes was documented in 
1926 by Everitt Murray, and he named the organism Bacterium monocytogenes. 
The organism was renamed as Listeria monocytogenes to honor Dr. Joseph Lister. 
Listeria monocytogenes is taxonomically classified into the family Listeriaceae and 
phylum Firmicutes. Listeria monocytogenes is a Gram-positive, motile, faculta-
tively anaerobic, non-sporulating, facultatively intracellular short rod with round 
ends measuring 0.4–0.5 μm in diameter by 0.5–2 μm in length (Low and Donachie 
1997; Muriana and Kushwaha 2017). The organism is motile with the aid of peritri-
chous flagella and may occur singly or in short chains. The bacterium can persist 
within a temperature range of 4–50 °C but grows optimally at a temperature range 
of 30–37 °C. Unlike many other foodborne bacterial pathogens, L. monocytogenes 
can multiply at refrigeration temperature (4 °C). The organism can grow well in the 
pH range of 4.4–9.6 and at high salt concentrations of up to 10–12% NaCl (Vallim 
et al. 2015; Muriana and Kushwaha 2017).

Several growth media can be adopted for the enriched and no-enriched isolation 
of L. monocytogenes, namely, Buffered Listeria Enrichment Broth, Brain Heart 
Infusion (BHI) broth, Brilliance Listeria agar, BHI agar, TSA, Oxford medium base, 
and Columbia agar, usually at 37 °C for 24 h (Vallim et al. 2015; Ajayeoba et al. 
2016). Selective isolation of Listeria monocytogenes requires the use of supplement 
formulations containing cycloheximide, colistin sulfate, acriflavine, cefotetan, or 
moxalactam and colistin methanesulfonate. The bacterium grows best in anaerobic 
to microaerobic conditions, preferring a 10% CO2 environment (Muriana and 
Kushwaha 2017). Presumptive identification of L. monocytogenes can be done with 
API Coryne system, API Listeria kit, standard biochemical methods, and Christie-
Atkins-Munch-Petersen (CAMP) test (Vallim et  al. 2015; Braga et  al. 2017). 
Standard biochemical tests for presumptive confirmation of this pathogen include 
β-hemolysis on blood agar, catalase, motility, and ability to ferment rhamnose and 
methyl mannoside but not xylose (Zhou and Jiao, 2005). Serological characteriza-
tion has enabled the identification of different serotypes of L. monocytogenes, 
including serotypes 1/2a, 1/2b, 1/2c, 3a, 3b, 3c, 4b, 4c, 4d, and 4e. Classical serotyp-
ing of the bacterium can be carried out using commercially available Listeria 
Antisera (Vallim et al. 2015; Braga et al. 2017). Also, molecular typing by whole 
genome sequencing, pulsed-field gel electrophoresis, and multilocus sequence typ-
ing have demarcated clonal complexes and several sequence types of L. monocyto-
genes belonging to different serogroups (Wang et al. 2012; Jensen et al. 2016)

Successful molecular identification of L. monocytogenes can be achieved via the 
amplification of various gene fragments including 16S rRNA, virulence (hlyA, iap), 
actA, inIA, inI, inIAB, and dth-18) genes using PCR, RAPD, and PFGE (Almeida 
and Almeida 2000; Pangallo et al. 2001; Aznar and Alarcon 2003; Zhou and Jiao, 
2005; Huang et al. 2006; Braga et al. 2017).
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2.5.5.2  �Epidemiology, Risk Factors, and Transmission Modes

Listeria monocytogenes infection is reported majorly in industrialized nations. 
Several strains of L. monocytogenes could cause listeriosis; however, according to 
epidemiological investigations, only serotypes 1/2a, 1/2b, and 4b play a predominant 
role in human disease processes. Also, serotypes 4d and 4e are rarely found in human 
samples. L. monocytogenes sequence types ST1, ST2, ST6, ST8, and ST9 tend to be 
most predominant during outbreaks. ST8 appears to be globally distributed, while 
ST6 is predominantly associated with cases in Africa (Wang et al. 2012; Jensen et al. 
2016). Most vulnerable groups to infection by L. monocytogenes include neonates, 
pregnant women, aged persons, and immunocompromised persons (WHO 2018b). 
Case fatality rate (CFR) associated with L. monocytogenes infection is age related 
and higher in patients ≥70 years. L. monocytogenes infection rate and the fatality 
rate are similar between male and female patients (Jensen et al. 2016).

The bacterium is mainly spread through the consumption of contaminated food 
and sometimes fluid. Primary vehicles for transmission of L. monocytogenes during 
most outbreaks include cheeses, vegetables, processed foods and meats, raw meats 
(beef, pork, chicken), milk, and fish products (Vallim et al. 2015; Ajayeoba et al. 
2016; Shange 2017). In general, nosocomial and person-to-person transfer of 
L. monocytogenes is known but rare; person-to-person transmission is primarily 
through vertical transfer from mother to fetus (Huang et  al. 2006). Among all 
L. monocytogenes strains, the serotype 1/2a, 1/2b, and 4b are highly predominant in 
food, storage, and distribution environments. In terms of survival, the serotype 1/2b 
is capable of prolonged viability than other strains (Vallim et al. 2015; Braga et al. 
2017; Ranjbar and Halaji 2018).

Although healthy individuals may acquire L. monocytogenes infections, risk fac-
tors such as chronic diseases, alcohol, chemotherapy, organ or stem cell transplant, 
pregnancy, and age dramatically increase the chances of getting infected by L. mono-
cytogenes (Lorber 1997; Fernàndez-Sabé et al. 2009).

2.5.5.3  �Distribution and Reservoirs of Listeria monocytogenes

In nature, Listeria monocytogenes is widely distributed and soil, water, and animals 
are known reservoirs of this bacterium. Most animals are asymptomatic carriers of 
this pathogen in the environment, and it has been isolated from a variety of animals 
including goats, pigs, cattle, dogs, mice, horses, and sheep (Muriana and Kushwaha 
2017; New York State Department of Health 2017). Silage, sewage, fecal matter, 
decaying vegetation, and vegetables are also environmental sources of this bacte-
rium. Listeria monocytogenes naturally thrives in decomposing plant matter, where 
they live as saprophytes (Vázquez-Boland et al. 2001). Also, the organism is com-
monly recovered with ready-to-eat vegetables such as cabbage, carrot, cucumber, 
lettuce, and tomato (Ajayeoba et al. 2016). Listeria monocytogenes serotypes often 
display variations in occurrence by geographical regions, and this has been linked 
to location and concentration of industries that process food products of animal 
origin (Vallim et al. 2015; Ranjbar and Halaji 2018).
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2.5.6  �Vibrio cholerae O1

Vibrio cholerae O1 is a serogroup of the species Vibrio cholerae, which is endemic 
in Africa and has caused almost all recent endemic and epidemic cholera outbreaks. 
Globally, an annual estimate of 1.3–4.0 million cases and 21,000 to 143,000 deaths 
are attributed to cholera (WHO 2018a). Most people infected with the organism 
remain asymptomatic. However, the bacterium can be present in their feces for up 
to 10 days and is shed back to the environment, potentially infecting other people. 
Among symptomatic people, the majority show mild or moderate symptoms char-
acterized by acute watery diarrhea, but severe cholera can lead to dehydration which 
may result in death if not treated (Handa 2017; WHO 2018a). Virulence traits such 
as the toxin-coregulated adhesion pili (TCP) and cholera toxin (CT) are certain key 
pathogenicity factors in V. cholerae that are essential for the progress of cholera 
disease (Rashed et al. 2012). During these outbreaks, V. cholerae was treated with 
antibiotics such as azithromycin but was found to be resistant to tetracycline and 
ampicillin.

2.5.6.1  �History, Description, and Identification

The bacterium, Vibrio cholerae, was first discovered and described with a microscope 
by the Italian scientist Filippo Pacini in 1854 during the 1846–1863 Asiatic cholera 
pandemic, but most of the scientific community was unaware of his work and as such 
his work was completely ignored. Then, 30 years later, in 1884, unaware of Pacini’s 
work, the German scientist Robert Koch again discovered and successfully isolated 
the organism during the 1883 epidemics in Egypt and India. Although V. cholerae was 
first discovered by the Italian Filippo Pacini, the German Robert Koch became the 
acknowledged discoverer of this bacterium because of his fame in the scientific com-
munity, ability to obtain a pure culture of the bacterium, and publication in a popular 
press (Howard-Jones 1984; Bentivoglio and Pacini 1995; Lippi and Gotuzzo 2014).

Vibrio cholerae O1 is a Gram-negative comma-shaped, aerobic, or facultatively 
anaerobic bacillus that varies in size from 1 to 3 μm in length by 0.5–0.8 μm in diam-
eter (Handa 2017). The bacterium belongs to the family Vibrionaceae and the phylum 
Proteobacterium. Vibrio cholerae O1 has two biotypes, namely the classical and EI 
Tor, and each biotype has three serotypes, viz., Ogawa, Inaba, and Hikojima (Rashed 
et al. 2012). Traditional culture media for the isolation of V. cholerae include Luria 
Bertani broth, Luria Bertani agar, MacConkey agar, gelatin agar, and meat extract 
agar. Alkaline peptone water and estuarine peptone water are used for the enrichment 
of this pathogen before isolation on agar media. Thiosulfate-citrate-bile salt-sucrose 
agar, taurocholate tellurite gelatin agar, CHROMagar Vibrio, and cellobiose-poly-
myxin B-colistin agar are media that are presumed selective for the isolation of 
V. cholerae (Raquel et al. 2010; Huq et al. 2013; Morris and Acheson 2013). Serological 
identification of V. cholerae serotypes is performed by the agglutination test using 
polyvalent antisera raised against the O1 antigen (Keddy et al. 2013). V. cholerae can 
be identified by the amplification of the hlyA, ctxA, ctxB, tcpA, ompW, and rfbO1 
genes using molecular techniques (Lyon 2001; Huang et al. 2012; Yadava et al. 2013).
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2.5.6.2  �Epidemiology, Transmission Modes, and Risk Factors

Approximately 210 serogroups of V. cholerae are known, but the O1 and O139 sero-
groups are the primary etiological agents of cholera with the potential to lead to 
endemic, epidemic, or pandemic outbreaks. However, epidemiological investigations 
have revealed that most outbreaks in Africa are caused by the O1 serogroup (De et al. 
2013; Oladokun and Okoh 2016). Vibrio cholerae O1 seems to be endemic in Africa 
and has led to sporadic cholera outbreaks in several African countries since its spread 
from Asia in the 1970s (De et al. 2013). In recent decades, the WHO has received 
reports of cholera outbreaks with cases that range from 547 to 98,424 and fatality rates 
of 0.6% to 4.6% from Zimbabwe, Niger, Sudan, Tanzania, Nigeria, and Cameroon. 
Characterization of stool and water samples collected during different outbreaks have 
revealed Ogawa and Inaba strains as the serotypes responsible for most epidemics in 
Africa (Rashed et al. 2012). Epidemiological reports of past outbreaks indicate that 
the bacterium can infect both males and females equally and all age groups.

The bacterium can be transmitted via the fecal-oral route by the consumption of 
contaminated food or water. The infectious dose of the organism varies with the 
mode of acquisition. An infectious dose of 103–106 or 102–104 is required when 
ingested with water and food, respectively (Handa 2017). The author also identifies 
that seasonal factors, overcrowding in peri-urban slums and camps, malnutrition, 
inadequate access to clean water and sanitation facilities, and lack of proper 
hygiene practices are among several factors that facilitate the spread of the bacte-
rium in a community.

2.5.6.3  �Distribution and Reservoirs of Vibrio cholerae O1

In the environment, the organism is a primary inhabitant of the marine ecosystem 
and appears to be more prevalent in warmer waters (with temperatures >17–20 °C). 
The major reservoirs of the bacterium are shellfish, human, and water. The bacte-
rium is rarely isolated from animals, and there has been no evidence that animals 
play a role in its transmission (Handa 2017; Morris and Acheson 2013).

2.5.7  �Neisseria meningitidis

N. meningitidis is the most common etiological agent of meningococcal disease, a 
severe infection of the meninges that affects the brain membrane with the potential 
to result in brain damage. The disease is fatal in 5–15% with treatment, and 50% of 
cases if not treated (World Health Organisation 2011). N. meningitidis is endemic in 
Africa and has caused several outbreaks with high fatality rates over the past 
100 years (World Health Organisation 2011).

Clinical manifestations of meningitis include a stiff neck, high fever, light sensi-
tivity, confusion, headaches, vomiting, and in severe cases brain damage, deafness, 
or a learning disability in 10–20% of survivors; a rare but severe form of N. menin-
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gitidis infection is meningococcal septicemia, which causes rapid circulatory col-
lapse (WHO 2018d). Infection by N. meningitidis is potentially fatal due to the rapid 
onset of the disease in susceptible hosts (Hill et al. 2010); hence, admission to hos-
pital and emergency treatment is expedient. The average incubation period of the 
bacterium is 4 days, but this may range between 2 and 10 days. N. meningitidis has 
developed several mechanisms to evade killing by host immune system. Strategies 
adopted for successful evasion of host defense mechanism include mimicking host 
structures, horizontal genetic exchange, and frequent antigenic variation. N. menin-
gitidis expresses several virulence factors such as capsular polysaccharide, lipopoly-
saccharide (endotoxin, LOS), iron sequestration, and surface-adhesive proteins 
(such as pili, porins PorA and PorB, adhesion molecules Opa and Opc). N. menin-
gitidis survival in a host is contingent on its possession of a capsule that provides 
resistance to antibodies or complement-mediated killing and inhibits phagocytosis, 
and the ability to adhere to the host cells and tissues (Stephen 2009). A range of 
antibiotics is effective against the bacterium, including ampicillin, penicillin, cipro-
floxacin, and ceftriaxone; ceftriaxone is the drug of choice during epidemics in 
Africa, particularly in areas with inadequate health resources (WHO 2018d).

2.5.7.1  �History, Description, and Identification

The Italian pathologists Marchiafava and Celli were the first to describe an intracel-
lular oval micrococcus observed in a sample of CSF in 1884 (Marchiafava and Celli 
1884). However, N. meningitidis was first isolated by Anton Weichselbaum in 1887 
from cerebrospinal fluids of patients with clinical presentations of meningococcal 
disease. It was initially named Neisseria intracellularis because of its relatedness to 
Neisseria gonorrhoeae and the intracellular oval micrococci of the bacterium 
(Weichselbaum 1887; Manchanda et al. 2006). N. meningitidis is an encapsulated, 
Gram-negative, nonmotile, aerobic diplococcus bacterium with a kidney shape, 
belonging to the phylum β-proteobacterium and a member of the family  
Neisseriaceae and genus Neisseria (Rouphael and Stephens 2015).

The bacterium is a fastidious organism which can be isolated from spinal fluid or 
blood from infected patients on several growth media including blood agar, Brain 
Heart Infusion agar, Muller-Hinton agar, supplemented chocolate agar, and trypti-
case agar. The addition of an antibiotic mix such as vancomycin, colistin, and 
nystatin to chocolate agar increases selectivity for N. meningitidis. Optimal incuba-
tion conditions for the isolation of N. meningitidis is 35–37 °C in humid 5% CO2 
(Olcen and Fredlund 2001; Hill et al. 2010). Confirmation of this bacterium can be 
successfully performed by biochemical tests, agglutination tests, and PCR while 
characterization of serogroups and clonal groups can be achieved by slide aggluti-
nation tests and DNA sequencing or monoclonal antibodies typing, respectively 
(Hill et al. 2010). Thirteen serogroups of N. meningitidis are recognized based on 
the polysaccharide capsule expressed and immunological reactivity. These sero-
groups include A, B, C, E-29, H, I, K, L, W-135, X, Y, Z, and Z. Further classifica-
tion into serotype, serosubtype, and immunotype is based on the PorB, PorA, and 
LOS structure, respectively (Hill et al. 2010).
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2.5.7.2  �Incidence, Epidemiology, Risk Factors, and Transmission Modes

N. meningitidis remains a global concern but with uneven impact, triggering spo-
radic cases, case clusters, epidemics, and pandemics. N. meningitidis infection pat-
terns vary extensively with geographical range, age groups, and bacterial 
serogroups. In most developed countries, the peak of N. meningitidis infections 
coincides with respiratory viral illnesses during winter months; however, in Africa, 
the infection peak is usually during the dry season and has been associated with 
mycoplasma infections (Young et  al. 1972; Greenwood et  al. 1985). Most out-
breaks in Africa occur regularly in the African meningitis belt which spans sub-
Saharan Africa from Senegal in the west to Ethiopia in the east (26 countries). 
Epidemics in this belt began in 1905 and occurred every 8–10 years, the largest 
epidemics being recorded in 1996–1997, causing over 250,000 cases, 25,000 
deaths, and disability in 50,000 persons (World Health Organisation 2011). Another 
major outbreak of Neisseria meningitis was experienced in 2013, affecting several 
African countries, including Guinea, South Sudan, Benin, Burkina Faso, and 
Nigeria. About 9249 suspected cases and 857 (9.3%) deaths were documented dur-
ing this epidemy (WHO 2013). Although 13 serogroups of N. meningitidis have 
been identified, meningitis is mostly caused by five serogroups, namely, A, B, C, 
W135, X, and Y (Hill et al. 2010; WHO 2018d). Reported outbreaks in Africa were 
predominantly caused by the serogroups A and W135 (WHO 2013). Globally, par-
ticularly in sporadic cases of meningitis, the bacterium infects mostly children that 
are less than 2 years of age attributable to the waning protective maternal antibody. 
However, in epidemic situations, older children and adolescents are reportedly 
highly affected as well.

According to the Centre for Disease Prevention and Control (2015), human-to-
human transmission of N. meningitidis is possible through inhalation of respiratory 
droplets and throat secretions. As such, close and prolonged contact or living with 
an infected person predisposes someone to the bacterium. Estimated risk of sec-
ondary transmission is generally 2–4 cases per 1000 household members, although 
the risk is 500–800 times higher in the general population. Dusty winds, humidity, 
cold nights, underlying chronic disease, antecedent upper respiratory tract viral 
infections, and overcrowding increase the risk of contracting the bacterium 
(WHO 2018d).

2.5.7.3  �Distribution and Reservoirs of N. meningitidis

Humans are natural hosts of N. meningitidis mainly because the organism exists 
commensally in the nasopharynx of 1% to 10% of healthy persons at any given time 
and no established animal reservoirs have been identified till date (Manchanda et al. 
2006; Hill et al. 2010; Centre for Disease Prevention and Control 2015).
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2.5.8  �Mycobacterium tuberculosis

Mycobacterium tuberculosis is the etiological agent of tuberculosis and has emerged 
as one of the world’s leading curable infectious agent (Knobler et  al. 2006). 
Tuberculosis is associated with a high fatality rate and has been estimated to cause 
1.4 million deaths (WHO 2018a). Its emergence as a priority infectious bacterium 
is mainly due to increased acquisition of drug resistance (Knobler et al. 2006), fos-
tered by delay and gaps in treatment, and inefficient drug susceptibility testing (van 
der Werf et al. 2012). Infection by M. tuberculosis is characterized by severe cough-
ing that last ≥3 weeks, chest pain, coughing blood or mucus, fatigue, weight loss, 
lack of appetite, fever, and profuse sweating (Centres for Disease Control and 
Prevention 2018a, b). Rifampicin, Isoniazid, Ethambutol, and Pyrazinamide are 
drugs of choice in the treatment of M. tuberculosis.

2.5.8.1  �History, Description, and Identification

The disease tuberculosis has been hypothesized to date back to approximately 3 
million years ago (Knobler et al. 2006); however, the first published scientific dis-
covery of the tubercle bacillus, Mycobacterium tuberculosis was done by Robert 
Koch in 1882 (Barberis et al. 2017).

Mycobacterium tuberculosis belongs to the family Mycobacteriaceae and is an 
aerobic, nonmotile, non-spore forming, non-capsulated bacillus, and can vary in 
shape from coccobacilli to long rods measuring 1–10 μm in length and 0.2–0.6 μm 
in width (Ali and Parissa 2012). The bacterium can be recovered from numerous 
human specimens, including sputum, urine, blood, tissue biopsy, gastric lavage, and 
other body fluids on special nutrient media (JotScroll 2017; Knobler et al. 2006). 
This bacterium is fastidious, grows slowly, and takes between 2 and 8 weeks for 
colonies to appear after culturing on nutrient-rich media such as Lowenstein-Jensen, 
Petragnini, Dorset, Tarshis, Loeffler serum slope, Pawlowsky agar as well as Dubos, 
Middlebrooks, Proskauer and Becks, and Sauton media (JotScroll 2017).

2.5.8.2  �Epidemiology, Risk Factors, and Transmission Modes

An estimated one-third of the world’s population is infected with Mycobacterium 
tuberculosis latently, with an annual 3% rise in new cases, of which 10% of this 
culminates into active disease (WHO 2018b). Approximately ten million cases of 
tuberculosis are speculated to occur around the world annually. About 4–5 million 
cases are highly infectious, and 2–3 million cases result in death (WHO 2018a). As 
a result, a single Mycobacterium tuberculosis-infected person can infect up to 10–15 
persons in a year (WHO 2018b). About 95% of Mycobacterium tuberculosis infec-
tions occur in developing nations, and in Africa, an increase of 10% attributed to 
coinfection with HIV has been reported (WHO 2018a). Persons infected with HIV 
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are 800 times more vulnerable to the development of active tuberculosis and death 
in 15% of cases, especially in West and sub-Saharan Africa (Knobler et al. 2006).

Mycobacterium tuberculosis is highly infectious and spreads from person to per-
son, through inhalation of airborne respiratory droplets or contamination of skin 
abrasion from an infected person (Centres for Disease Control and Prevention 2018a, 
b). Migration from poorer high prevalence countries has led to reemergence of this 
bacterium in countries where it had previously been controlled such as Russia, the 
USA, Australia, and Canada (Knobler et al. 2006). Poorly ventilated, unsanitary, and 
overcrowded living conditions, malnutrition, excessive alcohol use, chronic diseases, 
and smoking are associated with M. tuberculosis infection (Barberis et al. 2017).

2.5.8.3  �Distribution and Reservoirs of Mycobacterium tuberculosis

Mycobacterium tuberculosis is an obligate pathogen; hence, the human host is the 
major reservoir of this pathogen in the environment (Knobler et al. 2006). Although 
the organism is known to affect a wide range of livestock and wildlife including 
lion, buffalo, wild boars, meerkats, and cattle (Patterson et al. 2017), genomic data 
suggest that tuberculosis did not commence as a zoonosis (Wirth et  al. 2008). 
However, M. tuberculosis has been detected in soil, sediment, and water, but the role 
of these environments as reservoirs or vehicles of transmission of M. tuberculosis is 
yet to be proven (Santos et al. 2015; Barberis et al. 2017).

2.6  �Resistance to Antibiotics: A Critical Factor in Bacterial 
Pathogen Emergence

Antibiotic resistance develops when bacteria adapt and grow in the presence of antibi-
otics, thereby resulting in the emergence of resistance of infectious agents to many 
primary treatments (Centre for Disease Prevention and Control 2015; World Health 
Organisation 2015, van der Werf et al. 2012). The development of resistance is acceler-
ated by the frequency of antibiotic usage, abuse or overuse, the use of drugs in agricul-
ture and livestock farming and spread through the exchange of genetic material between 
different bacteria (Centre for Disease Prevention and Control 2015; World Health 
Organisation 2015). Furthermore, incomplete antibiotic treatment exposes pathogens 
to low doses of antibiotics and consequently results in the formation of a bacterial 
population that is resistant to the antibiotics irrespective of subsequent dosage (Centre 
for Disease Prevention and Control 2015; van der Werf et al. 2012). Antibiotic resis-
tance is of great global concern for the emergence or reemergence of pathogens (WHO 
2017). Novel antibiotic resistance mechanisms are emerging and spreading globally, 
and this jeopardizes the underlying principle of controlling infectious diseases inci-
dence and emergence of new pathogenic strains (Knobler et al. 2006). The increasing 
rate of antimicrobial resistance among emerging bacterial pathogens has obvious draw-
backs on the clinical management of infections and compromises treatment (van der 
Werf et al. 2012). The direct consequences of infection by resistant microbes can be 
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severe, viz. prolonged illnesses, prolonged hospitalization, disability, increased mortal-
ity, and increased treatment costs (World Health Organisation 2015).

Antimicrobial resistance is highest in developing countries where the use of anti-
biotic drugs in humans and animals is greatly unrestricted (World Health Organisation 
2013). Also, developing countries, including Africa, are particularly vulnerable to 
antibiotic resistance because of conditions that enable the spread of infectious patho-
gens such as poor sanitation, lack of guidance and control of antibiotic use, inade-
quate infection control measures, and inadequate healthcare and public infrastructure 
(WHO 2017). The surveillance of antibiotic resistance in Campylobacter has identi-
fied levels of resistance to tetracyclines and fluoroquinolones in many parts of the 
world (World Health Organisation 2013). Aeromonas hydrophila has developed 
resistance to most broad-spectrum antibiotics, including ampicillin, methicillin, tet-
racycline, streptomycin, and nalidixic acid (Dahdouh et al. 2016; Yang et al. 2018). 
Mycobacterium tuberculosis exhibits resistance to different drugs used to treat tuber-
culosis and shows high resistance to rifampin, streptomycin, ethambutol, and isonia-
zid (Chang et al. 2015). The WHO Global TB report indicated an average of 580,000 
new cases of multidrug-resistant (MDR) M. tuberculosis infections in 2015, with an 
estimated 43% fatality rate. Most of these cases were concentrated in African coun-
tries and often linked with HIV (WHO 2017).

Circulation of drug-resistant bacteria in any population can be via food, water, 
and other environmental components (Chang et al. 2015; WHO 2017). Also, the 
transmission is influenced by trade, globalization, and migration (WHO 2017). 
Different antibiotics may belong to the same class; as such, resistance to a specific 
antibiotic may trigger resistance to a whole class in an organism (WHO 2017, 2018f).

Several probable mechanisms of drug resistance have been highlighted but could 
be grouped as genetic (origin) and epidemiological (spread/dissemination) mecha-
nisms (Chang et al. 2015). However, these mechanisms are not mutually exclusive; 
as such, the simultaneous contribution of several mechanisms to MDR is highly 
plausible (Hooper 2001). Possible origins behind the development of drug resis-
tance include single biochemical mechanism responsible for phenotypic expression 
of MDR strains (e.g., efflux pumps and thickening of cell wall), genetic linkage, 
multidrug therapy with accelerated treatment failure, and mutable and recombinant 
bacterial lineages that confer resistance to multiple drugs (Hooper 2001; Munita 
and Arias 2016). For instance, the bacterial efflux pumps extrude antibiotics out of 
cells in a way that the intracellular antibiotic concentration reduces and resistance 
to the antibiotics results (Hooper 2001; Chang et al. 2015). Also, MDR strains may 
arise because resistance to multiple drug classes are genetically linked and are either 
closely located on the bacterial chromosomes or the same horizontally transmitted 
element such as a plasmid or transposon (Chang et al. 2015). Mutation and recom-
bination processes generate drug resistance genes and are highly variable in bacte-
rial lineages and as such may contribute to the disproportionate frequency of drug 
resistance within a population (Chang et  al. 2015; Munita and Arias 2016). 
Therefore, understanding the genetic and epidemiological basis of antibiotic resis-
tance is critical to design strategies to curb the emergence and dissemination of 
antibiotic resistance. Also, it is useful in developing innovative therapeutic 
approaches against multidrug-resistant organisms (Munita and Arias 2016).
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Mechanisms for the dissemination of MDR strains include bystander selection, 
positive epistasis, niche differentiation and importation of MDR from a high-use 
population, followed by a spread in a “recipient population” (Hooper 2001; Chang 
et al. 2015). Commensal organisms in host cells such as microflora acquire resis-
tance by bystander mechanism, which occurs when a drug is used to treat infections 
caused by infectious pathogens carried by the same host. This mechanism can also 
occur when an infection is misdiagnosed or undiagnosed, and treatment is directed 
at a nonexistent infection (Chang et al. 2015).

2.7  �Measures Adopted for the Control of Emerging 
Pathogens During Outbreaks

Control mechanisms for managing outbreaks are anything but simple and encom-
pass multitask to combat disease spread. These tasks are directed towards emer-
gency response activities, treatment, surveillance, and prevention strategies, which 
may include legislation review and reform.

•	 An emergency response plan is developed to curtail and end outbreak situations. 
A comprehensive response is very multifaceted, comprising many components 
that should be coordinated harmoniously. The response plan should include 
coordinating responders, acquiring health information, communicating associ-
ated risk, and implementing health interventions (WHO 2018g).

•	 Treatment: Antibiotics can serve as preventive (chemoprophylaxis) or curative 
measures steered to either prevent or treat infections by emerging bacterial 
pathogens. Antibiotic prophylaxis reduces the risk of transmission. Consequently, 
treatment has a survival benefit for infected persons and reduces the incidence of 
emerging pathogens in a community. For instance, the use of chemoprophylaxis 
with sulfonamides reduced the incidence of N. meningitis infections among 
United States army recruit during World War II. Also, the development of peni-
cillin G significantly improved the treatment of meningococcal meningitis with 
resultant reduction in mortality rates (World Health Organisation 2015; Mathema 
et al. 2017).

•	 Surveillance, from case detection to investigation and laboratory confirmation, 
are imperative control measures for managing epidemics by emerging bacterial 
pathogens. Surveillance is useful in detecting and confirming outbreaks or spo-
radic cases, monitoring incidence trends, distribution and evolution of causal 
agents, estimating disease burden, monitoring antibiotic resistance profile and 
evaluating the effectiveness of control or preventive strategies (WHO 2018d). It 
provides isolates that can be used for attribution models based on serotyping or 
genotyping, provides information to inform national decision-making by deter-
mining the relative importance of disease agents in relation to others, showing 
reservoirs for infection and transmission. In developing countries, surveillance 
provides baseline data on incidence, seasonal patterns, and risk factors (World 
Health Organisation 2013).
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•	 Prevention Strategies: Deterrence of future outbreaks is only feasible when preven-
tion measures are implemented. Effectiveness of preventive measures can be seen 
when such measures are continuous and consistent. Universal prevention strategies 
adopted in control with the overall goal of eliminating future outbreaks include vac-
cination, inspection activities to facilities that are likely outbreak sources, and 
strengthening health systems (WHO 2018b). To illustrate this, the launch of vacci-
nation campaigns in many African countries is concomitant with a reported decrease 
in recorded cases during epidemic seasons. For instance, Burkina Faso, Mali, and 
Niger during 2011 epidemic season reported the lowest number of meningitis A 
cases ever recorded after a new meningococcal conjugate A vaccine was introduced, 
and a total of 20 million persons were vaccinated in these regions (World Health 
Organisation 2011). Similarly, prevention is performed by the vaccination of chil-
dren at birth using the BCG vaccine, which protects against tuberculosis, and even 
when infected, prevents a severe form of the disease (JotScroll 2017).

2.8  �Conclusion

Africa continues to be the most disease-stricken continent in the world. Thus, 
emerging bacterial pathogens are a major cause of concern because of the signifi-
cant public health burden posed and the impact on development seen in divergence 
of focus and funds from capital projects to treatments. Interaction between environ-
mental, host, and pathogen factors contribute significantly to the emergence of 
pathogens. Mounting evidence of the high prevalence and increased multidrug 
resistance of emerging pathogens as seen in sporadic cases or epidemics points to 
the significance of these pathogens as potential threats to public health and the econ-
omy in Africa. Transmission and risk factors are critical components that facilitate 
the sustenance and circulation of emerging pathogens in a population. These factors 
can be socioeconomic (e.g., living conditions), environmental (such as climatic or 
seasonal factors), or host related (health status and lifestyle).

Heterogeneity and complexity of factors that contribute to pathogen emergence 
and spread of pathogens significantly hamper progress in controlling and predicting 
the dynamics of epidemics caused by emerging pathogens and result in dispropor-
tionate burden, particularly in Africa. In Africa, prevention and control strategies 
implemented for the control of emerging pathogens are hampered by inequalities in 
necessary infrastructure, healthcare provision, environmental conditions, hygiene 
practices, sanitary conditions, inefficient sewage disposal and water treatment facil-
ities and lack of epidemiological data due to inadequate surveillance and investiga-
tion. To improve the effectiveness of control measures targeted at reducing the 
impact of emerging pathogens prevalence in Africa, the focus should be given to 
community amplifiers of emerging pathogens, molecular identification, surveil-
lance, treatment, identification of high-risk groups, and environmental control mea-
sures in places where these organisms are endemic. In summary, understanding the 
individual effect of these contributors to pathogen emergence will have a strong 
implication for the control and prevention of pathogen emergence.
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Chapter 3
Vibrio cholerae and Cholera: A Recent 
African Perspective

Wouter J. le Roux, Lisa M. Schaefer, and Stephanus N. Venter

3.1  �Introduction

With an estimated burden of 1.4–4.3 million cases per year, cholera remains a major 
health concern worldwide (W.H.O. 2014). Much of the research addressing cholera has 
focused on regions of Asia and the Indian sub-continent, a region where cholera has 
been ever-present over the past century or more. However, since the introduction of the 
seventh pandemic strains into Africa in 1970, this continent has suffered severely, and 
African countries accounted for the majority of global cases reported to the World 
Health Organization (WHO) in many recent years (Bockemuhl and Schröter 1975; 
W.H.O. 2014). For this reason, there has been an increased research interest from both 
international and local researchers to conduct cholera-related research on African soil.

Hundreds of peer-reviewed journal articles have been published on this topic 
within the last decade, and it is challenging for even the most dedicated profession-
als to stay abreast of the vast collection of knowledge. To facilitate knowledge 
uptake, this chapter aims to investigate how local research contributed to the under-
standing of the disease (its impact, spread, endemicity and management) and the 
cholera causative agent, Vibrio cholerae. It summarizes the findings of a decade of 
research in a structured format to highlight not only the successes but also the poten-
tial research gaps that may have acted as hurdles in the fight against cholera.

Information from hundreds of publications was used to compile this chapter. 
The data represents a decade of research outputs, starting in 2009 and ending in 2018, 
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and this chapter focusses on peer-reviewed journal articles that report on cholera or 
Vibrio cholerae in the African context. Every effort was made to include all the 
relevant publications within the selected timeframe (though this cannot be guaran-
teed due to the large number of publications screened). Keyword searches using 
‘cholera’, ‘V. cholerae’ and ‘Africa’ were performed on three different platforms 
(PubMed©, ScienceDirect© and Scopus©).

For clarity, the data were organized into two broad groupings, those outputs 
that relate mostly to the disease and those that relate mainly to the causative agent. 
In each of these groups, the research outputs are further discussed under different 
subtopics. The general structure of this chapter (and the number of publications 
used as the input for each topic) is given in Fig. 3.1.

3.2  �Cholera: The Disease

This section covers recent publications that focus on cholera cases, outbreaks or 
epidemics in Africa. Researchers investigated aspects such as epidemiology, vacci-
nation campaigns, host-related drivers of spread, clinical diagnosis and risk factors 
(amongst others).

Fig. 3.1  The structure of the groupings and topics as used in this chapter
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3.2.1  �Epidemiology and Outbreaks

In the African cholera context, the bulk of peer-reviewed outputs dealt with 
outbreaks, and these publications often contained an epidemiological perspective. 
The majority reported on recent disease outbreaks, with a small number also look-
ing at historical data in order to gain new insights. Gauzere and Aubry (2012) 
discuss pre-seventh pandemic cholera epidemics on Reunion Island during the nine-
teenth century, thereby showing that Africa suffered under the burden of this disease 
long before the introduction of the seventh pandemic strains in the 1970s. However, 
the seventh pandemic affected Africa more severely than any other continent and 
Mengel et  al. (2014) calculated that 3.2 million suspected cholera cases were 
reported to the World Health Organization between 1970 and 2011. This accounted 
for nearly half of the cases reported worldwide in the same time frame. In their 
publication titled ‘Cholera outbreaks in Africa’, the authors provide a valuable 
review on local epidemics over the last half-century and point out how Africa was 
disproportionally affected (Mengel et al. 2014).

According to data from the World Health Organization, 90% of all reported cases 
between 2001 and 2009 were from African countries. However, this changed with 
the advent of the Haiti outbreak and a coinciding reduction of cases from the conti-
nent, allowing the proportion of African cholera cases to decline to less than 50% of 
all globally reported cases (2010–2013). Even though African cholera cases have 
declined in recent years, the cholera fatality rate (CFR) in Africa remains higher 
than that of outbreaks reported elsewhere in the world. The average African CFR 
(2.28%) was nearly double that of the combined CFR of other regions between 2009 
and 2013 (W.H.O. 2011, 2012, 2013, 2014).

The severity of African cholera outbreaks warranted considerable scientific inter-
est, and it is therefore understandable that so many publications focussed on this 
research area in the last decade. Most of the peer-reviewed outputs under this sub-
heading reported on cholera case data covering a specific outbreak and for a specific 
country, region or cohort of people. A literature review discovered peer-reviewed 
publications from 16 African countries, many with multiple publications during the 
review period (2009–2018) (Fig. 3.2).

Epidemiological reports from Zimbabwe, Ghana, Kenya and Uganda dominated 
the literature, each boasting more than five publications over the last decade 
(Shikanga et al. 2009; Ahmed et al. 2011; Adagbada et al. 2012; Mbopi-Keou et al. 
2012; Mahamud et al. 2012; Onyango et al. 2013; Morof et al. 2013; Cartwright 
et  al. 2013; Djomassi et  al. 2013; Loharikar et  al. 2013). Reports from Benin, 
Burkina Faso, Cameroon, Democratic Republic of Congo, Ethiopia, Guinea-Bissau, 
Ivory Coast, Mozambique, Nigeria, South Africa, Tanzania and Togo made up the 
remainder of the literature (Bartels et al. 2010; Gbary et al. 2011a, b; Kyelem et al. 
2011; Kelvin 2011; Cummings et al. 2012; Opare et al. 2012; Mayega et al. 2013). 
Many of the studies had similar findings, for instance, that men were disproportion-
ately affected by cholera outbreaks and faced a higher mortality risk (Bartels et al. 
2010; Morof et al. 2013). Concern was often expressed over the high fatality rate 
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experienced in Africa, and reference was made to the possible reasons for this 
(Shikanga et al. 2009; Ahmed et al. 2011; Onyango et al. 2013; Cartwright et al. 
2013; Djomassi et al. 2013). Possible reasons that were identified included inade-
quacies in the healthcare services sector. These services were often too far away, too 
few, or understaffed and poorly equipped (Mason 2009; Ahmed et  al. 2011; 
Cartwright et al. 2013).

When uncharacteristically low case fatality rates were found during cholera out-
breaks, or when the CFR data showed a rapid temporal decline, researchers often 
cited the availability of quality medical care, free treatment kits, proper hygiene 
measures, patient compliance with treatment plans, and proactive planning by 
governments as the main reasons (Gbary et al. 2011b; Mbopi-Keou et al. 2012). 
Whereas the role of healthcare facilities was found to play a significant part in case 
fatality rates, the reasons cited for the rapid and uncontained spread of epidemics 
once an outbreak ignited were often linked to the lack of safe drinking water and 
poor standards of sanitation and hygiene (Mason 2009; Bartels et al. 2010; Ahmed 
et al. 2011; Adagbada et al. 2012; Cummings et al. 2012).

Fig. 3.2  Number of peer-reviewed publications per country that reported on cholera outbreaks 
(2009–2018)
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Some studies attempted to find the index case(s) or endeavoured to understand the 
spread pattern and drivers that fuelled the outbreak (George et al. 2016; Sule et al. 
2017; Ohene-Adjei et al. 2017). One study in Ghana evaluated a region’s cholera sur-
veillance system (Osu Klottey District) and found it to be sensitive, simple, stable, 
flexible and acceptable (Adjei et al. 2017). They believed that the effectiveness of this 
system helped Ghana achieve a country-wide CFR of less than 1%. Two different 
outbreak reports from other regions in Ghana recorded CFR values higher than the 1% 
target suggested by the WHO (Acquah et al. 2016; Noora et al. 2017). It may be that 
these two regions lack the advantageous surveillance system present in the Osu Klottey 
District. The plight of vulnerable populations was highlighted by two different reports, 
both from Uganda. In the first study, it was reported that a cholera outbreak in a 
psychiatric hospital led to a CFR of 28%, and in the second it was shown that fisher-
men’s villages were disproportionally affected as they contributed to more than 50% 
of Uganda’s cholera morbidity and mortality numbers (even though they added up to 
less than 10% of the country’s total population) (Bwire et al. 2015, 2017a).

The literature covered above has one thing in common; they all looked at specific 
outbreaks or epidemics (typically one outbreak present in one region). Some research-
ers expanded their coverage beyond this and investigated cholera case data over more 
extended time frames in order to identify temporal trends, or analysed data from 
different regions (and therefore possibly different outbreaks) (Ekra et al. 2009; Bwire 
et al. 2013a; Essoya et al. 2013; Gujral et al. 2013; Mutonga et al. 2013). Using such 
an approach allowed for the identification of high- and low-risk regions in Uganda 
(Bwire et al. 2013b). The authors feel that surveillance activities with a broader scope 
(longer time frames and covering larger regions) would help to inform preventative 
efforts such as vaccination, as it would help to prioritize high-risk regions/popula-
tions (Bwire et  al. 2013b). Results from an assessment in two districts in Ghana 
suggested that the country’s epidemic control activities were effective, but there was 
a need to strengthen preparedness planning by improving community surveillance 
systems and creating awareness about the risk of cholera so that affected people may 
seek prompt healthcare assistance (Ohene et al. 2016). Sadly, it was precisely a delay 
in seeking healthcare that led to higher CFRs in the 2010 Zimbabwean outbreak in 
Kadoma City compared to an outbreak in the same area in 2008 (Maponga et al. 
2015). Sauvageot et  al. (2016) investigated cholera incidence and mortality in 
sub-Saharan Africa by analysing data from the African Cholera Surveillance Network 
(2011 to 2013) (Sauvageot et al. 2016). They found that substantial variation occurred 
in cholera incidence, age distribution, clinical presentation, culture confirmation, 
CFR and testing frequency between different African countries.

3.2.2  �Vaccination

The adage that ‘prevention is better than cure’ applies well to the cholera conundrum, 
and with this in mind, the relatively recent development of efficient oral cholera 
vaccines (OCVs) show great promise. Until recently, safe and effective cholera 
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vaccines were not readily available. However, that has changed with the recent 
introduction of two different World Health Organization pre-qualified oral cholera 
vaccines (OCVs) named Dukoral and Shanchol (W.H.O. 2014). Both these vaccines 
have been proved to be safe, immunogenic and effective and have been used in mass 
vaccination campaigns. Meanwhile, the production of a previously licensed oral live 
attenuated single-dose vaccine has been discontinued, while a former parenteral 
cholera vaccine never received WHO approval (W.H.O. 2014).

Dukoral consists of killed whole-cell V. cholerae O1 and purified recombinant 
B-subunit cholera toxin (Valneva 2019). Depending on the patient’s age, the OCV 
is administered in two or three doses, with booster doses given 1–6 weeks after the 
initial dose. In Bangladesh and Peru, the vaccine provided 85% protection during 
the first few months, but the immunity declined rapidly in younger children after 
6 months. In older children and adults, the level of protection remained around 60% 
for up to 2 years. Shanchol is a bivalent OCV that contains killed whole-cell Vibrio 
cholerae O1 and O139 but lacks a recombinant B-subunit cholera toxin component 
(I.V.I., International Vaccine Institute 2015). This OCV has the practical advantage 
that it does not require reconstitution in a buffer solution before administration. It is 
administered in two doses, with 2 weeks in between the first and last administration. 
In a field trial, Shanchol provided 65% protection, and more importantly the protec-
tion was sustained for at least 5 years without requiring additional booster doses. 
Both OCVs (Dukoral and Shanchol) are not approved for use in infants (<2 years 
and < 1 year of age, respectively) (W.H.O. 2013, 2014).

Some studies recently reported on the effectiveness, predicted effectiveness or 
tools to calculate the effectiveness of the WHO approved OCVs in Africa. In two 
different studies that used existing data from cholera outbreaks in Guinea-Bissau 
(Azman et  al. 2012) and Zimbabwe, India and Tanzania (Reyburn et  al. 2011a) 
researchers estimated the effect that reactive cholera vaccination campaigns would 
have had. Both groups found that reactive vaccination would likely have averted a 
large portion of cases and saved many lives. The same conclusion was reached when 
two groups of researchers studied recent data from an outbreak in South Sudan; the 
results suggest that vaccination halted the spread of cholera and that vaccinated 
individuals were 4.5-fold less likely (than non-vaccinated individuals) to contract 
the disease (Azman et al. 2016b; Bekolo et al. 2016).

Gabutti et al. (2012) estimated the efficacy of the oral anticholeric vaccine Dukoral 
in subjects travelling to high-risk areas (often in African countries). Their results 
showed that Dukoral was effective in reducing the risk of contracting diarrhoea in 
travellers exposed to high-risk conditions. No serious adverse effects were reported 
by the vaccinated cohort (Gabutti et al. 2012). Initially OCVs were not approved for 
use in pregnant women. However, recent studies have not shown any significant 
adverse effects and inclusion of prenatal patients in cholera vaccination efforts is 
now encouraged (Grout et al. 2015; Moro and Sukumaran 2017). In Zanzibar, Khatib 
et  al. (2012) found that Dukoral conferred a 79% protection against cholera in 
participants who received two vaccine doses (Khatib et al. 2012). Indirect protection 
(often referred to as ‘herd protection’) was also demonstrated by a decline in the 
cholera risk in non-vaccinated residents within a neighbourhood as the vaccine 
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coverage increased. Based on the findings, the authors suggested that the oral cholera 
vaccine offered both direct and indirect (herd) protection in the sub-Saharan African 
setting (Khatib et al. 2012). Reports on the use of Shanchol from Ethiopia, Sudan and 
Guinea were also encouraging (Ciglenecki et al. 2013; Luquero et al. 2013, 2014; 
Desai et al. 2014). In two different reports, Ciglenecki et al. (2013) and Luquero et al. 
(2013) reported on the first large-scale use (>300,000 doses) of an oral cholera vac-
cine as an outbreak control measure in Africa (Ciglenecki et al. 2013; Luquero et al. 
2013). The study was carried out in Guinea, and this was also the first time Shanchol 
was used in Africa. Their study addressed concerns about feasibility, timeliness and 
acceptability by the population, all factors which may discourage the use of OCVs 
during epidemics. Despite logistical challenges (short time frames, the requirement 
of a two-dose schedule, the remote setting and dealing with a highly mobile popula-
tion) the campaign was well accepted, and high vaccination coverage was achieved 
(Ciglenecki et al. 2013; Luquero et al. 2013). A matched case study determined that 
vaccination with Shanchol in Guinea resulted in effective protection (calculated at 
86.6%) of at-risk members in households (these were selected based on having at 
least one resident cholera patient) (Luquero et al. 2014). The results showed that the 
OCV was effective when used in response to a cholera outbreak. In Sudan, Shanchol 
was administered to refugees within the challenging context of a humanitarian crisis 
after conflict erupted in South Sudan’s capital city, forcing large numbers of dis-
placed people into temporary camps (W.H.O. (World Health Organization) 2014). 
Despite the challenges, the pre-emptive campaigns were successful in the internally 
displaced people (IDP) camps, with valuable lessons learnt along the way. In Rwanda, 
a cholera outbreak occurred in a refugee camp and provision was made to administer 
Shanchol to approximately 10,000 refugees (Binagwaho et  al. 2012). However, 
authorities managed to contain the spread of the disease by proactively applying 
sanitation measures (Binagwaho et al. 2012). In a randomized, controlled, double-
blinded, placebo-controlled trial carried out in Ethiopia, a seroconversion rate of 
81% and 77% was seen after a two-dose application of Shanchol in adults and chil-
dren, respectively (Desai et al. 2014). No serious adverse effects were reported by 
participants during this study. Similar seroconversion rates were seen during a more 
recent outbreak in South Sudan, and the analyses suggested that a single dose of 
Shanchol may provide adequate protection (instead of the generally accepted two-
dose applications) (Iyer et al. 2016). Single-dose applications of OCVs were further 
investigated by several authors, mainly using Sudan and Zambia data, and all showed 
that this approach could be more cost-effective while still providing sufficient protec-
tion (Azman et al. 2016a; Parker et al. 2017; Poncin et al. 2018).

In a fascinating study by Kim et al. (2016), researchers estimated the impact 
that vaccination campaigns can have on future cholera case numbers. Using math-
ematical modelling, they calculated that periodic OCV vaccination (every 3 or 
5 years) can significantly reduce the global burden of cholera (up to 80% fewer 
cases in some African countries), but that it is unlikely to eradicate the disease. The 
same study also mentions a possible shift in cholera transmission mechanisms 
(away from water>human towards human>human transmission) as the impact of 
vaccination increases (Kim et al. 2016).
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Several researchers investigated the cost versus benefit of reactive cholera 
vaccination (specifically OCV) campaigns. Jeuland et  al. (2009) found that the 
exclusion of indirect effects (i.e. herd protection) may lead to the underestimation 
of the cost-effectiveness of vaccination programs with oral cholera vaccines (Jeuland 
et al. 2009). They showed the cost-effectiveness of OCV campaigns using data from 
some countries (including one African country, Mozambique). Using data from the 
recent large-scale cholera outbreak in Zimbabwe, Kim et al. (2011) concluded that 
reactive vaccination campaigns have the potential to be cost-effective in the control 
of cholera outbreaks. In their model, the cost-effectiveness was closely linked to the 
number of case fatalities, per dose vaccination price and the size of the outbreak. In 
light of the relatively high OCV prices during a Zanzibar mass vaccination cam-
paign, and the relatively low numbers of people at risk (low incidence rates), 
Schaetti et al. (2012b) concluded that this specific campaign was not cost-effective. 
The studies mentioned above all looked at the cost of the vaccine campaign versus 
the benefit in the reduction of cases, fatality rates or DALYs, but did not include 
costs incurred by residents who need to travel to vaccination centres. Using a travel-
cost approach, and data from Beira (Mozambique), Jeuland et al. (2010) reported on 
a households’ demand for ‘no cost’ cholera vaccination. Their results indicated that, 
in contrast to wealthier households, poor households were often unable to spend the 
necessary time and money in order to receive vaccinations, mainly because they 
were situated farther away from OCV administration centres than wealthier house-
holds. Poorer households were also (in general) less well informed about the OCV 
campaign. In Malawi, the financial cost of vaccination (Shanchol, two doses) was 
calculated using a standardized cholera cost tool, Choltool, at USD 7.14 per person 
vaccinated. The total economic cost (including indirect patient-related costs) was 
calculated as USD 8.75 (Ilboudo and Le Gargasson 2017). The researchers found 
that the most significant proportion of the cost went towards the procurement and 
shipment of the vaccines, but that human resource expenses related to the roll-out of 
the campaign contributed significantly to the overall cost. In certain settings, chol-
era vaccination campaigns can be rolled out in a more cost-effective way, as Poncin 
et al. (2018) showed in Zambia where a campaign cost was calculated at USD 2.31 
per dose. However, indirect costs were not included in this calculation. The success-
ful implementation of the Global Oral Cholera Vaccine Emergency Stockpile in 
2013 and first African use thereof in Sudan in 2014 may have helped to drive down 
costs and increase availability. Even though this has helped to streamline the pro-
cess, vaccine availability is still inadequate in most outbreak situations.

Due to the global shortage of OCVs vaccination campaigns and the number and 
location of vaccine delivery sites must be carefully planned in order to effectively 
use the available doses and to keep travel and queuing costs low (Jeuland et  al. 
2010). The role of effective logistics in ensuring good vaccine coverage was also 
mentioned by Schaetti et al. in a study that looked at the lessons learnt from the 
OCV campaigns in Zanzibar (Schaetti et al. 2012a). Using data from Niger, Guerra 
et al. (2012) made a case for using cholera surveillance data to prioritize areas under 
consideration for vaccination. Prioritization of high-risk areas, as shown in the sim-
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ulated study done in Guinea-Bissau, could be vital in limiting the size and spread of 
outbreaks (Azman et al. 2012). Insufficient supplies of WHO pre-qualified vaccines 
prohibit their widespread and indiscriminate use in Africa, and Deen et al. (2016) 
called for the development of prioritization guidelines. They also showed how a 
scenario approach could help in the ranking process of cholera epidemics, thereby 
allowing for prioritized selection of regions during vaccination campaigns.

In a cross-sectional study done in the Democratic Republic of Congo (DRC) 
anticipated acceptance of cholera vaccines (specifically OCV) was investigated 
(Merten et al. 2013a). The results suggested a high motivation to use an OCV, but 
only if it seemed affordable. This study highlights the role that cost (direct and 
indirect) plays in the potential success of a cholera vaccination campaign (Merten 
et al. 2013a). Though there are many technical and logistical reasons why cholera 
vaccination campaigns have not always been successful in Africa, it is the opinion of 
von Seidlein et al. (2013) that the most significant barrier has been that populations 
affected by cholera outbreaks are underprivileged and lack a strong political voice.

Many aspects of cholera outbreaks are dependent on human behaviour, and 
community acceptance of OCVs (based on unique social and cultural landscapes) 
is not always a given. In the Democratic Republic of Congo (D.R.C.), Western 
Kenya and Zanzibar, the anticipated acceptance of OCVs were found to be high 
(>90%), on condition that the vaccine was provided at no or a low cost (Schaetti 
et al. 2011; Merten et al. 2013a, b; Sundaram et al. 2013). Cholera-specific symp-
toms, income, and education were positively associated with OCV acceptance in 
Zanzibar and Kenya (Schaetti et al. 2011; Sundaram et al. 2013). Interestingly the 
study carried out by Schaetti et al. (2011) to determine anticipated OCV accep-
tance was followed up by a study on the actual uptake of OCVs after a mass 
vaccination campaign was completed (later) in the same study area (Schaetti et al. 
2012a). They reported that the OCV uptake was lower than the anticipated accep-
tance, with only 49.7% of study respondents having taken the two doses required 
for effective vaccination (Schaetti et al. 2012a). They found that female gender, 
rural residency, and advanced age were positive determinants of OCV uptake, 
while men were less inclined to make use of the protection offered by the oral 
vaccines. Serious cholera-specific symptoms and fear within the community that 
the local healthcare system would be overwhelmed by the outbreak were also 
positively correlated with OCV uptake (Schaetti et  al. 2012a). In some African 
countries, the lack of trust that was associated with perceived institutional 
negligence (especially by Governments) caused hesitancy in the acceptance of 
cholera vaccination campaigns (Démolis et al. 2018). The authors highlighted the 
pivotal role that community leaders can play in alleviating politically motivated 
resistance to vaccination efforts. Cholera vaccination campaigns are often well 
accepted in African countries, although some populations remain hesitant. For 
example, 97.6% acceptance was recorded in Malawi during one specific campaign 
(Msyamboza et al. 2016). To increase acceptance, it may be important to shape 
specific delivery strategies for unique and at-risk populations, in the same manner 
that fishers in Malawi were targeted in a recent cholera vaccination campaign 
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(Sauvageot et  al. 2017; Heyerdahl et  al. 2018). This campaign used simple but 
effective tailor-made approaches to reach high levels of vaccine coverage in 
hard-to-reach populations. A summary of the most often cited reasons for cholera 
vaccine acceptance or hesitancy is given in Table  3.1 (Choi et  al. 2010b; 
Nyambedha et al. 2013; Desai et al. 2014; Msyamboza et al. 2016; Deen et al. 
2016; Sundaram et al. 2016; Peprah et al. 2016; Démolis et al. 2018; Pugliese-
Garcia et al. 2018).

Table 3.1  Cholera vaccine acceptance considerations in African countries (2009–2018)

Associated with an increase in acceptance
 � •  Vaccination is free (no cost)
 � •  Higher income (only associated with increased uptake in some countries)
 � •  Cholera perceived to be a severe disease
 � •  Populations who perceive themselves to be very vulnerable to cholera
 � •  Involvement of community leaders during vaccination campaign roll-out
 � •  Visible success by public health officials (earlier outbreaks or other health emergencies)
 � •  Populations with less access to public health facilities (and therefore deem themselves to 

be more vulnerable)
 � •  Awareness of other cholera prevention methods (like good sanitation and hygiene)
 � •  The trust that displaced populations have in aid organizations (like the United Nations)
 � •  A higher level of education
 � •  Easy access to vaccination centres (transport to centres, or mobile centres coming to the 

affected areas)
Associated with a decrease in acceptance
 � •  Payment required for vaccination (cost of vaccination)
 � •  Low perceived need for immunization
 � •  Rumours related to vaccine safety (and fear of infection due to vaccination)
 � •  Fear of side effects
 � •  Negative experiences following routine childhood immunization
 � •  Fear of injections and pain (wrongly with cholera vaccines)
 � •  Fear of taking the vaccine alongside other medication or with alcohol
 � •  Distrust in national institutions (and perceived institutional negligence)
 � •  Politically motivated resistance
 � •  Fears of ethnic persecution (for marginalized communities (refugees)
 � •  Higher age
 � •  Larger households
 � •  Lack of education
 � •  High level of social vulnerability
 � •  Religious beliefs that are in contrast to healthcare practices
 � •  Distrust towards western medicine
 � •  Reliance on traditional remedies
 � •  Lack of time
 � •  Men are less likely to accept vaccination than women
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3.2.3  �Cholera and the Host

Vibrio cholerae (the species of bacterium that causes cholera) is well known for its 
ability to survive in two completely different settings: the natural aquatic environ-
ment and the human host environment. This section looks specifically at African 
research outputs that focussed on host-related aspects of cholera over the last 
decade, and how this contributed to our understanding of outbreaks in terms of 
spread and recurrence. Studies are examined that describe behavioural factors that 
increase (or decrease) the risk of outbreaks of diseases in specific populations or 
areas, and briefly cover African studies that look at the impact of cholera on 
people’s lives.

The role of human movement in the transmission and spread of cholera epidem-
ics was emphasized in several studies, with the role of specific factors highlighted 
by some, while others reported on heterogeneity and complexity of transmission 
dynamics (Mari et  al. 2012; Njagarah and Nyabadza 2014; Njagarah 2015; 
Mukandavire and Morris 2015; Weill et al. 2017). In a study that looked at the con-
trol of cholera in communities that are linked by migration, researchers found that 
the implementation of controls (such as proper hygiene, sanitation and vaccination 
in both affected communities) may mitigate cholera outbreaks within half the time 
required for self-limitation (Njagarah 2015). Using a novel approach to track human 
movement (by looking at mobile phone usage) in Senegal during the 2005 epi-
demic, researchers showed how a mass gathering that occurred early in the outbreak 
had a significant influence on the course of the epidemic (Finger et  al. 2016). 
Mukandavire et al. (2011) noted the heterogeneity of cholera transmission dynam-
ics in different provinces of Zimbabwe during the country’s recent epidemic. The 
heterogeneity was ascribed to differences in environment, socio-economic 
conditions and cultural practices (Mukandavire et al. 2011). Osei et al. (2012) also 
observed spatial variation in the risk of cholera infection upon examining 
epidemiological data from Ghana; a higher risk of cholera was associated when a 
community contained slum settlements, had high population density and was near 
refuse dumps.

Cameroon is an African country that has experienced many cholera outbreaks in 
the last two decades (many with a high case fatality rate), and it is here that Djouma 
et al. (2016) investigated risk factors that may have contributed to the disease burden. 
The researchers found that non-use of cholera treatment centres, delays in deciding to 
go to these treatment centres or choosing to go to temporary treatment centres instead 
of hospitals were all risk factors for cholera-related mortality. Another study from 
Cameroon found that age below 21 years, eating outside of the home and poor food 
preservation practices were independent risk factors of cholera (Nsagha et al. 2015). 
In South Sudan, Ujjiga et al. (2015) identified travelling and eating away from home 
as cholera risk factors, while treating water and receiving oral cholera vaccination 
were protective. A geospatial assessment of cholera in a rapidly expanding urban area 
in Nigeria revealed that living close to waste dump sites or a market place was associ-
ated with an increased cholera risk (Olanrewaju and Adepoju 2017). In Kenya, chol-
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era incidence was linked to open defecation, poverty, the use of unimproved water 
sources and to a low concentration of healthcare facilities (Cowman et al. 2017).

Using data from a 2015 outbreak in Ghana, a study investigated the complex 
interplay that exists between everyday risks (like poor sanitation) and disaster risks 
(like flooding events) (Songsore 2017). The insights of the study can help with the 
planning and thought processes necessary to address groups of overlapping risks.

Hove-Musekwa et  al. (2011) found that numerical simulations suggest an 
increase in susceptibility to cholera due to malnutrition, and suggested that nutri-
tional issues should be addressed in impoverished communities affected by cholera. 
Poverty was also reported by Penrose et  al. (2010) to be a significant driver of 
cholera in Dar es Salaam, Tanzania. They found that cholera incidence was closely 
associated with informal settlements (Penrose et al. 2010).

According to Roy et al. (2014), epidemic cholera propagate in similar ways to 
aggressive wildfires (in non-endemic areas) which have implications for the effec-
tiveness of control measures and the mechanisms that may ultimately limit the size 
of outbreaks. A detailed understanding of the interconnection of potential host-related 
drivers of transmission within Africa is essential in the fight against the disease.

In order to understand how communities react and respond to outbreaks, the 
social and cultural features of cholera need to be taken into account. Using a 
vignette-based semi-structured interview approach, researchers studied sociocul-
tural aspects of the disease in regions located in the Democratic Republic of Congo 
(DRC), Kenya, and Zanzibar (Schaetti et al. 2010, 2013; Nyambedha et al. 2013). 
The results from the three regions were summarized in a systematic comparison 
(Schaetti et  al. 2013). Cholera was reported to have a significant impact on the 
respondent’s lives in all three areas, with the social impact being mainly character-
ized by financial concerns (for instance, loss of income). The economic cost of 
cholera (carried by households) was determined by a team of researchers that anal-
ysed data from a severe outbreak in Ghana (Awalime et al. 2017). They found that 
the direct cost to the household, that had at least one member falling ill with cholera, 
was between US$ 62 and US$ 107, and that costs were higher for poor households 
that were situated in high incidence areas. Similar findings were reported in Malawi, 
where the cost of cholera per affected household was found to be US$ 65.6 on aver-
age (Ilboudo et al. 2017). The researchers included direct and indirect costs in the 
equation. They also looked at the cost that treatment facilities had to bear, and found 
that the direct costs were on average US$ 59.7 per cholera patient treated (Ilboudo 
et al. 2017). Both studies showed that a reduction in cholera cases could lead to a 
substantial potential cost saving at the household and national level.

Several publications have reported on the level of awareness and preparedness 
for cholera outbreaks in different communities. Knowledge can increase a popula-
tion’s resilience against cholera as it may equip household members to prevent 
infection and respond appropriately to illness. In one study that looked at such per-
ceptions and practices in multiple countries, the researchers found that clean water 
(and food) along with vaccination was perceived to be sound preventative measures 
(in DRC), while elsewhere safe water, sanitation and health education was high-
lighted as being important considerations (in Kenya and Zanzibar). Rehydration 
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(using oral rehydration solutions) was highlighted by all the countries included in 
the study, and healthcare facilities were universally seen as a source of help. Though 
many similarities were noted regarding sociocultural features between the study 
areas, there were also differences aplenty (in particular vulnerability perceptions). 
The results emphasized the need for similar studies elsewhere (Schaetti et al. 2013). 
Cultural beliefs and practices that may influence cholera spread and transmission 
were studied in Cameroon using a qualitative approach (Ngwa et al. 2017). During 
group discussions, participants said they believed cholera to be reprimand from God 
and that transmission occurred through the air, but some participants also felt that 
mass gatherings (like funerals and weddings), poor sanitary practices and moun-
taintop burials might contribute to cholera outbreaks. Many cultural beliefs clashed 
with the good practices of western medicine (for instance, going to the hospital); 
this conflict was termed by the researchers as a ‘rural-urban mentality confronta-
tion’. The authors found that many other sociocultural factors also play a role in 
cholera transmission and call for a better understanding of the sociocultural context 
before launching an outbreak response. A quantitative case-control study that was 
also carried out in Cameroon found that most respondents thought that poor hygienic 
practices and contaminated water were the main transmission routes of cholera 
(Nsagha et al. 2015). In South Africa, an assessment of the knowledge, attitudes and 
practices regarding cholera preparedness was conducted within a village that was 
affected by a cross-border cholera outbreak in 2008 and 2009. A large portion of 
community members indicated that they knew how cholera was contracted (via con-
taminated water) and that they knew how to prevent getting ill (Ncube et al. 2016). 
Respondents also knew about treatment for cholera at healthcare facilities, though 
fewer knew about oral rehydration solutions that can be used in home-care. However, 
many undesirable practices were witnessed in the village (like poor hygiene and 
sanitation), indicating that the sound knowledge regarding cholera prevention and 
response may still need to be converted from theory into standard practice. The 
insights gained from community studies may prove to be invaluable in the planning 
of programs and initiatives directed at cholera control and elimination.

In Nigeria, a study focusing on the role that healthcare workers (HCW) play dur-
ing cholera emergency response situations showed that HCWs were often too few 
(Oladele et al. 2012). They frequently lacked adequate training and often experi-
enced a shortage of emergency response kits. Questionnaire data also suggested that 
HCWs, even though vigilant of personal safety precautions, often contracted cholera 
during epidemics suggesting that they may be at higher risk than the general popula-
tion (Oladele et al. 2012). In Kenya, Date et al. (2013) evaluated the effectiveness of 
a cholera education programme that was rolled out in response to recurring cholera 
outbreaks. The authors found that attendance of a cholera education event may have 
(in some instances) positively influenced household water treatment practices, but 
that there was a gap between the knowledge and practice of water treatment (Date 
et al. 2013). Interpretation of the study’s results was complicated by the fact that 
respondents in the comparison group, albeit to a lesser extent than the intervention 
group, recalled attending other cholera education events (unrelated to the current 
education intervention) (Date et al. 2013).
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3.2.4  �Diagnosis of Cholera

Keddy et al. (2013) discussed the challenges and options relating to the diagnosis of 
cholera in an African setting. They provided insights into the state diagnostic testing, 
called for the standardization of diagnostic methods, reviewed newer technologies 
that may in future become more widely used and discussed some of the unique 
African challenges (Keddy et al. 2013). A reliable diagnosis is a critical first step 
and is required to initiate effective healthcare solutions at the onset of cholera out-
breaks. Three papers evaluated the performance of a rapid diagnostic method 
(Crystal VC Rapid Dipstick) in stool samples (Harris et al. 2009; Ley et al. 2012; 
Martinez-Pino et al. 2013). The Crystal VC test was reported to have a high sensitiv-
ity at 93% or higher (comparable to that of standard culture methods) but exhibited 
poor specificity (49.2% in one study, and 71–76% in another) (Harris et al. 2009; 
Ley et al. 2012). Ley et al. (2012) conclude that the current version of the Crystal 
VC dipstick could potentially be used as a screening tool in the field, but that the 
high proportion of false positive results would necessitate the confirmation of results 
by stool culture. Another potential problem of using the Crystal VC test is that indi-
viduals vaccinated with Shanchol often test positive for Vibrio cholerae O139 for up 
to 5 days after ingesting the oral cholera vaccine (however, the cross-reactivity was 
not seen with Vibrio cholerae O1) (Martinez-Pino et al. 2013). As such the Crystal 
VC test could be used without delay during and after reactive oral cholera vaccina-
tion campaigns in outbreaks where Vibrio cholerae O1 is the causative agent, but 
the specificity limitations of the test may still pose a challenge. To address the 
specificity challenges, two studies investigated the use of an enrichment step before 
identification/detection with the Crystal VC dipstick (Ontweka et al. 2016; Bwire 
et al. 2017b). Both studies reported an increase in specificity, and that the optimized 
performance of the dipstick (when used in conjunction with pre-enrichment) makes 
it a viable option for rapid case detection in rural African areas.

3.2.5  �Clinical Perspectives

Oral rehydration is still widely promoted as an effective treatment option for cholera 
patients. Musekiwa and Volmink (2011) investigated the use of oral rehydration salt 
solutions (ORS) with an osmolarity of ≤270  mOsm/L versus an osmolarity of 
≥310  mOsm/L.  In people treated for cholera using ORS with an osmolarity of 
≤270  mOsm/L, biochemical hyponatraemia was sometimes seen, compared to 
patients treated with ORS with an osmolarity of ≥310  mOsm/L although the 
hyponatraemia did not appear to be associated with any serious consequences.

Although rehydration plays a pivotal role in reducing cholera-related 
mortalities, antibiotics have traditionally been used to reduce the duration of dis-
ease, lessen organism shedding and treat severe cases. However, the widespread 
use of antibiotics in prophylaxis and treatment has resulted in the emergence of 

W. J. le Roux et al.



83

antibiotic-resistant strains, with many African countries reporting multidrug 
resistant strains (Kacou-N’douba et al. 2012; Marin et al. 2013). The surveillance 
of antibiotic susceptibility patterns in clinical and environmental strains (the latter 
could serve as a genetic reservoir) continues to be necessary to ensure that 
antibiotics remain an effective treatment option. It is also imperative that new 
antimicrobial drugs be discovered and developed. Tebou et al. (2017) found that 
flavonoids extracted from a small evergreen tree (Maytenus buchananii) exhibited 
antimicrobial qualities that were effective against Vibrio cholerae. The leaves of 
this tree have also been traditionally used to treat other ailments (Tebou et  al. 
2017). Plants from the Piper genus have also traditionally been used for medicinal 
purposes in Africa, and bioactive compounds extracted from them have recently 
been shown to have antimicrobial activity against V. cholerae (Mgbeahuruike 
et al. 2017). In both cases, further investigation, testing and development will be 
required to elucidate the full potential for clinical applications (Mgbeahuruike 
et  al. 2017; Tebou et  al. 2017). It may still be a long path before any of these 
promising compounds are cleared for therapeutic use against current antibiotic-
resistant cholera clones.

Okosun and Makinde (2014) investigated the synergistic relationship between 
malaria and cholera using a modelling approach. They found that malaria infection 
may be associated with an increased risk of cholera. However, cholera infection was 
not found to be associated with an increased risk for malaria. In an article that 
focussed on the HIV immune suppression and how that could potentially predispose 
individuals to cholera, Mushayabasa and Bhunu (2012) developed a simple mathe-
matical model to assess whether HIV infection was associated with an increased 
risk for cholera. The findings suggested that HIV infection was associated with an 
increased risk for cholera in cholera-endemic areas.

As seen with HIV, the human immune system plays a vital role in combatting 
and preventing infections like cholera. Ssemakalu et al. (2014) reviewed literature 
about the influence of solar water disinfection on immunity against cholera. In the 
solar water disinfection method (SODIS), heat and ultraviolet radiation from 
sunlight are used to inactivate pathogens within water intended for consumption 
(McGuigan et al. 2012). The inactivated pathogens, unlike in the case of filtration, 
are still consumed during drinking, and these antigens may interact with determi-
nants of human mucosal immunity. The review highlighted gaps in the current body 
of knowledge as it pertains to the ability of SODIS to promote cholera immunity, 
and Ssemakalu et al. (2014) suggested further study to clarify this.

3.2.6  �Governance and Policy

In response to cholera outbreaks, governments often launch a healthcare interven-
tion (or a suite of interventions). Makoutode et al. (2010) assessed the quality of an 
outbreak response following the 2008 cholera outbreak in Benin. The authors 
concluded that the national response plan for the mitigation of cholera outbreaks 
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worked well in Benin, as the case fatality rate was kept low during this recent 
outbreak. In recent times there has been a shift from a reactive response to a more 
proactive approach, with the ongoing burden of cholera in Africa prompting several 
initiatives aimed at the elimination and reduction of the disease (Muyembe et al. 
2013; Bompangue 2014; Haaser 2014; Hessel 2014). In the Democratic Republic of 
Congo (DRC), national policies and plans were drafted to combat cholera (Muyembe 
et al. 2013; Bompangue 2014). The government of the DRC committed to cholera 
elimination through the adoption of a new national policy built on improved alert, 
response, case management and prevention strategies (Muyembe et al. 2013). The 
authors used historical epidemiological data (2000–2011), along with extensive 
research (2005 onwards), to understand the spatial and temporal dynamics of 
cholera in the DRC. The study showed that cholera epidemics were focused in and 
around the areas of a small lake, being more prevalent in the dry season (Bompangue 
2014). It was recommended that these areas (especially in the dry season) be priori-
tized. Based on the findings, the DRC adopted a multisectoral plan to eliminate 
cholera as a public health threat by 2017. In conjunction with the national plan, a 
grouping of governmental, non-governmental and international organizations used 
a geographical information systems approach to study epidemiology, sanitation and 
hygiene to determine the location of cholera ‘hotspots’ (Haaser 2014). The study 
identified eight cholera ‘hotspots’ associated with cholera emergence in the Great 
Lakes Region of the DRC.

The importance of diverse preventative interventions (like clean water provision 
and improved sanitation) and a move from cholera response and treatment to one of 
proactive cholera prevention have been emphasized (Haaser 2014; Hessel 2014). 
Subsequently, the Global Alliance against Cholera (GAAC) was established in 
2010. The primary objective of the alliance is to advocate how a sustainable 
multisectoral approach (as shown in the DRC) can be applied to reduce and eliminate 
cholera in other parts of the world (Haaser 2014). The role of another international 
initiative ‘The Initiative against Diarrheal and Enteric diseases in Africa and Asia’ 
(IDEA) in fighting cholera was reported by Hessel (2014). This initiative is a net-
work of independent, multidisciplinary and multinational health professionals 
involved in enteric disease and cholera control and prevention. IDEA shares 
information and experiences for the improved control and prevention of cholera and 
other enteric diseases. It is believed that the interdisciplinary, inter-sectoral and 
cross-border approaches create an environment conducive to cross-fertilization of 
knowledge and practices, thereby aiding the design and formulation of novel cholera 
prevention strategies (Hessel 2014). Even with the existence of platforms like IDEA 
and GAAC cross-border cholera outbreaks remain a challenge. This was again 
highlighted in a recent study that investigated cholera cases on the Uganda-DRC 
and the Malawi-Mozambique borders (Bwire et al. 2016). The researchers found 
that outbreak control efforts primarily involved unilateral measures implemented by 
only one of the two affected countries. The authors call for guidelines and strategies 
that assign clear roles and responsibilities for cholera actors on both sides of the 
fence. This will benefit bordering countries in a mutualistic way and decrease the 
cholera burden of marginalized peri-border communities.
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3.3  �Vibrio Cholerae: The Causative Agent

3.3.1  �Monitoring and Detection

Efforts to manage and mitigate cholera outbreaks often start with bacteriological 
monitoring of aquatic ecosystems. This is done because proactive monitoring of 
V. cholerae can help to prevent dissemination of the etiological agent V. cholerae 
before the onset of epidemics (Faruque et al. 2006). In Africa, many studies focused 
on the clinical detection of cholera cases (this is evident from literature covered 
earlier in this chapter), while less effort has been given to the monitoring and sur-
veillance of the etiological agent, V. cholerae. Kaboré et al. (2018) mentioned that 
very little is known about the occurrence of these cholera-causing bacteria in African 
freshwater resources (Saidou et al. 2017).

In Africa, V. cholerae was occasionally isolated from environmental samples 
using only conventional methods like selective enrichment and cultivation of bacte-
ria (Yirenya-Tawiah et al. 2018). Many other studies used molecular methods like 
polymerase chain reaction (PCR) (sometimes in conjunction with culture-based 
methods) to detect V. cholerae (du Preez et al. 2010; Madoroba and Momba 2010; 
Keshav et al. 2010; Ntema et al. 2010; le Roux and van Blerk 2011; Teklehaimanot 
et al. 2015; Gdoura et al. 2016). Polymerase chain reaction was often utilized to 
detect and characterize V. cholerae, distinguish between O1, non-O1 and O139 
serogroup isolates, and determine the presence/absence of virulence factors (like 
cholera toxin) (Dalusi et al. 2015; Bwire et al. 2018a). In some studies, quantifica-
tion was carried out using a qPCR or Most Probable Number PCR approach 
(Machado and Bordalo 2016; Saidou et  al. 2017). A direct fluorescent antibody 
(DFA) method was also used in one published study, though the researchers reported 
poor specificity of the antibody (du Preez et al. 2010). Biochemical identification, 
which was commonly utilized a few years ago for microbiological confirmation of 
presumptive isolates, requires the use of pure cultures. This disadvantage, along 
with the widely known difficulties in isolating V. cholerae from environmental 
samples, may have led to this method being largely abandoned in recent times. This 
is evident by the lack of African V. cholerae monitoring studies that relied on 
biochemical confirmation in recent years. PCR-based detection was favoured 
instead, even though PCR has the disadvantage of not being able to distinguish 
between live or dead cells. Making use of a selective enrichment or a growth step 
before employing PCR can provide some information on viability. Diagnostic 
dipsticks are sometimes used for the detection of Vibrio cholerae O1 or O139 in 
clinical stool samples, but not for environmental monitoring due to their low sensi-
tivity. However, two recent studies evaluated the use of the Crystal VC dipstick 
(made in India) using a pre-enrichment step in alkaline peptone water (Ontweka 
et al. 2016; Bwire et al. 2017b). The low-cost method employs sterile gauze filtration 
to concentrate cholera bacteria, and the dipsticks performed very well when used in 
conjunction with an enrichment step (a specificity of >90% compared to PCR 
results was reported). The authors also provide a solution for DNA preservation 
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using filter paper, a cost-effective and straightforward method to allow long-term 
storage and transport of samples when delayed PCR analysis is required (Ontweka 
et al. 2016).

In Africa, Vibrio cholerae was often detected in water samples. However, detec-
tion rates vary considerably between studies. There are many possible reasons for the 
difference in detection rates. Foremost is the diverse range of water sources that were 
sampled. Some studies looked at stored drinking water, others focused on freshwater 
resources (like lakes and rivers), and some investigated treated wastewater effluents. 
Treated wastewater effluents in South Africa often harboured V. cholerae, with over 
90% of samples containing presumptive isolates (although PCR confirmation 
excluded about half of these) (Teklehaimanot et al. 2015). No cholera bacteria from 
the O1 and O139 serogroups were detected in this study. In Uganda’s Greater Lakes 
region, V. cholerae was detected in 10.8% of surface water samples; however, no 
enterotoxigenic strains were detected (genes coding for cholera toxin were absent) 
(Bwire et al. 2018a). Interestingly, the researchers found a limited number of atypical 
serogroup O139 isolates during their study. The first reports of V. cholerae O139 in 
African waters came from Mozambique in 2010 and also from Tanzania in 2015; this 
serogroup has very rarely been found on this continent (du Preez et al. 2010; Dalusi 
et al. 2015). The V. cholerae detection rate in Tanzanian coastal water (at 10%) was 
found to be very similar to that reported in the Uganda freshwater study, with the dif-
ference being that many of the Tanzanian strains harboured cholera toxin and could, 
therefore, be regarded as enterotoxigenic (Dalusi et al. 2015). In Burkina Faso, 35.8% 
of surface water reservoirs (lakes and dams) were found to contain V. cholerae, but 
O1 or O139 serogroup organisms were not detected, nor did any of the strains harbour 
the cholera toxin (Saidou et al. 2017). Drinking water samples that were obtained 
from household storage systems in Ghana’s Accra Metropolitan Area frequently con-
tained presumptive V. cholerae (83.8% detection rate) (Yirenya-Tawiah et al. 2018). 
A small percentage of the isolates (1.5%) were found to be of serogroup O1, which is 
essential because it is frequently implicated in cholera epidemics in Africa. Vibrio 
cholerae of the serotype O1 was also infrequently detected in environmental samples 
from two other studies by Keshav et al. (2010) in livestock faecal samples and du 
Preez et al. (2010) in marine/estuarine water samples from Beira, Mozambique. In 
South Africa and Guinea Bissau, the presence of enterotoxigenic strains was also 
noted to be much lower than the overall detection rate of V. cholerae in environmental 
water samples (le Roux and van Blerk 2011; Machado and Bordalo 2016). In 
Cameroon, a large number of environmental water samples (n = 1011) were tested for 
the presence of cholera bacteria (Debes et  al. 2016a). The researchers found that 
24.1% of the samples contained V. cholerae. However, no O1 or O139 serogroup 
bacteria were amongst those detected. The researchers stated that hospitals in the 
study area recorded significant disease caused by non-01 and non-O139 V. cholerae 
strains during the study period. This emphasizes the importance of environmental 
monitoring, even if enterotoxigenic O1 and O139 strains are not prevalent.

Though most of the environmental surveillance was carried out on water samples, 
one study also looked at faecal matter obtained from livestock in rural areas of 
South Africa. They found that 32.2% of all samples tested positive for the presence 
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of V. cholerae and that a small percentage of the V. cholerae isolates (approximately 
5%) belonged to the O1 serogroup (Keshav et al. 2010). Interestingly excreta from 
cows contained these bacteria far more often than that of donkeys, goats, pigeons, 
pigs or chicken and this may indicate that certain animals are disproportionally 
affected by V. cholerae. Elsewhere in Africa, cholera was also found to be a signifi-
cant disease in Zoo-kept birds (Emikpe et  al. 2016). In Egypt, 225 crustacean 
samples were analysed for the presence of pathogenic Vibrio species, and it was 
found that 0.9% of these samples contained V. cholerae (Ahmed et al. 2018). In 
Tanzania, Vibrio cholerae was often detected in wastewater, vegetables (irrigated 
with wastewater) and fish samples (from stabilization ponds), with detection rates 
of 36.7, 21.7 and 23.3%, respectively (Hounmanou et al. 2016).

In South Africa, riverbed sediments were analysed for the presence of V. chol-
erae virulence-associated genes (VAGs), and in this study, the haemolysin gene 
(hlyA) was regularly detected. The presence of V. cholerae VAGs in sediments 
suggests that riverbeds may act as reservoirs for these potentially pathogenic 
bacteria (Abia et al. 2017). In an earlier study, Abia et al. also showed that exposure 
to river water under conditions of riverbed sediment resuspension could be associ-
ated with an increased public health risk. Vibrio cholerae was the most detected 
pathogen in the sediments of this peri-urban river (Abia et al. 2016a).

Smith et al. (2012) highlighted how important reliable and trustworthy results are 
when it comes to the detection of environmental sources of epidemic diseases like 
cholera. They reported on a public health response that followed a pseudo-alert of 
Vibrio cholerae O1  in a river water sample (Smith et  al. 2012). A laboratory 
incorrectly reported the presence of V. cholerae O1 after they likely contaminated 
the sample with a V. cholerae O1 reference strain (Smith et al. 2012). False alarms 
like the example above can lead to the costly deployment of limited public health 
resources.

3.3.2  �Genotyping and Phylogenetics

A current focus area in cholera research is the evolution and global spread of V. chol-
erae strains, especially atypical strains, using genomic approaches. It has been 
shown that related Vibrio cholerae O1 strains often circulate between the African 
and Asian continents and these insights have broadened (and continue to expand) 
our understanding of waterborne disease epidemiology (Mutreja et al. 2011).

The current Seventh pandemic is caused by Vibrio cholerae O1 strains of biotype 
El Tor, with the genes encoding the cholera toxin (ctxAB) contained on the genome of 
a CTX prophage. However, El Tor biotype strains with classical biotype characteris-
tics (hybrid strains) and El Tor strains that harbour the classical type cholera toxin 
(altered strains) have been reported since the early 1990s (Nair et al. 2006). In this 
chapter, the two variant types will collectively be referred to as atypical strains. 
Reports on the occurrence of atypical strains in Africa suggest that these variants have 
become widespread on the continent (Choi et al. 2010a, b; Ceccarelli et al. 2011; 
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Ismail et al. 2011; Bhuiyan et al. 2012; Naha et al. 2013; Oyedeji et al. 2013; Saidi 
et al. 2014; Sambe-Ba et al. 2017). One of the earliest examples of the occurrence of 
atypical strains in Africa was the discovery of strain B-33 in Mozambique in 2004 by 
Faruque et al. (2007). They described an El Tor strain that carries the rstR gene of 
Classical biotype (rstRClass). The CTX prophage was integrated into the small chromo-
some of this strain’s genome, rather than being present on the large chromosome as is 
typical for the seventh pandemic Vibrio cholerae O1 El Tor isolates. Also, RS1 (a 
CTX phage-related element) seemed to be absent from the genome of the Mozambique 
strain (B-33). It was later shown by Choi et al. (2010b) that the strain carries a new 
type of the RS1 element on the large chromosome, along with a ctxB gene of classical 
origin. Based on the genome-wide similarity to that of other seventh-pandemic El Tor 
strains, it has been proposed that the atypical Mozambique strain evolved from a 
seventh pandemic progenitor (Faruque et al. 2007; Halder et al. 2010). An atypical El 
Tor strain was isolated during an outbreak in Angola in 2006, and interestingly this 
isolate carried ctxBClass on the large chromosome (Ceccarelli et al. 2011). Choi et al. 
(2010a) analysed several atypical Vibrio cholerae strains (isolated from various 
regions in Asia and Africa) using multilocus variable-number tandem repeat analyses 
(MLVA). They identified three MLVA profile groups amongst the atypical strains and 
conclude that the origin and diversification of these altered and hybrid strains require 
further study. Various authors reported that atypical Vibrio cholerae strains express 
cholera toxin at higher levels under in vitro conditions (Choi et al. 2010a; Ssemakalu 
et al. 2013; Naha et al. 2013); however, the link between up-regulated expression of 
cholera toxin and virulence needs to be investigated further.

The emergence of atypical Vibrio cholerae El Tor strains received much attention 
in recent African studies, with authors often using molecular techniques to compare 
novel variants to other endemic and historical strains. Pulsed field gel electrophore-
ses (PFGE) and Multiple-locus variable number tandem repeat analysis (MLVA) 
were the phylogenetic techniques most often used (Choi et al. 2010a; Reimer et al. 
2011; Bhuiyan et al. 2012; Mohamed et al. 2012; Ismail et al. 2012, 2013; Naha 
et al. 2013; Rebaudet et al. 2014; Saidi et al. 2014; Adewale et al. 2016). Using 
MLVA Choi et  al. (2010a) showed that atypical Vibrio cholerae strains (isolated 
from various regions in Africa and Asia) could be grouped into three different 
groups and that they were distant from the Seventh Pandemic El Tor strain. Using 
the same technique, Mohamed et al. (2012) showed that multiple genetic lineages of 
Vibrio cholerae were simultaneously infecting people in Kenya. Rebaudet et  al. 
(2014) demonstrated the inter-epidemic progressive genetic diversification of strains 
from a single genotype (from a single index case) in Guinea. Ribotyping and ran-
dom amplified polymorphic DNA (RAPD) was used in Somalia to compare out-
break strains isolated in the late 1990s, which confirmed that this group of strains 
had a clonal origin (Scrascia et  al. 2009). Researchers in Zambia and Zanzibar 
reported that atypical El Tor strains formed separate PFGE clusters when compared 
to the seventh pandemic El Tor isolates. It was also shown that the atypical Zambian 
strains were closely related to Bangladesh altered strains, and less so to Mozambique 
variants (Bhuiyan et al. 2012; Naha et al. 2013). In many countries, the atypical 
strains of that country or region grouped closely together, indicating a single clonal 
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lineage (Bhuiyan et al. 2012; Ismail et al. 2013; Naha et al. 2013; Saidi et al. 2014). 
In Nigeria V. cholerae isolates from outbreaks from 2007 to 2013 were analysed 
with PFGE and the results showed that O1 serogroup bacteria from clinical and 
water samples clustered together, but that some isolates grouped per region (Adewale 
et al. 2016). The simultaneous presence of two distinct ctxB alleles was also found, 
with Ogawa serotype strains displaying the Haitian type and Inaba serotype strains 
carrying the classical ctxB allele.

For a few years, publications that focused on atypical strains dominated literature 
space within the field of African V. cholerae phylogenetic research (though there 
were a limited number of exceptions during this review period). Recently the inter-
est has shifted back to phylogenetics with the aim of understanding transmission 
and dissemination of cholera bacteria, be it locally and/or globally. In Kenya, it was 
found that O1 Vibrio cholerae El Tor strains carrying an SXT/R391-like element did 
not significantly change over 13 years (Kiiru et al. 2009). Ghanian Vibrio cholerae 
strains isolated in two periods (1970-1980, 2006) were compared using multilocus 
sequence analysis (MLSA), gene comparisons, and PFGE by Thompson et  al. 
(2011). The MLSA results revealed two major clusters: El Tor and Amazonia/
Ghana, with the latter occurring only in the late 1970s and found to be closely 
related to South American strains (Thompson et al. 2011). PFGE was used to char-
acterize a subset of the 1970s samples, where the higher resolution of this method 
revealed genetic diversification within the strains from Ghana/Amazonia and El Tor 
clusters. Ismail et al. (2012) used PFGE data to described how an O1 isolate was 
imported to South Africa from India. In an attempt to identify the source of the Haiti 
outbreak strains, Reimer et al. (2011) used an assortment of techniques (including 
PFGE and Single Nucleotide Polymorphisms (SNPs)); however, the origins of the 
outbreak strain could not be traced. Nevertheless, data from another study using 
SNPs as high-resolution markers suggested that the Haitian strain may have had its 
origins in southern Asia (Mutreja et al. 2011). A comparative characterization, using 
PFGE amongst other methods, revealed a complex relationship between human iso-
lates from five sub-Saharan African countries (Smith et al. 2015). The isolates were 
collected between 2010 and 2013 and came from Guinea, DRC, Togo, Ivory Coast 
and Mozambique. In some instances, isolates clustered together by country, but 
other clusters were made up of isolates that were shared between countries—indi-
cating that the same genetic lineage was present in multiple nations. In an in-depth 
phylogenetic study that investigated Seventh Pandemic V. cholerae strains from 45 
African countries (over 49 years), it was found that most major epidemics were 
caused by a single expanded lineage (Weill et al. 2017). This lineage was introduced 
into Africa at least 11 times since 1970 and caused epidemics that lasted up to 
28 years. According to the authors, their results indicate that human-related factors 
are more important than climatic and environmental factors in the dynamics of chol-
era in Africa (Weill et al. 2017).

Many African countries lack the laboratory capabilities to preserve, store and 
transport samples from cholera-affected areas to off-site (often far off) analytical 
laboratories as would be required for phylogenetic studies. For this reason, Debes 
et al. (2016b) evaluated the use of filter paper for simplified sample preservation for 
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delayed molecular characterization. They tested the method on samples obtained 
from Cameroon and found that it provided a viable low-cost solution. Their MLVA 
results also show that outbreak strains from Cameroon in 2014 were closely related 
but could still be classified into two distinct clonal complexes. Another study 
reported on a potential solution for difficulties that are often experienced when try-
ing to type V. cholerae; the difficulties include low cell numbers in environmental 
water and poor isolation efficiency due to the viable-but-non-culturable (VBNC) 
state (Vezzulli et  al. 2017). The authors evaluated a whole-genome enrichment 
(WGE) approach for use with next-generation sequences. In short, the approach 
uses biotinylated RNA baits for the target enrichment of V. cholerae DNA by utiliz-
ing hybridization. The approach produced next-generation sequencing results from 
Tanzanian environmental samples that exhibited a 2500 times increase in sequenc-
ing coverage compared to theoretical calculations of coverage without the use of 
WGE (Vezzulli et al. 2017). The study provided a ‘proof of concept’ for this new 
approach that may aid future phylogenetic efforts.

Phylogenetic analysis based on whole-genome sequences (WGS) was used to 
study the lineages of Vibrio cholerae strains in two comprehensive studies: one 
with a focus on the global spread of seventh pandemic strains and the other inves-
tigating the geophylogeny of clinical and environmental strains in Kenya (Mutreja 
et al. 2011; Kiiru et al. 2013). To understand the evolution of the seventh pandemic 
lineage, Mutreja et al. (2011) identified SNPs in 154 whole-genome sequences of 
globally and temporally representative Vibrio cholerae isolates. Using this 
approach, they showed that the seventh pandemic spread from the Bay of Bengal 
(with a common ancestor in the 1950s) in a series of overlapping waves, and they 
also identified several trans-continental events. The concept of periodic radiation 
from a single source followed by local evolution, and in some cases, local extinc-
tion in non-endemic areas, was well supported by their results. The clonal expan-
sion of this lineage exhibited a strong temporal signature and the authors calculated 
a consistent SNP accumulation rate of 3.3 SNPs per year. The estimated rate of 
mutation was found to be 2.5 to 5 times slower than that estimated for the recent 
clonal expansion of some other bacterial pathogens (Harris et al. 2010; Croucher 
et al. 2011). Kiiru et al. (2013) conducted a phylogentic study on Kenyan V. chol-
erae isolates using an approach similar to that of Mutreja et al. (2011). They found 
that many Kenyan V. cholerae environmental isolates were distinct from the mono-
phyletic seventh pandemic lineage of V. cholerae O1 El Tor. However, several 
V. cholerae O1 isolates from environmental sources were closely related to the 
seventh pandemic strains, indicating that clinically significant strains co-exist with 
environmental strains in the environment. This presents the possibility of genetic 
recombination events between these distinct populations. It also shows that the 
level of environmental contamination by clinically relevant strains is significant 
and suggests that environmental reservoirs play an important role in outbreaks. 
They found that the genomes of the Kenyan Vibrio cholerae O1 El Tor isolates are 
clonally related to other seventh pandemic El Tor strains elsewhere in the world, 
even though these isolates could be assigned into two sub-clades. Interestingly, the 
authors of these two articles did not make mention of atypical/alternative/hybrid 
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Vibrio cholerae strains, a phenomenon that some believe may signal the beginning 
of the eighth pandemic (Mutreja et al. 2011; Kiiru et al. 2013). In Tanzania, cholera 
strains that have been causing outbreaks since 1974 were not adequately studied, 
but that changed when Kachwamba et  al. (2017) investigated 96 isolates from 
recent outbreaks in the country using a combination of MLVA and whole-genome 
sequence analysis. They found that Tanzanian V. cholerae strains often cluster 
together when from the same outbreak, but that distinct strains also circulated 
simultaneously. A study done in Cameroon, also using WGS, investigated strains 
from the 2010/2011 outbreak and found these strains to be clonal, and they also 
clustered distantly from other African strains (Kaas et al. 2016). The authors sug-
gest that V. cholerae is endemic to the Lake Chad basin in Cameroon and that the 
local strains are different from other African strains. The findings from the 
Cameroon study agree well with a study that analysed isolates from the Democratic 
Republic of Congo (DRC), Zambia, Guinea and Togo (Moore et al. 2015). In this 
multi-country study that looked at the African Great Lakes and West Africa regions 
(the foci of cholera in Africa), MLVA was used to infer phylogenetic relationships 
of 337 isolates. They found that isolates from the Great Lakes Region clustered 
closely together and that West African isolates formed another distinct and separate 
cluster. At a country-level scale, their analysis showed that some clusters persisted 
in their specific countries for several years, causing expansive epidemics from time 
to time (Moore et al. 2015). Similar findings emerged from Uganda where MLVA 
and WGS analysis of 2014 to 2016 outbreak isolates showed local and regional 
transmission of outbreak strains (Bwire et  al. 2018b). The result suggests that 
region-specific mechanisms of cholera emergence play a significant role in the 
African cholera paradigm. Another factor in cholera emergence is the role that 
global interconnectivity (travel) and the spread of seventh pandemic strains play in 
driving cholera outbreaks and epidemics. Two different phylogenetic studies in 
Mozambique studied outbreak isolates spanning a decade or more (1997–2014 and 
2002–2012), and both studies found that pandemic strains heavily influenced the 
local cholera scene (Langa et al. 2015; Garrine et al. 2017). It is interesting that 
Garrine et al. found that a dominant clonal lineage persisted in Mozambique for at 
least 8 years, suggesting that this strain had an environmental or human population 
reservoir for the duration of its presence (Garrine et al. 2017).

According to Mutreja et al. (2011), the Classical and El Tor clades did not origi-
nate from a recent common ancestor but instead were likely independent derivatives 
with distinct phylogenetic histories. Though reference was made to different ctxB 
sequences in both articles, it was not immediately evident how their results relate to 
the current discussion on variant V. cholerae strains that carry classical CTX 
prophages. Elsewhere (in Angola) Valia et al. (2013) studied Vibrio cholerae O1 
epidemic variants, isolated between 1992 and 2006. They investigated mobile 
genetic elements (MGE), Integrative Conjugative Elements (ICEs), VSP-II regions 
and genomic islands (GIs) and compared the profiles between Angola strains, as 
well as to reference strains from elsewhere. Their results identified variability 
within the 1990s epidemic strains, showing different rearrangements in a dynamic 
part of the genome not present in the prototypical V. cholerae O1 N16961. The 2006 
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strains also differed from the current pandemic V. cholerae O1 strain. The research 
emphasized the role of horizontal gene transfer (HGT) in the diversification of 
epidemic V. cholerae strains.

3.3.3  �Cholera and the Environment

Rising temperatures along with changes in rainfall patterns (as a result of climate 
change) may have potentially severe consequences for human health, with an 
increased risk of diarrhoeal diseases being widely anticipated (Paz 2009; Trærup 
et al. 2011). Recently, several researchers studied the role that environmental factors 
(temperature and rainfall) play in cholera outbreaks. In some cases, the aim was to 
prepare for climate change scenarios, whereas others reported on attempts to predict 
regional cholera outbreaks in the short term, or better understand environmental 
drivers of African cholera outbreaks.

Using historical data, Paz (2009) studied the association between cholera rates 
and the annual variability of air temperature and sea surface temperature (SST) in 
South-Eastern Africa between 1971 and 2006. It was shown that the annual mean air 
temperature and SST (at the local scale as well as at hemispheric scales) had a sig-
nificant impact on cholera incidence during the study period. Similarly, results from 
a study by Trærup et al. (2011) showed a significant relationship between tempera-
ture and the incidence of cholera in Tanzania. They calculated that with a 1  °C 
temperature increase, the initial relative risk of cholera increased by 15 to 29% and 
that by 2030, the total cost of cholera (based on a one- to two-degree increase in 
temperature) could be in the range of 0.32–1.4% of GDP (Trærup et al. 2011).

In Zanzibar, data from cholera surveillance reports (1997–2006) was correlated 
with temperature and rainfall statistics (Reyburn et al. 2011b). They found that a 
one-degree Celsius rise in temperature at 4  months lag resulted in a twofold 
increase of cholera cases. An increase of 200  mm in rainfall at 2  months lag 
resulted in a 1.6-fold increase of cholera cases. The interaction between tempera-
ture and rainfall also bore a significant positive association with cholera (p < 0.04), 
with a 1-month lag (Reyburn et  al. 2011b). Using data from three cholera out-
breaks in Zambia (2003–2006) Luque Fernandez et al. (2012) found that tempera-
ture and rainfall increases before the start of the rainy season could predict elevated 
cholera cases (within 3 weeks). In Nigeria, temperature and rainfall (along with 
poverty, and population density) were positively correlated with increased cholera 
cases and deaths (Leckebusch and Abdussalam 2015). Hydroclimatic conditions 
(related to anomalies of temperature and precipitation) were found to have helped 
trigger and drive a 2008 cholera outbreak in Zimbabwe (Jutla et al. 2015). These 
and other findings strengthen the notion that cholera incidence is influenced by 
factors that are directly or indirectly linked to climatic events (like deteriorating 
sanitation, elevated temperatures and heavy rainfall) (Dangbé et al. 2018). Abia 
et al. (2016b) showed that V. cholerae is well adapted to survival in riverbed sedi-
ments at higher temperatures (more so than Escherichia coli). Increases in African 
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water and sediment temperatures that are due to climate change may, therefore, 
drive the geographical expansion of environmental V. cholerae reservoirs.

In Senegal, de Magny et al. (2012) compared rainfall patterns between 2002 and 
2005, the relationship between the Sea Surface Temperature (SST) gradient in the 
tropical Atlantic Ocean, and precipitation over Senegal for 2005. A specific pattern 
of rainfall was seen throughout the Dakar region during August of 2005, and the 
associated rainfall anomaly coincided with an intensifying of the cholera epidemic. 
It was suggested that high-resolution rainfall forecasts at sub-seasonal time scales 
could support efforts towards cholera early warning systems. Studying the correla-
tion of large-scale weather patterns with cholera data in several central African 
countries, Nkoko et al. (2011) found that cholera cases significantly increased dur-
ing abnormally warm El Nino events, but declined or remained stable between these 
events. Some other factors, such as the role that location, plankton levels and fishing 
activities play, were investigated and the researchers stated that links between chol-
era outbreaks, climate and lake environments require additional multidisci-
plinary study.

Interestingly a positive association between water-hyacinth coverage in Lake 
Victoria and cholera cases reported in Nyanza Province (Kenya) was observed by 
Feikin et  al. (2010). The results suggested that water-hyacinths associated with 
freshwater lakes might contribute to initiating cholera outbreaks and causing spo-
radic disease in East Africa. Another life form that is present in freshwater lakes, 
midges (also called lake flies), have larval life stages that support the proliferation 
of V. cholerae. All Chironomus transvaalensis larvae and exuviae samples that were 
collected and examined from Lake Manzala (Egypt) during a recent study contained 
V. cholerae bacteria, though none of the isolates belonged to the epidemic sero-
groups (O1 and O139) (Lotfi et  al. 2016). In a study that considered the spatial 
distribution of cholera cases in Harare (Zimbabwe), it was found that for every 100 
meters of increase in elevation, the cholera risk decreased by 30% (Luque Fernandez 
et al. 2012). It may be that elevation is a good indicator of the distance between 
contaminated surface water flows and susceptible individuals.

Another environmental factor that could potentially be impacting on Vibrio 
cholerae pathogenicity is sunlight. Early reports showed that sunlight, and the 
accompanying ultraviolet radiation, may increase cholera toxin secretion and 
induce the propagation of the ctx phage (Faruque et  al. 2000; Quinones et  al. 
2006a, b). However, the research was conducted with V. cholerae in nutrient-rich 
environments, and at short exposure periods. Ssemakalu et  al. (2013) investi-
gated the impact of solar irradiation on cholera toxin secretion in water (a nutri-
ent-poor environment) over an extended period. The research was carried out to 
determine if the SODIS method (solar disinfection) would increase cholera toxin 
secretion in SODIS-treated waters. They found that exposure to sunlight over 
7 h, and also over 31 h, damaged the genes coding for cholera toxin, and more 
importantly that sunlight did not increase the expression of cholera toxin under 
SODIS conditions (Ssemakalu et al. 2013). However, it remains unclear to what 
extent sunlight may influence V. cholerae virulence at sublethal doses as encoun-
tered in aquatic environments.
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It is undeniable that environmental factors play a role in cholera outbreaks and 
influence the start and progression of epidemics. However, the Indian/Asian cholera 
paradigm (wherein the epidemiology of this prototypical waterborne disease is 
considered to be driven mostly by climate-induced variations in coastal cholera 
reservoirs) cannot fully explain cholera in Africa (Rebaudet et  al. 2013a). In a 
systematic review of factors that drive cholera in coastal Africa, Rebaudet et  al. 
(2013a) showed that coastal epidemics constitute a minor part of the African cholera 
burden and that there is little evidence to demonstrate a perennial coastal reservoir 
of toxigenic V. cholerae around the African continent. From 2009 to 2011, three-
quarters of all cholera cases in Africa occurred in inland regions (Rebaudet et al. 
2013b). Instead of climate events influencing a coastal reservoir, the authors argue 
that climate events (like rainfall) may exacerbate poor sanitation practices and 
lacking infrastructure problems, thereby creating urban environments that favour 
the spread of cholera. Additionally, human activities like fishing or travelling (which 
are periodical) provide further variability in cholera outbreaks (Khonje et al. 2012; 
Rebaudet et al. 2013b). With this in mind, the authors question the applicability of 
the coastal cholera paradigm in an African context. Inland lakes and rivers act as 
reservoirs for Vibrio cholerae, but the role these systems play in cholera epidemiol-
ogy remains unclear, and further studies are urgently required to understand these 
complex dynamics (Rebaudet et al. 2013b).

A worldwide map of suitability for coastal Vibrio cholerae survival and prolif-
eration (under current and future climate conditions) was developed by Escobar 
et  al. (2015). They found that increases in pH, sea surface temperature and 
chlorophyll a all helped to create favourable coastal environments for cholera bac-
teria and that some previously unaffected areas may in future become cholera-har-
bouring coastlines (Escobar et al. 2015). As such, the African coast-line may become 
more prominent in driving cholera outbreaks under future climate conditions. A 
systematic review of the impact of climate change on morbidity and mortality in 
sub-Saharan Africa found that there was moderate evidence to suggest that the 
cholera burden will increase as temperatures in Africa rise (Amegah et al. 2016). 
From a study carried out by Moore et al. (2017), it is clear that climate has a signifi-
cant bearing on cholera incidence in Africa. The researchers provided strong 
evidence for a shift in the geographical distribution of cholera occurrence through-
out Africa in El Niño years, with the cholera burden shifting away from West Africa, 
Southern Africa and Madagascar to East Africa in those years (Moore et al. 2017).

3.3.4  �Antibiotic Resistance

During the last decade, many reports were published on aspects relating to the 
antibiotic resistance of Vibrio cholerae strains in Africa, showing that the topic is 
still current on the African research agenda (Pugliese et al. 2009; Scrascia et al. 
2009; Islam et al. 2009, 2011; Lamrani Alaoui et al. 2010; Abera et al. 2010; Quilici 
et  al. 2010; Ismail et  al. 2011; Kacou-N’douba et  al. 2012; Marin et  al. 2013; 
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Akoachere et al. 2013a; Saidi et al. 2014; Smith et al. 2015; Miwanda et al. 2015; 
Adewale et al. 2016; Eibach et al. 2016; Dengo-Baloi et al. 2017; Sambe-Ba et al. 
2017). The susceptibility patterns of V. cholerae strains from many African 
countries were investigated during this period (Fig. 3.3). General statements about 
the susceptibility of African Vibrio cholerae strains to a specific antibiotic or drug 
class needs to be made with caution, as this is heavily strain-dependent, and may 
change rapidly over time. Still, the susceptibility of Vibrio cholerae to Ciprofloxacin 
and Doxycycline was often reported in Africa, with resistance to Ampicillin, 
Co-trimoxazole, Streptomycin, Sulfamethoxazole and Trimethoprim being 
common. However, reduced susceptibility for fluoroquinolones (including 
Ciprofloxacin) has been reported in some strains, showing that resistance to even 
the most effective antibiotics is starting to emerge (Eibach et al. 2016). Susceptibility 
to Chloramphenicol, Naladixic Acid and Tetracycline varied widely between stud-
ies, and a few other drugs (Amoxicillin, Azithromycin, Ceftriaxone, Erythromycin, 
Furazolidone, Imipenem) were only included in a limited number of studies.

Fig. 3.3  Countries included in peer-reviewed publications on antibiotic resistance/susceptibility 
profiles for Vibrio cholerae (2009–2018)
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A few studies also investigated possible mechanisms by which strains acquire 
resistance genes (Pugliese et al. 2009; Scrascia et al. 2009; Ismail et al. 2011; Marin 
et al. 2013). It was shown by Pugliese et al. (2009) that the SXT-related integrating 
conjugative element (ICE) and IncC plasmids played an essential role in shaping 
antibiotic resistance profiles in Eastern Africa during the late 1990s. They also stud-
ied the frequency of resistance transfer (from different donors to a receptor Vibrio 
cholerae strain) and found the frequency under laboratory conditions to be between 
1.5 × 10−2 and 1.5 × 10−6. The presence of the SXT-element and IncC plasmid con-
veyed resistance was also reported by other authors from Nigeria, South Africa, 
Senegal and Somalia (Scrascia et al. 2009; Ismail et al. 2011; Marin et al. 2013; 
Sambe-Ba et al. 2017). While not looking at the specific mechanisms of antibiotic 
resistance acquisition, Eibach et al. (2016) reported a shift towards more resistant 
outbreak strains in Ghana from 2011 to 2014. The same concerning trend was seen 
in the Democratic Republic of Congo (DRC) where a large number of strains’ anti-
biotic susceptibility profiles were investigated; these strains were isolated over 
16 years (1997–2012). Moreover, the clonal complex responsible for the 2011/2012 
outbreak was only susceptible to a single antimicrobial drug (being resistant to all 
other antibiotics that were investigated in this study) (Miwanda et al. 2015). Based 
on their findings, the researchers advise that rapidly emerging multidrug resistance 
in Vibrio cholerae should be monitored more closely.

3.3.5  �Water Quality, Sanitation and Hygiene

Insufficient safe water and sanitation coverage are touted by some as the primary 
driver of persistent cholera in Africa (Mengel 2014). In a study that estimated the 
effects of improved drinking water and sanitation on cholera, Leidner and Adusumilli 
(2013) found a statistically significant and negative association between drinking 
water services and cholera case incidence and severity. They also noted a relatively 
weak statistical relationship between cholera outbreaks and sanitation services. The 
study was conducted using data from Africa and Asia (1990–2008) (Leidner and 
Adusumilli 2013). In another study that looked at the impact of sanitation on chol-
era outbreaks, Sasaki et  al. (2009) investigated the association between drainage 
networks and cholera cases in Lusaka, Zambia. They found that insufficient drain-
age networks were statistically associated with cholera incidence and concluded 
that infrastructure development would help to prevent cholera outbreaks in the 
long term.

In Douala, Cameroon, the water quality of shallow wells was linked to well 
characteristics and hygiene behaviour (Akoachere et al. 2013b). The wells were a 
major source of drinking water in this cholera-endemic area. Inadequacies in the 
location and construction of wells, as well as subpar hygiene and sanitation prac-
tices, were found to be responsible for the poor well water quality observed during 
the study (Akoachere et al. 2013b). In Freetown, Sierra Leone, the consumption of 
unsafe water, street-vended water and crabs was found to be a significant risk factor 
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for cholera (Nguyen et  al. 2014). As in other studies, the authors called for the 
implementation of effective household-level water treatment interventions and 
highlighted the need for water quality and hygiene education (Masauni et al. 2010; 
Cavallaro et al. 2011; Akoachere et al. 2013b; Nguyen et al. 2014). Two studies that 
investigated different outbreaks in Uganda identified faecally contaminated drink-
ing water as the source, or driver, of the specific outbreaks (Kwesiga et al. 2017; 
Oguttu et al. 2017). In another study that was done in the Democratic Republic of 
the Congo (DRC), a clear association was observed between reduced availability of 
tap water and a higher incidence of suspected cholera cases (Jeandron et al. 2015). 
Together, these findings emphasize the importance of clean water provision in 
cholera-affected areas.

Crustaceans, as a risk factor in Vibrio infections, were also investigated in Cote 
d’Ivoire (Traore et  al. 2012). Vibrio spp. were isolated from 7.8% of crustacean 
samples studied; the samples were bought from seven markets (six in Abidjan and 
one in Dabou). Roughly one-quarter of the Vibrios were found to be Vibrio chol-
erae—albeit none carried the genes for cholera toxin (ctxA and ctxB). However, the 
possibility that crustaceans may carry epidemic V. cholerae strains cannot be ruled 
out (Traore et al. 2012). The widespread practice of boiling crustaceans before con-
sumption reduces the risk of infection, but as shown by Scheelbeek et al. (2009), 
some steps performed during food preparation may re-contaminate the food source, 
or the preparer’s hands. The authors investigated fish preparation in Monrovia, 
Liberia. They detected Vibrio cholerae in the excreta of fish caught in estuarine 
waters and observed fish preparation steps in 30 households. The results of the study 
showed that even though frying and boiling were used to prepare the fish (effec-
tively killing the bacteria), contaminated water was often used during fish prepara-
tion. Hygiene practices, like hand washing, were also often found to be inadequate 
(Scheelbeek et al. 2009). The authors believe that fish to hand (and then on to oral) 
transmission could be responsible for cholera infections.

3.4  �Concluding Remarks

Scientific discoveries help society to understand and respond to health challenges 
like cholera. However, it is imperative that research efforts are directed and focused 
on addressing the most relevant questions. This is especially true if the studies 
focus on complex systems like that presented by cholera in Africa, where the 
multifaceted nature requires in-depth exploration. During the 10-year review 
period (2009–2018), a large number of journal papers were published on research 
pertaining to cholera and Vibrio cholerae in Africa. The majority of the reviewed 
publications had an epidemiology theme, with aspects relating to the field of 
phylogenetics, and those covering oral cholera vaccine (OCV) considerations also 
eliciting a substantial amount of research. Some other research themes were also 
addressed in this chapter, with host- and environmental-related aspects, antimicro-
bial resistance, monitoring, detection and diagnosis covered (amongst others).  
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In this review, recent literature, spanning a decade of African cholera-related 
research, was investigated in an attempt to identify research trends, reflect on recent 
scientific successes and identify possible research gaps.

Epidemiology, evident by the number of publications related to this field, was 
shown to be a critical research area. Reports on cholera outbreaks and epidemics 
were published from many African countries, and often the case data was used to 
identify the origins and drivers of the disease in a specific area. The value of surveil-
lance should not be underestimated, as it will allow countries to implement targeted 
interventions that will reduce cholera morbidity and mortality in Africa (Mintz and 
Tauxe 2013). The public health and economic benefits gained from proactive, 
targeted interventions far outweigh their costs. In our opinion, studies employing an 
epidemiological approach will remain crucial in the fight against cholera, without 
which the source, transmission, risk and impact of cholera could not be investigated. 
These studies help to focus attention on cholera ravaged areas and help to create a 
sympathetic political will. For instance, the recent cholera outbreak in Zimbabwe 
led to excellent publications that highlight the plight of disease-stricken communi-
ties, calling for humanitarian and political aid (Bateman 2009; Chambers 2009).

Holmgren (2012) made a case for the control of cholera in Africa using vaccina-
tion. He cites recent successes in the use of vaccines in combatting endemic and 
epidemic cholera outbreaks, and how these have helped to change the attitude of 
authorities towards OCVs. He concludes that ‘it is becoming increasingly uncon-
scionable not to include oral cholera vaccine in the public health response to this 
disease’ (Holmgren 2012). There are technical and logistical reasons preventing the 
widespread use of oral cholera vaccination, but it is the opinion of von Seidlein et al. 
(2013) that the most significant barrier has been the lack of a loud political voice of 
the underprivileged populations affected by cholera. Another potential hurdle for 
OCV utilization is community acceptance. Fortunately, most studies report a high 
level of anticipated community acceptance. However, a study in Zanzibar indicated 
that the actual OCV uptake during a vaccination campaign was lower than expected 
(Schaetti et  al. 2012a). Sociocultural determinants impact on vaccine acceptance 
and uptake and further research in this area may help to clarify and solve potential 
uptake-associated challenges elsewhere. During the last decade, vaccination has 
become a viable intervention or prevention strategy, and it was often cited for its 
ability to decrease morbidity, mortality, and the economic losses experienced during 
cholera outbreaks. Two recent developments accelerated OCV usage in Africa. 
Firstly, the creation of the Global Oral Cholera Vaccine Emergency Stockpile (in 
2013) helped to increase vaccine availability. Secondly, many researchers provided 
evidence for the effectiveness of a single-dose OCV application (instead of the rec-
ommended two-dose regiment), a modification that allows for better coverage or 
decreased costs during vaccination campaigns. Sadly, a global shortage of oral chol-
era vaccines still hampers widespread use of this effective option.

Oral rehydration therapy (ORT) remains the treatment option of choice during 
cholera epidemics, but antibiotics have, when necessary, been used to reduce the 
duration of disease, lessen organism shedding and treat severe cases. Even though 
the specific use of antibiotics during cholera epidemics has been limited, the 
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emergence of multidrug resistant V. cholerae strains has been reported from many 
African countries. The surveillance of antibiotic susceptibility patterns in V. chol-
erae strains continues to be necessary to ensure that antibiotics remain an effec-
tive treatment option.

Host-related aspects of cholera were an important research area over the last 
decade in Africa. The research focussed on the role that humans play in driving or 
causing cholera outbreaks, and the impacts that cholera outbreaks have on commu-
nities and individuals. Human movement and large gatherings of people were often 
associated with increased cholera risks, as was poor hygiene, food handling practices 
and living in polluted areas. How people respond to (or take preventative action 
against) cholera outbreaks depended on their level of awareness or their perceptions 
regarding the disease. Perceptions were often found to be heavily influenced by 
sociocultural beliefs. In general, those communities that were better educated and 
more aware of cholera risks were more resilient (than non-informed settlements) 
during outbreaks. Informed communities often identified water and sanitation as 
important drivers of outbreaks, and residents were more likely to visit healthcare 
facilities during an outbreak. Collectively, the findings highlight the need for studies 
with a sociocultural focus, as the views of individuals and communities impact on 
the success of vaccination, education, treatment and prevention strategies.

Accurate and sensitive methods for the diagnosis of cholera are critical in the 
fight against this re-emerging disease. In the African context, such a diagnostic test 
needs to be rapid, easy-to-do and cost-effective; something that many of the conven-
tional methods are not. African reports on the use of rapid dipsticks, like Crystal 
VC, in conjunction with a pre-enrichment step have been encouraging and may be 
more widely utilized in future.

Studies on co-infections in Africa (with cholera) showed that the risk for cholera 
increased when an individual was also sick with malaria or HIV/AIDS (Mushayabasa 
and Bhunu 2012; Okosun and Makinde 2014). However, the wider role that 
co-infections in Africa play in host susceptibility and lowering of the cholera infec-
tious dose remains unclear, and further research in this area may provide valuable 
insights.

The importance of an integrated approach towards cholera prevention and 
mitigation has been recognized by governments and institutions in Africa, and 
several reports were published on initiatives aimed at the elimination and reduction 
of the disease. Foremost amongst these initiatives are the Global Alliance against 
Cholera (GAAC) and the Initiative against Diarrheal and Enteric diseases in Africa 
and Asia (IDEA) (Haaser 2014; Hessel 2014). It is believed that an interdisciplinary, 
inter-sectoral and cross-border approach will provide momentum for the fight 
against cholera in Africa.

Aquatic reservoirs can contribute to cholera persistence in endemic areas; there-
fore, efforts to manage and mitigate cholera outbreaks should include environmental 
monitoring exercises. In this review, an increased interest in V. cholerae monitoring 
was observed over the latter part of the last decade, with many studies investigating 
different types of environmental samples. Water was the sample type most often 
tested, and results from various studies suggest that V. cholerae environmental strains 
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(lacking cholera toxin genes) are common and widespread in African surface waters. 
Cholera bacteria that belong to the O1 serogroup (which is associated with cholera in 
Africa) and those strains that can produce cholera toxin (CT) were infrequently 
detected but were still present in surface waters sporadically. Two separate studies 
also report on the presence of O139 serogroup bacteria in African waters. This was an 
important finding given that serogroup O139 has not been known to cause African 
outbreaks and has only been detected in Asian territories. Vibrio cholerae was also 
found in some other sample types that include wastewater, excreta from livestock, and 
aquatic organisms like lake fly larvae, fish and crustaceans. The numbers and viru-
lence of pathogenic V. cholerae contained within environmental reservoirs may be 
influenced by climatic events, and considerable research efforts were directed towards 
studying the impact of short- and long-term weather changes on cholera outbreaks. 
Increases in air temperature, sea surface temperature and rainfall were often cited to 
trigger cholera outbreaks, and in many studies, the research was aimed at developing 
cholera early warning systems. However, additional factors and drivers may need to 
be considered as cholera outbreak predictions still lack sufficient accuracy. Climate 
change scenarios predict an increase in future temperatures and researchers estimated 
that this could lead to a significant rise in cholera cases. Collectively, the research 
alludes to the role that aquatic reservoirs play in the African cholera landscape, and it 
is evident that V. cholerae residing in marine, lake and river environments responds to 
climatic stimuli. Nonetheless, the precise contribution and mechanism of these reser-
voirs to the cholera burden in Africa remains unclear. What has become clear though 
is that the cholera paradigm, in which the epidemiology of this waterborne disease is 
mainly driven by climate-induced variations in coastal cholera reservoirs, is not 
entirely applicable to Africa (as it is for the Asian Sub-continent) (Rebaudet et al. 
2013b). Rebaudet et al. provided a convincing argument for cholera epidemiology 
driven mostly by inland factors (Rebaudet et al. 2013a, b). They hypothesize that the 
overriding drivers of cholera in Africa are climate events in association with human 
behavioural factors, local living conditions and (possibly) inland lakes and rivers.

The exact drivers of cholera outbreaks and the real source of the outbreak strains 
have been a divisive issue amongst researchers over the last two decades with two 
different theories proposed. One view is that V. cholerae is an autochthonous inhabit-
ant of coastal and freshwater systems, and therefore climate events (for instance heavy 
rainfalls) may trigger bacterial proliferation in the aquatic reservoirs, thereby leading 
to outbreaks in nearby communities. This theory was promoted by Colwell et al. 1994 
and has gained much support over the years (Colwell and Huq 1994). In this chapter, 
many publications are covered that provide substantial evidence for the role of envi-
ronmental reservoirs in cholera outbreaks. Another view is that African cholera out-
breaks are primarily driven by imported V. cholerae strains and that the seventh 
pandemic cholera was caused by a single expanded clonal lineage that was imported 
from Asia into Africa via a series of waves since 1970 (Mutreja et al. 2011; Weill et al. 
2017). The latter theory downplays the role that environmental reservoirs have in the 
cholera paradigm, and highlights travel-associated dissemination by human hosts 
instead. The differing views were mostly advocated in a mutually exclusive way, 
meaning that only one theory could explain the cause of cholera outbreaks. However, 
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it is our opinion that both of these processes contribute significantly to cholera out-
breaks in Africa. Unfortunately, African researchers had to operate within a research 
domain that was fractured along two lines globally, that while it is clear that cholera 
bacteria leverage both ‘disease-causing’ and ‘environmental survival’ mechanisms to 
thrive. We think that the division created by the two opposing theories has stunted 
cholera research progress in Africa and beyond. Rather than disproving an opposing 
theory, researchers should accept the role that both factors play in the holistic process 
and aim to understand the relationship between these two modes of survival.

The field of genotyping and phylogenetics is often not accessible to a broad audi-
ence, given its inherent complexity. However, findings from this research area provide 
valuable insight into the characteristics, origins, evolution and the clonal relationship 
of V. cholerae strains. The information enhances our ability to understand the global 
spread and the impact of short- and long-term evolution on pathogenic V. cholerae 
strains. Strain to strain variation often accounts for differences in (amongst other) 
virulence and host immunity (Ssemakalu et al. 2013, 2014), and knowledge herein 
can help to design effective intervention strategies. Mutreja et al. (2011) underlined 
the value of phylogenetics in the fight against cholera when they showed how cholera 
spread globally using a series of overlapping waves in recent history. Our understand-
ing of this model was further expanded by a thorough study done by Weill et  al. 
(2017), where large African outbreaks were attributed to V. cholerae strains imported 
from Asia throughout the last four decades. Continued research efforts will maintain 
and expand our current understanding of the Asia-Africa cholera interaction, and in 
future, we may even discover Asian V. cholerae strains with an African origin.

Despite considerable progress, cholera in Africa is still characterized by many 
unknowns. It is foreseen that concerted efforts in cholera prevention and mitigation 
will, in the long-term, free Africa from the cholera burden. These successes will 
take time, and focused research efforts will play an important role in overcoming 
the persistent cholera threat. Foremost, in our opinion, is the need to investigate and 
understand the interplay between cholera host-related and cholera environmental 
drivers. Also, the need for a rapid, cost-effective and accurate cholera diagnostic 
methods remains. This is a much-required tool that will ensure a swift outbreak 
response in a resource-limited continent such as Africa.
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Chapter 4
Reservoirs of Cryptosporidium and Giardia 
in Africa

Lisa M. Schaefer, W. J. le Roux, and Akebe Luther King Abia

4.1  �Introduction

Cryptosporidium and Giardia are the most commonly identified waterborne proto-
zoan pathogens. Although they are responsible for waterborne outbreaks globally 
(Baldursson and Karanis 2011), the highest burden of disease from Cryptosporidium 
and Giardia is in developing countries, including those in Africa (Feng and Xiao 
2011; Bouzid et al. 2018). These pathogens may be transmitted by contaminated 
drinking water, recreational water, and treated and untreated wastewater (Ongerth 
and Karanis 2018). Other transmission routes include contaminated food, usually 
from infected food handlers or food irrigated with contaminated water (Carmena 
2010). In Africa, Cryptosporidium and Giardia infections are prevalent among com-
munities that lack access to clean potable water supplies. Over 300 million people 
in sub-Saharan Africa are without access to safe drinking water (WHO 2015). 
Surface waters, often polluted due to uncontrolled sewage discharge, poorly man-
aged wastewater treatment plants (Dungeni and Momba 2010), and inadequate 
waste disposal facilities from settlements located close to rivers (Uneke and Uneke 
2007), thus form alternative, if not the only water source available within many 
countries on the continent. The sub-Saharan African population lacking access to 
sanitation has increased since 1990, influenced by rapid population growth and slow 
progress in attaining sanitation targets (WHO 2015). Unsafe water supplies and 
inadequate sanitation and hygiene conditions increase the transmission of diarrheal 
diseases such as Cryptosporidium and Giardia. In addition to the challenges that 
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Africa faces regarding unsafe water supplies, the prevalence of HIV and malnutrition 
also predisposes communities to the diarrheal diseases caused by these parasites.

4.2  �Cryptosporidiosis and Giardiasis: Clinical Features, 
Transmission, and Diagnosis

Cryptosporidiosis is a diarrheal illness characterized by short-term diarrhea that 
resolves spontaneously in immunocompetent individuals or persists as a life-
threatening illness in the immunocompromised (Current and Garcia 1991). Giardiasis 
is characterized by acute or chronic diarrhea, with a severity that varies between 
individuals. Giardia infections tend to be self-limiting in immunocompetent indi-
viduals (Cotton et al. 2011). Chronic Giardia infections in children are associated 
with malnutrition, stunting, and reduced cognitive function (Berkman et al. 2002). 
Some hosts infected with Giardia or Cryptosporidium may remain asymptomatic 
(Hunter and Thompson 2005; Cotton et al. 2011). Transmission of Cryptosporidium 
or Giardia typically occurs following ingestion of the infectious oocysts or cysts 
through contaminated food or water or directly through the fecal-oral route. 
Cryptosporidium hominis is transmitted only between humans, but the zoonotic 
transmission of Cryptosporidium parvum occurs by direct contact with infected cat-
tle or indirect transmission through drinking water (Hunter and Thompson 2005). It 
is also suggested that Cryptosporidium may be transmitted via respiratory secretions 
(Sponseller et  al. 2014). Giardia duodenalis (synonymous with G. lamblia and 
G. intestinalis) of assemblages A and B is the only species known to infect humans, 
and these infections do not appear to occur by zoonotic transmission (Hunter and 
Thompson 2005; Xiao and Fayer 2008), although a number of genetic variants within 
assemblages A and B of G. duodenalis in animal species have been shown to have 
zoonotic potentials (Ryan and Cacciò 2013). Giardia has also been reported to have 
the potential to be sexually transmitted (Escobedo et al. 2018).

Diagnosis of Cryptosporidium and Giardia is usually by examining stool sam-
ples microscopically, which requires technical competence. In sub-Saharan Africa, 
microbiological methods for clinical investigation of diarrheal diseases are usually 
restricted to identifying conventional enteric bacteria such as Escherichia coli, 
Salmonella, and Shigella. Isolates are often not fully characterized due to a lack of 
resources and expertise (Opintan et al. 2010).

4.3  �Cryptosporidiosis and Giardiasis: Disease Burden

The protozoan parasites Cryptosporidium and Giardia are significant causes of 
diarrheal disease (Chalmers and Davies 2010; Feng and Xiao 2011), with 
Cryptosporidium being the most frequently isolated protozoan pathogen globally 
(WHO 2009). Cryptosporidium and Giardia infections are widespread in adult and 
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immunocompetent populations in Africa, due to the unhygienic and improper 
disposal of wastewater and the use of polluted surface waters as a primary source of 
potable water (Putignani and Menichella 2010).

It is estimated that 2.9 million diarrheal episodes caused by Cryptosporidium 
occur annually in children aged <24 months in sub-Saharan Africa (Sow et al. 2016). 
The Global Enteric Multicenter Study (GEMS) has shown that during the first 5 years 
of life, Cryptosporidium is the second leading contributor to moderate-to-severe diar-
rheal disease in sub-Saharan Africa, with the first being rotavirus (Kotloff et al. 2013). 
Infection with this pathogen is responsible for the excessive mortality in children 
aged 12–23 months (Kotloff et  al. 2013). Cryptosporidiosis is often reported as a 
cause of life-threatening illness in individuals with HIV/AIDS and is associated with 
diarrhea and malnutrition in young children in sub-Saharan Africa. Cryptosporidium 
is also a significant pathogen regardless of HIV prevalence (Mølbak et  al. 1993; 
Kotloff et al. 2013). The disease burden in both developed and developing nations 
may be largely underestimated due to the number of self-limiting and asymptomatic 
infections. The lack of efficient diagnosis of the causative agents of diarrhea, as well 
as the use of microscopy for routine clinical diagnosis (with low specificity and 
sensitivity), may also contribute to an underestimation of Cryptosporidium infection 
(Bouzid et al. 2018).

Giardia duodenalis infections occur worldwide (Feng and Xiao 2011), but 
Giardia is notably prevalent in areas with poor sanitary conditions and limited water 
treatment facilities. Although the GEMS reported that Giardia was not significantly 
positively associated with moderate-to-severe diarrhea in sub-Saharan Africa in 
children under 5 (Kotloff et  al. 2013), high infection rates of Giardia have been 
reported in developing countries including those in Africa (Feng and Xiao 2011). 
Giardia duodenalis, the species infecting only humans, is estimated to cause 
2.8 × 108 cases of intestinal disease per annum worldwide (Lane and Lloyd 2002). 
In the developing world, Giardia has been found in stool samples of approximately 
15% of children aged 0–1 year (McCormick 2014). A systematic review and meta-
analysis of endemic pediatric giardiasis revealed that responses to Giardia lamblia 
infections differed between industrialized populations and developing populations 
(Muhsen and Levine 2012). In industrialized countries, G. lamblia can cause both 
acute and persistent diarrhea in adults and children. Giardia does not generally 
cause acute pediatric diarrhea among infants and children in developing countries 
but is associated with persistent diarrhea. This may be due to the age of initial expo-
sure and the frequency of re-exposure to Giardia infections that may offer protec-
tion against symptomatic disease (Muhsen and Levine 2012).

The WHO included Cryptosporidium and Giardia in the Neglected Disease 
Initiative in 2004. The initiative includes diseases that are a global burden, have a 
common link with poverty, and impair development and socioeconomic improve-
ments (Savioli et al. 2006). Effective control measures for Cryptosporidium are des-
perately needed in sub-Saharan Africa due to pervasive conditions of poor sanitation 
and hygiene, the limited availability of antiretrovirals, and the high prevalence of 
cryptosporidiosis in children (independent of HIV infection) (Mor and Tzipori 2008). 
The urgent need for effective intervention on the African continent was also empha-

4  Reservoirs of Cryptosporidium and Giardia in Africa



118

sized by Aldeyarbi et al. (2016) when reviewing the epidemiology and transmission 
dynamics of Cryptosporidium in Africa. Giardia is considered to have a significant 
public health impact due to its high prevalence and propensity to cause major out-
breaks as well as the effects it causes on growth and cognitive functions in infected 
children (Feng and Xiao 2011).

4.4  �Occurrences and Prevalence of Cryptosporidium 
and Giardia in Africa

Cryptosporidium and Giardia are prevalent in domestic and wild animals (Table 4.1), 
the environment and food crops (Table 4.2), and in humans in Africa, with molecu-
lar typing indicating anthroponotic (human to human) and zoonotic or potentially 
zoonotic potentials for Giardia (animal to human) transmission cycles (Squire and 
Ryan 2017).

4.5  �Epidemiology

Despite the high prevalence of these protozoan parasites in developing countries, 
relatively little is known about the epidemiology of cryptosporidiosis and giardia-
sis in Africa (Aldeyarbi et al. 2016; Squire and Ryan 2017). Epidemiological data 
regarding these parasites mostly originate from outbreak investigations (Savioli 
et al. 2006). A review of global waterborne protozoan parasite outbreaks docu-
mented for the period between 2004 and 2010 showed that while 46.7% of the 
outbreaks occurred in Australia, 30.6% in North America, 16.5% in Europe, and 
3.5% from Asia, no outbreaks were reported in Africa (Baldursson and Karanis 
2011). This is unlikely as the highest prevalence of protozoan parasite infections 
is suggested to occur in developing counties, and more outbreaks would be 
expected. The higher rate of reported waterborne protozoan parasitic outbreaks in 
developed nations was ascribed to better technological capabilities and the estab-
lishment of surveillance systems (Baldursson and Karanis 2011). This highlights 
that the lack of capabilities and data reporting play a significant role in influencing 
the apparent global distribution pattern of diseases due to these protozoa, and in 
particular, that from the African continent.

Young children are especially vulnerable to infection from Cryptosporidium, 
independent of their HIV status and cryptosporidiosis peaks in children in 
sub-Saharan Africa aged 6–12 months and becomes less clinically significant with 
age (Mor and Tzipori 2008). Breastfeeding may give some protection by providing 
antibodies or preventing exposure to contaminated water (Mor and Tzipori 2008). A 
lower prevalence of Giardia infections was found in breastfed children aged 
7–12 months (Tellevik et al. 2015), compared to those that had been weaned.
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Table 4.1  Some environmental reservoirs of Cryptosporidium and Giardia in Africa

Country
Environmental 
sources/reservoirs Method of detection References

Cameroon Lake water, 
wastewater, rivers

Ziehl–Neelsen method and Lugol iodine 
coloration

Ajeagah et al. 
(2007), Gideon 
et al. (2007)

Côte
d’Ivoire

Urban wastewater 
and lagoon water

Sodium acetate formalin (SAF) technique Yapo et al. 
(2014)

Egypt Swimming pool, 
leafy vegetables

Microscopy using Lugol’s iodine and 
modified Ziehl–Neelsen

Abd El-Salam 
(2012), Eraky 
et al. (2014)

Ethiopia Drinking water 
sources

U.S. EPA method 1623 Atnafu et al. 
(2012)

Ethiopia Fruits and 
vegetables

Sedimentation concentration Tefera et al. 
(2014)

Ghana Sachet water Not mentioned (outsourced) Ndur et al. 
(2015)

Kenya River and surface 
water

Filtration and immunomagnetic bead 
separation (IMS)-immunoantibody 
staining method, calcium carbonate 
flocculation (CCF) and sucrose floatation 
method, polymerase chain reaction 
coupled with the restriction fragment 
length polymorphism (PCR-RFLP);

Kato et al. 
(2003), Muchiri 
et al. (2009)

Morocco Coriander, carrots, 
radish, mint, 
potatoes, irrigation 
water

Not described Amahmid et al. 
(1999)

Nigeria Surface waters Filtration, backwashing, concentration 
and modified Ziehl–Neelsen staining 
technique

Uneke and 
Uneke (2007)

Tanzania Surface waters Microscopy using Lugol’s iodine and 
modified Ziehl–Neelsen

Kusiluka et al. 
(2005),

Tunisia Raw and treated 
wastewater; sludge

Microscopy, PCR, sequencing Khouja et al. 
(2010), Ben 
Ayed et al. 
(2012)

South 
Africa

Harvested rainwater, 
treated wastewater 
effluent, irrigation 
water, vegetables

PCR, modified Ziehl–Neelsen acid-fast 
technique

Dungeni and 
Momba (2010), 
Duhain (2012), 
Dobrowsky et al. 
(2014)

Uganda Natural and 
communal piped tap 
water

Ziehl–Neelsen stain and Giardia cysts by 
zinc sulfate floatation technique, PCR, 
sequencing

Sente et al. 
(2016)

Zimbabwe Surface waters, 
wells, springs, taps

Zinc sulfate floatation technique, 
microscopy

Dalu et al. 
(2011), 
Mtapuri-
Zinyowera et al. 
(2014)
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In the African context, the most critical epidemiological scenarios that drive and 
exacerbate infections from Cryptosporidium and Giardia include access to safe 
water, the prevalence of HIV infections, and malnutrition. These scenarios are 
discussed in the following section.

4.5.1  �Waterborne Cryptosporidiosis and Giardiasis

Cryptosporidium and Giardia may be transmitted to humans through the consump-
tion of water contaminated with the infectious oocysts of Cryptosporidium or the 
cysts of Giardia. The presence of these parasites in water sources is caused by 
human and animal fecal contamination. Cryptosporidium and Giardia are ubiqui-
tous in aquatic environments, and both pathogens have been isolated from rivers, 

Table 4.2  Some animal reservoirs of Cryptosporidium and Giardia in Africa

Country
Animal sources/
reservoirs Method of detection References

Algeria Lamb, goat, 
cattle, chicken, 
Turkey, horse, 
donkey

Nested-PCR, PCR-RFLP, 
sequencing, modified Ziehl–
Neelsen acid-fast technique, 
ELISA

Smith and Nichols (2010), 
Baroudi et al. (2013, 2017, 
2018), Laatamna et al. 
(2013, 2015), Abbas et al. 
(2015), Ouakli et al. (2018)

Cameroon Domestic Guinea 
pig

Sedimentation test, ELISA Meutchieye et al. (2017)

Central 
African 
republic

Gorillas Nested-PCR, PCR-RFLP, 
sequencing

Sak et al. (2013)

Egypt Calves, ruminant 
animals, dairy 
cattle

Nested-PCR, Ziehl–Neelsen 
method, copro-antigen 
RIDA®QUICK test, and real-time 
PCR

Amer et al. (2013), Helmy 
et al. (2014), Ghoneim 
et al. (2017)

Ghana Calves Modified Ziehl–Neelsen (MZN) 
staining technique

Mensah et al. (2018)

Ethiopia Dairy cattle Modified Ziehl–Neelsen (MZN) 
microscopy, nested PCR, 
PCR-RFLP, sequencing

Wegayehu et al. (2016); 
Manyazewal et al. (2018)

South 
Africa

Calves Ziehl–Neelsen (MZN) staining 
technique, PCR, sequencing

Samra et al. (2016)

Sudan Calves Modified Ziehl–Neelsen (MZN) 
microscopy, nested PCR, 
PCR-RFLP, sequencing

Taha et al. (2017)

Tanzania Baboons, 
chimpanzees, 
goats, cattle

PCR-RFLP, sequencing Kusiluka et al. (2005), 
Parsons et al. (2015)

Zambia Pigs Merifluor® 
Cryptosporidium/Giardia 
immunofluorescence assay

Siwila and Mwape (2012)
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lakes, treated drinking water, recreational waters, and groundwater, as indicated in 
Table 4.1 (Carmena 2010). Contamination of municipal drinking water systems and 
recreational waters serve as significant routes of exposure in the developed world 
(Karanis et al. 2007). In the developing communities of sub-Saharan Africa, inade-
quate water treatment, poor hygiene practices, and drinking untreated or poorly 
treated water predisposes communities to protozoan infections (Sente et al. 2016). 
The problem is exacerbated during the rainy season when human and animal fecal 
matter is washed into water bodies used by communities for domestic purposes 
(Sente et al. 2016). In Africa, water sources are shared by humans, domesticated 
animals, and wild animals, which may shed oocysts into the water, increasing the 
risk of surface water contamination with Cryptosporidium (Aldeyarbi et al. 2016). 
While the zoonotic potential of Giardia has been established, more research is 
required to confirm zoonotic transmission (Ryan and Cacciò 2013).

Cryptosporidium and Giardia possess numerous characteristics that facilitate 
their waterborne transmission. The oocysts and cysts are environmentally robust, 
which allows them to survive for long periods and persist in the aquatic environ-
ment. Cryptosporidium oocysts can survive for 6  months and Giardia cysts can 
survive for 2–3 months in surface waters (Smith et al. 2006). Zoonotic transmission 
of Cryptosporidium increases the likelihood of environmental contamination and 
waterborne transmission (Karanis et  al. 2007). Humans are also significant con-
tributors to the contamination of surface waters, and infected persons can shed up to 
1 × 1010 oocysts during symptomatic Cryptosporidium infections and 1.44 × 109 
cysts per day by humans infected with Giardia (Karanis et al. 2007). Both parasites 
have low infectious doses with as low as nine oocysts for C. parvum (Okhuysen 
et  al. 1999) and a median infectious dose of 25–100 Giardia cysts (Smith et  al. 
2006). The small size of the oocysts (4–6 μm) and cysts (8–12 × 7–10 μm length x 
width) also enables penetration of the physical barriers of water treatment (Karanis 
et al. 2007). The (oo)cysts of Cryptosporidium and Giardia are resistant to many 
water treatment disinfectants. Cryptosporidium spp. are extremely chlorine-tolerant 
(Betancourt and Rose 2004), and in conventionally treated drinking water, 
Cryptosporidium is considered to be more of a public health threat due to the oocysts 
being more resistant to chemical disinfection (Smith et al. 2006).

4.5.2  �Cryptosporidiosis and Giardiasis 
in Immunocompromised Groups (HIV/AIDS)

Cryptosporidium is associated with self-limiting diarrhea in immunocompetent 
individuals, or the infection may be asymptomatic. The infection in immunocom-
promised individuals with HIV/AIDS may cause severe and fatal diarrhea (O’Connor 
et al. 2011). Cryptosporidium is an opportunistic pathogen in the immunocompro-
mised (Assefa et  al. 2009), and is responsible for morbidity and mortality of 
individuals with HIV/AIDS in developing countries (O’Connor et al. 2011). Studies 
in Ugandan and Tanzanian children indicated that Cryptosporidium infection was 
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found more often in HIV-positive children than those who were HIV-negative 
(Tumwine et al. 2005; Tellevik et  al. 2015). Cryptosporidium infections are also 
significantly higher among HIV-positive adults, especially in those with lower CD4 
T-cell counts (Assefa et al. 2009). Reports have shown that immunocompromised 
individuals with HIV/AIDS are more likely to be infected with Giardia (Sanyaolu 
et al. 2011; Boaitey et al. 2012; Adamu et al. 2013), but Giardia is not considered to 
be an opportunistic pathogen in the immunocompromised (Stark et al. 2009).

Regarding HIV prevalence, in 2017, the African region was the worst affected 
region worldwide, with an HIV prevalence in adults aged 15–49 of 4.1% compared 
to the global prevalence of 0.8% (WHO 2018). The HIV epidemic thus serves as a 
significant contributor to the occurrence of cryptosporidiosis and giardiasis in Africa 
(Squire and Ryan 2017). In 2017, just 59% of adults (>15 years old) and 52% of 
children (0–14 years old) with HIV could access antiretroviral therapy (UNAIDS 
2018). Chronic diarrhea may be reduced significantly in HIV-positive individuals 
receiving antiretroviral therapy (Elfstrand and Florén 2010; Adamu et al. 2013). The 
absence of antiretroviral treatment, together with the lack of effective treatment 
specific for cryptosporidiosis in immunocompromised individuals, also intensifies 
this disease in vulnerable populations (O’Connor et al. 2011).

4.5.3  �Cryptosporidiosis and Giardiasis in Malnourished Young 
Children

The United Nations International Children’s Emergency Fund (UNICEF) list infec-
tious diseases such as diarrhea as a critical determinant of stunting. In 2011 one in 
three children in Africa under the age of five were stunted, hampering cognitive 
development and hindering learning ability later in life (UNICEF 2013). As caus-
ative agents of diarrhea, Cryptosporidium and Giardia adversely affect growth and 
nutritional status, especially during early childhood.

There is a significantly higher prevalence of cryptosporidiosis among malnour-
ished children (Hunter and Nichols 2002; Mor and Tzipori 2008; Bouzid et  al. 
2017). These children are more at risk of death and prolonged illness (Hunter and 
Nichols 2002). Sub-Saharan Africa has the highest prevalence of undernourishment 
globally with over 220 million hungry people in 2014–2016. Africa as a whole, and 
specifically sub-Saharan Africa, has failed to reach the millennium development 
goal of reducing hunger by half by 2015. The undernourished population even 
increased by 44 million between 1990–1992 and 2014–2016 (FAO 2015). The 
relationship between malnutrition and cryptosporidiosis is complicated, and studies 
are conflicting (Hunter and Nichols 2002; Bouzid et al. 2017). Malnutrition may be 
a risk factor for Cryptosporidium infection due to impaired cell-mediated immunity. 
It is also possible that Cryptosporidium infection impairs nutrient absorption, caus-
ing weight loss and growth stunting (Mor and Tzipori 2008).
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There is an increased prevalence of Giardia in children with chronic diarrhea and 
malnutrition (Gendrel et al. 2003; Botero-Garcés et al. 2009). Giardia is associated 
with malnutrition and stunting (weight to height) in early childhood and has been 
linked to reduced cognitive function at a later age (Berkman et al. 2002; Simsek et al. 
2004; Koruk et al. 2010). This may be due to a loss of intestinal surface area, and 
reduced absorption or digestion of nutrients caused by giardiasis (Halliez and Buret 
2013). In addition to growth retardation, Giardia is associated with malabsorption of 
micronutrients, iron deficiency and anemia (Ertan et al. 2002; Simsek et al. 2004) as 
well as zinc deficiencies in school children (Ertan et al. 2002; Quihui et al. 2010).

4.6  �Environmental Monitoring and Detection

Methods for the isolation and identification of Cryptosporidium and Giardia have 
been reviewed (Adeyemo et al. 2018; Ahmed and Karanis 2018). Monitoring for 
Cryptosporidium and Giardia has been used for risk assessment purposes, examin-
ing water treatment efficacy, and waterborne outbreak investigations (Betancourt 
and Rose 2004). Monitoring is valuable due to the recalcitrant nature of the proto-
zoan (oo)cysts and because the usual indicators for water quality are not necessarily 
indicative of water safety for protozoa (Rose et  al. 2002; Betancourt and Rose 
2004). In the USA and the UK, national occurrence monitoring programs for 
Cryptosporidium oocysts in water have been undertaken (Rose et al. 2002). In South 
Africa, Cryptosporidium and Giardia monitoring in drinking water supply systems 
is not widespread, and only a few studies have mainly focused on the final treated 
water (Sigudu et al. 2014).

The detection of these protozoa in water is complicated by the fact that oocyst and 
cyst concentrations in water are characteristically low concerning the limit of detec-
tion (Ongerth and Karanis 2018). The recovery efficiencies vary widely, and as a 
result the analysis of water samples should be at a minimum every month using suf-
ficient sample volumes (Ongerth and Karanis 2018). Analysis of waterborne oocysts/
cysts involves concentration, purification, and detection. The USEPA has validated 
and approved Method 1623 (ISO15553) for the simultaneous detection of waterborne 
Cryptosporidium and Giardia (USEPA 2012). This method involves filtration, 
immunomagnetic separation of the cysts and oocysts, and an immunofluorescence 
assay for the determination of protozoan concentrations. Confirmation is obtained 
through staining using DAPI (4,6-diamidino-phenylindole) and differential 
interference contrast microscopy (USEPA 2012). Due to improved recoveries of 
cysts and oocysts with the USEEPA method 1623, 10  L sample volumes have 
generally been used for water monitoring; however, Ongerth and Karanis (2018) are 
of the opinion that using 10 L sample volumes may have resulted in a misleading 
impression that Cryptosporidium and Giardia are widespread, but intermittent in 
surface water. Analysis of samples using sufficient sample volumes of 50  L has 
shown that Cryptosporidium and Giardia are practically universal in surface water 
(Ongerth and Karanis 2018).
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The detection of Cryptosporidium and Giardia in the environment is influenced 
by the type of water sampled, and recoveries tend to be lower in more turbid samples. 
Turbidity due to the presence of inorganic and organic debris could influence the 
concentration, separation, and examination of samples for the detection of 
Cryptosporidium oocysts and Giardia cysts. Chemicals added to finished waters 
during treatment, as well as naturally occurring debris, may also cause interference. 
False negatives may occur due to losses of (oo)cysts during concentration, purifica-
tion, and detection (Grundlingh and de Wet 2004). When samples are examined by 
fluorescence microscopy for the detection of (oo)cysts, interference may occur due 
to organisms/debris that autofluoresce or algae and yeast cells that demonstrate non-
specific fluorescence, resulting in false positives (Grundlingh and de Wet 2004). 
This approved conventional approach is time-consuming and requires a skilled 
technician in fluorescence microscopy. This method is also unable to distinguish 
different species of Cryptosporidium and species of Giardia.

Molecular assays like the polymerase chain reaction (PCR) can differentiate 
Cryptosporidium and Giardia spp. that are infective to humans from those that are 
not infective. PCR has also been shown to increase detection sensitivity by 103–104 
fold compared to immunofluorescence microscopy (Lowery et  al. 2000). Many 
PCR-based detection methods have been described, highlighting the need for an 
optimized standardized method for the detection of Cryptosporidium and Giardia 
(Guillot and Loret 2010). Some of the methods described include using PCR-RFLP 
to detect and discriminate the human pathogenic species C. parvum and C. hominis 
in water samples (Xiao et al. 2004; Ochiai et al. 2005) and G. duodenalis from other 
Giardia species in wastewater samples (Sulaiman et al. 2004). A multiplex PCR 
assay for the simultaneous detection of Cryptosporidium and Giardia has been 
demonstrated (Rochelle et  al. 1997), while a real-time multiplex PCR assay for 
simultaneous detection and quantification of G. lamblia and C. parvum in environ-
mental water samples and sewage has been developed (Guy et  al. 2003). An 
immune-capture-based method for the detection of C. parvum and G. intestinalis in 
natural surface waters has been reported (Rimhanen-Finne et  al. 2002). The 
detection of Cryptosporidium and Giardia with molecular-based techniques is also 
influenced by the method used for extracting DNA from cysts and oocysts. The 
presence of PCR-inhibitory substances in water samples and sewage may be detri-
mental to PCR assays (Stinear et al. 1996; Guy et al. 2003).

Both conventional and molecular detection methods require specialized 
equipment and technical skills for analysis, and these methods may also not be 
affordable for developing countries in Africa. The cost of the transport of large 
sample volumes to laboratories for analysis is also a constraint for water monitor-
ing. In Africa, the accessibility of laboratory testing and the quality of available 
services is problematic. A survey of online registers in 2009 of leading accreditation 
providers showed that only 340 laboratories in sub-Saharan Africa were accredited. 
The majority of the accredited laboratories were in South Africa, with 8.2% of the 
laboratories in sub-Saharan Africa. Of the accredited laboratories in South Africa, 
fewer than 10% were public sector laboratories (Gershy-Damet et al. 2010). This 
can be attributed to a lack of trained laboratory experts, weak quality management 
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systems, and the high cost of participation in international accreditation schemes 
(Gershy-Damet et al. 2010). In January 2019, only three laboratories were listed on 
the South African National Accreditation System (SANAS) as being capable of test-
ing for Cryptosporidium and Giardia in potable and environmental waters (SANAS 
2019). As environmental monitoring for waterborne protozoan pathogens is impera-
tive for disease prevention, standardized and cost-effective methods for reliable 
detection and quantification of Cryptosporidium and Giardia, from a range of water 
environments is required. Although the detection methods mentioned above have 
been employed in some of these African countries (Table 4.1), many other countries 
cannot afford the cost of the instruments. Also, molecular detection is usually out-
sourced to developed countries. When these are available, they are mostly used for 
research purposes, making it challenging to apply molecular detection of 
Cryptosporidium and Giardia in the environmental setting. These shortcomings 
could lead to the underestimation of reservoirs for these pathogens with a conse-
quent underestimation of the potentially associated disease burden.

4.7  �Recent Advances in Cryptosporidium and Giardia 
Detection and Characterization

The world of microbiology has been revolutionized by the development of sophisti-
cated tools and techniques such as next-generation sequencing, whole-genome 
sequencing, and digital PCR.  These new approaches have allowed for a deeper 
understanding of microbial communities, genetic make-up, and enumeration at 
previously unimaginably minute scales. Although highly used for bacteria, these 
techniques have now widely found their way into the identification and character-
ization of protozoa such as Cryptosporidium and Giardia.

The popularity of qPCR increased in the last decades due to its ability to directly 
quantify microbial species, including Cryptosporidium and Giardia. However, this 
technique is limited by the need to construct a standard curve before enumeration, a 
shortcoming that has been eliminated with the more advanced digital droplet PCR 
(Gutiérrez-Aguirre et al. 2015). This novel technology, fuelled by recent advances 
in microfluidics, helps in the absolute quantification of nucleic acid in samples with-
out the need for large sample volumes and calibration (Quan et al. 2018; Pomari 
et al. 2019). Despite the remarkable success of this technique, it has been demon-
strated to be twice as expensive (consumables and labor) than qPCR for the identi-
fication and quantification of Cryptosporidium and Giardia (Yang et al. 2014). This 
would, therefore, be a significant challenge for the application of the technique in 
most African settings, where financial resources are highly limited.

Although microscopy is the most widely used technique for the identification of 
Cryptosporidium and Giardia, with immunofluorescence remaining the gold 
standard (Wang et al. 2018), this technique cannot differentiate between strains of 
the organisms as well as fully characterize specific strains involved in outbreaks, 
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for example. This has been overcome using whole-genome sequencing (WGS). 
Several authors have used WGS to elucidate the complete genome of 
Cryptosporidium and Giardia from different sample types (Guo et al. 2015a, b; 
Hadfield et al. 2015; Xiao and Feng 2017; Gilchrist et al. 2018). One of the biggest 
challenges with WGS is the need to isolate enough DNA of extremely high quality 
(Guo et al. 2015b). This can be a significant challenge when dealing with environ-
mental sample since these parasites are usually sparsely distributed in the environ-
ment. Also, WGS has not been widely applied to microbial species in Africa, 
probably due to its cost. Such instrumentation is only present in some countries 
such as South Africa. Moreover, many studies using this technique have done so in 
collaboration with other countries in Europe and America, where the instruments 
and the technical knowhow are readily available.

4.8  �The Impact of Climate Change and Seasonality

The threat of waterborne diseases may be increased by climate change, which will 
impair water availability, accessibility, and affect demand (Aldeyarbi et al. 2016). 
Africa has been identified among the most vulnerable regions to climate change as 
it experiences more climate-sensitive economies than other continents (Bain et al. 
2013). It is anticipated that the world’s fresh water supply is likely to be affected due 
to increasingly variable rainfall patterns (Bain et al. 2013). The microbial load of 
Cryptosporidium and Giardia in surface water and drinking water reservoirs has 
been shown to increase after heavy rainfall due to runoff (Kistemann et al. 2002). 
Temperature and precipitation are significant predictors of the incidence of crypto-
sporidiosis, particularly in the tropical climates (Jagai et al. 2009). Many studies 
have shown a correlation between infection with Cryptosporidium and the rainy 
season in sub-Saharan Africa (Mahin and Peletz 2009). No association between 
site-specific mean temperature or rainfall was found for Giardia incidence in a 
multi-site birth-cohort study (Rogawski et al. 2017). A study on the prevalence of 
Cryptosporidium and Giardia in KwaZulu-Natal in South Africa failed to show a 
correlation with climatic factors such as rainfall, season, or year. This could indicate 
that hygiene, potable water supply, sanitation, and education may be more significant 
for Cryptosporidium and Giardia prevalence in developing countries (Jarmey-Swan 
et al. 2001). As studies on parasitic seasonality are often contradictory, it is clear 
that the incidence of Cryptosporidium and Giardia associated with environmental 
factors such as humidity, temperature, seasonal variation, and other geographic 
factors requires further investigation (Guillot and Loret 2010).
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4.9  �Treatment of Cryptosporidiosis and Giardiasis in Africa

As cryptosporidiosis is self-limiting in immunocompetent patients, but not in immu-
nocompromised individuals, treatment would aim to reduce the duration of diarrhea, 
prevent complications, eliminate the organism from the host, and reduce mortality 
(Abubakar et  al. 2007). Only one drug, nitazoxanide, is available for use against 
Cryptosporidium, and this drug is not recommended for infants under 1 year of age. 
Nitazoxanide has been found to reduce the load of parasites and may be useful in 
immunocompetent individuals (Abubakar et al. 2007). The drug is not effective for 
cryptosporidiosis in immunocompromised individuals with HIV (Amadi et al. 2009; 
Abubakar et al. 2007). The number of people in Africa infected with HIV in 2017 
was more than 25.7 million (WHO 2017). Nitazoxanide is, therefore, ineffective 
against the most critical target population in Africa (Squire and Ryan 2017). The 
only option for most immunocompromised individuals is the use of fluid and elec-
trolyte replacement (Abubakar et al. 2007). There is, therefore, an urgent need for 
high-quality, new effective drugs for the treatment of cryptosporidiosis, especially in 
immunocompromised persons (Abubakar et  al. 2007; Miyamoto and Eckmann 
2015). It is of interest that in HIV-positive patients infected by Cryptosporidium, 
highly active antiretroviral therapy with the inclusion of protease inhibitors appeared 
to control chronic diarrhea by partially restoring immune functions (Carr et al. 1998; 
Miao et al. 2000). Eradication of Cryptosporidium was only observed after 6 months 
of treatment (Miao et al. 2000). HIV protease inhibitors may also act as anti-para-
sitic drugs (Mele et al. 2003; Hommer et al. 2003). The drugs indinavir, saquinavir, 
and ritonavir have been reported to have anti-Cryptosporidium effects in vitro and 
in vivo. Indinavir has been shown to directly interfere with the cycle of C. parvum, 
resulting in a reduction in oocyst shedding and the number of intracellular parasites 
(Mele et al. 2003). There is a need to identify potential drug targets throughout the 
parasite’s life cycle to ensure adequate drug design (Miyamoto and Eckmann 2015).

The most commonly utilized drugs for the treatment of giardiasis are the nitro-
imidazole class of agents, including metronidazole (Gardner and Hill 2001). 
Resistance to these drugs has been reported (Ansell et  al. 2015). Several other 
classes of drugs that have good efficacy for the treatment of giardiasis exist, but the 
dosing regimens are not optimal, and emerging resistance to these drugs is problem-
atic (Miyamoto and Eckmann 2015). The drugs may have adverse effects or be 
contraindicated in certain situations (Gardner and Hill 2001). Improvements in 
potency and dosing as well as preventing new forms of drug resistance are priorities 
for drug development for Giardia infections (Miyamoto and Eckmann 2015).

A challenge for new drug development for both parasitic infections is that 
cryptosporidiosis and giardiasis are considered neglected diseases with low funding 
priority and limited commercial interest (Miyamoto and Eckmann 2015). Despite 
there being a large target population in Africa, the treatment of Cryptosporidium 
and Giardia has a small market and pharmaceutical companies are often cautious 
about investing in developing new therapeutics for developing countries (Squire and 
Ryan 2017).
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There are no vaccines currently available for Cryptosporidium and Giardia. 
Effective vaccines targeting protozoa have been challenging to develop due to the 
complexity of these microorganisms. Reduced clinical effects to Cryptosporidium 
may occur after primary infection due to acquired immunity when exposure occurs 
regularly. In developing countries where primary exposure to cryptosporidiosis 
occurs at a young age, a therapy given at disease onset to help overcome the primary 
infection may be more practical and cost-effective (Mor and Tzipori 2008).

4.10  �Conclusions and Current and Future Challenges

The establishment of surveillance systems in developing nations would be a first 
step in controlling parasitic protozoan infections and improving the health of 
populations (Efstratiou et al. 2017). It is suggested that international collaboration 
against waterborne protozoan pathogens be initiated and a standardized reporting 
system be developed (Efstratiou et al. 2017). Seasonal patterns and distributions of 
Cryptosporidium and Giardia species in Africa need to be evaluated (Guillot and 
Loret 2010; Aldeyarbi et al. 2016). This is particularly relevant given that adverse 
climatic events driven by climate change occur more frequently globally, which 
may result in large waterborne infectious disease outbreaks (Efstratiou et al. 2017). 
Active surveillance systems require reliable and affordable diagnostic tools for the 
detection of protozoan parasites (Efstratiou et al. 2017). Improved clinical diagnos-
tic methods for Cryptosporidium and Giardia would be especially beneficial in 
asymptomatic patients (Opintan et  al. 2010; Halliez and Buret 2013). Molecular 
characterization of Cryptosporidium and Giardia should also be a priority as 
molecular techniques can provide a genetic characterization of the parasites isolated 
from water, which may assist in determining the source of contamination (Thompson 
2004; Efstratiou et al. 2017).

New drug development is needed for children with diarrhea and malnutrition in 
developing countries as the present drugs for Cryptosporidium are mostly ineffective 
due to a host-parasite interface that is poorly understood (Mor and Tzipori 2008). As 
no effective therapy is available in the immunocompromised, Cryptosporidium will 
continue to serve as a prominent threat to HIV-positive individuals in developing 
countries that lack resources where antiretroviral therapy is not available or afford-
able (O’Connor et al. 2011). Even though cryptosporidiosis is a serious cause of 
global diarrhea illness, there has been a lack of development of effective therapies 
due to a perceived limited market in developed countries (Mor and Tzipori 2008). 
The sequencing of the genomes of C. parvum (Abrahamsen et al. 2004) and C. hom-
inis (Xu et al. 2004) are developments that may lead to the identification of new 
molecular targets for drug development (Mor and Tzipori 2008). The Center for 
Disease Control and Prevention in the United States has placed cryptosporidiosis 
among the category B biothreat pathogens, and it is hoped that this will offer an 
additional incentive for drug development (Mor and Tzipori 2008).
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Giardia will continue to be of public health importance due to the high prevalence 
of giardiasis in young children in developing countries as well as its association 
with malnutrition and stunting (Halliez and Buret 2013). Malnutrition undermines 
the resilience of vulnerable populations, reducing their ability to grow economically 
and their ability to cope and adapt to climate change, placing significant risk on 
African populations (Bain et al. 2013).

Effective control strategies are needed to reduce the detrimental effects of proto-
zoan infections on human societies (Halliez and Buret 2013). Improved water, 
sanitation, and hygiene are critical in preventing diarrhea morbidity and mortality 
caused by protozoan parasites in developing countries (Mahin and Peletz 2009; 
Omarova et al. 2018), and this cannot be achieved unless there is a commitment 
from African governments (Squire and Ryan 2017). Community programs must be 
initiated for public health education with a focus on water safety measures, good 
sanitary practices, and personal hygiene in order to decrease the infection risks 
caused by these parasites (Anim-Baidoo et al. 2016; Squire and Ryan 2017).
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Chapter 5
Microbiological Air Quality in Different 
Indoor and Outdoor Settings in Africa 
and Beyond: Challenges and Prospects

Cecilia Oluseyi Osunmakinde, Ramganesh Selvarajan, Henry J. O. Ogola, 
Timothy Sibanda, and Titus Msagati

5.1  �Introduction

Clean air is a fundamental requirement for life. In the last two decades, there has 
now been a pronounced consciousness about the air quality of both the indoor and 
outdoor systems, as the microorganisms prevailing in an environment symbolize 
the diverse human activities (Pasquarella et al. 2000; Barberán et al. 2015a), as well 
as their functions in different ecosystems (Adams et al. 2016). However, in densely 
populated areas, airborne microbial contaminants, especially the emerging patho-
gens and contaminants, can have numerous adverse effects on human health and 
well-being, including inflammation, toxic effects (allergic responses) and infec-
tions (Schmidt et  al. 2012; Peter 2014; Wei et  al. 2017). The term ‘bioaerosol’ 
refers to airborne biological particles (living and non-living), volatile organic com-
pounds (VOC) formed from the dispersal and excretions of particles released from 
diverse ecosystems into the atmosphere (Peter 2014; Saramanda et  al. 2016). 
Bioaerosols are generally ubiquitous in the environment and due to their small 
particle size (<2.5 μm) are easily dispersed in the air. Those aerosols created at the 
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surface of aquatic systems are known to concentrate and carry microbes through 
the liquid-air interface (Brodie et al. 2007). The sizes of the bioaerosol particulate 
vary and are in the range of 0.3–100 mm in diameter (Stetzenbach et al. 2004). 
Bioaerosol includes viruses, fungi, bacteria, pollen and their by-products such as 
volatile organic compounds (VOCs), mycotoxins and endotoxins (Bernstein et al. 
2004; Stetzenbach et  al. 2004; Karwowska 2005; Kalwasińska et  al. 2012; 
Saramanda et al. 2016).

Air quality is a global issue, particularly in developing countries, and the declin-
ing air quality is a deepening environmental unease. Poor air quality threatens 
human health and contributes to environmental damage (Peter 2014). The atmo-
spheric air breathed daily contains 78.09% nitrogen, 20.95% oxygen, 0.93% argon, 
0.04% carbon dioxide, and other gases in small amounts. Over the last century, a 
wide range of pollutants is being introduced daily into the environment through 
various means and sources such as the increased burning of fossil fuels and indus-
trial emissions. Air pollution is broadly divided into the outdoor (indirect contact) 
or indoor pollution (direct contact); likewise, it can either be natural or human-made 
pollution (Fig. 5.1).

Natural air pollution arises from the release of by-product from plants or biomass 
of the ocean, gases released from volcanic eruptions, resuspension of dust and 
industrial, agricultural and household activities. The human-induced air pollution 
denotes the natural discharge in the atmosphere, which can give rise to primary and 
secondary pollutants (outdoor air) (Barnes et  al. 1999). The problem associated 
with air pollution is related to the adverse effects it has on humans and animals 
(Ghorani-Azam et al. 2016). Also, a wide range of harmful effects that could arise 
from air pollution might lead to problems in the water bodies, agricultural produc-
tion, soil and atmospheric air.

Fig. 5.1  Overview of different sources and causes of outdoor air pollution
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5.2  �Outdoor Air Pollutants

Outdoor air pollution, which is created by both human activities and naturally 
occurring events, is among the most significant environmental risk factors for mor-
tality, responsible for 6.4 million deaths in 2015 globally (11% of global deaths) 
(Cohen et al. 2017). Different pollutants are introduced into the ambient air through 
the mixture of liquid droplets, solid particles and gases from a range of sources such 
as heating appliances, manufacturing industries, burning of fossil fuels by motor 
vehicles (cars, buses and trucks) and power plants (including coal-fired and natural 
gas plants) (Leung 2015). The most common outdoor air pollutants are oxides of 
nitrogen, sulphur, ammonia, volatile organic compounds (VOCs), ozone, carbon 
monoxide and particulate matter (PM) of different particle size (Leung 2015; Hoek 
2017). The particulate matter (PM10 and PM2.5) consists of a complex mixture of 
solid and liquid particles that are suspended in the air such as ammonia, sodium 
chloride, nitrates, sulphate, black carbon, mineral dust, water and ultrafine particles 
(Leung 2015; Hoek 2017). Other pollution sources include smoke from bushfires, 
volcanic eruptions, windblown dust, whirlwind and emissions from vegetation (pol-
len and mould spores). However, outdoor air pollutants are broadly divided into the 
persistent organic pollutants (e.g. pesticides, polychlorinated biphenyls) (Schecter 
et al. 2006), gaseous pollutants (oxides of N and S, CO, ozone, heavy metals and 
particulate matter (Bernstein et al. 2004). A summary of the different sources and 
causes of outdoor pollution is shown in Fig. 5.1. Also, Table 5.1 gives a summary of 
representative outdoor air contaminants and the adverse health effects they pose.

5.3  �Indoor Air Pollutants

In contrast to outdoor air pollutants, indoor air pollutants denote diverse unsafe 
chemical, physical and biological processes that are emitted from materials that are 
used for the construction of buildings, house decorations and furniture. These 
anthropogenic activities introduce certain toxic and hazardous substances that 
decrease indoor air quality and pose a threat to human health. Several air pollutants 
have been recognized to exist indoors with adverse human health effects that may 
be due to exposures to these biological (e.g., aerosols, mites, viruses and bacteria) 
and chemical (e.g., benzene) particles, and those arising from physical activities 
(e.g., fine particles). The sources of indoor pollutants include dirt, dust, cooking 
activities (nitrogen oxides), cleaning (sweeping and vacuuming), furniture burning, 
tobacco smoke, wood burning heaters, burning of incense, candles, moulds, heating 
and cooling systems, and ventilation systems (Nazaroff 2004; Zhang and Zhu 2012; 
Tham 2016; Emmerich et al. 2017). Figure 5.2 shows a schematic diagram of vari-
ous sources of indoor air pollution.

Indoor air quality in premises is gradually becoming a major concern globally 
due to increased awareness on its impact on the overall performance, productivity 
and energy consumption in buildings. Long-term exposure to indoor air pollutants 
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Table 5.1  Outdoor air pollutants, sources and health effects

Pollutant Source Health effect References

Carbon 
monoxide (CO)

A colourless, odourless gas 
by-product of incomplete 
combustion. Common sources 
of CO include tobacco smoke, 
emission from powered tools, 
heaters, cooking equipment 
fossil fuel-operated space 
heaters, defective central 
heating furnaces and 
automobile exhaust

• � reduces oxygen 
delivery to organs and 
tissues.

• � moderate to high 
levels of CO can cause 
headaches and fatigue, 
nausea, dizziness, 
vomiting and loss of 
consciousness

Leung (2015), 
Wei et al. 
(2017)

Oxides of 
nitrogen (NO)

�• � Emitted as NO, which 
rapidly reacts with ozone or 
radicals in the atmosphere 
forming NO2.

• � By-product of mobile and 
stationary exhausts through 
combustion sources

• � Resistance of the 
lungs to bacterial 
infection.

• � Sore throat, cough, 
nasal congestion, 
bronchitis, pneumonia

Peden et al. 
(2004), 
Mabahwi et al. 
(2014), Leung 
(2015), Tham 
(2016)

Sulphur dioxide 
(SO2)

Industrial plants – Combustion 
and refining of coal, oil and 
metal-containing ores, gasoline 
and volcanoes

• � Breathing problems, 
respiratory illness, 
changes in the lung’s 
functioning, asthma 
and cardiovascular 
disease

Peden et al. 
(2004), Leung 
(2015)

Polycyclic 
aromatic 
hydrocarbons 
(PAHs), benzene

Incomplete burning of fossil 
fuels
Benzene compounds

Carcinogenic European 
Commission 
(2001), Tsai 
(2016), Wei 
et al. (2017)

Heavy metals 
(Pb, Ag, Mn, Cr, 
M, cd, as, se) 
present in coals 
and wastes

Soil, drinking and recreational, 
agricultural food products, 
paints and automobiles

Higher concentration can 
lead to a reduction in 
lungs functioning, 
retardation and brain 
damage; learning 
disabilities; heart disease; 
damage to the nerve 
system, hearing loss, lung 
disease

Järup (2003), 
Peden et al. 
(2004)

Volatile organic 
compounds 
(VOCs), e.g., 
gasoline

Highly reactive and toxic 
organics produced by nature 
and man, and they are highly 
volatile

Break down of the 
respiratory system; cancer

Peden et al. 
(2004), Tsai 
(2016)

Ozone • � Secondary to aero chemical 
reaction to nitrogen oxides 
and VOCs, because of 
photochemical reactions

• � Vehicle exhaust and some 
other chemicals commonly 
used in industry mix in 
strong sunlight

Difficulties in breathing, 
especially for people with 
asthma and other 
respiratory diseases
Ozone depletion

Leung (2015), 
Zhou et al. 
(2015), Wei 
et al. (2017) 
Özden et al. 
2008

(continued)
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Table 5.1  (continued)

Pollutant Source Health effect References

Particulates 
matter 
(PM2,5-PM10)
Ultrafine 
particulate matter 
(< 0.1 um 
diameter)

Factories, power plants, refuse 
incinerators, motor vehicles, 
construction activity, forest 
fires, wood smoke, natural 
windblown dust

Pulmonary inflammation, 
especially for people with 
heart and lung diseases

Bernstein et al. 
(2004), Pöschl 
(2005), Leung 
(2015), Wei 
et al. (2017)

Chemical 
pollutant (NH3 
and non-methane 
contaminants)

NH3 is the most abundant 
alkaline gas in the atmosphere, 
is produced naturally from 
decomposition of organic 
matter, plants, animals and 
wastes, fertilizers

At high concentrations, or 
in moist areas, ammonia 
leads to irritation of the 
throat and respiratory 
tract

Peden et al. 
(2004), Tsai 
(2016), Wei 
et al. (2017)

Fig. 5.2  Different sources and causes of indoor air pollution

may lead to serious respiratory and health problems (Cohen et al. 2017). The rise in 
different health complications has been linked to the ability of the outdoor particles 
to infiltrate and penetrate the building through various routes such as windows, 
doors, leakages from buildings and some ventilation systems. However, the impact 
of indoor air pollution depends on the magnitude of exposure, when one takes into 
account, exposure intensity, time spent indoors (which is often far more than time 
spent outdoors) and the number of individuals exposed. This has resulted in indoor 
air pollution to be ranked as one of the leading causes of global mortality 
(Rajagopalan and Brook 2012; Cohen et al. 2017). Table 5.2 shows the different 
sources of indoor air pollutants and associated health risks.
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Table 5.2  Indoor air pollutant, sources and adverse health effects

Pollutant Source Health effect References

Building materials,
(asbestos-containing 
product)

Manufacturing, designing 
and installation of asbestos-
based products

Lung cancer, 
malignant, 
mesothelioma, 
asbestosis and skin 
irritation

Curtis et al. 
(2006), M. et al. 
2013, Vainio 
(2015), Tham 
(2016), Wei et al. 
(2017)

Biological
Contaminants 
(bacteria, fungi, 
pollen and animal 
dander)

Human occupants, organic 
dust, various materials stored 
in the buildings, and the air 
inflowing from the 
ventilation and air 
conditioning systems

Allergies, asthma, hay 
fever, pneumonia, and 
sick building syndrome

Newson et al. 
(2000), 
Bernstein et al. 
(2004), 
Kalwasińska 
et al. (2012), 
Leung (2015), 
Tham (2016)

Tobacco smoking From cigarettes, cigar or 
pipes. These produce some 
toxic chemicals and gases

• � Chronic respiratory 
symptoms; reduces 
the level of lung 
function in 
children; implicated 
as a cause of lung 
cancer in adults, 
tuberculosis

• � Heart diseases and 
general irritation of 
the eyes, throat, 
nose and lungs

Tham (2016), 
Wei et al. (2017)

Heaters, insulation 
and moist materials.
Air conditioning 
systems

Building materials and 
ventilating systems

Can lead to dampness, 
growth of moulds, 
presence of microbes 
in buildings can cause 
infections, allergic or 
hypersensitivity 
reactions

Bernstein et al. 
(2008), Tham 
(2016)

Chemical pollutants 
(benzene, 
formaldehyde, 
adhesives, cleaners, 
solvents, combustion 
by-products and 
emissions from floor 
or wall coverings).

• � Furniture and decoration 
materials: All kinds of 
artificial board, solvents, 
paints, adhesives, paint, 
UF foam, synthetic fibre

• � Formaldehyde is a potent 
fungicide, which is 
widely used to preserve 
sample in scientific 
research and hospitals

Formaldehyde can 
cause chronic 
respiratory disease, 
colon cancer and brain 
tumour. Abnormalities, 
leukaemia, memory 
and mental of young 
people descend

Leung (2015), 
Wei et al. (2017)

(continued)
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Table 5.2  (continued)

Pollutant Source Health effect References

Using diverse 
electronic products.
Artificial lights

Ultrasound, radiation, 
electrical equipment, 
microwave, TV, electric 
blanket, telephone and other 
processes can produce 
electric radiation, noise, 
vibration which speeds up 
the electromagnetic field

Noise and vibration, 
fatigue, poor 
concentration, 
dizziness, headache 
with nausea, ringing in 
ears and pounding 
hearteye problems 
(burning, dry, gritty 
eye)

Particulate matter 
(PM 2.5–10)
Ultrafine particles

Cigarette smoke, degradation 
of VOCs, cooking, heating 
systems and resuspension of 
house-settled dust.
Ineffective house cleaning 
and improper ventilation c

Lung and bladder 
cancer, heart diseases, 
nervous systems and 
respiratory illness

Leung (2015), 
Wei et al. (2017)

SO2, NO2, NH3

(wood smoke, gas 
stoves)

Atmospheric formation 
process begins with the 
emission of SO2 from the 
burning of coal and oil in 
stationary and mobile 
sources.
Fuel-burning heating systems 
(wood, oil and natural gas), 
NH3 is emitted mainly from 
agriculture through the 
spreading and disposal of 
animal wastes and the use of 
nitrogenous fertilizers
NO2 indoor fuel-burning 
stoves (wood, kerosene, 
natural gas, propane)

High doses of NO2 
exposure cause severe 
pulmonary oedema, 
diffuse lung tissue 
inflammatory injury 
Marks et al. (2010)

Julvez et al. 
(2009), Marks 
et al. (2010), 
Tham (2016), 
Leung (2015)

Ozone Most of the formation 
contributors are oxidant 
species, such as NO2 and 
non-methane volatile organic 
compounds

Particularly asthmatic 
symptoms and 
respiratory illnesses
Depletion of the ozone 
layer, which protects 
humans from harmful 
ultraviolet radiation 
from the sun

Kim et al. 
(2013), Leung 
(2015), Wei et al. 
(2017)

VOCs (household 
products, gases)

•  Paints, paint strippers
•  Wood preservatives
• � Aerosol sprays, 

disinfectants,
• � Moth repellents, air 

fresheners, stored fuels, 
dry-cleaned clothing and

•  Pesticide

• � Irritation of the 
eyes, nose, throat. 
Headaches, loss of 
coordination and 
nausea. Damage to 
the liver, kidney, 
central nervous 
system, and allergic 
skin reaction

Wei et al. (2017)

5  Microbiological Air Quality in Different Indoor and Outdoor Settings in Africa…
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Air pollution remains a significant challenge in Africa in both indoor and outdoor 
settings. According to the WHO, approximately 600,000 deaths every year across 
the continent are associated with air pollution, with 23% of global deaths (12.6 mil-
lion) linked to environmental factors (WHO 2018). Understanding of the microbial 
identities, distribution and abundance remains in its infancy in African settings. This 
review, supported by the standing scientific literature, discusses the existing knowl-
edge on microbiological air quality in both outdoor and indoor settings while high-
lighting the few identified studies from Africa on this subject. Also, the sampling 
methods, monitoring techniques, challenges and future perspectives of microbial air 
quality research is discussed to stimulate the knowledge around this field of interest 
for improving studies, analysis and simulations.

5.4  �Microbiological Quality in Outdoor (Ambient) Settings

In the last two decades, studies geared towards comprehensive monitoring of atmo-
spheric aerosol concentrations have increased, not only for environmental manage-
ment but also for the assessment of the health impacts of air pollution. Most of these 
studies have focused on occupational and indoor environments because people 
spend more than 90% of their time indoors (Ashmore and Dimitroulopoulou 2009; 
Wichmann et al. 2010; Zhai et al. 2018). However, human beings are in constant 
exposure to outdoor bioaerosols that constitute a major source of microorganisms 
indoors. Therefore, understanding the sources and dynamics of outdoor microbial 
quality and its impact on public health has become imperative.

Soil and water environments and the atmosphere are the main biospheres har-
bouring microorganisms, which include bacteria, fungi and viruses (Lee et  al. 
2010). These microorganisms can persist in the biosphere as individual cells or can 
be associated with other particles, such as aerosols, dust particles, leaf fragments, 
spores and other bio-pollutants (Maron et al. 2006). Notably, the aerial dispersal is 
a natural facet of the life cycle of many microorganisms, required for reproduction 
and the colonization of new sites (Kuske 2006). A recent study by Yamamoto et al. 
(2015) found that soil dust was enriched with skin-associated yeasts, those of the 
genera Rhodotorula, Candida, Cryptococcus, Malassezia and Trichosporon. 
Another study reported that garden plants contribute minimally to certain airborne 
fungi upon agitation such as during watering or strong air currents, producing ele-
vated levels of airborne microbes such as Cladosporium, Penicillium, Alternaria, 
Epicoccum and Pithomyces spp. (Burge et al. 1982). Similarly, the aerosol dispersal 
of bacterial pathogens such as those in the genera Escherichia, Salmonella, 
Legionella, Neisseria, Bacillus, Francisella, Burkholderia, Clostridium, Brucella 
and Yersinia pose important health and ecological issues (Kuske 2006).

The structure and diversity of airborne microbial communities have been reported 
to be generally dependent on intrinsic environmental factors of natural habitats such 
as nutrient concentration, relative humidity (RH), temperature and UV intensity 
(Gandolfi et  al. 2015). For example, high humidity and temperature provide a 
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favourable environment for the proliferation of airborne microorganisms 
(Reanprayoon and Yoonaiwong 2012). However, some lipid-enveloped viral parti-
cles such as measles and varicella-zoster virus (VZV) are sensitive to changes in 
temperature, relative humidity and UV radiation (Tang et al. 2006). Similarly, bac-
terial pathogens, such as Escherichia coli and Klebsiella pneumonia that tend to 
behave like enveloped viruses, are less stable at high RH (Tang et  al. 2006). In 
contrast, an airborne pathogen, Salmonella senftenberg, has been reported to sur-
vive even at high humidity conditions (Doyle and Mazzota 2000). Nkhebenyane 
et al. (2012) also showed that increased RH (100%) was associated with increased 
Bacillus cereus bioaerosols. Some other pathogenic microbes like Mycobacterium 
tuberculosis, a hardy organism with a thick cell wall and responsible for causing 
tuberculosis, can withstand extreme environmental conditions in bioaerosols and is 
of a tremendous public health concern (Tang et al. 2006).

In addition to the contribution from the natural environment, increasing concen-
trations of bioaerosols from anthropogenic activities and their impact on local air 
quality is becoming a growing public health concern worldwide (Tarwater et  al. 
2010; Yassin and Almouqatea 2010; Kaarakainen et al. 2011; Bowers et al. 2013). 
Consequently, there have been increased interest and a number of studies investigat-
ing outdoor microbial air quality from different types of man-made sources such as 
waste processing operations (Kiviranta et al. 1999; Recer et al. 2001; Prazmo et al. 
2003; Taha et al. 2006; Fracchia et al. 2006; Fischer et al. 2008; Sanchez-Monedero 
et al. 2008), agricultural environments, industrial activities, including environmen-
tal phenomena such as dust storms (Zhu et al. 2003; Pearce et al. 2009; Tarwater 
et al. 2010; Yassin and Almouqatea 2010; Bowers et al. 2011; Kaarakainen et al. 
2011; Adams et al. 2013; Hanson et al. 2016a; Kumari et al. 2016; Leung and Lee 
2016; Lymperopoulou et al. 2016; Sommer and Moustaka-gouni 2017; Zhen et al. 
2017; Du et al. 2018; Liu et al. 2018; Schlatter et al. 2018; Zhai et al. 2018; Wei 
et al. 2019). In these studies, researchers have been focusing on bioaerosols concen-
tration, biodiversity, sources and environmental impact factors. Findings indicate 
that microbial diversity and concentrations vary among different types of outdoor 
environments, depending on the local environment, seasons and meteorological 
factors.

In highly polluted atmospheric environments, microorganisms in bioaerosols are 
closely correlated with the concentration of air pollutants (Waters et al. 2016). In 
urban areas of Beijing experiencing severe smog events, bioaerosols are character-
ized by higher concentrations of air pollutants, including PM2.5, PM10, nitrogen 
dioxide (NO2), sulphur dioxide (SO2) and carbon monoxide (CO), than in rural 
areas (Chai et al. 2014; She et al. 2017; Liu et al. 2019a). Interestingly, a positive 
correlation exists between the particulate pollutants (PM2.5 and PM10) (Dong et al. 
2016; Gou et al. 2016; Liu et al. 2018) and gaseous pollutants (such as NO2, SO2 and 
CO) (Ho et al. 2005) of smog events. Studies using either culture-dependent or next-
generation metagenome sequencing have shown that airborne microbes in smog 
events are composed mainly of 86.1% bacteria, 13.0% eukaryotes, 0.8% archaea 
and 0.1% viruses in the PM2.5 samples, while 80.8% bacteria, 18.3% eukaryotes, 
0.8% archaea and 0.1% viruses in the PM10 samples (Cao et al. 2014). Dominant 
bacteria phyla that have been reported include Proteobacteria (32.2%), 
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Cyanobacteria (18.0%), Actinobacteria (16.5%), Firmicutes (15.5%) and 
Bacteroidetes (11.6%) (Liu et al. 2018). Similarly, studies in other countries indi-
cate that Proteobacteria, Bacteroidetes, Cyanobacteria and Firmicutes are the pre-
dominant bacterial phyla in atmospheric bioaerosols of polluted environments while 
most dominant fungal categories were Ascospores, followed by Cladosporium and 
Aspergillus/Penicillium (Zhu et al. 2003; Després et al. 2007; Pearce et al. 2009; 
Fahlgren et al. 2011; Bowers et al. 2013; Barberán et al. 2015b; Hanson et al. 2016a; 
Lymperopoulou et  al. 2016; Sommer and Moustaka-gouni 2017; Schlatter et  al. 
2018). In these studies, the fungal diversities and concentrations exhibited signifi-
cant diurnal and seasonal variations, where Aspergillus, Cladosporium, Ganoderma, 
Arthrinium/Papularia, Cercospora, Periconia, Alternaria and Botrytis were signifi-
cantly higher in PM10.

Waste processing facilities that manage large quantities of both organic and 
organic waste materials are also significant sources of potentially pathogenic micro-
organisms to the surrounding environment (Kiviranta et al. 1999; Taha et al. 2006; 
Cyprowski et al. 2008; Fischer et al. 2008). More importantly, the potential spread 
of microorganisms of faecal origin is of great concern to nearby residents. High 
concentrations of airborne microbes in various occupational settings have been 
linked to adverse health effects experienced by the workers in the waste treatment 
facilities (Vincken and Roels 1984; Bünger et al. 2000) and populations living near 
such facilities (Recer et al. 2001; Herr et al. 2003; Fracchia et al. 2006; Fischer et al. 
2008). During organic waste treatment, the characteristics of bioaerosols depend on 
many factors including the composition of the sewage, size and capacity of the facil-
ity and meteorological factors, but is dominated by enteric bacteria (of genus 
Pseudomonas, Staphylococcus and Streptococcus), fungi (Trichophyton and 
Microsporum), protozoan cysts and worm eggs, enteroviruses and retroviruses 
(Prazmo et al. 2003; Fracchia et al. 2006; Cyprowski et al. 2008; Ko et al. 2008; 
Kumari et al. 2016). Among the fungi, Aspergillus and Penicillium predominate at 
municipal solid waste landfill sites and other waste treatment facilities (Bünger 
et al. 2000; Prazmo et al. 2003; Fracchia et al. 2006; Kumari et al. 2016).

Although most atmospheric bioaerosols are soil-associated and non-patho-
genic to humans, the identification of several respiratory microbial allergens and 
pathogens, whose relative abundance correlates to increased concentrations of 
PM pollution, is of great public health concern to environmental scientists, health 
workers and city planners (Cohen et al. 2005; Curtis et al. 2006). The findings 
that bioaerosols from sewage treatment plants are dominated with drug-resistant 
staphylococci and streptococci have a tremendous influence on human health and 
are, therefore, a priority challenge for modern medicine. Also, health problems 
such as respiratory infections, digestive disorders and skin allergies, attributable 
to endotoxins and mycotoxins produced by these bacteria and fungi, have been 
reported (Vincken and Roels 1984; Kiviranta et al. 1999; Bünger et al. 2000; Herr 
et al. 2003; Cyprowski et al. 2008). For example, A. fumigatus, a common fungus 
isolated in outdoor atmospheric bioaerosols is known to cause invasive infections 
such as chronic pulmonary aspergillosis and bronchitis in immunocompromised 
and immunocompetent individuals with underlying lung damage, and allergic 
disease of the respiratory system (Denning et al. 2014). The A. fumigatus-associated 
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allergic bronchopulmonary aspergillosis (ABPA) may affect patients with asthma 
or cystic fibrosis and constitutes the principal clinical disorder due to Aspergillus 
hypersensitivity (Fairs et  al. 2010; Knutsen and Slavin 2011; Denning et  al. 
2014). These examples illustrate the importance of studying the dynamic charac-
teristics of bioaerosols and the factors that affect them, as it helps researchers to 
positively identify environments that encourage more proliferation of bacteria or 
pathogens, and to take active control measures against microbial pollution and 
airborne diseases.

Indoor and outdoor air pollution sources remain a significant environmental and 
health issue and a policy challenge in the African continent (WHO 2019). 
Furthermore, there are no formally regulated standards for bioaerosol levels in 
most countries, with most of them having very limited air quality monitoring 
capacity. Most African countries have been experiencing faster-growing economies 
in the last two decades, coupled with increased urbanization and population growth 
(UNECA 2017). The associated environmental pollution and the created microen-
vironments related to increasing urbanization is proving to be a big challenge, 
where particulate matter (the air pollutant of primary concern for human health), 
industrial and municipal wastes, and escalating informal settlements have enor-
mous negative impacts on public health (WHO 2019). These microenvironments 
play a crucial role in bioaerosol generation, propagation, aerosolization, resuspen-
sion, controlling diffusion, transportation and intermolecular interactions, and war-
rant investigation. Therefore, increased funding on research studies targeting 
increased awareness and providing references for a better understanding of outdoor 
air quality (OAQ) and public health outcomes in different environmental settings 
across Africa is urgently needed. Specifically, more data is needed to establish the 
basis for guidelines for protective zones between the sources of outdoor bioaero-
sols and residential areas.

5.5  �Microbiological Quality in Indoor Settings

Similar to outdoor settings, indoor air quality (IAQ) is a major problem worldwide. 
In the modern era, people spend 80–90% of their time indoors, and therefore indoor 
air quality poses a significant potential public health threat; however, IAQ is still 
receiving relatively little attention from researchers, regulatory officials and envi-
ronmental analysts. Major health problems like allergies and respiratory diseases 
have been associated with poor IAQ. Also, even minor ailments like headaches and 
eye irritation can cause discomfort and distraction, ultimately leading to lower pro-
ductivity. According to the World Health Organisation (WHO), different respiratory 
and cardiovascular diseases caused by polluted indoor air can cause premature 
death. About 7 million deaths are caused by ambient (outdoor) and indoor air pollu-
tion, and 3.8 million deaths per year are attributed solely to indoor air pollution 
(WHO 2018). Therefore, it is crucial to investigate the overall quality of air in 
indoor settings.
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Indoor air is arguably the fastest and most highly efficient means of pathogen 
spread in a given setting. Airborne pathogens discharged into the air may settle on 
different environmental surfaces like walls, ventilation systems, fans, and false ceil-
ings, among others, which could then become secondary vehicles for the spread of 
infectious agents indoors (Prussin and Marr 2015). Table 5.3 summarizes different 
studies of microbiological air quality in indoor settings.

The microbiome of indoor environments contains a large number of different 
taxonomic groups. For example, a survey of homes across the United States 
revealed, on average, approximately 7000 different types (operationally defined as 
operational taxonomic units (OTUs) based on sequence similarity) of bacteria and 
2000 types of fungi per house in the dust on the upper trim of an inside door 
(Barberán et al. 2015a). Similarly, Hewitt et al. (2012) found that bacterial commu-
nities on indoor surfaces in offices were distinguishable from those outside, with 
bacterial counts being higher on surfaces in the indoor system than outside. A study 
in a neonatal intensive care unit (NICU) in a hospital also identified approximately 
12,000 bacterial OTUs on various surfaces per room having different bacterial gen-
era including Staphylococcus, Corynebacterium, Lactococcus, Firmicutes and 
Actinobacteria, and fungi such as Cladosporium, Penicillium and Aspergillus 
(Barberán et  al. 2015a; Prussin and Marr 2015). The multitude of recent studies 
examining various indoor microbiomes reveals that microbial communities in 
indoor environments are complex and highly variable. Researchers have also wit-
nessed that microbial communities are vastly different between different types of 
indoor environments such as schools, houses, working offices and hospitals, such 
that even different rooms within the same building (for example, living room vs. 
bathroom) exhibit distinct microbiomes.

Table 5.3  Studies on microbiological indoor air quality in Africa and other countries

Country
Type of 
indoor system

No of 
samples/
duration Method Abundant microbes References

India Hospital- ICU February–
April 2006

Cultivation 
method

S. aureus, Micrococci, 
Klebsiella sp., A. flavus
K. pneumonia, A. niger, 
Pseudomonas sp.

Sudharsanam 
et al. (2008)

Hospital - OT February–
April 2006

Cultivation 
method

S. aureus, Micrococci, 
Pseudomonas sp.

Sudharsanam 
et al. (2008)

China Airline cabin 57 samples Cultivation 
assisted 
16 s 
amplicon 
sequencing

Staphylococcus 
epidermidis and 
Pseudomonas luteola; 
Brachybacterium 
paraconglomeratum and 
Deinococcus 
daejeonensis

Liu et al. 
(2019b)

(continued)
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Table 5.3  (continued)

Country
Type of 
indoor system

No of 
samples/
duration Method Abundant microbes References

Poland School Spring of 
2016 and 
2017

Cultivation 
method

Staphylococcus lentus, 
Staphylococcus 
epidermidis, 
Staphylococcus sciuri, 
Staphylococcus 
chromogens, Kocuria 
rosea, Micrococcus spp., 
Bacillus circulans, 
Bacillus subtilis, Bacillus 
mycoides, Bacillus 
cereus, Bacillus pumilus, 
Brevibacterium spp., 
Corynebacterium auris, 
Corynebacterium 
tuberculostearicum, 
Corynebacterium 
propinquum, 
Pseudomonas spp.

Bragoszewska 
et al. (2018)

University 59 samples Cultivation 
method

Micrococcus spp., 
Bacillus spp., 
Staphylococcus spp., 
Sarcina spp., Serratia 
spp., Cladosporium spp., 
Penicillium viridicatum 
and Penicilluim 
expansum, Aspergillus 
niger and Aspergillus 
flavus. Cladosporium 
herbarum, Alternaria 
alternata, Mucor spp., 
Rhizopus nigricans and 
Epicoccum spp.

Stryjakowska-
Sekulska et al. 
(2007)

Office 
building

7 May to 7 
June 2017

Cultivation 
method

Macrococcus 
equipercicus, 
Micrococcus luteus D, 
Staphylococcus xylosus, 
Staphylococcus spp., 
Gemella haemolysans, 
Corynebacterium 
tuberculostearicum, 
Nocardia shimofusensis/
higoensis, Janibacter 
anophelis/hoylei, 
Bacillus 
pseudomycoides, 
Pseudomonas putida and 
Enterococcus faecium

Brągoszewska 
et al. (2018)

(continued)
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Table 5.3  (continued)

Country
Type of 
indoor system

No of 
samples/
duration Method Abundant microbes References

Slovenia Kindergartens 51 samples Cultivation 
method

Staphylococcus spp. and 
Enterobacteria; 
Cladosporium spp., 
Penicillium spp., 
Aspergillus spp., Mucor 
spp., Phoma spp., 
Fusarium spp., Monilia 
spp., Scopulariopsis spp. 
and Rhodotorula spp.

Rejc et al. 
(2019)

Portugal Hospital June 2013 
(summer) 
and 
February 
2014 
(winter)

Cultivation 
method

Staphylococcus 
(including 
Staphylococcus aureus, 
Staphylococcus capitis, 
Staphylococcus hominis, 
Staphylococcus 
epidermidis and 
Staphylococcus warneri) 
and Micrococcus 
(including Micrococcus 
luteus and Micrococcus 
lylae); Neisseria, 
Brevibacterium casei, 
Proteus and Shigella sp.; 
Penicillium and 
Aspergillus

Cabo Verde 
et al. (2015)

South 
Africa

Hospital 
(HVAC)

Six-months 
(period not 
mentioned)

Cultivation 
assisted 
MALDI

A. Oxydans, 
B. megaterium, 
P. chrysogenum
Anaerococcus spp., 
A. polychromogene

Malebo and 
Shale (2013)

Nigeria Primary 
health care

Two months 
duration

Cultivation 
assisted 
16 s 
amplicon 
sequencing

Bacillus cereus, Proteus 
mirabilis, 
Chryseobacterium sp., 
Staphylococcus 
epidermidis and 
Staphylococcus aureus

Robinson and 
Wemedo 
(2019)

Offices 50 samples Cultivation 
method

Staphylococcus spp., 
Streptococcus spp. and 
Micrococcus spp.; 
Cladosporium spp., 
Aspergillus spp., 
Penicillium spp., 
Fusarium spp., and 
Candida spp.

Oluwakemi 
Omolola 
(2019)

(continued)
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Table 5.3  (continued)

Country
Type of 
indoor system

No of 
samples/
duration Method Abundant microbes References

Ethiopia Public 
primary 
schools

51 samples Cultivation 
method

Bacillus sp., 
Staphylococcus aureus 
and coagulase-negative 
Staphylococcus (CoNS) 
species

Andualem 
et al. (2019)

Hospital 15 February 
to 30 April 
2017

Cultivation 
method

Coagulase-negative 
staphylococci (CoNS), 
S. aureus and Klebsiella 
sp.

Getachew 
et al. (2018)

Egypt Hospital both 
ICU and OT

January – 
December 
2013

Cultivation 
method

Bacillus atrophaeus and 
B. subtilis; 
Staphylococcus aureus, 
Bacillus atrophaeus, 
B. pumilus and 
P. glucanolyticus; 
Aspergillus, Alternaria, 
Cladosporium, 
Penicillium, 
Cladosporium, Fusarium 
and Scopulariopsis

Osman et al. 
(2018)

Ghana Research 
institute

January to 
May 2017

Cultivation 
method

Staphylococcus aureus 
and Streptococcus sp.

Abiola et al. 
(2018)

Poor air quality within school buildings can cause health problems in students 
and teachers and affect learning and working (Śmiełowska et al. 2017). For instance, 
Bragoszewska et al. (2018) investigated the bacterial aerosols in three different edu-
cational buildings that included preschool, primary school and high school during 
spring 2016 and 2017. Results of this study demonstrated that the primary school 
had the highest concentration of bacteria (2205 CFU/m3), while the high school 
established the lowest bacterial concentration (391 CFU/m3). The authors further 
confirmed that the Gram-positive cocci Staphylococcus lentus, Staphylococcus epi-
dermidis, Staphylococcus sciuri, Staphylococcus chromogens and Micrococcus sp. 
were the most frequently occurring species in the indoor environment (Bragoszewska 
et al. 2018). Similarly, in Slovenia, the microbial air quality was assessed in two 
kindergartens using the culture method during four seasons. The study confirmed 
that indoor quality was most affected during spring seasons and harboured common 
fungal species including Cladosporium, Penicillium and Aspergillus along with 
bacterial members such as staphylococci and Enterobacteriaceae (Rejc et al. 2019). 
However, there are limited studies in Africa. Recently, a study was conducted in 
Ethiopian primary schools to determine the bacterial load during March 29–April 
26, 2018, and it was found that Staphylococcus aureus, Coagulase-negative 
Staphylococcus species and Bacillus species were recurrent bacterial members 
(Andualem et  al. 2019). Likewise, the university, office buildings, public utility 
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buildings and research institutes are prone to indoor air contamination, and the 
extent of the contamination results in the presence of harmful microbial pathogens 
(Table 5.3) that are linked to the spread of infectious diseases.

Notably, indoor air quality in hospitals, primary healthcare settings and clinics 
plays an important role in infection, especially in infants and pregnant women and 
patients with reduced or impaired immunity (Śmiełowska et  al. 2017). Recently, 
numerous studies were targeting the quality of indoor in different hospital settings, 
especially the intensive care units (ICU) and operation theatres (OT). An assessment 
of the microbial air quality in both ICU and OT in a public hospital in India found 
that the air contained different bacterial groups. For example, the ICU was fre-
quently dominated by S. aureus, K. pneumonia, micrococci, Pseudomonas sp., 
Klebsiella sp., A. flavus and A. niger while the OT carried fewer bacteria members 
such as S. aureus, Micrococci and Pseudomonas sp. (Sudharsanam et  al. 2008). 
However, few studies in Africa were carried out in hospital settings to assess the 
microbial air quality. For instance, Malebo and Shale (2013) determined the bacte-
rial counts and dominant members colonizing the Heating Ventilation Air-
Conditioning Systems (HVAC) at a South African hospital and concluded that the 
genera Anaerococcus, Arthrobacter, Bacillus, Staphylococcus and Streptomyces 
were dominant bacterial members identified along with the fungus Penicillium 
chrysogenum. Other recent findings from Nigerian and Ethiopian hospitals 
demonstrated the same bacterial members including Bacillus cereus, Proteus mira-
bilis, Chryseobacterium sp., Staphylococcus epidermidis and Staphylococcus 
aureus, confirming that the hospital settings were highly prone to specific bacteria, 
especially Gram-positive bacterial members such as Bacillus and Staphylococcus 
sp. (Getachew et al. 2018; Robinson and Wemedo 2019) which are considered as 
highly resistant endospore-forming and emerging antibiotic-resistant pathogens.

The emergence of airborne pathogens and the evolution of drug resistance are a 
key challenge for the ability to treat and control airborne-related infections. Much 
attention is to be focused today on airborne pathogenic microorganisms that have 
developed resistance to specific antibiotic treatments, or entire types or classes of 
antibiotics (Levetin et al. 2001). A recent study reported that emerging pathogens 
such as noroviruses and Clostridium difficile have also been detected in indoor air, 
with a strong potential for airborne dissemination (Ijaz et al. 2016). Some patho-
genic microbes, for instance, Legionella, may be transmitted via aerosols from 
poorly maintained air conditioners or water distribution systems. Anyone who 
works in a building is at risk of acquiring the disease, which is often wrongly 
assumed to be a flu-like illness (Lim 2011). People leave their microbial footprint as 
a part of the indoor microbiome (Wu et al. 2016). For example, humans carry differ-
ent types of bacteria and viruses in the respiratory tract and saliva and discharge the 
microorganisms into the built environment in aerosols during coughing, sneezing, 
talking, and even just breathing (Prussin and Marr 2015). Higher levels of occu-
pancy and activity will influence the abundance and composition of bacteria and 
other microbes (which they carry) in indoor systems (Adams et al. 2016). Hospodsky 
et al. (2012) found that human occupancy in a university classroom increased the 
total bacterial genome concentration in indoor air compared to unoccupied periods. 
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Another study from Hewitt et  al. (2012) revealed that humans are the primary 
sources of bacterial contamination in offices, and detected different bacterial genera 
such as Streptococcus, Corynebacterium, Flavimonas, Lactobacillus, and members 
of the Burkholderiales. Furthermore, they found different pathogens in indoor office 
surface, including Neisseria, Shigella, Streptococcus and Staphylococcus sp. Indoor 
air quality is, therefore, a prominent public health concern in many countries, 
including Africa that requires a clear understanding of the microbial load inside the 
indoor system.

5.6  �Monitoring Techniques for Microbial Air Quality

Air sampling is a crucial function of any quality control for detecting and measuring 
chemical and microbial contaminants in both the outdoor and indoor settings. The 
techniques used for detection and monitoring of air quality are either qualitative or 
quantitative based on different principles, the extent of use and their cost-
effectiveness (Bernstein et al. 2008). There are two main techniques for microbial 
air sampling, namely the active and passive monitoring sampling technique (Napoli 
et  al. 2012), based on the air volume and the use of a driving force or naturally 
(Fig. 5.3) (Khan et al. 2018).

Active sampling is a microbial sampling monitoring technique whereby an air 
sampling device or pump is used to force air into or onto a collection medium, for 
example, Petri dish with nutrient agar over a specified period (Napoli et al. 2012). 
The sampled plates are then incubated, and the number of microorganisms present 
is measured in CFU (colony forming units)/m3 of air; this approach is often appli-
cable when the microbial load of the air is low.

Active monitoring utilizes microbiological air sampling devices that physically 
draw a known volume of air over, or through, a microbial particle collection medium 
either by impaction, impingement or filtration techniques (Mandal and Brandl 2011; 
Napoli et al. 2012). In an impingement sampler, a liquid medium for particle/bio-
aerosol collection is used, and the sampled air is drawn using a suction pump 
through a narrow inlet tube into a small flask containing the collection medium. 
This technique accelerates the air towards the surface of the collection medium; the 
flow rate is determined by the inlet tube diameter. Contact of the air with the surface 
of the liquid changes its direction abruptly, leading to the impingement of any sus-
pended particle into the collection liquid. The collection liquid can then be cultured 
to enumerate viable microorganisms (Mandal and Brandl 2011).

Unlike the liquid medium, a solid or adhesive medium such as agar is used to 
culture bioaerosol particles collected with impactor samplers. In this system, the air 
is drawn into the sampler by a pump through a perforated plate. As the air makes 
contact with the collection surface, suspended particles are collected by impact as 
they hit the solid collection agar surface; these are then incubated directly, and 
observable colonies are enumerated (Mandal and Brandl 2011).
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Filtration sampler systems are commonly used alternatives, whereby a known air 
volume is drawn through a polycarbonate or cellulose acetate membrane filter using 
a pump or vacuum line. The filter is then transferred onto the surface of an agar 
medium before incubation. Alternatively, the filter can be transferred onto gelatine, 
which is subsequently dissolved and analysed through culture or other rapid meth-
ods (Mandal and Brandl 2011).

Passive sampling is a microbial sampling monitoring technique comprising the 
use of sedimentation plates or settling plates. Petri dishes containing culture media 
are exposed to air for some time, then incubated to allow visible colonies to develop 
and then the microbial load is determined, usually expressed in CFU/plate/time or 

Fig. 5.3  Workflow for a typical air quality monitoring and detection
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CFU/m2/h (Napoli et al. 2012). The method is based on the principle of diffusion 
through a static air layer or permeation through a membrane without the use of 
pumps and the devices used are referred to as diffusive samplers. The air streams 
freely around a filter, membrane or another medium (sorbent), which captures pol-
lutants during the period of passive air sampling. Settle plates used in passive sam-
pling are often restricted in their application since they are only appropriate for 
monitoring viable biological particles that sediment out of the air and settle onto a 
surface over the time of exposure. Comparatively, passive sampling is inexpensive, 
easy to use and requires no special equipment. However, passive air sampling suf-
fers from the main disadvantage that it might not be able to detect smaller sus-
pended particles or droplets in the air, and consequently the data generated might 
not be quantitative. Also, they are vulnerable to interference and contamination 
from non-airborne sources, and the agar growth medium in the plates may deterio-
rate on more prolonged exposure in the environment. Furthermore, settle plates may 
quickly become overgrown in heavily contaminated conditions making data inter-
pretation difficult.

Despite the inherent shortcomings, both active and passive sampling have been 
useful for qualitative analysis of bioaerosols and the data they produce have been 
helpful in detecting underlying trends in airborne contamination for early warning 
systems in both indoor and outdoor settings under different environments (Yousefi 
and Rama 1992; Pasquarella et al. 2000; Damialis and Gioulekas 2006; Das and 
Gupta-Bhattacharya 2008; Filali Ben Sidel et al. 2015; Matinyi et al. 2018). For 
example, the level of Legionella contamination in air samples from the bathrooms 
of a multicentre health facility in Italy was evaluated using active and passive sam-
pling methods (Montagna et  al. 2017). In this study, although the contamination 
level varied among each sampling technique, Legionella air contamination was 
detected in 36.4% of the sampled health facilities by at least one of the methods. 
Similarly, the bacterial and fungal contamination levels were measured and moni-
tored in the operating and non-operating theatre using both active and passive sam-
pling in a hospital in Parma (Pasquarella et  al. 2000). In Poland, comparison of 
microbial air quality of an air-conditioned office and a naturally ventilated office 
space using active sampling indicated the presence of Staphylococcus xylosus, 
Bacillus species, Micrococcus luteus and Macrococcus equipercicus (Brągoszewska 
et  al. 2018). In Ethiopia, the bacterial load of Staphylococcus aureus and 
Streptococcus pyogenes was determined in the indoor air samples of a hospital ward 
using the passive and active sampling methods (Gizaw et  al. 2016). A study on 
exploring the outdoor and indoor fungal and bacterial contamination in different 
public places in Egypt, using both passive and active sampling methods, reported a 
high prevalence of fungi such as Aspergillus niger and Penicillium spp. (Yassin and 
Almouqatea 2010). These examples illustrate the potential utility of both active and 
passive sampling techniques in studying and monitoring microbial air quality 
in Africa.
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5.7  �Techniques for Detection, Identification and Monitoring 
of Airborne Microbes and Other Pollutants

The principle of detection and identification of microbial air pollutants involve three 
key steps: (i) recovery and concentration; (ii) purification and separations, and (iii) 
assay and characterization for identification. Figure 5.3 illustrates a summary of the 
different techniques used for microbial air pollutant analysis.

5.7.1  �Culture-Based Methods

Culture methods, long regarded as the ‘gold standard’ in the detection and identifi-
cation of microorganisms, are based on enrichment of target microbes from a sam-
ple in specific liquid growth media, then plating onto selective/differential agar. 
These methods usually require the confirmation of pure isolates using a diverse set 
of further analysis such as morphological, biochemical, serological and other tests, 
including molecular approaches. Compared to other methods, culture-based tech-
niques for enumeration and identification of microbial air pollutants are well estab-
lished, simple, inexpensive and can be used for both quantitative or qualitative 
analyses (Zeng et al. 2006; Dungan and Leytem 2009; Hubad and Lapanje 2013). 
Due to these advantages, the bulk of studies on microbial air quality monitoring in 
Africa have been based on culture-based methods (Yousefi and Rama 1992; Yassin 
and Almouqatea 2010; Filali Ben Sidel et al. 2015; Gizaw et al. 2016; Matinyi et al. 
2018; Andualem et al. 2019). Despite its more extensive use, culture-based methods 
still suffer from various disadvantages when applied to microbial air quality moni-
toring. For instance, these methods still rely on the growth of the target microorgan-
isms in one or more nutrient media, making them labour-intensive and yield results 
after several days of repeated culture and confirmation steps. Also, since these 
methods usually use selective media for identifying microorganisms, they tend to be 
biased as they favour the growth of some organisms while suppressing the growth 
of others. Even when non-selective media are used, fast-growing organisms still 
grow at the detriment of slow growers. As such, culture methods cannot be used to 
have a complete picture of the microbial quality of air.

5.7.2  �Culture-Independent Methods

Flow cytometry detection has also been used as an enumeration technique to inves-
tigate viable and non-viable cells from bioaerosols based on the principle of optical 
detection of scattered light and fluorescence allowing identification of microbes 
based on their morphology (Mandal and Brandl 2011; Ou et al. 2017). Airborne 
pathogens such as Escherichia coli, Aspergillus fumigatus and Penicillium 
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brevicompactum conidia have been analysed using flow cytometry at different 
concentrations (Prigione et al. 2004; Ou et al. 2017).

Other enumeration techniques that are used for the microbial analysis of bioaero-
sols include immunofluorescence microscopy and scanning electron microscopy 
(Terzieva et al. 1996). For example, the total viral- and bacteria-like particle concen-
tration from nine different locations have previously been assessed in both outdoor 
and indoor air environment using fluorescent microscopy (Prussin and Marr 2015).

Currently, there is increased use of conventional molecular/genomic-based 
methods in the detection and characterization of microbial contaminants from 
indoor and outdoor air environments. In contrast to culture-based methods, some of 
the molecular methods can be useful for examining diverse microbial contamination 
of air without the need for cultivation. These techniques range from polymerase 
chain reaction (PCR), immunological methods (ELISA test), radioimmunoassays, 
use of biosensors, fluorescence in situ hybridization (FISH), next-generation 
sequencing (NGS) and post-genomic techniques (such as proteomics, metatran-
scriptomics and metabolomics). Comparatively, techniques such as PCR, immuno-
logical and radioimmunoassays have been widely used to study and monitor 
microbial air quality worldwide. For example, conventional and quantitative poly-
merase chain reaction (PCR, RT-PCR, qPCR) have been used widely due to their 
sensitivity and rapid line application for the detection of a specific microbial air 
pollutant as well as microbial communities (Zeng et al. 2006; Dungan and Leytem 
2009; Hospodsky et al. 2010; Mandal and Brandl 2011). Also, PCR coupled with 
the use of specific fluorescent dyes or probes for the total quantification of specific 
organisms has been applied in microbial detection and quantification in outdoor and 
indoor environments (Dungan and Leytem 2009). A study by Lignell and his co-
workers compared the analysed results between the detection of house dust fungi 
and Streptomycetes using a combination of culture and quantitative polymerase 
chain reaction (qPCR). From their study, the qPCR method had a higher sensitivity 
in identifying taxonomy and functional niches, as well as improved understanding 
in quantifying the different level of concentrations of the target species (Lignell 
et  al. 2008). On the other hand, immunological detection techniques such as 
enzyme-linked immunosorbent assay (ELISA), memory lymphocyte immune stim-
ulation assay (MELISA), and radioimmunoassays have also been used to detect 
bacterial and viral air pathogens (Ding et al. 2015).

Fluorescence in situ hybridization (FISH), a technique that utilizes specific fluo-
rescent probes that bind to the ribosomal RNA of a microbial cell has also been used 
to characterize microbial air contaminants (Deloge-Abarkan et al. 2007; Dungan 
and Leytem 2009; Mandal and Brandl 2011). Biosensors, comprising integrated 
devices that can provide quantitative or semi-quantitative analytical information 
through a biochemical receptor system, represent other potential molecular methods 
that can be applied in microbial air quality monitoring (Badihi-Mossberg et  al. 
2007). Biosensors are classified based on signal transduction used for detecting pol-
lutants, and they can be electrochemical, optical, mass sensitive or thermal sensors 
(Nigam and Shukla 2015). The potential application of biosensors to monitor chem-
ical air pollutants such as formaldehyde, SO2 and PAH in an indoor setting has been 
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reported (Badihi-Mossberg et  al. 2007). However, with improving technologies, 
potential applications of biosensors, specifically those embedded with a biological 
recognition element such as an immunochemical, enzymatic, non-enzymatic recep-
tor and nucleic acid biosensors, to detect and quantify microbial air contaminants 
may be possible in future. Despite the increased application of molecular/genomic 
methods, consideration of the strengths and limitations of each method provides 
different insights into the nature and behaviour of bacteria. Culture methods are 
essential in revealing phenotypic characteristics and behaviour, while the latter elu-
cidate the genotypic information. As neither type of information is superior to the 
other, both methods should be viewed as specialized and complementary tools 
which are suited to answering different experimental questions related to detection, 
identification and monitoring of microbial air quality under different environmental 
conditions and settings.

5.7.3  �Use of Next-Generation Sequencing (NGS) Technologies

The bulk of the current understanding of airborne microorganisms comes from 
culture-based studies, despite the shortcoming that the majority of the environmen-
tal microbes are not culturable. However, the recent advancements such as next-
generation sequencing (NGS) technologies have seen a rise in publications utilizing 
high-throughput metagenome sequencing in studying the bioaerosols microbial 
diversity and concentrations in different environments (Zhu et al. 2003; Dong et al. 
2016; Leung and Lee 2016; Sommer and Moustaka-gouni 2017; Abd et al. 2018; 
Du et al. 2018; Liu et al. 2018, 2019a). In contrast to first-generation sequencing, 
NGS generally produces voluminous (often millions) short DNA sequence reads 
(usually between 25 and 400 bp in length) and at a relatively low cost and short 
time. NGS technology has been widely used in recent years and includes a few 
major products with different chemistries, including 454 Sequencing (Roche 
Applied Science), Solexa (now Illumina) Technology (Illumina inc.), SOLiD 
(Applied Biosystems), Ion Torrent (Life Technologies Corporation) and Nanopure 
(Oxford Nanopore Technologies). These technologies are being increasingly applied 
in whole-genome (WGS), transcriptome, epigenome and small RNA sequencing 
(small RNA-seq), molecular marker and gene discovery, comparative and evolu-
tionary genomics, and association studies, which have all helped decipher and fur-
ther advance understanding of the distribution, variation and the potential metabolic 
activities of airborne microorganisms from different indoor and outdoor ecosystems 
(Table 5.4).

In recent years, several studies have utilized high-throughput sequencing tech-
nology to analyse the microbial composition and its functions from airborne set-
tings. For instance, various airborne microorganisms, including double-stranded 
DNA viruses and sequences of several respiratory pathogens and allergens in the 
air, were successfully identified after a severe smog event in China (Cao et al. 2014). 
The study also revealed that microbial abundance increased with increased air 
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Table 5.4  Some of the studies using the next-generation sequencing approaches to study the 
environmental microbiome of air

Research target Country Methods
Sequencing 
platform Conclusions References

Indoor and 
outdoor urban 
environments

USA WGS 
pyrosequencing; 16S 
rDNA metagenome 
sequencing

454 
titanium

WGS and 16S 
rDNA 
metagenome 
sequencing can be 
used to identify 
airborne bacteria 
that are 
metabolically 
active, and to 
differentiate 
between transient 
members and 
those that use air 
as a habitat.

Yooseph 
et al. 
(2013)

Severe smog 
event

China Shotgun sequencing Illumina 
MiSeq and 
HiSeq 2000

With sufficient 
sequencing depth, 
airborne microbes 
including bacteria, 
archaea, fungi, and 
dsDNA viruses 
can be identified at 
the species level. 
Majority of the 
inhalable 
microorganisms in 
severe smog event 
are soil-associated 
and non-
pathogenic to 
human

Cai et al. 
(2014)

Microbial 
functioning in 
clouds

France Shotgun sequencing; 
multiple 
displacement 
amplification 
(MDA) of genomic 
DNA and total 
RNAs; 
metatranscriptomics

Illumina 
MiSeq

Microbes 
influence the cloud 
physical and 
chemical 
processes, via 
oxidant capacity, 
iron speciation and 
availability, amino 
acids distribution 
and carbon and 
nitrogen fates

Amato 
et al. 
(2019)

(continued)
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Table 5.4  (continued)

Research target Country Methods
Sequencing 
platform Conclusions References

Airborne 
environment in 
urban spaces

USA Shotgun sequencing Illumina 
HiSeq 2000

Metagenomic 
complexity of 
urban aerosols 
temporally 
dependent and 
genomic analytical 
techniques can be 
used for 
biosurveillance 
and monitoring of 
threats to public 
health

Be et al. 
(2014)

Antibiotic 
resistance genes 
(ARGs) in 
severe smog 
event

China Shotgun sequencing 454 
titanium
Illumina 
MiSeq and 
HiSeq 2000

Tetracycline, 
β-lactam and 
aminoglycoside 
resistance genes 
had high 
abundance in 
airborne PMs. 
Airborne PMs 
contained a higher 
level of ARGs in 
smog days than in 
non-smog days

Hu et al. 
(2018)

Indoor air 
quality in a 
library

Italy I6S rDNA 
metagenomic 
sequencing

Illumina 
MiSeq

Libraries have a 
low microbial load 
(IGCM/
m3 < 1000) 
characterized by 
different species, 
including several 
cellulose 
metabolizing 
bacteria. Workers 
and visitors 
appeared a 
relevant source of 
microbial 
contamination. Air 
biodiversity 
assayed by NGS 
seems a promising 
marker for 
studying IAQ

Valeriani 
et al. 
(2017)

(continued)
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Table 5.4  (continued)

Research target Country Methods
Sequencing 
platform Conclusions References

Bioaerosols
Childcare 
facilities

Korea 16S rRNA (V1–V3 
regions) targeted 
amplicon sequencing

Roche/454 
GS junior 
system

The bacterial 
community in the 
indoor air contain 
diverse bacteria 
associated with 
both humans and 
the outside 
environment. In 
contrast, the 
fungal community 
was derived 
mainly from the 
surrounding 
outdoor 
environment and 
not from human 
activity

Shin et al. 
(2015)

Microbiome of 
the built 
environment

USA 16S rRNA (V1–V3 
regions) targeted 
sequencing

Illumina 
MiSeq

Offices have 
city-specific 
bacterial 
communities, 
which is 
dependent on 
different usage 
patterns with 
human skin 
contributing 
heavily to the 
composition of 
built environment 
surfaces bacterial 
diversity

Chase 
et al. 
(2016)

Hospital air USA Shotgun sequencing llumina 
HiSeq 2500

Shotgun 
metagenomic 
sequencing 
approach can be 
used to 
characterize the 
resistance 
determinants of 
pathogen genomes 
that are 
uncharacteristic 
for an otherwise 
consistent hospital 
air microbial 
metagenomic 
profile

King et al. 
(2015)

(continued)
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Table 5.4  (continued)

Research target Country Methods
Sequencing 
platform Conclusions References

Mycobiome in 
urban 
residences

Hong 
Kong

18S/5.8S rDNA 
(ITS1) target 
sequencing

Illumina 
MiSeq

Occupants exert a 
weaker influence 
on surface fungal 
communities 
compared to 
bacterial 
communities, and 
local 
environmental 
factors, including 
air currents, 
appear to be 
stronger 
determinants of 
indoor airborne 
mycobiome than 
ventilation 
strategy, human 
occupancy, and 
room type

Tong et al. 
(2017)

Indoor air 
bacteria in 
residences

USA 16S rRNA-based 
pyrosequencing and 
quantitative PCR

Roche GS 
FLX+ 
system

Indoor air in 
residences 
harbours a diverse 
bacterial 
community 
originating from 
both outdoor and 
indoor sources and 
is strongly 
influenced by 
household 
characteristics

Miletto 
and 
Lindow 
(2015)

(continued)
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Table 5.4  (continued)

Research target Country Methods
Sequencing 
platform Conclusions References

Indoor dust and 
outdoor air

USA 18S/5.8S rDNA 
(ITS1) target 
sequencing
16S rRNA (V1–V3 
regions) targeted 
pyrosequencing

Roche-454 
life 
sciences 
titanium

Microbiome 
sequencing is 
applicable for 
different types of 
environmental 
samples (indoor 
dust, and low 
biomass air 
particulate 
samples), and 
offers the potential 
to study how 
whole 
communities of 
microbes 
(including 
unculturable taxa) 
influence human 
health

Hanson 
et al. 
(2016a, b)

Microbiome 
and allergens in 
the air of 
bedrooms of 
allergy disease 
patients

USA 16S rRNA (V1–V3 
regions) targeted 
pyrosequencing

Illumina 
MiSeq

Microbial 
communities can 
be differentiated 
between rural, 
suburban, and 
urban homes and 
houses that were 
physically closer 
to each other have 
significantly more 
similar microbiota. 
It is possible to 
determine 
significant links 
between allergen 
burden and the 
microbiota in the 
air from the same 
sample and that 
these links relate 
to the 
characteristics of 
the home and 
neighbourhoods

Richardson 
et al. 
(2019)

(continued)
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Table 5.4  (continued)

Research target Country Methods
Sequencing 
platform Conclusions References

Viruses in 
aerosol in 
animal 
slaughterhouses

New 
Zealand

Shotgun sequencing Illumina 
HiSeq2000

Carefully designed 
large multi-region 
longitudinal 
studies can be 
used to elucidate 
viral causes of 
cancer caused by 
exposure to a 
bioaerosol. 
Metagenomic data 
provides a baseline 
and starting point 
for such 
investigations, 
including the 
development of 
diagnostics and 
targeted 
approaches for 
specific agents

Hall et al. 
(2013)

Office space 
bacterial 
diversity

USA Multiplex 
pyrosequencing; cell 
culture

454 life 
sciences 
FLX 
genome 
sequencer

Comprehensive 
molecular analysis 
using cultures and 
metagenomic 
analysis of office 
building microbial 
diversity shows the 
potential of 
studying patterns 
and origins of 
indoor bacterial 
contamination

Hewitt 
et al. 
(2012)

pollution. In another study, Yooseph et  al. (2013) successfully identified highly 
diverse microbial communities using metagenomics focussing on the genes involved 
in metabolism, transport, translation and signal transduction in microorganisms in 
indoor and outdoor air. Similarly, Tringe et al. (2008) studied the airborne metage-
nome in an indoor environment and identified genes responsible for adaptive mech-
anisms involved in resistance to desiccation and oxidative damage.

Concerning airborne viral diversity, NGS plays a significant role in establishing 
diverse airborne viruses in the near-surface atmosphere over three distinct land loca-
tions (residential, forest, and industrial), including those that infect plants and ani-
mals (Whon et  al. 2012). These studies illustrate that NGS technologies are 
becoming convenient tools for monitoring airborne viral, bacterial and fungal 
pathogens and studying their global distribution patterns. With continuous progress 
and advances in the field, NGS will help identify the airborne microbes, and their 
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genes and metabolic pathways that potentially contribute to atmospheric transfor-
mation, meteorological applications, environmental bioremediation, and health, and 
facilitate the search for ways to incorporate these finding into novel applications.

In addition to the microbiological quality, other airborne contaminants are deter-
mined using different analytical methods. For instance, spectrophotometry has been 
used for the detection of some air pollutants such as particulate matter concentra-
tions (Language et al. 2016), as well as for the detection of SO2 CO, ozone and Cr 
(Salem et al. 2009; Homa et al. 2017). Another powerful analytical detection method 
is the chromatographic separation approach; analysis can also be done using chro-
matographic mass spectrometry techniques (Thompson 2008). Some of the air 
pollutants such as volatile organic compounds (VOCs), mycotoxins from biological 
pollutants and chemical pollutants (e.g. formaldehyde) can be analysed using Gas 
chromatographic separation (GC-MS/MS) (Badihi-Mossberg et al. 2007) and high 
performance liquid chromatography (HPLC-MS/MS) (Salem et al. 2009). The main 
advantage of using chromatographic methods is that it can also identify unknown 
compounds (Srivastava and Majumdar 2011).

Liquid chromatography-tandem mass spectrometry (LC-MS/MS) is a powerful 
qualitative and quantitative analytical technique with a wide range of applications. 
For example, agricultural practices use tremendous amounts of airborne pesticides 
such as organophosphorus (OP) pesticides chlorpyrifos (CPF), azinphos-methyl 
(AZM), and their oxygen analogues, chlorpyrifos-oxon (CPF-O) and azinphos-
methyl-oxon (AZM-O), which have been associated with higher temperatures, 
higher levels of ozone, dry weather, interaction with hydroxyl radicals, and 
photodegradation via ultraviolet light (Armstrong et  al. 2014). Identification and 
quantification of these airborne contaminants require more sensitivity, accuracy and 
precision when compared to the traditional GC-MS method and, therefore, LC-MS/
MS can be considered an appropriate alternative analytical method. Apart from 
these pollutants, microbial metabolites related to adverse human health effects have 
been observed in indoor air settings. Studies using LC-MS/MS detected 33 different 
microbial metabolites, including toxic bacterial metabolites and mycotoxins from 
indoor environments (Täubel et al. 2011). However, the current information on the 
natural occurrence of toxic microbial metabolites in indoor and ambient environ-
ments is limited. Applying these analytical methods will increase the knowledge of 
the variety of microbial metabolites present in both indoor and outdoor settings.

5.8  �Challenges and Prospects

Despite the global increase in research on outdoor and indoor air quality and their 
relationship to public health, there are no significant studies done in Africa. 
Currently, there are numerous studies mainly targeting the chemistry of criteria pol-
lutants and air toxics in Africa (Schwela 2012; Simwela et al. 2018; Katoto et al. 
2019). For example, a systematic review of the literature identified 60 articles 
assessing the association between Air Associated Pollutants (AAP) and health 
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outcomes in sub-Saharan Africa (Katoto et al. 2019). In contrast, only a few studies 
have focused on microbial air quality, with the majority being culture-based (Malebo 
and Shale 2013; Abiola et  al. 2018; Getachew et  al. 2018; Osman et  al. 2018; 
Andualem et al. 2019; Oluwakemi Omolola 2019; Robinson and Wemedo 2019). 
Due to inherent shortcomings of culture-based techniques, the current state of 
affairs indicates that there is very little knowledge about the microbial content and 
diversity in both indoor/outdoor systems in Africa, which demonstrates the need to 
survey microbiome, using next-generation sequencing technologies. Based on the 
limitations of the existing molecular methods that target specific viruses, and spe-
cific bacterial indicators, new methodologies such as metagenomics are vital for the 
identification of unique or unlooked-for microbiomes in the aerial ecosystems in the 
continent. This would provide references for a better understanding of indoor/out-
door air microbiome quality and public health outcomes in different environmental 
settings across African.

Techniques such as NGS and metagenomics are still emerging techniques for the 
identification and diversification of microbiomes from different ecosystems in 
Africa. Although the causes of low research output in Africa are multifaceted, there 
are two major issues hindering research on modern high-throughput genomics and 
bioinformatics projects in African institutions: (1) shortage of trained bioinformati-
cians and (2) infrastructural problems. Generally, investment in science in Africa 
remains low by international standards with many countries contributing paltry 
<1% of GDP to research (Djikeng et al. 2012; Beuadry et al. 2018). African coun-
tries still do not have the resources to develop their genomic projects on a large 
scale. For example, it is estimated that there were only 13 high-throughput sequenc-
ing infrastructure on the Africa continent by 2015 (Prifti and Zucker 2015), illustrat-
ing how the continent lags far behind in terms of NGS equipment. Over the years, 
Africa has also witnessed a steady loss of university staff, leading to low scientific 
research output, and poor preparation of the next generation of African biotechnol-
ogy scientists and bioinformaticians. Consequently, increased funding on research 
studies utilizing NGS technologies while also focusing on capacity building and 
infrastructural development for increased awareness is highly needed.
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Chapter 6
Bacterial Contamination on Household 
Latrine Surfaces: A Case Study in Rural 
and Peri-Urban Communities in South 
Africa

Natasha Potgieter, Ugonna Aja-Okorie, Rendani L. Mbedzi, 
and Afsatou N. Traore-Hoffman

6.1  �Introduction

Globally, 4.5 million people use a sanitation system which does not provide ade-
quate protection (WHO 2019). The Millennium Development Goals were replaced 
at the end of 2015 by 17 Sustainable Development Goals (SDGs) with Goal 6 high-
lighting aspects on sanitation and setting an agenda for the water and sanitation 
(WASH) professionals to work towards 2030 (United Nations 2015a, b).

Safe sanitation is a fundamental human right which ensures dignity, prevents 
infection and improves social well-being (WHO, 2019). The World Health 
Organisation (WHO 2019) defines safe sanitation as access to and use of facilities 
and services for the safe disposal of human urine and faeces. The lack of safe sanita-
tion contributes to diarrhoea (a leading cause of disease and death among children 
under 5 years in low- and middle- income countries) (UNWater 2008a, b; Richard 
et al. 2013; Danaei et al. 2016; UNICEF, WHO, World Bank 2018), neglected tropi-
cal diseases (Ziegelbauer et  al. 2012) and environmental enteric dysfunction 
(Humphrey 2009; Keusch et al. 2013; Crane et al. 2015).

Rural areas in many low- and middle-income countries (LMICs) do not have safe 
sanitation while rapid urbanization is putting a strain on cities that are struggling to 
cope with the scale of sanitation needs. Globally, the cost and maintenance of sanita-
tion systems are challenging and ensuring public health requires the continued adap-
tion of systems (United Nations 2015a, b). The safe disposal of human excreta implies 
that not only do people have to excrete hygienically but that their excreta must be 
appropriately contained and treated to avoid affecting their (or anybody else’s) health 
(Mara et al. 2010). Improved hygiene practices at households can help to decrease the 
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risks linked with infective organisms such as pathogenic Escherichia coli that are 
spread via the faecal-oral transmission route other than via contaminated water 
(Prüss-Üstün et al. 2016). Pathogenic E. coli strains have been identified as the lead-
ing human diarrhoeagenic pathogens worldwide, causing infection, particularly in 
young children in developing countries (Porat et al. 1998).

Generally, the toilet in the household is in constant use throughout the day and 
provides an ideal environment for the spread of skin, gut and respiratory organisms 
through hands and surfaces between family members (International Scientific 
Forum on Home Hygiene 2002). Very few studies are seen on the role of toilet seats 
in rural and peri-urban households (with inadequate or no access to safe sanitation) 
in the transmission of diseases within these households and the community. In 
Cambodia, Sinclar and Gerba (2010) found that a flush toilet is a barrier to micro-
bial contamination in the transmission pathway in rural households. Jeon et  al. 
(2013) found that differences in the survivability of bacteria depend on the moisture 
or temperature of the surfaces and the frequency of transmission. They also showed 
that the phylum and genus compositions found on different surfaces within house-
holds varied and were unique. This study further showed that human skin microbi-
ome could be a significant source of bacteria transmission by touch or exposure 
within a household (Jeon et al. 2013). In a recent study in Kathmandu, Nepal, by 
McGinnes et  al. (2019), pay-per-use community toilets were assessed and com-
pared to pit latrines and cistern flush toilets in private households. This study showed 
no difference in the contamination levels between privately owned toilets and com-
munity toilets.

South Africa presently has less than 70% overall sanitation access rate, which 
does not truly reflect on the situation in rural and peri-urban communities (Prüss-
Üstün et al. 2016). Despite effective policies and programmes, the peri-rural and 
rural areas of South Africa are still facing health-related problems associated with 
poor hygiene and sanitation. Insufficient water resources in South Africa add to the 
problem of providing all people with waterborne sewerage. Many of the households 
in rural and peri-urban communities are using either VIP toilets, self-constructed pit 
latrines or practice open defaecation due to the absence of sanitation facilities. 
Although the provision of decent toilets is essential, hygiene aspects must also be 
addressed to decrease health issues in these communities, especially because of a 
high number of HIV-positive individuals residing in these communities. There is, at 
present, very little data available on the impact inadequate sanitation facilities have 
on the spread of diseases in rural households of South Africa. This chapter reports a 
case study that used E. coli to determine the potential health risks associated with 
poor sanitation in rural and peri-urban households. Although specific to selected 
communities in South Africa, the approach and results should apply to other 
communities in other parts of Africa and other tropical countries in general.
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6.2  �Materials and Methods

6.2.1  �Study Sites and Sample Collection

The study was carried out in peri-urban communities in the Gauteng and Mpumalanga 
Provinces and in rural communities in the Limpopo Province of South Africa. A 
consent form was drafted and distributed to the households. The caregiver in each 
household signed the form after the study activities and purpose were explained 
to them.

In the rural communities, a total of 130 latrines were assessed from two villages. 
In the peri-urban areas, a total of 72 households were selected to participate in this 
study. The seats of each latrine were swabbed separately using sterile swabs which 
were separately placed into sterile 100 mL phosphate-buffered saline (PBS) solu-
tion (pH  7.4) in 4  °C cooler boxes and transported to the laboratory for further 
analysis.

6.2.2  �Microbiological Assessment of Samples

Using E. coli as a model pathogen, the Colilert® Quanti-tray/2000 system was used 
for the enumeration of viable E. coli cells from samples. The PBS/cotton samples 
were vortexed for 1  min each and treated according to the Quanti-tray method 
described by the manufacturer (IDDEX). All sample were examined under a long 
wave (360 nm) ultraviolet light, and all fluorescent wells were counted as E. coli 
positive (Omar et al. 2010).

6.2.3  �DNA Extraction

A total of 2 mL of the media was removed from up to ten positive E. coli wells of 
the Colilert-Trays/2000 with sterile 1-mL Neomedic disposable syringes with a 
mounted needle (Kendon Medical Suppliers, South Africa) and aliquoted into 2 mL 
sterile Eppendorf tubes. The tubes were centrifuged for 5 min at 13,000 × g to pellet 
the cells and the supernatant discarded. DNA was extracted from the collected bac-
terial cells using an adapted version of the guanidium thiocyanate/silica method 
reported by Boom et al. (1990) using homemade spin columns prepared as reported 
by Borodina et al. (2003). The changes to the DNA extraction method included the 
addition of 250 μL of 100% ethanol to the lysis buffer to enhance the binding of 
DNA to the celite. The celite containing the bound DNA was loaded into spin col-
umns before doing the washing steps. DNA was eluted from the celite with 100 μL 
Qiagen elution buffer (Southern Cross Biotechnology, South Africa). The extracted 
DNA was used as a template in all PCR assays (Omar et al. 2010).
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6.2.4  �Molecular Assessment of Samples

The procedure and primers used were published by Omar et al. (2010). Briefly, all 
m-PCR assays were performed in a Biorad Mycycler™ Thermal cycler in a total 
volume of 20 μL. A multiplex PCR kit (Qiagen) was used for the m-PCR protocol. 
Each reaction consisted of 1X Qiagen® PCR multiplex mix (containing HotstartTaq® 
DNA polymerase, multiplex PCR buffer and dNTP mix); 2 μL of the primer mix-
ture (0.1 μM of mdh and lt primers (Forward (F) and reverse (R), 0.2 μM of ial and 
eagg primers (F and R), 0.3 μM of eaeA and stx2 primers (F and R), 0,5 μm of stx1 
and st primers (F and R), 4 μL of sample DNA and 4 μL PCR grade water. The reac-
tion was subjected to an initial activation step at 95 °C for 15 min, followed by 
35 cycles consisting of denaturing at 94 °C for 45 s, annealing at 55 °C for 45 s, 
extension at 68 °C for 2 min and final elongation at 72 °C for 5 min (Omar et al. 
2010). DNA was analysed using a 2.5% (w/v) agarose gel in TAE buffer (40 mmol−1 
Tris-acetate; 2  mmol−1 EDTA, pH  8.3) with 0.5  μg/mL ethidium bromide. 
Electrophoresis was conducted for 1–2 h in an electric field strength of 8 V/cm gel 
and the DNA visualized with UV light (Gene Genius Bio Imaging system, Vacutec®). 
DNA fragments were estimated by electrophoresis using either a 1 kB or 100 bp 
molecular marker (Fermentas®) (Fig. 6.1).
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Fig. 6.1  Agarose gel showing the mPCR detecting the housekeeping gene (internal control) and 
virulent genes of Escherichia coli. Lane 1 indicates the 100 bp Fermentas O’Generuler DNA lad-
der run and lane 3 indicates the mPCR gene distribution (Omar et al. 2010)
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6.3  �Results and Discussion

In the rural study area, only 130 (24%) toilet seat samples were obtained from a 
total of 540 households in two villages. Village 1 had 480 households with 111 
(23%) toilets. Village 2 had 60 households and only 19 (32%) toilets. In the peri-
urban areas, a total of 72 households were selected to participate in this study, of 
which only 59 (82%) households had a latrine because 23 (39.0%) households had 
to share toilets and 12 (20.4%) households did not have a latrine.

The South African water quality guideline for total coliforms (TC) is 10 TC 
CFU/100 mL (DWAF 1998), and this limit was used as a guideline in this study. In 
both the rural and peri-urban latrines tested, the minimum TC most probable num-
ber (MPN)/100 mL ranged from <1 MPN/100 mL to a maximum count of 2419.6 
MPN/100 mL. In the peri-urban study area, a total of 57 (96.6%) toilet seats out of 
59 contained TC, and the average TC count was 985.6 MPN/100 mL. The results 
also showed that 2 (3.4%) samples had <1 MPN/100 mL TC, 4 (6.8%) samples had 
between <1 and 19 MPN/100 mL TC, while 53 (92.9%) of toilet seat samples had 
TC counts higher than 10 CFU/100 mL. In the rural study area, a total of 126 (95%) 
toilet seats out of 130 contained TC. From these samples, only 4 (3.1%) samples 
had <1 MPN/100 mL TC, while 15 (11.5%) of toilet seat samples had TC counts 
higher than 2420 MPN/100 mL.

The South African water quality guideline for Escherichia coli (EC) is <1 EC 
MPN/100 mL (DWAF 1998) and used as a guideline in this study to implicate health 
risk. In both the rural and peri-urban latrines tested, the minimum EC count/100 mL 
ranged from <1 MPN/100 mL to a maximum count of 2419.6 MPN/100 mL. In the 
peri-urban study area, a total of 45 (76.3%) toilet seats out of 59 tested positive for 
EC counts. In the rural study area, a total of 90 (68%) toilet seats out of 130 tested 
positive for EC counts. Of these samples, 14 (16%) had EC counts higher than 300 
MPN/100 mL.

The majority of TC and EC counts in this study were higher than the South 
African guideline counts, which confirmed a potential transmission risk to the 
people in the study. It has also been shown that the total coliform group includes 
bacteria of faecal origin and indicates the possible presence of bacterial pathogens 
such as Salmonella spp., Shigella spp., Vibrio cholerae, Campylobacter jejuni, 
C. coli, Yersinia enterocolitica and pathogenic E. coli, especially when detected in 
conjunction with other faecal coliforms (DWAF 1998). Therefore, one can make a 
case that these organisms can cause diseases such as gastroenteritis, salmonellosis, 
dysentery, cholera and typhoid fever (DWAF 1998). The CDC (2008) has stated that 
the spread of these bacteria cannot be stopped unless some form of disinfection 
process is implemented. Furthermore, the results from this study showed that the 
presence of E. coli on toilet seats indicated the risk that these households were 
exposed to diarrhoeal diseases (DWAF 1998).

The results of this study corroborate the findings of Potgieter et al. (2011) in a 
study done in Zimbabwe which showed that 88% of the urban toilets, 83% of the 
peri-urban toilets and 73% of the rural toilet seat swabs were positive for total 
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coliforms and E. coli. The study of Potgieter et  al. (2011) also concluded that 
unsanitary facilities and lack of adequate hygiene practices could be the reason for 
these results, which might also be the case in the current study population (but was 
not part of the objectives to investigate).

Molecular assessment of the EC-positive samples indicated that different 
diarrhoeagenic EC strains were present on the seats and could be responsible for the 
transmission of diarrhoeal diseases in the households and communities due to unhy-
gienic practices (Table 6.1).

In the peri-urban study area, all the 45 EC-positive samples were confirmed to be 
Escherichia coli using the Commensal EC gene, while 26 (57.8%) of the samples 
tested positive for EHEC, 39 (86.7%) for ETEC, 10 (22.2%) for EIEC, 31 (68.9%) 
for EAEC and 44 (97.7%) for EPEC.  In the rural study area, all 90 EC-positive 
samples were confirmed to be Escherichia coli using the Commensal EC genes, 
while only 45 samples had virulence genes. The pathotypes were distributed as 
follows: 1 (2%) EHEC, 14 (14%) ETEC, 5 (6%), 14 (16%) and 11 (12%) EPEC.

EPEC strains cause either bloody or watery diarrhoea and are linked to infant 
diarrhoea (Matar et  al. 2002). A study conducted by Potgieter et  al. (2011) in 
Zimbabwe found Escherichia coli strains from toilet seat samples where atypical 
EPEC was the most prevalent pathogenic E. coli identified in urban areas at 25%, 
followed by typical EPEC at 24%. EAEC was also fairly prevalent at 18%, with 
ETEC following at 10%. Almost 83% of E. coli strains identified in urban areas 
were pathogenic, compared to 40% in peri-urban areas and 69% in rural areas. The 
study concluded that the higher presence of pathogenic E. coli strains in urban 
areas could contribute to higher diarrhoea prevalence (Potgieter et al. 2011). The 
prevalence of EPEC indicates the risk of infantile diarrhoea among children, par-
ticularly in developing countries (Levine 1987; Donnenberg and Kaper 1992). 
ETEC causes diarrhoea in infants and travellers, especially in regions with poor 
sanitation (Huerta et al. 2000). EHEC is responsible for the development of haem-
orrhagic colitis (Riley et  al. 1983) and haemolytic uraemic syndrome (HUS) in 
humans (Karmali 1989). At least 10% of individuals who contract enterohaemor-
rhagic diarrhoea develop haemolytic uraemic syndrome, which leads to kidney 
failure and death (Lightfoot 2003). EIEC has been recognized as a causative agent 
of diarrhoea in human since 1971 (Dupont et al. 1971). EIEC has been named thus 
because of the organism’s ability to invade the epithelium of host colonic mucosa 

Table 6.1  Pathogenic E. coli strains isolated from the toilet seats in rural and peri-urban 
households

Entero-
haemorrhagic
E. coli
(EHEC)

Entero-
toxigenic
E. coli
(ETEC)

Entero-
invasive
E. coli
(EIEC)

Entero-
aggregative
E. coli
(EAEC)

Entero-
pathogenic
E. coli
(EPEC)

Peri-urban toilet 
seat swab samples

26
(57.8%)

39
(86.7%)

10
(22.2%)

31
(68.9%)

44
(97.7%)

Rural toilet seat 
swab samples

1
(2%)

14
(14%)

5
(6%)

14
(16%)

11
(12%)
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during pathogenesis (Dupont et  al. 1971). EAEC causes persistent diarrhoea in 
developing countries (Nataro and Kaper 1998). In South Africa, ETEC and EPEC 
are the causative agents in 8–42% of diarrhoea incidences (Arvida et  al. 2004). 
Therefore, the prevalence of these strains on toilet seats indicates a potential 
health risk.

While the current study detected the presence of diarrhoea-causing pathotypes of 
E. coli on toilet seats in the studied area, it should be noted that the guidelines used 
to infer the risk were those for drinking water quality in South Africa. Thus, poor 
sanitation habits would therefore lead to the transfer of the pathogens to hands and 
subsequently to the mouth, either directly or through the contamination of water 
and food.

6.4  �Conclusions

The case studies in rural and peri-urban households in South Africa were used to 
indicate the prevalence of pathogenic E. coli strains on toilet seats which could 
potentially be harmful to older adults, young children and other vulnerable indi-
viduals in South Africa where there is a high incidence of HIV (UNAIDS 2018). In 
order to do this toilet seat samples were collected using sterile swabs, and total 
coliforms and E. coli were isolated. Different combinations of E. coli strains were 
also detected, and this indicated a high potential health risk to the members of these 
study households. The prevalence of pathogenic E. coli found in samples collected 
from toilet seats indicates an important transmission route due to poor hygiene prac-
tices. Most people in these rural and peri-urban communities seem to lack informa-
tion on hygiene practices, and it poses a health risk to young children, older adults 
and immune-compromised individuals such as HIV/AIDS patients. It is therefore 
important to equipped communities with the knowledge, combined with proper 
training on how to build their household toilet. Additional personal hygiene 
education (washing hands with soap after visiting the toilet or before preparing 
food) and household hygiene education, which includes keeping the toilet clean, 
safe disposal of refuse and solid wastes, must be part of the educational messages 
from the Department of Health.
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Chapter 7
The Impact and Control of Emerging 
and Re-Emerging Viral Diseases 
in the Environment: An African 
Perspective

Juliet Adamma Shenge and Adewale Victor Opayele

7.1  �Introduction

The emergence of new infectious diseases is characterized by a sudden invasion or 
spread of diseases typically known to be rare or uncommon (Morens et al. 2008). 
Emerging viruses are newly recognized or newly evolved viruses or those that 
occurred previously in a population but show increased incidence or expansion into 
new geographical, host or vector range (WHO 2004). Re-emerging viruses, on the 
other hand, include those viruses that had previously decreased in incidence but are 
currently experiencing an upsurge (Morse 1995). These agents present significant 
challenges to researchers regarding their epidemiology, vaccine design and eradica-
tion (Ahmed et al. 2014).

Approximately 80% of viruses that infect humans are zoonotic (Taylor et  al. 
2001). Most of these viruses perpetuate naturally in animal reservoirs that include 
numerous mammalian, avian and invertebrate vectors or intermediate hosts 
(Woolhouse and Gowtage-Sequeria 2005; Kilpatrick and Randolph 2012). Farm 
and wild animals are the primary sources of novel zoonotic viruses causing disease 
in human. This gives rise to about 60% of known human pathogens and up to 75% 
of emerging human infections (Cleaveland et al. 2001). Outbreaks of several viral 
haemorrhagic diseases have been reported in Africa, majorly caused by viruses in 
the families Filoviridae, Arenaviridae, Flaviviridae and Bunyaviridae. Animal res-
ervoirs have been involved in the emergence of these viruses in humans. Hence, the 
transmission of these infectious agents from animals to humans, or vice versa, has 
resulted in the sustained periodic dissemination in the human population.
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7.2  �Environmental Sources and Patterns of Emergence 
of New Viral Agents

The emergence patterns of new viral agents and re-emergence of already known 
ones have been continuously changing, mostly due to several factors that could be 
climatic, agricultural, anthropological or a combination of two or more of these fac-
tors (Andrew and Gregory 2008). Viruses cannot replicate outside the living host 
but can survive in the environment for a long period. For instance, enteroviruses are 
very stable in harsh environments. Several waterborne viruses have been isolated 
from contaminated sources such as sewage. Such enteric viruses include norovirus, 
hepatitis A and E viruses, human enterovirus A-D, and human adenovirus A-G. These 
viruses have been implicated in gastrointestinal problems and responsible for infec-
tions such as hepatitis, conjunctivitis, poliomyelitis and several others (La Rosa 
et al. 2012). Other known sources of emerging viral diseases are wild and domestic 
animals responsible for most zoonotic viral infections (Woolhouse et  al. 2005). 
Again, human involvement in numerous activities to harness natural resources, cou-
pled with other essential factors such as increased residencies, close contacts with 
animal reservoirs in the wild, poor land use leading to degradation and alteration of 
natural habitations, have been implicated in the emergence of new infectious dis-
eases. A host of disease-causing microorganisms including viruses in the environ-
ment in Africa are not often detected, probably due to inadequate evaluation of the 
environment. Residential areas sited close to dumpsites and stagnant water sources 
face hazards of air pollution which poses serious threats to human health. This is 
commonplace in most urban cities in the continent. Humans interact with such envi-
ronments through activities such as scavenging at dumpsites, fishing and washing in 
contaminated water making these sites primary sources of infections, which could 
subsequently spread through the community (van Doorn 2014). Exchanges through 
trade, coupled with human and animal travels, have also contributed to the spread of 
virus-carrying vectors from one region to another (Tatem et al. 2006; Hufnagel et al. 
2004). Human-animal-environment connections have resulted in cyclical events 
that promote infectious disease epidemiology. Zoonotic infectious diseases are most 
implicated in this pattern, depicted by disease transmission from animals to humans 
or vice versa and result in disease outbreaks among the human population. It is 
believed that new viral agents emerge when known viruses from animals switch 
hosts and become established in humans. This occurrence can lead to severe epi-
demics when the human-human transmission is achieved, especially with highly 
pathogenic viruses (Olsen et al. 2006). The viral agents can be airborne and so trans-
mitted through droplets, as in the case of influenza viruses. They can also be trans-
mitted through direct animal bites and scratches such as the rabies virus in dogs and 
cats; other viral agents such as HIV-1 in primates and SARS-CoV in bats undergo 
host switching over time to cause epidemics in humans (Parish et al. 2008). Thus, 
restricted human contact with primates and other virus reservoirs in the wild is nota-
bly a significant obstacle to the establishment of viral infections and the occurrence 
of outbreaks in the human population.
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Infectious disease agents may resurface with fresh features which may include 
altered or mutated genes resulting in resistance to several antimicrobial agents as in 
the case of HIV/AIDS, viral hepatitis and influenza. Evolutionary studies have 
shown that infectious agents that occasionally cause endemics originated and stabi-
lized with time in a given environment (Center for Disease Control and 
Prevention 2018).

7.3  �Drivers of Emerging Viral Diseases

Increases in the movement of people, climate change, and viral evolution involving 
cross-species at the human-animal interface lead to the emergence of new viruses 
(Parish et al. 2008; Ippolito and Rezza 2017). Environmental factors such as inad-
equate water supply, sanitation, food and climatic changes, as well as lapses associ-
ated with the collection, treatment and disposal of solid waste in developing nations 
often result to pollution of soil, water and air. This creates breeding sites for biologi-
cal vectors of viral diseases such as insects and rodents (Obi and Shenge 2018). A 
likely trend is the dispersal of insect vectors such as Aedes mosquitoes implicated in 
the spread of many arboviruses which have spread to new locations by adopting new 
breeding sites in tyres, overcrowded settings and stagnant water pools, mainly 
because of population growth and expansion. Most are as a result of massive settle-
ments and residential building in unapproved sites such as marshy areas and near 
dumpsites lacking basic sanitation and proper waste disposal facilities (Marston 
et al. 2014). In such areas, solid and open waste such as tyres, cans, plastic bottles, 
and nylon bags that collect water become breeding sites for vectors of viral agents.

Climatic factors like temperature, rainfall and relative humidity influence the 
incidence, duration and intensity of the emergence of epidemic forms of viral dis-
eases. For example, it has been observed that the incidence of Rift Valley fever in 
East Africa at a time increased as a result of long periods of heavy rainfall, which 
created increased breeding sites for the vectors of the disease (Davies et al. 1985). 
Microbial adaptation in any environment is driven by factors which range from host 
to agent and ecological influences. Hosts factors include gender, age, and immune 
status, among others, which may determine the outcome of infection in an exposed 
host. Additionally, human activities and individual behaviours may influence the 
transmission of viral diseases. Evolution of viruses resulting in cross-species trans-
mission has also been tagged as a driver of emerging viruses. This is mainly seen 
among rapidly evolving viruses such as RNA viruses, which are prone to error dur-
ing replication (Drake and Holland 1999), due to lack of proofreading machinery by 
the RNA-dependent RNA polymerases (Smith et al. 1997). This results in nucleo-
tide substitutions (mutations) due to rapid replication and synthesis of enormous 
virus quantity within a short time (Moya et al. 2004). The distribution of viral vari-
ants in the human population can be due to epidemics through different means of 
transmission (Parish et al. 2014). Such diversities have been observed in some RNA 
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viruses such as the HIV and hepatitis C virus (Argentini et  al. 2009; Shenge 
et al. 2018).

Another critical driver of the emergence of viral diseases is host switching, where 
a virus that initially infected an animal host shifts to a new host and subsequently 
gets established within the human population after it is successfully transmitted 
(Lindstrom et  al. 2004). Host switching enables these viral agents to adapt as a 
result of recombination and assortment in their genomes, which may lead to the 
emergence of entirely new strains of the virus or strains with reassorted gene seg-
ments. This trend was observed in the 1957 H2N2, and 1968 H3N2 Influenza, 
human pandemic viruses containing gene segments of haemagglutinin (HA) and 
polymerase (PB1) obtained from the avian influenza virus (Webby and Webster 2001).

7.4  �Epidemiology, Transmission and Impact of some 
Emerging Viral Diseases in Africa

7.4.1  �Rift Valley Fever

Rift Valley fever (RVF) is a devastating mosquito-borne zoonotic disease that causes 
illnesses in humans and animals (Hartman 2017). The virus is a Phlebovirus in the 
family Bunyaviridae. It has a tri-segmented, single-stranded RNA genome in which 
two segments, L (large) and M (medium), have a negative polarity, while the third, 
S (small), is ambisense (Ly and Ikegami 2016). The virus was first isolated from 
sheep in Kenya in 1931 and has since spread to other countries (Pepin et al. 2010). 
Large outbreaks of the disease have occurred in many African countries, Madagascar 
and the Arabian Peninsula, and have usually been indicated by a sweep of abortion 
in livestock (Mariner 2018). The RVF virus is transmitted through bites of various 
species of Aedes and Culex mosquitoes which serve as reservoirs and amplifying 
vectors, respectively. The virus can also be transmitted through contact with infec-
tive animal tissues such as blood, aborted foetus and other body fluids (Nyakarahuka 
et al. 2018). Humans have also been infected through drinking of raw, unpasteurized 
milk from infected animals (Ng’ang’a et al. 2016).

The RVF virus is maintained during the dry season in desiccation-resistant verti-
cally infected eggs of several Aedes species (Lumley et al. 2017). RVF epizootics 
and epidemics usually occur during periods of above normal and prolonged rainfall. 
The rainfall events result in flooding of dambo-type grassland depressions at greater 
depths and for extended periods compared to interepizootic periods. Consequently, 
previously dormant infected Aedes eggs are induced to hatch, causing the emer-
gence and survival of at least one large generation of virus-infected Aedes mosqui-
toes (Williams et al. 2016). These mosquitoes then transmit the virus to ungulate 
livestock, especially sheep, cattle and goats which serve as amplifying vertebrate 
hosts that may begin the epizootic cycle. After infection from primary Aedes vec-
tors, livestock species, especially sheep, suffer significant morbidity, mortality and 
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up to 100% abortion. These amplifying vertebrates develop high viraemia, enough 
to infect secondary mosquito vector species (Lutomiah et al. 2014). Secondary mos-
quito species including Culex and Mansonia species then serve as the primary hori-
zontal vectors of the RVF virus between viraemic domestic animals and humans. 
The pace of the epizootic may be further compounded because virus-infected mori-
bund ungulates display little mosquito avoidance behaviour and are preferentially 
fed upon by secondary vectors (Linthicum et al. 2016).

Notable epidemics of the virus include the 1977 outbreak in Egypt, where about 
200,000 human cases and 598 deaths occurred (Meegan et al. 1979). In 2006, an 
outbreak with over 1000 human cases and 300 deaths occurred in Somalia, Kenya 
and Tanzania (Dar et al. 2013). Other series of large-scale RVF outbreaks include 
Sudan (2007), Madagascar (2008), southern Africa (2008–2011), Mauritania (2010, 
2012) and Saudi Arabia and Yemen (2000) (Clark et al. 2018). Subclinical circula-
tion of the virus in humans and animals has also been documented in many African 
countries, including Nigeria (Opayele et al. 2018). This virus severely affects the 
health and economy of thousands of humans and livestock in the affected countries 
(Linthicum et al. 2016).

7.4.2  �Yellow Fever

Yellow fever, caused by the yellow fever virus (YFV), is another mosquito-borne 
viral haemorrhagic disease with high mortality. It mostly occurs in Africa and South 
America. Historically, it caused large outbreaks in Europe and North America when 
it was introduced during the slave trade (Holbrook 2017).

The yellow fever virus possesses a positive-sense, single-stranded RNA genome. 
It is the prototype of the genus Flavivirus, family Flaviviridae, which comprises 
approximately 70 viruses, most of which are arthropod borne. Other major human 
and veterinary pathogens in the genus include dengue, Japanese encephalitis and 
West Nile viruses (McLinden et al. 2017).

Yellow fever is a zoonotic disease, maintained in nature by non-human primates 
and diurnally active mosquitoes that breed in tree holes in the forest canopy 
(Haemagogus spp. in the Americas, and Aedes spp. in Africa). People are exposed 
to infected mosquitoes when they encroach on this cycle during occupational or 
recreational activities (Hanley et al. 2013). In the warm, humid savanna regions of 
Africa, tree-hole-breeding Aedes mosquitoes reach very high densities and are 
implicated in the endemic and epidemic transmission of viruses from monkeys to 
humans. Aedes aegypti, a domestic mosquito species that breeds in human-made 
containers, transmits the yellow fever virus among humans in cities (Possas et al. 
2018). The virus is maintained over the dry season by vertical transmission in mos-
quitoes. Transovarially infected eggs survive in dry tree-holes and hatch infectious 
mosquitoes when the wet season begins (Monath 2001).

Approximately 200,000 cases of yellow fever occur annually worldwide, 90% of 
which occurs in Africa. A striking resurgence of the disease has occurred since the 
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1980s in both sub-Saharan Africa and South America (Monath and Vasconcelos 
2015). Studies on yellow fever outbreaks across Africa revealed that epidemics of 
the disease were more frequent and more extensive in west and east African coun-
tries than countries in central Africa. This is due to the influence of climate and the 
environment on both mosquito vectors and the virus (Hamlet et al. 2018). Also, the 
periodicity of an upsurge in yellow fever activities in west African countries is 
between 5 and 20 years while much longer intervals of up to 45 years have been 
observed in parts of east Africa. Some countries have also sustained epidemics 
across multiple years, for example, in Ghana (1977–1983), Guinea (2000–2005), 
and Nigeria (1986–1994) (Monath and Vasconcelos 2015). In December 2015, 
another urban outbreak of yellow fever was declared in Angola and soon after in the 
Democratic Republic of Congo (DRC). These outbreaks ended in 2017 with 7334 
suspected cases and 393 deaths (Kraemer et al. 2017). In 2016, another outbreak 
occurred in Uganda, and since then, several sporadic yellow fever cases have been 
reported in Chad, Ghana, the Republic of Congo, Guinea and Nigeria (Domingo 
et al. 2018).

Mosquito vectors capable of transmitting yellow fever exist in regions where the 
disease does not presently occur, such as Asia (Barnett 2007). Vector-control strate-
gies that were once successful for the elimination of yellow fever from many 
affected regions have failed, leading to the re-emergence of the disease. Consequently, 
the administration of vaccines is still the most effective method of prevention of the 
disease, coupled with the prevention of mosquito bites. Effective vaccines against 
yellow fever have been discovered since 1937 (Theiler and Smith 1937) and have 
been responsible for the significant reduction in occurrences of the disease world-
wide (Garske et al. 2014). Till date, the yellow fever 17D vaccine is very effective 
despite its use for over seven decades probably due to the genetic stability of the 
yellow fever virus structural proteins which the host immune cells target (Baba and 
Ikusemoran 2017). However, despite this success, effective administration of the 
vaccine is still a challenge and has been contributing to the resurgence of the disease 
in many African countries. There have been occasional issues of supply and demand, 
as experienced in Angola and Democratic Republic of Congo in 2016 (Barrett 
2017). Inadequate vaccine coverage is also a problem in many countries where the 
disease is endemic (Shearer et al. 2017).

7.4.3  �Lassa Fever

Lassa fever (LF) is a rodent-borne disease associated with an acute and potentially 
fatal haemorrhagic illness. It is caused by the Lassa virus (LASV), a member of the 
family Arenaviridae. The viral genome consists of two single-stranded RNA seg-
ments, a small (S) and large (L). Both genomic segments have an ambisense gene 
organization, encoding two genes in the opposite orientation (Günther and Lenz 
2004). The virus was first isolated in 1969 from a nurse who presumably acquired 
the infection from one of her patients in Lassa town, northeastern Nigeria (Frame 
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et al. 1970). The Lassa virus was initially thought to be endemic only in the West 
African countries of Sierra Leone, Guinea, Liberia and Nigeria (Monath et al. 1974; 
Lukashevich et al. 1993; Frame et al. 1984; Tomori et al. 1988; O’Hearn et al. 2016). 
However, its presence has also been reported in other countries including Ivory 
Coast, Mali, Ghana, Senegal, Burkina Faso, Gambia and the Central African 
Republic (Frame 1975; Safronetz et al. 2010).

Lassa virus is transmitted through contact with body fluids or excreta, or inhala-
tion of aerosols produced by infected rodents. Hunting and consumption of peri-
domestic rodents as a source of food have also been reported as another route of 
virus transmission to humans (Ter Meulen et al. 1996). The infection also spreads 
between humans through contact with body fluids of infected persons or contami-
nated medical equipment (Fisher-Hoch et al. 1995). The Lassa virus infects approx-
imately 500,000 people and causes about 5000 deaths worldwide (Mateer et  al. 
2018). In endemic regions, seropositivity for Lassa virus-specific antibodies could 
be as high as 55% in populations residing around forested areas harbouring large 
populations of reservoir rodents (Lukashevich et al. 1993). Most times, early diag-
nosis of the infection is missed as most early symptoms are mild and resemble those 
of other diseases like typhoid fever and malaria in endemic areas (Safronetz 
et al. 2010).

The multimammate mouse, Mastomys natalensis, is the primary host for the 
LASV (Lecompte et al. 2006). The virus has little or no adverse effect on its rodent 
reservoir under natural circumstances (Mariën et al. 2017). Mastomys natalensis is 
widely distributed throughout West, Central and East Africa (Lopez and Mathers 
2006), where they aggregate in houses in large numbers during the dry and harmat-
tan season due to harsh environmental conditions and dispersing into gardens and 
farmlands when the rains return (Fichet-Calvet et al. 2007). Infected rodents remain 
carriers of the virus throughout life; the virus is shed in urine, faeces, saliva, respira-
tory secretion and exposed blood vessels through micro or macro trauma (Keenlyside 
et al. 1983). In endemic countries, other common rodent species such as Rattus rat-
tus and Mus minutoides have also been implicated in Lassa virus transmission 
(Wulff et al. 1975).

Lassa fever infects humans of all age groups and sexes. The disease is associated 
with a broad spectrum of clinical manifestations. The incubation period ranges from 
7 to 21 days (McCormick et al. 1987). The clinical presentation is usually mild or 
asymptomatic in about 80% of infections (Richmond and Baglole 2003). The onset 
of the symptomatic disease is usually gradual, starting as a flu-like illness character-
ized by mild fever, weakness and general malaise. This may be accompanied by a 
headache, sore throat, muscle pain, chest pain, nausea, vomiting, diarrhoea, cough 
and abdominal pain (Bausch et al. 2001). In mild cases, the fever subsides, and the 
patient usually recovers. Other cases progress towards a more severe illness. 
Symptoms include haemorrhage, respiratory distress, facial oedema and fluid in the 
pulmonary cavity. Shock, seizures, tremor, disorientation and coma have also been 
reported during this stage of the disease, indicating a poor prognosis for the disease 
outcome (Mertens et al. 1973). Approximately 15–20% of hospitalized Lassa fever 
patients die from the illness, generally within 2 weeks after the onset of symptoms 
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due to multi-organ complication and failure involving the liver, spleen or kidneys. 
Pregnant women are more likely to have severe illness due to infection with LASV 
than women who are not pregnant, with maternal case fatality rates as high as 80% 
and nearly 100% mortality in foetuses. Infection in infants can result in “swollen 
baby syndrome” with oedema, abdominal distension, bleeding and often death 
(McCormick et  al. 1987). Neurological problems, including hearing loss and 
encephalopathy, have been shown to occur in patients who survive the disease 
(Mateer et al. 2018).

7.4.4  �Ebola Haemorrhagic Fever (EHF)

The Ebola virus belongs to the family Filoviridae and the order Mononegavirales. 
The virus causes haemorrhagic fever, an important emerging viral infection in cen-
tral Africa. The Ebola virus was first identified in 1976 following two outbreaks of 
haemorrhagic fever in northern Zaire (the present Democratic Republic of Congo) 
and southern Sudan. The most highly virulent strain (subtype) is Ebola-Zaire, which 
has a mortality rate of 88%. Between 2014 and 2016, several outbreaks of the Ebola 
virus disease were reported in parts of west Africa, where more than 28,000 cases 
were confirmed with over 11,000 deaths in Liberia, Guinea, Sierra Leone, 
Democratic Republic of Congo (DRC) and Nigeria (Baize et al. 2014). As of August 
31, 2018, about 120 cases and 78 deaths had been confirmed from DRC alone 
(WHO 2018).

Contact with infected live animals such as bats, their excretions or carcass of 
infected animals causes primary infection, which subsequently results in sustained 
person-to-person transmission as have been observed in Ebola and Marburg viruses 
over the years (Groseth et al. 2007).

7.4.5  �Other Emerging Viral Diseases

Viral disease outbreaks occur periodically with the potential to increase in inci-
dence. Their unique nature allows the viruses to change their form and evade the 
hosts’ immune defence to produce persistent or latent infections, or worse still, an 
outbreak in any population. This attribute has enabled the emergence of novel or 
pandemic variants among several viral agents, including influenza virus (Meseko 
et al. 2013, 2014). Typically, new infections emerge as a result of changes in exist-
ing strains that can lead to resistance or due to some environmental factors that 
support the growth of emerging infectious agents, in a particular geographical zone. 
A typical example is the emergence of several subtypes of the influenza virus over 
time, as a result of re-assortment and mutation in animal reservoirs, especially birds 
and swine, with major variants such as H1N1, H1N2 and H3N2, now being detected 
at the human-animal interface (Alexander and Brown 2000; Yu et al. 2009). Other 
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newly identified viral agents include severe acute respiratory syndrome (SARS) 
virus and species or strains that have a significant burden on public health and global 
economies.

7.5  �Methods of Detection and Identification of Emerging 
Viruses

The early detection of emerging viral agents is vital in the management and control 
of diseases. Several measures that facilitate clinical and epidemiological investiga-
tion of emerging viral diseases in any environment have been identified (Chan et al. 
2017). Such measures involve rapid detection of viral agents using the most sensi-
tive and specific laboratory assays, including viral antigen and antibody testing, 
isolation of viral agents using cell and tissue culture techniques, molecular charac-
terization, including nucleic acid synthesis and amplification with polymerase chain 
reaction (PCR), genotyping and genomic sequencing. The use of quantitative 
molecular tools such as real-time reverse transcription PCR for enumerating RNA 
viruses, especially during outbreaks, has helped in the identification of new viral 
agents (Marston et al. 2014). These advanced techniques enable rapid diagnosis and 
identification of cases and contacts within a short period.

The successful detection of an emerging virus may depend on the type of proce-
dure used, and this, in turn, can be determined by economic, human resources and 
laboratory robustness at the time. Serological techniques, including antigen and 
antibody testing, involve the use of labelled enzymes and their substrates as indica-
tors in enzyme-linked immunosorbent assays (ELISA) (Whitehouse 2004). These 
methods are inexpensive and used mostly in clinical settings in Africa to detect 
viruses using serum or plasma obtained from blood. However, because the methods 
are time-consuming and not sensitive enough to detect occult and early infections, 
rapid detection of a viral agent may be eluded when using such methods, especially 
among individuals with nonspecific symptoms of the disease (Whitehouse 2004).

Molecular tools such as PCR and genome sequencing remain the gold standard 
for identifying emerging and re-emerging viruses (Rosenstierne et al. 2014). PCR is 
a very sensitive technique, which involves the amplification of the viral genetic 
material (DNA or RNA), even at very low concentrations, in the specimen for easy 
identification, regardless of the stage of infection. Methods such as real-time PCR 
complement the techniques involving antigen and antibody testing (Wang et  al. 
2011). It is best suited for early diagnosis in clinical samples and during viral dis-
eases outbreaks such as Marburg or Ebola (Weidmann et al. 2007). Molecular tech-
niques are, however, costly, requiring substantial funding to acquire equipment and 
reagents. Another limitation is the need for trained laboratory personnel. These 
limitations hinder the use of molecular techniques for the diagnosis of viral infec-
tions, including emerging and re-emerging ones, in most African countries given 
that the methods cannot be used for routine clinical diagnosis.
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The detection of emerging viruses may also be achieved through the screening of 
vertebrate or arthropod hosts of tropical viral diseases. Samples from these animals 
(bats, rodents, ticks, non-human primates, birds and vectors such as mosquitoes and 
fleas) can be routinely screened for an array of viral agents using PCR and microar-
ray analysis (Rosenstierne et al. 2014).

7.6  �Prevention, Control and Management

Novel epidemics and increased incidence of emergent and re-emergent diseases 
highlight the need for the development of effective control strategies. A major chal-
lenge in controlling these diseases results from the fact that their transmission inten-
sity is driven primarily by wildlife reservoirs. Therefore, one-sided disease 
prevention enacted either by the human or animal health sector is often inefficient 
(Lembo 2012). The following approaches have been recognized as suitable and 
effective in the control of zoonotic viral diseases.

7.6.1  �Surveillance

There is a need for constant surveillance of emerging viral diseases in all countries 
around the world. Constant surveillance is needed to monitor trends in epidemio-
logical patterns of disease occurrence. To achieve this, humans and animals need to 
be tested regularly to detect the presence of disease agents before the occurrence of 
epidemics. Considering the current ease of transportation especially through the air, 
it is possible for commercial aircraft to transport infected humans and vectors from 
one part of the world to another. For example, the Rift Valley fever introductions 
into Egypt in 1977 and the Arabian Peninsula in 2000 followed epizootics in Sudan 
in 1976 and the Horn of Africa in 1998, respectively. Also, the potential for such 
globalization of other arboviruses has been demonstrated in the case of West Nile 
and Chikungunya viruses over the past 15  years (Nash et  al. 2001; Cassadou 
et al. 2014).

Effective surveillance in Africa is, however, a challenge due to the remoteness of 
some communities, especially in rural settings without access to good road infra-
structure. For example, a study conducted in Zambia revealed that the lack of trans-
portation facilities was among the leading contributing factors challenging the 
implementation of an integrated disease surveillance and response strategy in the 
country (Mandyata et al. 2017). Similarly, a review of the challenges faced by 18 
African countries in implementing adequate surveillance schemes identified the 
lack of transportation as a significant compounding factor (Phalkey et  al. 2013). 
This challenge has further been demonstrated by a recent study that reported that 
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improved transportation networks led to improved case reporting, hence, disease 
surveillance in Uganda in 2016 (Nakiire et al. 2019).

7.6.2  �Control in Animals

In order to prevent the transmission of viral agents to new locations through the 
movement of animals, quarantine is strongly advocated for some infectious dis-
eases, especially when animals are moved over long distances, as with livestock 
import-export, pet trade and tourism. This has been the case with the prevention of 
spread of the Ebola virus (Gumusova et al. 2015). Immunization of exposed animals 
is also essential in the control of vaccine-preventable animal diseases. Vaccination 
campaigns have been shown to greatly assist in the control of numerous different 
zoonotic diseases such as rabies and the Rift Valley fever. However, vaccination can 
only be done for owned animals. With a high number of stray animals, like dogs, in 
Africa, both approaches (quarantining and immunization) may not prove effective 
for control of infections like rabies, for example (Leung and Davis 2017; Salomão 
et al. 2017).

7.6.3  �Control of Vectors and Reservoirs

The control of vectors and reservoirs includes measures to prevent zoonotic patho-
gens from being transmitted to non-infected animals, humans and disease-free 
areas, through arthropod vectors, contaminated fomite and animal reservoirs. This 
may involve improving hygiene and control of the environment. For instance, the 
control of yellow fever during the construction of the Panama Canal in the early 
twentieth century is linked to the destruction of Aedes breeding sites which included 
draining of pools of standing water and grass cutting (Center for Disease Control 
and Prevention 2015). Arthropod vector control is another effective strategy in 
reducing sources of infection, as in the case of Rift Valley fever, yellow fever and 
other mosquito-borne zoonoses. Rodent control and avoidance of bush burning, set-
ting traps in and around homes to reduce rat population and avoiding contact with 
rats are other effective methods of reducing contact with animal reservoirs of dan-
gerous pathogens like Lassa fever virus. To achieve such effective control, adequate 
sanitation would be an absolute necessity. However, most African countries are far 
from achieving the set global sanitation goals of 2030 as detailed in the Sustainable 
Development Goals (Nhamo et  al. 2019). Thus, without adequate sanitation, the 
control of vectors within African countries would be challenged, hence the control 
of emerging and re-emerging viral pathogens.
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7.6.4  �Prevention in Man

Humans are important in the control of zoonosis. Much of the success of disease 
control plans depends on health education. Public awareness of health risks con-
nected with certain infections can greatly assist in reducing the spread of such dis-
eases (Hasanov et  al. 2018). Occupational health education should be explicitly 
directed at categories of workers that are exposed to certain diseases in the course 
of their duties. These include farmers, veterinarians, personnel in slaughterhouses 
and biological laboratories (Cripps 2000). Vaccination is also very useful in protect-
ing at-risk individuals against diseases for which vaccines have been developed.

Proper food hygiene, including safe dietary habits, is of value in dealing with 
some diseases like Rift valley fever, which can be transmitted by the consumption 
of unpasteurized milk and dairy products (Ng’ang’a et al. 2016). The cooking of 
meat and meat products before consumption and high standards of hygiene in kitch-
ens and catering facilities are also needed in the control of emerging diseases like 
Lassa fever. Improved sanitation from better sewage and drinking water treatment 
will also help in control and prevention strategies (Mara et al. 2010).

Often, emerging infectious diseases have the potential to spread rapidly in hospi-
tal settings. It is, therefore, important for healthcare workers to adhere strictly to 
infection control measures. Isolation of infected patients, barrier nursing of infected 
patients and the use of personal protective equipment (PPE) when caring for patients 
have been shown to reduce nosocomial outbreaks of Lassa fever and other haemor-
rhagic diseases (Helmick et al. 1986).

7.7  �Conclusion

Africa is among the hot zones for zoonotic and emerging viral diseases, which may 
continue to result in the emergence of new viruses. Constant evaluation of water, 
soil, air and other sources for viral pollution, as well as proper disposal and treat-
ment of wastewater, is suggested as a way forward to tackling the emergence of 
viral infections in Africa’s environment.

Human activities, including agriculture and exploitation of forest resources, will 
continue to bring humans closer to sylvatic cycles of zoonotic viruses. These activi-
ties could also alter the natural population and geographic distributions of insect and 
animal, which serves as vectors or reservoirs for these viruses, thereby leading to 
the emergence of new viruses and re-emergence of known ones. Rapid globalization 
also increases the risk that infections that emerge in one part of the world can spread 
internationally in human and animal populations. Currently, vaccines for the pre-
vention of many of these viruses are unavailable, and the public health delivery 
system is weak in many African countries where most of the emerging and remerg-
ing viruses are known to occur. There is, therefore, the need for consistent surveil-
lance and monitoring of these diseases of epidemic and pandemic potential. 
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Surveillance and monitoring information will allow for timely alerts and effective 
response activities that will prevent major outbreaks in Africa and beyond. There is 
also the need to invest more resources in the development of vaccines for more of 
these emerging viruses. Increased investment in public health infrastructures, trans-
portation and sanitation facilities are also required in the control of these viruses.
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Chapter 8
Antibiotics Use in African Aquaculture: 
Their Potential Risks on Fish and Human 
Health

S. M. Limbu

8.1  �Introduction

It is globally undoubtedly accepted that antibiotics have saved many lives and eased 
the suffering of many millions of animals (Byarugaba 2004). However, antibiotics, 
of either natural or synthetic origin, are used abusively in human, livestock, agricul-
ture, and aquaculture both to prevent proliferation and destroy bacteria (Mehdi et al. 
2018). Consequently, antibiotics exist ubiquitously in the environment and are cur-
rently deemed as a global pandemic problem posing a health risk to aquatic animals 
and humans. Unfortunately, the risks caused by antibiotics globally are expected to 
continue because, between 2000 and 2015 their consumption increased 65% from 
21.1 to 34.8 billion defined daily doses (DDDs), and the antibiotic consumption rate 
increased 39% from 11.3 to 15.7 DDDs per 1000 inhabitants per day (Klein et al. 
2018). Astonishingly, the increase in consumption of antibiotics was driven by low- 
and middle-income countries (LMICs), a characteristic possessed by the majority of 
African countries.

The African continent poses peculiar features regarding antibiotics consumption. 
First, most  African countries are generally characterized by poverty, ignorance, 
poor sanitation, hunger and malnutrition, poor and inadequate health care systems, 
civil conflicts and bad governance (Byarugaba 2004), coupled with an inappropriate 
prescription as well as self-medication and free sale of antibiotics (Sanou et  al. 
2018). Secondly, most African countries have weak regulatory agencies and 
absence/weak regulations concerning antibiotics usage. Accordingly, antibiotics are 
indiscriminately given as over-the-counter drugs at community pharmacies 
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(Mukonzo et al. 2013), which have been strongly correlated with antibiotic-resistant 
bacteria (ARB) and antibiotics resistance genes (ARGs) in aquatic animals such as 
fish and humans in LMICs (Alsan et al. 2015). The lack of regulatory agencies in 
African countries have caused the indiscriminate use of antibiotics in human for 
disease treatments and as therapeutic and growth promoters in livestock, agricul-
ture, and aquaculture production. As growth promoters, antibiotics are believed to 
improve feed conversion, promote animal growth, and reduce mortality and morbid-
ity rates resulting from clinical and subclinical illnesses (Foka et al. 2018).

Moreover, antibiotics applied in fish are poorly absorbed in the intestine, and 
subsequently are released into the aquatic environments where they selectively 
cause ARB and ARGs (Fu et al. 2017). Thus, antibiotic resistance in bacteria and 
genes that cause diseases in man is an issue of significant concern, which is expected 
to become the leading global cause of death by 2050 (O’Neill 2016). Although the 
misuse of antibiotics in human medicine is the principal cause of ARB and ARBs in 
Africa, the use of antibiotics in food animals and their subsequent release into the 
aquatic environments are contributory factors (Barton 2000; Goutard et al. 2017; 
Adegoke et al. 2018). Apart from ARB and ARGs, antibiotics also cause human 
health risk due to their residue amounts in various contaminated foods consumed in 
Africa (Darwish et al. 2013).

The increasing human population in Africa has led to an increase in reliance on 
aquaculture to supply safe, reliable, and economical food, contributing 10% of the 
total global population engaged in fisheries and aquaculture, second only to Asia 
with 84% (FAO 2018). In some African countries such as Ghana and Sierra Leone, 
fish contributes or exceeds, 50% of total animal protein intake (FAO 2016). 
Aquaculture production, mainly from catfish and tilapia, accounted for 17–18% of 
total fish production in Africa (Fig. 8.1), with a general increasing trend (Fig. 8.2) 
(FAO 2018). The per capita fish food consumption for Africa was reported as 9.9 kg/
year in 2015, partly contributed by unreported data (FAO 2018).
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Although the available information suggests minimal use of antibiotics in aqua-
culture in African countries, potential contamination of fish from fertilizers used in 
animals treated with antibiotics is unavoidable (Shah et  al. 2012; Wamala et  al. 
2018), because most farmers fertilize their ponds. However, the effects of antibiot-
ics on fish anatomy and physiology from an African perspective are currently poorly 
understood, and information on ARB and ARGs in fish and humans due to fish 
exposure is currently scattered and unfocused. Furthermore, antibiotics are increas-
ingly used in humans and other food animals, with a concomitant prevalence of 
ARB and ARGs in LMICs (Bernabé et al. 2017). It has been shown that infections 
caused by ARB may increase health care costs due to patients’ need for more diag-
nostic tests, more extended hospitalization periods, and poor treatment outcomes 
(Nyasulu et al. 2012). Despite all these, little attention has been directed towards 
understanding the antibiotics residues in fish, other food animals, and humans in 
Africa (Adegoke et al. 2018).

For the first time, this chapter organizes and synthesizes the available informa-
tion in the literature on the potential risks of antibiotics on cultured fish and human 
health from Africa. The chapter assesses the effects of antibiotics on fish growth 
performance, feed utilization, hepatotoxicity and nephrotoxicity, and hematological 
parameters. It further evaluates the potential human health risks caused by the exis-
tence of ARB and ARGs in fish and other consumed foods, in addition to direct risks 
due to the consumption of fish products containing antibiotics residues. The infor-
mation generated informs policies to limit the use of antibiotics in food animals 
by enforcing policies, which regulate their use in Africa to safeguard human health.
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Fig. 8.2  Average annual growth rate of aquaculture production by volume (excluding aquatic 
plants). Source: FAO (2018)
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8.2  �Effects of Antibiotics on Growth Performance and Feed 
Utilization

Growth performance, feed utilization, survival rate, and body development are 
important production attributes to fish growers because they affect directly the yield 
and economics of an aquaculture enterprise. Thus, understanding the effects of anti-
biotics on these aspects in cultured fish deserves a peculiar consideration. In Africa, 
very few studies have currently used antibiotics to study growth and related param-
eters on fish. The literature visited indicated oxytetracycline studied in O. niloticus 
(El-Sayed et al. 2014), oxytetracycline and florfenicol in O. niloticus ♀ × O. aureus 
♂ hybrids (Reda et  al. 2013), and chloramphenicol researched in O. niloticus 
(Shalaby et al. 2006) and African catfish, Clarias gariepinus (Nwani et al. 2014) 
were the only antibiotics used. Results from these few studies indicated improved 
growth of treated fish compared to controls. For example, the growth performance 
of O. niloticus increased significantly with increasing levels of chloramphenicol 
(Shalaby et al. 2006). Moreover, feeding diets containing oxytetracycline and flor-
fenicol in O. niloticus ♀ × O. aureus ♂ hybrids (Reda et al. 2013) and O. niloticus 
(El-Sayed et al. 2014) resulted into faster growth performance in treated than con-
trol fish.

The precise reasons for the enhanced growth performance of fish after antibiotics 
administration are subject to scrutiny. Increased growth has been attributed to higher 
feed consumption and reduced feed conversion ratio. Indeed, the growth rate was 
increased in O. niloticus treated with chloramphenicol (Shalaby et al. 2006), oxytet-
racycline and florfenicol (Reda et al. 2013), and oxytetracycline (El-Sayed et al. 
2014), in which feed consumption and intake were increased, while feed conversion 
ratio was reduced. Moreover, apparent protein, lipid, carbohydrate, and energy 
digestibility were increased in O. niloticus fed on chloramphenicol (Shalaby et al. 
2006). These results should be interpreted with caution due to limited studies and 
the existence of contradicting results elsewhere. It has been recently shown that 
antibiotics, particularly oxytetracycline, do not cause growth promotion in finfish 
(Trushenski et al. 2018) and causes multiple effects in Nile tilapia including reduced 
nutrients digestibility and digestive enzymes (Limbu et al. 2018), growth perfor-
mance (Limbu et  al. 2019a; Limbu et  al.  (2019b), protein and feed efficiencies 
(Limbu et al. 2019b). 

Like growth performance, studies conducted on the effects of antibiotics on sur-
vival rate are also limited. The results obtained in the limited studies do not show 
any influence of antibiotics on fish survival rate. Exposure to dietary oxytetracy-
cline (El-Sayed et  al. 2014) and chloramphenicol (Shalaby et  al. 2006) both in 
O. niloticus and chloramphenicol in C. gariepinus (Nwani et al. 2014) did not sig-
nificantly influence survival rate of treated fish relative to control. Results detailing 
the effects of antibiotics on body development are based on C. gariepinus exposed 
to chloramphenicol baths (Nwani et al. 2014). In this study, treated fish had abnor-
mal behavioral changes at higher concentration of chloramphenicol. The fish swam 
near the water surface, lost equilibrium, swam erratically, had hyperactivity, and 
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stayed motionless on the bottom of the culture tank. Furthermore, exposed fish had 
clinical toxic signs such as lightening in skin color of the body surface, erosion of 
fins and tails, and increased mucus secretions from the whole body. These results 
indicate that antibiotics application on fish leads to body malformation and dam-
age, which may  lead to physiological and metabolic dysfunctions affecting 
fish health.

8.3  �Effects of Antibiotics on Fish Health

8.3.1  �Oxidative Stress, Hepatotoxicity, and Nephrotoxicity

Antibiotics used in fish production induce oxidative stress, which affects antioxi-
dant enzymes that protect fish body from reactive oxygen species (ROS) (Limbu 
et al. 2018). Changes in the activities of antioxidant enzymes indicate an imbalance 
in the ROS production in the body. Limited studies have been conducted in Africa 
to assess the antioxidant capacity of fish exposed to antibiotics. A study conducted 
by Olaniran et  al. (2018) indicated reduced glutathione S transferase (GST) and 
superoxide dismutase (SOD) activities in C. gariepinus exposed to tetracycline. The 
decreased antioxidants in fish treated with antibiotics may be caused by an excess 
accumulation of free radicals, such as superoxide anion and hydrogen peroxide 
beyond the antioxidant capacity to counteract (Yonar et  al. 2011; Yonar 2012; 
Oliveira et al. 2013; Wang et al. 2014). This may oxidize amino acids and cofactors, 
which may affect the general fish health. Malondialdehyde (MDA) is the main oxi-
dative product of peroxidized polyunsaturated fatty acids and is an important index 
of lipid peroxidation. The extent of lipid peroxidation is measured in tissues by 
quantification of thiobarbituric acid reactive substances (TBARS) expressed as 
MDA concentration (Nunes et al. 2015). Lipid peroxidation is the initial step of cel-
lular membrane damage caused by xenobiotics such antibiotics (Yonar et al. 2011; 
Yonar 2012). Limited studies have reported on lipid peroxidation using 
MDA. Reduced MDA level was reported in C. gariepinus exposed to tetracycline, 
indicating lack of lipid peroxidation (Olaniran et al. 2018).

The liver of fish and other vertebrates is known for its digestive, metabolism, 
storage, and detoxification functions. The introduction of antibiotics in fish body 
through medicated feeds may cause liver damage effects that might impair its func-
tions (Dobšíková et al. 2013). Limited studies have reported on the effects of antibi-
otics on the hepatosomatic index (HSI) as an indicator of hepatotoxicity in fish. The 
chloramphenicol medicated feeds used in O. niloticus did not cause significant 
variations in HSI in experimental compared to control fish (Shalaby et al. 2006). 
Few studies conducted limit the ability to draw logical conclusions. Studies con-
ducted in other parts of the world showed HSI was reduced (Refstie et al. 2006; 
Limbu et al. 2018) and increased (Topic Popovic et al. 2012; Nakano et al. 2018; 
Trushenski et al. 2018) in different fish species.
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The amount of circulating proteins reflects an organism’s physiology. Plasma 
proteins and glucose in the circulatory system transport lipids, hormones, vitamins, 
and minerals and regulate cellular activities, functioning of the immune system, and 
blood clotting. Imbalances in the plasma protein and glucose counts indicate liver 
damage, which interferes with its normal functions. A dose-dependent increase in 
plasma protein levels was reported in O. niloticus exposed to chloramphenicol diet, 
indicating osmoregulatory dysfunction, hemodilution, or tissue damage surround-
ing blood vessels (Shalaby et al. 2006). Moreover, plasma glucose increased signifi-
cantly with increasing levels of chloramphenicol (Shalaby et al. 2006). Although 
limited, this study indicated that antibiotic medications in cultured fish lead to dis-
turbances in plasma proteins and glucose, which indicate hepatotoxicity.

Except for plasma proteins and glucose, liver dysfunction is manifested by 
increased levels of specific serum enzymes activities, which signal cellular leakage 
and impaired liver cell membrane integrity and function. Alanine transaminase 
(ALT) and aspartate aminotransaminase (AST) are required in the metabolism of 
amino acids, and their change in activities reflect their leakage into the blood after 
cytolysis in the liver (Han et al. 2014). Thus, AST and ALT enzymes are commonly 
used to detect hepatotoxicity due to xenobiotics exposure (Saravanan et al. 2012). 
Studies from Africa assessing liver damage in cultured fish after antibiotics by using 
AST and ALT have reported contrasting results. The administration of florfenicol 
diet in O. niloticus did not alter ALT activity (Reda et al. 2013).

On the contrary, the activities of AST and ALT in plasma decreased significantly 
with increasing levels of dietary chloramphenicol in O. niloticus (Shalaby et  al. 
2006). The observed decrease in AST and ALT activities in fish is either due to 
insufficient detoxification mechanisms to prevent the toxicity action of antibiotics 
on these enzymes or failure of liver damaged cells to synthesize AST and ALT pro-
teins (Saravanan et  al. 2012). On the other hand, oxytetracycline-supplemented 
diets increased significantly ALT activity in O. niloticus (Reda et al. 2013). Increased 
ALT activity is due to the ability of antibiotics to accumulate or bind to different 
cells leading to damage and disintegration of cells, releasing ALT into blood circu-
lation, suggesting impaired liver function.

Histopathological effects provide a quick diagnosis to detect abnormalities in 
various fish tissues and organs after antibiotics exposure. Antibiotics use indicate 
species- and antibiotic-specific histopathological effects in the liver and kidney of 
treated fish. Feeding dietary oxytetracycline and florfenicol in O. niloticus (Reda 
et al. 2013) induced various pathological alterations in liver and kidney of treated 
fish. Moreover, both dietary oxytetracycline and florfenicol decreased creatinine in 
the treated O. niloticus than the control fish (Reda et al. 2013). The existence of 
several histopathological damages in the liver of treated fish is due to liver degen-
erations (Reda et al. 2013) and inhibition of somatic cells in mitochondrial protein 
synthesis by antibiotics resulting in lack of oxidative ATP-generating capacity, 
which causes proliferation arrest of normal and malignant epithelial cells (Bakke-
McKellep et al. 2007). These changes induce hepatotoxicity and nephrotoxicity.
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8.3.2  �Effects of Antibiotics on Hematological Parameters

Hematological parameters provide essential information on the health of cultured 
fish after antibiotics application. Results conducted in hematological parameters are 
still contrasting. Dietary chloramphenicol exposure did not affect mean corpuscular 
volume (MCV) and mean corpuscular hemoglobin concentration (MCHC) in 
O. niloticus (Shalaby et  al. 2006) and monocytes, eosinophils, and basophils in 
C. gariepinus (Nwani et al. 2014). Moreover, florfenicol did not show significant 
differences in immunoglobulin M (IgM) total levels and phagocytic activity in 
O. niloticus when compared to the control fish (Reda et al. 2013).

However, a concentration- and time-dependent decrease in hemoglobin (Hb), red 
blood cells (RBC) counts, and MCV were detected in C. gariepinus exposed to 
chloramphenicol bath (Nwani et al. 2014). The different toxic effects of chloram-
phenicol bath on various organs caused the observed decrease  in  Hb, RBC, and 
MCV in fish. Chloramphenicol suppressed the production of hematological param-
eters caused by their toxic accumulation in lymphoid organs and pronephros (Nwani 
et al. 2014). The decreased RBC counts after exposure to antibiotics is due to swell-
ing of RBC, the release of immature erythrocytes, anemia caused by tissues dam-
age, damaged RBC, decrease in erythrocyte life span, and suppressive effects of 
antibiotics on erythropoietic tissues (Shalaby et al. 2006; Nwani et al. 2014). The 
deecreased Hb may limit the oxygen-carrying capacity of the fish blood (Nwani 
et  al. 2014) and affect their survival  rate. The inhibition of these hematological 
parameters may lead to sustained toxic effects caused by both dietary and bath 
exposure to antibiotics, resulting in tissue damage and immunity suppression with 
possible fatal outcomes.

Notwithstanding the above results, dietary chloramphenicol exposure in O. niloti-
cus increased RBC, Hb, and hematocrit (Shalaby et al. 2006) and its bath elevated 
WBC, neutrophil count, and lymphocytes in C. gariepinus (Nwani et al. 2014). The 
use of oxytetracycline diet increased lysozyme activity in O. niloticus (Reda et al. 
2013). Increased WBC count and lysozyme activity indicate a protective mecha-
nism of the fish body to antibiotics-induced stress, a condition termed as leukocyto-
sis, which signals a response of damaged tissues and immune system stimulation to 
counteract antibiotics toxicity (Ambili et al. 2013). An increase in RBC is due to a 
compensation mechanism for impaired oxygen uptake caused by tissue damages 
due to the presence of antibiotics in the fish body and high percentage of circulating 
immature RBC (Ambili et al. 2013). On the other hand, the increased lymphocyte 
count (lymphocytosis) and the formation of blood cellular components (hematopoi-
esis) are features of infection due to increased disease-fighting cells after antibiotics 
exposure in fish. In general, dietary and bath antibiotics exposure in cultured fish 
cause leukocytosis, hematopoiesis, and lymphocytosis, suggesting sustained toxic 
effects and compensatory responses to conciliate the fish body to normal 
health conditions.
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8.4  �Potential Human Health Risks from Consumption 
of Antibiotics-Cultured Fish

8.4.1  �Antibiotic-Resistant Bacteria and Antibiotic Resistance 
Genes

The widespread and indiscriminate use of antibiotics in different environmental 
compartments including fish, agriculture, and human health have led to the develop-
ment of ARB, ARGs, and transposons. Resistant bacteria and resistance genes may 
be horizontally or vertically transferred among bacterial communities, the environ-
ment, and finally human being via transposons (Biyela et al. 2004). The presence of 
ARB and ARGs in humans affects the ability of antibiotics to treat diseases and thus 
compromise their health. Thus, presently, the existence of ARB and ARGs in the 
environments, particularly those conferring resistance to antibiotics used to treat 
human diseases, is an issue of major global concern. Although the misuse of antibi-
otics in human medicine is the principal cause of the problem, ARB and ARGs 
originating from animals such as fish and agriculture production are also responsi-
ble (Barton 2000).

The literature shows that ARB and ARGs pose a human health risk in various 
African countries contributed by consuming contaminated fish, shrimp, vegetables, 
and various food sources as well as drinking contaminated water (Table 8.1). The 
human health risk posed by ARB from fish consumption appears to be widely spread 
because both cultured and wild fish have been shown to contain them. Various ARB 
have been isolated in cultured fish from Ghana (Agoba et al. 2017), Tanzania (Shah 
et al. 2012; Mhongole et al. 2017), and Uganda (Bosco et al. 2012; Wamala et al. 
2018). Moreover, wild fish from Uganda (Wamala et al. 2018), Algeria (Dib et al. 
2018), South Africa (Fri et  al. 2018), and Egypt (Ramadan et  al. 2018) were all 
shown to contain ARB. The ARB contained in fish in the different countries origi-
nate from various sources including animal-origin fertilizers (Shah et  al. 2012; 
Omojowo and Omojasola 2013), the aquatic environment (Stenstrom et al. 2016), 
and possibly fish feeds. It is possible that the ARB from the different compartments 
are transferred to humans in Africa. Indeed, ARB have been detected in humans 
from Ethiopia (Kibret and Abera 2014), Ghana (Obeng-Nkrumah et al. 2013), Ivory 
Coast (Moroh et  al. 2014), Libya (Mohammed et  al. 2016), and Morocco (El 
Bouamri et  al. 2015). This is an alarming situation because most of the bacteria 
isolated exhibited high resistance to common antibiotics used for treating frequently 
occurring diseases in humans in Africa and most of them had multiple antibiotic 
resistance (MAR) (Bosco et al. 2012; Omojowo and Omojasola 2013; Mohammed 
et al. 2016; Agoba et al. 2017; Apenteng et al. 2017; Wamala et al. 2018). Although 
correct and appropriate food cooking procedures may kill bacteria, contamination 
can occur through improper handling before cooking (Darwish et al. 2013) and pos-
sibly through bacteria-human contact because ARB are ubiquitous (Mhongole et al. 
2017). Indeed, high levels of antimicrobial resistance (AMR) were obtained in food 
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Table 8.1  Antibiotic-resistant bacteria isolated from fish and other environments in Africa

Resistant bacterial 
strain Resistance to antibiotic

Sample 
isolated Country Reference

Most isolated bacteria 
(≥70%)

Penicillin, ampicillin, 
flucloxacillin, and tetracycline

Catfish and 
tilapia farms

Ghana Agoba et al. 
(2017)

10% of isolates Resistant to all the nine tested 
antimicrobials (MAR)

Water, 
sediments, 
and fishpond

Tanzania Shah et al. 
(2012)

Pseudomonas 
aeruginosa

77.78% were MAR Fish ponds Ghana Apenteng 
et al. (2017)

Salmonella typhi 70% were MAR
Escherichia coli 66.67% Resistance to more 

than two classes
Salmonella spp. 82.7% Resistant to 

trimethoprim 
sulfamethoxazole

Human Uganda Bosco et al. 
(2012)

85.3% resistant to 
trimethoprim-
sulfamethoxazole

Animal-food 
origin

Salmonella spp. 94% Sulfamethoxazole, 61% 
streptomycin, 22% 
tetracycline, 17% 
ciprofloxacin and nalidixic 
acid, 11% trimethoprim, and 
6% gentamycin and 
chloramphenicol

Fish from 
pond and 
wastewater

Tanzania Mhongole 
et al. (2017)

Aeromonas spp. 100% Penicillin and 
ampicillin and 23.2% 
cefotaxime

Fish from 
pond and 
water from 
wild

Uganda Wamala et al. 
(2018)

Plesiomonas 
shigelloides

100% Penicillin and oxacillin

Escherichia coli 100% Ampicillin, amoxicillin, 
cephalothin, amikacin, 
kanamycin, gentamicin, 
neomycin, and tobramycin

Wild fish 
and shrimp

Algeria Dib et al. 
(2018)

Vibrio spp. 76.2% Amoxicillin, 67.5% 
ampicillin, 38.3% 
erythromycin, and 35.0% 
doxycycline

Wild fish 
and water 
from fish 
farms

South 
Africa

Fri et al. 
(2018)

Aeromonas hydrophila 100% Cefoxitin, 84% 
ampicillin, 56% ceftazidime, 
and 40% cefotaxime

Fish from 
market

Egypt Ramadan 
et al. (2018)

Escherichia coli, 
Aeromonas 
hydrophila, 
Salmonella typhi, 
Staphylococcus 
aureus, and Shigella 
dysenteriae

100% Tetracycline, 85.6% 
ampicillin, 83.3% amoxicillin, 
47.6% gentamicin, 66% 
chloramphenicol, 44.4% 
erythromycin, and 18.3% 
nalidixic acid

Cow dung 
fertilizer for 
fishponds

Nigeria Omojowo 
and 
Omojasola 
(2013)

(continued)
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animals including fish intended for human consumption in Nigeria (Oloso 
et al. 2018).

Consistent to the existence of ARB in fish from aquaculture and wild environ-
ments, their corresponding ARGs also have been detected in cultured fish from 
Tanzania (Shah et al. 2012) and wild fish from Tanzania (Moremi et al. 2016), Egypt 
(Ramadan et al. 2018), Algeria (Brahmi et al. 2018; Dib et al. 2018), and South 
Africa (Fri et al. 2018) (Table 8.2). Coherent to ARB, it is possible that the ARGs 
detected originate from the aquatic environment (Adesoji and Ogunjobi 2016; 
Lyimo et  al. 2016; Stenstrom et  al. 2016). In general, the human health risk 

Table 8.1  (continued)

Resistant bacterial 
strain Resistance to antibiotic

Sample 
isolated Country Reference

Acinetobacter spp. 30–100% Penicillin G, 
ceftriaxone, nitrofurantoin, 
erythromycin, and augmentin, 
10% oxytetracycline, and 9% 
minocycline

Freshwater 
and soil 
samples

South 
Africa

Stenstrom 
et al. (2016)

Escherichia coli, 
Klebsiella spp., and 
Proteus spp.

85.6% Erythromycin, 88.9% 
amoxycillin, and 76.7% 
tetracycline

Human Ethiopia Kibret and 
Abera (2014)

ESBL producers 92.6% Cotrimoxazole, 91.2% 
gentamicin, 44.8% amikacin, 
and 41.1% ciprofloxacin

Human Ghana Obeng-
Nkrumah 
et al. (2013)

Escherichia coli, 
Staphylococcus 
aureus, Klebsiella 
pneumoniae, and 
Enterobacter 
aerogenes

78.9% Amoxicillin, 73.1% 
tetracycline, and 81.8% 
trimethoprim/
sulfamethoxazole

Human Ivory 
Coast

Moroh et al. 
(2014)

Klebsiella oxytoca 64.5% MAR Human Libya Mohammed 
et al. (2016)Providencia rettgeri 63.2% MAR

Pseudomonas 
aeruginosa

52.1% MAR

Acinetobacter 
baumannii, 
Citrobacter freundii, 
and Enterobacter 
aerogenes

47.4% MAR

Enterobacter 
amnigenus biogroup 2

42.1% MAR

Enterobacter cloacae (40.8%) MAR
ESBL-producing 
Klebsiella pneumoniae 
strains

89% Trimethoprim–
sulfamethoxazole, 89% 
gentamicin, 84% 
ciprofloxacin, and 50% 
amikacin

Human Morocco El Bouamri 
et al. (2015)

Key: MAR multiple antibiotic resistance and ESBL Extended-Spectrum Beta-Lactamase 
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Table 8.2  Antibiotic resistance genes isolated from fish and other environments in Africa

Antibiotic resistance 
genes Resistance to antibiotic Sample isolated Country Reference

tetA(A) and tetA(G) Tetracycline Water, sediments, 
and fishpond

Tanzania Shah et al. 
(2012)sul1 and sul2 Sulfonamides

intl1 and int2 Transfer of genesa

dfrA1, dfrA7, dfrA12 Trimethoprim
strA-strB Streptomycin
cat-1 Chloramphenicol
blaTEM β-Lactam/amoxicillin
mefA Erythromycin
sul1, sul2 Sulfonamides Wild fish and 

water samples
Tanzania Moremi et al. 

(2016)tet(A), tet(B) Tetracycline
aac(6′)-Ib-cr, qnrS1 Fluoroquinolones
aac(3)-lld, strB, strA Aminoglycosides
dfrA14 Trimethoprim
blaCTX-M-15 β-Lactams
blaTEM, blaCTX-M, 
blaCMY, blaOXA

β-Lactams Fish from market Egypt Ramadan 
et al. (2018)

blaCTX-M-15 β-Lactams Wild fish and 
shrimp

Algeria Dib et al. 
(2018)

blaCTX-M β-Lactams Wild fish Algeria Brahmi et al. 
(2018)oqxAB Quinolones

Qnr, aac(6′)-Ib-cr Fluoroquinolones
blaOXA β-Lactams Wild fish and 

water from fish 
farms

South 
Africa

Fri et al. 
(2018)Tet(A), tet(M) Tetracycline

sul1, sul2 Sulfonamides
dfr1 Trimethoprim
ermB Macrolides, 

lincosamides, and 
streptogramin

strA Aminoglycosides
nptII Neomycin
SXT integrase Transfer of genesa

Tet(A), tet(E) tet(B), 
tet(M), Tet39

Tetracycline Treated and 
untreated water

Nigeria Adesoji et al. 
(2015)

Tet(A), Tet(B) Tetracycline Drinking water 
sources

Tanzania Lyimo et al. 
(2016)blaTEM-1, blaCTX-M β-Lactams

blaTEM, blaSHV, blaCTX β-Lactams Drinking water 
sources

Nigeria Adesoji and 
Ogunjobi 
(2016)

blaAIM-1, blaGES-21 β-Lactams Wastewater Burkina 
Faso

Bougnom 
et al. (2019)Enterobacteriaceae 

plasmid replicons
Transfer of genesa

(continued)
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associated with ARGs is not only contributed by fish. Reasonably, ARGs have also 
been found in drinking water in Tanzania (Lyimo et al. 2016) and Nigeria (Adesoji 
et  al. 2015; Adesoji and Ogunjobi 2016), Rhizospheres plants in South Africa 
(Adegoke and Okoh 2015), various foods in Egypt (Hammad et  al. 2018), and 
wastewater used for urban agriculture in Burkina Faso (Bougnom et  al. 2019). 
Accordingly, ARGs have been detected in the human body in Senegal (Diene 
et al. 2013).

Similar to ARB, the ARGs detected are those encoding resistance to common 
antibiotics used for the frequent treatment of human diseases in Africa. Thus, 
Africans are currently exposed to a double resistance to antibiotics due to the pres-
ence of ARB and ARGs. Indeed, transposons and plasmids for transfer of ARGs 
have been detected in wild fish and water from fish farms in Tanzania (Shah et al. 
2012) and South Africa (Fri et al. 2018), various foods in Egypt (Hammad et al. 
2018), and wastewater used for agriculture in Burkina Faso (Bougnom et al. 2019). 
Since antibiotics exist ubiquitously in the environment, Africans are exposed to high 
health risks due to their close interaction with livestock and the aquatic ecosystem 
(Wamala et al. 2018), which signifies increased morbidity and mortality (Gyansa-
Lutterodt 2013) due to the failure of antibiotics to treat bacterial diseases. The 
obtained results emphasize the need for policies and mechanisms to limit the use of 
antibiotics in food animals production in order to protect human health. Moreover, 
physicians should devise some methods to change patients’ treatment pattern 
depending on antibiotics susceptibility results. Antibiotics may also pose direct 
public health effects due to their residuals in different foods consumed by humans 
as detailed below.

Table 8.2  (continued)

Antibiotic resistance 
genes Resistance to antibiotic Sample isolated Country Reference

Tet(B), Tet(39) Tetracycline Freshwater and 
soil samples

South 
Africa

Stenstrom 
et al. (2016)

Sul 3 Sulfonamides Rhizospheres 
plant

South 
Africa

Adegoke and 
Okoh (2015)

blaCTX-M, blaTEM, β-Lactams Various foods Egypt Hammad et al. 
(2018)tet(A), tet(E) Tetracycline

intI1 Transfer of genesa

blaOXA-23, blaOXA-51 Carbapenems Human Senegal Diene et al. 
(2013)

Key: ESBL Extended-Spectrum Beta-Lactamases
aIndicates transposons responsible for the transfer of ARGs
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8.4.2  �Direct Potential Human Health Risk from Consumption 
of Fish

Globally, antibiotics residues in foods have attracted much attention in recent years 
because of growing food safety and public health concerns (Capita and Alonso-
Calleja 2011; Landers et al. 2012; Berendonk et al. 2015). Their presence in food 
animals represent socioeconomic challenges in global trade and consumed animal 
products (Okocha et  al. 2018). In most countries, the use of antibiotics for food 
animals production requires a withdrawal period before the product can be sold for 
human consumption. Despite this regulation, most antibiotics are used without 
observing such a regulation both in fish (Pham et  al. 2015) and other animals 
(Mubito et al. 2014). Consequently, high levels of antibiotics exist in food animals 
intended for human consumption, which pose a direct human health risk.

Limited studies have been conducted in Africa to detect antibiotics residues in 
fish and other foods. In Nigeria, Olatoye and Basiru (2013) found oxytetracycline 
levels in cultured C. gariepinus in the liver and fillets exceeded the Codex 
Alimentarius Commission established maximum residue limit of 600 and 200 μg/
kg, respectively (Table 8.3). Similarly, a study conducted by Olusola et al. (2012) in 
Nigeria also found tetracycline exceeded international limits of 200 μg/kg from 
fresh and frozen C. gariepinus and O. niloticus, while chloramphenicol, which has 
a zero tolerance level, was detected in Officers’ Mess. It has been reported that, in 

Table 8.3  Residues of antibiotics from fish and other environments in Africa

Antibiotic Residue amount Tissue/sample Country Reference

Oxytetracycline 875.32 ± 45 μg/kg Fish liver Nigeria Olatoye and Basiru 
(2013)257.2 ± 133 μg/kg Fish fillets

Tetracycline 2185 ± 412 μg/kg Fresh and frozen 
fish

Nigeria Olusola et al. (2012)
Chloramphenicol 837 ± 165 μg/kg
Ampicillin 0.36 ± 0.04 μg/L WWTPs Kenya Kimosop et al. 

(2016)0.79 ± 0.07 μg/L Hospital
Sulfamethoxazole 1.8 μg/L River water Kenya Ngumba et al. 

(2016)Trimethoprim 0.327 μg/L
Ciprofloxacin 0.129 μg/L
Sulfamethoxazole 0.02–38.85 μg/L River water Kenya K’Oreje et al. 

(2016)Trimethoprim 0.05–6.95 μg/L
Tetracycline 0.85 ± 0.06 μg/mL Surface water Nigeria Olaniran et al. 

(2018)0.23 ± 0.01 μg/mL Untreated effluent 
water

Sulfamethoxazole 34.50 μg/L WWTPs South 
Africa

Matongo et al. 
(2015)

Oxytetracycline 785.58 ± 210.80 μg/L Cow milk Tanzania Ridhiwani (2015)
Oxytetracycline 2604.1 ± 703.7 μg/kg Cattle muscle Tanzania Kimera et al. (2015)

3434.4 ± 606.4 μg/kg Cattle liver
3533.1 ± 803.6 μg/kg Cattle kidney
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Africa, as in other parts of the world, antibiotic residues in animal-derived foods 
more commonly exceed the world health organization (WHO) threshold residue 
levels (Darwish et  al. 2013). This further highlights the high human health risk 
caused by antibiotics because they have also been detected in wastewater treatment 
plants (WWTPs) in Kenya (Kimosop et al. 2016) and South Africa (Matongo et al. 
2015), surface water in Nigeria (Olaniran et  al. 2018), hospitals (Kimosop et  al. 
2016) and river water (K’Oreje et al. 2016; Ngumba et al. 2016) in Kenya, cow’s 
milk in Tanzania (Ridhiwani 2015) and Algeria (Layada et  al. 2016), untreated 
effluent water from a cow market in Nigeria (Olaniran et al. 2018), and cattle mus-
cle, liver, and kidney (Kimera et al. 2015) in Tanzania.

In practice, the human health risk resulting from antibiotics in Africa may be 
much higher because of multiple sources. Antibiotics are widely abused by humans 
for therapy, sometimes without physicians’ prescription, and the quantity of antibi-
otics prescribed in African countries intended for the treatment of various diseases 
are high (Adegoke et al. 2018), contributing to elevated levels of residues. The anti-
biotic residues have been reported to spread rapidly, irrespective of geographical, 
economic, or legal differences in African countries (Darwish et al. 2013). This rep-
resents a serious concern because antibiotics, particularly chronic dietary oxytetra-
cycline used in fish production, have been recently reported to cause direct human 
health risk in children (Limbu et al. 2018). In general, despite the existence of lim-
ited studies on antibiotics residues from cultured fish, the results obtained from 
C. gariepinus and O. niloticus suggest a widespread human health risk because the 
two fish species are widely consumed in African countries. Thus, there is an urgent 
need to control the use of antibiotics in fish intended for human consumption in 
order to protect human health.

8.5  �Conclusion

It is clear that studies on antibiotics used in aquaculture production in Africa are still 
limited particularly on effects on fish anatomy and physiology. However, the exist-
ing limited data highlight toxic effects of antibiotics in the fish body and increasing 
prevalence of ARB and ARGs coupled with high residues of antibiotics in cultured 
fish, which pose a significant human health risk. The African countries require coor-
dinated actions to tackle the indiscriminate use of antibiotics in humans, livestock, 
agriculture, and aquaculture at its grassroots, because currently most of them are 
characterized by inadequate monitoring, surveillance and weak regulatory systems. 
Clear policy directions for prohibiting the use of antibiotics on food animals pro-
duction are urgently needed to protect human health. More studies should be con-
ducted on the potential risks of antibiotics on fish and human health resulting from 
multiple exposure scenarios.

S. M. Limbu
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Chapter 9
Prospects for Developing Effective 
and Competitive Native Strains 
of Rhizobium Inoculants in Nigeria

A. I. Gabasawa

9.1  �Introduction

Most legumes possess a unique ability to fix N2 through a mutualistic relationship 
with root nodule rhizobia, which are unique soil- and nodule-living bacteria (Nyoki 
and Ndakidemi 2013). This interaction could be advantaged to enhance crop yield 
especially in sub-Saharan Africa (SSA) (Osei et al. 2018), where yields are below 
their expectation (Abaidoo et al. 2013). Farmers in this region have traditionally 
used chemical fertilizers in the past centuries for improved crop yields. However, 
they realized that such fertilizers affect soil fertility negatively by hampering many 
beneficial microorganisms that positively enhance the growth and yield of crops. 
These chemical fertilizers detrimentally affect humans as well. Biofertilizers thus 
became an alternative, as they were eco-friendlier to both the environment and 
farmers (Devi and Sumathy 2018). Biofertilizers do not contain environmentally 
toxic substances and readily enrich the soil, and therefore their use safeguards soil 
health. Microbial inoculants can play an increasingly significant role in the agricul-
tural advancement of developing countries (Alori and Babalola 2018). Using an 
effective and persistent Rhizobium strain would reduce or eliminate the need for 
synthetic nitrogen-based and other chemical fertilizers (Baez-Rogelio et al. 2017).

9.2  �Historical Perspective

The inoculation of plants with beneficial bacteria can be, however, traced back to 
antiquities (Bashan 1998). Farmers knew, from experience, that when they took soil 
from a previously legume-cropped area and mixed with soil in which nonlegumes 
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were to be cultivated, yields often improved (Bashan 1998). The act of blending 
“inherently inoculated” soil with seeds turned into a prescribed method for legume 
inoculation in the USA by the end of the nineteenth century (Smith 1992). Since the 
commercialization of this soil enrichment approach, the practice of legume inocula-
tion with rhizobia eventually has become common.

Inoculation with such non-symbiotic, associative rhizosphere bacteria, as 
Azotobacter, was utilized on a vast scale in Russia during the 1930s and 1940s, the 
outcomes of which were inconclusive leading to the approach being dumped later 
(Rubenchik 1963). An endeavor to utilize Bacillus megaterium for phosphate solu-
bilization during the 1930s on a large scale also failed in Eastern Europe as reported 
by Macdonald (1989). Before embarking on a lengthy program of selecting inocu-
lant strains of root nodule bacteria, it is vital to understand whether there is a need 
to inoculate and this can be achieved through three fundamental treatment experi-
ments (Brockwell and Bottomley 1995; Brockwell et al. 1995; Date 2000). The lack 
of these experiments could have led to the failure of the large-scale historical trials, 
as many producers lack the appropriate background skills of adequately interpreting 
the results obtained (Date 2000).

In the late 1970s, two breakthroughs were experienced in plant inoculation tech-
nology. Firstly, Azospirillum was found to enhance nonlegume plant growth 
(Döbereiner and Day 1976), by a direct effect on plant metabolism (Bashan and 
Holguin 1997a, b). Secondly, biocontrol agents, mostly Pseudomonas fluorescens 
and Pseudomonas putida, were introduced and began to be intensively investigated 
by many researchers (Bashan 1998). Many works, including Kloepper (1994), Tang 
(1994), and Tang and Yang (1997), reported that different such other bacterial gen-
era as Bacillus, Flavobacterium, Acetobacter, and a few Azospirillum-related 
microbes were thus additionally examined and evaluated.

Most soils used for leguminous crops production in Nigeria are nutrient-deficient, 
especially of total N, hence, their relatively poor productivity (Machido et al. 2011; 
Laditi et  al. 2012). The soils are also usually low in available P and organic C, 
thereby making them even inherently worse in their fertility status (Yakubu et al. 
2010; Machido et al. 2011). Several other biotic and abiotic factors like crops uptake 
and removal, denitrification, volatilization, and leaching further make the soils vul-
nerable to nutrient loss. In order to maintain or maximize agricultural productivity, 
amelioration of the depleted nutrients, primarily N and P, is paramount and is usu-
ally achieved by the application of environmentally less friendly mineral fertilizers 
(Udvardi et al. 2015; Song et al. 2017). Their staggering costs and a relatively lesser 
availability in the region (Sanginga 2003; Rurangwaa et al. 2018) pose another hitch 
to their judicious use by the resource-deficient farmers. These and related factors 
fuelled the drive towards biological nitrogen fixation (BNF), which has potentials 
for mitigating negative impacts associated with using mineral fertilizers (Yakubu 
et  al. 2010). However, many soils lack adequate amounts of native rhizobia and 
some naturally occurring strains are lacking in terms of effectiveness or competi-
tiveness, and fail to effectively achieve an enhanced BNF process (Westhoek et al. 
2017) and hence the dire need for providing external sources of rhizobia to enable 
effective nodulation and consequent N2 fixation, known as inoculation (Date 2000). 
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Legumes, on another hand, will generally only respond to inoculation where: (1) 
compatible rhizobia are absent, (2) the population of compatible rhizobia is small, 
and (3) the indigenous rhizobia are less effective in N2 fixation with the intended 
legume than selected inoculant strains (Vanlauwe and Giller 2006). Although a 
commercial legume inoculants’ production and use in the USA and the UK dated 
back to as early as 1895 (Nelson 2004), local production of this type of biofertilizer 
only started in the 1980s and 1990s in Africa (N2Africa 2013). There was, there-
fore, no regular use of rhizobial inoculants by West African mainstream farmers, 
including those of Nigeria (Bala 2011a). Since the introduction of these BNF inocu-
lants, soybean production, for example, has continuously and dramatically increased 
in South Africa from 84,000  t, in 1987, to 1,320,000  t, in 2016. In Nigeria, an 
increase was also recorded from 40,000 t to 680,000 t in the same 1987 and 2016, 
respectively (Khojely et al. 2018).

9.3  �Important Terms and Definitions

9.3.1  �Bacterial Inoculant

Bacterial inoculant is a formulation that usually contains one or more beneficial 
bacterial strains (or species) in an easy-to-use and economical carrier material 
(Alori and Babalola 2018). The material can either be natural, inorganic, or derived 
from specific molecules. The inoculant is the means by which bacteria are trans-
ported from the industry to the living plant via the soil. The needed impacts of the 
inoculant on plant growth and development can be in the form of leguminous BNF, 
enhancement of mineral uptake, biocontrol of soil-borne diseases, weathering of 
soil minerals, and nutritional and hormonal impacts. Bacterial inoculants may, how-
ever, require bureaucratic and, hence, costly registration processes in several coun-
tries (O’Callaghan 2016).

9.3.2  �Biofertilizer

This is a widely used term which also refers to a “bacterial inoculant.” It also refers 
to preparations of microorganism(s) for a complete or partial substitution for chemi-
cal fertilization, for example, rhizobial inoculants. Many other effects of the bacte-
ria on plant growth are, however, ignored. The word “fertilizer” is used in some 
countries to allow easier registration of the commodity for commercial use, as 
observed by Bashan (1998). The term biofertilizer (microbial inoculants) can gener-
ally be defined as any preparation that contains live or latent cells of efficient strains 
of nitrogen (N2) fixing, phosphate solubilizing, or cellulolytic microorganisms used 
for application on seeds, soils, or composting materials/areas to increase the 
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populations of such microorganisms and hence accelerate a given microbial process 
and compliment the level of plant-available nutrients (Mohammadi and Sohrabi 
2012). The term biofertilizer may, therefore, broadly be used to mean all organic 
resources (manure) used for plant growth and rendered into plant-available forms, 
which may be through microorganisms and plant associations (Akhtar and Siddiqui 
2009). Biofertilizers are essential components of integrated nutrient management. 
These potential biological fertilizers play a crucial role in the productivity and sus-
tainability of soil and also protect the environment (Mohammadi and Sohrabi 2012). 
They are cost-effective, eco-friendly, and a renewable source of plant nutrients to 
supplement chemical fertilizers in sustainable agricultural systems (Malusá et al. 
2012). Beneficial microorganisms in biofertilizers speed up and ameliorate plant 
growth and protect plants from pests and diseases (El-yazeid et al. 2007). The most 
common organisms used as biofertilizer component are nitrogen-fixers (N2-fixers), 
potassium-solubilizers (K-solubilizer) and phosphorus-solubilizers (P-solubilizers), 
or in combination with molds or fungi. The bacteria used in biofertilizers mostly 
have a close relationship with plant roots. Rhizobium, for example, has a symbiotic 
relationship with legume roots, and rhizobacteria inhabit root surfaces or rhizo-
sphere soil (Mohammadi and Sohrabi 2012).

9.4  �Rhizobial Taxonomy

According to Bergey et al. (1923), bacteria were only included in rhizobia when 
they had the capacity of nodulating. However, when they had similar morphologies 
but could not nodulate, they were excluded from rhizobia. Nodulation, host range, 
and behavior on growth media were also later considered (Baldwin and Fred 1929; 
Fred et al. 1932) for rhizobial classification. Based on growth behavior on media, 
Fred et al. (1932) classified rhizobia as either fast or slow growing (Young 1996). 
Rhizobia, therefore, is a selected bacterial group capable of forming root nodules on 
legumes, and occasionally on the stems of some legumes, and can as such fix atmo-
spheric nitrogen (N2) to fully or partially meet the nitrogen (N) requirements of the 
legume host plant (Gage 2017). Frank (1889) proposed the name “rhizobia” to 
describe root nodule bacteria. All nodule-forming bacteria have from then been 
known as rhizobia. Biological nitrogen fixation, which is an N2-fixation process via 
different prokaryote members (specifically diazotrophs), approximately contributes 
about 16% of the total N input in croplands (Ollivier et  al. 2011). Rhizobia are, 
therefore, significant contributors to BNF, and the legume-rhizobium symbiosis can 
fix as much as up to 450 kg N ha−1 year−1 (Unkovich and Pate 2000).

Moulin et al. (2002) reported that as a group, rhizobia are not monophyletic and 
have, therefore, been classified as alpha- and beta- (α- and β-). Rhizobia currently 
consist of 61 species in 13 different genera, namely Rhizobium, Mesorhizobium, 
Sinorhizobium, Bradyrhizobium, Azorhizobium, Allorhizobium, Methylobacterium, 
Burkholderia, Cupriavidus, Devosia, Herbaspirillum, Ochrobactrum, and 
Phyllobacterium. The taxonomy of rhizobia is in constant flux (Ahmad et al. 2008). 
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Rhizobium, Mesorhizobium, Sinorhizobium, Bradyrhizobium, Azorhizobium, and 
Allorhizobium belong to the alpha-Proteobacterial subdivision of the purple bacte-
ria, an incredibly diverse group (Pierre and Simon 2010). Rhizobium contains 33 
species, 24 originating from legume nodules while Sinorhizobium includes nine 
species isolated from legume nodules. Also, Bradyrhizobium has seven species 
from legume nodules, and Azorhizobium has two species nodulating legumes.

The complete list of known rhizobia species is continuously updated (Khan et al. 
2010). The technological advancements in morphological, biochemical, physiologi-
cal, serological, and sequence analysis used for taxonomic classification could still 
make classification unstable (Manvika and Bhavdish 2006). Further studies on the 
genetic diversity of rhizobia will, however, help in understanding the evolutionary 
histories of the rhizobium-legume symbioses. This will, consequently, help in devis-
ing worthwhile planning strategies aimed at reaping the utmost benefit from the 
symbioses.

9.5  �Rhizobial Ecology and Diversity

Studies have targeted to uncover the nature of rhizobial symbionts in their native 
environments as it has been discovered that one of the significant problems in the 
application of BNF technology is the establishment of the introduced inoculant 
strains. Nodulation and nitrogen fixation in this symbiosis require that host and 
microorganism are compatible, but also that the soil environment is appropriate for 
the exchange of signals that precede infection (Hirsch et  al. 2003; Zhang et  al. 
2002). Earlier reviews have reported the influence of biotic and abiotic soil factors 
on rhizobium ecology (Amarger 2001; Sessitsch et al. 2002). A problem identified 
by many of the reviews adequately describing changes at the population level. 
Tools, like intrinsic antibiotic resistance (Beynon and Josey 1980), serology 
(Bohlool and Schmidt 1973; Purchase et al. 1951), and multilocus enzyme electro-
phoresis (Pinero et al. 1988; Eardly et al. 1990), have all facilitated the acquisition 
of insight into rhizobial population structure in the soil, and how this could be influ-
enced by the host and environment. However, it is only with the development of 
advanced molecular (Hirsch et al. 2003; Thies et al. 2001) and computational tools 
that the consideration of large populations of rhizobia on a routine basis been pos-
sible. The nodule formation on the leguminous host keeps on being viewed as the 
essential phenotypic characteristic due to the evident agricultural significance of 
rhizobia. Techniques such as fatty acids methyl esters (FAME) (Leite et al. 2018), 
whole-cell protein analysis using sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) (Dekak et al. 2018) and multilocus enzyme electrophore-
sis (MLEE) (Van Berkum et  al. 2006), and recently whole-genome sequencing 
(Seshadri et  al. 2015) have effectively been utilized to characterize and classify 
obscure strains and depict novel rhizobial species.

Traditionally, rhizobial variation has been determined using characteristics such 
as growth rate and colony morphology (size, shape, color, texture, and general 

9  Prospects for Developing Effective and Competitive Native Strains of Rhizobium…



228

appearance) and antibiotic resistance methods (Graham et al. 1991). However, these 
methods cannot sufficiently discriminate between all the variations exhibited in the 
target species. They cannot delineate sources of observed phenotypic variation that 
may be due to environmental factors or underlying genetic factors. Molecular means 
have now been accessible to appreciate the diversity and structure of the bacterial 
population. The 16S rRNA gene sequencing is a very crucial parameter in rhizobial 
classification and techniques that depend on the disparity in ribosomal RNA genes 
have been regularly connected to the identity of species (Laguerre et al. 1994). The 
traditionalist idea of 16S rRNA genes has, however, restricted its utilization due to 
strain level discrimination. The intergenic spacer (IGS) existing between 16S and 
23S rRNA genes was depicted to be much diverse (Massol-Deya et al. 1995) and 
restriction fragment length polymorphism (RFLP) of the polymerase chain reaction 
(PCR)-intensified IGS was used in the characterization of rhizobia (Nour et  al. 
1994; Sessitsch et al. 1997). The advancement in PCR prompted new fingerprinting 
strategies. For example, techniques like Random Amplification of Polymorphic 
DNA (RAPD) using subjective oligonucleotide PCR primers of irregular grouping 
have now been used to produce strain-explicit fingerprints of rhizobia (Koskey 
et al. 2018).

Studies have shown that tropical rhizobia are diverse with subgroups of varied 
symbiotic specificity and effectiveness. Studies by Bala and Giller (2007) showed 
rhizobia of the same phylogenetic grouping nodulating Calliandra calothyrsus, 
Gliricidia sepium, and Leucaena leucocephala in some soils, but failing to nodulate 
at least one of the hosts in other soil, thus suggesting that rhizobial phylogeny and 
host range (infectiveness) were only weakly linked. Rhizobia are heterotrophic, 
competent bacteria that can survive as large populations for decades in the absence 
of host legumes (Giller 2001), but the presence of a compatible host legume confers 
protection to the microsymbionts against environmental stresses (Andrade et  al. 
2002). On the other hand, a greater diversity of rhizobia in soil populations broad-
ens the range of legume hosts that can be nodulated in such soils. Therefore, a 
mutual benefit between aboveground (legume) and belowground (rhizobia) biodi-
versity exists.

9.6  �Determinants of Host Specificity in Rhizobia

Host specificity plays a vital role in rhizobia, especially in establishing an effective 
symbiosis. There is a difference in the specificity of interaction between leguminous 
species and rhizobia. A few legume-rhizobia symbioses are more specific, for exam-
ple, when a legume host specifically forms root nodules only when infected with a 
particular rhizobium. Some other legumes will, however, form their nodules with a 
variety of rhizobia (Vance et al. 2000). Broughton et al. (2000) observed that speci-
ficity encompasses the recognition of a bacterium by a host and vice versa, via sig-
nal compounds exchange, which instigates differential expression of the gene 
in both.
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Albeit many host plants, only some symbionts can lead to the development of 
nitrogen-fixing nodules. Such tropical leguminous trees as Acacia, Prosopis, or 
Calliandra can, exceptionally, form the nodulation symbioses with diverse rhizobia 
from various genera. The specificity existing between symbiotic accomplices, how-
ever, limits the development of non-fixing ineffective nodules by the host legume as 
observed by Perret et al. (2000). The formation and development of root nodules 
require additional energy and nutrients from the host. Rhizobia are different in their 
reaction to various signal molecules that are produced by legumes. A few rhizobia 
have a restricted host range and therefore form nodules with a few legumes. 
Azorhizobium caulinodans, Sinorhizobium saheli, and the sesbaniae biovar of 
Sinorhizobium terangae, for example, only nodulate Sesbania rostrata (Boivin 
et al. 1997) and Rhizobium galegae is the main symbiont of Galega officinalis and 
Galega orientalis (Lindström 1989). Conversely, some rhizobia have an expansive 
host range and, hence, are fit to nodulate a wide range of legumes with different 
degrees of promiscuity. For it has recently been reported that two rhizobial strains, 
Mesorhizobium japonicum (strain Opo-235) and M. kowhai (strain Ach-343) could 
nodulate a wide range of host including species of diverse legume genera from two 
tribes (Galegeae and Trifolieae) (Safronova et al. 2019).

Legumes may, on the other hand, also be host to only one kind of symbiont 
(Galega spp.) or establish symbioses with a wide range of rhizobia (Leucaena leu-
cocephala, Calliandra calothyrsus, Phaseolus vulgaris). Distantly related rhizobia 
can nodulate the same host; for example, Sinorhizobium fredii, Bradyrhizobium 
japonicum, and Bradyrhizobium elkanii all nodulate Glycine max. Members of 
Rhizobium, Sinorhizobium, and Bradyrhizobium are less related to each other than 
to other non-rhizobial genera. Stem and root-nodulating Azorhizobium caulidonans 
and root-nodulating Sinorhizobium fredii and Sinorhizobium terangae bv. sesba-
niae, both symbionts of Sesbania rostrata, also represent two taxonomically dis-
tant genera.

9.7  �Mechanisms of Biological Nitrogen Fixation

Biological nitrogen fixation (BNF), a system used only by specific prokaryotes, is 
catalyzed by a two-part nitrogenase complex (Yan et al. 2010). Nitrogenase cata-
lyzes the simultaneous reduction of one N2 and 2H+ into ammonia (NH3) and a 
molecule of hydrogen gas, as thus:

	 N H ATP NH NH H ADP Pi2 2 3 3 28 16 2 2 2 16 16+ + + + + + + 	

The immediate electron donor is ferredoxin, a potent reducing agent. The reaction 
is driven by the hydrolysis of 2 ATP molecules for each electron transferred (Wheelis 
2008). Carvalho et  al. (2011) observed that the best-known BNF system occurs 
between legume hosts and bacteria (rhizobia). The mutual interaction between the 
legume roots and given soil rhizobia accounts for the development of a specified 
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organ, the mutual root nodule, that primarily functions in BNF. Root nodules in 
legumes make a vital contribution to the soil N content, which plays a significant 
role in agriculture (Alla et al. 2010). Legume root exudates enhance the production 
of Nod factor signals of rhizobia, which are readily distinguished by compatible 
plant receptors leading to the formation of nodules, in which are bacteroids, differ-
entiated bacteria and N2 (Oldroyd and Downie 2008). Maintenance of nitrogenase 
activity in the root nodule is subject to a fragile equilibrium. At first, a high rate of 
oxygen respiration is indispensable in order to supply the energy needs of the N 
reduction activity (Sanchez et al. 2011), but oxygen also inactivates the nitrogenase 
complex irreversibly. These opposing needs are reconciled by oxygen flux control 
via a diffusable barrier present in the nodule cortex and by leghemoglobin, an oxy-
gen carrier of the plant which is exclusively present in the root nodules (Minchin 
et al. 2008).

Besides N2 fixation, some rhizobial species are capable of growing under condi-
tions of low oxygen using nitrate (NO3) as an electron acceptor to support respira-
tion in the process of denitrification in which bacteria sequentially reduce NO3 to 
nitrite (NO2) and finally to N2 (Van Spanning et al. 2005, 2007). In this process, NO3 
is reduced to NO2 by either a membrane-bound or a periplasmic NO3 reductase, and 
NO2 reductases catalyze the reduction of NO2 to nitric oxide (NO). Nitric oxide is 
then further reduced to nitrous oxide (N2O) by NO reductases and, finally, N2O is 
converted to N2 by the N2O reductase enzyme. The importance of denitrification in 
legume-rhizobia symbiosis can best be appreciated when the oxygen concentration 
in soils decreases (soil hypoxia) due to environmental stresses as flooding of the 
roots. Following such conditions, the denitrifying process could be a mechanism of 
generating ATP for the survival of soil rhizobia and also to preserve the functioning 
of nodules (Sanchez et al. 2011).

9.8  �Significance of Biological Nitrogen Fixation

The atmospheric environment is an almost homogeneous blend of gases, the amplest 
of which is N (78.1%) (Garrison 2006). Around 96% of the N taken by crop plants 
has been estimated as N derived from the atmosphere (Lόpez-Bellido et al. 2006). 
Biological N fixation includes the transformation of N2 to ammonium (NH4), which 
is a plant-available N form (Vessey et al. 2005). The idea of BNF is that the dinitro-
genase catalyzes the response and part triple-bond idle atmospheric N (N2) into 
natural ammonia molecule (Cheng 2008). The BNF is viewed as an inexhaustible 
asset for sustainable agriculture, as it decreases fertilizer use, and hence augments 
financial farmers gains (Walley et al. 2007). Also, it assumes a vital role in appraisal 
of rhizobial diversity, adds to global knowledge of soil microbial biodiversity and 
the handiness of rhizobial accumulations, and to the foundation of long-term meth-
odologies that are aimed at expanding the contributions of biologically fixed N to 
agriculture. The N2 fixed by legumes can incredibly contribute to economically 
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buoyant and environmentally suitable agriculture, as suggested by Odair et  al. 
(2006). It has been assessed that 80–90% of the plant-available N found in the envi-
ronments is sourced from BNF (Rascio and Rocca 2008). It (BNF) also adds to the 
renewal of soil N, and hence circumvents the dire need for chemical N fertilizers 
(Larnier et al. 2005). Biological N fixation offers an economically alluring and eco-
logically encouraging methods for lessening external N fertilizer demand and input 
(Yadvinder-Singh et al. 2004). Agricultural systems sought to have gradually meta-
morphosed towards enhancing environmental quality and exclude its (environmen-
tal) deterioration. The use of inoculants that are composed of diazotrophic bacteria 
and used as N fertilizer alternatives is, therefore, one of the most vibrant methods of 
bypassing environmental deterioration (Roesch et al. 2007).

9.9  �Rhizobial Bio-Prospecting Studies

The Agricultural Research Service (ARS) of the U.S. Department of Agriculture 
(USDA) has maintained a collection of nitrogen-fixing legume symbionts for most 
of the twentieth century (Van Berkum 2002). Although many rhizobial isolation 
studies appear in scientific literature, there has been little attempt to evaluate global 
trends across diverse strain collections. The most comprehensive studies focus on a 
particular rhizobial species recovered from several host legumes at multiple loca-
tions or on populations or communities of rhizobia recovered from a particular host 
legume over a wide geographic range (Han et al. 2008). The absence of a global 
synthesis can be attributed to the difficulty in comparing studies that use diverse 
methods for rhizobial sampling and strain typing. The use of diverse sampling strat-
egies means that collections of isolates are rarely equivalent, except in related stud-
ies arising from individual research groups. Comparing published studies is also 
difficult because strain typing methods vary in their discriminatory power and are 
usually species-specific (Li et al. 2009) and therefore influence the number of strain 
types identified.

9.10  �Rhizobia Identification

A typical rhizobial cell is a small- to medium-sized (0.5–0.9 × 1.2–3.0 μm) Gram-
negative, motile rod, exhibiting the characteristic presence of copious 
β-hydroxybutyrate granules forming 40–50% of the cell dry weight, easily observed 
using metachromatic granules stains. Most strains produce sticky gum-like sub-
stances of varying composition. According to a study by Gupta et al. (2007), rhizo-
bia are typically observed, on Yeast Mannitol Agar (YMA) media, as translucent, 
viscid, slimy, and individual dome-shaped colonies, having a lifted component with 
whole edges.
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9.11  �Inoculant Formulations

9.11.1  �Optimal Characteristics of a Carrier for Inoculants

The carrier, a delivery vehicle of live microorganisms, helps in transporting the 
microorganisms from the production factory to the field where they are utilized and 
is the significant portion (by volume or weight) of the inoculant. There is presently 
no universally accepted carrier or formulation available for microbial release into 
the soil (El-Ramady et al. 2018). Carrier materials and formulation type, therefore, 
vary, and it can be a slurry or powder (Bashan et al. 2014). A suitable carrier must 
have the capacity to deliver the right number of viable cells in good physiological 
condition at the right time (Malusá et al. 2012). Other essential characteristics of a 
suitable inoculant carrier have been reported (Bashan 1998):

	1.	 A carrier should be nearly sterile or easily sterilized, as chemically and physi-
cally uniform as possible with consistent quality and be suitable for as many 
bacterial species and strains as possible. Wet carriers should also have a high 
water-holding capacity.

	2.	 It should also be easily manufactured and mixed by existing factories, allow 
additional nutrients, have an easily adjustable pH, be made from relatively cheap 
raw materials, and be in adequate supply.

	3.	 A good carrier should also be easy to handle, provide rapid and controlled release 
of bacteria into the soil, and can be applied using appropriate standard machines.

	4.	 It should be environmentally nontoxic, biodegradable, and non-polluting, 
thereby minimizing such environmental risks as the dispersal of cells into the 
groundwater or atmosphere.

	5.	 It should have enough storage shelf life of a year or two when kept at room 
temperature.

No single carrier can possess all these qualities; it should, however, have as many as 
possible to be a good one.

9.11.2  �Types of Existing Carriers for Inoculants

Peat is almost the most widely used carrier for rhizobia, the only inoculant being 
sold in large volume today (Ruíz-Valdiviezo et al. 2015). However, this carrier has 
records of several disadvantages, some of which include wide and source-dependent 
variability in its quality, thereby possibly presenting difficulties in inoculant dosage 
and clear storage conditions (Reddy and Saravanan 2013). Availability of peat is 
rare, and hence its exorbitant cost in most countries in Asia and Africa (Bashan et al. 
2016). Some peats may release compounds toxic to the bacteria when sterilized by 
heat resulting in low bacterial counts (Kaljeet et al. 2011). The mining of peat has 
also been regarded as being unfriendly to wetland ecosystems (Margenot et  al. 
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2018). In terms of delivery, peat powder can easily be blown away from seeds by an 
air-delivery system of the planter. Peat may also interfere with the seed-monitoring 
mechanism of the planters (Nehra and Choudhary 2015). A possible remedy is an 
addition of adhesives or slurries to the inoculant during its application to the seeds 
to improve its adhesion, but this requires additional time, labor, and cost for a pro-
cess that is already labor-intensive (Nehra and Choudhary 2015). Today, inoculant 
carriers can generally be divided into five basic categories including soils, waste 
plant materials, inert materials, plain lyophilized microbial cultures, and oil-dried 
and liquid inoculants, as reviewed by Bashan et al. (2014)). Due to the drawbacks 
observed with peat, many alternatives consisting of different formulations of the 
basic materials have, therefore, been evaluated (Trivedi et al. 2005; Albareda et al. 
2008; Nehra and Choudhary 2015).

9.11.3  �Inoculant Production

There are several essential issues to be considered in inoculant production, among 
which include the microbial growth profile, types and optimum condition of the 
organism and formulation of the inoculum. The methods of inocula formulation and 
application and inocula product storage are all very critical for a successful biologi-
cal product.

In the process of inoculant production, the target microorganism can either be 
introduced into a sterile or non-sterile carrier (Bashan et al. 2014). The former car-
rier has microbiologically significant advantages over the latter but has not been 
cost-effective from commercial perspectives in most cases (Bashan et al. 2016). For 
an inoculant to contain an effective bacterial strain and for its success or failure as a 
biological agent to be determined, formulation is the most critical consideration. 
The formulation stage is the industrial process and practice of successfully convert-
ing a promising laboratory-proven bacterium into a commercial field product. The 
biofertilizer formulations are, therefore, expected to conform with all the numerous 
characteristics mentioned earlier and also surmount two significant constraints 
against living organisms, that is, (1) viability loss during short storage in growers’ 
warehouse (as most developing African countries lack appropriate refrigeration 
facilities), and (2) long shelf life and stability over a broad temperature range in the 
marketing distribution systems (O’Callaghan 2016).

The six main steps paramount in inocula production are the choice of active 
organisms, isolation and selection of the target microbes, selection of method/car-
rier material, selection of propagation method, prototype testing, and large-scale 
testing (Bashan et al. 2016). Active organisms must be decided based on activity 
objective; isolation is vital in separating target microbes from their habitation. 
Usually, microbes are isolates from plants’ root. Best candidate isolates are selected 
following various stages of routine selection processes. Also, paramount is deciding 
the form of inoculant carrier. Selecting a befitting propagation method is mainly 
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through understanding the optimum growth requirements of organisms, and this 
can be achieved by obtaining the microbial growth profile under different condi-
tions. The prototype (usually in different forms) inoculant is made and tested at 
diverse environments with a view to evaluating the effectiveness and efficacy of the 
product.

9.12  �Forms of Inoculants Dispersal

Inoculants are mostly known to come in four primary dispersal forms, as previously 
reviewed (Bashan et al. 2014; Alori and Babalola 2018).

	1.	 Powders: these are often used as a pre-planting seed coating with particle size 
typically ranging between 0.075 and 0.25 mm to ensure a better chance for the 
inoculant to properly adhere to the seeds (Malusá et al. 2012).

	2.	 Slurries are powder-based inoculants formed by suspending the base inoculant 
material in liquid, usually water, and applying the mixture directly to furrows. 
The seed can, alternatively, be dipped into the suspension just before planting 
(O’Callaghan 2016).

	3.	 Granular inoculants are directly applied to furrows together with the seeds. 
Granular size ranges are from 0.35 to 1.18 mm (Hungria et al. 2005) and are 
usually used for broadacre applications (O’Callaghan 2016). There are also 
some bead-like forms that are synthetic variations of these granular forms, 
and which can be in macro (1 to 3 mm) sizes in diameter and used as a granu-
lar form. They can also be in micro size (100–200 μm) used as a powder for 
seed coating. These types of inoculant are, however, not suitable for develop-
ing countries as their application usually requires heavy and sophisticated 
machinery which in most cases is not available in such countries (Bashan 
et al. 2014).

	4.	 With liquid inoculants, seeds are either evenly sprayed or dipped into the inocu-
lant before sowing and later be sown after drying (Bashan et  al. 2014). This 
ensures even coverage of seeds with relatively no planter-related problems or 
inoculum.

Despite the diverse forms of inoculant and the different ways in which they can be 
applied, the use of any inoculant will depend on its availability, cost, and crop/
environment-specific needs. For example, although inoculants applied as seed coat-
ing may be cost-effective, their use is severely challenged by the need for proper 
pre- and post-application, and they are sometimes less effective than granular inocu-
lants that are directly applied to the soil (Jones and Olson-Rutz 2018).
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9.13  �Potentials for Production and Use of Inoculants 
in Africa

Despite the high recorded rates of economic growth of more than 5 years, SSA is 
still by far the poorest region globally (The Economist Intelligence Unit 2014). This 
is not unconnected with the region’s level of food insecurity, which is undermined 
by sporadic poverty and limited utilization of modern agricultural technologies. 
Poor soil fertility, pests and diseases and such low-skilled and unsustainable farm-
ing methods like continuous cropping are some of the region’s direct causes of the 
food insecurity (Oruru and Njeru 2016). About 60–70% of mineral fertilizers 
applied to farms is lost, particularly, via leaching, volatilization, and erosion, for 
example (Hardarson et al. 2003). Only an estimated 30–40% of the mineral fertil-
izers applied is, therefore, utilized by plants, worldwide (Chianu et al. 2011). In 
such instances, biotechnology has great potential to increase the productivity in 
SSA (Chianu et al. 2011; Oruru and Njeru 2016), especially through the conserva-
tion and sustainable use of soil microbes (Macdonald and Singh 2014).

Many opportunities could be readily available if countries in SSA could develop 
a long-term approach to policies on, specifically, BNF and generally on biotechnol-
ogy. Policies like these should be able to: (1) advance national biotechnology need 
appraisal and implementation, (2) target research on biotechnology and executing 
same to needs, (3) give motivating forces and conditions to commercialization of 
biotechnology research and endeavors, (4) advance partnerships between immedi-
ate public research for development (R4D) and multinational biotechnological 
industries, (5) enhance scientific limits and technological framework for the execu-
tion of an ideal biotechnology, and (6) incorporate biotechnology hazard manage-
ment into existing agricultural, health, and environmental routines. The potential 
advantages of biotechnology, like Rhizobium inoculation, may, otherwise, not be 
tapped for the enhancement of human welfare in the SSA.

Furthermore, approaches such as BNF and Rhizobium inoculation should be able 
to circumvent the need to: (1) make agricultural and non-governmental organiza-
tions (NGOs) stronger as they diligently serve the interests of subsistent farmers as 
they embrace biotechnology, (2) upgrade their capability, and (3) enhance their sup-
port in adjusting and testing BNF and Rhizobium inoculation advancements. The 
SSA countries must settle on an integrated biotechnology approach instead of their 
much-adopted ad hoc approaches. The former, however, also needs an intervention 
of policy as observed by Brenner (1996). The (integrated) approach will guarantee 
that biotechnology research readily takes care of the grievances of resource-poor 
farmers. For example, Botha et al. (2004) reported that soybeans CB 1809 strain 
was up to 60% superior to other isolates tested in efficient BNF from Bergville and 
Morgenzon, in South Africa, and was almost 73% of isolates from Koedoeskop. 
Mpepereki et al. (2000) reported that inoculation with Bradyrhizobium japonicum 
in the SSA increased soybean (Glycine max (L.) Merrill) yield from 500 to 
1500 kg ha−1. Mugabe (1994) had earlier observed that the majority of countries in 
Africa could reduce much of the expenditures incurred on fertilizer imports via a 
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full utilization of BNF. Rhizobium alone could provide an estimated >50% of the 
fertilizers required for crop production in most of the marginal environments of 
Kenya, Tanzania, and Zimbabwe. Unlike most African countries, the agricultural 
sector is overwhelmingly dominated by a detectable level of commercial farms in 
South Africa and Zimbabwe. This is translated into an easier adoption of commer-
cial inoculant production and use (Bala 2011b). Chianu et  al. (2011), however, 
observed that socio-economic and policy constraints were the most critical chal-
lenges that seriously undermined the much-needed production and use of Rhizobium 
inoculants in SSA. The limited capacity of most national agricultural research sys-
tems in SSA causes an absence of expertise in setting preferences and priorities in 
the use of biotechnology. This condition militates against the development and pro-
duction of BNF-based technologies. Research and development (R&D) programs in 
the African continent are presently, more or less, isolated, with low-level monitoring 
and evaluation, vis-à-vis severely low funding. Inherent variability in legumes’ 
response to inoculation (Ronner et al. 2016) and an over-dependence of BNF on 
such factors as legume agronomy; and edaphic and other environmental factors (van 
Heerwaarden et al. 2018) are some of the severe hindrances to effective inoculation 
programs. Also, such aspects as inoculant source, variety, and management types 
and level usually differ between countries. There also exist variations in climatic 
and edaphic conditions across various proximities. This, invariably, makes it even 
more difficult to draw reliable conclusions on the efficacy of inoculants derived 
from local trials (van Heerwaarden et al. 2018) and hence suggests that the use of 
inoculants and diverse varieties may need to be directed towards specific frame-
works as observed by Ronner et al. (2016). This, therefore, indicates the dire need 
for comparative studies focussing on the efficacy of legume technologies that con-
tain various pulses being implemented across SSA.

In early studies conducted on inoculation in various parts of Africa, there was a 
grain yield advantage in soybean (Glycine max) in tropical Africa (Sivestre 1970; 
Nangju 1980; Bromfield and Ayanaba 1980). Also, Sivestre (1970) observed yields, 
in inoculated soybean, of 1440 kg ha−1 compared to uninoculated ones, which had a 
yield of only 240 kg ha−1. In a paper presented at an international workshop on 
Rhizobium inoculation, held in Tanzania, in 2008, Bala had cited work as reporting 
yield increase of 80–300% due to inoculation in the Democratic Republic of (DR)-
Congo. Ndakidemi et al. (2006) observed in an on-farm trial conducted with rhizo-
bial inoculants (Rhizobium tropici strain CIAT 899, for common bean, and 
Bradyrhizobium japonicum strain USDA 110, for soybean) at Moshi and Rombo, 
two districts in northern Tanzania, that at harvest, soybean and common bean 
(Phaseolus vulgaris) development was significantly higher with rhizobial inocula-
tion when compared with an uninoculated control or N and P supply. Grain yields 
of P. vulgaris were also increased by 60–78% due to inoculation alone and 82–95% 
due to inoculation and P application at 26 kg P2O5 ha−1, relative to the uninoculated 
and/or unfertilized plots. There was also a 127–139% increase in grain yield via 
inoculation only and 207–231% via inoculation and 26 kg P2O5 ha−1 application. 
Hence, the combined application of inoculants and P fertilizer to G. max and 
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P. vulgaris increased grain yield and biomass production when compared with the 
use of only N and P or strains of rhizobia (Ndakidemi et al. 2006).

To isolate and test the effectiveness of N2-fixing bacteria from Africa’s large-
biodiversity ecosystem, vis-à-vis supervising factors that affect legumes, the rhizo-
bia, and their symbiosis while ensuring for effective rhizobia, is paramount because 
it may eventually result in identifying superior inoculants that can readily improve 
legume growth, development, and yield. This will, later, provide for an economic 
boom for legume farmers. Expanded and emphasized research activities are, there-
fore, direly needed to promote this eco-friendly and cheap technology for the many 
resource-poor smallholder farmers in Africa (Simon et al. 2014). Some earlier stud-
ies conducted in South Africa, as reported by Van Rensburg and Strijdom (1969), 
revealed that some local soybean varieties formed a specific symbiosis with 
B. japonicum. It is, however, of paramount importance to appreciate that even pro-
miscuous soybeans that seldom require inoculation, and that are popular in a few 
parts of Africa, at times respond to inoculation. Osunde et al. (2003), in a study 
carried out at five locations in Nigeria’s moist savanna region, revealed that the 
promiscuous soybean cultivars (Tropical Glycine cross (TGx) 1456-2E and TGx 
1660-19F) favorably responded to inoculation. Magoye, a Zambian, exceptionally 
promiscuous line released in 1981, however, readily nodulated in all tested southern 
African soils and seldom responded to inoculation in Zambia and Zimbabwe 
(Mpepereki et al. 2000). Sanginga et al. (2001) reported that the principal criterion 
for selection in the IITA, for more than a decade, was promiscuity without in-depth 
microbiological studies. It was based on these results that IITA introduced a pro-
gram on soybean breeding in 1978 aimed at developing “promiscuity” in soybean 
cultivars that nodulate with local Bradyrhizobia in the soil, thereby excluding the 
necessity of inoculation (Kueneman et al. 1984). However, studies conducted in the 
early 2000s on symbiotic effective nature of local rhizobia that nodulate promiscu-
ous soybean in 92 soils of Zimbabwe led to the identification of three isolates that 
were of utmost N2-fixing potential in the Magoye cultivar than MAR 1491, which is 
a commercial strain (Musiyiwa et  al. 2005). The M3 isolate was, however, later 
identified to be more superior to the commercial strains MAR 1491 and MAR 1495, 
as reported by Zengeni and Giller (2007). Okogun and Sanginga (2003) observed 
no statistically significant difference between the yield of inoculated and uninocu-
lated crops (promiscuous soybean varieties—TGx 1485-1D, TGx 14562E, TGx 
1448-2E, and TGx 1660-19F)) at three sites in the savanna of Nigeria, even though 
the native rhizobial population in soils at these sites were to a certain extent different.

Nitrogen-inoculants and BNF have had an extended history in Africa. It dates to 
the colonial agricultural research days when attempts were made to develop pasture 
legume inoculants to boost exotic cattle productivity (Odame 1997). Also, the 
United Nations Educational, Scientific and Cultural Organization (UNESCO) 
established a few Microbiological Resource Centres (MIRCENs), spread within the 
five continents, which were supported by the United Nations Environment 
Programme (UNEP) and the Food and Agriculture Organisation (FAO) of the United 
Nations (UN) to elevate BNF status of third world countries (Odame 1997). The 
main functions of MIRCENs in Africa, located in Cairo, Dakar, and Nairobi, 
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included, among others, the collection, identification, testing, and maintenance of 
strains, and preparation and distribution of inoculants or their cultures that were 
compatible with local crop plants. Other functions were to deploy local rhizobia 
inoculant technologies, promote research, and provide advisory services, training, 
guidance, and counseling to institutions and individuals engaging in rhizobiology 
research activities. The Nairobi MIRCEN project, for example, promoted and trans-
ferred BNF technologies such as pulses’ inoculants, pasture legumes, and trees to 
research scientists and other stakeholders of agricultural relevance in Kenya and 
other East African countries. It (Nairobi MIRCEN) also extended its activities into 
Rhizobium strains screening for adaptation to abiotic stresses like soil acidity, 
extremely high temperatures, and drought, especially while considering the various 
environmental stresses that hamper successful BNF and as two-thirds of agricul-
tural land in Kenya is vulnerable to these stress types. The whole idea was aimed at 
gradually intensifying screening trials for rhizobia that could be adaptable to such 
ecological menaces. This project also used the potential of a symbiotic association 
with a fungal strain (mycorrhiza), on plant roots that aid the plant to extract water 
and P from the soil environment. The MIRCEN also developed Biofix, a very mar-
ketable biofertilizer (Odame 1997). Kenya Institute of Organic Farming (KIOF) and 
the Organic Matter Management Network (OMMN), which are Kenya-based non-
governmental organizations (NGOs), played a serious role to reckon with in the 
distribution of Biofix to farmers. Researches are also being conducted with Biofix in 
Nigeria. Over time, however, the active involvement of KIOF in promoting Biofix 
had over-stretched and, therefore, its human and financial resources waned (Chianu 
et al. 2011).

The FAO in the 1990s supported a project to select more promising rhizobial 
strains in Tanzania, as reported by Mugabe (1994). This resulted in the development 
of Nitrosua, a biofertilizer for profitable soybeans production by Sokoine University 
of Agriculture (SUA), Morogoro. The SUA, in collaboration with the Ministry of 
Agriculture and some NGOs, also established extension activities for the dissemina-
tion of Nitrosua to local Kenyan farmers. These activities, however, also waned over 
time, as stated by Bala (2008). At least two firms (Madhavani Ltd. and the BNF of 
Makerere University, established in 1990 with the help of the USAID) in Uganda 
have produced inoculants. The two firms, however, functioned until 1997 and pro-
duced 14.2 tonnes of soybean inoculants between 1995 and 1997 for the 
FAO.  Inoculant production in Rwanda started at the Institut des Sciences 
Agronomiques du Rwanda (ISAR) in 1984. Production capacity reached 2.4 tonnes 
per  annum by 1990 (Cassien and Woomer 1998). Unfortunately, activities were, 
halted by the civil war fought in the 1990s. At the end of the war, however, the labo-
ratory was renovated, and BNF activities were resumed, but pre-civil war records 
were not yet reached by the early 2000s (Giller 2001).

First commercial quantities of inoculants were seen in the South African markets 
in 1952, although their quality was highly debatable until the 1970s after an inde-
pendent quality control system was introduced (Strijdom 1998). All inoculants from 
1967 were produced with sterilized peat and contained at least 5 × 108 rhizobial 
cells g−1 of peat (Strijdom 1998). The quality control strategies introduced ensured 
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for comparison of South African inoculants with the best quality of inoculants pro-
duced outside the African continent (Strijdom and van Rensburg 1981). Farmers 
mainly growing crops like soybean, cowpea (Vigna unguiculata), and groundnut 
(Arachis hypogaea) enjoyed the production of the inoculants (Deneyschen et  al. 
1998). Khonje (1989) reported that the production of commercial quantities of inoc-
ulants in Malawi started in the 1970s, where they were made available in 50-g pack-
ets for crops like soybean and cowpea. They were produced by Chitedze Agricultural 
Research Station, Lilongwe. Sales rose dramatically from as little as 450 packets, in 
1976, to over 1800, between 1987 and 1988. In Zimbabwe, the presence of a mega 
and highly established commercial soybean sector readily suggests sporadic spread 
and use of inoculants in that country (Mpepereki et  al. 2000). Soil Productivity 
Research Laboratory (SPRL) controlled a BNF enhancement technology project in 
the 1990s in Zimbabwe, which was supported by the International Atomic Energy 
Agency (IAEA) as reported by Chianu et al. (2011). This project reached an inocu-
lants mass production capacity of 120,000 packets per year, which were distributed 
via extension services to smallholder farmers. Mugabe (1994) reported that mycor-
rhizal inoculation research was also undertaken in some regions by The University 
of Zimbabwe.

A study in Ghanaian cowpea grown in fields have reported a nitrogen fixation of 
up to 402.3 mg plant−1, resulting in an average of 19.5 kg N-fixed ha−1 (Naab et al. 
2009). Values between 4 and 29 (i.e., 15% and 56% of plant N) were, in contrast, 
reported in the semiarid south-western region of Zimbabwe (Ncube et al. 2007). 
The application of rhizobial inoculants may, therefore, hold potential for increasing 
plant nutrition and overall soil fertility in areas such as these. Although many strains 
of effective rhizobia have been identified, and are now readily available, it has still 
been observed that the rhizobial strains often under-perform in conditions that differ 
from their original habitat (Zhang et al. 2003; Law et al. 2007). Also, their effective 
nature relies on environmental factors like soil texture (Law et al. 2007), soil pH 
(Botha et al. 2004), soil temperature (Zhang et al. 2003; Suzuki et al. 2014), and 
various types of the host plant (Pule-Meulenberg et al. 2010). This is, especially, 
relevant for areas like the Botswanan Okavango region given its adverse climate, 
nature of available local plant varieties, and its soil heterogeneity. Law et al. (2007) 
already reported a popular strain of inoculant not affecting Botswana-grown cow-
pea and peanut. Application of soybean inoculant in South Africa, furthermore, 
boomed seed yields at only one of three sites, as observed by Botha et al. (2004). In 
a study by Grönemeyer et al. (2014), the authors observed a predominance of dis-
tinct genotypes which were only found in SSA, to date, at which point, sometimes 
the geographic distribution may prove more local. In view of the premise that “the 
environment chooses,” these outcomes indicate that some autochthonous species 
like Bradyrhizobia are highly fitted to particular environmental requirements and, 
should, as such, be favored for an inoculant formulation (Grönemeyer et al. 2014).

Ever since N2Africa project was launched in Ethiopia, the inoculant production 
capacity of, for example, Menagesha Bio-tech Industry (MBI), a private company 
based in the country, experienced a sixfold expansion (Wolde-meskel et al. 2018). 
This was exemplified by a surge in annual chickpea inoculant production increment 
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from, not more than, 28,000 to up to 165,000 sachets. Distribution and sales of the 
inoculants also rose to 7- and 13-fold as reported by Ampadu-Boakye et al. (2017) 
and Wolde-meskel et al. (2018), respectively. Increased nodulation, biomass pro-
duction, and N accumulation in soil-grown groundnut were achieved after inocula-
tion with native rhizobium strains of northern Ghana (Osei et  al. 2018) and the 
authors also reported that out of the isolates recently tested in Ghana, KNUST 1002 
was observed to be highly effective. Its performance was like that of 32H1, a 
groundnut reference strain. Apart from only two Rhizobium isolates (KNUST 1003 
and 1007) studied, all the strains selected in the experiment were intimately related 
to B. yuanmingense, which confirmed the species as a major groundnut micro-
symbiont (Osei et al. 2018).

9.14  �Prospects on Inoculants Production and Use in Nigeria

There is an overwhelming opportunity to increase productivity through the use of 
Rhizobium inoculants in the Nigerian farming systems as it has been established that 
isolates of indigenous Rhizobium can produce fruitful results (Sanginga et al. 1988; 
Sanginga et al. 1994; Sessitsch et al. 2002). Numerous studies have also demon-
strated that inoculants containing indigenous strains outperformed commercially 
available inoculants (Hungria et al. 2000; Ballard et al. 2003; Aliyu et al. 2014a). 
The recent hike in the economic recession in Nigeria, due to doom in oil price in the 
international market (Osalor 2016), has adversely affected many sectors within the 
country, including agriculture and general food security. This necessitated the inau-
guration of the Agriculture Promotion Policy (APP) by the Federal Government of 
Nigeria (FGN) through the Ministry of Agriculture and Rural Development 
(FMARD). This was an effort of the FGN to shift the nation from oil- to agriculture-
based economy (FMARD 2016). This development is a relatively bright future for 
the agricultural sector and inoculant production and use. Continued significant 
increase in the price of mineral fertilizers, especially of the N-based, results in ever-
increasing food prices (IFDC 2008; Nehring et al. 2008). This, therefore, necessi-
tates the need for developing alternative soil fertility management strategies. The 
unlimited potential for developing and disseminating BNF and inoculation tech-
nologies is, therefore, revealed. Small-holder and resource-deficient farmers who 
cannot manage the staggering prices of mineral fertilizers may easily access and 
utilize Rhizobium inoculants (Osei et  al. 2018). Another reason for the need to 
explore indigenous strains of Rhizobium inoculants is to safeguard the environment 
against pollution (land, water, and otherwise). Biofertilizers are more environment-
friendly than their mineral counterparts (Malusá et al. 2012), even when the avail-
ability of the latter to the resource-poor farmers, in Nigeria, is not commendable. 
Resource-poor small-scale farmers, the primary producers of legumes in Africa, 
unusually apply fertilizers during legume production. The crop is, therefore, mostly 
dependent upon biologically fixed N by indigenous N-fixers. Rhizobia isolation for 
leguminous crops production has always received negligible attention in Africa. 
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This is, among other reasons, due to a dearth of much-needed research or lackadai-
sical attitude of researchers and ignorance of its significance in legume production 
vis-à-vis lack of proper commitment from skilled personnel to promote the technol-
ogy. Assessment of the efficacy of isolated rhizobia is vital for the preparation of 
inoculants, the recommendation of host specificity, and symbiotic effectiveness 
(Simon et al. 2014).

Rhizobium strains vis-à-vis corresponding inoculation methods developed for 
certain conditions at a given location under a specific farming system may not per-
form equally well at another location practicing a different farming system (Sanginga 
et al. 1994). This, therefore, necessitates exploring the potentials in Nigeria’s native 
strains of Rhizobium. Another area of concern is the storage conditions of the inocu-
lants, which presents a severe constraint to the viability of rhizobia within the 
legume inoculants (Kaljeet et al. 2011; Abd El-Fattah et al. 2013). This will invari-
ably give room for more research opportunities, and hence a bright future for the 
inoculant industry in Nigeria.

Several organizations are known for funding research activities aimed at adapt-
ing inoculant technology to the situations where it will be utilized in tropical coun-
tries. These organizations include the United Nations Development Program 
(UNDP) which supports International Agricultural Research Centre(s) (IARCs) 
through the Consultative Group on International Agricultural Research (CGIAR) 
and for a specific research program involving International Institute of Tropical 
Agriculture (IITA) and Boyce Thompson Institute (BTI)/Cornell University. The 
UNEP and UNESCO also support inoculant technology under the MIRCEN Project, 
whereas the FAO is also considering her role in the adaptation of inoculant technol-
ogy for use in developing country like Nigeria. Also, the USAID, via its contracts 
with the University of Hawaii (Nitrogen Fixation by Tropical Agricultural Legumes 
NifTAL Project) and United States Department of Agriculture (USDA), is another 
effort. Another organization is The Beltsville Agricultural Research Centre (ARC) 
(World Rhizobium Study and Collection Center), which provides grants under 
Section 211(d) to the U.S. Universities’ Consortium on BNF in the Tropics, and 
through a series of smaller grants that are administered by the USDA Science and 
Education Administration/Cooperative Research (SEA/CR). The USAID and sev-
eral other governmental and non-governmental agencies supporting the CGIAR are 
also sponsoring work at Centro International de Agricultural Tropical (CIAT), IITA, 
International Crop Research Institute for the Semi-Arid Tropics (ICRISAT), and 
International Centre for Agricultural Research in Dry Areas (ICARDA) on the adap-
tation of inoculant technology for use in the tropics. These are among many oppor-
tunities that can boost research activities geared towards indigenous inoculant 
production in Nigeria.

It is evident that the BNF benefit to nonlegumes as the inclusion of legumes in a 
cropping system is small compared to the level of nitrogenous fertilizer used in the 
more intensive cereal production systems of the developed world. Thus, the princi-
pal contribution of BNF to human nutrition will continue to be via the protein in 
legume grains. Any suggestion of substantial replacement of nitrogen fertilization 
of cereals and root crops by biologically fixed nitrogen is unrealistic because these 
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crops respond to levels of nitrogen fertilizer far more significantly than those cur-
rently supplied through BNF by legumes. Thus, there is an urgent need to devise 
ways to increase the contribution that BNF by legumes can make to cropping sys-
tems as a complement to nitrogen fertilizer-based production, rather than as an 
alternative to it. Yusuf et  al. (2009) observed that many rhizobial genotypes had 
been identified through experiments, and these were the genotypes that significantly 
improved N balance in the soil. This displays the importance of inoculation, espe-
cially in N-poor tropical soils. Numerous studies, past and present, showed a prom-
ising trend in the field of inoculation technology in Nigeria. In the early 1980s, 
Ranga-Rao et al. (1981) reported that a series of field experiments were conducted 
in 1978, in Nigeria, to screen some N2-fixation-efficient strains of B. japonicum that 
showed as high grain yield as 100% of two American soybean cultivars (Bossier and 
TGm 2944), whereas Asian cultivars did not indicate any significant response. 
Inoculation also led to encouraging grain yield increases of 40–79% in the American 
soybean cultivars that were grown in the Nigerian southern Guinea savannas 
(Nangju 1980; Pulver et al. 1982; Ranga-Rao et al. 1984). Bromfield and Ayanaba 
(1980) also noted that inoculation of soybean in the low pH sands of southeastern 
Nigeria achieved increases in grain yield of 300–500% after liming and 270–970% 
without liming.

In an experiment by Aliyu et al. (2014b), four indigenous strains of pasture rhi-
zobia isolates were observed to contribute to nodulation, hence nitrogen fixation of 
groundnuts (Tables 9.1 and 9.2). The native strains outperformed all others, includ-
ing the exotic commercial inoculant in terms of both nodule number and dry weight 
observed (Table 9.1).

In an earlier study, Sanginga et al. (1994) observed that about 96% of the rhizo-
bia found in root nodules consisted of two main serotypes (IRc1045 and IRc1050). 
Both were confirmed as strains of indigenous rhizobia earlier isolated from Nigerian 
soils. This further reaffirmed the bright future for indigenous inoculant industries in 
Nigeria.

9.15  �Studies on Rhizobia Inoculants in Nigeria 
from the 1990s to Date

Studies conducted within this period mostly focused on the assessment of the 
response of promiscuous cultivated varieties of soybean to inoculation, alongside 
other vital nutrients that were deficient. A few trials studied specific and promiscu-
ous soybean cultivars. Based on vegetative parameters, the response of two soybean 
cultivars (SAMSOY 2 and TGX 1448-2E) to Bradyrhizobium inoculation (mixed 
with two other strains: R25B and IRj 2180A) was, for example, not affected signifi-
cantly, except for root biomass in the TGX 1448-2E. This was under an on-farm 
researcher-managed trial condition in the northern Guinea savanna (NGS) of 
Nigeria. The scenario was ascribed to conceivable high populations of indigenous 
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Table 9.1  Influence of soil 
type and pasture rhizobia 
isolates on nodulation

Treatment
Nodule 
number Nodule dry weight (mg)

Soil (S)

CS 224.57 119.81
FS 54.29 29.38
Mean 139.43 74.6
SE 2.94 2.67
Isolates (I)

CPI01 193.5 114.5
CPI02 141.17 80.5
MUI03 148.33 72.83
MPI04 176 78.83
Biofix 116.5 –
Control 111.33 56.83
Reference 89.17 79
Mean 139.43 39.67
SE± 5.51 5.
Soil (S) × isolates (I) ∗∗∗ ∗∗∗

Adapted from Aliyu et al. (2014a)
SE standard error
∗∗∗p < 0.0001

Table 9.2  Influence of soil 
type and pasture rhizobia 
isolates on nitrogen fixation

Treatment
Nitrogen fixation 
(mg N)

Soil (S)

CS 101.87
FS 63.26
Mean 82.56
SE 1.93
Inoculant (I)

CPI01 95.45
CPI02 90.94
MUI03 78.58
MPI04 71.76
Biofix 90.52
Control 68.13
Mean 82.56
SE 3.35
Soil (S) × inoculant (I) ∗∗∗

∗∗∗p < 0.0001

9  Prospects for Developing Effective and Competitive Native Strains of Rhizobium…



244

rhizobia satisfactory for soybean nodulation. Okogun et  al. (2004), however, 
observed that the promiscuous cultivar outperformed SAMSOY-2 in terms of BNF 
and consequently the grain yield, demonstrating that varietal variations concealed 
the inoculation impact.

Other works included only the promiscuous cultivars of soybean; for example, 
diverse responses of some promiscuous soybean cultivars to inoculation, N, and P 
were reported from Kano state, Nigeria, as observed in a series of experiments con-
ducted by Anne et al. (2011). Similar trials were carried out with an early maturing 
TGX 1485, a promiscuous cultivar, which was inoculated with a rhizobial strain at 
Minna, NGS of Nigeria. All the parameters observed, including grains yield, were 
significantly increased by the four inoculants when compared to the control.

In another study, groundnuts (Arachis hypogaea L.) were inoculated with indig-
enous strains isolated from cowpea and the rhizobia isolates were proved effective. 
A higher number of nodules, nodules dry weight, and consequently greater N2 fixa-
tion were observed compared to the control and reference treatments (Aliyu et al. 
2014b) (Table 9.3).

Bashan (1998) reported that combinations of microbes, blended as inoculants 
that synergistically interact, were being conceived. Studies conducted on microor-
ganisms, devoid of plants, demonstrated that a few mixtures enable the bacteria to 
synergistically associate with one another. This provided nutrients, expelled inhibi-
tory products, and invigorated each other through physical and/or biochemical 
activities that improved some beneficial aspects of their physiology like BNF. Bashan 

Table 9.3  Effect of soil management and cowpea rhizobia isolates on nodulations, shoot dry 
weight, N uptake, and N2 fixation of groundnut

Treatment

Nodule 
number 
(plant−1)

Nodule dry 
weight (mg 
plant−1)

Shoot dry 
weight (g 
plant−1)

N uptake 
(mg N 
plant−1)

N2 fixation 
(mg N plant−1)

Soil (S)

Cultivated 
soil

198.5 94.42 4.92 135.55 103.01

Fallowed 
soil

31.33 20.67 3.64 98.28 47.47

± SE 4.55 3.58 0.20 4.04 4.68
Isolates (I)

VUI05 139.00 65.00 3.67 102.14 73.78
VUI06 119.83 68.67 4.26 121.20 77.76
Control 111.50 56.83 4.32 106.79 70.18
Reference 89.33 39.67 4.88 137.52
Mean 114.92 57.54 4.28 116.91 73.94
SE± 6.430 5.060 0.300 5.700 5.740
S × I ∗ NS NS ∗∗ ∗

Adapted from Aliyu et al. (2014b)
SE standard error of difference of means
∗p < 0.05
∗∗p < 0.01
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and Holguin (1997a) reported that these bacterial synergisms benefited plant growth. 
Also, some plant experiments indicated co-inoculation of Azospirillum with other 
microbes could metamorphose into more improved mutual impacts on plants than a 
single inoculation as observed by Bashan and Holguin (1997a, b). Hence, plant 
growth could be expanded by double inoculation with Azospirillum and phosphate-
solubilizing bacteria (Belimov et  al. 1995). This is because Azospirillum is also 
viewed as a Rhizobium-“aide,” which stimulates plant metabolism, nodulation, and 
nodule activity, all of which also invigorate many plants growth factors and plant 
protection against unfavorable conditions (Fabbri and Del Gallo 1995; Bashan 
1998). Azospirillum or Azotobacter blended with Streptomyces (El-Shanshoury 
1995), and Azospirillum with the fungal biocontrol agent, Phialophora radicola 
(Flouri et al. 1995), include examples of other fruitful mixes (Bashan 1998). Blended 
inoculation with diazotrophic bacteria and arbuscular-mycorrhizal fungi (AMF) 
created synergistic interactions that resulted in a noteworthy increment in growth, P 
content in plants, upgraded mycorrhizal infection, and improved the uptake of min-
eral nutrients like N, P, copper (Cu), iron (Fe), and zinc (Zn) (Al-Nahidh and Gomah 
1991; Barea 1997; Garbaye 1994; Gori and Favilli 1995; Bashan 1998).

Recently, a comparison was made, in a study by Aliyu et al. (2018), between 
some isolates and commercial inoculants and a control. The control was used as a 
benchmark for the comparison such that those isolates that statistically surpassed 
the control were deemed befitting candidates for a commercial inoculant produc-
tion. A statistically significant difference (p  <  0.001) was observed between the 
commercial inoculants and the controls regarding nodule number. Thus, the authors 
concluded that 70% of the isolates had records of more nodule number when com-
pared to the control. Regarding dry nodule weight, 74% of the isolates recorded 
higher weights than the controls, although only 26% were statistically significant 
(p < 0.01). Based on the dry matter yield, only 18% of the isolates had a higher 
record of the studied parameter, and of these, only a single isolate showed a statisti-
cally significant difference (p < 0.05) in dry matter yield when compared to the 
control.

Although native Bradyrhizobium strains in Africa were employed to nodulate 
adapted soybean cultivars, thereby eliminating the need for inoculation (Abaidoo 
et al. 2007), Okereke et al. (2001) warned that a good establishment of effectively 
nodulating legumes could not be left to chance. The process, therefore, requires the 
introduction of effective strains of rhizobia into the soil during the planting period. 
This can be rightly achieved only through inoculation, and hence an opportunity for 
judicious use of Nigerian native strains of rhizobia. This may be achieved through 
their isolation from areas of a flamboyant native population and introduction of the 
same into relatively less populous sites. There is also a need for a holistic approach 
to be geared towards improving the entire cropping systems. This should include a 
selection of more competitive and efficient indigenous rhizobia that could serve as 
local inoculants (Machido et al. 2011; Sanginga 2003), and hence a bright future for 
indigenous biofertilizer production firms. A rigorous but systematic identification of 
crops suitable for diverse cropping sequences and combinations vis-à-vis reaping 
the potentials in N2-fixing legumes is paramount (Machido et al. 2011). This will 
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open a new window for more rigorous research activities on inoculant development 
in Nigeria. Besides, there is a dearth of information on indigenous rhizobia. Where 
already identified, their symbiotic properties may not fully be understood and may 
differ depending on their original locations. This may lead to a possible establish-
ment of a location-specific database on the occurrence, abundance, distribution, 
characteristics, and composition of the indigenous populations of rhizobia strains of 
Nigerian soils. More promising and versatile strains of the native rhizobial popula-
tion could in the process, therefore, be identified for subsequent use as registered 
inoculants containing indigenous strains.

Three main factors limit the effectiveness of an inoculant: (1) its poor quality 
accompanied with low viability; (2) its inability to compete with indigenous rhizo-
bia; and (3) its inability to tolerate the inherent physical and chemical conditions of 
the soil to which it is introduced (Cummings 2005). There are, however, many cur-
rent and potential approaches that may circumvent these and other problems. Chianu 
et al. (2011) observed some key lessons that would ensure success at farmers’ field 
level, some of which include: (1) an ubiquitous demonstration of the inoculants to 
the needs of, especially, small farmers; (2) intra-national collaborations, with the 
involvement of mass media; (3) well-coordinated and collaborative research-for-
development programs; (4) involvement of top people of the government; (5) joint 
efforts of related governmental and non-governmental organizations for a long time; 
(6) involvement of individuals and the private sector in production and dissemina-
tion of the biofertilizers, and (7) effective farmer education on inoculation. The said 
strategies have been found to work effectively in some pilot areas and should be 
scaled up to reach more smallholder farmers (Chianu et al. 2011) in order for, espe-
cially, grain legumes farmers to maximally reap the diverse dividends of using inoc-
ulants in their cropping practices. This scaling could, however, be attained only 
through a desirable innovation platform involving all stakeholders and appropriate 
incentives to entice the private sector and industries (Chianu et al. 2011).

9.16  �Conclusion

The need for initiating advanced studies on inoculation to address the difficulties 
confronting the use of inoculants by farmers in Africa, particularly Nigeria, can 
never be overestimated. Various trials, to be aimed at demonstrating the need for 
inoculation, should, therefore, include tests for the constraint of BNF by other nutri-
ents like boron (B) and calcium (Ca), for example. Also, there is a dire need for a 
deeper examination of the economic and social cost-benefit analyses of the 
Rhizobium inoculation. The need for expanding the knowledge base on BNF utiliza-
tion among farmers in Nigeria should go beyond awareness and use only. It should 
also include more qualitative aspects of farmers’ knowledge, willingness to pay, and 
the long-term relevance of inoculants in farm objectives. Institutions and policies 
promoting the development of inoculants and widespread farmer adoption cam-

A. I. Gabasawa



247

paigns for increased production of both food and cash legumes must be encouraged. 
This must especially be accompanied by targeted research to effectively explore the 
available indigenous strains of Rhizobium present in Nigerian soils. This is will 
invariably counterpoise the problems of N fertility and its consequent cost on small-
holder farmers in Nigeria. Problems of poor quality, inadequate and inefficient mar-
kets, as well as inadequate extension services on inoculants and their use must also 
be tackled. Some successful outcomes of many on-station and farmer-condition 
simulating experiments with Rhizobium inoculants have been recorded. These 
records may be used as an index for the potentials of indigenous rhizobium-based 
inoculants in Nigeria. Specific measures such as tax motivations and exceptions will 
be paramount in stimulating the advancement of BNF innovation markets and the 
formation of nearby inoculant firms.

There is also a need for specific policy incentives to stimulate private sector 
involvement, at all stages of the innovation process, to install adoption. An array of 
studies has glaringly made it clear that the enormous diversity of Bradyrhizobium 
species specifically in Nigeria and elsewhere, in SSA, in general, is currently under-
estimated. Therefore, research in diversity, and characterization of nodule symbi-
onts, in Nigeria, and SSA, should be accentuated. This is basically because numerous 
strains are bound to be developed into adapted inoculants for green manure and 
legumes. Of particular importance is tolerance for high temperature of many African 
Bradyrhizobial species, which makes them potential candidate strains to curb the 
problems of global climate change that foresee increases in temperature. Such 
future research activities should also focus on, and address, the molecular rationale 
and/or basis for their tolerance to the usually deleterious temperatures (Grönemeyer 
and Reinhold-Hurek 2018).
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Chapter 10
Determination of the Ecotoxicity Changes 
in Biologically Treated Cyanobacteria 
Oscillatoria and Microcystis Using 
Indicator Organisms

L. L. Ndlela, P. J. Oberholster, T. E. Madlala, J. H. Van Wyk, and P. H. Cheng

10.1  �Introduction

The prevalence of cyanobacterial blooms and their impact on the environment has 
been recorded in numerous studies (Ndlela et  al. 2016; Oberemm et  al. 1997; 
Oberholster et al. 2009a, b; Paerl et al. 2014; Preece et al. 2017). Control measures 
of these blooms and toxins have been well researched, and among these is the use 
of biological control (Ndlela et al. 2018). In the present study, the control agents 
were microorganisms, particularly bacterial isolates collected from natural bloom 
waters. Studies on biological control of cyanobacteria have been applied at labora-
tory scale, with a successful outcome being the lysis or stress response of the tar-
geted cyanobacteria (Nakamura et al. 2003; Yang et al. 2012; Zhang et al. 2016). 
The lysis or stress of these targeted cyanobacteria may also indicate a subsequent 
release of intracellular toxins (Ndlela et al. 2018; Paerl et al. 2016), thereby causing 
the water body in which these cells lyse to have an increased concentration of cya-
notoxin (Westrick et  al. 2010). Of these biological control studies, a few have 
assessed the resulting ecotoxicity through the application of indicator organisms. 
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An example of this is a study by Keijola et al. (1988), which assessed the effective-
ness of different drinking water treatment methods using toxic cyanobacteria iso-
lates (Anabaena, Microcystis and Oscillatoria). Toxicity was determined through a 
mouse bioassay and gas chromatography measurements of cyanotoxins. Another 
study by Pool et al. (2003) investigated the use of hormone interleukin 6 (IL-6) as 
an indicator of inflammatory agents in water as an in vitro study. A review of cya-
nobacteria and cyanotoxin removal in drinking water by Westrick et  al. (2010) 
found that the biological filtration treatment of cyanobacteria resulted in reduced 
microcystin removal efficiency by 30% in autumn months, compared to summer 
months. This reduced efficiency was attributed to temperature changes that affected 
microbial metabolism (Grützmacher et al. 2002). In the same review, a study on the 
removal of saxitoxins through biological filters indicated a shift from less toxic to 
more toxic variants increase (Kayal et al. 2008). These fluctuations are due to the 
response of the live organisms in the biological filters. This is an example of bio-
logical control of live cell toxins by other live cells, which is the case in the pres-
ent study.

Ecotoxicity is the assessment of how an organism reacts to specific chemicals 
and pollutants. This area of study has been conducted in assessing the pollutants in 
freshwater, marine and soil environments, using organisms, commonly termed bio-
indicators. The bioindicator organisms are from different trophic levels and indicate 
the negative and positive changes in a given environment. The bioindicator catego-
ries are plant, animal or microorganisms (Parmar et al. 2016). When these indicator 
organisms are used to determine the change in response to a specific chemical or 
environmental parameter, they enable an excellent means to gauge the environmen-
tal impact of treatment or change, based on their response. For example, a study by 
Mohamed and Hussein (2006) assessed the response of Tilapia fish to microcystins, 
finding that the fish were able to survive and depurate the toxins. A later study by 
Mohamed et al. (2014) assessed the inhibition and toxin reduction in Microcystis 
aeruginosa by a fungus Trichoderma citrinoviride, where toxin concentrations were 
reduced to undetectable levels within 5 days. A similar approach was applied in the 
present study by assessing the bioassay responses compared with the cyanotoxin 
concentration changes. Some of the bacterial isolates employed in the present study 
have given an indication of microcystin reducing capacity. The changes in cyano-
toxin were determined in biologically treated and untreated cyanobacteria. Aquatic 
and agricultural bioindicator organisms were used to confirm whether the reduction 
or increase in toxicity brought about by the proposed control agents impacted the 
bioindicator organisms. These ecotoxicity assays were performed to indicate 
whether the selected bacterial control agents could be viable at a larger scale or for 
freshwater body applications. The use of bioindicator response would help to deter-
mine whether the use of these biological control agents is environmentally friendly 
and could lead to improved protection of these organisms.
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10.1.1  �Cyanobacterial Research Context in South Africa

South Africa has significantly contributed to research in the area of cyanobacteria 
from the ecology of the blooms to the understanding of the toxins associated with 
cyanobacteria (Harding 1995; Harding et  al. 2009; Van Halderen et  al. 1995). 
Identification, monitoring and some work on biological control have indicated the 
continued research in this area in South Africa. At present, a greater focus has been 
on the monitoring of cyanobacterial bloom occurrence through remote sensing 
methods (Matthews and Bernard 2015), development of management strategies and 
research beyond the 2000s (van Ginkel 2011). The research in cyanotoxin reduction 
has thus far been limited to research on biological control studies conducted by 
Gumbo et al. (Gumbo et al. 2014, 2010; Gumbo and Cloete 2011), as well as the 
further classification of toxic and non-toxic bloom and species occurrences as well 
as screening of the response to the toxin (Magonono et al. 2018; Pool et al. 2003; 
van Ginkel 2012). The latter focus ties in with the assessment of biological control 
of cyanobacteria and the combination of ecotoxicity screening. The current study 
merges the applied control methods and how this affects the various indicator organ-
isms in an aquatic ecosystem.

10.2  �Materials and Methods

10.2.1  �Cyanobacterial Collection Site Descriptions

Two collection sites were selected. The first site, the Brandwacht WWTW, is in the 
K10D quaternary catchment roughly 500 m upper east of the town of Brandwacht, 
between the towns of Mossel Bay and Oudtshoorn in the Western Cape province, 
South Africa. The Brandwacht River, found around 650 m west of the site, is the 
main surface water feature. Brandwacht is situated at the foot of a small hill (Die 
Erwe) and has an elevation of 38–54 m above sea level. The second collection site, 
the Klippoortjie Coal Mine, is situated within the Emalahleni Local Municipality 
(2678 km2) and Nkangala District Municipality, approximately 20 km east of the 
town of Ogies in the Mpumalanga province, South Africa.

10.2.2  �Sample Collection and Isolation of Cyanobacteria 
and Heterotrophic Bacteria

Water containing a bloom of Microcystis sp. was collected from Brandwacht waste-
water treatment works, in Mossel Bay, Western Cape, South Africa (34° 3′ 3.6″ S, 
22° 3′ 28.8″ E). Filamentous cyanobacteria were collected from the Klippoortjie 
wastewater treatment works (26° 07′ 00″ S; 29° 08′ 00″ E), near the town of Ogies, 
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Mpumalanga, South Africa. Samples were collected in sterile water bottles and kept 
on ice during commutation. Cyanobacterial isolates were identified by light micros-
copy at 400× magnification (Zeiss Axioskop), using the procedures mentioned by 
Oberholster et al. (2009a, b) and stored as non-axenic cultures at 4 °C for the dura-
tion of the study and checked monthly for dominance of the cyanobacteria of 
interest.

Heterotrophic bacteria showing predatory activity against cyanobacteria were 
isolated from the water containing cyanobacterial isolates through the use of the 
plaque assay as described by Gumbo et al. (2010). Three isolates were randomly 
selected from the plaque assay, namely, isolates 1, 3w and 3y. A culture of Bacillus 
(Isolate B) was generously donated by the Microbiology Department of the 
Stellenbosch University and used as a reference, based on earlier research done on 
this genus as an algicidal isolate (Gumbo and Cloete 2011). Bacterial isolates were 
then grown as pure cultures in nutrient agar and nutrient broth (Merck, Germany) 
at 25 °C.

10.2.3  �Growth Measurements

Cyanobacteria were grown in BG-11 broth medium in 100 mL volumes (Merck, 
Germany) over 28 days at 25 °C in a 12 h:12 h light-dark cycle, with light illumina-
tion of approximately 60 mmol photons (PAR) m−2 s−1. Chlorophyll a and confirma-
tory wet weight measurements were taken every 3 days. Chlorophyll a was extracted 
with methanol and measured according to the methods of Porra et al. (1989).

Bacterial isolates 1, 3w, 3y and B were grown in 100 mL volumes of nutrient 
broth (Merck, Germany) and Tween 80 broth and agar medium overnight (5 g pep-
tone, 3 g meat extract, 10 mL Tween 80, 100 mg CaCl2.2H2O, 15 g agar per litre, 
pH 7.2). Master cultures were prepared with 80% of culture medium and 20% glyc-
erol (Merck, Germany) and stored at −80 °C.

10.2.4  �Exposure Experiments

10.2.4.1  �Pre-growth of Cyanobacterial and Bacterial Isolates

Oscillatoria sp. and Microcystis sp. were cultured in 1× BG-11 broth (Sigma-
Aldrich) at 25 °C in a 12 h:12 h light-dark cycle, with light illumination of approxi-
mately 60 mmol photons (PAR) m−2 s−1, for 3–7 days which is when they reached 
the exponential growth phase, based on chlorophyll a measurements, based on at 
least three experimental repeats.

Bacterial isolates 1, 3w, 3y and Bacillus were grown in Tween 80 broth for 8 h 
at 25 °C.

Non-axenic cultures of 0.1  g (wet weight) of filamentous cyanobacteria and 
1 × 106 cells of Microcystis sp. were added into 100 mL of sterile BG-11 medium 
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and grown at 25 °C, respectively. After 2–3 days, 8-hour-old bacterial cells grown 
in Tween 80 broth were counted with a bacterial counting chamber (Helber, 
Marienfeld, Germany) at 400× magnification using a light microscope (Zeiss 
Axioskop). Cells were harvested by centrifugation at 10000 × g for 10 min centri-
fuged for 10 min at 10000 × g (Thermo Scientific SL 16R) and washed twice with 
1× phosphate-buffered saline (PBS) (Lonza).

10.2.4.2  �Addition of Bacterial Isolates to Cyanobacterial Cultures

Washed bacterial cells were re-suspended in 1 mL of PBS and added to cyanobacte-
rial cultures. Based on preliminary chlorophyll a measurements, 0.1 g of Oscillatoria 
yielded approximately 10× more chlorophyll a, compared to one million cells of 
Microcystis (wet weight of 0.1 g). Therefore, 10× more cells were added to the fila-
mentous cultures. Cells were added in 1:2 ratios (based on cell counts) of heterotro-
phic bacteria:cyanobacteria and shaken briefly after addition. The flasks were left at 
25 °C for 4 days under static conditions with a 12 h light and12 h dark cycle. After 
4 days, culture samples were vacuum filtered using the 0.22 μm 250 mL Steri-cup 
Express filters (Merck, Germany) to separate the cells from the culture medium. 
The residual cells were analysed for phycocyanin; the filtrate water was analysed 
for total microcystin concentration changes and ecotoxicity assays. Water chemis-
try, alkaline phosphatase activity and microscopic analyses of the samples were also 
conducted.

10.2.4.3  �Phycocyanin Measurements

After 4 days, culture samples were vacuum filtered using 0.22 μm 250 mL Steri-cup 
Express filters (Merck, Germany). The residual cells were ground to a fine powder 
in liquid nitrogen and re-suspended in 1  mL phosphate buffer according to the 
method of Moraes et al. (2011).

10.2.4.4  �Cyanotoxin Detection

Total microcystins were measured in the filtrate water samples after 4 days using the 
Envirologix microcystin detection kit (Stargate Scientific, South Africa) according 
to the manufacturer’s instructions.

10.2.4.5  �Water Chemistry Analyses

Water chemistry of filtrate water samples was conducted using the Hach DR 3900 
(Agua Africa) and powder pillows (Agua Africa) to measure the following param-
eters: Potassium, Nitrates, Nitrites, Zinc, Copper, Iron, Phosphates, Ammonia, 
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Aluminium and Sulphates. The pH of samples was also measured using the Hanna 
HI 991300 multi-meter (Hanna, USA). These parameters were selected based on 
the indication of their impact on cyanobacterial growth.

10.2.5  �Ecotoxicity Assays

Cell-free filtered water samples from exposure experiments that had been analysed 
for changes in cyanotoxins, water chemistry and chlorophyll a were used for eco-
toxicity assays. The selected indicators for these assays have relevance in agricul-
ture and as ecosystem filter feeders. The water in some dam reservoirs is used for 
irrigation, and the occurrence of toxic blooms has potential impacts on the produce 
irrigated as well as the end users of the produce (Dabrowski et al. 2013). As a result, 
plants and seeds agriculturally produced and sensitive to pollutants were selected in 
this study. In the case of animal indicators, the use of crustacean filter feeders is a 
good indication of the ecosystem pollutants, and since they play a critical role in the 
food web, their sensitivity to pollutants makes them suitable bioindicators (Le et al. 
2016; Sánchez et al. 2016).

10.2.5.1  �Lactuca sativa Bioassay

The lettuce seed bioassay was conducted according to methods previously described 
by EPA (1996) and Bagur-González et al. (2011) with slight modifications. Briefly, 
20 lettuce seeds (Starke Ayres, South Africa) were laid out on No. 1 Whatman filter 
paper (Sigma Aldrich) in 90 mm Petri dishes (Lasec, South Africa). Then, 3 mL of 
0.22 μm filtered water from exposure experiments was added to the seeds on the 
filter paper and left in the dark for 120 h at ambient temperature. Each water sample 
was tested in triplicate. The seeds were exposed to tap water (pH 7.2, 5.3 mS/m) as 
a control and to treated and untreated Oscillatoria and Microcystis water samples. 
The number of seeds that hatched was calculated to determine the percentage of 
seed germination relative to the control.

10.2.5.2  �Allium cepa Root Tip Assay

Onions weighing between 190 and 230 g were pre-grown in tap water as previously 
described by Barberio (2013). The ring of the root primordia at the bottom of the 
onion bulb was scraped with a surgical blade and rinsed with distilled water. The 
cleaned onions were then immersed into beakers of clean tap water, approximately 
2–5 cm deep, allowing for the growth of new roots from the bulbs, over 48 h. After 
that, onions were exposed to tap water as a control and to bacterially treated and 
untreated Oscillatoria and Microcystis water samples for 48 h. At the end of the 
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exposure, the onion roots were cut 3 cm from the tip and placed in Carnoy’s fixative 
(three parts glacial acetic acid to one-part absolute ethanol (Merck, Germany) for 
6 h. For calculation of mitotic indices, the roots were stained with 0.5% Hoechst 
nucleic stain (0.05 mg/mL) (Sigma-Aldrich) diluted in 1× phosphate-buffered saline 
(Lonza). Roots of 2–3  cm lengths were placed on clean microscope slides, and 
100 μL of 0.5% Hoechst stain was added onto the root. The roots were subsequently 
squashed with the coverslip by applying pressure with the thumb. The onion roots 
were thereafter imaged after 10 min of staining, on a Carl Zeiss laser scanning con-
focal microscope 780 (Germany), with the following parameters: magnification-
Alpha Plan-Apochromat 100×/1.46 Oil DIC M27 Elyra, laser: 2.0%, master gain: 
450, pin-hole: 90 μm, beam splitters: Invis: MBS and a scan speed of 6.30 μs at the 
Stellenbosch University Central Analytical Facilities (CAF) fluorescence micros-
copy unit. The mitotic index was calculated from the number of cell nuclei actively 
dividing after 48 h of exposure.

10.2.5.3  �Daphnia magna Bioassay

The Daphtox F kit was purchased from Tox Solutions Kits and Services (South 
Africa) and used according to the manufacturer’s instructions. Eppiphia were 
hatched in a freshwater medium over 72 h at 22 °C. Upon neonate hatching, they 
were fed ground spirulina 2 h before exposure to the cyanobacteria filtrate water 
described in Sect. 2.4. Mortality of the neonates was observed over 24 and 48 h at 
room temperature in the dark. The EC50 was calculated based on the mortality at 
24- and 48-h observations.

10.2.5.4  �Thamnocephalus platyurus Bioassay

The Thamnotox kit was purchased from Tox Solutions Kits and Services (South 
Africa) and used according to the manufacturer’s instructions. Cysts were hatched 
in a freshwater medium over 24  h at 25  °C.  Upon neonate hatching, they were 
exposed to the cyanobacteria filtrate water described in Sect. 2.4. Mortality of the 
neonates was observed over 24 h. The EC50 was calculated based on the mortality at 
24-h observations. At the end of the 24-h exposure period, the neonates were har-
vested and stored at 4 °C.

10.2.6  �DNA Fragmentation Assay

After the conclusion of the bioassays, harvested Thamnocephalus platyurus 
crustacean samples were ground to a fine powder in liquid nitrogen with a cooled 
mortar and pestle. The ground samples were used to test for DNA apoptosis. 
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The ApoTarget™ Quick Apoptotic DNA Ladder Detection Kit (Invitrogen) was 
used according to the manufacturer’s instruction. The samples were imaged on a 
1.2% gel, stained with Gel Red nucleic acid stain (Thermo-Fischer Scientific) after 
electrophoresis for 2 h at 5 v/cm.

10.2.7  �Statistical Analyses

Water chemistry correlation and principal component analyses of the bioassay find-
ings (Spearman’s correlation for non-parametric data) were conducted using 
Microsoft XLSTAT™ (2010). Visualization of the relationship between the biologi-
cal indicators was conducted through a bubble plot using JMP™ (version 14) soft-
ware. One-way ANOVA was conducted on data from Lactuca sativa to determine 
any statistically significant differences between the treatment groups.

10.3  �Results

10.3.1  �Phycocyanin Estimation

Exposures of Oscillatoria and Microcystis sp. cultures were conducted over 4 days. 
The measurement of phycocyanin showed that treatments with different isolates 
either enhanced or reduced the pigment formation relative to the untreated controls 
(Fig. 10.1). It is also interesting to note that at the same wet weight, phycocyanin 
concentrations in Microcystis were almost a 100-fold lower than in the case of 
Oscillatoria. This provides an interesting comparison to the chlorophyll a measure-
ment, with a similar trend noted as per the chlorophyll reductions.

While isolate 1 had an inhibitory effect on Oscillatoria compared to the control, it 
appeared to have a beneficial effect on Microcystis based on the pigment concentra-
tions relative to the control samples. This was observed with isolate B as well. Isolate 
3w and 3y had similar effects on the phycocyanin production of both cyanobacteria.

10.3.2  �Cyanotoxin Detection

After the addition of bacterial isolates to Microcystis cultures over 4 days, changes 
in cyanotoxin reduction were observed. There was a reduction in cyanotoxin con-
centrations in treated cyanobacteria, relative to the control sample (Fig.  10.2). 
Isolates 1 and B exhibited a more significant reduction (27 and 30%, respectively) 
in the water samples of Microcystis compared to isolate 3w and 3y (16 and 4%, 
respectively). The monitoring of cyanotoxins in Oscillatoria water samples showed 
a minimal decrease in toxins from treatment with isolate 3y (2.4%), while the 
other isolates had slight increases in toxicity, up to 15% by isolate 3y. These results 

L. L. Ndlela et al.



265

indicated a variation in bacterial performance. The data captured in Fig. 10.2 are 
comparable to an average of toxin reduction that indicated an overall cyanotoxin 
average reduction of up to 16% in Oscillatoria sp. water and up to 63% reduction 
in Microcystis sp. water.

Fig. 10.1  Phycocyanin group comparisons in Microcystis (M) and Oscillatoria (O) treated with 
isolates 1, 3w, 3y and B
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10.3.3  �Water Chemistry Changes

Of the parameters measured in the water chemistry of exposed and unexposed cya-
nobacteria (Table  10.1), phosphates had the greatest variations, while the other 
parameters were similar, with less than 5% fluctuations. The changes in phospho-
rous concentrations were linked to the change in TN:TP ratios, which, when fluctu-
ated, created more favourable conditions for cyanobacterial growth. This is mainly 
at low TN:TP ratios, around 10 or less. Due to the parameters measured, there could 
be no accurate estimation of the TN:TP ratios, except to note that the ammonia 
concentrations were lowest in the untreated control samples. A correlation analysis 
(Table 10.2) of the data indicated that measured parameters, apart from copper and 
orthophosphates, had a strong correlation value (>0.750) to each other.

10.3.4  �Lactuca sativa Bioassay Findings

Findings from the germination of the lettuce seeds indicate that there were minimal 
variations in seed germination percentages between the treated and untreated sam-
ples after exposure to water containing Microcystis, with less than 10% difference 
in germination percentage between the treated and untreated samples. Similarly, for 
Oscillatoria, the differences were less than 20% in the treated and untreated sam-
ples (Fig. 10.3). One-way ANOVA showed no statistically significant difference in 
Microcystis treatment groups (p ≤  0.81). However, in the Oscillatoria treatment 
group, there was a statistically significant difference (p ≤ 0.03) between the groups. 
Microcystis sp. treatment with isolate 3w resulted in a toxin reduction of 16%; how-
ever, the seed germination (45%) was 8% lower than the untreated control sample 

Fig. 10.2  Cyanotoxin reductions in filtrate water samples of Microcystis (M) and Oscillatoria (O) 
treated with bacterial isolates 1, 3w, 3y and B, relative to the control untreated samples
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(53%). The control sample of tap water had 70% seed germination, while tap water 
with 1% compost added to it had 100% seed germination. With Oscillatoria, the 
changes in toxicity of only isolate B treated samples were not reflected by the 
changes in seedling germination. These observed inconsistencies may be due to the 
slight changes in toxicity not being well indicated by the lettuce seeds, thereby indi-
cating that their sensitivity as bioindicators is not well suited to the slight changes 
observed in Oscillatoria toxicity.

Table 10.1  Water chemistry parameter measurements of treated and untreated Microcystis and 
Oscillatoria sample filtrates after 4 days of exposure

Treatment
Ammonia 
(mg/L)

Copper 
(mg/L)

Nitrates 
(mg/L)

Orthophosphate 
(mg/L)

Potassium 
(mg/L)

Sulphates 
(mg/L)

M control 0.77 0.04 1.08 8.7 122 18
M plus1 0.84 0.1 1.08 10.3 123 19
M plus 
3w

1.07 0.03 1.08 10.2 124 19

M plus 3y 1.43 0.02 1.08 5.3 126 18
M plus B 0.94 0.02 1.08 6.22 126 18
O control 0.01 0.02 1.02 6.01 114 14
O plus 1 0.05 0.03 1.02 8.1 113 15
O plus 3w 0.24 0.02 1.02 8.7 115 14
O plus 3y 0.71 0 1.02 9.1 117 14
O plus B 0.18 0.03 1.02 9.9 117 15

Table 10.2  Spearman’s correlation values of the variables measured in treated and untreated 
cyanobacteria Microcystis and Oscillatoria, after 4 days of exposure to heterotrophic bacteria

Variables Ammonia Copper Nitrates Orthophosphate Potassium Sulphates

Ammonia 1 0.063 0.870 0.079 0.945 0.750
Copper 0.063 1 0.400 0.524 0.057 0.654
Nitrates 0.870 0.400 1 0.070 0.876 0.898
Orthophosphate 0.079 0.524 0.070 1 0.031 0.345
Potassium 0.945 0.057 0.876 0.031 1 0.739
Sulphates 0.750 0.654 0.898 0.345 0.739 1

Values in bold show a strong correlation
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10.3.5  �Allium cepa Root Assay

The onion root assay was done through the observation of mitotic indices in onions 
exposed to treated and untreated samples of cyanobacteria filtrate water. Tap water 
was used as a control. Nuclei in state of cell division were counted out of a total 
number of 100 cells to generate the mitotic index (Table 10.3). Only Oscillatoria 
treated with isolate 3y had a low mitotic index (41% vs. 85%).

The images of the onion root cells are shown in Fig. 10.4. These were taken as 
representative samples to indicate the differences in the mitotic stages of the onion 
roots exposed to samples with greater toxicity. M control cells (a) showed chromo-
somal bridges in anaphase and some nucleic disintegration, indicated by the arrow 
in Fig.  10.4a. Cells treated with isolate 1 (Fig.  10.4b) showed an intact mitotic 
nucleus with normal anaphase occurring at the bottom right corner of the image, 
indicated by the arrow.

10.3.6  �Daphnia magna Bioassay

Testing of the response of daphnids as freshwater crustaceans to the treated and 
untreated water samples (Table 10.4) indicated that the Microcystis samples with 
reduced toxicity had a higher survival of neonates, compared to the control 

Fig. 10.3  Mean percentage germination of lettuce seeds after 120 h of incubation in different 
water. The bars indicate standard deviation. The 1% compost sample had no standard deviations
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(untreated) sample, which had higher toxicity. There was statistical significance in 
the observations between the treated and untreated samples (p  ≤  0.048) of 
Microcystis. For Oscillatoria, only the control and 3w sample had a lower neonate 
survival, with only 79% survival (p ≤ 0.13). The freshwater control, which is the 
recommended control by the manufacturer, had no adverse effects on neonate sur-
vival, with a 100% survival. The inconsistencies in Oscillatoria samples could not 
be accounted for; however, the trend indicates that samples with toxicity changes 
greater than 15% were well detected by the bioindicators. The EC50 calculations of 
water samples indicated that toxicity is reduced in treated samples, with Oscillatoria 
filtrate water samples having an impact after 48 h compared to the 24-h effective 
concentrations, which remained the same for Microcystis samples.

10.3.7  �Thamnocephalus platyurus Bioassay

One of the recommended bioassays for microcystin detection is the use of the crus-
tacean Thamnocephalus platyurus, which is also a crucial and sensitive filter feeder 
in the food web. This crustacean response in 24 h gives an indication of the water 
quality and particularly the microcystin concentrations. The trend in Thamnocephalus 
was like that observed in Daphnia, with an overall 6% higher survival, however, 
which may indicate the slight difference in sensitivity of the isolates (Table 10.5). 
The difference in the EC50 indicates that the Daphnia were more sensitive to the 
changes in cyanotoxin as opposed to Thamnocephalus, with much lower EC50 con-
centrations required in Daphnia neonates. The longer exposure time of Daphnia 
yielded more information as opposed to the shorter exposure of Thamnocephalus, 
which may be more meaningful under a chronic exposure assay. Statistical 

Table 10.3  Mean mitotic 
index (% occurrence in 100 
cells) of treated and untreated 
Microcystis and Oscillatoria 
onion root cells after 48-h 
exposures

Treatment Mitotic index

Tap water 93.33 ± 4.08
M control 85.08 ± 20.24
M plus1 89.43 ± 15.00
M plus 3w 35.84 ± 10.66
M plus 3y 67.07 ± 9.82
M plus B 85.56 ± 12.68
O control 99.68 ± 19.55
O plus 1 90.79 ± 24.60
O plus 3w 57.83 ± 16.96
O plus 3y 40.97 ± 7.66
O plus B 87.55 ± 15.98

Bold figures indicate signifi-
cantly lower mitotic indexes 
in comparison to the control 
samples
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significant differences were observed in the Microcystis treatment group (p ≤ 0.038), 
while no statistically significant difference was observed in the Oscillatoria treat-
ment group (p ≤ 0.72).

10.3.8  �Overall Variation and Response Patterns

A representation of the Allium cepa, Daphnia and Thamnocephalus assays 
(Fig.  10.5) indicated similar response trends of the Microcystis and Oscillatoria 
filtrate water. The assays indicate that the changes in toxicity were observed in the 
bioindicator responses, meaning that more toxic samples had lower survival.

Table 10.4  Neonate survival of Daphnia magna after 24- and 48-h exposure to biologically 
treated and untreated Microcystis and Oscillatoria water samples

Treatment Neonate survival (%) 24 h EC50 48 h EC50

M control 50 ± 8.66 1.45 1.45
M plus1 80 ± 8.66 2.64 2.64
M plus 3w 75 ± 4.79 2.45 2.45
M plus 3y 100 ± 0
M plus B 90 ± 2.89 5.02 5.02
O control 79 ± 5.00 6.85 1.39
O plus 1 100 ± 5.77 2.35
O plus 3w 79 ± 4.79 7.84 1.57
O plus 3y 95 ± 2.5 3.34
O plus B 95 ± 2.5 3.75

Blank blocks indicate treatments where the EC50 was not quantified due to the low toxicity of the 
water sample. EC50 values represent μg/mL of cyanotoxin

Fig. 10.4  Nucleic acid stain of Allium cepa roots exposed to water from untreated Microcystis (a) 
and Microcystis treated with isolate 1 (b). Nuclei appear intact and normal mitosis occurs in (b), 
while there is nuclear disintegration in (a)
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Figure 10.5 is reflective of the toxicity changes in the water samples. Treatment 
numbers 1–5 on the y-axis indicate the control untreated cyanobacteria (1), cyano-
bacteria treated with isolate 1 (2), treatment with isolate 3w (3), treatment with 
isolate 3y (4) and treatment with isolate B (5). The x-axis indicates the percentages 
of survival for Daphnia and Thamnocephalus as well as the mitotic index percent-
ages for Allium cepa. To obtain a more precise assessment of the findings, a princi-
pal component analysis (PCA) was conducted on the water chemistry variables that 
did not show any correlation to the other variables in the correlation test performed. 
This was done to observe whether it had any relation to the ecotoxicity assay find-
ings (Fig. 10.6). The factor loading data from the analysis (Table 10.6) indicate that 
factor 1 was the in vivo bioindicator responses, while factor 2 was the agricultural 
bioindicator response to copper. Factor 3 indicates a relationship between the crus-
taceans and plants to copper and ammonia. Therefore, these were the main compo-
nents influencing the data in the observations.

The bioindicator crustaceans were closely related to each other (Fig. 10.6), while 
the plant indicator organisms were also in the same quadrant. This indicated simi-
larities in plant (lettuce and onion) responses and similarities in the crustacean 
(Daphnia and Thamnocephalus) responses, which can be expected as they are more 
closely related organisms. Copper concentrations, however, showed a close relation 
to Microcystis treated with isolate 1. Oscillatoria samples showed a close correla-
tion to the survival of the crustaceans and the mitotic index of the onions. The 
Microcystis water samples were closely grouped to the changes in ammonia, with 
similarities in the 3w and 3y sample, while the M plus B and M control samples had 
less relation to any of the parameters.

A summary of all the findings is represented in Table 10.7. The “+” sign repre-
sents the sensitivity of the bioindicator to the changes in the different water samples. 
The “−” sign indicates no sensitivity. All these findings, except apoptosis, were 
indicated relative to the toxicity in the control sample. Therefore a “+” would mean 

Table 10.5  Neonate survival 
of Thamnocephalus platyurus 
after 24  h of exposure to 
biologically treated and 
untreated Microcystis and 
Oscillatoria water samples

Treatment Neonate survival (%) 24 h EC50

M control 62 ± 30.82 2.42
Mplus1 100 ± 48.39 17.57
Mplus 3w 90 ± 44 6.12
Mplus 3y 83 ± 40.20 3.49
M plus B 93 ± 45.18 5.02
O control 100 ± 48.39 11.41
O plus 1 97 ± 46.90 5.04
O plus 3w 93 ± 45.18 3.92
O plus 3y 100 ± 48.39 11.13
O plus B 90 ± 43.78 2.88
Freshwater control 100 ± 48.39

Blank areas indicate treatments where the EC50 was not 
quantified due to the low toxicity of the water sample. 
EC50 values represent μg/mL of cyanotoxin

10  Determination of the Ecotoxicity Changes in Biologically Treated…



272

the bioindicator reflected the increase or decrease in toxicity relative to the untreated 
control sample.

10.3.9  �DNA Fragmentation of Thamnocephalus platyurus 
Exposed to Treated and Untreated Cyanobacteria

Further analysis of apoptosis in Thamnocephalus platyurus indicated that isolates 
with higher survival or higher EC50 still showed apoptotic damage of DNA 
(Fig. 10.7). There was no laddering of DNA observed.

10.4  �Discussion

This study assessed the use of potential algicidal bacteria in treating the extracellu-
lar toxins in mixed cultures dominated by cyanobacteria, Oscillatoria and 
Microcystis. Moreover, the changes in toxicity linked to variation in microcystin 
concentration (determined by ELISA procedure) were verified through the response 
of various bioindicators (in vivo exposures). A battery of bioindicator species was 
used, including agricultural produce (Lactuca sativa and Allium cepa) and freshwa-
ter crustaceans (Daphnia magna and Thamnocephalus platyurus).

An assessment of the viability of a biological control is a crucial step in deter-
mining whether further research is to be conducted in up-scaling or optimization. 

Fig. 10.5  A bubble plot representation of the bioassays which showed sensitivity to the changes 
in toxicity with treatments (1–5) against the percentage survival/mitotic index. Similar trends are 
observed for Microcystis and Oscillatoria, indicating a reduced survival with treatment from 
Oscillatoria, while an increased survival is seen for Microcystis
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This is critical in ensuring there are no adverse environmental impacts that arise 
from a biological control intervention. On a higher order organism scale, the histori-
cal failures of some classical biological control interventions indicate the need for 
environmental response testing to gauge the viability of a control agent (Stiling 
1993). The advantage in lower order organisms is host specificity. Most of the 
research reported on biological control of cyanobacteria has not been well con-
ducted in terms of full-proofing (ensuring no secondary or indirect adverse impacts) 
biological treatments of cyanotoxins, with most studies focusing on the lytic or 
toxin reducing effects of bacterial isolates (Kim et al. 2008; Nakamura et al. 2003; 

Table 10.6  Factor loadings from principal component analysis

F1 F2 F3 F4 F5 F6

Daphnia 0.599 −0.533 0.400 0.406 −0.043 −0.174
Thamnocephalus 0.702 −0.262 0.542 −0.321 −0.061 0.195
Allium cepa 0.319 0.814 0.112 0.436 −0.106 0.146
Lactuca sativa 0.851 0.127 −0.299 0.001 0.414 0.003
Ammonia −0.758 −0.418 0.281 0.273 0.266 0.163
Copper −0.286 0.634 0.662 −0.172 0.168 −0.147

Fig. 10.6  Principal component analysis of the observations in this study and their relation to each 
other. Total variation accounted for by factor 1 and 2 is 66%
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Ren et al. 2010; Su et al. 2016a, b). In the present study, the changes in the toxicity 
of treatment were first assessed from the cyanobacterial response but also the sub-
sequent response of organisms exposed to the treated water.

Microcystin toxin reduction of over 80% has been reported from the use of bac-
teria (Su et  al. 2016b) and treatment technologies such as ozonation (Liu et  al. 
2010). This study indicates reductions of up to 30%. In a system where the toxicity 
is reduced, the use of an environmental indicator can indicate the improvement of 
water quality (reduced toxicity) after the treatment. This is particularly relevant in 
cyanobacteria, where more than one toxin variant is present at a given time. 
Therefore the reduction of one toxin does not necessarily deem the water in ques-
tion safe. Furthermore, it indicates whether there could be any secondary adverse 
effects from the treatment and whether a mixed response could be expected when 
multiple co-dominant cyanobacterial species exposures occur.

10.4.1  �Cyanobacterial Response

The reduction in cyanobacterial photosynthetic pigments has been linked to cell 
stress or a reduction in cell abundance in water (Kasinak et al. 2015). The changes 
in phycocyanin, which is an accessory photosynthetic pigment, indicated that the 
cells exposed to isolates 3w and B were more stressed in the case of Microcystis, 
while exposure to isolate 1 and B resulted in greater stress for Oscillatoria. These 
findings might show that different isolates have different relationships with the two 
types of cyanobacteria. This might mean that while one isolate may be predatory to 
Microcystis, it may be beneficial to Oscillatoria. Phycocyanin, in this case, c-
phycocyanin, is an accessory photosynthetic pigment with antioxidant properties, 

Table 10.7  A summary of all the findings from the toxicity and biotoxicity assays from treated 
and untreated Microcystis and Oscillatoria filtrate water samples

Treatment Microcystins (μg/mL)

Sensitivity to toxin changes

ApoptosisL. sativa A. cepa D. magna
T. 
platyurus

M. untreated 1.45 −
M plus 1 1.05a + + + + −
M plus 3w 1.22a − − + + −
M plus 3y 1.40a + − + + +
M plus B 1.00a − + + + +
O untreated 0.68 +
O plus 1 0.71 + + − + +
O plus 3w 0.78 + + + + +
O plus 3y 0.67a + − + + +
O plus B 0.75 − + − + −

The positive and negative sign is based on the sensitivity to cyanotoxin changes
aToxin reduction relative to the control untreated water sample
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and its reduction is usually indicative of cell damage or lysis (Zhang et al. 2011). 
However, the extraction of this pigment has been found unreliable in small samples 
(Horváth et al. 2013), which may have been the case in this study, where 0.1 g of 
cyanobacterial cells were used. Chlorophyll a concentrations also showed a similar 
trend to the phycocyanin measurements in the present study. When assessing the 
changes in toxicity, the most significant reduction was in water treated with isolate 
1 and B for Microcystis, and isolate 3y in the case of Oscillatoria. This indicated 
that the changes in phycocyanin were not directly related to the changes in toxicity 
observed or any cell stress (Fig. 6.1). This would indicate that perhaps no cell stress 
can be linked to phycocyanin, unlike chlorophyll, which is another more widely 
used indicator of cell growth.

In the present study, the changes in the microcystin toxicity were determined 
through the ELISA antibody assay; this has a relative wide cross-reactive range and 
has also been known to detect even cleaved ADDA portions of microcystins (Samdal 
et  al. 2014). This method, therefore, requires confirmatory testing through high-
performance liquid chromatography (HPLC) to determine which toxin variants are 
present and also whether they are reduced or not. However, as it is a commonly 
applied and robust method, the study aims were to determine whether the changes 
in microcystin toxicity as indicated by ELISA were reflected in the biological indi-
cator response.

Fig. 10.7  DNA apoptosis gel of Thamnocephalus platyurus exposed to treated and untreated 
Microcystis and Oscillatoria water samples. Lanes 2–4 (M control, M plus 1 and M plus 3w) show 
minimal smearing. Lanes 5 and 6 show smears of DNA indicative of apoptosis, which are treat-
ments of Microcystis with isolate 3y (lane 5) and B (lane 6). In the case of Oscillatoria, the control 
sample (Lane 7) and water samples treated with isolate 1 (lane 8), 3w (lane 9) and 3y (lane 10) all 
had apoptosis. Only the Oscillatoria sample treated with isolate B (lane 11) showed minimal 
smearing of the DNA after a 24-h exposure
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10.4.2  �Ecotoxicity Assays: Crustacean Response

Historically, most of the biological indicator tests have been applied mainly to test 
the effects of chemicals, with most of the works using plants as bioindicators. Only 
2% of the literature published at the time (2006) were attributed to ecosystems and 
amphibians (Burger 2006). However, research linked to Daphnia response to the 
changes in the environment has been reported (Neves et al. 2015), showing it can 
reflect the prevalence of cyanobacterial toxins and other environmental stressors 
(Lürling 2003). Another study has, however, found low concentrations of microcys-
tins to not affect the mortality or stress indicators of this crustacean under chronic 
exposure (Chen et al. 2005). The findings from our research indicated the ability of 
Daphnia magna to respond to toxicity changes. However, the Daphnia mortality did 
not show correspondence to slight (10–15%) fluctuations in microcystin concentra-
tion. This was seen in different isolate treatments such as isolates 3w and 3y in the 
case of Microcystis. The same observation was made in the Oscillatoria sample 
treatments, where the 3% fluctuation in toxicity between water treated with isolate 
1 and the control sample was not well indicated. The 7% difference in toxicity 
between isolate 3y and B treatments was also not well indicated by the mortality of 
Daphnia. Only isolate 3w, which resulted in 15% more microcystins, corresponded 
to a lower survival rate.

When assessing the response of another freshwater crustacean, Thamnocephalus 
platyurus, the findings indicated a greater sensitivity to toxins, confirming the find-
ings of earlier studies (Kim et al. 2009). Variation in microcystin concentration in 
the different isolate exposure groups showed slight mortality changes following the 
slight changes in toxicity. This indicated the ability of Thamnocephalus to detect 
these changes in treatments that occurred in mixed population cultures. Similar 
findings were reported by Bober and Bialczyk (2017) and Maršálek and Bláha, 
(2000), who found Thamnocephalus to be more sensitive than Daphnia to cyano-
bacteria. The longer-term exposure of Daphnia indicates a higher toxicity response 
over time, as opposed to the acute response of Thamnocephalus.

10.4.3  �Seed and Plant Bioindicator Response

The impacts of microcystins in water on plants may also have significant implica-
tions for agriculture and human consumption, with a requirement for assessment of 
bioaccumulation of these toxins in fresh produce irrigated with toxin-contaminated 
water (Gutiérrez-Praena et al. 2014). Gutiérrez-Praena et al. (2014) further reported 
microcystins in fruit and vegetables irrigated with contaminated groundwater for 
irrigation and the presence of toxins in water indicated for agricultural purposes. 
This raises the relevance of the study of agricultural produce response to these toxins.

Other studies related to lettuce and other crops in cyanobacteria bloom prone 
areas indicated the presence of trace amounts of microcystin R-R in most vegetables 
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tested (Li et al. 2014). Maisanaba et al. (2018) reported that there was increased 
consumption of certain raw leafy vegetables despite a higher bioavailability of the 
cyanobacterial toxin cylindrospermopsin in uncooked spinach compared to spinach 
boiled for 2 min (Maisanaba et al. 2018). Being a vegetable that is consumed pri-
marily raw, the lettuce plant is also likely to be ingested with trace amounts of 
microcystins. Testing for the sensitivity of Lactuca sativa to wastewater polluted 
with heavy metals indicated its suitability as a bioindicator, with reduced germina-
tion reflecting the toxicity of the water (Charles et  al. 2011). Lettuce seedlings 
exposed to microcystin L-R showed that germination did not differ significantly to 
the control in terms of fresh weight and elongation in concentrations lower than 
6 μg/mL (Wang et al. 2011). A similar trend was observed in the present study. This 
means that for lettuce, the germination and other physical traits were not sensitive 
enough endpoints to indicate microcystin effects at lower concentrations (Fig. 10.3). 
More biochemical or molecular analyses may be useful in the case of Lactuca sativa 
assays where toxin concentrations fluctuate slightly.

The Allium cepa assay has been described as an efficient and reliable method for 
testing environmental pollutants among other materials, having a response similar 
to other higher order organisms such as rodents. The mitotic index has also been 
applied as a measure of the organism response, with increases or reductions in the 
mitotic index relative to the control sample being an indication of adverse impacts 
on the cell root (Leme and Marin-Morales 2009). In the present study, variation in 
the mitotic index as a biomarker did not show complete agreement with the corre-
sponding changes in microcystin toxicity. Also, the root lengths were similar, with 
no morphological differences. A study of differences in tenfold concentrations of 
microcystin and aeruginosin indicated a good correlation between toxin concentra-
tion and the mitotic index in onion roots cells (Laughinghouse et al. 2012). Similar 
to the lettuce and Daphnia responses, minor variation in toxicity was not reflected 
in the mitotic index response. The most sensitive indicator to toxicity changes 
according to the findings of the present study was shrimp, Thamnocephalus 
platyurus.

Nonetheless, the changes in water chemistry also need to be considered as con-
tributing factors and therefore controlled for. The changes in ammonia and ortho-
phosphate in the treated water samples may have influenced the respective TN:TP 
(total nitrogen: total phosphorous) ratios, which are essential factors in the growth 
of cyanobacteria (Ndlela et  al. 2016). Also, the potential of the cyanobacteria to 
produce aeruginosin (Microcystis) and nodularin (Oscillatoria) suggests that other 
additional toxins that may have had added impacts on the bioindicators, not 
accounted for in the scope of this study, may have played a significant role. 
Moreover, the cross-reactivity of the ELISA does not informatively indicate which 
toxin analogue is increasing or decreasing in the overall toxicity findings, although 
the extensive cross-reactivity may include a variety of toxins. Regarding isolate 3w, 
the lowest survival, germination and mitotic index were observed in Microcystis 
treated with this isolate, characterized by a simultaneous 15% reduction in micro-
cystin toxicity according to the ELISA approach. This may suggest that other fac-
tors, apart from the cyanotoxins, may have caused the adverse effects of this 
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treatment. This cannot be concluded from the present study but may be a point for 
consideration in future works. In terms of cyanotoxin reduction, the bacterial iso-
lates were more effective against extracellular cyanotoxins from Microcystis com-
pared to Oscillatoria.

The principal component analysis (PCA) indicates that the plants and crusta-
ceans had similar response patterns. From these findings, isolate 1 and B appeared 
to have a positive relation to bioindicator survival across the assays conducted. 
When assessing the genetic apoptosis in Thamnocephalus platyurus (the most sen-
sitive), all the treatments resulted in DNA apoptosis except for isolate B, which 
showed more intact DNA. This suggests that the reduction in cyanotoxins needs to 
be fully validated through biological indicators and more importantly, that specific 
biological control isolates may have more favourable environmental impacts, 
despite similar indications of microcystin reduction.

Another point to consider in this type of research is the selection of economically 
feasible bioindicators. Daphnia magna is culturable in the lab and not expensive to 
grow; the Lactuca sativa bioassay is the most affordable of the bioassays conducted 
in this research, although not as sensitive. Allium cepa experimental setup is also a 
reasonably feasible experiment, although the imaging requires good microscopy. 
Thamnocephalus acute exposure is also a feasible assay to conduct. Analysis beyond 
the fundamental mortality and visual screening is, however, required for more infor-
mative data.

10.5  �Conclusion

This present study confirmed that toxicity changes in biological control systems 
could be reflected through bioindicators, although the sensitivity of the indicators 
towards microcystins may vary among organisms. The organisms used were able to 
indicate that toxicity was not well reduced in Oscillatoria treatments and toxicity 
changes greater than 15% could be well reflected in all the treatments. More impor-
tantly, if the biological control agent performance can be optimized (greater toxin 
reduction), it will be easier to predict the potential environmental impacts.
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Chapter 11
Options for Microbiological Quality 
Improvement in African Households

Phumudzo Budeli, Resoketswe Charlotte Moropeng, 
Mutshiene Deogratias Ekwanzala, and Maggy Ndombo Benteke Momba

11.1  �Introduction

Access to safe drinking water sources, appropriate sanitation facilities and good 
hygiene are fundamental not only to the health and survival of people but also to the 
economic growth and development of a country. These necessities are still a luxury 
for many people in the developing world, especially in rural areas (Peter 2010). The 
United Nations’ Sustainable Development Goal 6 stipulates the need to “invest in 
adequate infrastructure, provide sanitation facilities and encourage hygiene at 
every level” to ensure universal access to safe and affordable drinking water for all 
by 2030. In addition to this, water-related ecosystems such as forests, mountains, 
wetlands and rivers must be protected as a water scarcity mitigation measure. Also, 
cooperation between different bodies at an international level is crucial to encour-
age water efficiency and support treatment technologies, especially in developing 
countries (Bain et  al. 2014). An estimate of 663 million people rely on “unim-
proved” water supplies (as defined by the WHO/UNICEF Joint Monitoring 
Programme for Water and Sanitation), which are thought to harbour a high concen-
tration of pathogenic contaminants, and more than 2.5 billion people are still 
deprived of access to improved sanitation facilities, with 946 million people practis-
ing open defecation (WHO/UNICEF 2013). Numerous water sources classified as 
improved are still not safe for human consumption (Bain et al. 2014). A WHO report 
indicates disparities between regions, with 61% of the population in sub-Saharan 
Africa having improved water supply sources, versus 90% or more in Latin America, 
the Caribbean, Northern Africa and large parts of Asia. Sub-Saharan Africa accounts 
for more than 40% of the global population without access to safe drinking water, 
followed by Southern Asia (21%) and Eastern Asia (16%) (WHO/UNICEF 2013).
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Numerous studies have indicated that water is a potential source of waterborne 
infectious diseases, affecting many communities negatively, particularly those 
inhabiting rural and indigenous areas. As a result, it is estimated that water-related 
diseases are accountable for five million deaths annually (Baumgartner et al. 2007; 
Pritchard et al. 2009). Several gastrointestinal infections such as diarrhoea, dysen-
tery, typhoid shigellosis and human enteritis are known to be caused by bacterial 
pathogens in water (Sobsey et al. 2002; Murcott 2006; Lantagne and Clasen 2012). 
The primary cause of illness and deaths in low-income countries is watery diar-
rhoea, called cholera, caused by bacteria known as Vibrio cholera (Clasen and 
Boisson 2006). Consumption of unsafe water, poor sanitation and hygiene have 
been reported to be the major causes of infectious diarrhoea, which is claimed to be 
responsible for 1.7 million deaths per year (3.1% of all annual deaths), 90% of 
which are children, virtually all in developing countries. Furthermore, 3.7% of the 
annual health burden worldwide (54.2 million disability-adjusted life years) is 
attributed to unsafe water, sanitation and hygiene (Mwabi et al. 2012).

Several studies have suggested that the key to reducing or even eradicating the 
burden of waterborne disease is appropriate sanitation facilities and piped water 
systems (Clasen and Boisson 2006; Sobsey et al. 2002; Murcott 2006; Lantagne and 
Clasen 2012; van Halem et al. 2009; Mwabi et al. 2012, 2013). According to Mwabi 
and co-workers, the establishment of this type of infrastructure could take decades, 
especially in impoverished rural communities of African countries (Mwabi et al. 
2013). It is, therefore, important for water authorities around the world to make sure 
that the water that reaches households is safe for consumption and does not contain 
any substances that may have hazardous effects on human health (Suthar 2011). 
Although there are cases where good quality water is accessible in rural communi-
ties at a common access point, a problem that arises is that there is a high possibility 
of the water being contaminated during either transportation or inappropriate stor-
age in the household (Moher et  al. 2010; Moropeng et  al. 2018). Consequently, 
HWT and safe storage systems have been considered as low-cost and efficient mea-
sures to decrease waterborne diarrhoeal diseases and improve the availability of safe 
water supply (Clasen and Boisson 2006; Fewtrell et al. 2005). These water treat-
ment devices could be of great use during seasonal floods, heavy rainfall or other 
natural disasters when water sources are susceptible to faecal contamination (Mwabi 
et al. 2013; Wang et al. 2014).

Various water treatment methods, such as the use of disinfectants (chlorine and 
iodine), filtration, distillation, reverse osmosis, solar disinfectants and water purifi-
ers, have been reported to serve in reducing endemic diarrhoeal diseases caused by 
waterborne pathogens and also to improve the microbial and chemical quality of 
drinking water (Sobsey et al. 2002; Murcott 2006; Stauber et al. 2012; Mwabi et al. 
2011). Because of the low cost of manufacturing the filters using locally available 
materials and the simplicity and ease of construction and maintenance, these HWT 
systems allow the users to have access to safe potable water immediately after 
installation (Mol 2001). Factors that play a pivotal role in the acceptance and adop-
tion of appropriate POU water treatment systems in rural communities include the 
accessibility and availability of necessary materials, quality of the intake water, 
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duration of storage, tradition, customs, religion, educational level of the end user 
and availability of a skilled personnel to provide training on the maintenance of 
water treatment device before implementation (Murcott 2006; Mwabi et al. 2013). 
Another problem reported by (Mwabi et al. 2013) and Mwabi et al. (2011) concern-
ing HWT devices is that consumers often lack a proper understanding of how to use 
these devices effectively and appropriately, and managers selling these products are 
unable to provide an appropriate solution to their customers when problems occur.

Numerous systems and devices have been widely reported in the literature; 
because of this diversity, it is critical to decide which device or devices would be 
most suitable for communities living in African rural areas. The criteria listed in 
Table 11.1 were considered by Mwabi et al. 2012 in order to help the communities 
to select a suitable device for their PoU water treatment system.

This chapter, therefore, informs communities on the selection of HWT methods/
devices/systems that can produce microbiologically high-quality drinking water. It 
draws together evidence from published studies on home or HWT from the African 
continent. This chapter seeks to provide a comprehensive comparison between dif-
ferent water treatment systems developed for low-resource settings based on cost, 
water quantity and microbial removal. This is done in order to aid African house-
holds to choose a water system that fits their needs. Moreover, reviewed articles 
highlighted key research gaps and perceptions of future HWT options. Although the 
removal of other contaminants is essential as well, this chapter focuses solely on 
microbial removal, with the emphasis on reducing the diarrhoeal rate. This chapter 
on options for microbiological quality improvement in African household was com-
piled using the preferred reporting system based on the PRISMA guidelines (Moher 
et al. 2010).

Table 11.1  Selection criteria for HWTS and criteria for evaluation (Mwabi et al. 2012)

Selection criteria—to choose devices to evaluate in the 
lab/field

Evaluation criteria—characteristics to 
be tested during lab/field work

�1. �Can members of rural communities afford to obtain 
the unit? Construction and operation costs must not 
exceed earnings

�1. Cost (capital/running)

�2. A representative of a number of similar systems �2. �Final water quality must comply 
with SANS 241

 � 3. Systems already extensively evaluated �3. �The turbidity of treated water must 
comply with SANS 241/WHO, 
<1NTU

�4. Pressure requirement, maximum two metres �4. Ease of operation
�5. Power requirement does not exceed equitable share �5. �Storage ability and ability to deliver 

enough water
�6. Robustness durability of the filter �6. Robustness (test)
�7. �Minimum required volume for basic human needs, 

25 ℓ/p/d
�7. Social acceptance
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11.2  �Search Strategy and Inclusion Criteria

The strategy used to retrieve relevant studies is summarised in Fig. 11.1.
Terms such as “household” OR “home” AND “water treatment” AND “Africa” 

were used to retrieve relevant information. Literature searches run on PubMed, Web 
of Science and African Journal returned 439, 19 and 3 results, respectively. Other 
sources retrieved 13 additional articles that could be included in the final analysis. 
When all databases were combined, 356 duplicate articles were removed. Based on 
the title and abstract screening for inclusion, 118 records were accessed, of which 
41 were excluded. The remaining 77 records were assessed for eligibility after a full 
text read. Seven records were deemed ineligible for inclusion because they com-
prised (1) records of studies outside the African continent (n = 4) and (2) assessment 
studies without a HWT system (n = 3).

Articles identified through PubMed,
Web of Science and African Journal

(n = 461)

Articles identified through
other sources

(n = 13)

Records after duplicates removed
(n = 356)
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Records screened
(n = 118)

Records (reviews, non-
English papers) excluded

(n = 41)

Full-text articles assessed
for eligibility

(n = 77)

Studies included in
qualitative synthesis

(n = 70)

Full-text articles excluded:
(n = 7)

(1) Studies located outside
of Africa (n = 4)
(2) Studies focusing only
on household water storage
(n = 3)

Fig. 11.1  Study flowchart according to the PRISMA statement (Moher et al. 2010)
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11.3  �Quality Assessment of the Included Studies and Data 
Analysis

The quality assessment of included studies was carried out as per the checklist pro-
vided by the Joanna Briggs Institute (Moher et al. 2010). Thus, studies that scored 
between 6 and 10 were included.

Data were analysed in Microsoft Excel® 2016 (Microsoft Corporation, Redmond, 
WA, USA) while figures were produced using PowerPoint® 2016 (Microsoft 
Corporation, Redmond, WA, USA) and BioVinci software (BioTuring, California, 
USA). In total, 474 papers were found by searching the databases. After the removal 
of duplicates, the remaining 118 were screened using the titles and abstracts. After 
reading the titles and abstracts, 77 studies were classified to be read in full; however, 
seven studies did not fit the criteria for inclusion. Finally, 70 full-text records were 
deemed eligible for inclusion in the qualitative synthesis. The studies that were 
included reported a home or HWT system implemented on the African continent 
capable of reducing or removing microbial cell count. The removal rate was 
expressed in percentage for most studies.

Out of 70 assessed studies, chemical methods using disinfection were the most 
commonly used methods (44.28%), followed by filtration (37.14%) and lastly phys-
ical methods, which accounted for 18.57% of all studies. Thirty-six household treat-
ment methods were found across all retrieved studies. Filtration methods were 
found in 44.4% (n = 16), chemical methods in 38.9% (n = 14) and lastly physical 
methods, which accounted for only 16.7% (n = 6). Although a plethora of HWTS 
exists, only a few have been implemented and reported on the African continent. As 
presented in Fig. 11.2, only eight African countries have successfully implemented 
different HWTS between 2008 and 2018, with plausible diarrhoeal reduction out-
comes. There has been a decrease in the number of implementation studies over the 
last decade, which may be because not all intervention findings are published.

The best implemented system, which showed a drastic reduction in diarrhoeal 
rate, was a biosand-zeolite silver-impregnated clay granular filter (BSZ-SICG) and 
silver-impregnated porous pot filter (SIPP). In microbial removal terms, not all sys-
tems were assessed to remove bacteria, protozoa and viruses. Systems that were 
assessed to remove all microbial contamination were barrel filters, biosand filters, 
BSZ-SICG, bucket filters, ceramic pot filters, colloidal silver-impregnated ceramic 
filters (CSF), SIPP, solar disinfection (SODIS) and solar cookers. All had impres-
sive microbial removal capacities. As shown in Fig. 11.3a, high-performing meth-
ods of bacterial removal were BSZ-SICG, cloth, SIPP, fibreglass, solar cookers, 
SOPAS, iron oxide, NaDCC tablets, sodium hypochlorite, titanium dioxide and 
zinc oxide.

As for protozoan removal (Fig. 11.3b), high performers were the barrel filter, 
biosand filter, BSZ-SICG, bucket filter, ceramic candle filter, ceramic pot filter, 
Indian cloth, CSF, diatomaceous earth water filter, SIPP, SODIS and solar cooker. 
Figure  11.3c shows all systems that can remove viral particles. The best viral 
removal methods were the ceramic candle filter, ceramic pot filter, CSF, SIPP, 
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fibreglass, SODIS, solar cooker and iron oxide. We are expanding on these evalu-
ated HWTs methods in detail in the following sections.

11.4  �Appropriate HWT Methods

Considering the lack of skills, costs linked to operations and maintenance, and espe-
cially the distance between scattered villages and farms in rural areas, new 
approaches to treat and deliver microbiologically safe drinking water to rural com-
munities at household level must be considered to prevent waterborne diseases in 
developing countries (Mwabi et al. 2013). Safe household water management refers 
to the maintenance or improvement of the microbiological quality of potable water 
through collection, distribution, transportation and storage in the home (Murcott 
2006). Several studies have demonstrated that simple, low-cost HWTS could result 

Plastic BSF (60% diarrheal reduction)
NADCC Tablet (Reduced diarrheal
episodes to 2.2%)

CF (80% diarrheal reduction)
BSF (ND*)

SEC Tablet (ND*)

LifeStraw filter (50-54%
diarrheal reduction)

Democratic Republic of Congo

Ethiopia

Ghana

Kenya

Rwanda

South Africa

Zambia

Zimbabwe

Chlorination (63% diarrheal reduction)
LifeStraw filters (25% diarrheal reduction)

Concrete BSF (47% diarrheal reduction)
BSF (ND)
CF (71% diarrheal reduction)
SODIS (50% diarrheal reduction)

CCF (ND*)
Powered by Bing

© GeoNames, HERE, MSFT. Microsoft

CFI-SN (80% diarrheal reduction)
CF (80% diarrheal reduction)
BSZ-SICG (92.2% diarrheal reduction)
SIPP (92.2% diarrheal reduction)

Fig. 11.2  Countries in which HWT methods were implemented. CF ceramic filters, BSF biosand 
filters, NADCC sodium dichloroisocyanurate, SODIS solar disinfection systems, SEC silver-
embedded ceramic, CFI-SN Ceramic water filters impregnated with silver nanoparticles, BSZ-
SICG biosand-zeolite silver-impregnated clay granular filter, SIPP silver-impregnated porous pot 
filter and CCF ceramic candle filter. ∗ND not determined
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Fig. 11.3  The removal efficiency of HWT methods. (a) Bacterial removal efficiency. (b) Protozoan 
removal efficiency. (c) Viral removal efficiency
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in substantial improvement of the microbiological quality of drinking water and 
thus help to reduce the risk of illness and death (Baumgartner et al. 2007; Fewtrell 
et  al. 2005; Moropeng et  al. 2018). A significant reduction in diarrhoeal disease 
ranging between 6 and 95% has been reported in areas where HWT has been imple-
mented. The reduction in diarrhoeal diseases is thought to depend on the type of 
HWTS and how efficiently or appropriately it is used (Clasen and Boisson 2006; 
Moropeng et  al. 2018). The systems not only provide a positive barrier against 
pathogenic infection in homes but can also be more cost-effective than large-scale 
projects, allowing individuals a choice between multiple technologies to meet their 
specific needs. This section focuses on various HWTS that have been developed 
over the years, ranging from physical removal of pathogens by adsorption, sedimen-
tation and filtration to the destruction and control of pathogens using chemical dis-
infectants, ion exchange, heat inactivation (solar energy) and natural coagulants. A 
list of HWT devices/systems that indicates HWTS type, mechanisms, flow rate, cost 
and removal percentage of each system is provided. The subsequent sections review 
some of the HWT technologies that are available for possible adoption in African 
rural communities.

Fig. 11.3  (continued)
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11.5  �Filtration Methods for Treating Water at the Household 
Level

Filtration is a simple water treatment process capable of removing abiotic (colloids 
and suspended solids) and biological (pathogens) pollutants from drinking water 
sources mainly through a size exclusion mechanism. A well-designed filtration sys-
tem can generate clean water for drinking purposes. A list of available options for 
filtration systems that have been developed for the production of safe, potable drink-
ing water is summarised in Table 11.2.

Filtration technologies implemented in PoU systems are mainly biosand filtra-
tion (BSF), ceramic filtration and membrane filtration. Most of the available filters 
are regarded as cost-effective, as the construction procedure is simple, no degree of 
expertise is required for their construction, operation and maintenance, and they 
produce water at low cost. These systems are highly efficacious in removing patho-
genic bacteria (80–100%), compared to protozoan parasites (50–100%) and viruses 
(50–100%). The cost of filtration systems included in this study ranged from USD 
10–64. The most common filtration system employed in rural communities is BSF, 
with more than 500,000 people using it worldwide.

The principle of BSF is similar to that of a conventional slow sand filter. However, 
BSF experiences a varying flow rate and intermittent filtration through the sand 
layer. The spigot of this system is located higher than the filtration system medium; 
this allows the intake water to saturate the layers of sand throughout the operation. 
This also provides a conducive environment for biofilm growth which ultimately 
removes pollutants such as larger microorganisms and colloids (Stauber et al. 2006; 
Wang et al. 2014).

A new BSF system could only remove 63% of Escherichia coli cells, against 
98% in a mature filter. However, the treated water is not within the WHO drinking 
water guideline. Thus, this system is not appropriate for use in households. Also, a 
BSF demonstrates lower removal of viruses (>80%) and offers no post-filtration 
residual protection, as water filtered into open or unclean storage containers has the 
risk of being recontaminated. Among the filtration systems summarised, the ceramic 
pot filter, ceramic candle filter, SIPP, LifeStraw, BSZ-SICG, ultrafiltration (UF) and 
ROAMPlus are the most promising systems available for adoption; however, they 
have significant drawbacks.

For instance, although ceramic filtration systems included in this study demon-
strate higher efficiency in removing pathogenic microorganisms from water, most 
of their flow rate ranges between 1 and 4 L/h, which is lower than the WHO recom-
mended limit of 25 L/P/day. Studies have shown that rural users might prefer higher 
flow rate devices mainly because of the large quantity of water produced, although 
efficient and effective pathogen removal should be the priority. Thus, it is impera-
tive that further investigations focus on improving the flow rate of the technologies/
methods that demonstrate high effectiveness in removal of waterborne pathogens. 
The ability to remove pathogenic microorganisms at a high flow rate is an indication 
that the technology/method has greater potential to provide the required volumes of 
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water needed by rural communities for drinking and other domestic purposes 
(Mwabi et al. 2013; Momba 2013). Against this background, it is clear that most of 
the ceramic filtration systems will not be the best option for adoption in rural set-
tings for production of microbiologically safe water as a stand-alone intervention.

Filtration systems such as BSF that do not meet the selection criteria postulated 
by Mwabi et al. 2012, but produce a higher flow rate, may be used as a pre-filtration 
step for ceramic filters in order to produce consistently safe, clean water for cooking 
and drinking. However, this has negative cost implications for consumers, as PoUs 
are meant for low-income earners in developing countries. A recent study by 
Moropeng et  al. (2018) reported an improved SIPP that produces a flow rate of 
27.5 L/h and consistent removal efficiency of pathogenic bacteria and protozoan 
parasites during implementation. In addition to a higher flow rate and microbial 
removal efficacy, SIPP also offers post-filtration residual protection, which mini-
mises the possibility of recontamination and is available at a low cost of USD 20.67. 
Thus, this system is one of the best HWTS options available for safe potable water 
production in rural households.

Although other filtration systems such as UF and ROAM plus have demonstrated 
complete removal of pathogenic microorganisms from water, the initial cost of these 
systems may have a negative impact on their adoption in rural settings. Moreover, 
there is a paucity of information on their performance in the removal of protozoan 
parasites and viruses. There is also a lack of evidence regarding the long-term effec-
tiveness of these technologies, particularly in a programmatic, scalable context.

The LifeStraw filtration system can remove pathogenic microorganisms to a rec-
ommended level. This system is a portable device; thus, it will not be ideal for an 
entire household. An improved biosand filtration system (BSZ-SICG) holds a 
greater promise for the production of microbiologically safe water for rural house-
holders, as it counters the drawbacks of a conventional biosand filter. A conven-
tional biosand filter was improved by the addition of zeolite and silver-impregnated 
clay granules to form a BSZ-SICG filter. A diffusion plate was also incorporated 
between fine sand and silver granules, which resulted in an increased flow rate from 
19 L/h to 38.6 L/h; this is available at a cost of USD 17.31. Unlike conventional 
biosand filters that do not offer post-filtration residual protection, BSZ-SICG-
embedded silver leaches out to treated water, which inhibits bacterial regrowth and 
biofilm development in a water storage container. The adhesion of bacteria to the 
inner surface of the storage containers is affected by factors such as turbidity of the 
intake water, silver concentration impregnated in the clay pores during manufactur-
ing and the duration of the storage period.

In addition to these benefits, BSZ-SICG has been shown to produce microbio-
logically safe water consistently in rural households for 8 months (Moropeng et al. 
2019), thus making it a more favourable option for adoption for HWT. Moreover, 
Moropeng et al. (Clasen et al. 2008b) reveal that SIPP and BSZ-SICG, with proper 
maintenance, could produce similar water quality results over extended periods. 
Although this research suggests that SIPP and BSZ-SICG are the best options avail-
able for adoption under PoU filtration methods, the implementation of these 
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systems should always be accompanied by a hygiene and sanitation programme in 
order to mitigate the possibilities of reversing health benefits offered by these sys-
tems through recontamination of treated water.

11.6  �Physical Methods for Treating Water at the Household 
Level

Table 11.3 shows the list of physical methods that have been developed for HWT 
systems for use in rural communities. These methods are preferred because they are 
easy to use and are cost-effective. Among the physical methods included in this 
study, boiling is arguably the oldest and most commonly practised HWT method 
and has been widely promoted for decades (Sobsey et al. 2002). Although the rec-
ommend boiling time varies significantly from 0 to 20 min, waterborne microbes 
that are pathogenic to humans are killed or inactivated even before the water reaches 
100 °C. Boiling is effective at inactivating all enteropathogenic bacteria, viruses, 
and protozoa that cause diarrhoeal disease (Clasen et al. 2008a). It is reported that 
pasteurisation at 60 °C kills pathogenic bacteria in 30 min, while boiling is much 
more rapid (Clasen et al. 2008a, b). Although boiling has been proven to be effective 
in inactivation of waterborne pathogens, studies of the effectiveness of boiling in 
actual practice in developing countries have shown mixed results. In Vietnam and 
India, boiling reduced the level of thermotolerant coliforms by 99% and 97%, 
respectively, compared to source water samples in households; householders 
reported always or almost always boiling their water (Clasen et al. 2008a, b). This 
disparity may be due to inconsistent boiling, recontamination of boiled water in 
storage, differences in cultural practices in the study populations, level of education 
and the impact of an emergency. Thus, it is recommended that water storage be 
stored in the same vessel in which it was boiled, then carefully handled, and prefer-
ably consumed within 24 h to minimise recontamination. To date, no studies have 
assessed the health impact associated with boiling water.

The solar cooker is another physical method included in this study. This technol-
ogy demonstrated the highest efficiency in inactivation of bacteria (99–100%), pro-
tozoan parasites (>99%) and viruses (>99%). While it is evident that the physical 
methods are effective in the microbial reduction and are traditionally and widely 
used, they may not always be the optimal solution, especially in areas where wood 
and other biomass fuels or fossil fuels are in limited supply and must be purchased, 
and the costs of boiling water are unaffordable. Moreover, using the aforementioned 
methods for treating water at household level may be linked to burn injuries and 
respiratory infections risks from indoor stoves or fires, potential taste objections and 
the possibility for incomplete water treatment if the users do not bring water to full 
boiling temperature (Lantagne et  al. 2009). These factors negatively impact the 
adoption rate of these methods for use in HWT.

Other physical methods such as the use of fibreglass and SOPAS have been 
developed; however, in addition to the aforementioned drawbacks, these methods 
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have only been tested for their removal efficacy in a laboratory setting. Studies to 
validate their effectiveness in inactivation of protozoan parasites and viruses are 
needed before they can be considered for implementation in rural communities.

Among the physiochemical methods listed in this study, SODIS would be the 
preferred option for the production of microbiologically safe water at the household 
level. SODIS is a low-cost, effective disinfection POU method that involves the 
prolonged exposure of water in polyethylene terephthalate or glass bottles to sun-
light (Wegelin et al. 1994), allowing ultraviolet (UV) emissions to transmit into the 
water. The temperature in the water bottle tends to increase due to prolonged expo-
sure; this inevitably inactivates the pathogens when coupled with UV. Over the past 
two decades, SODIS has been a research hotspot in HWT systems. A study by 
Berney et al. (Ratnayaka et al. 2009) revealed that inactivation of Vibrio cholerae 
starts once the water temperature rises beyond 40 °C. Escherichia coli was found to 
be slightly more heat resistant. Reduction in E. coli occurred when the water tem-
perature rose beyond 45 °C (Berney et al. 2006; Mcguigan et al. 1998). In four ran-
domised, controlled trials, SODIS reduced diarrhoeal disease from 9% to 86% 
(Conroy et al. 1996, 1999). One of these studies documented a reduction in the risk 
of cholera transmission in children in six households using SODIS. This technique 
has been deployed in different places around the world, serving more than 30 coun-
tries worldwide. However, SODIS has its disadvantages, namely the need for pre-
treatment (filtration or flocculation) of water of higher turbidity, user acceptability 
concerns because of the limited volume of water that can be treated at one time, the 
lack of visual improvement in water aesthetics to reinforce the benefits of treatment, 
the length of time required to treat water and the large supply of intact, clean, suit-
able plastic bottles required. Furthermore, it is heavily dependent on weather condi-
tions and requires an exposure period of more than 48 h on cloudy days (Lantagne 
et al. 2009; Pooi and Ng 2018). Against this background, SODIS will not be the best 
option available for adoption in rural African communities, especially if used as a 
stand-alone intervention. However, SODIS can be coupled with other cost-effective 
filtration systems such as BSF for pre-treatment and chemical disinfection methods 
(silver tablets, PUR, chlorine tablets, etc.) to protect treated water from regrowth of 
microorganisms during storage. This step will among others dramatically increase 
the cost and deteriorate the quality of water further in terms of taste and odour, as 
well as being more laborious and time-consuming. These factors make SODIS a 
less desirable option for the production of microbiologically safe water in rural 
settings.

11.7  �Chemical Disinfection at a Household Level

The disinfection of water is the final and most crucial step in water treatment before 
the distribution of the water to consumers. It necessitates the addition of a specific 
amount of physical or chemical agent (disinfectant) to the water. Contact between 
the water and the disinfectant is required for a pre-determined period to guarantee 
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the success of the disinfection process with regard to the removal, deactivation or 
killing of any remaining pathogens resulting from the filtration process (Schutte and 
Focke 2006). The choice of disinfectant depends on several factors, which include: 
(1) efficacy against pathogens, (2) the ability to monitor and control the methods 
during the disinfection process accurately, (3) the ability to maintain a disinfectant 
residual within the distribution system, and (4) the ability to avoid a compromise in 
terms of the aesthetic quality of the drinking water (Långmark 2004). Unlike the 
technologies above, where microorganisms are removed from the water, disinfec-
tion results in the inactivation or death of microorganisms (Ratnayaka et al. 2009). 
The type of disinfectant used and dosage/exposure time differ from one microor-
ganism to another. The inactivation/destruction mechanisms of disinfectants also 
differ depending on the target microorganisms.

The list of chemical disinfection/flocculation methods is summarised in 
Table 11.4. Among the disinfection methods, chlorination, ozonation and UV radia-
tion are commonly used worldwide. Chemical methods are cost-effective, with 
prices ranging from USD 0.83 to USD 1.38/L, and are effective at inactivating most 
bacteria, the success rate ranging from 75 to 100%. However, these methods dem-
onstrate lower efficiency in the removal of protozoan parasites (38–85%) and 
viruses (50–99%). In addition to the lower removal efficacy, most of these chemical 
methods have not been evaluated for their efficiency against protozoan parasites and 
viruses. Among the chemical methods included in this study, only silver-embedded 
ceramic tablets, iron oxide and hypochlorite were evaluated for their removal effi-
cacy against viruses. The most common chemical disinfection method is 
chlorination.

The first disinfection employing chlorination in public water supply dated back 
to the early 1900s and helped reduce waterborne disease drastically in cities in 
Europe and the United States (Cutler and Miller 2005). Although there had been 
small trials of PoU chlorination previously (Mintz 1995), more extensive trials 
began in the 1990s as part of the activities of the Pan American Health Organisation 
and the CDC response to epidemic cholera in Latin America (Mintz 1995). A hypo-
chlorite solution is effective at inactivating most bacteria and viruses that cause 
diarrhoeal disease (CDC 2008). In six randomised, controlled trials, the flocculant-
disinfectant methods have resulted in diarrhoeal disease reductions in users ranging 
from 22 to 84% (Crump et al. 2005; Lule et al. 2005; Quick et al. 2002, 1996; Reller 
et al. 2003; Semenza et al. 1998). Also, a hypochlorite solution offers residual pro-
tection that protects against the regrowth of microorganisms in water storage con-
tainers. However, it is ineffective at inactivating some protozoan oocysts, such as 
Cryptosporidium. Other drawbacks associated with chlorination include relatively 
low protection against parasitic cysts, lower disinfection effectiveness in turbid 
waters contaminated with organic and some inorganic compounds, potential user 
taste and odour objections and the necessity of ensuring quality control of the solu-
tion (Lantagne et  al. 2009). There is also scant information regarding the health 
effects associated with chlorine by-products. Although chemical disinfection meth-
ods such as lime [Ca (OH)2], silver-embedded ceramic tablets, iron and titanium 
oxide have been developed and have demonstrated higher efficiency in bacterial 
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inactivation, the cost of these methods remains a significant drawback that discour-
ages adoption in rural communities.

Moringa oleifera is available at low cost and grows naturally in most parts of 
Africa. Its inactivation efficiency in relation to pathogenic bacteria in water ranges 
between 90% and 99%. However, just like many other disinfection methods, 
Moringa oleifera is ineffective at inactivation of protozoan parasites (38%). 
Moreover, there is little information on its ability to reduce diarrhoeal infections 
among rural householders during implementation.

The best option among the chemical/flocculation methods is PUR. The PUR 
product is a small sachet containing powdered ferric sulphate (a flocculant) and 
calcium hypochlorite (a disinfectant). To treat water with PUR, users open the 
sachet, add the contents to an open bucket containing 10 L of water, stir for 5 min 
and allow the debris to settle to the base of the bucket, and then a cotton cloth is used 
to strain the water into a second container. The hypochlorite content of the PUR 
inactivates microorganisms after 20 min. PUR has been documented to remove the 
vast majority of bacteria, viruses and protozoa, even in highly turbid waters (Crump 
et al. 2005; Souter et al. 2003). PUR has also been documented to reduce diarrhoeal 
disease from 16% to more than 90% in five randomised, controlled health interven-
tion studies (Crump et al. 2005; Chiller et al. 2006; Doocy and Burnham 2006).

11.8  �Implementation of HWT Methods in AFRICA

It has been estimated that 39% of Africa’s population live without acceptable access 
to drinking water and the majority of those who are most affected live in sub-
Saharan Africa (Waldman et  al. 2013; WHO/UNICEF 2014). Microbiologically 
contaminated water leads to diarrhoeal illnesses, which account for 8% of deaths of 
children younger than the age of five annually in Africa (Wolf et al. 2014). This 
burden of illness can be addressed by interventions such as the implementation of 
PoU treatment methods in homes of vulnerable communities. In addition, it has 
been evidenced that improved water quality at the point of consumption can protect 
children from diarrhoeal diseases. One of the meta-analysis reviews by Wolf and 
co-authors (Figueroa and Kincaid 2010) suggested that water interventions could 
reduce diarrhoea by 34%. However, the success of such interventions depends on 
the user’s interest and preferences.

In most cases, efforts to increase the demand for HWTS focus on the efficiency 
of the system in removing microbial contaminants and the health benefits, looking 
at diarrhoea reduction. In addition, other studies have shown that promotion of 
HWTS based on microbial removal efficiency and health benefits is unlikely to 
generate sustainable demand, as consumers select devices based on the convenience 
of the practice and design appeal of the product (Figueroa and Kincaid 2010; Albert 
et al. 2010; Luoto et al. 2011). User’s preference is the key factor in accelerating the 
adoption rate of HWTS in the communities. Therefore, if users’ preference is not 
taken into consideration when constructing HWTS, adoption/acceptance of HWTS 
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devices by the deprived communities will not occur. It is thus vital for consumer’s 
preferences, choices and aspirations to be understood.

A study by Abebe and co-authors (Abebe et al. 2014) in South Africa on ceramic 
filters impregnated with silver nanoparticles showed a higher acceptance rate of 
84%, with a diarrhoeal reduction of 80% in HIV-infected individuals. The higher 
diarrhoeal reduction could be attributed to a higher acceptance rate of these 
HWTS. However, in their study, they did not determine the adoption rate, which is 
one of the factors that influence the sustainability of the HWTS. Congruently, in 
another study in South Africa on assessment of the sustainability and the accep-
tance/adoption rate of BSZ-SICG and SIPP filters by rural communities in Makwane 
village, it was found that the communities accepted the HWTS (79.5%) enthusiasti-
cally and diarrhoeal incidences were reported to be reduced by 92.2% over a period 
of six months. However, the communities showed no willingness to buy the HWTS 
(84.3%) in future (Clasen et al. 2008b). Moreover, the authors determined the adop-
tion rate based on the number of HWTS in use during their study, and they found 
that most of the community members adopted SIPP filters (54.3%) compared to the 
BSZ-SICG (20.8%). Variation in adoption rates for the two HWTS could be attrib-
uted to the users’ preferences and the appearance of the systems. Just like the 
ceramic filters impregnated with silver nanoparticles, the SIPP filters are much 
lighter than the BSZ-SICG in weight. Therefore, they are effortless for the users to 
carry and maintain (maintenance in terms of cleaning the system), unlike the 
BSZ-SICG, which is cumbersome. This further proves that the appeal of HWTS is 
of crucial importance when implementing these systems. One other factor that 
could have attributed to a lower adoption rate of the BSZ-SICG and SIPP filters 
might be the high unemployment rate in the village (60%), which contributed to the 
community’s inability to afford the devices. These findings show that there is a need 
for governments in African countries to subsidise systems or collaborate with non-
governmental organisations and the private sector in manufacturing and implement-
ing HWTS in deprived communities.

Furthermore, in Kenya, a study on the SODIS water treatment method evaluated 
the acceptance rate of users and found that the acceptance rate was high at first 
(75%), but reduced to 30% (du Preez et  al. 2011). This could have been due to 
unavailability of proper bottles and the time it takes to treat water. Although SODIS 
has been proven to be cost-effective and easy to use, the low cost applies to users 
who are already in possession of bottles. Also, SODIS requires the use of appropri-
ate, clean transparent plastic bottles, which in most cases may not be readily avail-
able. Moreover, the time required for disinfection, which is 4–6 h on sunny days and 
2 days on cloudy days, may affect the rate of adoption by users (CDC 2008).

Although the removal of pathogenic bacteria in combination with diarrhoea 
reduction using HWT methods/systems is well documented in the literature, very 
few studies have evaluated the acceptance and adoption rate of the methods/devices 
in rural areas of Africa. The acceptance and adoption rates are the determining fac-
tors for the sustainability of PoU water treatment methods/technology in rural 
communities.
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Moreover, the longevity of HWT methods/technologies can influence the adop-
tion rate positively. Most of the studies on the determination of the longevity of 
HWTS did not indicate the volume of water that the systems can treat before they 
expire. They only indicated that, for example, the biosand filter’s lifespan might 
range from 1 to 12 years (Sisson et al. 2013). However, the volume of water filtered, 
together with the maintenance time, was not determined. On the contrary, a study by 
Moropeng and co-authors on BSZ-SICG in South Africa revealed a decrease in 
removal efficiency of pathogenic E. coli from 99.9% in the first month to 79.6% in 
the third month of being in used in Makwane village (Moropeng et  al. 2018). 
However, they showed that the removal efficiency could be increased with proper 
maintenance. In their study, the BSZ-SICG showed a rise in E. coli removal from 
79.6% to 96.9% after being washed in the third month of use (Moropeng et  al. 
2018). If the longevity of the systems is not known, especially by the users, the 
health benefits of the users might be compromised, as they will continue to filter the 
water while the systems are no longer effective in removing waterborne organisms. 
As a result, vulnerable communities will continue to suffer devastating diseases 
caused by waterborne organisms. Table 11.5 is a summary of some HWT systems 
implements in Africa.

11.9  �Challenges and Future Perspectives

	1.	 Although some water treatment technologies implemented at PoU have proven 
to remove waterborne pathogens, with some technologies successfully mitigat-
ing diarrhoeal illnesses, it is of paramount importance that future studies should 
focus on the social acceptability of these methods in combination with water-
borne pathogen removal efficiency and health benefits. Most rural communities 
prefer devices with a higher flow rate simply because of the large quantity of 
water produced and the fact that it saves time.

	2.	 HWT systems that have been reported to provide a higher flow rate and micro-
biologically free water, such as SIPP, CCF and BSZ-SICG, may be suitable 
options for rural African communities. However, monitoring the leaching of sil-
ver over a long period of use in rural communities has not been well documented. 
Therefore, future researchers should focus on monitoring silver leached into 
treated water, given the health hazards associated with silver.

	3.	 Little information is available on the performance of HWT systems/devices in 
the removal of pathogenic microorganisms from different water sources with 
different physical and chemical parameters. Since contamination levels differ 
depending on the source, future researchers should also investigate the efficiency 
of HWT systems in removing pathogenic microorganisms and turbidity from 
different drinking water sources.

	4.	 It is essential to take into consideration the preferences of users when imple-
menting HWTS methods/technology for sustainable use of the devices. One of 
the essential factors that researchers should look into is the visual attractiveness 
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of devices to be implemented, as most rural communities are visually attracted 
by the device design and this might influence the acceptance and adoption rate. 
Also, researchers should take into consideration the portability of the device, 
which also plays a vital role in acceptance by users.

	5.	 Since Africa is considered culturally and religiously diverse, it is, therefore, 
important for implementers/researchers to consider these factors in order to 
improve the acceptance and adoption rate to ensure sustainable use of HWTS.

	6.	 Most importantly, educating vulnerable communities about the importance and 
the use of HWTS is of paramount importance for sustainable use.

	7.	 Above all, the HWT method/technology must be inexpensive, not causing 
households to stop treating water because they cannot afford to purchase the 
technology (as most African countries are faced by financial and political 
challenges).
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Chapter 12
Different Approaches 
to the Biodegradation of Hydrocarbons 
in Halophilic and Non-halophilic 
Environments

David Olugbenga Adetitun

12.1  �Introduction

The right to a satisfactorily clean and healthy environment has been enshrined in the 
constitution of many countries around the world (Ebeku 2003). However, environ-
mental pollution remains an enormous challenge for humanity. This process is 
aggravated by increasing populations and the demand for more land, and services to 
meet the needs of this growing population. The pollutants that are introduced in the 
environment could be chemical or biological. Prominent among these pollutants are 
hydrocarbons that have become a significant threat to humans and the environment 
(Kumar and Yadav 2018). While oil pollution has been reported globally, the prob-
lem is escalating in the African continent due to the recent discovery of numerous 
oil reserves in the continent (Adekola et al. 2017) with some countries like Equatorial 
Guinea depending entirely on oil for sustaining her economy (UNICEF 2020). The 
adverse human and ecosystem health impacts caused by oil pollution in Africa have 
been reported by many researchers. For example, the oil spill in the Bonga Oil field 
resulted in severe adverse effects on fish life in the Gulf of Guinea (Okafor-Yarwood 
2018) with similar pollution resulting in decreased fish production (Osuagwu and 
Olaifa 2018) and increased infant mortality rates (Bruederle and Hodler 2019) in 
Nigeria. Another study in Nigeria also reported increased disease symptoms and 
environmental distress such as worry, annoyance, and intolerance, associated with 
the Niger Delta oil pollution (Nriagu et al. 2016). Similarly, it was reported that oil 
spills in the Niger Delta resulted in elevated contamination in water used by nearby 
communities, a situation that could have severe consequences on the health and 
socioeconomic status of the surrounding populations (Ipingbemi 2009). Similar 
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high concentrations of heavy metals that could be detrimental to aquatic life have 
been reported in the Mediterranean coastline of Morocco (Er-Raioui et al. 2009) 
and the Bakassi Peninsula of Cameroon (Abdourahimi et al. 2016). Research on oil 
pollution in Africa has, however, declined over the years, like in South Africa, for 
example (O’Donoghue and Marshall 2003), despite the devastating effects of oil 
pollution in the African continent.

Numerous methods have been used to remediate oil-polluted environments, 
and these include physicochemical, thermal, and biological processes (Erdogan 
and Karaca 2011). Among these methods, remediation of oil-polluted environ-
ments using microorganisms has gained more considerable attention due to 
their simplicity, environmental friendliness, and cost-effectiveness (Kumar and 
Yadav 2018).

12.2  �Biodegradation of Hydrocarbons in Non-halophilic 
Sites

Biodegradation by naturally occurring microorganisms represents one of the major 
methods by which crude oil and its component hydrocarbon elements can be 
removed from the ecosystem (Ulrici 2000). This approach is more economical than 
other remediation methods (Kumar and Yadav 2018). Biodegradation is the biologi-
cally catalyzed reduction of complex chemicals to harmless byproducts (Erdogan 
and Karaca 2011). Biodegradation is the method by which organic substances are 
broken down into smaller compounds by living microorganisms (Marinescu et al. 
2009). The process of biodegradation ultimately generates carbon dioxide and 
water. The process is termed mineralization, and it involves making elements 
available in the soil in forms that plants and microbes can utilize.

On the other hand, immobilization involves the assimilation of the mineralized 
compounds into the protoplasm of the microbes and plants. However, in most cases, 
the term biodegradation is usually described as nearly any biologically mediated 
modification of a substrate (Bennet et al. 2002). Comprehending the process of bio-
degradation requires an understanding of the microorganisms that make the process 
work. The microorganisms transform the substance through metabolic or enzymatic 
processes. It is based on the processes of growth and cometabolism.

For growth to occur, an organic waste product is employed as the sole supplier of 
carbon and energy. This process results in the mineralization of organic pollutants. 
Cometabolism is defined as the metabolism of an organic compound in the presence 
of a growth substrate that is used as the primary carbon and energy source (Fritsche 
and Hofrichter 2008). Numerous organisms, including fungi, bacteria, and yeasts, 
are involved in the biodegradation process. Algae and protozoa reports are quite 
scanty concerning their involvement in biodegradation (Das and Chandran 2011). 
Biodegradation can be achieved in many ways, but often the end product of the 
process is water and carbon dioxide (Pramila et al. 2012). The biodegradation of 
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organic material can be in the presence of oxygen (aerobic) or absence of oxygen 
(anaerobically) (Fritsche and Hofrichter 2008; Mrozik et al. 2003). Biodegradable 
matter is usually an organic material like plant and animal matter and fossil fuels 
inclusive. Fossil fuels are products of plants and animal remains.

Some microorganisms have the unique, innate, catabolic ability to transform, 
degrade, or accumulate an extensive range of compounds including hydrocarbons 
(e.g., oil), polyaromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), 
radionuclides, and metals (Leitão 2009). Hydrocarbons are organic compounds 
whose structures comprise hydrogen element and carbon. Hydrocarbons are seen as 
cyclic, branched, or straight-chain molecules that occur as aromatic or aliphatic 
hydrocarbons. The aromatics have benzene (C6H6) in their structure, while the ali-
phatics are seen in three forms: alkanes, alkenes, and alkynes (McMurry 2000). 
Aromatic hydrocarbons are hydrocarbons that contain one (monoaromatic) or many 
(polyaromatic) benzene rings (Korenaga et al. 2000). They are highly hydrophobic, 
with low water solubility and biodegradability (Shemer and Linden 2007). Most of 
these compounds may be formed during incomplete combustion of organic materials, 
and as food contaminants during food processing.

12.3  �Some Hydrocarbons and Other Chemical Pollutants 
Biodegraded in the Environment

Polycyclic aromatic hydrocarbons (PAHs) are of significant environmental con-
cern because of their toxicity, low volatility, resistance to microbial degradation, and 
high affinity for sediments. Some of them are also carcinogenic and bioaccumulate 
in aquatic organisms (Shemer and Linden 2007). They are an important pollutant 
class of hydrophobic organic contaminants (HOCs) widely found in air, soil, and 
sediments. The core origin of PAH pollution is industries during the production pro-
cess (Mrozik et al. 2003). They have been studied with increasing interest for more 
than two decades because of more findings of their toxic effects, environmental per-
sistence, and prevalence (Okere and Semple 2012). PAHs adsorb to organic-rich soils 
and sediments, accumulate in fish and other water life forms and may be transferred 
to humans through the consumption of seafood (Mrozik et al. 2003). Biodegradation 
of PAHs is assumed on the one hand to be a part of the normal steps of the carbon 
cycle and on the other as the removal of anthropogenic pollutants from the environ-
ment. The use of microorganisms for bioremediation of PAH-contaminated ecosys-
tems is an attractive technology for restoration of polluted sites.

Polychlorinated biphenyls (PCBs) are mixtures of artificial organic chemi-
cals. They are nonflammable, chemically stable, have a high boiling point, and 
have electrical insulating properties. Hence, they have been used in many indus-
trial and commercial applications. These include electrical, heat transfer and 
hydraulic equipment and many other industrial applications. It follows naturally 
that PCBs are toxic compounds that could act as negative endocrine transformers 
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and lead to cancer. Therefore, environmental pollution with PCBs is of increasing 
concern (Seeger et al. 2010).

Pesticides are substances or mixtures meant for preventing, destroying, repelling, 
or mitigating any pests. Pesticides that are speedily degraded are known as nonper-
sistent, whereas those that are recalcitrant to degradation are referred to as persistent 
(Bradman and Whyatt 2005). The popular type of degradation of the pesticides is 
carried out in the soil by microorganisms, especially fungi and bacteria that use 
pesticides as carbon and energy source (Vargas 1975).

Dyes are generally utilized in cloth making and many other industries (Raffi et al. 
1997; Armaǧan et al. 2003). Azo dyes, which are aromatic compounds, are the most 
vital and most populous class of synthetic dyes used commercially (Chen 2006; 
Vandevivere et al. 1998). These dyes are poorly biodegradable because of their struc-
tures and treatment of wastewater containing dyes usually involves physical and 
chemical methods such as filtration, adsorption, coagulation-flocculation, oxidation, 
and electrochemical methods (Verma and Madamwar 2003). The success of a bio-
logical process for color removal from a given wastewater is dependent on the use of 
microorganisms that effectively change the color.

Heavy metals are unlike organic contaminants because they cannot be destroyed 
but must either be changed to a stable form or removed. Bioremediation of metals 
is actualized through modification or biotransformation. The principles by which 
microorganisms act on many metals include biosorption, bioleaching, biomineral-
ization, intracellular accumulation, and enzyme-catalyzed transformation (Lloyd 
and Lovely 2001).

12.4  �Distribution of Hydrocarbon-Degrading 
Microorganisms

The localization of hydrocarbon-degrading bacteria in natural environments is well 
known. It has also received good mention in literature because they can easily be 
harnessed for biodegradation in the treatment of oil pollution. Pollution due to 
transportation, exploration, and sabotage has made isolation of oil-utilizing bacteria 
rampant. Many researchers have shown that microbial number increased in areas 
that suffered from oil pollution. The presence of hydrocarbons in the environment 
frequently brings about a selective enrichment in situ for hydrocarbon-utilizing 
microorganisms. The information in Table 12.1 shows the response of microbial 
populations in oil-polluted soil. Hydrocarbon degraders in the soil increased with 
time and later slowly decreased.

The data in this table shows that:

	(a)	 Seeding an oil-polluted area with microorganisms is generally not necessary.
	(b)	 Genetically engineered microorganisms (GEMs) are not needed for petroleum 

biodegradation. Nevertheless, under some circumstances, seeding may be 
advantageous to ensure uniformity of the hydrocarbon breakdown pattern.
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12.5  �Changes in Hydrocarbon Composition 
After Biodegradation

The products of the total biodegradation process are carbon dioxide and water. 
However, other ways exist for measuring the occurrence of biodegradation. One of 
such methods is the disappearance of the components of the particular hydrocarbon 
compound or molecule. In a study on the biodegradation of jet fuel by Adetitun 
et al. (2018), the chemical composition of the fuel before and after biodegradation 
was determined by gas chromatography–mass spectrometry (GCMS) analysis 
(Table  12.2 and Table  12.3). The specific hydrocarbons after the biodegradation 
process reduced drastically compared with the composition at the start, showing 
that there had been a significant change in jet fuel composition.

12.6  �Determination of Total Petroleum Hydrocarbon

Another way to measure biodegradation is by determining the total petroleum 
hydrocarbon at the start and end of the biodegradation process. This technique has 
been reported in the research work of Adetitun et al. (2016b) on the ability of Gram-
negative bacilli isolated from soil contaminated with kerosene to biodegrade hydro-
carbons. The biodegradation was confirmed by the change in the Total Petroleum 
Hydrocarbon (TPH) (Table  12.4) using the gravimetric method described by 
Matthew (2009). Total petroleum hydrocarbon reduced in all cases where petroleum 
was present. The highest reduction was recorded in 56.0 mL treatment, with 57.4% 
percentage change from 78.4 mg/kg to 33.4 mg/kg. The least reduction was recorded 
in 112.0 mL treatment, with 6.3% change from 109.2 mg/kg to 102.3 mg/kg.

The ability to produce biosurfactants is another good way to know if an organism 
can carry out biodegradation or not. The higher the quantity of biosurfactant pro-
duced, the higher the biodegradation ability. Potential organisms can be screened 
for biosurfactant production qualitatively using a combination of tests such as drop 
collapse test, blood agar hemolysis test, oil-spreading test, and quantitatively using 
the emulsification index test (Samuel-Osamoka et al. 2018).

Table 12.1  Changes in the number of hydrocarbon degraders in jet fuel-polluted soil

Treatment Days after treatment Microorganisms/g of soil

None 0 4 × 104

28 2 × 104

112 2 × 104

50 mg jet fuel/g of soil 28 4 × 108

112 1 × 106

Source: Song and Bartha (1990)
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Table 12.2  Chemical composition of jet fuel before biodegradation

S/N Retention time Chemical compound Area %

1 3.588 Cyclohexane, methyl- 1.00
2 4.832 Toluene 0.88
3 5.170 Cyclohexane, 1,3-dimethyl 1.86
4 5.871 Cyclohexane,1,2-dimethyl 0.38
5 6.083 Octane 0.47
6 7.328 Cyclohexane, ethyl 0.84
7 7.472 Cyclohexane,1,3-trimethyl 0.77
8 8.104 Cyclohexane,1,2,4-trimethyl 0.73
9 8.611 Ethylbenzene 0.63
10 8.836 Oxalic acid 0.71
11 8.967 Benzene,1,3-dimethyl 2.28
12 9.142 Heptane,2,5-dimethyl 0.73
13 9.568 Cyclohexane 0.34
14 9.699 Cis-1-ethyl-3-methyl-cyclohexane 1.81
15 9.780 Cyclohexane,1-ethyl-4methyl 1.68
16 9.974 O-xylene 1.46
17 10.287 3-Decy-2-ol 0.78
18 10.443 Nonane 2.66
19 10.554 1-Ethyl-3-methylcyclohexane 1.21
20 11.019 1H-Indene,octahydro 1.54
21 11.194 1-Octadecyne 0.89
22 11.513 1-Dodecanol,3,7,11-trimethyl 3.57
23 11.713 1-Octanol,2-butyl 0.81
24 11.907 Octane,2,6-dimethyl 1.57
25 12.039 Cyclohexane,1-ethyl-2,3-dimethyl 1.23
26 12.182 2-Nonen-1-ol 1.78
27 12.439 2,3,4-Trimethyl-hex-3-enal 1.35
28 12.633 Cyclohexane,1,1,2,3-tetramethyl 3.40
29 13.071 Benzene,1-ethyl-3-methyl 2.80
30 13.351 Dodecanal 0.72
31 13.809 Benzene,1-ethyl-2-methyl- 1.06
32 13.940 m-Menthane 1.12
33 14.028 1-Nonylcycloheptane 1.88
34 14.453 Benzene,1,2,3-trimethyl 6.58
35 14.660 10-Heneicosene 1.62
36 14.897 Decane 4.78
37 15.648 Trans-P-mentha-1(7),8-dien-2-ol 7.28
38 15.998 Decane,5-cyclohexyl 1.78
39 16.111 Cyclohexanecarboxylic acid 0.90
40 16.830 Cyclooctene,1,2-dimethyl 9.13
41 17.193 Cis-P-Mentha-2,8,dien-1-ol 6.85
42 17.474 2-Piperidinone 2.38

(continued)
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12.6.1  �Hemolysis Test

One of the screening tests for the identification of biosurfactant-producing bacteria 
is the hemolysis test (Carrillo et al. 1996). In this test, each isolate would be streaked 
on blood agar medium containing 5% v/v blood and incubated at 37 °C for 24–48 h. 
The essence of this is to assay for hemolytic activity. Plates should be visually 
inspected for zones of clearance around the colonies, indicating biosurfactant pro-
duction (Samuel-Osamoka et al. 2018).

12.6.2  �Drop Collapse Test

Another test for the screening of biosurfactant production is the drop collapse assay. 
It relies on the destabilization of a liquid drop on the hydrocarbon surface by a cell-
free extract containing a biosurfactant. The test has previously been described by 
Jain et al. (1991).

12.6.3  �Oil-Spreading Test

The oil-spreading test can be carried out as described by Morikawa et al. (2000). In 
doing the test, 10 μL of crude oil or any particular hydrocarbon of interest would be 
added to the surface of 40 mL of distilled water in a Petri dish to form a thin oil 
layer. Then, 10 μL of the culture supernatant would be dropped gently in the center 
of the oil layer. After a minute, if a biosurfactant is present in the supernatant, the oil 
will be displaced, and a clearing zone would be formed. The diameter of the clear 
zone on the oil surface should be measured in triplicates for each isolate. A drop of 
water is often utilized as a negative control.

Some examples of results obtained with the three tests mentioned above are 
presented in Table 12.5.

Table 12.2  (continued)

S/N Retention time Chemical compound Area %

43 18.592 Methanol 3.62
44 18.988 Undecane 3.46
45 19.451 Spiro[3.5]nona-5,7-dien-1-one,trimrthyl 1.78
46 20.258 Hydrocinnamic acid 2.41
47 36.941 Octadecene 1.02
48 37.785 Tetradecene,2,6,10-trimethyl 2.48

Source: Adetitun et al. (2018)
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Table 12.3  Chemical composition of degraded jet fuel, facilitated by Gram-negative bacilli and 
their consortiums

S/n Chemical compounds A B C AB AC BC ABC

1 4H-ThioPyrano[4,3:4,5]Furo[2,3-d] 
pyridine3(6H)-amine,5,8-dimethyl-

40.24 29.46 27.44 59.90 31.48 27.90 47.34

2 2-Thiazolamine,4-(3,4-dimethoxy-phenyl)- 
5methyl-

25.62 11.65 25.76 24.81 10.68 14.08 24.22

3 Benzo(b)naphtho(2,3-d)thiophene,10- 
dihydro7-methyl-

0.00 12.08 4.80 0.00 16.22 17.36 1.00

4 Methaqualone 0.00 3.68 0.00 0.00 2.36 0.00 0.00
5 Officinalic acid, methyl ester 0.00 0.00 0.00 0.00 0.00 0.00 0.29
6 1-Ethanone 0.00 0.00 0.00 0.00 0.00 0.00 0.34
7 Anodendrosite E2,monoacetate 4.50 0.00 0.00 0.00 0.00 0.00 3.46
8 Benzimidazole-5-carboxylic acid,2- 

methyl-1phenyl-
2.88 0.00 3.15 0.00 10.56 0.00 16.37

9 Benz(c) acridine 0.00 0.00 5.60 0.00 0.00 0.00 0.00
10 2,5,Di-t-butyl-4-methoxy-1, 

4dihydrobenzaldehyde
1.20 0.00 5.20 0.00 0.00 0.00 0.00

11 3,5,6-Trimethyl-P-quinone,2-
(2,5dioxotetrahydrofuran-3-yl)thio-

0.00 0.00 1.20 0.00 0.00 0.00 0.00

12 1methyl-2,5-dichloro-1,6-
diazaphenaline

0.00 0.00 0.00 1.84 0.00 1.88 0.00

13 Benzoic acid 0.00 0.00 0.00 8.16 0.00 0.00 0.00
14 Acetic acid 0.00 3.26 0.00 2.24 0.00 4.90 0.00
15 1,2-Benzenedicarboxylic acid,4-methyl-

5(1methyl)-dimethyl ester
0.00 0.36 0.00 0.00 0.00 0.00 0.00

16 Pregn-4-en-18-oic acid 0.00 1.81 0.00 0.00 0.00 0.00 0.00
17 Benzothiophene-3 carboxamide,4,5,6,7t

etrahydro-2- 
amino-6-tert-butyl-

0.00 4.10 0.00 0.00 0.00 0.00 0.00

18 5-Beta-hydroxymethyl-3-beta-
tosylamino cholestane

0.00 0.00 0.00 0.00 0.00 2.36 0.00

19 Pyrido(1,2,9)benzimidazole-4- 
carbonitrile,3methyl-1-dimetylamino-

0.00 0.00 0.00 0.00 0.00 2.62 0.00

20 (1-Cyclopentenyl)ferrocene perylene 0.00 1.51 0.00 0.89 0.00 0.00 1.03
21 1,2,4-Methenocyclopentlene 0.00 1.21 0.00 1.64 0.00 0.00 0.00
22 6,7,8,9-Tetrahydro-1,2,3-trimethoxy-

9methyl-5H-benzocycloheptane
0.00 2.16 0.00 0.00 0.00 0.00 0.00

23 3-(y-methylaminopropyl)-5(4-
bromoophenyl)-2-methyl-2H-pyrazole

0.00 0.00 0.00 0.00 0.00 0.00 2.11

24 Methyl7-(5-(methoxycarbonyl)
methyl1,2furyl)heptanoate

0.00 0.00 0.00 0.00 0.00 5.65 0.00

25 Cinnamic acid 0.00 2.16 0.00 1.01 0.86 0.00 1.16

A = Aeromonas hydrophila, B = Vibrio parahaemolyticus, C = Actinobacillus sp. AB = Aeromonas 
hydrophila and Vibrio parahaemolyticus, AC  =  Aeromonas hydrophila and Actinobacillus sp. 
BC  =  Vibrio parahaemolyticus and Actinobacillus, sp., ABC  =  Aeromonas hydrophila, Vibrio 
parahaemolyticus, and Actinobacillus sp.
Source: Adetitun et al. (2018)
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12.6.4  �Emulsification Index (E24%)

The emulsification index (E24%) has previously been described by Batista et al. 
(2006). In brief, this method involves centrifugation at 6000 rpm for 20 min to sepa-
rate the biosurfactant from microbial cells, yielding a biosurfactant cell-free extract. 
Equal volumes of the cell-free biosurfactant are then added to a test tube. The mix-

Table 12.4  Total petroleum hydrocarbon at the start and end of the experiment

Treatment (mL) TPH (mg/kg) at week 1 TPH (mg/kg) at week 8 Percentage change (%)

0.0 0.0 0.0 0.0
7.0 28.4 18.4 35.2

14.0 32.4 22.1 31.8
21.0 38.9 27.8 28.5
56.0 78.4 33.4 57.4

112.0 109.2 102.3 6.3
168.0 118.8 108.6 8.6
224.0 210.9 132.4 37.2

Source: Adetitun et al. (2016b)

Table 12.5  Summary of results obtained for some microorganisms using the hemolytic activity, 
drop Collapse test, and oil-spreading test

S/n Bacteria
Hemolytic 
activity

Drop collapse 
test

Oil-spreading 
test

1 Stenotrophomonas maltophilia 
T7D7

β-Hemolytic + 11 ± 1.0de

2 Pseudomonas aeruginosa TCSS2 β-Hemolytic + 10 ± 0.5cd

3 Pseudomonas aeruginosa BP4 β-Hemolytic + 10 ± 0.5cd

4 Pseudomonas aeruginosa GB24 β-Hemolytic + 12 ± 1.0e

5 Alcaligenes sp. CIFRID-TSB1 α-Hemolytic − 0 ± 0.0a

6 Bacillus subtilis B-28 β-Hemolytic + 8 ± 1.0b

7 Bacillus sp. AH6 γ-Hemolytic − 0 ± 0.0a

8 Alcaligenes faecalis 138C-1 α-Hemolytic − 0 ± 0.0a

9 Bacillus safensis HKG 214 β-Hemolytic − 8 ± 1.0b

10 Alcaligenes faecalis RAJ4 α-Hemolytic − 0 ± 0.0a

11 Bacillus pumilus TW3 α-Hemolytic + 9 ± 1.0bc

12 Bacillus subtilis Y2 β-Hemolytic + 9 ± 1.0bc

13 Bacillus sp. KYLS-CU05 γ-Hemolytic − 0 ± 0.0a

14 Pseudomonas sp. YA6 16S β-Hemolytic + 10 ± 1.0cd

15 Klebsiella Pneumoniae 
NGB-FR75

α-Hemolytic − 0 ± 0.0a

Key: Each value is a mean of three determinations ± standard deviation. Different superscripts are 
significantly different (p < 0.05). Source: Samuel-Osamoka et al. (2018)
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ture of the biosurfactant and crude oil (or any other hydrocarbon) (2:2) is agitated 
for about 2 min using a vortex mixer and then stabilized for 24 h. The E24% is 
determined by measuring the column height of the emulsified oil against its total 
height and then multiplying by 100. For example, in the study of Samuel-Osamoka 
et  al. (2018), the percentage emulsification for all the isolates tested using this 
method was above 50% (Table 12.6).

Another approach to estimating biodegradability by microbes is the use of 
growth measurements in culture fluids with the hydrocarbon as the sole source of 
energy and carbon. In an experiment by Adetitun et al. (2016a), the time course of 
degradation of gasoline was carried out using mineral salts medium (MSM) as 
described by Adetitun et al. (2014). The increase in cell number of bacterial species 
on hydrocarbon substrates was done by inoculating each of the bacterial cultures 
into a 250 mL Erlenmeyer flask containing 99 mL of mineral salts medium (MSM) 
as previously used by Adetitun et al. (2014) and Oboh et al. (2006). The composi-
tion of the MSM in g/L was 0.5 KH2PO4; 0.3 KNO3; 0.2 MgSO4.7H2O; 1.4 
Na2HPO4; and 1.0 (NH4)2SO4. The hydrogen ion concentration of the medium was 
adjusted to 7.0. Each flask was supplemented with 1 mL of gasoline as the sole 
carbon supply. Control flasks with no gasoline were set up equally. The culture 
flasks were incubated for 168 h at 37 °C in a rotatory incubator shaker. The optical 
density (OD 600 nm), colony forming unit (CFU), and hydrogen ion concentration 
of the culture fluids were monitored every 24 h as indicators of biodegradation. 
The results (Fig. 12.1 and Fig. 12.2) show that the active total viable count and 
optical density increased while the pH dropped. It has been argued that pH plays 
no role in the measurement of biodegradation. This is because the pH of the 
reaction mixture will change depending on the metabolites and products released 
into the medium.

Table 12.6  Emulsification index test

S/n Isolates
Total height of 
solution (mm)

Height of 
emulsion (mm)

Percentage 
emulsification (%)

1 Stenotrophomonas 
maltophilia T7D7

34 ± 1.00b 25 ± 0.50e 73.50 ± 0.50f

2 Pseudomonas aeruginosa 
TCSS2

34 ± 1.00b 22 ± 0.10cd 64.70 ± 1.00b

3 Pseudomonas aeruginosa 
BP4

34 ± 2.00b 23 ± 1.00d 67.65 ± 0.01e

4 Pseudomonas aeruginosa 
GB24

33 ± 1.00ab 22 ± 1.00cd 66.67 ± 0.01d

5 Bacillus subtilis B-28 31 ± 1.00a 20 ± 1.00b 64.52 ± 0.02b

6 Bacillus subtilis Y2 32 ± 0.10ab 21 ± 0.80bc 65.63 ± 0.03c

7 Pseudomonas sp. YA616S 32 ± 0.00ab 21 ± 1.00bc 65.63 ± 0.02c

8 Negative control 33 ± 1.00ab 0 ± 0.00a 0 ± 0.00a

Key: Each value is a mean of three determinations ± standard deviation. Different superscripts on 
the columns are significantly different (p < 0.05). Source: Samuel-Osamoka et al. (2018)
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12.7  �Biodegradation of Hydrocarbons in Halophilic 
Ecosystems

Most oil exploration and production activities occur offshore in the marine habi-
tat. This is why it is important to direct attention to microorganisms that can toler-
ate high salinity in the process of biodegradation and bioremediation. Hypersaline 
niches can occur naturally or can be artificially constructed. The artificial con-
struction is usually done by salt industries (De la Huz et al. 2005). Reddening in 
the sea is caused by archaea which inhabit high-salinity waters. At low salt con-
centrations, a more prominent contribution of bacteria and archaea is expected. 
Recent studies have nevertheless shown that at high salt concentrations, archaea 
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Fig. 12.1  Growth configuration of Ochrobactrum sp. (Closest relative—Ochrobactrum sp. 
VH-19) on gasoline. (a) With gasoline; (b) without gasoline (Source: Adetitun et al. 2016a)
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are not as predominant as thought. The isolation of Salinibacter ruber, a red-
pigmented extremely halophilic bacterium, has shown that reddening in seawater 
is not exclusively caused by halophilic archaea. The most detailed studies of 
hypersaline habitats are from saline lakes, marine salterns, and saline soils 
(Bodaker et al. 2010; Pagaling et al. 2009).

Halophiles have solved the problem of coping with salt and other stresses in the 
environment. Studies of microbial life in high-salt environments can answer many 
basic questions on the adaptations of microorganisms to their environments. The 
salinity of salt lakes, for example, differs from place to place. This may be attributed 
to the amount of fresh water available for dilution. In the Dead Sea, the salinity is in 
the range of 27% to 29%, while in Lake Assal in Africa it is from 34% to 36%, 
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Fig. 12.2  Growth configuration of Pseudomonas sp. (Closest relative—Pseudomonas aeruginosa 
strain) on gasoline. (a) With gasoline; (b) without gasoline (Source: Adetitun et al. 2016a)
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and that of the Romanian salt lakes range from 6% to 25% salinity (Oren 2002; 
Enache et al. 2008; Madigan et al. 2009).

The understanding of the genetics, metabolism, ecology, and biochemistry of 
oil-eating microbes is increasing yearly with the advent of better equipment for 
studying them. No single microorganism can degrade petroleum. Therefore, a vari-
ety of microbes degrade specific hydrocarbons in succession. Biodegradation of oil 
in the environment depends on the oil type, weather, and other factors. Dominant 
among the factors is the type of microorganisms involved and whether the compo-
nents of the hydrocarbons are aliphatics or aromatics. Even among the aromatics, 
the polycyclic aromatic hydrocarbons (PAHs) are quite challenging to degrade.

Some organisms have been able to grow and even thrive in a hypersaline environ-
ment, which many other organisms are unable to tolerate. Those that can survive are 
termed halophiles (Ma et al. 2010). These organisms use two distinct mechanisms to 
prevent desiccation via osmotic outflow of water out of their cytoplasm (Weinisch 
et al. 2018). Both techniques work by increasing the internal osmolality of the cell. 
The first method is used by most halophilic bacteria, some archaea, algae, molds, and 
yeasts, and usually involves the accumulation of organic molecules in the cytoplasm. 
These are osmoprotectants which are known as compatible solutes and can either be 
synthesized or accumulated from the environment (Santos and Da Costa 2002). The 
most compatible solutes are neutral ionic. The presence of hydrocarbons in saline 
aquatic habitats is a great disadvantage to organisms. Biodegradation of hydrocar-
bons in these environments is, therefore, the most appropriate way to clean up such 
polluted sites. Le Borgne et al. (2008) reported that the results of the degradation of 
hydrocarbon in saline or hypersaline sites could differ. Some workers reported the 
negative influence of salinity on degradation while others report positive effects.

Adding salt to freshwater or soil will affect the biodegradation because such sites 
had not been previously exposed to salinity. Bacteria initially present in such places 
cannot utilize salt, and the addition of salt will affect their metabolism (Margesin 
and Schinner 2001; Minai-Tehrani et al. 2009; Ulrich et al. 2009). This is an exam-
ple of the negative effect of salinity on biodegradation. Another adverse effect is 
seen in sites like mangroves and intertidal mats where halotolerant and slightly 
halophilic microorganisms tend to be dominant (Diaz et al. 2002). In a study on the 
microbial mats of an Arabian Gulf area that was chronically exposed to oil spills and 
subject to high daily salinity and temperature changes, such as 150 g/L salts and 
40 °C (low tide) to 50 g/L salts and 25 °C (high tide), the degradation rates of some 
hydrocarbons were evaluated using the following salinities: 0 g/L, 35 g/L, 50 g/L, 
80 g/L, 120 g/L, and 160 g/L. It was found that about 100% of added phenanthrene 
and dibenzothiophene were degraded at 35 g/L while the most efficient degradation 
results for pristine (about 75%) and n-octadecane (about 85%) occurred between 
salinities of 35 g/L and 80 g/L (Abed et al. 2006).

On the positive side, a halophilic archaeon degraded hydrocarbons at the high-
est salinities that was tested more efficiently (Tapilatu et al. 2010). Percentages of 
biodegradation of eicosane increased from about 9% in medium with 146 g/L NaCl 
to 65% at 204 g/L NaCl after 30 days incubation. Such haloarchaeon presented 

12  Different Approaches to the Biodegradation of Hydrocarbons in Halophilic…



326

optimal growth at 45 °C and capability to degrade a few aliphatic and aromatic 
hydrocarbons, especially tetradecane whose initial concentration decreased by 
88% after 4 weeks.

McKew et al. (2007) discovered that:

	(a)	 Thalassolituus was the dominant species when n-alkanes with 12–32 carbons 
were added. The organism was not found when decane was the only alkane 
added to seawater.

	(b)	 Alcanivorax was predominant when the branched alkane, pristane, was supplied, 
but not detected when it was not.

	(c)	 Cycloclasticus was dominant with most polycyclic aromatic hydrocarbons 
(PAHs) but was not isolated when fluorine was supplied.

From the preceding, it is clear that different organisms are required for the deg-
radation of specific hydrocarbons. High salinity is required for biodegradation of 
hydrocarbons, but at extremely high salinity levels, the rate of biodegradation is 
drastically reduced.

12.8  �Enzymes Involved in Biodegradation of Hydrocarbons

Biodegradation of hydrocarbons is mediated by enzymes, which are known to be 
biological catalysts. Enzymes are specific in action; hence, different enzymes are spe-
cifically involved in different aspects of biodegradation and for different hydrocar-
bons. Some enzymes involved in the biodegradation of petroleum hydrocarbons 
together with the degrading microorganisms and substrates are shown in Table 12.7.

Table 12.7  Enzymes involved in the biodegradation of petroleum hydrocarbons

S/N Enzyme Substrate Degrading microorganisms References

1 Soluble 
monooxygenases

C1-C8 alkanes, 
alkenes, and 
cycloalkanes

Methylococcus sp., 
Methylocella sp., 
Methylosinus sp., 
Methylomonas sp.

McDonald 
et al. (2006)

2 Particulate methane 
monooxygenase

C1-C5 halogenated 
alkanes and 
cycloalkanes

Methylocystis sp., 
Methylococcus sp., 
Methylobacter sp.,

McDonald 
et al. (2006)

3 Dioxygenase C10-C50 Acinetobacter sp. Maeng et al. 
(1996)

4 Bacterial P450 
system

C5-C16 Acinetobacter sp., 
Caulobacter, Mycobacterium

van Beilen 
et al. (2006)

5 Eukaryotic P450 C10-C16 Candida maltose, Yarrowiali 
polytica Candida tropicalis

Lida et al. 
(2000)

6 AlkB enzyme C5-C15 alkanes, 
fatty acids, 
benzenes

Pseudomonas sp. Zampolli 
et al. (2014)
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12.9  �Enrichments in Biodegradation

Microorganisms that are involved in biodegradation can be isolated using enrich-
ment methods (Mancini et al. 2002). Enrichments help to narrow down the micro-
organisms that can utilize a particular hydrocarbon. Enrichment can involve repeated 
feeding of a polluted sample with specific hydrocarbon and measuring its disap-
pearance and the total viable counts of the microbes present. When the microorgan-
isms have reduced the hydrocarbon, more hydrocarbon is fed into the reaction 
mixture (Rios-Hernandez et al. 2003). Spectrophotometer, denaturing gradient gel 
electrophoresis (DGGE), or gas chromatography can be used to observe the reduc-
tion in the hydrocarbon concentration over time. Using nonenrichment methods 
makes some microorganisms that can degrade hydrocarbons to be lost before the 
biodegradation process even begins. This is because the process of isolation using 
nonenrichments makes for competition. Oil-degrading organisms may not be able 
to compete well with nonoil degraders (Liu et al. 2017). Enrichment of cultures is 
an excellent way to narrow down potential hydrocarbonoclastic microorganisms. 
Enrichment also makes it easier to isolate all sorts of microorganisms and not 
bacteria or fungi alone.

12.10  �Conclusion

The effects of oil pollution in Africa are devastating and long-lasting. For exam-
ple, the United Nations had reported that it would take 30 years for the oil-pol-
luted Niger Delta of Nigeria to be thoroughly cleaned up, assuming that the 
pollution stops at the point it has reached today. However, as at today, not much 
has been heard about how far it has gone as is also the case in many other affected 
African countries mainly due to the lack of adequate research on improved ways 
to address the situation. Thus, there is a need for an integrated approach involving 
government entities, the private sector, and funding bodies that would ensure that 
the applications of the findings from the few existing studies are successfully 
implemented. Also, it must be stated here that the different methods of biodegra-
dation should involve experts from different fields of engineering as the microbi-
ologists alone cannot do the task. The microbiologist will identify and make 
available the best cultures for degradation. The engineers are the ones who will 
apply the cultures and others to make it work. Aside from cultures, the need for 
venting cannot be overemphasized. Through such an integrated approach the dif-
ferent approaches of biodegradation and bioremediation (enhanced biodegrada-
tion) mentioned in this chapter could be explored, harnessed, and upscaled for 
sustainable development in the Niger Delta and other African countries affected 
by oil pollution.
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Chapter 13
The Use of Biosurfactants 
in the Bioremediation of Oil Spills in Water

Leonard Kachienga

13.1  �Introduction

The continuous use of petroleum hydrocarbons and their by-products causes the 
generation of large quantities of insoluble petroleum wastes leading to a conglom-
eration of hydrocarbon pollutants in the environment (Berthe-Corti and Hopner 
2005). According to Mohanty et al. (2013), the persistence of petroleum hydrocar-
bons in the aquatic environment eventually affects both flora and fauna. There are 
numerous treatment options of affected oil spill areas such as incineration, solvent 
extraction, and pump process, which have been used for the remediation of oil-
polluted areas. However, bioremediation options have emerged in recent years as 
better and viable options. This is because they are typically more cost-effective 
compared to conventional physicochemical options. Although the constituents of 
petroleum hydrocarbon are structurally complex, they can be completely mineral-
ized or reduced through the activities of some microbes involved (Leahy and 
Colwell 1990; Johnsen et al. 2005). Georgiou et al. (1990) suggested that biosurfac-
tants could emulsify hydrocarbon-water mixtures, thereby enhancing the degrada-
tion of hydrocarbons in the environment. Most biosurfactants have a low adverse 
effect regardless of the time frame spent in the environment compared to chemical 
surfactants (Georgiou et  al. 1990). It has been reported that biosurfactants are 
nontoxic, harmless, and ecologically acceptable compared to chemical surfactants 
(Yu and Huang 2011).

Biosurfactants are amphipathic molecules which possess both polar and nonpolar 
regions (Fig. 13.1).

These molecules are produced by extracellular or intracellular microorganisms 
and can reduce surface tension in the air-water interface between two immiscible 
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liquids or create an interface of polar and nonpolar pollutants (Yu and Huang 2011). 
The three primary characteristics of biosurfactant-active agents are the following: (1) 
enrichment at interfaces, (2) lowering interfacial tension, and (3) micelle formation 
(Santos et  al. 2016). Biosurfactants facilitate the uptake of various hydrocarbons 
through various processes such as emulsification, pseudo-solubilization, and facili-
tated transport (Mohanty et al. 2013). The reduction in interfacial tension between 
the polar phase and nonpolar phase is what is known as emulsification and involves 
an increase in an interfacial area between the phases resulting in the transfer of 
hydrocarbons from the nonpolar to the polar region (Volkering et al. 1998). According 
to Salihu et al. (2009), biosurfactants are also highly effective in breaking down sur-
face tension. Several microbial strains obtained from hydrocarbon-affected water 
sources are involved in the emulsification process, which increases their biomass.

Volkering et al. (1998) proposed a detailed interaction between the microorgan-
ism producing biosurfactants and hydrocarbon pollutants (Fig. 13.2).

Solubilization is defined as an increase in hydrocarbon solubility due to the par-
titioning within biosurfactants micelles. These micelles usually consist of a circular 
arrangement of various biosurfactant monomers where the hydrophobic tails of the 
monomers are pointing toward the center of the whole biosurfactant molecule. 
Hydrocarbons are, thus, partitioned in the hydrophobic core of the micelles 
(Mohanty and Mukherji 2007).

The mass transfer of various hydrocarbons from the nonpolar region through the 
interaction of any oil either by any single biosurfactant or many with sorbed oil is 
referred to as facilitated uptake (Kubicki et al. 2019). Biosurfactants have recently 
been found to affect the distribution of oil and the surfaces of microbial cells, hence 
influencing the rate of biodegradation either positively or negatively as reported by 
Mohanty and Mukherji (2013). It is also vital to select microorganisms that are 
resistant to the surfactant and are not adversely affected by its toxicity (Kaczorek 
et al. 2008). The biodegradability of biosurfactants after oil degradation is a desir-
able process which usually leads to the sustainable application of this kind of tech-
nology, although any accumulation of toxic intermediates during biosurfactants 
degradation may equally result to additional challenges (Mohanty and Mukherji 
2012). According to Haba et al. (2000), higher removal percentage observed in the 
presence of biosurfactant is attributed to the interaction of surfactant-water and 

Hydrophobic tail Hydrophilic head

Fig. 13.1  Schematic representation of a biosurfactant molecule
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surfactant-oil (such as interfacial tension reduction), which dominates the interaction 
of oil-water and is further attributed to the reduction of surface and interfacial tensions 
of surfactant solutions. This increases the mobility of oil and consequently enhances 
the separation of oil from aqueous solution.

Biosurfactants have diverse structures that enhance their usefulness in industrial 
applications, and their production by microbes ensures both their bioavailability and 
survival under low moisture conditions (Silva et al. 2014a, b, c). These molecules play 
a crucial role in the bioremediation processes due to their efficacy as well as their 
environmentally friendly processes such as low toxicity and high biodegradability 
(Silva et al. 2014a, b, c). Marchant and Banat (2012) reported that biosurfactants have 
also been used in various industrial processes of bioremediation and that these mole-
cules could in the future be counted among the most multifunctional materials of the 
twenty-first century for the bioremediation of oil-polluted environments.

13.2  �Biosynthesis and Genetic Regulation of Biosurfactant 
Production

Biosurfactants are usually synthesized or produced by microorganisms (glycolip-
ids), plants (saponins), or animals (bile salts) (Souza et  al. 2014). According to 
Campos et al. (2013), the majority of biosurfactants are produced by aerobic micro-
organisms in carbon-containing media such as carbohydrates, hydrocarbons, fats, 

Fig. 13.2  Microbial interactions with pollutant (Volkering et al. 1998) I: sorption of pollutant, II: 
sorption of surfactant molecules, III: solubilization of pollutant, IV: the uptake of pollutant mole-
cules from the water phase by microorganisms, V: partitioning of the pollutant between the water 
phase and micelles, VI: sorption of micelles to microorganisms, VII: direct microbial uptake of 
pollutant from soil, VIII: sorption of microorganisms to soil
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and oils. They are secreted into carbon-containing media during the bioremediation 
process to facilitate the translocation of nonpolar molecules such as oil spill sub-
strates across cell membranes. These biosurfactants usually display a range of dif-
ferent amphiphilic structures, and they are composed of hydrophobic and hydrophilic 
moieties. For the synthesis of these two moieties, two different synthetic pathways 
must be used: one leading to the hydrophobic and the other to the hydrophilic moi-
ety. The hydrophobic fatty acid components—which may be a long-chain fatty acid, 
hydroxyl fatty acid, or alpha-alkyl-beta-hydroxy fatty acid—are synthesized by a 
rather common pathway of lipid metabolism. The hydrophilic moieties, however, 
exhibit a higher degree of structural complexity.

The first biosurfactant to be discovered were rhamnolipid (a glycolipid-type bio-
surfactant produced by Pseudomonas aeruginosa) (Dobler et al. 2017) and surfactin 
(a lipopeptide biosurfactant produced by Bacillus subtilis) (Sen 2010). According to 
Das et al. (2008), in the recent past, other biosurfactants such as arthrofactin from 
Pseudomonas sp., iturin and lichenysin from Bacillus species, mannosylerythritol 
lipids (MEL) from Candida, and emulsan from Acinetobacter species have been 
discovered. The biosynthetic pathway can be divided into three major steps, mainly 
(1) synthesis of the hydrophilic part, (2) synthesis of the hydrophobic part, and 
lastly (3) synthesis of rhamnolipid from these two parts. Most of the precursors for 
their synthesis are dTDP-L-rhamnose and activated 3-(3-hydroxyalkanoyloxy) 
alkanoate (HAA), respectively, for hydrophilic and hydrophobic parts (Soberón-
Chávez 2004). The rhamnolipid is normally produced by the reaction of two special 
rhamnosyltransferases catalyzing the sequential rhamnosyl transfer reactions from 
the precursors over mono- toward di-rhamnolipids. Ochsner et al. (1994) suggested 
that, several genes that have been found in the biosynthesis of rhamnolipid in 
Pseudomonas aeruginosa are 2  kb fragments. These fragments contain a single 
open reading frame (rhlR) of 723 bp specifying a putative 28-kDa protein (RhlR). 
A comprehensive review of the genes regulating rhamnolipid production has been 
published (Dobler et al. 2016).

13.3  �Advantages of Biosurfactants

There are numerous advantages of biosurfactants over well-known chemical surfac-
tants, such as the simplicity of their chemical structure, environmental compatibil-
ity, and low toxicity (Kapadia and Yagnik 2013). These traits allow them to be used 
in various industries such as cosmetic, pharmaceutical, and food industries (Santos 
et al. 2013). They also have a higher selectivity due to the presence of specific func-
tional groups which allow the detoxification of specific pollutants in any affected 
environment (Ławniczak et al. 2013). According to Abdel-Mawgoud et al. (2010), 
biosurfactants usually exhibit low toxicity, potentially high activities, and high 
tolerability in extreme environmental conditions such as extreme temperatures, pH, 
and salinity. Some of the advantages of biosurfactants have previously been reviewed 
(Santos et al. 2016).
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13.3.1  �Biodegradability

These molecules are naturally biodegradable, and this trait is an essential issue con-
cerning environmental pollution. Given that they can be broken down through natu-
ral processes by bacteria, fungi, or other simple organisms into more basic 
components, they do not create many problems to the environment and are suited 
for eco-friendly environmental applications like bioremediation and dispersion of 
oil spills (Mulligan 2005).

13.3.2  �Low Toxicity

Biosurfactants have low toxicity, and hence they cause no damage/harm to the biotic 
ecosystem. They are generally considered as low or nontoxic products and, there-
fore, appropriate for pharmaceutical, cosmetic, and food use. The synthetic anionic 
surfactant (Corexit) displayed an LC50 (concentration lethal to 50% of test species) 
against Photobacterium phosphoreum, which is ten times lower than rhamnolipids. 
This demonstrates higher toxicity of the chemically derived surfactant. It has also 
been demonstrated that biosurfactants had higher EC50 (effective concentration to 
decrease 50% of a test population) values than synthetic dispersants (Poremba 
et al. 1991).

13.3.3  �Biocompatibility and Digestibility

These molecules are biocompatible, which means they are well tolerated by living 
organisms (Santos et al. 2016). Thus, their interaction with living organisms does 
not alter the bioactivity of the organisms, hence allowing their use in cosmetics, 
pharmaceuticals, and as functional food additives.

13.3.4  �Availability of Raw Materials

Cheap raw materials which are abundant in the environments such as rapeseed oil, 
potato process effluents, oil refinery waste, cassava flour wastewater, curd whey and 
distillery waste, and sunflower oil can be used to produce biosurfactants (Muthusamy 
et al. 2008). The carbon source may originate from hydrocarbons, carbohydrates, 
and/or lipids, which may be used separately or in combination with each other. 
Industrial wastes and by-products are also a significant source of biosurfactants 
(Martins and Martins 2018), and these are of particular interest for bulk production 
of economically acceptable biosurfactants.
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13.3.5  �Specificity

The complex structure of biosurfactants includes specific functional groups that 
enhance their specificity (Santos et al. 2016). This means that they can readily and 
effectively be used to target a specific pollutant in the environment.

13.4  �Disadvantages of Biosurfactants

A significant drawback in the use of biosurfactants is upscaling their production and 
the associated (Kumar et al. 2015; Olasanmi and Thring 2018). Their use in the petro-
leum industry and environmental applications requires considerably large quantities 
which are associated with extremely high costs (Perfumo et al. 2010). This shortcom-
ing could, however, be curbed by making use of waste substrates. Another challenge 
is obtaining pure products after their manufacture, mainly when they are intended for 
use in pharmaceutical, food, and cosmetic applications (Chong and Li 2017).

13.4.1  �Limitations of Large-Scale Applications 
of Biosurfactants

According to Das and Mukherjee (2007) despite the numerous identified advan-
tages of biosurfactants, a common theme in literature is the inability of biosurfac-
tants to compete commercially with their synthetic counterparts due to the high cost 
of production and sometimes low yield. Biosurfactants are 20–30% more expensive 
than synthetic surfactants, hence negatively affecting their applications in large 
scale (Hazra et al. 2011). This can only be addressed by the need for cost-effective 
substrates in the production of biosurfactants. Reports on the cost implication of 
substrates vary in the literature. The second aspect after the substrate is the produc-
tion process which is a considerable part of the production cost. In particular, 
research into avenues to minimize cost and optimize the production process of bio-
surfactants is intertwined with their potential as agents of sustainability. The need to 
highlight the economic feasibility of biosurfactant production for commercial appli-
cations in the sustainability discussion is validated by the statement, “sustainability 
is only sustainable when it is profitable.” This specific drawback is among the main 
reasons why it is still not feasible in the African continent unless these two ques-
tions are fully answered or tackled.

This technology must be looked upon despite the above challenges because of 
the devastating effects of oil spills caused on aquatic life, marine ecosystems, and 
the environment at large. Another need for biosurfactants lies in the toxicity of 
chemically synthesized surfactants that have been extensively reported during their 
bioremediation process.
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13.5  �Biosurfactant-Producing Microorganisms

Many microorganisms (fungi, yeasts, and bacteria) feed on substances that are 
immiscible in water, producing and using surface-active substances (biosurfactants) 
(Table 13.1). The production of these substances has, however, not been reported 
with any Protozoan microorganisms (Banat et al. 2010).

13.6  �Biosurfactant-Enhanced Bioremediation of Oil Spill 
Environments

Petroleum is among the primary energy sources worldwide. The energy demand 
from petroleum deposits worldwide has an increase of 1.7% in the number of bar-
rels of oil produced annually for the past three decades, with an annual consumption 
rate of 15.3 billion tons (BP P.l.c. 2019). According to Bachmann et al. (2014), most 
of the oil reserves are still able to meet the world’s demand for the next four decades 
if current levels of consumption are maintained. It is, therefore, essential to develop 
technologies that will allow efficient use of this resource. As such, the current drive 
in petroleum production is toward unconventional oil alternatives like heavy and 
extra-heavy oils. These kinds of crude oils are widely recoverable from oil resources 
in Europe, Far East Asia (China), and South and North American countries such as 
Canada, Mexico, Venezuela, and the USA as reported by Cerón-Camacho et  al. 
(2013). The growing global demand for oil is not without consequences.

According to Luna et al. (2013), there is an increase in the release of petroleum 
and petroleum by-products into the environment, and this has become a significant 
cause of global pollution and great concern in both industrialized and developing 
countries. These pollutions usually occur in existing water bodies through fuel 
transportation accidents either by road or water and continuous sipping from numer-
ous surface and underground storage tanks that are subject to corrosion, i.e., filling 
stations, oil extraction, and processing operations (Sarubbo et al. 2014). The hydro-
phobic nature of petroleum or its by-products usually has structural cell membrane 
effects (Sobrinho et al. 2013).

There are various reports regarding numerous potential applications of biosur-
factants in any affected environment (Sarubbo et al. 2014). According to the study 
done by Sobrinho et al. (2008) where a biosurfactant produced by the yeast Cycas 
sphaerica was tested for the removal of oil spills from both land and aquatic envi-
ronment, they found out that there was a removal rate of between 75% and 92%, 
respectively. Two years later, a study by Batista et al. (2010) found that biosurfac-
tants produced by Candida tropicalis had a removal rate of 78% to 97%, which was 
slightly higher for a similar oil spill-affected environment. A higher removal rate of 
over 90% of an oil spill in both soil and water by crude oil biosurfactants secreted 
by C. glabrata UCP1002 has also been reported (Gusmão et al. 2010). In a different 
study done by Luna and co-workers (2011, 2012), the removal rate of over 95% of 
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oil in motor oil wastewater and soil was achieved by a new biosurfactant known as 
Lunasan. This biosurfactant was produced by C. sphaerica UCP 0995, which 
showed a great potential use in any bioremediation of oil-polluted water sources and 
land. Table 13.2 demonstrates a list of different types of biosurfactants and their 
producing microorganisms with potential applications in the bioremediation of oil-
polluted environments (Sarubbo and Campos-Takaki 2010; Makkar et al. 2011).

Table 13.2  Microorganisms, various types of biosurfactants produced, and their application in the 
bioremediation processes

Microorganisms Type of biosurfactant Applications

R. erythropolis 3C-9 Glucolipid and trehalose 
lipid

Oil spill cleanup operations

P. aeruginosa S2 Rhamnolipid Bioremediation of oil-
contaminated sites

C. sphaerica UCP0995 Protein-carbohydrate-lipid 
complex

Oil removal

C. lipolytica UCP0988 Sophorolipids Removal of petroleum and motor 
oil adsorbed to sand

C. tropicalis UCP0996 Protein-carbohydrate-lipid 
complex

Removal of petroleum and motor 
oil adsorbed to sand

C. guilliermondii UCP0992 Glycolipid complex Removal of petroleum derivate 
motor oil from sand

C. glabrata UCP1002 Protein-carbohydrate-lipid 
complex

Oil removal

C. sphaerica UCP0995 Protein-carbohydrate-lipid 
complex

Bioremediation processes

C. lipolytica UCP0988 Sophorolipids Control of environmental oil 
pollution

C. sphaerica UCP0995 Protein-carbohydrate-lipid 
complex

Removal of oil from sand

C. lipolytica UCP0988 Sophorolipids Oil removal
C. lipolytica UCP0988 Sophorolipids Oil recovery
C. glabrata UCP1002 Protein-carbohydrate-lipid 

complex
Oil recovery from sand

P. aeruginosa BS20 Rhamnolipid Bioremediation of hydrocarbon-
contaminated sites

P. cepacia CCT6659 Rhamnolipid Bioremediation of marine and soil 
environments

P. hubeiensis Glycolipid Bioremediation of marine oil 
pollution

C. soyoae Mannosylerythritol Lipid bioremediation of marine 
environment

Pseudoxanthomonas sp. 
PNK-04

Rhamnolipid Environmental applications

P. alcaligenes Rhamnolipid Environmental applications
A. chroococcum Lipopeptide Environmental applications
B. subtilis BS5 Lipopeptide Bioremediation of hydrocarbon-

contaminated sites
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13.7  �Some Studies on Biosurfactants Production 
and Application in Oil Pollution Abatement

Several countries in Africa have oil reserves, with oil production being a consider-
able contributor to the economy of some, like Equatorial Guinea (Pariona 2017). 
These countries, like many oil-producing countries, are faced with the problem of 
pollution arising from these oil producing facilities, oil transportation systems, and 
damage of oil infrastructure like pipelines. The adverse effects from these pollution 
events have been reported. For example, several events and their associated conse-
quences on the environment, animals and humans, have been reported in Nigeria 
(Nriagu et al. 2017; Kanu and Achie 2011; Okafor-Yarwood 2018; Bruederle and 
Hodler 2019), Gabon (Vinson et  al. 2008), Egypt (Ramadan et  al. 2010; Hamed 
et al. 2013; El-Borai et al. 2016), Moroco (Er-Raioui et al. 2009), and Cameroon 
(Abdourahimi et al. 2016), among others. In most instances, there is a complete lack 
of adequate facilities to remediate such polluted areas. The studies on the use of 
biosurfactants for bioremediation of oil-polluted environments are limited in Africa, 
although some studies conducted in the continent have isolated biosurfactants from 
different environments (Table 13.3).

Table 13.3  Some studies on the isolation/synthesis of biosurfactants in different African countries

Country Source of isolation Reference

Algeria Bacteria from uncontaminated fertile surface soil Zohra et al. (2014)
Bacteria from contaminated soil Mesbaiah et al. (2016)
Bacterium from salt lake Salah (2013)

Burkina Faso Bacteria from Adansonia digitate seeds Kaboré et al. (2018)
Cameroon Bacteria from fermented milk Hippolyte et al. (2018)

Bacter from Cocoyam rhizosphere Oni et al. (2014)
Egypt Bacteria from oil-polluted water from the Red Sea Barakat et al. (2017)

Egyptian sunflower seeds Diab et al. (2016)
Rhizosphere soil of an Egyptian salt marsh plant Diab et al. (2013)
Bacteria from drain sediments Gomaa and El-Meihy (2019)
Bacteria from oil-contaminated soil Ramadan et al. (2010)

Ethiopia Selected fruit peel waste Murugesan et al. (2019)
Libya Bacteria from oil-contaminated soil Hakima and Ian (2017)
Namibia Bacteria from a wastewater treatment plant Ndlovu et al. (2017)
Nigeria Bacteria from oil-polluted river water Ndibe et al. (2019)

Soil bacteria Nwaguma et al. (2016)
Palm oil mill effluent Hope and Gideon (2015)
Bacteria from diesel-contaminated soil Salam et al. (2016)

South Africa Bacteria from diesel-contaminated soil Ganesh and Lin (2009)
Bacteria from petroleum-contaminated soil Bezza and Chirwa (2017)
Bacteria from petroleum-contaminated soil Lutsinge and Chirwa (2018)

Tunisia Soil Ghribi and Ellouze-
Chaabouni (2011)

13  The Use of Biosurfactants in the Bioremediation of Oil Spills in Water



344

Studies on biosurfactants and their potential benefits are very limited in Africa. 
The few ones that have been conducted have mainly focused on the isolation of spe-
cific organisms and testing them for their potential to produce biosurfactants, mostly 
through the investigation of genes responsible for such action. Also, the studies have 
been entirely laboratory based and large-scale production has not been investigated. 
These limitations are probably influenced by the lack of adequate instrumentation to 
perform such studies. While these studies have been conducted, much is still to be 
done to fully explore the biosurfactant-producing potentials of the African environ-
ment, the dynamics, and kinetics of the produced molecules, and finally the possibil-
ity for mass production and industrial application.

13.8  �Biosurfactants Toxicity During the Bioremediation 
of Oil Spill in Both Aquatic and Soil Environments

The effect of biosurfactants in any aquatic and surface environment in terms of tox-
icity is still not well studied. However, suspected lower toxicity levels and higher 
biodegradability are observed for these biosurfactants compared to their chemical 
counterparts making them highly acceptable for bioremediation purposes (Sarubbo 
et  al. 2014). Franzetti et  al. (2012) reported that the toxicity features of various 
biosurfactants produced by microbes are often assumed to have a direct impact on 
their origin. There is a need for thorough studies on the level of toxicity of these 
biosurfactants before their release to facilitate any biodegradation of oil spills 
(Franzetti et al. 2012). According to Van Hamme and Ward (1999), the concentra-
tion of biosurfactants closer to critical micelle concentration (CMC) is usually not 
toxic to any microbe driving the bioremediation process. However, if it is above the 
CMC, then there is a possibility of bioremediation inhibition. According to Prince 
et al. (2003), the use of dispersants/biosurfactants has been thought to have stimu-
lated the natural process of biodegradation, due to the formation of an oil-water 
interface and the dispersion of the oil, which will dramatically increase the surface 
area for microbial attack. The results of a study carried out by Kachieng’a and 
Momba (2017) also confirmed the effectiveness of a dispersant in improving the 
bioavailability of hydrocarbons and showed the biodegradation capability of a con-
sortium of Aspidisca sp., Trachelophyllum sp., and Peranema sp.

Their toxicity level might have a more significant impact toward specific microbes 
during the bioremediation process in comparison to little or no inhibitory effect on a 
consortium of microbes, which are more diverse, performing similar bioremediation 
process (Singh et al. 2007). According to Lima et al. (2011), the general proposal of 
toxicity tests is to establish the potential effect which chemicals could have on the 
biota of a specific environment. The results of such tests could aid in the design of 
regulation for the use and disposal of these chemicals. The toxicity is usually mea-
sured using the LC50 (the lethal dose capable of killing 50% of a given population) 
(Zhang et al. 2007). The higher the LC50 of a surfactant, the lower its toxicity. Another 
method that has been used to determine the toxicity of biosurfactants is the seed 
germination test through the calculation of the germination index (GI); this method 
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is one of the most commonly used methods (Sobrinho et al. 2013). Usually, a GI 
value of 80% indicates the disappearance of phytotoxicity. The toxicity values of 
biosurfactants, dispersants, crude oils, and dispersant/crude oil mixtures to vegeta-
bles and organisms are summarized in Table 13.4.

Table 13.4  Results of toxicity tests of biosurfactants, dispersants, crude oils, and dispersant/crude 
oil mixtures to vegetables and organisms (adapted from Silva et al. 2014a, b, c)

Test compound Organisms Toxicity

Biosurfactants
Emulsan Mysidopsis bahia LC50 (200 mg/L)
Candida sphaerica UCP 0995 biosurfactant Brassica oleracea 86% GI
Candida sphaerica UCP 0995 biosurfactant Artemia salina LC50 (600 mg/L)
Candida sphaerica UCP 0995 biosurfactant Brassica oleracea No toxicity
Pseudomonas aeruginosa UCP 0992 
biosurfactant

Brassica oleracea 80% GI

Pseudomonas aeruginosa UCP 0992 
biosurfactant

Artemia salina LC50 (525 mg/L)

Emulsifiers/dispersing agents
Dodecylbenzene sulfonate/LAS Dugesia japonica LC50 (1.45 mg/L)
Lauryl sulfate/SDS Dugesia japonica LC50 (0.36 mg/L)
Triton X-100 Mysidopsis bahia LC50 (3.3 mg/L)
Triton X-100 Menidia beryllina LC50 (2.5 mg/L)
Lauryl sulfate/SDS Americamysis ahia LC50 (18–23 mg/L)
Lauryl sulfate/SDS Menidia beryllina LC50 (10 mg/L)
Oil spill dispersants
Corexit 9500 Mysidopsis bahia LC50 (13.4 mg/L)
Corexit 9500 Menidia beryllina LC50 (75.7 mg/L)
Corexit 9500 Porites astreoides Porites astreoides 13% surviving
Corexit 9500 Montastraea faveolata 0% surviving
Corexit 9500 Brachionus plicatilis LC50 (0.447 (mg/L)
Corexit 9500 Brachionus manjavacas LC50 (14.2 mg/L)
Crude oils
BP Horizon source oil Porites astreoides 67% surviving
BP Horizon source oil Montastraea faveolata 27% surviving
Louisiana sweet crude oil Americamysis bahia LC50 (2.7 mg/L)
Louisiana sweet crude oil Menidia beryllina LC50 (3.5 mg/L)
Macondo sweet crude oil Brachionus plicatilis LC50 (2.47 mg/L)
Macondo sweet crude oil Brachionus sp. LC50 (19.3 mg/L)
Dispersant/oil mixtures
Corexit 9500/BP Horizon source oil Porites astreoides 67% surviving
Corexit 9500/BP Horizon source oil Montastraea faveolata 20% surviving
Corexit 9500/Louisiana sweet crude oil Americamysis bahia LC50 (5.4 mg/L)
Corexit 9500/Louisiana sweet crude oil Menidia beryllina LC50 (7.6 mg/L)
1:10 Corexit 9500/Macondo sweet crude oil Brachionus manjavacas 0.21 (mg/L)
1:50 Corexit 9500/Macondo sweet crude oil Brachionus manjavacas 0.23 (mg/L)

GI germination index, LC50 concentration lethal to 50% of the test species
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13.9  �Conclusion

This review examined the use of biosurfactants as promising facilitators of biore-
mediation of oil spill mostly from the petroleum industry. Little is known about the 
potential of biosurfactant production by microorganisms, and the majority of stud-
ies or application of biosurfactants are simulated mainly at laboratory scale. More 
information is still required regarding the structures of different biosurfactants, 
their interaction with soil, contaminants, scaling up, and cost-effectiveness during 
production. Since biosurfactants are costly compared to chemical surfactants, 
alternative sources such as agro-industrial waste need to be investigated for their 
production. Also, further research is needed to develop production processes to 
increase yield and minimize the cost of purification when purification is a require-
ment for application. The discovery of novel low-temperature biosurfactants also 
poses an exciting area for research and industry, both in the potential role and 
application of the biosurfactants in cold regions and the development of low-energy 
production processes. While these challenges surround the use of these promising 
substances for oil-pollution abatement, the challenge is even greater in Africa 
where resources are limited, the machinery for their production is lacking, and 
research on the continents’ potentials as a rich source for the isolation of useful 
species is extremely limited.
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