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Introduction

New high-throughput sequencing and data analysis approaches (Costello et al.,
2009; Turnbaugh et al., 2009), along with novel diversity screens and even more
intrinsic single cell approaches to isolating new species (Lasken, 2009), have pre-
sented the sciences with a unique opportunity to investigate and interrogate the
microorganisms that are associated with the human body, all at a greater depth than
previously appreciated.

From the earliest studies, the greater scientific community has recognized a high
level of microbial diversity in nature beyond imaginations. This includes obser-
vations on the oceans, soils, and on animals. With respect to humans, it became
increasingly apparent that the species on and in our bodies make significant contri-
butions to our health and development. These species maintain normal cell function
in the gastrointestinal tract (for example, see Eckburg et al., 2005; Bik et al., 2006;
Gill et al., 2006). We are also dependent on these species for the efficient diges-
tion of food components, such as plant material and xenobiotics (Gill et al., 2006),
and to ward off certain diseases. In parallel, these microbes have been associated
with, and can result in, many common diseases such as cavities, stomach ulcers,
bacterial vaginosis (BV), and irritable bowel syndrome (Foster et al., 2008; Dorer
et al., 2009).

Most of the initial studies on the microbial diversity associated with the human
body focused either on traditional culturing approaches or on sequencing and phylo-
genetic analysis of the 16S ribosomal (r)RNA genes derived from microbial samples
taken from the human body (Eckburg et al., 2005; Bik et al., 2006). The limit to
culturing or 16S rRNA sequencing was primarily a reflection of the availability of
molecular tools and approaches, and the cost associated with earlier versions of
available sequencing technologies. The 16S rRNA sequencing and analysis invari-
ably revealed a higher level of microbial diversity than that seen with conventional
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culture techniques (Gao et al., 2007; Gao et al., 2008). From the human stomach,
for example, although the highly acidic environment was thought to only contain
Helicobacter types, Bik et al. (2006) used 1,833 16S rRNA sequences obtained
from 23 gastric endoscopic biopsy samples to identify 128 phylotypes of bacteria
that potentially reside in the human stomach. The majority of these phylotypes was
shown to belong to the Proteobacteria, Firmicutes, Actinobacteria, Bacteroidetes,
and Fusobacteria. This work also described that 10% of the clones represented
organisms that were previously uncharacterized.

Subsequent ongoing studies continue to reveal high levels of diversity from the
microbial species that inhabit the human body, with high levels of both intra- and
interspecies diversity (Costello et al., 2009; Turnbaugh et al., 2009). Most of these
studies that have investigated the diversity of the microbial species associated with
the human body have however left important questions unanswered such as the iden-
tity of the nondominant community members and their biological roles, and which
metabolic processes the populations that are present encode and carry out. In addi-
tion, the past 15 years of genomic research have made it clear that closely related
species, and even species that are identical at the 16S rRNA level, can have wide
variation in gene content (Perna et al., 2001; Kudva et al., 2002). Terms such as
pan-genome and core-genome have been coined over the years to address the vari-
ations that are apparent in closely related species and have now been applied in a
similar fashion to metagenomic populations (Callister et al., 2008; Bentley, 2009).

The initial publication of a shotgun sequencing of the human microbiome
focused on the analysis of fecal samples from the human gastrointestinal tract (Gill
et al., 2006). This study along with subsequent applications of shotgun techniques to
the study of the human microbiome again highlighted the extent of microbial diver-
sity associated with the human body (Grice et al., 2009). Gordon and co-workers, for
example, investigated the interplay between the gastrointestinal ecology and energy
balance of animals on a Western diet. Here they found that obesity that was induced
by the diet resulted in an increased proportion of one class of the Firmicutes and that
this same population could be reduced by manipulation of the diet. Transplantation
of the microbial populations from the obese mice to lean germ-free mice resulted in
a higher level of the deposition of fat than when these microbial populations were
taken from lean donors (Turnbaugh et al., 2008). More recently, Gordon’s group pre-
sented the results of a monozygotic and dizygotic twin pair study, where twins were
concordant for leanness or obesity, and their mothers (Turnbaugh et al., 2009). The
aim of this study was to address how host genotype, environmental exposure, and
host adiposity influence the gut microbiome (Turnbaugh et al., 2009). The compar-
ative analysis of fecal samples that were derived from 154 individuals yielded 9,920
near full-length and 1,937,461 partial bacterial 16S rRNA sequences. In addition,
2.14 Gb of metagenomic data was obtained from their microbiomes. The results
from this analysis suggest that the gastrointestinal microbiome is shared among
family members, but variations are present within each individual with respect to the
lineages that can be observed. This variation was evident in both the monozygotic
and dizygotic twin pairs. The results however suggest that there is a core functional
microbiome that can vary depending on physiological states.
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The Promise of the Human Microbiome

The genomic era created the possibility of studying the detailed genetics of many
microbial species. These include pathogens and nonpathogens and species that
have both positive and negative impacts on the environment. The developments
in the genomics arena have taken advantage of emerging and improving sequenc-
ing technologies, as well as improved assembly algorithms and approaches coupled
with reduced costs for generating genomic data. The developments also placed the
greater scientific community in positions to ask in-depth gene-based questions and
get real answers.

The advent of metagenomics was a natural progression of the genomics field,
and in particular took advantage of the ability to sequence DNA that was derived
from a mixed community and assemble this genetic information to reconstitute
metabolic and physiological information of any community of choice. Metagenomic
approaches have by now been successfully applied to environments as diverse as
soils, the oceans (Nealson and Venter, 2007; Rusch et al., 2007; Yooseph et al.,
2007; Yutin et al., 2007), and the human body (Gill et al., 2006; Costello et al., 2009;
Turnbaugh et al., 2009) in an attempt to describe and decipher the microbial species
that are present in these niches. Entire systems can now be studied with respect
to viral, microbial, and fungal diversity, over varying time courses, and before and
after perturbation (Costello et al., 2009). On the human side, when coupled with
16S rRNA analyses for detailed estimates of microbial diversity, metagenomics
approaches present the perfect opportunity to address questions related to human
health and associated problems. This is particularly relevant in the developing world,
which presents its own series of challenges, some of which are presented below.

One of the most valuable examples to date of the potential benefits from
knowledge gained with human microbiome studies comes from a series of studies
performed by Dore and colleagues at INRA. The significance of the studies con-
ducted by this group relates to how the evolution of initial studies focusing on the
microbiome can result in recommendations to improve human health conditions.
Their results evolved from initial metagenomic studies on human gastric samples
(Manichanh et al., 2006) using fosmid libraries from six healthy patients, and six
patients with Crohn’s disease (CD). The group was able to identify 125 nonredun-
dant ribotypes mainly represented by the phyla Bacteroidetes and Firmicutes, of
which 43 distinct ribotypes were identified in the healthy microbiota, and only 13 in
CD. This metagenomic approach that was initially published gave the first insight
into the reduced microbial diversity in patients with CD.

Their work continued to focus on microbiology of CD (Seksik et al., 2006; Sokol
et al., 2006; Sokol et al., 2007; Seksik et al., 2009). They most recently compared
fecal samples of 22 patients active for CD (A-CD) patients, 10 CD patients in
remission (R-CD), 13 active ulcerative colitis (A-UC) patients, four UC patients
in remission (R-UC), eight infectious colitis (IC) patients, and 27 by 16S PCR and
found that members of Firmicutes (Clostridium leptum and C. coccoides groups
in particular) were less represented in A-IBD patients compared to healthy sub-
jects (HS) with Faecalibacterium prausnitzii species (a major representative of the
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C. leptum group) in lower abundance in A-IBD and IC patients compared with HS.
As a result of the initial work, the group proposed that F. prausnitzii was important
for gut homeostasis.

In 2008 members of the same group had published on the composition of the
mucosa-associated microbiota of CD patients at the time of surgical resection and 6
months following using FISH analysis (Sokol et al., 2008), and again found reduced
abundance of F. prausnitzii being correlated with an increased risk of postopera-
tive recurrence of ileal CD. They further studied the anti-inflammatory effects of
F. prausnitzii and showed that the bacterium exhibited anti-inflammatory effects on
cellular and TNBS colitis models.

NIH-Funded HMP and International Components of the HMP

The US National Institutes of Health (NIH) initiated a roadmap program focused
on the human microbiome (Peterson et al., 2009). The project has been described as
a community resource, with overarching aims to help determine the core human
microbiome, to understand the changes in the human microbiome that can be
correlated with changes in human health, to develop new technological and bioin-
formatics tools to support these goals, and to address the ethical, legal, and social
issues raised by human microbiome research (http://nihroadmap.nih.gov/hmp/). The
project has a heavy sequencing and data analysis component that currently is
underway at the four large NHGRI/NIAID-funded sequencing centers (J. Craig
Venter Institute (JCVI), Baylor College of Medicine, The Broad Institute and
Washington University). The current sequencing focus includes generating at least
3000 reference genomes at various levels of finishing (Chain et al., 2009), cou-
pled with significant 16S rRNA sequencing and metagenomic sequencing from
15 to 18 body sites on 300 individuals some of which would be repeat sam-
ple donors (http://nihroadmap.nih.gov/hmp/). A number of “Investigator”-driven
demonstration projects have also been awarded. These demonstration projects aim
to understand the implications of a number of diseases including CD, BV, psoriasis,
and esophageal cancer to name a few (Peterson et al., 2009). It is anticipated that the
results from these demonstration projects will give additional insights into the rela-
tionship between human health and disease and changes in the human microbiome.
Finally, the Human Microbiome Project (HMP) roadmap initiative has awarded
funds to investigate new technologies for improving knowledge of the human micro-
biome, as well as for the development of computational tools that will increase the
value of metagenomic data (http://nihroadmap.nih.gov/hmp/fundedresearch.asp),
and the ethical, legal, and social implications of this work.

In summary, and as captured in the recent publication by Peterson et al. (2009),
the goals of the HMP are to demonstrate the characterization of the human micro-
biome with population, genotype, disease, age, etc., and also catalog the influence
of disease. The aim also is to present a standardized data resource and technological
benefits. The project will go over 5 years at a funding level of close to 157 million
US dollars.



16 Implications of Human Microbiome Research for the Developing World 321

Since the launch of this roadmap initiative in 2007, a number of other HMPs have
been described. An overview of available projects as of mid-2008 was presented
in an editorial (Mullard, 2008). Projects beyond the large NIH USA based human
microbiome efforts include work in Europe, China, Australia, and Canada. In 2007,
the European Commission committed close to 31 million US dollars to a 4-year
initiative called the Metagenomics of the Human Intestinal Tract (METAHIT) where
the primary focus is the microorganisms that inhabit the gut, and how they contribute
to obesity and inflammatory bowel disease (Mullard, 2008). A review of this effort
is presented in another chapter written by Ehrlich and colleagues.

We are all cognizant of the fact that age, diet, and geographical location con-
tribute to variations in the human microbiome. Consequently, the more initiatives
that we have in diverse parts of the world, the better positioned we will be to fully
understand the key components of the microbiome and their interactions with the
host under various environmental and physiological cues.

Implications of the HMP for the Developing World

Because of a slow rate of progress in the areas of scientific research, along with
low levels of available funding and investment in sciences in most developing coun-
tries, there has been very little scientific contribution toward solving major problems
that hinder their global development. As Coloma and Harris (2009) nicely put it,
“researchers in many developing countries will not be participating in genomics
research, mainly because of their technological isolation and their limited resources
and capacity for genomics research combined with the urgency of many other
health priorities.” Areas such as public health, emerging infectious diseases, and
agricultural development, which are key to long-lasting and sustainable national
development, still lack the funding and innovation required to mitigate their inability
to contribute to global development. The global health sector is of particular impor-
tance given the increasing number of diseases that plague the developing world
(some of which are making a comeback after several years under effective control).
Examples of some of these are detailed below. Consequently, in most develop-
ing countries throughout the world, and specifically in sub-Saharan Africa, South
America, and Asia, there is a serious need to improve public health. In these coun-
tries, communicable diseases caused by known and even unknown pathogens (see
below) remain a leading cause of mortality. Emerging infectious diseases are a major
cause for alarm, and malnutrition and associated effects are also major issues that
need to be effectively addressed.

If one takes emerging infectious disease as an example, this captures many viral
and bacterial agents. Severe acute respiratory syndrome (SARS) was the first infec-
tious disease to emerge in the 21st century, and other emerging viral infectious
diseases according to The World Health Organisation (WHO) include but are not
limited to Ebola and Marburg hemorrhagic fevers. In addition, in an earlier publi-
cation by WHO (“New WHO office to help developing countries control emerging
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diseases”; J Environ Health 63, 2001) it was stated that in 1998 alone, communica-
ble diseases caused the death of over 13 million people worldwide, mainly among
the poorest populations of developing countries. Since then, more than 30 new com-
municable diseases have been identified, and this list includes several diseases that
were thought to be almost extinct that apparently have come back into the human
population. Certain food-borne diseases are also considered to be emerging as they
now occur more often, and that list includes outbreaks of salmonellosis, which have
increased significantly in the past 25 years. Listeria monocytogenes also falls into
this category as its major role in food-borne diseases has become more recently
appreciated, and some food-borne trematodes are also emerging as a serious pub-
lic health concern. Although food-borne infections with Escherichia coli serotype
O157:H7 were first described in 1982, it has rapidly emerged to be a leading cause
of infections, which in turn result as a major cause of bloody diarrhea and acute
renal failure, with an infection that is sometimes fatal. Finally, while cholera devas-
tated much of Asia and Africa for years, its introduction for the first time in almost
a century on the South American continent in 1991 makes it another example of an
emerging infectious disease.

In addition, very little to none of the successful metagenomics stories in under-
standing the human microbiome and its role in aspects of human health have been
conducted or duplicated in developing countries. Notwithstanding ongoing efforts
focusing on vaccines, better diagnostics, and improved treatment of many of these
diseases, it is becoming increasingly essential to complement such approaches with
an investigation of the role of the human microbiome on human health. Several
areas of anticipated important contribution of the human microbiome include
zoonotic diseases and other emerging and re-emerging infectious diseases, sexually
transmitted diseases, diarrheal diseases, respiratory diseases, eukaryotic diseases,
malnutrition, and the integration of probiotics for improving human health. In addi-
tion to the translation of findings into practical approaches for improving human
health, other opportunities offered by the human microbiome initiative are related
to the transfer of technology to developing countries and the associated long-term
benefits to training local populations in these developing sciences so that nations
can retain the benefits. This will further strengthen capacity in genomics and bioin-
formatics and all the associated downstream applications that come with these areas
of research.

It is now appreciated that there is a resident (which constitutes the core micro-
biome) and a nonresident microbiota. The nonresident microbiota contains known
and unknown microbes that cause a wide range of human diseases, most of which
remain to be effectively controlled in both the developed and the developing world.
Human losses in the developing world in terms of mortality and contributions
to economic development appear to be greater, however. Currently, for example,
communicable diseases caused by eukaryotic parasites such as Plasmodium spp.,
Leishmania spp., Trypanosoma spp., and various viruses, among others, remain seri-
ous public health concerns in the developing world and affect more than 1.2 billion
people (Mahmoud and Zerhouni, 2009). In this context, scientific challenges that
include genomics, metagenomics, proteomics, and metabolomics-related activities
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need to be expanded to ultimately encompass system and ecological understanding
of communities of microbes and their interactions with humans. It has in fact been
anticipated that the control of these diseases may be accelerated by the complete
understanding of the genomes of these species, coupled with an understanding of
the changes of the human microbiome that favor or reduce/eliminate their virulence
and/or transmissibility. The adaptation processes, for example, by which zoonotic
microorganisms that enter the human population adapt to become pathogens over-
time can also be accelerated by longitudinal studies that focus on the populations on
the bodies of both healthy and diseased individuals.

The Promise for Technology Development
in the Developing World

As with most advanced technological and scientific approaches, and as is evident
from the developing countries reports presented above, the development and appli-
cations of technological advances probably will take a significant amount of time
to trickle to the developing world. In the realm of genomics and metagenomics as
applied to human health, there is limited evidence that this will happen soon enough
to allow developing countries to actively participate and shape research in these new
fields. However, a recent award from the Bill & Melinda Gates Foundation (BMGF)
to Dr. Jeffrey Gordon at The Washington State University in St. Louis to study child-
hood malnutrition in developing countries (http://www.gatesfoundation.org/press-
releases/Pages/child-malnutrition-microbial-cells-study-090331.aspx) suggests that
there will be more movement in the direction of applying these technologies
to problems in the developing world. For the above-mentioned study, Gordon’s
group will investigate the microbes in severe malnutrition with a major focus on
severely malnourished infants living in Malawi and Bangladesh, and whether their
microbial flora varies from that found in healthy infants who live in the same
environment. It is anticipated that as a result of these studies, we will be bet-
ter positioned to develop effective treatment regimes for these disease conditions.
This award is part of an initiative by the BMGF to fund research on malnutrition
(http://mednews.wustl.edu/news/page/normal/13840.html?emailID=23653).

In addition to that award and the anticipated outcome, there have been a sig-
nificant number of plant and microbial genome projects initiated and conducted in
the developing world. The range of microbial species that have been sequenced
includes human, plant, and animal pathogens, as well as organisms that have
potential benefit to the environment. Some of these species include Actinobacillus
pleuropneumoniae serovar 3 str. JL03 that causes fibrinous and necrotizing pleu-
ropneumonia in swine, and that was sequenced by the Huazhong Agricultural
University in China and Haemophilus parasuis SH0165 also sequenced by the
Huazhong Agricultural University/Institute of Pathogen Biology/Chinese Academy
of Medical Sciences/Peking Union Medical College. Chromobacterium violaceum
ATCC 12472 was sequenced by the LNCC (National Laboratory of Scientific
Computing in Rio de Janiero, Brazil); this bacterium carries the bacteriocidal
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pigment violacein and can also cause diarrhea and septicemia in humans. Ehrlichia
ruminantium str. Welgevonden was sequenced at the University of Pretoria, South
Africa. Leifsonia xyli subsp. xyli str. CTCB07, the causative agent of ratoon
stunting disease in sugar cane, was sequenced by the Sao Paulo state (Brazil)
Consortium and Leptospira interrogans serovar Copenhageni str. Fiocruz L1-130
and Xylella fastidiosa were also sequenced by the same group. Leptospira interro-
gans serovar Lai str. 56601 sequenced by the Chinese National HGC, Shanghai,
and Lysinibacillus sphaericus C3-41 sequenced by the Chinese Academy of
Sciences/Beijing Genomics Institute, Chinese Academy of Sciences.

The developing world has also been involved in the sequencing and analysis of
some of the major eukaryotic parasites such as Trypanosoma brucei, Trypanosoma
cruzi, Leishmania major, and Theileria parva (Nene et al., 2000; Berriman et al.,
2005; Bishop et al., 2005; El-Sayed et al., 2005; Gardner et al., 2005). There have
also been several initiatives that have looked at host genotyping in many devel-
oping countries. According to Coloma and Harris (2009), Thailand, South Africa,
Indonesia, Brazil, Mexico, and India have all devoted resources to studies on human
genetics and variation in human populations.

As a result of many of these initiatives in developing countries, a limited capac-
ity of tool development for genomics and bioinformatics approaches has occurred.
However, much more remains to be achieved in technology and knowledge trans-
fer, particularly in sub-Saharan Africa and Latin America. The main focus should
be on developing genomics platforms leveraging on the next-generation sequencing
approaches that remain to be established in much of the developing world.

Monitoring of Zoonotic Infections and Global Surveillance
of Emerging and Reemerging Infectious Diseases

Events of emerging and reemerging infectious diseases in the human population
remain constant occurrences in sub-Saharan Africa, Southeast Asia, and South
America. Emerging infectious disease events such as SARS (Field, 2009) and the
most recent pandemic of H1N1 (Gibbs et al., 2009) illustrate and confirm the con-
stant flow of pathogens from wild and domesticated animals, and other reservoirs
into the human population. Chikungunya fever, which is an arboviral infection,
reemerged in Asia in 2005–2006 after a long period of quiescence (Bhatia and
Narain, 2009). It is thought that factors including microbial, climatic, social, and
economic aspects influenced the reemergence of the disease and the pace at which
it spread, eventually resulting in high death rates (Bhatia and Narain, 2009).

Indeed, there are many microorganisms (viral, bacterial, and eukaryotes) that
have moved into the human population and remain part of the human microbiota,
which, when able to effectively survive, can cause either new diseases or disease
with a much higher severity. Such cases of unknown and potentially pathogenic
microorganisms in circulation in the human population are usually favored by fac-
tors related to (1) the ability of microorganisms to adapt in new hosts, (2) human
actions (interactions with wild animals, hunting and effects on the environment
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leading to ecological disturbances), and (3) human movements as a result of global
world travel (Field, 2009). Consequently, at any particular time, there could be a
set of known and unknown microorganisms present in a given individual or a pop-
ulation as a result of their presence in and interaction with a specific environment
or organisms therein such as animal reservoirs (i.e., bats, mice, and rats) of known
and unknown microorganisms. The main challenge in the context of forecasting,
and better yet preventing emerging and reemerging infectious diseases has been
early detection and genetic identification of such known and unknown microorgan-
isms. Global human microbiome studies using metagenomics analysis of known and
unknown microorganisms provide unique but powerful opportunities to uncover the
near-complete composition of the microbial content of an individual or a population
at any given time, thus setting the stage for a comprehensive inventory of the genetic
characteristics of potential human pathogens.

Studies of the human microbiome in the developing world will likely contribute
significantly to the discovery of emerging pathogens (viruses, bacteria, and oth-
ers) in circulation in humans. In fact, in both developed and developing countries
the issues of early identification of emerging pathogens have been an impedi-
ment for the prevention of emerging and reemerging infections. Based on recent
studies, human metagenomics coupled with the next-generation DNA sequencing
provides an opportunity for early detection of microbial organisms even when there
is significantly low abundance (Relman, 2002).

Because of the extreme importance of monitoring zoonotic infections, metage-
nomics studies should in principle be extended from humans to domesticated and
nondomesticated animals. In fact, based on the technologies already available for
human metagenomics studies, there has been increasing interest in launching animal
metagenomics initiatives. Such initiatives will not only provide insights into the res-
ident and transient microbial populations but also, in the case of natural reservoirs
of given microorganisms, provide an opportunity to pinpoint the genetic changes
that must occur for their adaptation to a new host – the human body. This is appli-
cable in particular to invertebrate vectors and bats that are known to be host to a
number of highly pathogenic viruses that pose significant public health problems to
humans.

The Case of Selected Emerging Infectious Diseases:
Tuberculosis (TB) and Leptospirosis

Developing countries are particularly affected by the impact of Mycobacterium
tuberculosis virulence and TB drug resistance. This has been primarily because of
genome plasticity in the causative agent. Unfortunately, available microarray-based
platforms to identify strain diversity have not been fully implemented with the great-
est TB incidence largely due the HIV/AIDS epidemic. The renewed interest and
funding for top infectious diseases has recently revamped efforts to accelerate TB
research, with a particular focus on the use of integrated approaches to find bet-
ter control measures. In this context, it is proposed and highly anticipated that key
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aspects such as the integration of large-scale “omics,” datasets focusing on parasite
genetic determinants, host genetics, and host–parasite interactions will be crucial
for this quest for better control measures. In addition, and given recent reports, the
human microbiome would be a great addition to this integration of data in the con-
text of systems biology. To this end, the evaluation of the human microbiome in
cases of latent, nonlatent TB, and drug-resistant TB infections will provide insights
into the role of the human (resident and nonresident) flora in various aspects of TB
infections. Such information would most likely contribute to improving diagnosis,
control, and spread of TB infection.

Another example of the potential to come from using human metagenomic
research and approaches in the developing world relates to another emerging infec-
tious pathogen that causes Leptospirosis. The Leptospires cause an infection that is
associated with very high levels of mortality annually, but have received relatively
little attention, probably because the infection is concentrated in the tropical regions
and in the developing world. More than half a million cases are reported annu-
ally, and majority of these cases are associated with human exposure to pathogenic
Leptospira species in the environment. Mortality rates as high as 25% have been
recorded.

The genus Leptospira is serologically divided into two species: L. interrogans,
which is pathogenic to humans and animals, and L. biflexa, a free-living non-
pathogenic species found in water and wet soil. More than 16 pathogenic and
saprophytic species have been recognized. Many animals including rodents and
dogs are known to be reservoirs of Leptospira, and humans are considered to be
the accidental hosts of this pathogen. Transmission of the pathogen is primarily
from soil and water to mammalian tissues (often noticed following on large-scale
flooding), with the infection occurring via penetrating leptospires through mucosa
or open skin. Symptoms of leptospirosis include meningitis, pneumonitis, hepatitis,
nephritis, pancreatitis, erythema nodosum, and death. No human vaccine against
leptospirosis is available, and mild leptospirosis is treated with doxycycline, ampi-
cillin, or amoxicillin. For severe leptospirosis, the primary therapy is penicillin G.
The molecular diagnosis of Leptospirosis has been with traditional approaches such
as restriction enzyme analysis, nucleic acid probes and hybridization, pulse field gel
electrophoresis (PFGE), and varying ribotyping approaches.

Genome sequences from at least six Leptospiras have become available in
the past few years, and these genomes are providing insight on the diversity of
these species. In addition, the availability of these genomes is allowing for the
identification of novel virulence factors, and ultimately will facilitate vaccine devel-
opment. Recently, the genome sequence of the free-living L. biflexa was completed
(Picardeau et al., 2008) and shown to contain 3,590 protein-coding genes distributed
across three circular replicons. In the current study, it has been estimated that
2,052 genes (61%) represent a progenitor genome that existed before divergence
of pathogenic and saprophytic Leptospira species. Basically, nearly one-third of the
L. biflexa genes are absent in pathogenic Leptospira. In addition, 1,431 pathogen
specific genes that are found in the pathogenic Leptospires are not present in
L. biflexa. Of these, 893 genes have no known function suggesting that there are
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mechanisms that are unique to Leptospira and that the pathogenic specific genes
need further study. The resulting genome studies suggest that there is still a signifi-
cant amount of information that is not understood about the Leptospiras, particularly
as it relates to how the species adapts to new environments and how the genomes
mutate. Metagenomic studies of samples derived from infected populations will
present an opportunity to study the pathogen without repeated passage where it has
been shown to have genome rearrangements. In parallel, the pathogen can be studied
directly in the environment when it is in transition from its natural host to humans
(the accidental host). Interestingly, there is a large NIAID-funded project underway
at the JCVI to sequence the genomes of an additional 400 Leptospira isolates (Joe
Vinetz, personal communication; http://gsc.jcvi.org/).

Leptospirosis is another example of an emerging infectious disease that is
prevalent in tropical environments and has not received as much attention as the
major diseases in the developed world although the causative organisms result in a
high mortality rate. Genomics and metagenomics approaches have the potential to
increase the understanding of these species and their impact on human health.

Potential for Understanding and Control of Diarrheal Diseases

Diarrheal diseases remain one of the leading causes of deaths worldwide (Culligan
et al., 2009). Specifically, diarrheal diseases are the second most common cause of
child deaths worldwide, and more than 80% of child deaths due to diarrhea occur in
Africa and south Asia. Worldwide, 88% of deaths from diarrhea are due to unsafe
water and poor sanitation or hygiene. Three-quarters of all deaths from diarrhea in
children younger than 5 years occur in 15 countries. There are about 2.5 billion
cases of diarrhea among children each year, in addition to those who die from the
disease. The UN reports that vaccines and better hygiene could decrease the number
of deaths from diarrhea among children.

Since the 1970s, oral rehydration therapy has been the cornerstone of treatment
programs. This therapy prevents dehydration that is associated with diarrhea. Giving
zinc supplements with oral rehydration salts has also been shown to reduce the
length of the illness and also the risk of more diarrhea episodes. Sixty percent (60%)
of children in developing countries do not get the recommended treatment for diar-
rhea, which is vaccination against rotavirus, the leading cause of the disease. In
fact, rotavirus causes about 40% of hospital admissions of children below 5 years
suffering from diarrhea. Current therapies are focused on rehydration therapies but
the studies from a human microbiome approach, coupled with the development of
novel antibiotics and/or probiotics holds significant potential (Culligan et al., 2009).

Many diarrhoeal diseases have been associated with viruses (Ramani and Kang,
2009). Recent results suggest that viruses are present in as much as 43% of diarrheal
samples in the developing world (Ramani and Kang, 2009). There are however a sig-
nificant number of cases of diarrhea without obvious causes, thus making it difficult
to control them. In addition and specifically in the case of rotaviruses, because of
their high genetic diversity, the emergence of new genotypes, and the reassortment



328 A. Djikeng et al.

between different genotypes (Matthijnssens et al., 2009), there is constant need for
surveillance of circulating strains. Human metagenomics studies hold the promise
for increasing our understanding of the diversity of rotavirus and other etiologi-
cal agents of diarrheal diseases. Based on previous studies, gastrointestinal tract
metagenomics studies in both healthy and diarrheal patients in developing countries
may lead to the identification and association of additional microorganisms (bac-
teria, viruses, and eukaryotes) with various cases of diarrheal diseases (Finkbeiner
et al., 2008).

As an example, recent human microbiome studies have led to the discovery of a
novel virus of the Cosavirus genus and its association with acute diarrhea in a child
in Australia (Holtz et al., 2008). Regular and comprehensive metagenomics analy-
ses focusing on acute and difficult-to-cure cases of diarrhea and diarrhea cases with
known and unknown causes primarily in developing countries may provide oppor-
tunities for (1) a constant assessment of the diversity of known causative agents
of diarrhea and (2) identification of new microorganisms as they relate to cases of
diarrheal diseases.

Potential for Understanding Sexually Transmitted Diseases

Sexually transmitted diseases (STDs) are common infections throughout the devel-
oped and the developing world. STDs can result in premature birth, stillbirth, and
neonatal infections (De Schryver and Meheus, 1990).

Many ongoing studies on BV aim to understanding the microbial populations
that are present in the vaginal ecosystem and how they vary under health and dis-
ease conditions. Recent studies that are focused on 16S rRNA gene analysis have
suggested that the extent of microbial diversity in the vaginal tract is not fully
understood, which in turn has implications for current treatment regimes. This
has potentially significant implications for asymptomatic disease conditions for
example. Additional results show a lack of homogeneity within the vaginal tract,
highlighting a complex ecosystem (Kim et al., 2009). Metagenomic approaches
to studying this environment promise to give additional insights into the extent of
diversity within this niche.

Ongoing studies in several parts in sub-Saharan Africa reveal that there is some
relationship between the population of microbes that exists in the vaginal tract and
STDs. Recently, van de Wijgert et al. (2008) described a study in which they inves-
tigated the relationships among BV, vaginal yeast, and vaginal practices, mucosal
inflammation, and HIV acquisition. From a cohort of 4,531 HIV-negative women,
they observed that women who were positive for BV or vaginal yeast had a higher
likelihood to acquire HIV, and they concluded that BV and yeast may contribute
more to the HIV epidemic than previously appreciated (van de Wijgert et al., 2008).
Similar observations have been made in a review of all available literature on the
extent to which BV may increase the risk of HIV acquisition (Atashili et al., 2008).

Earlier, in 2000, van De Wijgert et al. (2000) studied 169 Zimbabwean women to
determine if intravaginal practices could be associated with changes in the vaginal
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flora and acquisition of STDs. In this study, they found that some disturbances of the
flora could be associated with increased likelihood of STDs and HIV; the absence of
Lactobacilli from the vaginal flora was associated with being positive for HIV (van
De Wijgert et al., 2000). Martin et al. (1999) had similarly looked at a cohort of sex
workers in Kenya and demonstrated that although only 26% of these women were
colonized with Lactobacillus species at baseline, follow-up studies showed that the
absence of culturable vaginal lactobacilli could be associated with the increased
likelihood of acquiring HIV-1. Abnormal vaginal flora on Grams-stain was associ-
ated with increased risk of both HIV-1 acquisitions. This group proposed that the
treatment of BV and the use of lactobacilli to colonize the vaginal cavity should be
evaluated for reduce risk of acquiring HIV-1, gonorrhea, and trichomoniasis (Martin
et al., 1999). How the microbial populations in the vaginal cavity can contribute to
reduce chances of HIV infection is one of those major areas that need attention, and
that will undoubtedly benefit from human microbiome research.

Potential for Enhancement of Malaria Treatment Regimens

According to The World Health Organisation (WHO, http://www.who.int/
mediacentre/factsheets/fs094/en/), every 30 seconds a child dies of malaria, a dis-
ease that can be prevented and cured. In 2006 there were 247 million cases of
malaria, and these resulted in nearly 1 million deaths mostly among African chil-
dren. In fact, 90% of all malaria deaths occur in sub-Saharan Africa. People who
live in lower-income communities, i.e., approximately half of the world’s popula-
tion, are at risk of the disease. The WHO reports that in 2006 malaria was present
in 109 countries and territories.

The disease, however, can be eradicated, says Bill Gates. In an interview with the
BBC World Services World Today program in January 2010, Gates said “we have a
vaccine that’s in the last trial phase – called phase three.” He added that “a partially
effective vaccine could be available within 3 years.” A vaccine that is fully effective
against malaria would take 5–10 years to develop.

Although most cases of malaria are found in sub-Saharan Africa, there are other
countries, including in Asia, Latin America, the Middle East, and parts of Europe,
that are also affected. Key interventions include prompt and effective treatment
with artemisin-based combination therapies; people at risk using insecticide nets;
and indoor residual spraying with insecticide to control the vector mosquitoes.
Genomics approaches have already been used to elucidate the genomes of several
of the Plasmodium species (Gardner et al., 2002; Carlton et al., 2008; Pain et al.,
2008; Mitsui et al., 2009), but new metagenomics approaches present opportuni-
ties to monitor the impact of the parasite of the microbial communities that reside
on and in the human body, with a longer-term potential to develop novel probiotic
approaches to supplement nutrition of infected individuals while the parasite runs
its course.

In countries that have a high rate of malaria, economic growth rates may be cut
by as much as 1.3%. In addition, genomic studies on the environments, in which the
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mosquitoes reside and breed, are being and will continue to allow for an increased
understanding of the communities that they require for their survival (Ponnusamy
et al., 2008a, b, 2009). This is particularly relevant since mosquitoes breed in areas
where there are wet conditions, and the transmission of the disease can differ accord-
ing to local factors such as rainfall, proximity of mosquito breeding sites to people,
and the mosquito species in the area. A November 2009 report from Susan Anyangu
in Nairobi, Kenya, carried by Inter Press Service (IPS) states that the RTS.S vaccine
being developed is to be used specifically in Africa. It will be for infants and chil-
dren aged less than 5 years (the most vulnerable to malaria). The vaccine could be
ready for use in 5 years time.

Supplementing nutrition of people with malaria with probiotic solutions that
have been derived from a metagenomic approach to understand the human micro-
biome holds significant promise. The FAO/WHO defines probiotics as “Live
microorganisms which, when administered in adequate amounts confer a health
benefit on the host.” Probiotics have become more and more valuable over the past
few years and are available in a number of food sources, including yogurts and
other milk products, fermented and unfermented milk, and some juices. These live
microorganisms are in most cases bacteria that are similar to beneficial microor-
ganisms found in the gastrointestinal tract. Each species that is present in the gut
environment would seem to hold some potential for use as a probiotic and therefore
in human health.

Probiotics have been shown to be effective in treating irritable bowel syn-
drome (IBS), childhood and traveler’s diarrhea, prevention and treatment of vaginal
yeast infection and urinary tract infection, preventing and treating inflammation
of the colon after surgery, reduction of the recurrence of bladder cancer, shorten-
ing the time of intestinal infections, and preventing eczema in children. Although
the benefits of probiotics are evident, they have yet to be adapted extensively in
the developing world (Reid and Devillard, 2004). Other ideas on the use of probi-
otics for reducing the morbidity and mortality associated with HIV/AIDS have been
explored and proposed (Reid et al., 2005) where it has been proposed that lactic acid
bacteria could play a role in maintaining the health of the human gut. We can only
hope that as a result of the initiatives of the human microbiome project, new probi-
otics for a range of human health conditions may be developed based on baselines
for people in different geographic locales.

Challenges: Funding and Technology Transfer

The efficient implementation of human microbiome research relies on the advanced
instrumentation necessary for the processing of collected clinical samples, prepa-
ration and amplification of nucleic acid, and DNA sequencing. In addition, DNA
sequence analysis also requires advanced bioinformatics resources. All genomics-
related technologies developed over the past 10 years remain very expensive to be
acquired by developing countries. This is usually justified by low-use volume and
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high costs of equipment and maintenance (Coloma and Harris, 2009). Therefore, as
suggested by these authors, involvement of laboratories and institutions in develop-
ing countries should take advantage of “North–South” and “South–South” collab-
orations. Previous examples of successful “North–South” collaborations could be
leveraged to initiate new ones in the context of human microbiome studies.

For the past several years, there have been numerous initiatives in developing
countries to reduce the technological divide and hence begin to actively contribute
to genomics research. In this context, activities have included training and capac-
ity building in genomics and bioinformatics. In addition, there has also been an
emphasis on the development of “Centers for Excellence” to provide resources and a
critical scientific mass at regional levels. Four such regional “Centers of Excellence”
are currently being established in eastern and central Africa, southern Africa, west
Africa, and north Africa.

One of the most advanced “Centers for Excellence,” Biosciences for Eastern
and Central Africa (BecA), located at the International Livestock Research Institute
(ILRI) in Nairobi, Kenya, has established facilities (with advanced genomics and
bioinformatics resources) to support and accelerate research in a wide range of disci-
plines, including plant/crop sciences and animal sciences. Such infrastructure would
ideally be poised for use as a focal point for the implementation of a regional ini-
tiative on the human microbiome. The existence of such facilities would normally
be used to engage various African institutions in South–South collaborations. The
“South–South” collaborations indeed provide opportunities to strengthen the scien-
tific capacity of institutions in developing countries, which would be translated into
their effective participation in North–South initiatives.

Genomics and metagenomics initiatives are usually quite expensive, and obvi-
ously, most institutions in the developing world would not be able to fund such
activities independently. However, given the existence of several human micro-
biome projects in the United States, Canada, Europe, China, Japan, Singapore, and
Australia, components in developing countries could easily be justified. For exam-
ple, an African component of the human microbiome would provide elements to
answering important outstanding microbiome questions, among which are included:
(1) Is there a core human microbiome? (2) Does the composition of the human
microbiome vary from one geographical region to another?

Given the anticipation of such interesting outcomes, existing initiatives could fur-
ther provide seeds to launch other initiatives in the developing world. Furthermore,
in the context of the use of biosciences for Africa’s development, a strong case
should be made to various stakeholders such as The African Union and other
regional organizations to fund the African component of the human microbiome.
This next wave of genomics research will not be without its own set of challenges.
Recent studies, for example, show that many diseases present with similar obser-
vations, and as such initial surveys into the human microbiome under health and
disease may give unexpected outcomes (Yazdanbakhsh and Kremsner, 2009).
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