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Abstract

Molecular epidemiology (ME) is a branch of epidemiology developed by merging molecular biology into
epidemiological studies. In this paper, the authors try to discuss the ways that molecular epidemiology studies
identify infectious diseases’ causation and pathogenesis, and unravel infectious agents’ sources, reservoirs,
circulation pattern, transmission pattern, transmission probability, and transmission order. They bring real-world
examples of research works in each area to make each study design more understandable. They also address some
research areas and study design aspects that need further attention in future. They close with some thoughts about
future directions in this field and emphasize on the need for training competent molecular epidemiology
specialists that are capable of dealing with rapid advances in the field.
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1. Introduction

Epidemiology aims to study the distribution, determinants, and causes of health-related problems in order to prevent
and control them effectively. The far-reaching influence of epidemiology in prevention of human diseases can be
traced back to several large-scale epidemiological studies initiated in the 1940s, such as community trials of fluoride
supplementation in 1940 which led to primary prevention of dental carries (1), Framingham Heart Study initiated in
1947 which led to identification of many risk factors and determinants of heart diseases (2), or polio vaccine trials
initiated in 1954 which provided the basis for prevention and eradication of poliomyelitis (3). Despite beneficial
effects of traditional epidemiological studies on the prevention and control of many diseases, there still remain
important questions about the biological mechanisms underlying either infectious or chronic diseases. In cases of
infectious diseases, scientists have always been curious about the answers to the following questions: 1) What is the
cause and pathogenesis of an infectious disease? 2) Why do people respond differently to a specific pathogen,
therapy, or vaccine (e.g., why do some people die from influenza while others stay asymptomatic)? 3) Why are
some HIV subtypes transmitted more frequently through sexual contact rather than other modes of transmission? Or,
4) how can the transmission of an infectious disease be prevented more effectively? Gaining in-depth insight into
these questions is necessary for developing more effective prevention and control strategies. However, using
traditional epidemiological studies alone, it is difficult to gain deeper understanding of the above questions (4),
while, molecular epidemiological (ME) studies have a great potential to address these issues. Molecular
epidemiology is a branch of epidemiology developed by merging molecular biology into epidemiological studies. It
was the development of high throughput laboratory techniques, applicable to large sample sizes that enabled
epidemiologists to conduct large-scale epidemiological studies at molecular levels (5). Although it is claimed that
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the term “molecular epidemiology” was first introduced by Lower et al. in 1979 (6), it seems that Kilbourne had
used the term before, in 1973 to describe Influenza subtype distribution around the world (7). Since then, a dramatic
rise in the number of molecular epidemiological studies have been observed in various research areas (Figure 1). In
the field of infectious disease, ME studies have provided valuable information about infectious disease causation,
pathogenesis, circulation, transmission, prevention, and therapy (Figure 2). Some methods that ME studies have
used to cover knowledge gaps in these areas are discussed in this paper. Table 1 summarizes these methods as well.

Table 1. Methodological overview and rationale for some ME methods used in the field of infectious disease

Domain

Study design or analysis method

Causation of
infectious disease

Case-control

Cases: patients with clinical manifestations of the disease;
Controls: patients without clinical manifestations of the disease;
Exposure: genetic material of pathogens

Nested case-
control/cohort

Exposed: individuals infected with the pathogen;
Unexposed: individuals not infected with the pathogen;
Outcome: disease onset

Pathogenesis of
infectious disease

Case-control

Cases: 1) Severe, fatal, drug-resistant patients, 2) Patients with a
disease or a especial clinical symptom;

Controls: 1) Mild, non-fatal, drug-sensitive patients, 2) Patients
without a disease or a especial clinical symptom

Exposure: 1) Pathogen’s genetic sequence, 2) Metagenome in a
specific body site

Genome Wide
Association studies

Cases: patients with the disease or disease susceptibility
Controls: patients without the disease or disease susceptibility
Exposure: millions of SNPs along human genome

Sources/reservoirs | Phylogenetic analysis Sampling from suspected sources and infected individual
Circulation Molecular surveillance | Routine, population-based genotyping of circulating pathogens
pattern
Transmission Cross-sectional studies | Pathogen’s genetic sequence isolated from temporally and
probability using phylogenetic epidemiologically related individuals
analysis
Transmission Cross-sectional studies | Pathogenic genetic material is isolated from infected individuals
patterns using phylogenetic within or between communities.
analysis in combination
with behavioral data
Transmission Bayesian The order of virus spread across large geographic distances is
order phylogeographic estimated using information accumulated in the virus genome.
studies Viral genomes are used to reconstruct a family tree showing the
relationships between these viral samples
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Figure 1. The rising trend in the number of scientific papers per year cited in PubMed including the term “molecular
epidemiology” in the title, abstract or key word (by the end of December 2015)
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Figure 2. Main domains of infectious diseases addressed by molecular epidemiological studies

2. Discussion

2.1. Identification of the cause of infectious diseases

Molecular epidemiological studies are needed to confirm the causative role of a candidate pathogen in a given
disease. In this regard, usually a case-control study is conducted at first, including cases that have and controls that
do not have the disease symptoms. The aim is to see whether a given pathogen is present in cases, and absent in
controls or not (8). It has been noted that the vast majority of pathogens are not detectable by traditional culture-
based techniques, therefore, culture-based research in this area might not detect the causative agent in cases
(patients), and might provide misleading information about the exact cause of infectious disease (9); however,
advanced molecular techniques have provided the opportunity to detect trace amounts of genetic materials of a
pathogen in various specimens with sensitivity that is far beyond culture-based methods (10). Here, pathogens
whose genetic material is detected in specimens of cases but not in specimens of controls become candidate
causative agent(s) of the disease of interest. After this step, we need to confirm if the pathogen(s) do cause the
disease or not. To achieve this goal, we need to see if infection with the pathogen precedes the disease onset. This
hypothesis can be checked efficiently in a cohort or a nested case-control study. A real-world case study might better
illustrate the process. Kaposi's Sarcoma (KS) was hypothesized to be caused by an infectious agent, but culture-
based techniques could not detect any infectious agent in specimens of KS patients. In 1994, Chang et al., found a
unique DNA sequence in more than 90 percent of KS patients who had also Acquired Immunodeficiency Syndrome
(AIDS). The sequence was also detected in tissue of non-AIDS patients with KS but was absent in tissue of non-
AIDS and non-KS patients. Comparison of the DNA sequence with known pathogenic sequences revealed that the
sequence is similar to herpes viruses, but is distinct from them in a small number of genes. Therefore, they
concluded that the identified sequence probably belongs to a virus which probably belongs to the human herpes
virus family (11). Another study was then needed to see if the infection with the virus precedes the onset of KS;
based on Hill’s criteria of causation, this condition is known as temporality and is an important prerequisite for
establishing causality between the virus and the disease (12). For this reason, Moore and colleagues (1996)
conducted a nested case-control study on ongoing cohorts of HIV positive individuals. They compared the presence
of KS-associated herpes virus in blood samples of incident cases of KS+HIV+ and controls of KS-HIV+ individuals
and concluded that KS+HIV+ patients are significantly more likely to show evidence of infection with the virus
prior to the onset of KS (13). Therefore, the role of this virus in development of KS was established.

2.2. Identification of pathogenesis of infectious diseases

Combination of molecular techniques with epidemiological studies can reveal more secrets about the pathogenesis
process of infectious diseases. For example, by comparing the genome sequence of a particular pathogen between
severe, fatal, or drug-resistant cases and mild, non-fatal or drug-sensitive controls, we can find out if there is any
difference between genome sequences of microbes in both groups of patients. Genetic regions that are not identical
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in two groups of patients might be responsible for the observed clinical symptoms in cases, here, the virulence, case
fatality, or drug-resistance, respectively (Figure 3). For example, a new type of methicillin-resistant Staphylococcus
aureus (MRSA) was identified to cause community-acquired MRSA with high fatality rate. Therefore, using
sequencing techniques, Baba et al., (2002) determined whole genome sequence of this species, isolated from an
infant with fatal septicemia and septic arthritis due to this species. They compared the genome sequence of this
species with those obtained from two cases of hospital-acquired MRSA presenting milder clinical manifestations.
They found that the pathogen responsible for community-acquired MRSA carries a range of genes that is distinct
from extant hospital-acquired MRSA strains which could be attributed to medically important phenotypes of the
new species, i.e. virulence and case fatality (14). Such findings would be applicable for developing appropriate tools
to detect if there is a potential for severe or fatal conditions and prevent them appropriately. Different levels of
disease severity caused by a pathogen can also be due to differences in human host response to the infection. Such a
difference might be due to differences in individuals’ genetic susceptibility to or inherent immunity against the
pathogen. One epidemiological method that has a great ability to assess this possibility is Genome Wide Association
(GWA) study. These types of studies can be considered as a derivative of case-control studies; they compare the
DNA of two groups of individuals: those who have the disease (cases) and those who are similar to cases but do not
have the disease (controls).

Cases Controls
Severe, Fatal, Drug- Mild, Non-fatal, Drug-
resistant Patients sensitive Individuals
Non-identical
region >
Probably
responsible for
observed
symptomes

t ?
|

Pathogen’s genome sequence
e.g. bacterial DNA

Figure 3. Pathogen’s genome sequence in cases and controls. Non-identical genetic region might code for medical
phenotype seen in cases, such as disease severity, fatality, drug-resistance, etc.

The exposure variables here are millions of common genetic variants (mutations) in human genome, known as
single nucleotide polymorphisms (SNPs). Those SNPs which are seen more/less frequently in cases rather than
controls are considered to be associated with the disease of interest. Since 2005, there have been an increasing
number of published GWA studies, some of which have found SNPs in humans that are associated with
susceptibility to and progress of infectious disease like HIV (15-17), AIDS (18), tuberculosis (19, 20), and malaria
(21, 22). For example, Timmann et al. (2012) conducted a GWA study to unravel relevant SNPs that associate with
malaria resistance. In this regard, they recruited 1,325 severe malaria cases and 828 unaffected controls. They found
two novel SNPs associated with malaria resistance; one of them was identified within a gene that encodes the main
calcium pump of erythrocytes (target cells for malaria parasite) and the other was an SNP linked to a protein that
had a role in vascular endothelial cell damage during parasitemia (21). Such findings provide insight about
mechanisms underlying pathogenesis of infectious diseases and the role of the human host’s genetic characteristics
in disease severity and progression. There have been attempts to use such genetic markers (SNPs) as a means to
distinguish more genetically vulnerable populations in an epidemic, and improve the accuracy of predictions about
disease prognosis. Today, it has been realized that infectious agents often do not act independently; rather, they
interact with each other in a way that their infectivity can be mediated by other pathogens in a significant manner
(23). The Human Microbiome Project (HMP) has determined the metagenome of species living in the human body.
Metagenome is the whole genetic material recovered directly from an environment or human body such as the gut,
nasal cavity, mouth, vagina, etc. The findings of HMP has brought the idea of Pathogen-Pathogen Interaction (PPI),
and persuaded investigators to investigate the role of PPI in health and disease (24). For example, Samb-Ba, et al.,
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(2014) conducted a case-control study on 162 cases of diarrhea and 185 healthy controls in Senegal. Combining
various laboratory techniques (phenotypic methods, mass spectrometry, and 16S rRNA sequencing), they
determined gut microbiota in cases and controls. They realized that the number of bacterial species were
significantly lower among patients with diarrhea than those without diarrhea in a way that the numbers of
commensal bacterial species were significantly decreased in patients with diarrhea. On the other hand, several
Bacillus spp. (some of which were not detected or reported before) were significantly more frequent in these patients
rather than the control group (25).

2.3. Prevention of infectious disease transmission

Another important challenge to combat infectious diseases is the effective prevention of their transmission. To
achieve this goal, epidemiologists have to obtain exact knowledge about the origin, sources, reservoirs, circulation
pattern, transmission probability, and transmission patterns of pathogens (10). Molecular epidemiological studies
can enrich our knowledge in these aspects, as well.

2.3.1. Identification of infectious diseases’ sources/reservoirs

Molecular tools have enhanced the ability to detect trace amounts of genetic materials in the environment (such as
water, soil, human, etc.) which was not traceable before by traditional culture techniques. This opportunity has
helped scientists to find new reservoirs/sources of infection and design more effective preventive strategies
accordingly (9). In this regard, they need to identify if the pathogen isolated from the infected individual is
genetically similar to the pathogen obtained from suspected sources or not. If they are genetically similar in a
significant manner, then the suspicious source is considered as a new source of infection for that pathogen. To check
for genetic similarity between two pathogens, epidemiologists have turned to grouping/clustering methods used in
evolutionary biology. Phylogenetics is one of these methods that attempts to study the similarity and evolutionary
relationships among various species. An example in this area is the identification of chicken as a new reservoir for
Extraintestinal Pathogenic Escherichia coli (EXPEC) causing Urinary Tract Infection (UTI) in Humans. Previously,
the host’s intestinal tract was considered to be the only source of EXPEC-induced UTI. Usually such endogenous
diseases are not expected to produce outbreaks. However, by 2010, a small number of EXPEC outbreaks were
detected in different parts of the world (26). This observation lead scientists to hypothesize that a common source or
vehicle - other than the host’s intestinal tract - might be the source of these outbreaks. To search for additional
sources, Bergeron et al. conducted a series of studies; they collected samples of temporally and geographically
matched E. coli isolates from animals and from humans with UTIs. With the aid of phylogenetic methods, they
found that E. coli isolates from chicken are genetically similar to isolates from humans with UTIs in a significant
manner (27, 28). So a new reservoir was found for the pathogen which brought appropriate preventive strategies to
the community accordingly.

2.3.2. Circulation of microbial strains

Routine, population-based genotyping of circulating pathogens is now implemented in many settings as a tool for
surveillance of existing microbial strains and drug resistance mutations in the community (29). For pathogens, in
which different strains have different propensities to cause the diseases, knowledge about circulating strains is
essential for developing strain-specific vaccines. For this reason, the influenza vaccine is being prepared and
distributed based on circulating strains each year (30). Furthermore, monitoring local, national and regional levels of
drug resistance inform treatment guidelines and provide feedback on the success of infectious disease treatment and
prevention programs (29).

2.3.3. Identification of infectious diseases’ transmission probability

Molecular epidemiological studies can also provide valuable information about transmission probability of
infectious diseases (an important component in computing basic reproductive number-R0O (31)) which cannot be
provided correctly using questionnaire data alone (10). A typical example in this regard is the accurate and efficient
estimation of transmission probability of sexually transmitted infections (STIs) using ME studies. Previously,
transmission probability of STIs could be estimated by conducting longitudinal studies and following couples where
one was infected and the other was susceptible (32); however, besides logistic and ethical issues of such study
designs, it was difficult to verify if the transmission event (if happened) came from within the partnership. Now,
epidemiologists can conduct cross-sectional studies on infected couples and use phylogenetic analysis to verify if
bacterial type isolated from both partners are similar to each other or not. Phylogenetic methods can also reveal the
order of transmission between infected couples; in other words, these methods can identify which partner has
transmitted the infection to the other. When combined with contact data (i.e. use of condom and number of
contacts), this information also helps epidemiologists to estimate the probability of infection per unprotected contact
(33). Additionally, as molecular tools can also determine genome of the pathogen in asymptomatic partners,
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transmission events are ascertained more exactly this way, therefore, estimation of transmission probabilities are
more accurate in ME studies rather than traditional methods (10).

2.3.4. Identification of between-community transmission patterns

Phylogenetic methods, when combined with sociodemographic and behavioral data, can provide valuable
information about transmission of the pathogen between communities (33). For example, Jahanbakhsh et al., (2014)
found that the same HIV-1 subtype (the CRF35_AD clade) was circulating in Afghanistan and Iran. Therefore, they
hypothesized that transmission events might have happened between these countries. To test this hypothesis, they
applied phylogenetic analysis on DNA sequence of HIV-1 isolates obtained from these countries. They realized that
the DNA sequence of HIV-1 obtained from Afghanistan and Iran were significantly similar together (i.e. they made
significant clusters together). Behavioral data showed that all patients within these clusters were injecting drug users
(IDUs). This finding indicated that there were probably between-country transmission events, occurring among IDU
populations. Considering sociodemographic characteristics of these communities, authors concluded that the
transmission might have happened through migration of Afghan refugees to Iran or through drug trafficking
activities between these countries (34). The order of transmission between two or more communities can also be
identified by the aid of phylogeographic methods. Phylogeography is the study of the historical processes that
probably shaped current geographic distributions of living species, such as viruses. Today, these studies are done in
light of the information gained from gene genealogies. Genealogies are family trees that represent the ancestor-
descendent relationships between individuals in a population, e.g., viruses in an epidemic (35). A number of
methods have been proposed to trace dispersal patterns of pathogens. Within these methods, the family tree is first
reconstructed, without including any spatial information, and the phylogeographic inference is then made from this
tree (36-39). These methods, however, do not address all the uncertainties associated with spatial dispersion of a
pathogen. Therefore, more rigorous and sophisticated methods have been recently developed that use the Bayes
theorem to integrate and simultaneously estimate all the parameters associated with spatio-temporal dispersion of a
pathogen. In Bayesian phylogeographic methods, geographic locations from which the pathogens are isolated are
considered as discrete variables. This information is then integrated into a phylogenetic tree - that shows the
ancestor-descendent relationships of the isolated pathogens - to estimate the location of ancestral strains using the
well-known method of “ancestral state reconstruction” (37-40). The information obtained in this method, can be
used for inference about dispersion pathways of the epidemics and the order of virus transmission across countries.
Using Bayesian phylogeographic methods, Eybpoosh, et al. (2016) investigated if the aforementioned CRF35 AD
epidemic observed among IDUs had been transmitted from Afghanistan to Iran or vice versa. In this regard, they
applied a Bayesian phylogenetic model on geo-referenced and time-stamped CRF35 AD sequence data from
Afghanistan and Iran. They observed that despite the general perception about the unidirectional transmission of
CRF35_AD, this strain continuously transmitted between Afghanistan and Iran in a bi-directional manner. The
authors supposed that mass migration of Afghan refugees to Iran and drug trafficking and injection networks might
play an important role in this regard (41). This example illuminates how integration of molecular data with
epidemiological concepts and statistical techniques can improve our understanding of the transmission dynamics
within an epidemic. Another example in this area is the identification of HIV-1 subtype B origin in Iran. For a long
period of time, it was assumed that the subtype B epidemic in Iran originated from contaminated blood products
imported from France (42-43). However, in another study conducted by Eybpoosh, et al. (2016), on all HIV-1
subtype B strains available from Iran revealed that multiple parallel subtype B epidemics existed in Iran with
independent origins. They noted that the subtype B epidemic observed among heterosexuals, has an independent
evolutionary history from the epidemic observed among hemophiliac patients and is probably imported to Iran from
USA, Germany, and Hong Kong, but not from France (44).

3. Conclusions

The application of molecular techniques to epidemiologic studies have enhanced our understanding of infectious
diseases. Molecular tools have improved our ability to sub-classify the organisms into meaningful groups, detect
even trace amounts of living organisms in the human body or in the environment, and early detect diseases’
symptoms. Conduction of epidemiologic studies on these data, can assist molecular biologists to identify previously-
unknown aspects of infectious diseases, such as infectious diseases’ etiology and pathophysiology and infectious
agents’ sources, reservoirs, circulation pattern, transmission probability, and transmission patterns. The information
obtained in each of the above aspects helps practitioners and decision makers in the development of more effective
prevention and control strategies at individual and population levels. These achievements, can also be used to further
characterize the discipline of epidemiology.
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4. Future Directions

ME studies have provided novel information about infectious diseases. However, compared to the dramatic progress
of ME studies in the field of chronic disease; studies in the field of infectious disease are in their infancy. In the
future, greater attention should be paid to the design of ME studies, especially to incorporate appropriate cases and
controls and to account for potential confounders. In addition, application of longitudinal studies should be
considered as a great opportunity for ME studies especially when working with metagenomic and
metatranscriptomic data. Since metagenomic and metatranscriptomic (study of whole transcripts present in a
specific environment) studies provide a snapshot of whole genetic materials present at each time in an environment,
having chronological information of changes in genes or transcript composition in a body site can provide great
knowledge about the pathogenesis of infectious diseases and the way hosts and other pathogens interact with the
infecting agent during the course of the disease. In the case of GWA studies, further attempts are needed to establish
the clinical utility of genomic information and to issue guidelines for clinical practice (45). In this regard, identified
SNPs should be established as a means to diagnose genetically vulnerable populations, develop proper drugs, and
provide individualized therapies. At the same time, attempts should be made to improve the accuracy of predictions
about disease prognosis based on identified genetic markers. In the field of chronic disease, a small number of
genetic risk scores have been introduced that attempt to predict prostate cancer (46, 47), survival after
cardiovascular events (48), coronary artery bypass graft surgery (49), etc. For management of long-period infectious
diseases such as AIDS, malaria and tuberculosis, providing such risk scores also seems beneficial. In general, as the
time goes by, the “Omics” area (the field of study in biology ending in -omics, such as genomics, transcriptomics,
proteomics, etc.) continues to progress rapidly by development of more sensitive techniques, databases that store
omics data, and bioinformatics tools that can efficiently handle such data. Moreover, the cost of molecular
techniques continues to fall day by day. Therefore, it becomes more convenient to conduct large-scale and
multicenter investigations even in low and middle income countries. All these opportunities make it possible to
answer more complex questions about the nature of infectious diseases in different populations and geographic
areas, which were not investigable questions before; It should be emphasized that to take the best advantage of these
opportunities, it is necessary to systematically train individuals who are familiar with methods and theories in the
field of epidemiology and molecular biology, and are capable of dealing with rapid advances in these areas. Finally,
we believe that the potential benefits of molecular epidemiology in prevention of infectious diseases justify a
dedication to the further development and use of this approach to infectious disease prevention. We are hopeful that
this new discipline will continue to provide new insights into the causation, pathogenesis and transmission of
infectious diseases, and will help us arrive at more effective strategies for prevention of infectious diseases.
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