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Abstract

Over the past decades, although billions of dollars has been invested and much progress has been made in the
prevention and surveillance of infectious diseases, the mortality caused by these diseases is still hovering at high
level. Infectious diseases are constantly threatening lives of millions of people around the world. For the diagnosis of
these diseases, traditional culture-dependent methods are playing vital roles in clinical practice, but they still cannot
meet the requirement of rapid detection of both known and unknown pathogens in a high-throughput mode. The
emergence of next-generation sequencing (NGS) technology has greatly promoted the development of genome
research, and the NGS-based metagenomics is gaining more and more attention as a potential technique for the
management of infectious diseases. This review gives a brief summarization of the application of metagenomics in
infectious diseases in recent years.
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Introduction
Infectious diseases are defined by World Health Organization as

diseases that are caused by viruses, bacteria, parasites or fungi.
Common infectious diseases include HIV/AIDS, hepatitis B and C,
diarrheal diseases, respiratory infections, tuberculosis (TB),
pneumonia, condylomas etc. These diseases can be spread directly or
indirectly from one person to another, and in some cases the number
of infected people may increase enormously in a very short time.
Despite the fast-pacing development of modern medicine, the
incidence and mortality for infectious diseases remains high in the
past few decades. Each year, infectious diseases have taken millions of
lives around the world. According to the Global Burden of Disease
Study 2013, the number of deaths caused by HIV, tuberculosis, and
malaria was nearly 3.6 million (from 3.3 million to 4.0 million) in 2013
alone [1].

For the management of infectious diseases, one important step is to
find out the potential pathogens (if possible). Traditional methods for
identifying pathogens include microscopy, culture, serology, as well as
antigen detection [2,3]. In recent years, the progress of next-
generation sequencing technologies has greatly prompted the
development of metagenomics (genomic methods). Metagenomics
refers to the genomic analysis of microbial communities from their
natural environment. While the concept of “metagenomics” first
appeared early in 1998 [4], it was only in the past few years that
metagenomics has gained attention as an approach for pathogen
detection. In 2008, by the method of metagenomics sequencing,
Nakamura et al. directly detected Campylobacter jejuni as the bacterial
pathogen in a diarrhea patient [5]. Since then, metagenomic
approaches are drawing much more attention from clinical
researchers. With the advantage of being culture-independent, high-

throughput and fast-in-speed, metagenomics is now playing an
increasingly role in the diagnosis of infectious diseases.

This review firstly gives a brief introduction to the metagenomic
techniques that are frequently employed. We then summarize the
recent progresses of applying metagenomics in management of
infectious diseases, with an emphasis on viral infectious diseases such
as HIV/AIDS, hepatitis B and C, the yearly panic-causing influenza;
bacterial diseases such as tuberculosis (TB), bacterial diarrheal
diseases, as well as some other infectious diseases caused by fungi or
parasites.

Metagenomic Approaches for Detecting Pathogens of
Infectious Diseases

While new sequencing technologies are constantly emerging, two
commonly used metagenomic approaches are deep amplicon
sequencing and whole-genome shotgun metagenomics [6-8].
Generally, both of these two metagenomic-based sequencing
approaches involves laboratory pipeline and bioinformatics pipeline
[8] (Figure 1). In the laboratory pipeline, firstly, nucleic acid is
extracted from samples, and then sequencing libraries are prepared. In
the case of whole-genome shotgun metagenomics, all nucleic acids
(including viral RNA/DNA) were extracted and amplified; the
amplification step can be skipped only if the PCR-free library
construction is possible. Whereas in the case of deep amplicon
sequencing, targeted variable regions of the conserved genes (16S
rRNA genes from bacteria, 18S rRNA genes from eukaryotes etc.) were
amplified from the extracted nucleic acids. When the sequencing
libraries were constructed, the bioinformatics pipeline is outlined as
follows: First, DNA sequencing is performed on high-throughput
sequencing platforms (Illumina, Hiseq, CG, Roche 454 and Ion
proton). The obtained raw reads go through quality check and filter in
order to remove adapters, low quality reads, and the host’s reads. Next,
the filtered reads are aligned against known reference databases
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through various alignment tools (BLAST, BWA, Bowtie2, SOAP, MG-
RAST etc.), so that known bacterial and viral reads are identified with
annotations. The remaining unmapped reads can be de novo
assembled and the contigs can be classified by using different
algorithms. In case when reads are too short, the assembly work would
be done first. Gene prediction and taxonomic/functional analysis will
be conducted on the assembled sequences, thus new microorganism is
possibly to be detected. Finally, laboratory methods such as PCR,
isolation and culture are performed to confirm the identified

pathogens. From above, we can see that the advantages of
metagenomics are culture-independent, high-throughput, rapid,
feasible, specific, and more importantly, it can be used to detect
unknown microorganisms. However, the disadvantage of
metagenomics method is that the sequencing cost remains high and
the process of informatics analysis is complex. Moreover,
metagenomics has a relatively low sensitivity and it needs further
confirmation for its identification results.

Figure 1: A schematic description of both whole-genome metagenomics and deep amplicon sequencing. The laboratory pipeline and
bioinformatics pipeline are depicted respectively.

The Application of Metagenomics in the Management
of Infectious Diseases

Viral infectious disease
AIDS: AIDS is a deadly infectious disease, causing 1.3 million

deaths worldwide in 2013 alone [1]. AIDS is caused by human
immunodeficiency virus (HIV). Using next generation sequencing
method, Li et al. compared the plasma bacterial and viral elements in
HIV/AIDS patients with that of healthy controls. It was shown that
while both the HIV/AIDS and normal plasma DNA virome shared
some common eukaryotic viruses, the former is more abundant in
bacteriophages whereas the latter mainly contained viruses from
Anelloviridae. Additionally, it was also found that the bacterial
elements in HIV/AIDS plasma resembled that of human gut microbes
[9]. By using 16S rRNA gene-based pyrosequencing and quantitative
PCR, Liu et al. compared the composition of semen microbiome in
samples from 22 HIV-uninfected men and 27 HIV-infected men,
respectively. It was found that the semen microbiome of HIV-infected
men decreased in diversity and richness as compared with that of
HIV-uninfected men. Since semen serves as an important vector for

HIV transmission, this suggests that semen microbiome may play a
role in sexual transmission process of HIV [10]. Altogether, the above
findings indicate that metagenomic methodology may help elucidate
the transmission mechanism of HIV and improve future management
of AIDS [9,10].

Hepatitis B: It is a very common infectious disease in the world,
with the total number of infected people reaches approximately
240 million [11]. Hepatitis B is caused by hepatitis B virus, which is
characterized by a high rate of mutation and numerous virus variants.
Sometimes, current detecting methods such as direct PCR sequencing,
clonal sequencing, and point mutation assays could fail because of the
high variability of HBV genome. By using ultra-deep pyrosequencing
(UDPS), Margeridon-Thermet et al. werw able to detect low-
prevalence HBV variants at a high level of sensitivity [12]. In this
study, plasma samples were collected from HBV patients treated with
nucleoside and nucleotide reverse-transcriptase inhibitors (NRTIs)
and from NRTI-naive patients. Then DNA was extracted, and direct
PCR sequencing and UDPS were performed. Sequence analysis
showed that drug-resistance mutations were detected by UDPS in
NRTI-treated patients, whereas direct PCR failed to detect those
mutations. This suggests that UDPS could be employed to detect more
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HBV variants and thus enhance management of the disease in the
future.

Hepatitis C: It is another common viral hepatitis that is caused by
hepatitis C virus, affecting nearly 180 million people around the world
[13]. HCV is a single-stranded, positive-sense RNA virus. Like many
other RNA viruses, HCV also shows a high degree of genetic
variability, which brings much difficulty to identification and
development of vaccines [13,14]. By employing the method of
Illumina deep sequencing, Ninomiya et al. successfully differentiated
variants of hepatitis C virus. In this study, total RNA was extracted
from serum samples from two hepatitis C patients and one healthy
control. Then deep sequencing was conducted and the yielded
sequences were further analyzed. Their result showed that both major
and minor HCV variants were detectable, and that amino
substitutions could be determined, which suggest that deep sequencing
technology could be applied to study the HCV quasispecies in a serum
sample[14].

Viral diarrheal diseases: Diarrheal diseases, the worldwide incidence
of which is estimated to be about 1.7 billion in 2010, remain to be a
leading cause of mortality for children under 5 years old [15].
Diarrheal diseases could be caused by viruses, bacteria and protozoa,
but it is estimated that the etiologic agent of nearly 40% cases cannot
be determined. To characterize the viral diversity in human diarrhea,
Finkbeiner et al. analyzed the viral communities in the fecal samples of
12 diarrhea children by metagenomic approaches [16]. A strategy of
what they called “micro-mass sequencing” was employed, the pipeline
of which can be briefly described as follows: First, minimal fecal
samples were collected, and then nucleic acids were extracted and PCR
amplified from each sample. Sample libraries were constructed and
then sequenced, generating 2, 013 qualified and unique sequences in
total. The sequences are then analyzed by the method of tBLASTx (E-
value ≤10-5) alignments. Through this method, they not only
identified sequences from known enteric viruses, but also detected a
number of novel viruses [16]. Although the detected new viruses may
not necessarily be the causative agent for the disease, the findings
suggest that metagenomics can serve as a powerful tool for
identification of novel viruses.

Influenza: Influenza is an acute viral infection that spreads easily
and occurs globally. Each year, influenza attacks nearly 5%–10% of
adults and 20%–30% of children around the world. Influenza is caused
by influenza viruses, which is characteristic of highly antigenic shift
and drift and can be classified into three types-influenza virus A, B and
C [17]. In this review, only the famous panic-causing H1N1 influenza
A is concerned. The H1N1 influenza A broke out in 2009 and had
caused more than 50 million infections and 18,449 deaths by August,
2010 [18] . While the first patient was sent to hospital at the end of
March, conventional point-of-care diagnostics failed in detecting
pathogenic viruses. It was about two weeks later that the novel swine-
origin influenza A (H1N1) virus(S-OIV) was identified by real-time
RT-PCR [19]. However, by using of PCR primers, RT-PCR may have
low sensitivity in discriminating the 2009 pandemic H1N1 influenza A
virus from seasonal H3N1 or H1N1 virus. To identify and characterize
the 2009 H1N1 virus in a more sensitive and specific way, Greninger et
al. employed two metagenomics-based methods-one is pan-viral
microarray (Virochip) and the other is deep sequencing. Result from
Virochip showed a novel swine influenza virus that differentiated from
seasonal H3N1 or H1N1 virus was detected, whereas deep sequencing
detected reads of the novel 2009 H1N1 virus in all 17 clinical samples
[18]. Other representative examples of applying metagenomics in

influenza also include: Na kamura et al. used an unbiased high-
throughput sequencing approach to detect influenza virus (Flu) in
nasopharyngeal samples [20].

Condylomas: Condylomas is a sexually-transmitted disease that is
caused human papillomavirus (HPV). Johansson et al. were able to
detect both known and novel putative HPV types in ‘‘HPV-negative’’
condylomas using metagenomic sequencing [21]. In this study, forty
swab samples were collected from the seemingly ‘‘HPV-negative’’
condylomas, then the samples were pooled randomly into ten pools
and were subjected to metagenomic sequencing. Results showed that
12 different HPV types or putative types were detected in those
samples. This suggests that metagenomics may play important roles in
detecting novel HPVs.

Bacterial infectious diseases
Tuberculosis (TB): TB is a widespread infectious disease that mainly

affects the lungs and occasionally other sites of our body. TB ranks
second in terms of global mortality. It was reported that in 2012, the
worldwide tuberculosis incidence was 8, 6 million, and the deaths
number was 1.3 million [22]. TB is caused by Mycobacterium
tuberculosis and other closely associated species in the M. tuberculosis
complex. Traditional methods for diagnosing TB mainly include
sputum smear microscopy and culture-based method. Since
microscopy cannot identify pathogen in species- or lineage-level and
the culture method has disadvantages such as complex and time-
consuming, Doughty et al. employed shotgun-metagenomics to detect
and characterize the strains in the M. tuberculosis complex [23].
Initially, eight smear- and culture-positive sputum samples were
chosen, then DNA was extracted and libraries were constructed
respectively. The constructed libraries were then sequenced. Results
from large sequence polymorphisms and single nucleotide
polymorphisms (SNPs) analysis showed that seven of eight
metagenome-derived genomes could be assigned to a species and
lineage within the M. tuberculosis complex. In a previous study, Chan
et al. also applied metagenomic method to analyze DNA sample which
was extracted from the lung tissue of an 18th mummy [24]. It was
found that the person, who was diagnosed with tuberculosis, was
actually infected by two M. tuberculosis genotypes. Altogether, the
above findings suggest that metagenomics can be applied both to
freshly collected samples and to historical samples.

Bacterial diarrheal diseases: Nakamura et al. reported one case of
employing metagenomics in the diagnosis of bacterial diarrhea. Firstly,
traditional culture methods and specific reverse transcriptase-PCR
were used to analyze two different samples from the same person, but
failed to detect any potential pathogens. Then DNA was extracted
from these two samples, referred to as ill DNA sample and recovery
DNA sample, and high-throughput DNA sequencing were performed
on both DNA samples. It was shown that sequences from
Campylobacter jejuni were found uniquely in illness DNA sample. The
presence of C. jejuni was further confirmed by culture and
biochemical analysis. These findings suggest that bacterial pathogens
can be directly detected by high-throughput DNA sequencing
(metagenomic sequencing) [5]. Another example that needs to be
mentioned is the application of metagenomics in the research of
Shiga-toxigenic Escherichia coli (STEC) O104:H4, which hit Germany
as well as many other countries in Europe in 2011. Through
metagenomics method, Loman et al. successfully recovered a draft
genome sequence of the German STEC strain, and sequences from
other potential pathogens as well. This indicates that during an
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outbreak of diarrheal disease, metagenomics may serve as a powerful
tool in detecting related bacterial pathogens [25].

Infectious diseases caused by fungi or parasites
Chlamydia trachomatis: Chlamydia trachomatis is an obligate

pathogen which causes infection to the eyes or genital tracts. By using
ultra-deep Illumina sequencing, Andersson et al. were able to obtain
sequences of a Chlamydia trachomatis genotype and other bacterial
genomes directly from a diagnostic specimen. In this study, total
nucleic acid was firstly purified from a C. trachomatis-positive vaginal
swab. Next, the extracted nucleic acid was whole-genome amplified
and then paired-end sequencing was performed. The consequent
sequence analysis showed that a great number of SNPs from C.
trachomatis were identified and that sequences from Prevotella
melaninogenica, Gardnerella vaginalis, Clostridiales genomosp were
also present abundantly in the sample [26]. Altogether, this study
shows that metagenomic approaches has the potential of producing
explicit sequences data of the microbial community in a diagnostic
sample.

Malassezia yeasts: Malassezia yeasts are parasitic fungi that may
cause opportunistic skin infections in human. Conventional methods
for identification of Malassezia species mainly include morphological
observation and biochemical reactions, the results of which are prone
to be affected by many factors. To circumvent these limitations and to
explore the applicability and plausibility of pyrosequencing method
for analyzing the Malassezia species, Kim et al. conducted
pyrosequencing on samples collected from different body sites [27].
Results from sequences analysis showed that pyrosequencing may
serve as a rapid and effective method for diagnosis of Malassezia
yeasts-associated infections.

Pneumonia: It is a leading cause of death in children, causes 15% of
all deaths of children under 5 years old [28]. It was estimated that
nearly 935,000 children under age five died of this disease in 2013.
Pneumonia can be caused by various infectious agents, such as viruses,
bacteria and fungi. In one case, when all diagnostic tests failed to
detect any commonly known causative pathogens of pneumonia in a
police officer who was observed of acute respiratory distress syndrome
(ARDS), next generation sequencing (NGS) was performed to analyze
bronchoalveolar lavage (BAL) samples from the patient [29]. The
whole workflow could be briefly described as follows (www.virus-
genomics.org/supplementaries/EID1406.pdf): First, unbiased
sequencing of total RNA and DNA were performed. Second, 16S
rRNA gene amplicon sequencing was performed and the produced
sequences data were analyzed. Finally, Chlamydophila psittaci
infection was confirmed by quantitative real-time PCR (qPCR). The
above procedures were completed in less than 50 hours. Sequence
analysis result identified Chlamydophila psittaci to be the potential
disease-causing agent, which is so rare that is normally excluded in
conventional diagnostic panels. This strongly suggests that
metagenomics has great potential in rapid diagnostics of diseases
outbreaks.

Conclusions and Future Perspectives
In general, both whole-genome shotgun metagenomic and deep

amplicon sequencing could be applied to detect any all potential
pathogens (including viruses, bacteria, fungi or parasites) in a single
assay, but they may be adopted separately or in combination for
different purposes in clinical practice. Compared to shotgun

metagenomics, deep amplicon sequencing yields shorter reads, and
thus is cost-less, time-saving, but lower in accuracy. On the other
hand, much information could be inferred from the obtained whole-
genome sequences of each pathogen, such as drug resistance,
virulence, origin and evolution, transmission et al. [8]. Thus, both
metagenomic approaches have been widely applied in diagnosis and
management of infectious diseases. However, the bioinformatic
pipeline of metagenomics remains a big challenge: First, the cost of
sequencing is high; second, massive sequencing data are produced and
multiple alignment/classification algorithms are required to analyze
these data; third, identification of pathogens by computational analysis
still takes several days and does not establish a causation of the disease.
In recent years, efforts have been made to deal with these problems:
The third-generation sequencing technology, single-molecule real-
time (SMRT) was developed to provide a comparatively long read
length with median accuracy [30,31]. A cloud-compatible
bioinformatics pipeline called “sequence-based ultrarapid pathogen
identification” (SURPI) was developed [32]. Compared to blast
alignment, SNAP and RAPSearch were employed in SURPI. The new
computational pipeline SURPI was so effective that it took only a few
hours to detect viruses and bacteria. Other improved analysis tools like
SOAP, Bowtie2, BWA, etc., which are specifically targeted for
alignment of NGS short reads, are constantly emerging. With the
development of sequencing technology and the improvement of
alignment algorithms, metagenomic approaches will continue to
increase in speed, decrease in cost and become friendly in using. Thus,
it is expected that metagenomics will play a more significant role in the
management of infectious diseases in the future.
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