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Preface

Genotyping is the methodological process of detecting the allelic content of loci in a given ge‐
nome, so-called genotype, which helps to reveal differences between two individuals of com‐
parisons or allelic frequencies among individuals of a population. Genotyping is
overwhelmingly based on comparative assessment of DNA sequences of targeted individuals
using a variety of existing molecular marker technologies based on size differentiation and
fluorescence detection in single or multiple marker combinations.

Any individual, tissue or fossil material with available DNA samples can be genotyped and
differentiated. Genotyping is the key step toward the analyses of genetics, evolution, related‐
ness, diversity, differentiation and divergence of individuals or populations, tagging of impor‐
tant loci/genes to distinct phenotypes or disease, helping in diagnostics and treatment of
diseases in medicine and veterinary or molecular breeding of agricultural crops, barcoding of
unique biological materials, solving forensics issues, and/or help in controlling the spread of
pathogens by tracing the origin of outbreaks.

Genotyping procedures and tools have been evolved in concordance with scientific discoveries
in understanding of the structure and function of DNA molecules and technological advances on
analyzing and screening a genetic material. Their history include the early-time blot-hybridiza‐
tion and restriction enzyme-based fragment size simplex loci assays and revolutionizing poly‐
merase chain reaction-based detection tools with its extension to high-throughput fluorescent-
dye-based multiplexing methods. The emergence of next generation sequencing and novel
chemistry technologies further advanced genotyping methods from partial to whole-genome
genotyping in the era of genomics and bioinformatics science development.

This Genotyping book intends to provide the reader with an overview of the basics of genotyp‐
ing process, available approaches and protocols, as well as novel, low-cost, high-throughput
whole-genome genotyping tools and genotype data handling with the examples of genotyping
applications in some organisms.

Here we successfully compiled nine chapters covering updated topics of genotyping in many
organisms using various molecular markers helping to distinguish genotypes, viral or bacteri‐
al strains, pathological or infected conditions, etc. These chapters, describing the lasted ad‐
vancements in this area, should be a useful addendum to current literature on genotyping,
which is helpful for scientists, students and readers of life science direction.

I greatly acknowledge the efforts of all the authors of the book chapters and thank them for
their valuable contributions. I also appreciate the IntechOpen book department for giving me
the opportunity to work on this book project and Ms. Danijela Sakic, Author Service Manager
at IntechOpen, for her help and support during editorial process.

Ibrokhim Y. Abdurakhmonov
Center of Genomics and Bioinformatics

Academy of Sciences of Uzbekistan
Tashkent, Uzbekistan
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Abstract

Next-generation sequencing is being a robust technology for the practice of clinical diag-
nosis. The reason is that this technology offers the advantage of higher sensitivity and the 
potential to detect the full genome sequence of pathogens, including unknown patho-
gen species. In view of the exceptional advantages of next-generation sequencing, the 
technology can be used to improve and revolutionize conventional pathogenic detection 
methodologies. The technological result holds great possibilities in helping to support 
clinicians with richer insights into host’s genomic features, including the appropriateness 
to drug resistance based on the sequencing mapping of the microorganism. Besides, the 
technology will help discover the source of infection and insights into treatment direc-
tions, furthermore lead to the advancements in diagnosis. Eventually, this technology 
will benefit the clinical community in infectious disease prediction and prevention.

Keywords: pathogens, clinical disease, diagnosis, next-generation sequencing, disease 
biomarker

1. Introduction

Bacteria and virus consist of the most of the microbial pathogens. The microbial pathogens 
are responsible for infectious diseases causes in human hosts [1]. The microbial infections 
can cause the serious clinical symptoms in the human host, such as the inflammation, fever, 
pain and septic shock. They can even lead to the host death if the patient is treated with a 
delay. Thus, the early and accurate identification of pathogen is very important in clinical 
practice [2], as the proper antimicrobial treatment can be used to prevent the infection effec-
tively. However, the conventional diagnostics, like polymerase china reaction (PCR), enzyme-
linked immunosorbent assay (ELISA) and microbial cell culture, are lack of the ability for the 
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unknown or the high-mutated pathogens detection. Therefore, the novel pathogen diagnos-
tics is necessary for the clinical healthcare.

Next-generation sequencing (NGS) is the latest scientific technology till date to sequence the 
target gene or genome [3]. NGS technology refers to one high-throughput DNA sequenc-
ing method. In a single experiment, it can determine the sequence of the target gene or full 
genome with a total size of larger than millions of base pairs (bp) [4]. Sequencing thousands 
of genes or even genomes in one experiment is consequently made possible using this NGS 
technology.

Because of its robustness, NGS is widely being applied in biotechnologies, such as in foren-
sic biology, plant science and environmental contamination, etc., (Table 1). For example, the 
genome of Mycobacterium tuberculosis had been determined by Genome Analyzer to study the 
pathogen epidemiology [5]. In 2013, US Food and Drug Administration (FDA) has cleared 
Illumina MiseqDx to be the first in vitro NGS diagnosis platform [6]. In the recent years, with 
more development in this technology, NGS will provide more comprehensive information 
for the clinicians in clinical studies. In particular, there is more potential to translate currently 
available NGS technology into the pathogen detection.

2. The pathogen mutation is a challenge for infectious disease 
diagnosis

The microorganism pathogens are mostly responsible for the infection disease in the human 
body. PCR, ELISA and cell culture are the conventional methods for the pathogens detection 
[14]. However in PCR, one pair of primers, including forwards and reverse primers are com-
pulsory to design according to the target gene or genome spectrum. Meanwhile in ELISA, the 
functional antibodies are indispensable for the microorganism antigen detection. Finally for 
cell culture, the related culture medium is also required for the according microorganisms. 
Thus, these conventional methods will not be working for some unknown or high-mutated 
microorganism, as the species sequencing information is deficient.

Application References

Biodiversity [7]

Disease diagnostics [8]

Nutrition [9]

Environment [10]

Aging disease [11]

Forensic biology [12]

Agriculture [13]

Table 1. The application of NGS in biotechnology.

Genotyping4

Furthermore, the pathogens, like virus and bacteria, have a high mutation rate which makes 
microorganism gene or proteins easily mutated [15]. The mutated gene would lead to the dra-
matic change of the protein structure [16]. The changed protein may be not be detected by the 
original antibody, as a result, it will be challenging for the identification of these pathogens 
using the conventional methods. Therefore, there is a limitation for the conventional methods 
to detect the unknown and high-mutated pathogenic species. These mutated species will lead 
to the drug resistance and other clinical problems. The problems will also compromise the 
success of current antimicrobial treatment, leading to further increase in pathogen infection 
incidence and host mortality. Hence, the more powerful sequencing technology is urgently 
needed in the clinic community.

3. The development of next-generation sequencing technology

The first method of sequencing DNA was developed by Sanger [17]. He first devised a 
method that allowed for the determination of small sequences in ribonucleic acids. The Sanger 
sequencing method was developed here using the chain termination technology. Because of 
his development, Sanger was awarded the Nobel Prize in 1980 [18]. At the beginning stage, 
the 3′ end of the primer anneals closely to the target DNA sequence. The addition of nucleo-
tides on the 3′ end of the template could either be a usual unlabeled nucleotide or a fluores-
cently labeled nucleotide. After that, no more nucleotides are able to bind to that particular 
strand of DNA sequence. This happens to all the templates that have been loaded into the 
Sanger sequencing platform and denatured into single strand DNA, leading to various single 
strands with different lengths and with diverse labeled nucleotides. As soon as the sequenc-
ing has ended, the finished sample would be denatured once again to remove the sequenced 
strands from the original loaded DNA. The sequenced strands would then be inputted into 
an Agarose gel for observing under a UV light. While the sample is undergoing Agarose gel 
running, it can be noted that the varying lengths of sequenced DNA would run at diverse 
times across the Agarose electrophoresis. The longer fragments are able to travel much slower 
than their shorter counterparts. The bands that will be then analyzed at the end of the gel. The 
result will be arranged according to their fragment size and labeling, therefore giving a visual 
image of the base sequence in the inputted sample. Sanger sequencing had been regarded as a 
gold standard metric because of its high accuracy. The method of the Sanger sequencing had 
been applied to sequence the first Homo sapiens genome [19].

However, even there are technological advances in the Sanger sequencing method such as the 
automation, the Sanger sequencing was still time-consuming and very costly. The growing 
interest in the sequencing of the personal genomes fueled the development of new robust 
technology. The NGS technology has been introduced currently. NGS has many functions, 
such as the sequencing of an entire genome, deep sequencing for a target region of the 
genome, or even multiplex sequencing which allows many samples to be sequenced at one 
time. In the NGS workflow (Figure 1), the multiplex sequencing function is utilized so that 
various samples can be sequenced simultaneously. The principle behind NGS platform is 
alike to that of Sanger sequencing. The signals produced from fluorescently or radioactively 
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labeled nucleotides are received, allowing the bases of the template DNA sequence to be read 
in order. But the difference between the two sequencing technologies is that NGS has the com-
petence to handle numerous sequencing reactions simultaneously. Many templates of DNA 
are able to be processed at the same time, which makes the whole genome sequencing time to 
be much more rapid with this robustness. Thus, NGS will be the next important sequencing 
tool used in biological and clinical samples as it offers a super speed with a higher accuracy.

Over these years, NGS technologies have matured and thus lowered cost and dramatically 
increased throughput. This technology eliminates the time-consuming and labor-intensive 
step to generate single clones via bacterial cloning and gel electrophoresis, and using the 
parallel processing to simultaneously sequence a large number of DNA sample. Thus, instead 
of generating hundreds of longer reads (more than 1000 bp), NGS technology produces mil-
lions of shorter reads (100 ~ 600 bp) ranging on the order of gigabases per run (Table 2). 
Consequently, the major work of sequencing has shifted from the benchtop to the desktop. 
For example, a nanopore NGS instrument MinION had been developed and applied for 
pathogens detection [20, 21]. Moreover the analysis of the NGS data presents new advance-
ments mainly due to the short read lengths and require significant investment in big data 
processing, including hardware, software and bioinformatics. Therefore, the high-throughput 
data is easily to be handled. As a result, what once took 1 week to sequence using Sanger 
sequencing can now be accomplished in a matter of days in a desktop NGS platform.

Superior to the traditional sequencing method, NGS is also able to sequence unknown DNA 
sequence. The unknown genome sequence can be de novo assembled. Depending on the  platforms 

Figure 1. The NGS workflow consists of library construction, sequencing and data analysis.

Sanger sequencing NGS

Experimental time ~1 week ~2 days

Cost per sample Expensive More cost-effective

Reads per sample One read Up to Millions

Reading length Long reading length Short reading length

Cloning vector required Yes No

Specific primer design Yes No

Gel electrophorese required Yes No

Table 2. Comparison of Sanger sequencing and NGS.
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used, NGS can sequence from tens of thousands to more than a billion molecules in a single 
sequencing running. And it is independent of the known microorganism sequence. In addition, 
NGS obtains this feature because of its ability to sequence thousands of the inputted sample, in a 
parallel style, rather than sequencing a single DNA template (Figure 1). This particularly parallel 
analysis is achieved by the miniaturization of the volume of the individual sequencing reaction, 
which limits the size of the instrument and reduces the cost of reagents per reaction.

4. Identification of the novel biomarkers through NGS

NGS technology proves to be a cost-effective, rapid, yet a highly sensitive method to sequence 
large amounts of DNA at once. This can enhance infectious disease research which may even-
tually lead to new biomarkers discoveries. These discoveries can be translated into new diag-
nostic, prognostic and therapeutic targets. In previous studies, NGS technology was used 
to detect the common mutation in viral samples from infected patients. Across the various 
samples analyzed, two common viral mutations were identified in all of the samples. A silent 
mutation and a missense mutation was detected. These common mutations identified code 
for viral reverse transcriptase subunits p66 and p51. As reverse transcriptase is extremely 
important for the survival of the virus, the common mutations identified are possible novel 
biomarkers for virus among local strains. With the identification of these novel biomarkers, it 
would serve to improve diagnosis as well as treatment.

In the particular study for pathogen diagnosis, NGS had allowed for the sequencing and 
identification of even the smallest variants of the viral or bacterial genome. The NGS results 
were able to illustrate the various base mutations that occurred across all multiple samples 
provided. Therefore, NGS has the robust advantage over conventional diagnostics of hav-
ing higher sensitivity, especially about low-frequent mutation or variants. This could be the 
reason that the traditional sequencing method counts on a given position when sequencing 
a determined DNA base. A minor mutation or variants will possibly have a low signal-to-
noise ratio that is unclear from the background noise. But for NGS, it makes use of complete 
coverage over the full gene or the whole genome which provides a much higher sensitivity 
regarding minor mutant or variant. From these results, perhaps these mutations would prove 
to have a rather significant impact on the drug-resistant capabilities of the virus. Further stud-
ies would be also extended to other viral or bacterial genome research. These will provide the 
characteristics of the microbial pathogens and the disease transmission pathways.

The common mutations identified at virus are located on the pol gene that codes for reverse 
transcriptase subunits [22]. Unlike other silent mutations, the missense mutation has more 
implications. As a result, there is an alteration in the corresponding amino acid from leucine 
to phenylalanine. Aligned with the reference genome, the protein function could be altered 
because of the missense mutation. The missense mutation would result in changes to the 
protein structure of reverse transcriptase, causing the conformational changes. These changes 
to the protein have potential to cause resistance to antimicrobial drugs, allowing the virus to 
continue developing in the host.
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Consequently drug resistance remains a challenge for the treatment of pathogen infection. 
It arises from the pathogen’s ability to mutate rapidly. The infected patients can initially be 
infected with a drug-resistant virus or develop drug resistance after starting therapy. Studies 
have been conducted to identify the mutations due to the resistance to antiviral medicines. 
More than 50 and 40 reverse transcriptase mutations have been found to be associated with 
nucleoside reverse transcriptase inhibitor (NRTI) and non-nucleoside reverse transcriptase 
inhibitor (NNRTI) drugs respectively [23]. The viral reverse transcriptase is highly impor-
tant as it catalyzes the conversion of single-stranded RNA to double-stranded viral DNA 
for integration into the host genome. This enzyme plays an important role in the life cycle 
of the virus and has been a good target for the development of antiretroviral drugs for the 
treatment of pathogens. Currently, there are two broad classes of drugs that target the viral 
reverse transcriptase; NRTI (like stavudine and emtricitabine) and NNRTI (like nevirapine 
and etravirine) [24].

The ability of the virus to mutate at the specific position may be due to the selective pressure. 
There is a high possibility that these mutations can be commonly observed in viral strains. 
The development of such mutations would allow for the survival and continuity of the local 
subtype virus. Hence, the identification of these common mutations could be used as novel 
biomarkers for the diagnosis. Studies have shown similar mutations identified in local viral 
strains. This further certifies that the mutation found is likely to be common in viral strains. 
Thus, the common mutations found through NGS technology can be applied as diagnostic 
biomarkers. Furthermore, it can be developed into the potential marker for the future drugs 
to defense against pathogens. This can significantly help the microbiological laboratories in 
large-scale studies of the virus, which aims to aid in the clinical management of pathogen 
infection [25]. Nevertheless, further studies should be done with a larger sample size to con-
firm if the identified common mutation is still observed in a larger population.

Compared with microbial culture, NGS technology is a culture-free detection methodology. 
Metagenomics sequencing will provide a fast, reliable tool for a rapid microbial diagnosis. The 
conservation region of 16 s ribosomal ribonucleic acid (rRNA) amplicons can be sequenced 
by a standard workflow. Thus, this methodology can identify hundreds or even thousands 
species at one time. The microbial system biology can be also investigated at the same time. 
The automated software or pipeline will help the metagenomics to be a standard microbial 
detection method.

The molecular epidemiology studies can be investigated deeply, using NGS results. And the 
investigation of subtype differences in clinical phenotypes and treatment outcomes can be 
achieved. It is fully predictable that NGS will be much better than the often used conven-
tional diagnosis methods, for providing sequence information for the genomic, microbiologi-
cal and clinical studies. The current standard of diagnosis methods, commercially available 
PCR, ELISA, cell culture or other assays target short sub-gene fragments for drug resistance 
determination. Furthermore, it is interesting to highlight that mutations outside these regions 
can influence drug resistance [26]. Additionally, NGS is more powerful to study of drug resis-
tance, and disease transmission [27]. There are many emerging multi-drug resistant organisms 
globally, thus it is significant to investigate the molecular microbiology of the new pathogens. 

Genotyping8

Antimicrobial therapy is widely performed as a form of treatment in fighting against pathogen 
infection. Unfortunately, some microorganism has the ability to rapidly mutate which results 
in changes in its genetic or protein structure. This provides pathogens with the potential to 
develop resistance to existing antimicrobial drug or treatment. NGS can provide the solution 
of sequencing a pathogenic gene/genome and the identification of a common mutation in the 
targeted region. The decrease in cost and increase in accuracy, resolution and reproducibility 
of NGS allows large-scale sequencing of the virus to be performed efficiently. The study made 
use of NGS platform together with the usage of the library preparation to sequencing the 
mutated pathogenic samples. The advancement of NGS has brought about many benefits to 
the field of biological sciences and will continue to play a big role in the disease diagnostics.

5. Future perspectives

By using NGS, the advantages of this technology was able to be observed throughout the dura-
tion of the experiments. One of the really good advantages includes the deep sequencing pro-
tocol that occurs during NGS. Deep sequencing is the process of sequencing the same region 
several times, from hundreds to ten of thousands times coverage. When amplicons are able to 
be sequenced at a really high depth of coverage, the sequence mutations can be highlighted. It 
allows for the detection of multiple variants that are really low in number within its popula-
tion. Somatic mutations that cannot be identified easily using the Sanger sequencing can be 
easily sequenced, making rare infectious diseases easier to study in a clinical environment.

However, the main NGS platforms used has a limited length of the sequence generated in 
individual reactions. The read length for the majority of platforms is in the range of hun-
dreds of base pairs. In order to sequence DNA longer than the feasible read length, the mate-
rial need fragmented before analysis. Following sequencing, the reads are analyzed through 
informatics to provide the information on the sequence of the whole target molecule. The 
short read, particularly the high-throughput sequencing methodology used in NGS was a dif-
ferent solution that developed sequencing competence. It enables population-scale sequenc-
ing and establishes a foundation for the novel genomic medicine as part of healthcare. NGS 
technologies are increasingly used for diagnosis and monitoring of infectious diseases such as 
virus infection. NGS is more powerful than other methods, such as Sanger sequencing, espe-
cially in the improved accuracy of the unkown region. The new technology is less costly and 
is more capable to detect the repeated fragments. Although the usage of NGS still has its set-
backs, such as the relatively expensive price of the sequencing consumables required to con-
duct one sequencing run, perhaps in the near future the overall cost of NGS will be reduced; 
with increased popularity of this sensational sequencing method, NGS will eventually be as a 
cheap and standard method in biomarker discovery. Also, an adapted genotyping prediction 
informatics could be developed based on data acquired from whole-genome sequences of 
drug-resistant isolates. The predicted novel treatment resistance conferring mutations would 
be validated against phenotypic assay as well as clinical data acquired from the patients. The 
correlative application between the new solution and the conventional methods, such as PCR 
would be also determined together to assess the performance of the drugs.
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Abstract

Microsatellites (simple sequence repeats, SSRs) that consist of repetitive sequences of
one to six bases are ubiquitous in most eukaryotic genomes. The use of molecular
markers for this region is efficacious in molecular-assisted breeding, molecular phyloge-
netics, and population genetics. Recently, the detection of a number of SSRs using a
high-throughput DNA sequencing assay has become possible. Particularly, microsatel-
lite capture sequencing using our developed protocol can detect SSRs more effectively
by enriching the DNA library using an SSR probe. Our protocol used in this study
demonstrates the possibility of using low-input DNA (≥1 ng), and while the use of
restriction enzymes was more suitable for identifying the heterozygous genotype than
sonication was, sonication facilitated the detection of various SSR flanking regions with
both species-specific and common characteristics more than restriction enzyme diges-
tion did. Moreover, a simulation analysis using various scale reads estimated that a few
thousand SSRs could be detected from 50 K reads per sample. Furthermore, we described
an in silico polymorphic detection and phylogenetic analysis method based on microsat-
ellite capture sequencing data.

Keywords: microsatellite, SSR, capture sequencing, molecular marker, non-model
organisms, Myrtaceae

1. Introduction

Molecular markers for DNAwere developed in the 1980s and have been used in a wide variety
of research fields as a tool for detecting sequence polymorphism between individuals, cultivars,
and lineages. In addition, various polymorphic detection methods usingmolecular markers have
been devised based on the structural characteristics of DNA andmolecular biological techniques.
Among them, the molecular markers based on microsatellite (simple sequence repeat, SSR)
regions enabled the development of robust assays with higher resolution and reliability than
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those of conventional methods. Generally, SSR constructs consist of a repeat motif with one to six
nucleotides, and SSRmarkers are useful for marker-assisted selection and construction of linkage
maps as well as molecular phylogenetics and population genetics because they have various
advantages such as high polymorphism, genomic specificity, abundance, and codominance [1,
2]. While SSR markers are very effective, the SSR detection required to construct the marker is
often time-consuming. Each SSR detection technique uses colony hybridization, microsatellite
enrichment, or both based on the biotin-streptavidin interaction [3–5]. Moreover, another tech-
nique was recently reported in which markers were developed in parallel with SSR detection
using dual-suppression PCR [6]. However, these approaches have low throughput (a few sam-
ples or several tens of samples) since they depend on capillary sequencing.

A current high-throughput DNA sequencing technology, known as next-generation sequenc-
ing (NGS), allows the acquisition of huge amounts of data in a single assay. This technology
facilitates exhaustive analyses such as whole-genome and RNA sequencing. Additionally,
multiple samples can be analyzed at the same time since a specific sequence tag that iden-
tifies individuals is added to each library. Thus, the time-consuming assays required for
traditional sequencing could be avoided by using such high-throughput DNA sequencing
methods. Moreover, high-throughput DNA sequencing was recently used for SSR detection
(Table 1) [7–42]. These previous studies report that high-throughput DNA sequencing can
sufficiently analyze even non-model organisms. In agricultural research field, numerous
global major crops such as rice, grapes, and poplar have provided abundant genomic infor-
mation, whereas little has been reported on regional minor crops have including molecular

Target species Library
style

NGS
platform

Number of
reads

Sequences including
SSR

Agkistrodon contortrix (Copperhead snake) WG GS-FLX 128,773 14,612

Anisogramma anomala WG GAIIX 26,036,313 44,247

Aristeus antennatus (Red shrimp) WG GS-FLX 165,507 247

Aristotelia chilensis (Maqui) WG GS-FLX 165,043 24,494

Artocarpus altilis WG MiSeq 2,341,465 47,607

Aspidistra saxicola cDNA HiSeq2000 13,133,336 4764

Brachiaria ruziziensis (Ruzigrass) WG GAII 186,764,108 139,098

Callosobruchus chinensis (Adzuki bean
weevil)

WG HiSeq2500 106,888,024 6593

Camelina sativa cDNA GAIIX 10,830,000 14,140

Camellia sinensis (Tea plant) cDNA HiSeq2000 26,874,116 5649

Carthamus tinctorius (Safflower) WG HiSeq2000 48,502,680 23,067

Catha edulis (Khat) WG GS-FLX 65,401 11,678

Catla catla (Catla) WG PGM 29,794 21,477

Chrysanthemum nankingense cDNA GAII 53,720,166 2813

Daphne kiusiana WG MiSeq 4,936,656 28,495

Handroanthus billbergii WG MiSeq 2,169,901 61,074

Hydropotes inermis (Water Deer) WG GS-FLX 260,467 20,101

Genotyping14

markers. Particularly, the development of genomic resources for tropical and subtropical
fruits or underutilized fruit crops is limited [43]. We carried out microsatellite capture
sequencing using a high-throughput DNA sequencing technology to obtain sequences with
SSR regions of candidate SSR markers for five Myrtaceae plants (Feijoa sellowiana, Myrciaria
dubia, Psidium guajava, Psidium littorale, and Syzygium samarangense) that are tropical and
subtropical fruits [44].

In this chapter, we expound on the microsatellite capture sequencing method for detecting SSR
regions using high-throughput DNA sequencing based on our developed protocol.

2. Overview of microsatellite capture sequencing method

The microsatellite capture sequencing method based on our protocol is explained in this
section (Figure 1). Some procedures in this protocol are optional fragmentation, SSR enrich-
ment, and data analysis using merge paired-end read with a short-read sequencer.

Target species Library
style

NGS
platform

Number of
reads

Sequences including
SSR

Hymenolaimus malacorhynchos (Blue duck) WG GS-FLX 17,215 231

Ipomoea batatas (Sweetpotato) cDNA GAII 59,233,468 4114

Lathyrus sativus (Grasspea) MCS GS-FLX 493,364 129,886

Mangifera indica (Mango) WG HiSeq2000 90,323,371 106,049

Miscanthus sinensis cDNA GS-FLX 241,051 381

Moa fossil WG GS-FLX 79,796 195

Panicum miliaceum (Broomcorn millet) MCS GS-FLX 1,087,428 223,894

Panicum virgatum (Switchgrass) cDNA GS-FLX 979,903 21,437

Pilosocereus genus RAD GS-FLX 2,282,266 54,420

Pisum sativum (Pea) WG HiSeq2500 173,245,234 8899

Prunus virginiana (Chokecherry) WG GS-FLX 145,094 405

Pseudosciaena crocea (Large yellow croaker) WG GS-FLX 207,246 2535

Python molurus bivittatus (Burmese python) WG GS-FLX 117,515 6616

Raja pulchra (Skate) WG GS-FLX 453,549 19,658

Raphanus sativus (Radish) cDNA HiSeq2000 71,950,000 11,928

Scabiosa columbaria cDNA GS-FLX, GAII 29,522,184 4320

Sesamum indicum (sesame) cDNA HiSeq2000 26,266,670 6276

Vicia faba (Faba bean) MCS GS-FLX 532,599 125,559

Viola mirabilis WG GS-FLX 443,935 36,670

WG: whole genome; MCS: microsatellite capture sequencing; RAD: restriction site associated DNA.

Table 1. Examples of simple sequence repeat (SSR) detection with high-throughput sequencing.
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The purity and yield of extracted DNA are determined based on the absorbance ratios of 230/
260 and 260/280 nm detected using a spectrometer and should be >1.5. In addition, a single
band without smear should be obtained in 1% agarose gel electrophoresis. Subsequently,
1000 ng of the DNA is fragmented by digestion with the appropriate restriction enzyme or by

Figure 1. Workflow of our simple sequence repeat (SSR) detection method using microsatellite capture sequencing.

Genotyping16

shearing to an average fragment size of 500 bp using an adaptive focused acoustics sonicator
(Covaris, Woburn, MA, USA). The fragmented DNA is purified using a QIAquick PCR purifi-
cation kit (Qiagen, Hilden, Germany), and then a standard Illumina NGS library is constructed
using end-repair, dA-tailing, adaptor ligation, size selection, and PCR. We suggest using the
NEBNext Ultra DNA Library Prep kit for Illumina (New England Biolabs, Ipswich, MA, USA)
with DNA samples ≥10 ng, while the KAPA Hyper Prep kit for Illumina (Kapa Biosystems,
Woburn, MA, USA) is recommended for DNA sample < 10 ng. Size selection is conducted
using AMPure XP magnetic beads (Beckman Coulter, Brea, CA, USA) with the approximate
insert size set to 400–600 bp. The adaptor-ligated DNA is amplified through 15 high-fidelity
PCR cycles. Subsequently, the PCR product is purified in a 20-μL volume via a cleanup stem
using AMPure XP magnet beads (Beckman Coulter).

The purified product is mixed with 1 μL of a customized biotinylated SSR probe (GA)10 from a
100 μM stock in TE buffer (one of the probes is typically used for SSR enrichment), incubated
at 95�C for 10 min, and then placed on ice. The mixture is hybridized by incubating at 60�C for
60 min. After washing 20 μL of the Dynabeads MyOne streptavidin C1 beads (Life Technolo-
gies, Carlsbad, CA, USA), they are resuspended in 29 μL of 6� SSC buffer, added to each
hybridized mixture, and incubated at 25�C for 30 min. The mixture is washed with 2� SSC
buffer (once) and 1� SSC buffer (twice). Next, 23 μL of the SSR-enriched library is amplified
using 15 high-fidelity PCR cycles with index primers. Subsequently, the amplified product is
purified to a 20-μL volume via a cleanup step using AMPure XP magnetic beads (Beckman
Coulter). The library quality and concentration are assessed using an Agilent Bioanalyzer 2100
(Agilent Technologies, Waldbronn, Germany) and Agilent DNA 1000 kit (Agilent Technolo-
gies). The specific concentration of each library is determined using quantitative real-time PCR
using a KAPA library quantification kit (Kapa Biosystems). The library is first diluted to a
concentration of 10 nM and then mixed in equal amounts. After denaturation with 0.2 N
NaOH, the final concentration of the library mixture is diluted to 15 pM, including the 1%
PhiX library (Illumina, CA, USA). The library mixture is sequenced using 2 � 300 bp paired-
end sequencing using a MiSeq (Illumina). Reads in the FASTQ format were generated using a
pipeline MiSeq reporter (version 2.5.1.3, Illumina).

Raw reads containing adaptors are removed using Trimmomatic version 0.32 [45]. Addition-
ally, the FASTX-Toolkit version 0.0.13.2 [46] is used to clip uncertain bases called “N” and filter
reads based on the quality score. The parameters of the quality filtering are as follows: (1)
required minimum quality score is 20 and (2) minimum percentage of bases that must have
[�q] quality is 80. The unpaired reads are then removed from the total remaining using a
custom Perl script, and the preprocessed paired reads are integrated using the FLASh version
1.2.11 [47]. Furthermore, the integrated reads with similar sequences are clustered using the
CD-HIT-EST version 4.6 [48], and the clustered reads including SSR regions are searched using
the SSRIT for a stand-alone version (ftp://ftp.gramene.org/pub/gramene/archives/software/
scripts/ssr.pl) [49]. The search parameters are (1) unit size, 2 and (2) minimum repeats, 10.
Subsequently, sequences with a length of more than 20 bp flanking the SSR region are listed to
enable the design of the primer set. The listed sequences are annotated with the top-hit
description using the local BLAST program with the following settings: (1) execution program,
BLASTn; (2) database, the NCBI nonredundant nucleotide database nt; and (3) e-value, 1e�4.
Additionally, consensus sequences from these sequences are constructed using read mapping
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description using the local BLAST program with the following settings: (1) execution program,
BLASTn; (2) database, the NCBI nonredundant nucleotide database nt; and (3) e-value, 1e�4.
Additionally, consensus sequences from these sequences are constructed using read mapping
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in CLC Genomics Workbench 9.5 (CLC Bio-Qiagen, Aarhus, Denmark) with the following
settings: (1) mismatch cost, 2; (2) insertion cost, 3; (3) deletion cost, 3; (4) length fraction, 0.5;
and (5) similarity fraction, 0.8.

3. Available amount of DNA sample

Our protocol recommends using 1000 ng of the DNA sample. However, occasionally, only low
amounts of DNA are obtained depending on the experiment design. Therefore, we adjusted
the amounts to 1000, 100, 10, and 1 ng with rice (Oryza sativa) DNA as a test sample and
investigated the feasibility of using these amount of DNA samples in our protocol (Figure 2).
The above amounts (1000, 100, and 10 ng) of DNA samples were used with the NEBNext Ultra
DNA Library Prep kit for Illumina (New England Biolabs), and 1 ng of the DNA sample was
used with the KAPA Hyper Prep kit for Illumina (Kapa Biosystems). The processed DNAwas
quantified using an Agilent Bioanalyzer 2100 (Agilent Technologies) and Agilent DNA 1000 kit
(Agilent Technologies) before and after SSR enrichment. As a result, the concentration of the
processed DNA before SSR enrichment (after standard NGS library construction) was deter-
mined to be in the range of 226.9–14.7 nM in proportion to the input DNA, while that after SSR
enrichment was gradually detected in the 23.5–3.4 nM range, although the concentration was
reduced compared to the input DNA. Although the peaks after SSR enrichment with 10 and
1 ng input DNA could not be confirmed, they were checked using the Agilent high sensitivity
DNA kit (Agilent Technologies). Therefore, our protocol can construct the SSR enriched library
for high-throughput DNA sequencing if the prepared input DNA is ≥1 ng. If the constructed
library does not meet the ≥1 nM required concentration for high-throughput DNA sequencing,

Figure 2. DNA profiling before and after simple sequence repeat (SSR) enrichment using Agilent Bioanalyzer 2100.

Genotyping18

we suggest the following approaches: (1) elution with less buffer volume by re-performing the
cleanup, (2) enrichment using an evaporator, and (3) several additional PCR cycles. The library
constructed on a 1-ng scale may be useful for analyzing a few valuable samples such as cell
masses with microsatellite instability and herbarium specimens.

4. Effect of fragmentation

Our protocol chooses between restriction enzyme digestion and sonication for the DNA frag-
mentation. In this experiment, the effect of data analysis on these different fragmentation
methods was investigated using the sequence data (accession number DRA004725) for the
Myrtaceae plants with the microsatellite capture sequencing.

During the integration process, the minimum overlapping length parameter was appropriated at
10-base intervals (min 10, 20, 30, 40, 50, and 60; Figure 3). The result showed that after integra-
tion and clustering, the integrated reads tended to be higher after fragmentation by sonication.
Of the two restriction enzymes, MseI yielded more integrated reads than NlaIII did. The recog-
nition site of MseI consists of only adenine and thymine (50-T|TAA-30), whereas that of NlaIII
consists of all nucleotides (5’-CATG|-30). Although the GC content in the whole genome is lower
than 50% for many plants [50], Myrtaceae species also tend to exhibit low GC content [51, 52].
Thus, these results showed that the varying number of integrated reads obtained when different
restriction enzymes were used was reasonable. Additionally, we compared variations in the
integrated reads between the minimum overlapping parameters in the integration process. At
min 10, the integrated reads constructed from the original paired-end reads were 25–43, 33–52,
and 44–61% for NlaIII, MseI, and sonication, respectively while the corresponding values at min
60 were 19–32, 25–40, and 37–54%, respectively. Therefore, integrated reads ranging from several
percentage points to approximately 10% at most could be varied by setting an arbitrary

Figure 3. Number of contigs after integration of paired-end reads and deletions of duplicated integrated-reads.
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parameter for the minimum overlapping length. We recommend using an overlapping length
parameter of min 60 to select integrated reads with higher reliability.

After searching SSR regions of the clustered reads using the overlapping length parameter of
min 60, most motifs (82–89%) were target SSR regions [(CT)n, (TC)n, (GA)n, or (AG)n; Figure 4].
This result could be attributed to the biotinylated probe used to enrich the SSR region. The
various probe conditions required for capturing SSR regions have been reported previously
[53–55]. Our protocol also showed that the target SSR region could be captured efficiently.
Among the SSRs shown in Figure 4, probe-related SSR regions were characterized based on
genotypic frequency. All species and the fragmentation conditions showed high and low rates
of homozygous and heterozygous genotypes, respectively. The heterozygous genotype rate for
all species was substantially higher after fragmentation using restriction enzymes than it was
after fragmentation using sonication (18.75–20.86, 15.66–18.77, and 0.04–0.16% for NlaIII,
MseI, and sonication, respectively). Additionally, fragmentation by NlaIII was more likely to
detect the heterozygous genotype than that by MseI was and, thus, for our approach we
recommend fragmentation using restriction enzyme digestion. Although the five Myrtaceae
plants analyzed in this study are diploid, approximately one-third of heterozygous genotypes
were more than tri-allelic in all species. This factor may be associated with the occurrence of
multiple homologous copies or PCR error during library construction.

We confirmed the unique and common genes with SSR flanking regions in a family based on
annotations (Figure 5). In F. sellowiana, 372 (NlaIII), 337 (MseI), and 887 (sonication) SSR regions
were fragmentation-specific, whereas 440 (NlaIII), 474 (MseI), and 624 (sonication) SSR regions
were common among other fragmentations. In M. dubia, 338 (NlaIII), 320 (MseI), and 1065
(sonication) SSR regions were fragmentation-specific, whereas 481 (NlaIII), 482 (MseI), and 724
(sonication) SSR regions were common among other fragmentations. In P. guajava, 227 (NlaIII),

Figure 4. Simple sequence repeat (SSR) proportions of target and other regions.

Genotyping20

247 (MseI), and 1071 (sonication) SSR regions were fragmentation-specific, whereas 318 (NlaIII),
375 (MseI), and 555 (sonication) SSR regions were common among other fragmentations. In
P. littorale, 500 (NlaIII), 479 (MseI), and 1038 (sonication) SSR regions were fragmentation-specific,
whereas 521 (NlaIII), 528 (MseI), and 660 (sonication) SSR regions were common among other
fragmentations. In S. samarangense, 445 (NlaIII), 640 (MseI), and 818 (sonication) SSR regions were
fragmentation-specific, whereas 400 (NlaIII), 499 (MseI), and 551 (sonication) SSR regions were
common among other fragmentations. Therefore, the detected SSR flanking region had both
fragmentation-specific and common characteristics. Notably, sonication yielded the most charac-
teristics for all groups.

We constructed consensus sequences from the listed sequences including SSRs based on the
read mapping. The percentage values of unsuited consensus sequences for molecular marker
development determined by including the unknown nucleotide “N” were 4.4% (NlaIII), 5.3%
(MseI), and 1.4% (sonication) in F. sellowiana; 5.7% (NlaIII), 5.4% (MseI), and 3.5% (sonication)
in M. dubia; 9.7% (NlaIII), 10.7% (MseI), and 5.3% (sonication) in P. guajava; 6.5% (NlaIII), 5.7%
(MseI), and 1.8% (sonication) in P. littorale; and 7.0% (NlaIII), 7.9% (MseI), and 1.3% (sonica-
tion) in S. samarangense. Conversely, approximately 90% of the consensus sequences could be
candidate molecular markers for some gene and trait.

Fragmentation by restriction enzyme is limited in the restriction site flanking region, whereas
fragmentation by sonication targets the whole genome. The comparison of different fragmen-
tation methods for genomic DNA revealed that restriction enzymes were more suitable for
identifying the heterozygous genotype than sonication was, whereas sonication facilitated the
detection of various SSR flanking regions with both species-specific and common characteris-
tics more than restriction enzyme digestion did. Therefore, the choice of the DNA fragmenta-
tion approach appears to depend on the ultimate research purpose. In particular, the effective

Figure 5. Venn diagram based on annotation within three fragmentations for each Myrtaceae plant.
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detection of a heterozygous genotype using DNA fragmentation by restriction enzymes is
expected to contribute to the development of molecular markers for molecular-assisted breed-
ing and population genetics that require the clear distinction of alleles.

5. Simulation analysis using various sequence data scales

The number of paired reads for the Myrtaceae plants ranged from 2 � 1,296,448 to 2 �
1,708,634. Here, various sequence data scales are simulated to demonstrate how SSRs can be
detected (Figure 6). For the simulation, different scale data consisting of 1000, 500, 200, 100,
and 50K reads were prepared by sampling without replacement of the original sequence data
of the five Myrtaceae plants and three fragmentation approaches. Additionally, paired reads of
each scale dataset were integrated using the minimum overlapping parameter of 10-base
intervals (min 10, 20, 30, 40, 50, and 60), and sequences with SSR regions were detected from
the integrated reads after clustering the same sequences. The simulation result showed that the
1000K reads scale detected tens of thousands of SSRs; 500 and 200K reads detected a few
thousand to tens of thousands of SSRs; and 100 and 50K reads detected a few thousand SSRs.
Thus, the 50K reads detected approximately 1/10 of the SSRs detected by the 1000K reads.
Moreover, 384 samples could be used in a single assay when a sequence of 50K reads per
sample is assumed, and the sequence cost is very reasonable.

6. In silico polymorphic detection and phylogenetic analysis

SSRs detected using microsatellite capture sequencing are available as SSR markers by design-
ing primer sets from the SSR flanking region. On the other hand, when common sequences
with SSR regions among samples are prepared as reference sequences, the sequence data of
each sample can be mapped to the reference, SSR polymorphisms can be detected among the

Figure 6. Simulation result based on assuming various read scales.
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samples, and phylogenetic analysis is possible based on the polymorphic data. Here, we
explain an in silico polymorphic detection and phylogenetic analysis method based on micro-
satellite capture sequencing data.

According to the protocol described above, the sequence set with the SSR region is prepared
from analyzed data using paired-read integration, clustering of same sequences, and SSR
detection. The sequence sets of each sample are merged into one file, and the merged sequence
sets are re-clustered using CD-HIT-EST version 4.6 [48]. The sequence data of each sample are
mapped to the clustered sequence as a reference by using the CLC Genomics Workbench 9.5
(CLC Bio-Qiagen, Aarhus, Denmark). The consensus sequences of each sample are created
from the mapped data. The SSR repeat data of the consensus sequences are detected using
SSRIT for a stand-alone version [49]. A polymorphic table merging the SSR detected data of
each sample is constructed using the following script (merge_SSR.pl):

#!/usr/bin/perl.

use strict;

our @hashlist = ();

our @fnlist = ();

our %keyhash = ();

eval {.

if($#ARGV <0) {

print “usage: mergeSSR.pl [sample tsv files (ex. mergeSSR.pl *.txt)]\n”;

exit �1;

}

### header #########################################

print “Locus”;

for (my $i = 0; $i < = $#ARGV; $i++){

my $filename = $ARGV[$i];

print “\t”.$filename;

push(@fnlist, $filename);

}

print “\n”;

### file to hash Locus #########################################

for (my $i = 0; $i < = $#fnlist; $i++){

my $filename = $fnlist[$i];
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my %hash = ();

open (IN,” < $filename”) || die “cannot open $filename: $!”;

while (my $line = <IN>) {

chomp $line;

my @dt = split/\t/,$line;

my $key = $dt[0].”_”.$dt[1];

my $val = $dt[4];

$hash{$key} = $val;

$keyhash{$key} = $key;

}

close (IN1);

push(@hashlist, \%hash);

}

#### data ###############################################

foreach my $key (keys %keyhash){

print $key;

foreach my $row (@hashlist) {

if(exists $row- > {$key}){

print “\t”.$row- > {$key};

} else {.

print “\t”;

}

}

print “\n”;

}

exit 0;

};

The polymorphic table is edited to the input data of the Populations format. The genetic
distance between samples is calculated using a distance matrix method using the Populations
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version 1.2.30 [56]. A dendrogram is drawn using the MEGA version 7 [57]. For example, we
have shown the result of the phylogenetic analysis of the Myrtaceae plants (Figure 7). SSR
polymorphisms in 38,636 loci were compared between samples, and the result showed that all
organisms had a single clade even if the fragmentation differed.

7. Conclusion

Recently, the SSR detection approach using high-throughput DNA sequencing has been
performed on various organisms (Table 1). Although SSRs are detected from the whole genome
as a part of the data analyses in many cases, the microsatellite capture sequencing approach
included in our protocol can detect numerous SSRs more effectively by enriching NGS library
using an SSR probe than conventional approaches. Detected SSR data will considerably increase
the spread of NGS in the future. Therefore, the construction of a database will be required to
manage the massive amount of SSR data.
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1. Introduction

Microsatellites are important genetic markers that are widely used in evolutionary, 
ecological, animal and plant breeding and forensic studies [1, 2]. Because their poly-
morphisms are generally caused by the gain or loss of a repeat unit, they can be easily 
detected using a gel separation method to detect length variations. Therefore, using fluo-
rescent dye-labelled primers with automatic capillary electrophoresis is one of the most 
popular methods for high-throughput assessment of their polymorphisms. Microsatellite 
allele fragments are then estimated or calculated by comparison with a co-migrated inter-
nal size standard, which uses a different fluorescent dye that displays a different colour 
from that used for the microsatellite.

In this process, incorrect microsatellite genotype scoring can occur at many steps [3–7]. 
Stutter, null alleles and allelic dropout are the three major problems, which have been dis-
cussed extensively [5, 7]. These problems were generally related to sample quality, poly-
morphisms in microsatellite priming sites, PCR amplification procedures and others. Unlike 
errors relating to DNA templates or PCR procedures, pull-up/bleed-through (“pull-up” 
hereafter) in capillary electrophoresis per se has also been an important problem causing 
allele miscalling.

The pull-up effect is due to spectral overlap of the fluorescent dyes in capillary electropho-
resis producing more than one peak colour for the allele with one colour dominant and the 
others minor [7]. Pull-up peaks of the minor colours occur when a peak has reached intensity 
saturation such that the major peak cannot increase in signal intensity due to saturation, but 
minor peaks that are normally of very low intensity (background) reach appreciable signal 
intensity. In addition, because allele calling from capillary electrophoresis depends on detect-
ing the emission spectra of fluorescent dyes, a spectral standard is needed to compensate for 
the emission spectrum overlap between dyes. Therefore, an incorrect spectral standard will 
also cause the pull-up effect [8].

Because most DNA fragment analysis software (aiding allele size calling, see below) provides 
functions to deal with the pull-up effect, such a problem can be easily overlooked. Such func-
tions, called pull-up correction, work by removing the extra noise colours and only keeping 
the dye colour that the microsatellite uses for the allele peak [9]. However, because the dye 
colour used by the internal size standard will be performed to calibrate allele sizes, the func-
tion will not correct this dye colour. Therefore, if the dye that the microsatellite uses leads to 
noise colour that is the same as the colour the internal size standard uses, the pull-up correc-
tion function does not correct such noise colour. In this case, errors can still occur if research-
ers are unaware of the problem.

Here, we report the cause of such errors that arose when we used the HEX fluorescent dye for 
microsatellite loci and the ROX dye for the internal size standard and used electrophoresis 
in an ABI 3730 automated sequencer. Because some allele fragments happened to overlap 
with or were close to one of the size standard fragments, a pull-up effect caused miscalling 
of alleles.

Genotyping32

2. Materials and methods

We used two microsatellite loci to reveal size scoring errors. One was locus HQ-53 (EMBL 
Accession No. HG421133) in Engelhardia roxburghiana, a diploid species belonging to the family 
Juglandaceae [10]. The other was locus WJ-39 (GenBank Accession No. KY428838) in Chinese 
tallow tree (Triadica sebifera), a tetraploid species belonging to the family Euphorbiaceae [11]. 
HQ-53 is a dinucleotide microsatellite locus, and WJ-39 is a trinucleotide microsatellite locus.

Such errors were first found at locus HQ-53 when we used it to genotype 522 E. roxburghi-
ana samples in a 20-ha (400 × 500 m) DHS plot in the 1155-ha DHS National Nature Reserve 
on the southern verge of the Tropic of Cancer in the subtropical part of South China [12]. 
For this allele size calling procedure, we used HEX dye for the HQ-53 locus and ROX dye 
for the internal size standard. For each sample, when we double-checked the Genemapper 
(see below) scored electrophoresis results with other scoring programmes, some results were 
inconsistent. Then, when we isolated and characterised microsatellites in T. sebifera, a similar 
problem occurred at locus WJ-39 for which we used the same HEX and ROX dye combination. 
Therefore, we think that such allele miscalling could be a common problem if ignored.

The primers for the two loci were designed by Primer3 software [13, 14]. Therefore, for HQ-53, 
it occurred by chance that one amplified allele was 200 bp and the other was 198 bp after 
PCR amplification, sizes that are identical or close to the 200 bp size standard fragment. For 
WJ-39, instead of directly using the designed primers, the forward primer was 5′-tailed with 
the 15 bp 5′-CAGTCGGGCGTCATC-3′ sequence (CAG-tagged sequence) to decrease the cost 
at the microsatellite screening stage [15]. Two PCR amplification steps were then employed 
for this locus. For the first step, PCR amplification was performed with the CAG-tagged for-
ward primer plus the reverse primer using 12 reaction cycles. One microlitre of amplification 
product was then used for the second 35-cycle PCR amplification but with the fluorescently 
labelled CAG-tagged sequence as the forward primer. The allele sizes after PCR amplification 
were 250 and 253 bp, while a 250 bp fragment also occurred in the internal size standard used.

We provided three datasets (Table 1). Datasets 1 and 2 are for locus HQ-53, and they include 
48 and 96 samples, respectively. These datasets contain the results using the HEX dye (pro-
ducing green peaks in the electropherograms; Figures 1 and 2), and they were electropho-
resed on an ABI 3730 sequencer in 2013 and 2012. Here, we have provided two datasets in 
HQ-53 just to illustrate that such errors were not once-only electrophoresis problems (in fact, 
such errors occurred frequently in allele size scoring in locus HQ-53, and we just chose two 
datasets as examples). Dataset 3 is for locus WJ-39 and contains results electrophoresed on 
the same sequencer in 2016. Dataset 3 includes only six samples. The reason Dataset 3 only 
contains six samples was because we used these six samples to identify polymorphisms at 
locus WJ-39 before deciding to use this locus or not for large-scale genotyping in T. sebifera. In 
addition, small sample sizes were cost-saving and facilitated our use of different treatments 
(different dye combinations; see Table 1) to reveal the way to avoid such allele size miscalling. 
It is worth mentioning that for Treatment-5 and Treatment-6 in Dataset 3, we run each experi-
ment (including PCR amplification and electrophoresis) twice for them on different days to 
check the consistency between experiments. This was because we found that the results in 
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Treatment-5 gave many size calling errors for the first experiment (see results and Table 2). 
We then ran the second experiments to confirm that. All electrophoreses and data analyses 
were performed by Thermo Fisher Scientific, Inc. in Guangzhou branch, China.

Datasets 1 and 2 were analysed by Genemapper ID v3.2 software previously, while Dataset 3 
was analysed by Genemapper 4.1. To make the results comparable among datasets, Datasets 
1 and 2 were re-analysed with Genemapper 4.1. After checking the results in Datasets 1 and 2 
with the two software versions, they were found to be identical.

Because Genemapper is expensive, most researchers cannot afford it. However, when sam-
ples are sent to companies or laboratories that have ABI sequencers, they will provide micro-
satellite allele size calling after electrophoresis. Therefore, for most researchers, these results 

Dataset Species and its 
ploidy level

Sample 
size

Microsatellite 
locus and its type 
tested in samples

Fluorescent 
dye for locus

Fluorescent dye 
for internal size 
standard

Treatment

Dataset 1 Engelhardia 
roxburghiana 
(diploid)

48 HQ-53 
(dinucleotide)

HEX GeneScan™ 500 
ROX

Dataset 2 Engelhardia 
roxburghiana 
(diploid)

96 HQ-53 
(dinucleotide)

HEX GeneScan™ 500 
ROX

Dataset 3 Triadica sebifera 
(tetraploid)

6 WJ-39 
(trinucleotide)

HEX GeneScan™ 500 
ROX

Treatment-1

FAM GeneScan™ 500 
ROX

Treatment-2

HEX GeneScan™ 500 
ROX

Treatment-3 
(PCR products 
in Treatment-1 
diluted 20-fold)

HEX GeneScan™ 500 
ROX

Treatment-4 
(PCR products 
in Treatment-1 
diluted 50-fold)

HEX GeneScan™ 500 
LIZ

Treatment-5 
(repeated 
twice, named 
Treatment-5-1 
and 
Treatment-5-2)

FAM GeneScan™ 500 
LIZ

Treatment-6 
(repeated 
twice, named 
Treatment-6-1 
and 
Treatment-6-2)

Table 1. Summary of datasets used to illustrate allele size calling errors.
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Figure 1. Electropherograms showing alleles (green peaks with HEX fluorescent dye) in example samples from Dataset 1 
using Genemapper 5.0 (A–B), Gelquest 3.1.3 (C–D), Genemarker 2.7 (E–F) and Fragman 1.0.7 (G–H). The results in A, C, E and 
F were derived using the full set of internal size standard fragments (red peaks with ROX fluorescent dye), and B, D, F and 
H were scored with the 200 bp fragment omitted from the internal size standard. For each electropherogram, except those 
generated by Gelquest, the upper or lower right is the allele panel constructed by overlapping allele peaks. The black arrows 
on each allele panel correspond to the alleles shown in each electropherogram. Red-dashed lines in the electropherograms 
indicate the positions where the 200 bp internal size standard should appear, and the red arrows show the actual position 
of the 200 bp internal size standard. Sample names and electrophoresis names (in parentheses) are indicated on the left side 
of each electropherogram. For Genemarker, its allele panels (E and F) were constructed using only six samples because it 
was a demo version. [Colour figure can be downloaded and viewed at http://molecular-ecologist.com/pd.jsp?id=1#_jcp=2]. 
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Treatment-5 gave many size calling errors for the first experiment (see results and Table 2). 
We then ran the second experiments to confirm that. All electrophoreses and data analyses 
were performed by Thermo Fisher Scientific, Inc. in Guangzhou branch, China.
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Table 1. Summary of datasets used to illustrate allele size calling errors.
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Figure 1. Electropherograms showing alleles (green peaks with HEX fluorescent dye) in example samples from Dataset 1 
using Genemapper 5.0 (A–B), Gelquest 3.1.3 (C–D), Genemarker 2.7 (E–F) and Fragman 1.0.7 (G–H). The results in A, C, E and 
F were derived using the full set of internal size standard fragments (red peaks with ROX fluorescent dye), and B, D, F and 
H were scored with the 200 bp fragment omitted from the internal size standard. For each electropherogram, except those 
generated by Gelquest, the upper or lower right is the allele panel constructed by overlapping allele peaks. The black arrows 
on each allele panel correspond to the alleles shown in each electropherogram. Red-dashed lines in the electropherograms 
indicate the positions where the 200 bp internal size standard should appear, and the red arrows show the actual position 
of the 200 bp internal size standard. Sample names and electrophoresis names (in parentheses) are indicated on the left side 
of each electropherogram. For Genemarker, its allele panels (E and F) were constructed using only six samples because it 
was a demo version. [Colour figure can be downloaded and viewed at http://molecular-ecologist.com/pd.jsp?id=1#_jcp=2]. 
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Figure 2. Electropherograms showing alleles (green peaks with HEX fluorescent dye) in example samples from Dataset 2 
using Genemapper 5.0 (A–B), Gelquest 3.1.3 (C–D), Genemarker 2.7 (E–F) or Fragman 1.0.7 (G–H). The results in A, C, E and F 
were derived using the full internal size standard fragment set (red peaks with ROX fluorescent dye), and B, D, F and H were 
scored with the 200 bp fragment omitted from the internal size standard. For each electropherogram, except those generated 
by Gelquest, the upper or lower right was the allele panel constructed by overlapping allele peaks. The black arrows on 
each allele panel correspond to the alleles shown in each electropherogram. Red-dashed lines in the electropherograms 
indicate the positions where the 200 bp internal size standard should appear, and the red arrows show the actual position 
of the 200 bp internal size standard. Question marks indicate allele sizes that were not scored because the allele panel was 
generated improperly. Sample names and electrophoresis names (in the parentheses) are indicated on the left side of each 
electropherogram. For Genemarker, its allele panels (E and F) were constructed using only six samples because it was a 
demo version. [Colour figure can be downloaded and viewed at http://molecular-ecologist.com/pd.jsp?id=1#_jcp=2]. 
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Dataset (treatment) Programme and its 
version used to call 
allele size

Allele numbers 
generated by 
allele panel with 
full internal size 
standard

Allele numbers 
generated by 
allele panel with a 
particular internal 
size standard 
fragment omitteda

No. of 
samples 
with wrong 
allele 
callingb

Proportion of 
incorrect calls 
among samples

Dataset 1 Genemapper 5.0 5 4 4 8.3% (4/48)

Gelquest 3.1.3 — — 8 16.7% (8/48)

Genemarker 2.7 6 4 4 8.3% (4/48)

Fragman 1.0.7 4 4 0 0.0% (0/48)

Dataset 2 Genemapper 5.0 4 4 1 1.0% (1/96)

Gelquest 3.1.3 — — 0 0.0% (0/96)

Genemarker 2.7 4 4 1 1.0% (1/96)

Fragman 1.0.7 7 4 Not count Not count

Dataset 3 
(Treatment 1) Genemapper 5.0 4 3 2 33.3% (2/6)

Gelquest 3.1.3 — — 0 0.0% (0/6)

Genemarker 2.7 4 3 1 16.7% (1/6)

Fragman 1.0.7 5 3 Not count Not count

Dataset 3 
(Treatment 2) Genemapper 5.0 3 3 0 0% (0/6)

Gelquest 3.1.3 — — 1 16.7% (1/6)

Genemarker 2.7 3 3 0 0% (0/6)

Fragman 1.0.7 3 3 0 0% (0/6)

Dataset 3 
(Treatment 3) Genemapper 5.0 3 3 0 0% (0/6)

Gelquest 3.1.3 — — 0 0% (0/6)

Genemarker 2.7 3 3 0 0% (0/6)

Fragman 1.0.7 3 3 0 0% (0/6)

Dataset 3 
(Treatment 4) Genemapper 5.0 3 3 0 0% (0/6)

Gelquest 3.1.3 — — 0 0% (0/6)

Genemarker 2.7 3 3 0 0% (0/6)

Fragman 1.0.7 3 3 0 0% (0/6)

Dataset 3 
(Treatment-5-1) Genemapper 5.0 3 3 6 100% (6/6)c

Gelquest 3.1.3 — — 0 0% (0/6)

Genemarker 2.7 3 3 0 0% (0/6)

Fragman 1.0.7 3 3 0 0% (0/6)
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Figure 2. Electropherograms showing alleles (green peaks with HEX fluorescent dye) in example samples from Dataset 2 
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indicate the positions where the 200 bp internal size standard should appear, and the red arrows show the actual position 
of the 200 bp internal size standard. Question marks indicate allele sizes that were not scored because the allele panel was 
generated improperly. Sample names and electrophoresis names (in the parentheses) are indicated on the left side of each 
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Dataset (treatment) Programme and its 
version used to call 
allele size

Allele numbers 
generated by 
allele panel with 
full internal size 
standard

Allele numbers 
generated by 
allele panel with a 
particular internal 
size standard 
fragment omitteda

No. of 
samples 
with wrong 
allele 
callingb

Proportion of 
incorrect calls 
among samples

Dataset 1 Genemapper 5.0 5 4 4 8.3% (4/48)

Gelquest 3.1.3 — — 8 16.7% (8/48)

Genemarker 2.7 6 4 4 8.3% (4/48)

Fragman 1.0.7 4 4 0 0.0% (0/48)

Dataset 2 Genemapper 5.0 4 4 1 1.0% (1/96)

Gelquest 3.1.3 — — 0 0.0% (0/96)

Genemarker 2.7 4 4 1 1.0% (1/96)

Fragman 1.0.7 7 4 Not count Not count

Dataset 3 
(Treatment 1) Genemapper 5.0 4 3 2 33.3% (2/6)

Gelquest 3.1.3 — — 0 0.0% (0/6)

Genemarker 2.7 4 3 1 16.7% (1/6)

Fragman 1.0.7 5 3 Not count Not count

Dataset 3 
(Treatment 2) Genemapper 5.0 3 3 0 0% (0/6)

Gelquest 3.1.3 — — 1 16.7% (1/6)

Genemarker 2.7 3 3 0 0% (0/6)

Fragman 1.0.7 3 3 0 0% (0/6)

Dataset 3 
(Treatment 3) Genemapper 5.0 3 3 0 0% (0/6)

Gelquest 3.1.3 — — 0 0% (0/6)

Genemarker 2.7 3 3 0 0% (0/6)

Fragman 1.0.7 3 3 0 0% (0/6)

Dataset 3 
(Treatment 4) Genemapper 5.0 3 3 0 0% (0/6)

Gelquest 3.1.3 — — 0 0% (0/6)

Genemarker 2.7 3 3 0 0% (0/6)

Fragman 1.0.7 3 3 0 0% (0/6)

Dataset 3 
(Treatment-5-1) Genemapper 5.0 3 3 6 100% (6/6)c

Gelquest 3.1.3 — — 0 0% (0/6)

Genemarker 2.7 3 3 0 0% (0/6)

Fragman 1.0.7 3 3 0 0% (0/6)
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are their final “standard” results and are generally not critically assessed. Because of a version 
update, we could only find a Genemapper 5.0 trial version for comparing to the other allele 
calling software (see below). It is worth noting that Genemapper 5.0 also gave identical results 
to Genemapper ID v3.2 and Genemapper 4.1 using the same internal size standard except 
some inconsistency in Treatment-5 in Dataset 3 (see Table 2 footnote).

We found size calling problems when we checked the consistency of the company-provided 
results with the calling results from Gelquest (http://www.sequentix.de/gelquest/), another 
DNA fragment analysis programme. In addition to these two programmes, we also used 
two other third-party software programmes to compare the results among them. These were 
Genemarker 2.7 demo version (http://www.softgenetics.com/GeneMarker.php) and the 
newly developed R software Fragman 1.0.7 [9].

Because of a significant bug in the latest Gelquest version 3.4.3, which meant that it could 
not use different size standards or adjust size standards, the previous version 3.1.3 was used. 
By comparing the results from the same dataset under the same internal size standard, these 

Dataset (treatment) Programme and its 
version used to call 
allele size

Allele numbers 
generated by 
allele panel with 
full internal size 
standard

Allele numbers 
generated by 
allele panel with a 
particular internal 
size standard 
fragment omitteda

No. of 
samples 
with wrong 
allele 
callingb

Proportion of 
incorrect calls 
among samples

Dataset 3 
(Treatment-5-2) Genemapper 5.0 3 3 0 0% (0/6)

Gelquest 3.1.3 — — 0 0% (0/6)

Genemarker 2.7 3 3 0 0% (0/6)

Fragman 1.0.7 3 3 0 0% (0/6)

Dataset 3 
(Treatment-6-1) Genemapper 5.0 3 3 6 0% (0/6)c

Gelquest 3.1.3 — — 0 0% (0/6)

Genemarker 2.7 3 3 0 0% (0/6)

Fragman 1.0.7 3 3 0 0% (0/6)

Dataset 3 
(Treatment-6-2) Genemapper 5.0 3 3 0 0% (0/6)

Gelquest 3.1.3 — — 0 0% (0/6)

Genemarker 2.7 3 3 0 0% (0/6)

Fragman 1.0.7 3 3 0 0% (0/6)

aFragments omitted from internal size standard were 200 bp for Datasets 1 and 2 and 250 bp for Dataset 3.
bWrong allele calling refers to the allele size called with full internal size standard in the programme being different from 
the size called by all the programmes after omitting a particular internal size standard fragment. Because the allele panel 
generated by the Fragman programme was doubtful, we did not score it, and the error rates were not counted in Dataset 
2 and Dataset 3 (Treatment 1).
cThere were five calling errors using Genemapper 4.1.

Table 2. Genotyping results in different datasets.
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two versions produced the same results. The Genemarker 2.7 demo version could only allow 
inputting six samples at a time, so for datasets that included more than six samples, the sam-
ples were broken into several portions and analysed one portion at a time.

All datasets were analysed by the four above-mentioned software programmes, both with the 
full set of fragments for the internal size standard and with particular fragments (200 bp for 
HG-53, 250 bp for WJ-39) omitted from the internal size standard. For simplification, we omit-
ted the version numbers of the four programmes. Therefore, if not specifically noted, they 
were Genemapper 5.0, Gelquest 3.1.3, Genemarker 2.7 and Fragman 1.0.7.

3. Results

For Dataset 1, using the full set of fragments in the internal size standard, Genemapper, 
Genemarker and Fragman produced different allele panels (Figure 1A, E and G and Table 2). 
Genemarker indicated that there were six alleles, Genemapper five and Fragman four. By 
omitting the 200 bp fragment from the internal size standard, these three programmes gener-
ated the same allele panel (Figure 1B, F and H and Table 2). However, unlike Genemapper 
and Genemarker, Fragman generated roughly the same size panel before and after omit-
ting the 200 bp fragment. Without the 200 bp fragment in the internal size standard, all four 
programmes (including Gelquest) gave the same allele calling results. Then, considering the 
allele size calling results using the full set of internal size standard fragments, Genemapper 
generated four calling errors, Gelquest eight, Genemarker four and Fragman zero (Table 2).

For Dataset 2, only Fragman generated very different size panels before and after the 200 bp 
fragment was omitted (Figure 2G and H and Table 2). The allele panel generated by Fragman, 
with the full set of internal size standard fragments indicating that seven alleles existed, was 
also highly different from those generated from the other two programmes, Genemapper 
and Genemarker. Therefore, the allele size results called for the panel by Fragman with full 
fragments in the internal size standard were doubtful, and we did not score them. After 
comparing the results produced without the 200 bp internal size standard fragment by the 
four programmes, we found that they were consistent. Thus, considering the allele size call-
ing results using the full set of internal size standard fragments, no errors occurred using 
Gelquest, while both Genemapper and Genemarker gave one size calling error each (Table 2) 
even though their size panels were the same before and after omitting the 200 bp fragment of 
the internal size standard.

For Treatment-1 in Dataset 3, comparing the size panels generated using the full set of frag-
ments of the internal size standard with those generated using the internal size standard 
with the 250 bp fragment omitted, Genemapper, Genemarker and Fragman each had differ-
ent panels (Figure 3 and Table 2). The allele panel generated by Fragman with the full set of 
fragments of the internal size standard was also different from those generated by the other 
two programmes, making its size calling results doubtful. After omitting the 250 bp frag-
ment, all four programmes gave consistent results. Therefore, particular size calling errors 
using the full set of fragments of the internal size standard were two for Genemapper, one for 
Genemarker and zero for Gelquest (Table 2).
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are their final “standard” results and are generally not critically assessed. Because of a version 
update, we could only find a Genemapper 5.0 trial version for comparing to the other allele 
calling software (see below). It is worth noting that Genemapper 5.0 also gave identical results 
to Genemapper ID v3.2 and Genemapper 4.1 using the same internal size standard except 
some inconsistency in Treatment-5 in Dataset 3 (see Table 2 footnote).

We found size calling problems when we checked the consistency of the company-provided 
results with the calling results from Gelquest (http://www.sequentix.de/gelquest/), another 
DNA fragment analysis programme. In addition to these two programmes, we also used 
two other third-party software programmes to compare the results among them. These were 
Genemarker 2.7 demo version (http://www.softgenetics.com/GeneMarker.php) and the 
newly developed R software Fragman 1.0.7 [9].

Because of a significant bug in the latest Gelquest version 3.4.3, which meant that it could 
not use different size standards or adjust size standards, the previous version 3.1.3 was used. 
By comparing the results from the same dataset under the same internal size standard, these 

Dataset (treatment) Programme and its 
version used to call 
allele size

Allele numbers 
generated by 
allele panel with 
full internal size 
standard

Allele numbers 
generated by 
allele panel with a 
particular internal 
size standard 
fragment omitteda

No. of 
samples 
with wrong 
allele 
callingb

Proportion of 
incorrect calls 
among samples

Dataset 3 
(Treatment-5-2) Genemapper 5.0 3 3 0 0% (0/6)

Gelquest 3.1.3 — — 0 0% (0/6)

Genemarker 2.7 3 3 0 0% (0/6)

Fragman 1.0.7 3 3 0 0% (0/6)

Dataset 3 
(Treatment-6-1) Genemapper 5.0 3 3 6 0% (0/6)c

Gelquest 3.1.3 — — 0 0% (0/6)

Genemarker 2.7 3 3 0 0% (0/6)

Fragman 1.0.7 3 3 0 0% (0/6)

Dataset 3 
(Treatment-6-2) Genemapper 5.0 3 3 0 0% (0/6)

Gelquest 3.1.3 — — 0 0% (0/6)

Genemarker 2.7 3 3 0 0% (0/6)

Fragman 1.0.7 3 3 0 0% (0/6)

aFragments omitted from internal size standard were 200 bp for Datasets 1 and 2 and 250 bp for Dataset 3.
bWrong allele calling refers to the allele size called with full internal size standard in the programme being different from 
the size called by all the programmes after omitting a particular internal size standard fragment. Because the allele panel 
generated by the Fragman programme was doubtful, we did not score it, and the error rates were not counted in Dataset 
2 and Dataset 3 (Treatment 1).
cThere were five calling errors using Genemapper 4.1.

Table 2. Genotyping results in different datasets.
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two versions produced the same results. The Genemarker 2.7 demo version could only allow 
inputting six samples at a time, so for datasets that included more than six samples, the sam-
ples were broken into several portions and analysed one portion at a time.

All datasets were analysed by the four above-mentioned software programmes, both with the 
full set of fragments for the internal size standard and with particular fragments (200 bp for 
HG-53, 250 bp for WJ-39) omitted from the internal size standard. For simplification, we omit-
ted the version numbers of the four programmes. Therefore, if not specifically noted, they 
were Genemapper 5.0, Gelquest 3.1.3, Genemarker 2.7 and Fragman 1.0.7.

3. Results

For Dataset 1, using the full set of fragments in the internal size standard, Genemapper, 
Genemarker and Fragman produced different allele panels (Figure 1A, E and G and Table 2). 
Genemarker indicated that there were six alleles, Genemapper five and Fragman four. By 
omitting the 200 bp fragment from the internal size standard, these three programmes gener-
ated the same allele panel (Figure 1B, F and H and Table 2). However, unlike Genemapper 
and Genemarker, Fragman generated roughly the same size panel before and after omit-
ting the 200 bp fragment. Without the 200 bp fragment in the internal size standard, all four 
programmes (including Gelquest) gave the same allele calling results. Then, considering the 
allele size calling results using the full set of internal size standard fragments, Genemapper 
generated four calling errors, Gelquest eight, Genemarker four and Fragman zero (Table 2).

For Dataset 2, only Fragman generated very different size panels before and after the 200 bp 
fragment was omitted (Figure 2G and H and Table 2). The allele panel generated by Fragman, 
with the full set of internal size standard fragments indicating that seven alleles existed, was 
also highly different from those generated from the other two programmes, Genemapper 
and Genemarker. Therefore, the allele size results called for the panel by Fragman with full 
fragments in the internal size standard were doubtful, and we did not score them. After 
comparing the results produced without the 200 bp internal size standard fragment by the 
four programmes, we found that they were consistent. Thus, considering the allele size call-
ing results using the full set of internal size standard fragments, no errors occurred using 
Gelquest, while both Genemapper and Genemarker gave one size calling error each (Table 2) 
even though their size panels were the same before and after omitting the 200 bp fragment of 
the internal size standard.

For Treatment-1 in Dataset 3, comparing the size panels generated using the full set of frag-
ments of the internal size standard with those generated using the internal size standard 
with the 250 bp fragment omitted, Genemapper, Genemarker and Fragman each had differ-
ent panels (Figure 3 and Table 2). The allele panel generated by Fragman with the full set of 
fragments of the internal size standard was also different from those generated by the other 
two programmes, making its size calling results doubtful. After omitting the 250 bp frag-
ment, all four programmes gave consistent results. Therefore, particular size calling errors 
using the full set of fragments of the internal size standard were two for Genemapper, one for 
Genemarker and zero for Gelquest (Table 2).
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Figure 3. Electropherograms showing alleles (green peaks with HEX fluorescent dye) in example samples from Treatment-1 
in Dataset 3 using Genemapper 5.0 (A–B), Gelquest 3.1.3 (C–D), Genemarker 2.7 (E–F) or Fragman 1.0.7 (G–H). The results 
in A, C, E and F were derived using the full internal size standard fragment set (red peaks with ROX fluorescent dye), and 
B, D, F and H were scored with the 250 bp fragment omitted from the internal size standard. For each electropherogram, 
except those generated by Gelquest, the upper or lower right was the allele panel constructed by overlapping allele 
peaks. The black arrows on each allele panel correspond to the alleles shown in each electropherogram.Red-dashed lines 
in the electropherograms indicate the position where the 250 bp internal size standard should appear, and the red arrows 
show the actual position of the 250 bp internal size standard. Question marks indicate allele sizes that were not scored 
because the allele panel was generated improperly. Sample names and electrophoresis names (in the parentheses) are 
indicated on the left side of each electropherogram. For Genemarker, its allele panels (E and F) were constructed using 
only six samples because it was a demo version. [Colour figure can be downloaded and viewed at http://molecular-
ecologist.com/pd.jsp?id=1#_jcp=2]. 
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For Treatment-2 in Dataset 3, all four programmes, regardless of whether the 250 bp fragment 
was omitted from the internal size standard or not, produced consistent results (see allele 
panels and sample examples in S1 Figure and Table 2).

For Treatment-3 and Treatment-4 in Dataset 3, which are the results from diluting the PCR 
products of Treatment-1 in Dataset 3 20- and 50-fold, consistent results were found for all four 
programmes regardless of whether the 250 bp fragment was omitted from the internal size 
standard or not (Table 2 and S2 and S3 Figures).

For Treatment-5-1 in Dataset 3, which used HEX and LIZ in combination (Table 1), 
Genemapper, Genemarker and Fragman all produced the same allele panel pattern, indicat-
ing that three alleles existed whether the 250 bp internal size standard was omitted or not (S4 
Figure and Table 2). However, close examination indicated that, without omitting the 250 bp 
internal size standard for Genemapper, its 250 bp internal size standards in all the samples 
were located in the wrong position, the pull-up peak position (see examples in S4 Figure), 
causing allele size calling errors in all of the samples (Table 2). The other three programmes, 
Gelquest, Genemarker and Fragman, scored consistent results with or without omitting the 
250 bp internal size standard fragment.

For Treatment-5-2 in Dataset 3, which was the second experiment for Dataset 3 using the HEX 
and LIZ combination, all four programmes obtained consistent results regardless of whether 
the 250 bp fragment was omitted from the internal size standard or not (Table 2 and S5 Figure).

For Treatment-6-1 and Treatment-6-2 in Dataset 3, similarly to Treatment-2, all four pro-
grammes, regardless of whether the 250 bp fragment was omitted from the internal size stan-
dard, produced consistent results (Table 2 and S6 and S7 Figures).

4. Discussion

We report here one kind of microsatellite genotyping error caused by pull-up in capillary elec-
trophoresis. Certainly, this is not new in microsatellite genotyping errors [7, 16]. However, to 
our knowledge, this is the first report that microsatellite genotyping is prone to such an effect 
when pull-up peaks influence the size standard match. In this case, the HEX fluorophore 
introduced extra signals (peaks) in the ROX fluorophore channel, causing size calibration col-
lapse and allele miscalling. However, such a combination was not deemed to cause improper 
allele calling. In our case, this only occurred when the allele peak overlapped or was close to 
one of the internal size standard peaks.

Pull-up problems have received attention in previous studies [7, 16], and functions to diminish 
their influence on allele calling have been integrated into three programmes used in this study, 
i.e., Genemapper, Genemarker and Fragman. However, as the allele panels were constructed by 
these three programmes with the full set of fragments of the internal size standard (Figures 1–3), 
none of them dealt with this problem effectively. Therefore, extra signals caused by pull-up 
effects (extra red peaks in the internal size standard channel) were still strong and influenced 
the sizing calibration. For example, for sample 4(A04_04) in Treatment-1 in Dataset 3, because of 
the false pull-up, the 250 bp peak was much higher than the true 250 bp peak in the internal size 
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Figure 3. Electropherograms showing alleles (green peaks with HEX fluorescent dye) in example samples from Treatment-1 
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in A, C, E and F were derived using the full internal size standard fragment set (red peaks with ROX fluorescent dye), and 
B, D, F and H were scored with the 250 bp fragment omitted from the internal size standard. For each electropherogram, 
except those generated by Gelquest, the upper or lower right was the allele panel constructed by overlapping allele 
peaks. The black arrows on each allele panel correspond to the alleles shown in each electropherogram.Red-dashed lines 
in the electropherograms indicate the position where the 250 bp internal size standard should appear, and the red arrows 
show the actual position of the 250 bp internal size standard. Question marks indicate allele sizes that were not scored 
because the allele panel was generated improperly. Sample names and electrophoresis names (in the parentheses) are 
indicated on the left side of each electropherogram. For Genemarker, its allele panels (E and F) were constructed using 
only six samples because it was a demo version. [Colour figure can be downloaded and viewed at http://molecular-
ecologist.com/pd.jsp?id=1#_jcp=2]. 
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For Treatment-2 in Dataset 3, all four programmes, regardless of whether the 250 bp fragment 
was omitted from the internal size standard or not, produced consistent results (see allele 
panels and sample examples in S1 Figure and Table 2).

For Treatment-3 and Treatment-4 in Dataset 3, which are the results from diluting the PCR 
products of Treatment-1 in Dataset 3 20- and 50-fold, consistent results were found for all four 
programmes regardless of whether the 250 bp fragment was omitted from the internal size 
standard or not (Table 2 and S2 and S3 Figures).

For Treatment-5-1 in Dataset 3, which used HEX and LIZ in combination (Table 1), 
Genemapper, Genemarker and Fragman all produced the same allele panel pattern, indicat-
ing that three alleles existed whether the 250 bp internal size standard was omitted or not (S4 
Figure and Table 2). However, close examination indicated that, without omitting the 250 bp 
internal size standard for Genemapper, its 250 bp internal size standards in all the samples 
were located in the wrong position, the pull-up peak position (see examples in S4 Figure), 
causing allele size calling errors in all of the samples (Table 2). The other three programmes, 
Gelquest, Genemarker and Fragman, scored consistent results with or without omitting the 
250 bp internal size standard fragment.

For Treatment-5-2 in Dataset 3, which was the second experiment for Dataset 3 using the HEX 
and LIZ combination, all four programmes obtained consistent results regardless of whether 
the 250 bp fragment was omitted from the internal size standard or not (Table 2 and S5 Figure).

For Treatment-6-1 and Treatment-6-2 in Dataset 3, similarly to Treatment-2, all four pro-
grammes, regardless of whether the 250 bp fragment was omitted from the internal size stan-
dard, produced consistent results (Table 2 and S6 and S7 Figures).
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trophoresis. Certainly, this is not new in microsatellite genotyping errors [7, 16]. However, to 
our knowledge, this is the first report that microsatellite genotyping is prone to such an effect 
when pull-up peaks influence the size standard match. In this case, the HEX fluorophore 
introduced extra signals (peaks) in the ROX fluorophore channel, causing size calibration col-
lapse and allele miscalling. However, such a combination was not deemed to cause improper 
allele calling. In our case, this only occurred when the allele peak overlapped or was close to 
one of the internal size standard peaks.

Pull-up problems have received attention in previous studies [7, 16], and functions to diminish 
their influence on allele calling have been integrated into three programmes used in this study, 
i.e., Genemapper, Genemarker and Fragman. However, as the allele panels were constructed by 
these three programmes with the full set of fragments of the internal size standard (Figures 1–3), 
none of them dealt with this problem effectively. Therefore, extra signals caused by pull-up 
effects (extra red peaks in the internal size standard channel) were still strong and influenced 
the sizing calibration. For example, for sample 4(A04_04) in Treatment-1 in Dataset 3, because of 
the false pull-up, the 250 bp peak was much higher than the true 250 bp peak in the internal size 
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standard channel (Figure 4), and Genemapper wrongly identified the false peak as the 250 bp 
standard and even indicated “Sizing Quality = 1.0”, meaning a complete match. Therefore, the 
true allele pattern in this sample was shifted left due to wrong standard matching (Figure 3A). 
Similarly, for sample 74 in Dataset 2, there were two red peaks side by side around the 200 bp 
standard position, and Genemarker incorrectly chose the left peak (Figure 5). In this situation, 
Genemarker still gave a calibration score of 95, the highest among six samples. However, for 
sample 74 (Figure 2E, also A and C), compared to the right red peak that was independent, the 
left red peak occurred under the allele peak and was clearly caused by the pull-up effect.

According to the Genemapper user guide (DNA Fragment Analysis by Capillary Electro-
phoresis, Publication Number 4474504, Revision B, https://tools.thermofisher.com/content/
sfs/manuals/4474504.pdf), for internal size matching, Genemapper used the ratio-matching 
method, which is based on relative height and distance of neighbouring peaks. This algo-
rithm theoretically ignores anomalous peaks that occur between two size standard peaks 
(page 99 in the user guide). However, in this case, because the pull-up peaks only had a 2 or 
3 bp difference from the particular size standard peak, the ratio-matching method could not 
differentiate them very effectively.

To address the pull-up effect that occurred above, we provide four solutions:

1. Choosing a different fluorescent dye for the internal size standard or microsatellite loci. 
For example, from Treatment-2 and Treatment-6 in Dataset 3 (Table 2 and S1, S6 and S7 
Figures), when we used FAM dye for the WJ-39 locus, whether ROX or LIZ dye was used 
in the internal size standard, the pull-up effect was not problematic, and all software pro-
duced consistent results. However, because it was not known in advance that the HEX and 
ROX combination or HEX and LIZ combination (as Treatment-5-1 displayed; Table 2 and 
S4 Figure) would lead to a problem, and this might only have been apparent at the end of 
the experiment, changing dyes was therefore not cost-efficient.

2. Redesigning the primers to avoid allele sizes identical or close to the internal standard siz-
es. However, because we generally only used one microsatellite sequence as a template to 
design the primers, the whole allele pattern in the population or species remains unknown. 
Therefore, some unknown alleles could still have fragment lengths identical or close to the 
lengths of the internal size standard.

3. Avoiding overloading the PCR products in capillary electrophoresis. Overloading was the 
major reason for the pull-up effect. It is generally suggested that the fluorescence signal 
should be approximately 150–4000 relative fluorescence units (RFU) [7]. In our case, the 
pull-up effect was clearly caused by overloading PCR products. From the allele panels in 
Figures 1–3, the RFU values in our samples were generally higher than 20,000. Therefore, 
to meet the instrument requirements, it is necessary to optimise the final PCR product con-
centration for each locus by, for example, adjusting the DNA template concentration, PCR 
cycling or using post-PCR dilution (as Treatment-3 and Treatment-4 display; Table 2 and 
S2 and S3 Figures). However, these steps certainly increase the cost and time of the analysis 
[16], especially for a laboratory without an automated sequencer instrument. Indeed, high 
RFU values are not uncommon. For example, in the literature of Fragman software [9], 
many samples displayed high RFU values (see Figures 1, 4 and 5 in their literature).
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4. Omitting particular size standard peaks that overlap or are close to the allele peaks. Compared 
to the above solutions, this was both cost- and time-efficient. In Genemapper, Genemarker 
and Gelquest, all provided size standards with a particular size fragment are excluded (such 
as 250 bp and/or 340 bp) because of their abnormal migration behaviour. In this study, after 
omitting the 200 or 250 bp fragment, all four programmes resulted in identical allele patterns 
for Datasets 1–3. Furthermore, for Dataset 3, the allele pattern with 250 bp omitted using 
HEX dye was identical to the pattern results derived from Treatment-2 in Dataset 3 with the 
full set of internal size standard fragments using FAM dye. Therefore, creating a custom size 
standard by omitting particular fragments from the internal size standard could circumvent 
the pull-up problem.

Figure 5. Size standard calibration for sample 74 in Dataset 2 using Genemarker 2.7. [Colour figure can be downloaded 
and viewed at http://molecular-ecologist.com/pd.jsp?id=1#_jcp=2].

Figure 4. Size standard calibration for sample 4(A04_04) in Treatment-1 in Dataset 3 using Genemapper 5.0. [Colour 
figure can be downloaded and viewed at http://molecular-ecologist.com/pd.jsp?id=1#_jcp=2].
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5. Conclusions

This study was the first to describe one particular microsatellite allele size calling error attrib-
uted to using HEX dye and ROX dye in capillary electrophoresis. This cautions researchers to 
carefully assess the results of automatic allele calling. Using different software and visually 
scoring, each result will allow accurate sizing of microsatellite alleles. Of the four software 
programmes used here, both Genemapper and Genemarker are commercial, and most labora-
tories cannot afford them. However, compared to Genemapper, Genemarker is easier to use. 
Of the two free programmes, Gelquest has a graphical user interface that is easy to use and 
provides many user-friendly functions to help display sample alleles, while Fragman did not. 
Since ABI sequencers are most commonly used for analysing microsatellites, polymorphisms 
are generally identified by Genemapper; thus, we recommend that researchers use Gelquest 
as an alternative tool to check the consistency of the results.
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Abstract

Honey bees are insects of great biological, ecological, and economic importance. They 
are the subject of a variety of scientific studies. As social insects, they are a preferred and 
widely used model for clarification of the evolution of social behavior. Because of the 
haplodiploidy as a mechanism for determining gender, differentiation in the functions 
of individuals in the bee family, and for its economic importance, Apis mellifera is a sig-
nificant subject of research in the fields of ontogeny, population genetics, and selective 
breeding. The biological significance of bees is rooted in the fact that they are main polli-
nators in the natural environment. About 80% of the pollination of entomophilous plants 
is carried out by Apis mellifera. In all crops, active pollination significantly increases their 
yields. Honey bees are a valuable economic asset due to the ensemble of their products, 
which include honey, bee pollen, propolis, royal jelly, and bee venom, used by humans 
for food and treatment. The main objective of this chapter was to describe the basic meth-
ods used for genotyping of Apis mellifera in Bulgaria. These techniques have been use-
ful to produce a system of population criteria, and taxonomically important molecular 
markers are applicable in future activities related to the preservation and selection of the 
Bulgarian honey bee.

Keywords: Apis mellifera, Bulgarian honey bee, genotyping methods

1. Introduction

The geographic distribution of honey bee Apis mellifera L. includes Africa, Europe, and the Near 
East regions. At present, 29 subspecies of A. mellifera are recognized based on morphometric  
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distribution, and reproduction in any medium, provided the original work is properly cited.
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of individuals in the bee family, and for its economic importance, Apis mellifera is a sig-
nificant subject of research in the fields of ontogeny, population genetics, and selective 
breeding. The biological significance of bees is rooted in the fact that they are main polli-
nators in the natural environment. About 80% of the pollination of entomophilous plants 
is carried out by Apis mellifera. In all crops, active pollination significantly increases their 
yields. Honey bees are a valuable economic asset due to the ensemble of their products, 
which include honey, bee pollen, propolis, royal jelly, and bee venom, used by humans 
for food and treatment. The main objective of this chapter was to describe the basic meth-
ods used for genotyping of Apis mellifera in Bulgaria. These techniques have been use-
ful to produce a system of population criteria, and taxonomically important molecular 
markers are applicable in future activities related to the preservation and selection of the 
Bulgarian honey bee.

Keywords: Apis mellifera, Bulgarian honey bee, genotyping methods

1. Introduction

The geographic distribution of honey bee Apis mellifera L. includes Africa, Europe, and the Near 
East regions. At present, 29 subspecies of A. mellifera are recognized based on morphometric  
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characters [1–4]. These subspecies are also described as “geographic races” because their dis-
tributions correspond to distinct geographic areas.

Five evolutionary lineages have been characterized based on morphometric, molecular, 
ecological, ethological, and physiological traits [5]. Four of those occur naturally in the 
Mediterranean Basin: African lineage (A), West and North European lineage (M), Southeast 
Europe lineage (C), and Near and Middle East lineage (O) [6–11].

On the basis of morphometric analysis, Ruttner [2] showed that A. m. macedonica existed as a 
native honey bee in Bulgaria. According to Petrov [12], in Bulgaria, there exists a local honey 
bee, which is called A. m. rodopica. This local bee inhabits the highest and the central parts 
of the Rhodope Mountains. Moreover, A. m. rodopica cannot be found in any other regions. 
Because of this natural isolation, these honey bees are preserved from genetic admixture and 
influence of other bee races. The Bulgarian honey bee has been adapted to the territory of the 
country’s landscape and conditions, in which bee families are developing normally and do 
not show inclinable swarming. Due to the proven biological and productive qualities of the 
populations and their adaptation to the conditions specific to Bulgaria [19], a gene pool of 
honey bees needs to be thoroughly studied and preserved.

At present, the subjects of professional and unprofessional beekeeping in Bulgaria are over 
800,000 bee colonies. About 13,000 of them are under the control of the National Beekeeping 
Association. The structure of the sector shows that beekeeping in the country is still extensive 
and scattered. About 71% of the beekeepers have up to 50 bee families, approximately 24% 
care for apiaries with 50 to 149 families, and only 5% have apiaries with over 150 families [20].

The genetic diversity of honey bee populations in Europe is threatened by (1) uncontrolled 
introgression with other subspecies into adapted local populations, (2) stresses from the 
changing environment due to global climate change, (3) environmental pollution, and (4) 
the emergence of new pathogens. To respond to these threats and be in full compliance 
with the requirements of the Convention on Biological Diversity, specific tasks and activi-
ties should be organized. This is to preserve the subspecies of honey bees and their ecotypes 
as a genetic reserve for future selective breeding activities. A lack of efforts and targeted 
activities for that purpose will have a devastating impact on honey bees and living nature, 
including the pollination of wild flora and agricultural plants. On a global scale, this would 
lead to a widespread decline in biodiversity and agriculture yield and would reflect on the 
planet’s food sources, as 1/3 of human food depends on bee pollination [21].

The Bulgarian local honey bee was studied, in the past, mainly for morphoethological traits 
[13–15]. These investigations indicated that in almost all low-elevation parts of the country, 
bees mainly crossbred with A. m. ligustica. Besides, for more than three decades in the last 
century with a purpose of selective breeding, A. m. ligustica, A. m. carnica, and A. m. caucasica 
were introduced to Bulgaria. A comparative analysis established that the Bulgarian honey 
bee is the most productive in the particular conditions of the environment which it inhabits. 
With the appearance of new methods, mainly molecular markers, a population structure of 
local honey bees was studied [16–18]. The main techniques for elucidation of the popula-
tion structure of Bulgarian honey bee are divided according to the genetic markers used:  
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1) allozymes or protein markers; 2) microsatellite analysis; and 3) genetic markers—derived 
from mitochondrial genome such as 16s rDNA, COI, and ND5 gene regions.

In this paper, we will try to summarize the basic results from genotyping of the Bulgarian Apis 
mellifera and compare them with other bee populations to show that Bulgarian honey bees 
possess unique genetic features.

2. Allozyme analysis

The allozyme assay is based on gel electrophoresis results for the allelic variants of the 
respective enzyme loci. This is one of the first methods for characterization and application 
of molecular markers to study population genetics of honey bees [22, 23]. Comparative 
allozyme analysis showed [18] that a small number of loci were characterized for polymor-
phism in different honey bee populations and there were no fixed significant allelic differ-
ences between the subspecies. The importance of allozyme markers for population genetic 
characterization is the difference in allelic frequencies. An advantage of the allozyme geno-
typing method is that it is economical and easy to apply, and the results achieved are easy 
for interpretation.

Allozyme analysis is the most widely used approach to study the population structure of the 
Bulgarian honey bee. Many authors studied mainly six enzymic systems: malate dehydroge-
nase (MDH); malic enzyme (ME); esterase (EST); alkaline phosphatase (ALP); phosphoglu-
comutase (PGM) and hexokinase (HK) for genotyping of Bulgarian honey bees [24–27]. The 
honey bee samples from Bulgaria were recognized according to morphometric analysis [2] as 
A. m. carnica, A. m. caucasica, A. m. ligustica, and A. m. macedonica. The summarized results of 
reported investigations showed the presence of the following taxonomic markers that could 
be used in population genetic diagnosis of honey bees subspecies: MDH-1125 for subspecies 
A. m. carnica; EST-388 for A. m. macedonica (of non-Bulgarian origin); and PGM80 for A. m. cau-
casica; HK87 for A. m. macedonica (type rodopica). The absence of ALP90 was specific to the bee 
populations of A. m. macedonica. On the other hand, the absence of the MDH-180 allele, a high 
frequency of MDH-165 and PGM114, and a low frequency of EST-394 in the gene pool allowed 
researchers to make genetic comparisons within the subspecies A. m. macedonica and demon-
strated specific characteristics of the Bulgarian honey bee. Moreover, the authors of reports 
[18, 19] observed a clear subdivision between A. m. macedonica populations from Bulgaria and 
the surrounding Balkan countries [28]. All honey bee populations from Bulgaria were clus-
tered separately from the A. m. macedonica from other countries.

The local Bulgarian honey bee named by Petrov [22] as “rodopica” could be a different eco-
type of A. m. macedonica (Figure 1); however, as mentioned by Ruttner [2], there is no indica-
tion of geographical variations within the A. m. macedonica subspecies.

Isozyme analyses were also used in other studies to compare honey bee population from 
Bulgaria and other countries of the Balkan Peninsula [17, 29–31]. The most important results 
of these investigations could be summarized as follows:
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lead to a widespread decline in biodiversity and agriculture yield and would reflect on the 
planet’s food sources, as 1/3 of human food depends on bee pollination [21].
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[13–15]. These investigations indicated that in almost all low-elevation parts of the country, 
bees mainly crossbred with A. m. ligustica. Besides, for more than three decades in the last 
century with a purpose of selective breeding, A. m. ligustica, A. m. carnica, and A. m. caucasica 
were introduced to Bulgaria. A comparative analysis established that the Bulgarian honey 
bee is the most productive in the particular conditions of the environment which it inhabits. 
With the appearance of new methods, mainly molecular markers, a population structure of 
local honey bees was studied [16–18]. The main techniques for elucidation of the popula-
tion structure of Bulgarian honey bee are divided according to the genetic markers used:  
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typing method is that it is economical and easy to apply, and the results achieved are easy 
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honey bee samples from Bulgaria were recognized according to morphometric analysis [2] as 
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reported investigations showed the presence of the following taxonomic markers that could 
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A. m. carnica; EST-388 for A. m. macedonica (of non-Bulgarian origin); and PGM80 for A. m. cau-
casica; HK87 for A. m. macedonica (type rodopica). The absence of ALP90 was specific to the bee 
populations of A. m. macedonica. On the other hand, the absence of the MDH-180 allele, a high 
frequency of MDH-165 and PGM114, and a low frequency of EST-394 in the gene pool allowed 
researchers to make genetic comparisons within the subspecies A. m. macedonica and demon-
strated specific characteristics of the Bulgarian honey bee. Moreover, the authors of reports 
[18, 19] observed a clear subdivision between A. m. macedonica populations from Bulgaria and 
the surrounding Balkan countries [28]. All honey bee populations from Bulgaria were clus-
tered separately from the A. m. macedonica from other countries.

The local Bulgarian honey bee named by Petrov [22] as “rodopica” could be a different eco-
type of A. m. macedonica (Figure 1); however, as mentioned by Ruttner [2], there is no indica-
tion of geographical variations within the A. m. macedonica subspecies.
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1. The absence of the MDH-180 allele from the gene pool of Bulgarian populations is an im-
portant distinctive feature, which can be used to distinguish Bulgarian honey bees from 
other A. m. macedonica populations of the Balkan Peninsula.

2. It is noteworthy that the EST-388 allele was found in the gene pool only in two of the  
A. m. macedonica populations and was absent in the gene pool of A. m. carnica.

In this sense, this allele could be used as a taxonomic marker for both sublevel characteriza-
tion and interpopulation comparisons of the subspecies A. m. macedonica;

1. The presence of the HK87 allele was detected only in the gene pool of the Bulgarian honey 
bee populations and the allele HK121 was found only in A. m. carnica populations of Serbia 
with a low occurrence rate.

For this reason, both the HK87 and the HK121 alleles could be used for comparison between 
the subspecies A. m. macedonica and A. m. carnica and for interpopulation comparisons at the 
subspecies level.

Figure 1. Principal component analysis (PCA) of the A. m. macedonica and A. m. carnica. PCA shows that A. m. carnica is 
situated in separate cluster [31].
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Thus, application of allozyme markers in Bulgarian honey bees supported the differences 
between the populations of the two subspecies A. m. carnica and A. m. macedonica at the bio-
chemical level; therefore, they provided a clear opportunity to distinguish between Bulgarian 
honey bee from the Greek and Macedonian populations of A. m. macedonica at both taxonomic 
and interpopulation level within the given subspecies.

3. Microsatellite analysis

Microsatellite DNA analysis is among the most preferred and currently applied genotyping 
approaches for studying genetic variability within populations, population structure, as well 
as characterization of the phylogenetic relationships. As preferred genetic markers, microsat-
ellites (or simple sequence repeats (SSRs)) are also successfully used for characterization of 
specific genetic features, comparative population-genetic analyses, such as genetic mapping, 
as well as DNA barcoding. Bulgarian honey bees were studied using nine microsatellite loci 
(Table 1). The results showed that all microsatellite loci were polymorphic.

On the basis of different frequencies of the alleles of the given microsatellite loci, the author 
concluded that these markers can be used as a genetic marker to explore the genetic diversity 
of local Bulgarian honey bee.

Other investigation has explored the genetic characterization of Bulgarian honey bees as well 
as their phylogenetic relationships with all European subspecies Apis mellifera using 24 mic-
rosatellite loci. The results showed that all microsatellite loci used in the study were polymor-
phic with a total of 260 allelic variants (Table 2).

Name of 
the locus

Am, unified 
nomenclature for A. 
mellifera microsatellite 
markers Am001 to 
Am552

Accession 
no. in EBI

Size of the 
sequenced 
allele (bp)

Motifs, repeats 
between primers

Annealing 
temperature 
(°C)

MgCl2 
(mM)

Ac011 406 AJ509637 127 (CT)19 50 1.5

A024 10 AJ509241 100 (CT)11 55 1.2

A043 25 AJ509256 140 (CT)12 55 1.5

A088 52 AJ509283 150 (CT)10(GGA)7 55 1.2

Ap226 224 AJ509455 231 (CT)8 50 1.5

Ap238 232 AJ509463 251 (AT)6(GT)3(AT)7(GA)8 50 1.5

Ap243 235 AJ509466 260 (TCC)9 50 1.5

Ap249 239 AJ509470 221 (GA)6(GA)8 50 1.5

Ap256 242 AJ509473 162 (GA)12AT(GA)3 50 1.5

Table 1. Loci, size of allele (bp), indication of the optimal annealing temperature (°C), and concentration of MgCl2 (mM) 
in local Bulgarian honey bee populations (A. m. macedonica) [16].
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subspecies level.
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situated in separate cluster [31].

Genotyping52

Thus, application of allozyme markers in Bulgarian honey bees supported the differences 
between the populations of the two subspecies A. m. carnica and A. m. macedonica at the bio-
chemical level; therefore, they provided a clear opportunity to distinguish between Bulgarian 
honey bee from the Greek and Macedonian populations of A. m. macedonica at both taxonomic 
and interpopulation level within the given subspecies.

3. Microsatellite analysis

Microsatellite DNA analysis is among the most preferred and currently applied genotyping 
approaches for studying genetic variability within populations, population structure, as well 
as characterization of the phylogenetic relationships. As preferred genetic markers, microsat-
ellites (or simple sequence repeats (SSRs)) are also successfully used for characterization of 
specific genetic features, comparative population-genetic analyses, such as genetic mapping, 
as well as DNA barcoding. Bulgarian honey bees were studied using nine microsatellite loci 
(Table 1). The results showed that all microsatellite loci were polymorphic.

On the basis of different frequencies of the alleles of the given microsatellite loci, the author 
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Results indicated the following: (1) low levels of genetic differentiation between the Bulgarian 
A. m. macedonica and the populations of A. m. macedonica originating from Greece and the 
Republic of Macedonia (0.009–0.017) as well as between A. m. macedonica and A. m. carnica 
(0.032–0.051); (2) moderate levels of genetic differentiation between population of the sub-
species A. m. macedonica (0.071 for the Bulgarian population) and A. m. ligustica (0.059–0.081) 
and between A. m. macedonica and A. m. anatoliaca (0.087–0.110); and (3) significantly high 
levels of genetic differentiation between A. m. macedonica and A. m. mellifera (0.290 and 0.307, 
respectively).

In addition, the results are of exclusive importance to perform genetic analysis of the popula-
tion of A. m. macedonica. Results help to finalize the comparison of the Bulgarian honey bee 
with the other populations of A. m. macedonica (Greece, Macedonia, and other Balkan coun-
tries), as well as those of the subspecies A. m. carnica, A. m. ligustica, A. m. mellifera, and A. m. 
anatoliaca. A comparison of honey bee species is important due to given the fact that in the 
modern course of development of beekeeping in Bulgaria, at certain periods (the 1960s and 
1970s of the twentieth century), the introduction of bee queens of the A. m. carnica and A. m. 
ligustica was carried out. In that, different crossbreeding schemes between these subspecies 
were applied.

In this regard, Uzunov [31] investigated honey bee populations from Albania, Bulgaria, 
Greece, and the Republic of Macedonia in South Eastern Europe using 25 microsatellite loci. 

LocusA79 Allele A. m. mac. 
Bg

A. m. mac. 
Gr

A. m. mac. 
Mac

A. m. car. A. m. lig. A. m. mel. A. m. anatol.

1 91 0.000 0.000 0.011 0.190 0.081 0.673 0.000

2 97 0.188 0.167 0.091 0.024 0.000 0.010 0.379

3 99 0.000 0.000 0.034 0.048 0.000 0.010 0.000

4 101 0.104 0.208 0.159 0.048 0.068 0.010 0.229

5 103 0.250 0.500 0.295 0.143 0.324 0.077 0.271

6 105 0.188 0.042 0.091 0.357 0.203 0.019 0.057

7 107 0.104 0.042 0.159 0.143 0.149 0.048 0.050

8 109 0.083 0.042 0.114 0.024 0.054 0.038 0.007

9 111 0.021 0.000 0.023 0.024 0.054 0.058 0.000

10 113 0.000 0.000 0.011 0.000 0.027 0.000 0.007

11 115 0.042 0.000 0.011 0.000 0.014 0.038 0.000

12 117 0.021 0.000 0.000 0.000 0.000 0.010 0.000

13 119 0.000 0.000 0.000 0.000 0.000 0.010 0.000

14 121 0.000 0.000 0.000 0.000 0.027 0.000 0.000

Table 2. Polymorphism of А79 locus: Alleles and allelic frequencies [30].
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The PCA plot showed that the Slovenian bees (or known as carnica bees) were clearly distinct 
from all the others A. m. macedonica bees (Figure 1).

Moreover, the results based on microsatellite analyses indeed showed a certain degree of dif-
ferentiation between the bees of Bulgaria and A. m. macedonica from other regions. The results 
strongly pointed out that the Bulgarian honey bee, belonging to the A. m. macedonica based on 
classical morphometry description [31], possessed some specific genetic features, which dif-
fers from the other populations of this subspecies. This significantly justifies Bulgarian honey 
bees as a different ecotype adapted to the specific conditions in the territory of our country. 
To verify this, detailed analyses of the honey bee populations in Bulgaria with all neighboring 
geographical regions will be needed.

The introgression of A. m. carnica alleles into Bulgarian bees has been detected. The influence 
of the type bees could be explained by past imports of carnica honey bee queens, given its 
wide commercial spread across Europe. Thus, imports of honey bee queen from other subspe-
cies inevitably influenced genetic diversity of native Bulgarian honey bees.

In summary, results from microsatellite DNA analysis in complex with classic morphomet-
ric analysis could be used as evidence in support of an earlier hypothesis. The local honey 
bee of Bulgaria belongs to subspecies A. m. macedonica, but it represents a different ecotype 
(ecotype rodopica), adapted to the specific conditions of our country. The local honey bee 
of Bulgaria differs from the other populations of the same subspecies by a set of population 
genetic indices.

4. Mitochondrial genetic markers

4.1. PCR-RFLP analysis of 16s rDNA, COI, and ND5 gene regions

Mitochondrial DNA (mtDNA) analysis is also used for characterization of genetic diversity 
among A. mellifera subspecies and its ecotypes [6, 32–36]. The mitochondrial genome is deter-
mined as extremely suitable for population genetic studies of A. mellifera, as well as to conduct 
phylogenetic studies, comparisons and analyses of the entire Apis family. Because of maternal 
heredity manifested by mtDNA in honey bees, all bee workers and drones in the bee colony 
share similar mitochondrial haplotype [37].

The mtDNA variants, as well as the morphometric characteristics of honey bees, are currently 
associated with the characterization of their biogeographic zoning. It contributes for the dis-
crimination of previously described evolutionary groups of Apis mellifera [38, 39].

Methods of hybridization in selective breeding may affect the distribution of mtDNA variants 
of the gene pool of local populations. Such changes affecting population structure (especially 
introgression) cannot be detected by morphometric analysis [34]. Because all the individuals 
of the bee family have the same haplotype, a number of authors assumed mtDNA as the suit-
able genetic marker for population genetic research. In the application of mitochondrial DNA 
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Results indicated the following: (1) low levels of genetic differentiation between the Bulgarian 
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1970s of the twentieth century), the introduction of bee queens of the A. m. carnica and A. m. 
ligustica was carried out. In that, different crossbreeding schemes between these subspecies 
were applied.

In this regard, Uzunov [31] investigated honey bee populations from Albania, Bulgaria, 
Greece, and the Republic of Macedonia in South Eastern Europe using 25 microsatellite loci. 

LocusA79 Allele A. m. mac. 
Bg

A. m. mac. 
Gr

A. m. mac. 
Mac

A. m. car. A. m. lig. A. m. mel. A. m. anatol.

1 91 0.000 0.000 0.011 0.190 0.081 0.673 0.000

2 97 0.188 0.167 0.091 0.024 0.000 0.010 0.379

3 99 0.000 0.000 0.034 0.048 0.000 0.010 0.000

4 101 0.104 0.208 0.159 0.048 0.068 0.010 0.229

5 103 0.250 0.500 0.295 0.143 0.324 0.077 0.271

6 105 0.188 0.042 0.091 0.357 0.203 0.019 0.057

7 107 0.104 0.042 0.159 0.143 0.149 0.048 0.050

8 109 0.083 0.042 0.114 0.024 0.054 0.038 0.007

9 111 0.021 0.000 0.023 0.024 0.054 0.058 0.000

10 113 0.000 0.000 0.011 0.000 0.027 0.000 0.007

11 115 0.042 0.000 0.011 0.000 0.014 0.038 0.000

12 117 0.021 0.000 0.000 0.000 0.000 0.010 0.000

13 119 0.000 0.000 0.000 0.000 0.000 0.010 0.000

14 121 0.000 0.000 0.000 0.000 0.027 0.000 0.000

Table 2. Polymorphism of А79 locus: Alleles and allelic frequencies [30].
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The PCA plot showed that the Slovenian bees (or known as carnica bees) were clearly distinct 
from all the others A. m. macedonica bees (Figure 1).

Moreover, the results based on microsatellite analyses indeed showed a certain degree of dif-
ferentiation between the bees of Bulgaria and A. m. macedonica from other regions. The results 
strongly pointed out that the Bulgarian honey bee, belonging to the A. m. macedonica based on 
classical morphometry description [31], possessed some specific genetic features, which dif-
fers from the other populations of this subspecies. This significantly justifies Bulgarian honey 
bees as a different ecotype adapted to the specific conditions in the territory of our country. 
To verify this, detailed analyses of the honey bee populations in Bulgaria with all neighboring 
geographical regions will be needed.

The introgression of A. m. carnica alleles into Bulgarian bees has been detected. The influence 
of the type bees could be explained by past imports of carnica honey bee queens, given its 
wide commercial spread across Europe. Thus, imports of honey bee queen from other subspe-
cies inevitably influenced genetic diversity of native Bulgarian honey bees.

In summary, results from microsatellite DNA analysis in complex with classic morphomet-
ric analysis could be used as evidence in support of an earlier hypothesis. The local honey 
bee of Bulgaria belongs to subspecies A. m. macedonica, but it represents a different ecotype 
(ecotype rodopica), adapted to the specific conditions of our country. The local honey bee 
of Bulgaria differs from the other populations of the same subspecies by a set of population 
genetic indices.

4. Mitochondrial genetic markers

4.1. PCR-RFLP analysis of 16s rDNA, COI, and ND5 gene regions

Mitochondrial DNA (mtDNA) analysis is also used for characterization of genetic diversity 
among A. mellifera subspecies and its ecotypes [6, 32–36]. The mitochondrial genome is deter-
mined as extremely suitable for population genetic studies of A. mellifera, as well as to conduct 
phylogenetic studies, comparisons and analyses of the entire Apis family. Because of maternal 
heredity manifested by mtDNA in honey bees, all bee workers and drones in the bee colony 
share similar mitochondrial haplotype [37].

The mtDNA variants, as well as the morphometric characteristics of honey bees, are currently 
associated with the characterization of their biogeographic zoning. It contributes for the dis-
crimination of previously described evolutionary groups of Apis mellifera [38, 39].

Methods of hybridization in selective breeding may affect the distribution of mtDNA variants 
of the gene pool of local populations. Such changes affecting population structure (especially 
introgression) cannot be detected by morphometric analysis [34]. Because all the individuals 
of the bee family have the same haplotype, a number of authors assumed mtDNA as the suit-
able genetic marker for population genetic research. In the application of mitochondrial DNA 
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analysis, however, it should be borne in mind that the results can be significantly influenced 
by imports of bee queens of different origins [40].

In applying mtDNA analysis, it is important to note the possibility that different haplotypes 
are distinguished and grouped according to classical morphological analyses [39, 41] and the 
geographical distribution of the subspecies A. mellifera [42, 43].

In this aspect, a PCR-RLFP analysis of three gene regions (16s rDNA, COI, and ND5) was 
applied in native Bulgarian honey bee A. m. macedonica on the territory of the whole country 
[22]. The results from this study showed that the size of PCR-amplified mtDNA products for 
all population of the Bulgarian honey bee is of the order of 964 bp, 1028 bp, and 822 bp for the 
16s rDNA, COI, and ND5 gene, respectively.

With regard to the restriction profile of 16s rDNA gene segment, it was found that Sau3A I, 
Ssp I, Hinc II, and EcoR I, are useful for recognize fragment sites (Table 3).

With respect to the COI gene segment, Sau3A I has three restriction sites, but Fok I and Bcl I 
have two restriction sites (Table 4).

With respect to the ND5 gene segment, Dra I and Taq I identified two sites of recognition, 
Nla III—one and Ssp I—three restriction sites. The Bulgarian populations of A. m. macedonica 
included in this analysis did not have intra- and interpopulation variability using ND5 poly-
morphisms (Table 5).

The results from this study [22] were compared with other similar investigations for native 
honey bee populations from Greece, Cyprus [24] and Crete Island [42]. It can be concluded 

Nco I Sau3A I Fok I Bcl I Ssp I Sty I BstU I Xho I

B A A A A A B A

1028 371 476 465 1028 1028 1028 1028

349 425 326

280 127 237

28

Table 4. Fragment size estimates (in base pairs) of all fragment patterns observed on COI gene region among the 
Bulgarian populations of A. m. macedonica [22].

Sau3A I Ssp I Dra I Hinc II EcoR I

B A A A A

548 628 964 598 492

416 336 366 472

Table 3. Size (in base pairs—bp) determined by the 16s rDNA gene in the analyzed Bulgarian populations of A. m. 
macedonica [22].

Genotyping56

that the studied Bulgarian bee populations of honey bees of the A. m. macedonica differ from 
Greek ones. The mtDNA profile of local populations of A. mellifera macedonica from Greece 
with regard to the COI segment after digestion with endonucleases Sty I and Nco I [36] was 
not found in mitochondrial profile of Bulgarian populations.

Comparing the results of Ivanova [20] with results from the studies of Bouga et al. [42], the 
difference between the Bulgarian and Greek populations of A. m. macedonica was reported. In 
that, a restriction profile of COI after Ssp I digestion, as well as ND5 the gene segment after 
digestion with Hinc II and Fok I restriction enzymes, was studied.

Thus, the results from PCR-RFLP analysis of three mitochondrial gene regions such as16s 
rDNA, COI, and ND5 did not reveal any different restriction profile in Bulgarian native honey 
bee A. m. macedonica populations. The difference existed in comparison with other honey bee 
populations of A. m. macedonica from other Balkan countries [44].

4.2. Single nucleotide polymorphism (SNP) assay followed by direct sequencing of 
mitochondrial COI and ND5 gene regions

Single nucleotide polymorphism (SNP) is a DNA sequence variation occurring commonly 
within a population (e.g. 1%) in which a single nucleotide (A, T, C or G) in the genome dif-
fers between members of a biological species or paired chromosomes. SNPs within a coding 
sequence do not necessarily change the amino acid sequence of the protein that is produced, 
due to degeneracy of the genetic code.

One of the widely used methods for searching of unknown SNPs is PCR analysis followed by 
direct sequencing [37]. This technique is based on the amplification of specific parts of the genome 
in the PCR reaction and sequencing of the obtained sequence amplification product. The great 
advantage of SNP polymorphism is its universality of the genome between particular species and 
highly efficient identification of polymorphism within the tested sequence [37]. The high density of 
SNPs markers in the genome leads to their extensive utilization in genetic and population analyses.

In this aspect, the first investigation examined the phylogenetic relationships and gene flow 
as a result of migratory beekeeping among honey bee populations from various areas of 
Albania, Bulgaria, Cyprus, Greece, Italy, Slovenia, and Turkey using sequencing analysis of 
two mitochondrial regions. In that, the ND5 and the COI gene segments were studied [43]. 

Dra I Taq I Nla III Hinc II Fok I Ssp I

A A A A A A

429 375 585 822 822 385

285 258 237 206

108 189 124

107

Table 5. Fragment size estimates (in base pairs) of all fragment patterns observed on ND5 gene region among the 
Bulgarian populations of A. m. macedonica [22].
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analysis, however, it should be borne in mind that the results can be significantly influenced 
by imports of bee queens of different origins [40].

In applying mtDNA analysis, it is important to note the possibility that different haplotypes 
are distinguished and grouped according to classical morphological analyses [39, 41] and the 
geographical distribution of the subspecies A. mellifera [42, 43].

In this aspect, a PCR-RLFP analysis of three gene regions (16s rDNA, COI, and ND5) was 
applied in native Bulgarian honey bee A. m. macedonica on the territory of the whole country 
[22]. The results from this study showed that the size of PCR-amplified mtDNA products for 
all population of the Bulgarian honey bee is of the order of 964 bp, 1028 bp, and 822 bp for the 
16s rDNA, COI, and ND5 gene, respectively.

With regard to the restriction profile of 16s rDNA gene segment, it was found that Sau3A I, 
Ssp I, Hinc II, and EcoR I, are useful for recognize fragment sites (Table 3).

With respect to the COI gene segment, Sau3A I has three restriction sites, but Fok I and Bcl I 
have two restriction sites (Table 4).

With respect to the ND5 gene segment, Dra I and Taq I identified two sites of recognition, 
Nla III—one and Ssp I—three restriction sites. The Bulgarian populations of A. m. macedonica 
included in this analysis did not have intra- and interpopulation variability using ND5 poly-
morphisms (Table 5).

The results from this study [22] were compared with other similar investigations for native 
honey bee populations from Greece, Cyprus [24] and Crete Island [42]. It can be concluded 

Nco I Sau3A I Fok I Bcl I Ssp I Sty I BstU I Xho I

B A A A A A B A

1028 371 476 465 1028 1028 1028 1028

349 425 326

280 127 237

28

Table 4. Fragment size estimates (in base pairs) of all fragment patterns observed on COI gene region among the 
Bulgarian populations of A. m. macedonica [22].

Sau3A I Ssp I Dra I Hinc II EcoR I

B A A A A

548 628 964 598 492

416 336 366 472

Table 3. Size (in base pairs—bp) determined by the 16s rDNA gene in the analyzed Bulgarian populations of A. m. 
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that the studied Bulgarian bee populations of honey bees of the A. m. macedonica differ from 
Greek ones. The mtDNA profile of local populations of A. mellifera macedonica from Greece 
with regard to the COI segment after digestion with endonucleases Sty I and Nco I [36] was 
not found in mitochondrial profile of Bulgarian populations.

Comparing the results of Ivanova [20] with results from the studies of Bouga et al. [42], the 
difference between the Bulgarian and Greek populations of A. m. macedonica was reported. In 
that, a restriction profile of COI after Ssp I digestion, as well as ND5 the gene segment after 
digestion with Hinc II and Fok I restriction enzymes, was studied.

Thus, the results from PCR-RFLP analysis of three mitochondrial gene regions such as16s 
rDNA, COI, and ND5 did not reveal any different restriction profile in Bulgarian native honey 
bee A. m. macedonica populations. The difference existed in comparison with other honey bee 
populations of A. m. macedonica from other Balkan countries [44].

4.2. Single nucleotide polymorphism (SNP) assay followed by direct sequencing of 
mitochondrial COI and ND5 gene regions

Single nucleotide polymorphism (SNP) is a DNA sequence variation occurring commonly 
within a population (e.g. 1%) in which a single nucleotide (A, T, C or G) in the genome dif-
fers between members of a biological species or paired chromosomes. SNPs within a coding 
sequence do not necessarily change the amino acid sequence of the protein that is produced, 
due to degeneracy of the genetic code.

One of the widely used methods for searching of unknown SNPs is PCR analysis followed by 
direct sequencing [37]. This technique is based on the amplification of specific parts of the genome 
in the PCR reaction and sequencing of the obtained sequence amplification product. The great 
advantage of SNP polymorphism is its universality of the genome between particular species and 
highly efficient identification of polymorphism within the tested sequence [37]. The high density of 
SNPs markers in the genome leads to their extensive utilization in genetic and population analyses.

In this aspect, the first investigation examined the phylogenetic relationships and gene flow 
as a result of migratory beekeeping among honey bee populations from various areas of 
Albania, Bulgaria, Cyprus, Greece, Italy, Slovenia, and Turkey using sequencing analysis of 
two mitochondrial regions. In that, the ND5 and the COI gene segments were studied [43]. 

Dra I Taq I Nla III Hinc II Fok I Ssp I

A A A A A A

429 375 585 822 822 385

285 258 237 206

108 189 124
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Table 5. Fragment size estimates (in base pairs) of all fragment patterns observed on ND5 gene region among the 
Bulgarian populations of A. m. macedonica [22].
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The results showed that among the 10 races and commercial strains studied, 7 different hap-
lotypes were revealed for COI, 8 for ND5, and 12 for the combined dataset (Table 6). It should 
also be noted that the most common combined haplotype (haplotype 1) included bees from 
nearly all the different races examined (including Bulgarian honey bee) except A. m. ligustica. 
These data showed that the different races could not be discriminated, as it was known that 
all belonged to the East Mediterranean C lineage [8, 9, 46, 47].

Another investigation provided additional information about genetic profile of local Bulgarian 
honey bee [46]. This research presented, for the first time, SNP analysis of a COI mitochon-
drial DNA (mtDNA) gene segment of the local Rhodope Mountains honey bee (Apis mellifera 
rodopica). The results showed, unexpectedly, that 14 haplotypes possess a second DNA frag-
ment (named as D1) which is not part of COI gene. Its length is 768 bps from the beginning of 
1343 bps of reference sequence (A. m. ligustica; Acc. No. L06178) [48]. This fragment possibly 
affects translation of cytochrome c oxidase I protein due to disruption of open reading frame 
at the C-end of protein by multiple stop codons (Figure 2).

Investigation of homology of mutated D1 fragment in GenBank [48] database did not show 
any homology, except this with a fragment of A. mellifera COI gene starting from position 
264 bps to 346 bps (82 bps length). Such type of gene reorganization is a possible explanation 

Haplotype 1 A. m. cypria (PYR, KOR, DAL1 and 2), Aegean race near to A. m. adami (LMN1, 2, 3, 4, NIS 1, 2), 
A. m. adami (CRE4), A .m. macedonica (MAC3, 4, 5, 6 and 7, THR1, 2, 3 and 4, JIJ), commercial strain 
(genetically improved A. m. cypria (SB), A. m. cecropia (SAR3, MES1, 3, 4), A. m. anatoliaca (BAR),  
A. m. meda (OSM), A. m. carnica (LUB1 and 2)

Haplotype 2 A. m. ligustica (PER1 and 2, RAV1 and 2)

Haplotype 3 A. m. cecropia (SAR1), A. m. carnica (KEF2)

Haplotype 4 A. m. cecropia (SAR2)

Haplotype 5 A. m. macedonica (MAC1 and 2)

Haplotype 6 Aegean race near to A. m. adami (CHI1 and 2 and RHD1)

Haplotype 7 A. m. adami (CRE2 and 3)

Haplotype 8 A. m. cecropia (MES2), Aegean race near to A. m. adami (RHD2, 3, 4), A. m. ligustica (FOR)

Haplotype 9 A. m. carnica (LIT)

Haplotype 10 A. m. adami (CRE1)

Haplotype 11 A. m. carnica (GOR)

Haplotype 12 A. m. cecropia (LAR1 and 2)

Abbreviations: Turkey—Osmaniye (OSM); Bartin (BAR); Albania Sarandë (SAR); Slovenia—Litija (LIT), Gorenjska 
(GOR), Ljubljana (LUB); Bulgaria—Jijevo (JIJ), Plovdiv (PLV); Cyprus—Pyrgas (PYR), Kornos (KOR), Dali (DAL); Italy—
Ravenna (RAV), Perugia (PER), Forli (FOR); Greece–Macedonia (MAC) (including Chalkidiki), Thrace (THR), Crete 
island (CRE), Larissa (Central Greece) (LAR), Messinia (Peloponnese) (MES), Kefalonia (Ionian islands) (KEF), Chios 
(Aegean Sea Island) (CHI), Rhodes (Aegean Sea Island) (RHD), Nisyros (Aegean Sea Island) (NIS), Limnos (Aegean Sea 
Island) (LMN).

Table 6. Honey bee populations studied grouped in 12 haplotypes [43].
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of the duplication of this D1 fragment of A. mellifera originated from Rhodope Mountains, but 
the mechanism of this duplication event needs further investigation. The authors of this study 
[46] concluded that this specific characteristic duplication of the COI gene for the Rhodopes 
honey bee (Apis mellifera rodopica) can be used as a genetic marker to discriminate the local 
Bulgarian honey bees and to support the related conservation activities.

5. Conclusion

The conducted experiments and obtained results on the basis of various genetic methods for 
genotyping enabled the detailed characterization of genetic diversity among the studied bee 
populations of Bulgaria. The application of complex comparative genetic analysis provided 
genetic evidence on belonging of the Bulgarian honey bee to Apis mellifera macedonica as well 
as the presence of specific genetic characteristics that define them as a different local ecotype 
for Bulgaria, named previously as “rodopica” [26].

The genetic diversity studies provided summarized, systematized, and enriched infor-
mation on genetic polymorphism in Bulgarian honey bee populations. Scientific efforts 
characterized the level of genetic differentiation relative to other populations of the Apis 
mellifera macedonica on the Balkan Peninsula and to other subspecies of Apis mellifera, in the 
territory of Europe.

The summarized population genetic studies from genotyping of Bulgarian honey bee also 
provided significant information on the availability of reliable genetic markers, applicable 
to the formation of a system of conservation activities for the national genetic resources of 
Bulgarian honey bee population.

Figure 2. COI pseudogene organization and effects of potential translation of the COI protein on Apis mellifera rodopica [45].
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nearly all the different races examined (including Bulgarian honey bee) except A. m. ligustica. 
These data showed that the different races could not be discriminated, as it was known that 
all belonged to the East Mediterranean C lineage [8, 9, 46, 47].

Another investigation provided additional information about genetic profile of local Bulgarian 
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ment (named as D1) which is not part of COI gene. Its length is 768 bps from the beginning of 
1343 bps of reference sequence (A. m. ligustica; Acc. No. L06178) [48]. This fragment possibly 
affects translation of cytochrome c oxidase I protein due to disruption of open reading frame 
at the C-end of protein by multiple stop codons (Figure 2).

Investigation of homology of mutated D1 fragment in GenBank [48] database did not show 
any homology, except this with a fragment of A. mellifera COI gene starting from position 
264 bps to 346 bps (82 bps length). Such type of gene reorganization is a possible explanation 
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of the duplication of this D1 fragment of A. mellifera originated from Rhodope Mountains, but 
the mechanism of this duplication event needs further investigation. The authors of this study 
[46] concluded that this specific characteristic duplication of the COI gene for the Rhodopes 
honey bee (Apis mellifera rodopica) can be used as a genetic marker to discriminate the local 
Bulgarian honey bees and to support the related conservation activities.

5. Conclusion

The conducted experiments and obtained results on the basis of various genetic methods for 
genotyping enabled the detailed characterization of genetic diversity among the studied bee 
populations of Bulgaria. The application of complex comparative genetic analysis provided 
genetic evidence on belonging of the Bulgarian honey bee to Apis mellifera macedonica as well 
as the presence of specific genetic characteristics that define them as a different local ecotype 
for Bulgaria, named previously as “rodopica” [26].

The genetic diversity studies provided summarized, systematized, and enriched infor-
mation on genetic polymorphism in Bulgarian honey bee populations. Scientific efforts 
characterized the level of genetic differentiation relative to other populations of the Apis 
mellifera macedonica on the Balkan Peninsula and to other subspecies of Apis mellifera, in the 
territory of Europe.

The summarized population genetic studies from genotyping of Bulgarian honey bee also 
provided significant information on the availability of reliable genetic markers, applicable 
to the formation of a system of conservation activities for the national genetic resources of 
Bulgarian honey bee population.

Figure 2. COI pseudogene organization and effects of potential translation of the COI protein on Apis mellifera rodopica [45].
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Abstract

Halal food and pharmaceuticals were taken into account as food and pharmaceutical 
products permitted to be consumed by Muslim according to Sharia law. Due to the devel-
opment of science and technology, especially in food and pharmaceutical industry, some 
industries use non-halal components such as pig derivatives in food and pharmaceuti-
cal products to reduce the production cost. Non-halal components added in food and 
pharmaceutical products are difficult to detect visually due to close similarity between 
non-halal and halal components present in food and pharmaceutical products. Some of 
the methods already developed in the laboratory include spectroscopic methods using 
infrared radiation, Fourier-transform infrared spectroscopy (FTIR) and nuclear magnetic 
resonance spectroscopy, chromatography-based methods, electronic nose, DNA-based 
and differential scanning calorimetric for pig component analysis. Food and pharma-
ceutical matrix is very complex to be analyzed; therefore, the signals obtained during 
chemical and biological analyses are very complex and are difficult to interpret. Even 
though the spectroscopy- and chromatography-based methods are able to determine the 
pig derivative component, there are some difficulties for the application in the field of 
blind samples, caused by the complex matrix of food or pharmaceutical. Among ana-
lytical methods, the polymerase chain reaction (PCR) based on the molecular genetic 
analysis was believed to be highly sensitive, valid and judgable as well as reliable for the 
analytical instrument. Therefore, this chapter describes some methodologies based on 
DNA technology such as conventional PCR using universal primer through restriction 
fragment length polymorphism or specific primer. This chapter also gives detailed infor-
mation on the application of the real-time PCR using species-specific primer for porcine 
determination as well as for halal authentication.

Keywords: food, halal, molecular methods, pharmaceutical, pig derivative detection

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



[46] Ozdil LF, Yildiz MA, Hall HG. Molecular characterization of Turkish honey bee popula-
tions (Apis mellifera L.) inferred from mitochondrial DNA RFLP and sequence results. 
Apidologie. 2009;40:570-576. DOI: 10.1051/apido/2009032

[47] Radoslavov G, Hristov P, Shumkova R, Mitkov I, Sirakova D, Bouga M. A specific genetic 
marker for the discrimination of native Bulgarian honey bees (Apis mellifera rodopica): 
Duplication of COI gene fragment. Journal of Apicultural Research. 2017;56(3):196-202. 
DOI: 10.1080/00218839.2017.1307713

[48] Crozier RH, Crozier YC. The mitochondrial genome of the honey bee Apis mellifera: 
Complete sequence and genome organization. Genetics. 1993;133:97-117

Genotyping64

Chapter 5

Molecular Based Method Using PCR Technology on
Porcine Derivative Detection for Halal Authentication

Yuny Erwanto

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.76071

Provisional chapter

DOI: 10.5772/intechopen.76071

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons  
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,  
distribution, and reproduction in any medium, provided the original work is properly cited. 

Molecular Based Method Using PCR Technology on 
Porcine Derivative Detection for Halal Authentication

Yuny Erwanto

Additional information is available at the end of the chapter

Abstract

Halal food and pharmaceuticals were taken into account as food and pharmaceutical 
products permitted to be consumed by Muslim according to Sharia law. Due to the devel-
opment of science and technology, especially in food and pharmaceutical industry, some 
industries use non-halal components such as pig derivatives in food and pharmaceuti-
cal products to reduce the production cost. Non-halal components added in food and 
pharmaceutical products are difficult to detect visually due to close similarity between 
non-halal and halal components present in food and pharmaceutical products. Some of 
the methods already developed in the laboratory include spectroscopic methods using 
infrared radiation, Fourier-transform infrared spectroscopy (FTIR) and nuclear magnetic 
resonance spectroscopy, chromatography-based methods, electronic nose, DNA-based 
and differential scanning calorimetric for pig component analysis. Food and pharma-
ceutical matrix is very complex to be analyzed; therefore, the signals obtained during 
chemical and biological analyses are very complex and are difficult to interpret. Even 
though the spectroscopy- and chromatography-based methods are able to determine the 
pig derivative component, there are some difficulties for the application in the field of 
blind samples, caused by the complex matrix of food or pharmaceutical. Among ana-
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1. Introduction

Today most of the Moslem countries are still growing in terms of life style, traveling, food 
and so on. Food is the primary need for humankind and cannot be separated from life; con-
sequently, everywhere human beings live, including Moslems, they need food for living. In 
addition, awareness among Muslims on the need and necessity to consume only halal food is 
annually increasing, so the global market of halal food will be predominant in the future. It is 
understood that the production of halal food is not only beneficial to Muslims but also to food 
producers, since it will increase market space for Muslims especially and non-Muslims also who 
are interested in consuming halal food for health reasons. Human food production starts from 
the ingredients chosen, preparing the equipment, processing methods, packaging and labeling.

Human mobility which is increasing requires the availability of food according to the needs of 
each individual. Food security extends not only to safety and health issues but also to religious 
considerations. In the global realm, the need of tools to ensure that food is consumed safely and is 
a guarantee that it is free from non-halal materials requires a technology and non-halal detection 
application. This chapter is discussed in relation to some reliable methods of DNA-based analysis 
that is needed in justifying the presence of non-halal materials for Muslim consumers, in particu-
lar, the ingredients derived from pigs which are materials prohibited in Islam for consumption.

Identification of the presence of non-halal compounds becomes a very important problem in 
human food products, especially those containing prohibited substances such as ingredients 
derived from pigs. In the concept of food safety assurance, raw material data used is very 
important to be included. The world with a Muslim population of about 1.3 billion makes 
food security globally not only toward healthy and safe food products but also must show the 
halal aspect of the food product [1].

Authentication is the most important criteria and is always an issue in the field of food. The 
one that encourages the importance of authentication is the raw material, because it deter-
mines whether the food is deserved to be consumed. In Islam, “Halal” means that it is allowed 
or permitted and haram refers to anything that is not allowed and includes sin when violated. 
If used in relation with food and drink, halal means allowed to be eaten or drunk. It is manda-
tory for Muslims to eat halal food and consume halal products. For a Muslim, food should not 
only be healthy and of good quality, but more importantly, the food must be halal. Nowadays, 
many kinds of animal products have been commonly consumed and spread across countries 
without limitations. The relatively new products such as nuggets, sausage, burger, hot dog, 
meat ball and so on are widely accepted by consumers regardless of gender, ethnics and age. 
Further processing of animal products has given more economic advantage for the producers 
and convenience for the consumers.

In recent years, there has been an increasing trend in some countries for mixing prohibited 
substances, especially pigs in food products for the purpose of falsification to obtain economic 
benefits [2]. Identification becomes very important so that the status of halal food becomes 
clear. Two approaches that can be made to determine whether pig substances are present are 
analysis of the pig meat elements or pig material in food products.
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Various methods of detection of non-halal materials have developed rapidly. The method 
that has significantly developed is FTIR spectrophotometry [3] differential scanning calorimetry 
[4], liquid chromatography [5], immunoelectrophoresis [6], polymerase chain reaction (PCR)-
RFLP DNA based methods [7] and real-time PCR [8].

Some of these methods are too laborious and time-consuming, consequently, an analytical 
technique offering rapid and reliable methods must be used. One of the promising methods 
suitable for routine analysis is polymerase chain reaction (PCR) [9]. The DNA-based analysis 
method has several advantages: DNA can be found in all cell types in an individual with 
identical genetic information. DNA is a stable molecule in the extraction process of several 
different types of samples.

Deoxyribonucleic acid (DNA) is a nucleic acid that contains genetic material and serves to 
regulate the biological development of all cellular life forms [10]. DNA contains genetic infor-
mation stored in a nucleotide sequence and is used to synthesize all cell protein molecules 
and organisms. Another function is to provide information that is passed on to the cells or 
offspring of a child. Both of these functions require DNA molecules that serve as templates or 
models [11]. DNA has a double structure with components of pentose sugars (deoxyribose), 
phosphate groups and base pairs. DNA base pairs consist of purine and pyrimidine bases. 
The purine base consists of adenine (A) and guanine (G). The pyrimidine base is cytosine (C) 
and thymine (T) [12]. DNA is very important and widely used in analysis. DNA isolation is 
the key to successful identification of livestock derived from raw materials; therefore, the dif-
ferent methods of DNA isolation in each food stuff must be adapted to the conditions of the 
food type and food used in the diet.

2. DNA isolation stage

Identification of species based on DNA technology depends on the success of DNA isolation. 
The success of DNA isolation is the basis for continuing with the next test stage. Therefore, 
the isolation method should be known by any researcher who wishes to detect the species or 
foodstuffs. Work experience in the DNA isolation laboratory is a basic skill that needs to be 
known in order to isolate the various food matrixes. Some of the important factors that influ-
ence the success of DNA isolation are:

1. type of food

2. food matrix

3. cooking time

4. cooking temperature

DNA isolation has several stages, that is, (1) isolation of cells; (2) lysis of walls and cell mem-
branes; (3) extraction in solution; (4) purification; and (5) precipitation. There are two principles 
in performing DNA isolation, that is, centrifugation and precipitation. The main principle of 
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benefits [2]. Identification becomes very important so that the status of halal food becomes 
clear. Two approaches that can be made to determine whether pig substances are present are 
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foodstuffs. Work experience in the DNA isolation laboratory is a basic skill that needs to be 
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centrifugation is to separate the substance based on molecular weight by providing a centrifu-
gal force so that the heavier substances will be at the bottom, while the lighter substances will be 
located at the top. The centrifugation technique is carried out in a machine called centrifugation 
machine with varying speeds, for example, 2500 rpm (rotation per minute) or 3000 rpm [10].

Chemically, the destruction of cells is performed by utilizing chemical compounds such as 
ethylenediamine tetra acetic (EDTA) and sodium dodecyl sulfate (SDS). EDTA functions to 
destruct cells by binding magnesium ions (this ion serves to maintain cell integration and 
activity of nuclease enzyme which damages the nucleic acids). SDS is a kind of detergent that 
serves to destruct cell membranes. The proteinase K enzyme can be used to destruct proteins. 
Impurities due to cell lysis are separated by centrifugation. Then, the nucleotide molecules 
(DNA and RNA), which have been separated, are cleared of the residual proteins using phe-
nol. In this process, a small part of RNA can also be cleaned. The RNAase enzyme is used to 
clean the residual proteins and polysaccharides from the solution. Purification of DNA can 
be done by mixing the DNA solution with NaCl, which serves to concentrate, separate DNA 
from the solution and precipitate DNA when mixed with ethanol [13].

The measurement of DNA concentration was done in two ways, that is, by spectrophotometer 
and by ethidium bromide fluorescence technique (EtBr). If the sample is pure, without large 
amounts of contamination such as protein, agarose, phenol or other nuclei, then the use of 
spectrophotometer that calculates the amount of UV irradiation absorbed by the bases is the 
proper way. The fluorescence technique of EtBr is used when the sample is contaminated [14].

DNA of ingredients in the form of fresh ingredients can generally be more easily isolated 
because most of the tissues have not been damaged. DNA of animal-derived food with cell 
structures easy to lysis is more easily isolated compared to a mixture of plant matrix ingredi-
ents which have stronger cell structures. Cooking duration will affect the quality and quantity 
of DNA that can be isolated, longer cooking duration will degrade the DNA; consequently, 
a lot of DNA fragments into smaller sizes, and as a result, at the time of amplification, there 
will occur difficulty with big-size amplicon target compared to small amplicon. The cooking 
temperature also has effect, the higher cooking temperature so the DNA in the food tends to 
be fragmented as a result for the size of the DNA with high fragment length target is difficult 
to amplify at PCR and difficult when identify the origin species of ingredients.

3. DNA isolation of animal tissue genome

The basic principle of total DNA isolation from the tissue is to break down and extract the 
tissue, so cell extracts composed of tissue cells, DNA and RNA cells are formed. Then, the cell 
extract was purified to produce a cell pellet containing total DNA [10].

DNA is usually isolated from animal tissue cells using methods that lyse cells but prevent 
DNA fragmentation. This step usually involves EDTA (ethylenediamine tetra acetic) which 
in the process will bind magnesium ions (the cofactors required by the DNase enzyme). 
Furthermore, the cell membrane is preferably solubilized with a detergent. If physical disrup-
tion is required, it should be done as minimum as possible. In this disruption process, the  
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nuclease enzyme released from the cellular component can efficiently digest the nucleic acids, 
so the work of the nuclease enzyme must be inhibited. Cell disruption and most of the fol-
lowing steps should be performed at 4°C, using a glassware and an autoclave solution (the 
autoclave function is to destruct DNase activity in the apparatus or solution). After removing 
the nucleic acid from the cell, RNA can be removed by the addition of heat-treated RNase to 
inactivate the DNase of the contaminant (RNase is relatively stable to heat because of the pres-
ence of disulfide bonds which will cause the renaturation process when cooled).

Other major contaminants, that is, proteins, are eliminated with phenol solution or phenol-
chloroform mixture (both will denature the proteins but do not denature nucleic acids). After 
the mixture is made into an emulsion, centrifugation is conducted. After centrifying, an organic 
part will be formed in the lower part and in the top aqueous layer, which is a layer composed of 
a denatured protein and inside it is contained DNA. The aqueous fluid is taken and deprotein-
ized several times until no material is visible in the middle layer. Then, the DNA that does not 
contain protein is mixed with two parts of ethanol. DNA will be a precipitate, separate from 
the sample solution. After being centrifuged, the DNA pellets are then dissolved again [15].

4. DNA isolation of plant genome

Samples from plants are mostly found in food products both individually and food matrix 
such as sausage, meatballs and nuggets in which there are materials from animals and plants. 
The most commonly used method for plant DNA isolation is the Cetyl Trimethyl Ammonium 
Bromide (CTAB) method. CTAB is a common method used in plant DNA extraction because 
plant DNA contains polysaccharides and polyphenol compounds [16]. There are three major 
steps in the extraction of plant DNA, that is, the destruction of cell walls (lysis), separation of 
DNA from solid materials such as cellulose and proteins and DNA purification [17].

CTAB has the same function as SDS, which acts as a lipid solvent of the cell membrane. SDS is 
a kind of detergent that can emulsify lipids. After overnight incubation with ethanol absolute 
and ammonium nitrate, the DNA filaments are known and then centrifuged to obtain the 
DNA pellets. After the supernatant was removed, 70% of ethanol was added for next precipi-
tation. Then, the pellet is dried and stored at −20°C [18].

5. DNA isolation of food products

Food products are a complex food mixture. Food products may contain PCR inhibitors such 
as polysaccharides, polyphenols and proteins [19]. In addition, food products have under-
gone several stages of processing, such as mechanical treatment, heating, chemical and enzy-
matic. As a result, DNA isolation from food products often has difficulties [20].

Some authors have compared methods of DNA extraction from food. Zimmerman et al. [21] 
compared nine different extraction methods of soybean; food samples showed that five of the 
methods had the extracted DNA damaged, while in four other methods (CTAB, Wizard, DNeasy 
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Some authors have compared methods of DNA extraction from food. Zimmerman et al. [21] 
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Method The principle of DNA separation

TNES [24] • Destruction of cell walls using EDTA, SDS and NaCl

• Removal of protein with proteinase K

• Removal of polysaccharide protein residues by using phenol, chloroform and isoamyl alcohol

• Precipitation of DNA with saline solution (NaCl)

[14] modified • Destruction of cell walls using EDTA and SDS

• Removal of protein with proteinase K

• Removal of polysaccharide protein residues by using phenol, chloroform and isoamyl alcohol

• Precipitation of DNA with saline solution (NaCl)

CTAB • Cell wall barrier and protein removal by extracting buffer (EDTA, Tris–HCl, NaCl, and K 
proteinase)

• Precipitation of DNA with isoproponal

Table 1. The basic principle of DNA isolation in the DNA extraction method performed.

and nucleon Phytopure), the amount of DNA produced was relatively low but had good quality. 
Previously, Olexová et al. [22] have found good DNA extraction results using CTAB on soybean, 
corn and wheat products (flour, biscuits and instant porridge). Each sample in the food matrix 
needs the specific DNA isolation methods, as described by researcher [20] and they tried to com-
pare four methods of DNA extraction (NucleoSpin kit, commercial and GeneSpin, CTAB, and 
Wizard method) applied to soybean processed products; CTAB method extraction showed the 
best results. Further, Sambrook [23] used CTAB modification by adding salt (NaCl) and twice as 
much CTAB volume in extracting food product samples for the identification of pork content.

6. DNA isolation in research practice

Today, the DNA isolation commonly uses DNA isolation kit as it is faster and is a simple method 
than the manual; consequently, the price is more expensive. The commercial kit has been avail-
able in varying amounts and benefits. However, the use of kits in DNA isolation is not suitable for 
student learning in college; therefore, the use of manual methods in student research is highly rec-
ommended. The use of kits in DNA isolation is usually simple and follows the procedures of the 
company, while manual DNA isolation requires the preparation of chemicals independently. The 
following table illustrates some basic methods and basic principles of DNA isolation (Table 1).

The results of DNA isolation research using the modified [14] method for sample of meatball 
and sausage as illustrated in Figure 1 is as follows.

Food products are complex food mixtures which may contain inhibitors such as polysac-
charides, polyphenols and proteins [19]. In addition, food products have undergone several 
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stages of processing, such as mechanical treatment, heating, chemical and enzymatic treat-
ments. As a result, DNA isolation from food products often has difficulties [20]. The com-
plicities of sample affected the DNA quality [25] and the presence of additives on foods also 
affected the results of DNA isolation. Therefore, optimization and modification of the basic 
method to obtain DNA with good quality and quantity is required.

As this study applied the Sambrook method [14] without overnight incubation, the results 
showed that the quality of the DNA is not good enough and is marked by the appearance 
of DNA smear and some samples were not isolated (data not shown); therefore, the modi-
fication to prolong the lysis time and cell digestion by adding the incubation time to ±15 h 
(overnight) at a temperature of 55°C was made. The modification by adding the incubation 
time was intended so that the non-DNA molecules can be digested perfectly, thus minimiz-
ing the contaminants in the resulting DNA, since the sample was a processed meat consisting 
of a mixture of complex foods. The sample used in this study was a processed food product 
consisting of a mixture of meat (animal tissue) and non-meat (flour and spices) products that 
were considered as an inhibitor in the activity of DNA isolation.

The K proteinase was capable of digesting the cell completely after incubation of at least 10 h 
[23]. Meanwhile, previous research [26] founded that the duration of cell lysis depends on 
the shape of the extracted product. The more diverse the mixture and texture of the product, 
longer the time required. The optimization of ASL (Qiagien)-based extraction and purification 
of DNA by applying overnight to the cell lysis stage had been successfully performed for the 
identification of pork in processed meat products in Saudi Arabia [27]. The same method [28] 
was also used for overnight incubation at the lysis stage and digestion for the identification of 
pig DNA in food products. Chapela et al. [29] also used overnight incubation at the cell lysis 
stage in DNA extraction from canned tuna to identify species of animal origin.

DNA extraction of whole tissue is easier to do than processed meat such as meatballs, sau-
sages and abon, where DNA has been degraded. The DNA obtained for analysis must be pure 
and intact to obtain good analysis.

The contaminants that are often present in the process of DNA extraction and purification are 
proteins [30]. DNA measurements were performed by comparing absorbance ratios at wave-
lengths of 260 and 280 nm (OD 260: OD 280) [15].

Figure 1. Result of DNA isolation of meatball and sausage of various species on 1% agarose gel: (1) 100% cow meatballs, 
(2) 100% chicken meatballs, (3) 100% pork meatballs, (M) 100 bp marker, (4) 100% cow sausage, (5) 100% chicken sausage, 
(6) 100% pork sausage.
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Table 1. The basic principle of DNA isolation in the DNA extraction method performed.
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charides, polyphenols and proteins [19]. In addition, food products have undergone several 
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stages of processing, such as mechanical treatment, heating, chemical and enzymatic treat-
ments. As a result, DNA isolation from food products often has difficulties [20]. The com-
plicities of sample affected the DNA quality [25] and the presence of additives on foods also 
affected the results of DNA isolation. Therefore, optimization and modification of the basic 
method to obtain DNA with good quality and quantity is required.

As this study applied the Sambrook method [14] without overnight incubation, the results 
showed that the quality of the DNA is not good enough and is marked by the appearance 
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fication to prolong the lysis time and cell digestion by adding the incubation time to ±15 h 
(overnight) at a temperature of 55°C was made. The modification by adding the incubation 
time was intended so that the non-DNA molecules can be digested perfectly, thus minimiz-
ing the contaminants in the resulting DNA, since the sample was a processed meat consisting 
of a mixture of complex foods. The sample used in this study was a processed food product 
consisting of a mixture of meat (animal tissue) and non-meat (flour and spices) products that 
were considered as an inhibitor in the activity of DNA isolation.

The K proteinase was capable of digesting the cell completely after incubation of at least 10 h 
[23]. Meanwhile, previous research [26] founded that the duration of cell lysis depends on 
the shape of the extracted product. The more diverse the mixture and texture of the product, 
longer the time required. The optimization of ASL (Qiagien)-based extraction and purification 
of DNA by applying overnight to the cell lysis stage had been successfully performed for the 
identification of pork in processed meat products in Saudi Arabia [27]. The same method [28] 
was also used for overnight incubation at the lysis stage and digestion for the identification of 
pig DNA in food products. Chapela et al. [29] also used overnight incubation at the cell lysis 
stage in DNA extraction from canned tuna to identify species of animal origin.

DNA extraction of whole tissue is easier to do than processed meat such as meatballs, sau-
sages and abon, where DNA has been degraded. The DNA obtained for analysis must be pure 
and intact to obtain good analysis.

The contaminants that are often present in the process of DNA extraction and purification are 
proteins [30]. DNA measurements were performed by comparing absorbance ratios at wave-
lengths of 260 and 280 nm (OD 260: OD 280) [15].

Figure 1. Result of DNA isolation of meatball and sausage of various species on 1% agarose gel: (1) 100% cow meatballs, 
(2) 100% chicken meatballs, (3) 100% pork meatballs, (M) 100 bp marker, (4) 100% cow sausage, (5) 100% chicken sausage, 
(6) 100% pork sausage.
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The quality and purity of DNA is influenced by various factors including the isolation method 
and the type of food samples being prepared. The purity of DNA isolates from meatball sam-
ples with various methods of DNA isolation is described in Table 2.

Good DNA extraction methods not only provided good DNA results but also high DNA purity 
[30]. In the study, DNA purity measurements obtained from several DNA extraction methods 
had been performed. From Table 2, it was known that the purity of DNA obtained from the 
modified Sambrook method gave best results on meatball samples, (1.91 ± 0.00; 1.92 ± 0.00; 
and 1.87 ± 0.00). This showed that the method used could produce DNA with good purity. 
The value of DNA purity ranges from 1.8 to 2.0. The value of purity would be lower if there 
was contamination of protein or phenol [15]. Method of [23] obtained DNA purity value of 
1.64 ± 0.01 (meatballs), while DNA purity value of the CTAB method was 1.7 ± 0.00 (meatballs). 
This value may indicate the presence of protein contamination in isolated DNA. Furthermore, 
in the practice of food, DNA isolation with a varying food matrix requires choice of method, 
method modification and development of the most suitable method according to food matrix 
condition whose DNA will be isolated.

7. Confirmation of pig species with conventional PCR

The wide variety of food products available on the market in the world seems favorable but leads 
to several fears for the Muslim community because the consumption of pork in food products is 
prohibited; therefore, some analytical methods offering fast and reliable results are continuously 
developed by some researchers. PCR-based methods have been applied through the PCR-RFLP 
method for the authentication of animal products especially meatballs in the market [9].

Polymerase chain reaction (PCR) is one of the most widely studied and widely used tech-
niques of nucleic acid amplification in vitro. PCR is used to multiply the number of DNA mol-
ecules on a particular target by synthesizing new DNA molecules that complement the target 
DNA molecules through the aid of enzymes and oligonucleotides as primers in a thermocycle. 
The target length of DNA ranges from tenths to thousands of nucleotides whose positions are 
flanked by a pair of primers. The primer that is located before the target is called the forward 
primer and which is located after the target is called the reverse primer. The enzyme used as 
a novel printer of DNA molecules is known as the polymerase enzyme [31]. The length of the 

Repetition Methods

Wasko [24] Sambrook [14] CTAB

1 1.64 1.91 1.70

2 1.65 1.91 1.70

3 1.63 1.91 1.70

Mean 1.64 ± 0.01 1.91 ± 0.00 1.70 ± 0.00

Table 2. Purity comparison of DNA isolation result of meatball sample with various methods [59].
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DNA gene is 1.140 bp and has some stable sequences used for universal primers and several 
sequences of variables normally used for animal identification by the PCR-RFLP method [32].

A pair of primers was employed in PCR reaction (9), the PCR primers used were cytochrome 
b gen as follows: (5’-CCA TCC AAC ATC TCA GCA TGA TGA AA-3′) and CYTb2 (5’-GCC 
CCT CAG AAT GAT ATT TGT CCT CA-3′), as reported by Kocher et al. [33]. The PCR-RFLP 
was applied using mitochondrial cyt b gene in a final volume of 25 μl containing 250 ng 
of extracted DNA in order for the porcine identification with mega mix royal PCR buffer. 
Amplification was performed in PCR system 2400 (Perkin Elmer), programmed to perform 
the pre-denaturation step of 94°C for 2 min, followed by 35 cycles which is carried out with 
following steps: denaturation at 95°C for 36 s, annealing at 51°C for 73 s, and extension at 72°C 
for 84 s. Final extension at 72°C was conducted for 3 min for complete synthesis of elongated 
DNA molecules. The DNA amplicon then cleaved using BseDI restriction enzyme and results 
could able to differentiate porcine among other meat [9].

PCR has the potential sensitivity and specificity required to achieve detection of a target 
sequence from template DNA. Gene of cytochrome b was used for the amplification of PCR 
and resulted in DNA fragmentation of approximately 360 bp for bovine, chicken and porcine. 
These small amplicons are ideal for use with processed foods where DNA commonly was 
degraded. This result indicated that pig, beef and chicken DNA in processed meat was suc-
cessfully amplified in PCR reaction (Figure 2). The result of PCR amplification was similar to 
that [35] which reported the presence of the 360 bp fragment. This result also indicated that 
the frying of meat products at 100°C for 15 min did not result in the degradation of DNA into 
small size (<200 bp). They studied the feasibility of using mitochondrial cyt b gene to detect 
porcine material in commercial food products from various markets and evaluated them for 
the presence of porcine DNA. Visualization through electrophoresis of PCR products clearly 

Figure 2. Amplification of mitochondrial cytochrome b DNA gene fragments 359 bp long in samples from 
meatballs products separated by 2% high-resolution agarose gel electrophoresis, M: Marker 100 bp DNA ladder 
(Invitrogen), A-D: PCR products of cytochrome b gene from 20 of commercial meatball samples from various 
regent in Indonesia b: Amplicon of beef DNA, and p: Amplicon product of raw pork DNA on [34]. Source: Aust-
Asian J. Anim. Sci Vol. 27 No. 10.
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The quality and purity of DNA is influenced by various factors including the isolation method 
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Figure 2. Amplification of mitochondrial cytochrome b DNA gene fragments 359 bp long in samples from 
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Figure 3. Restriction fragment length polymorphism using BseDI restriction enzymes. M: Marker 100 bp DNA ladder, 
lane 1–20: DNA fragment of different meatball samples from 20 commercial meatballs b: DNA fragment raw beef 
cytochrome b gene cleaved into different pattern, and p: DNA fragment of PCR product of raw pork cytochrome b gene 
cleaved into 228 and 121 bp [34]. Source: Aust-Asian J. Anim. Sci Vol. 27 no. 10.

detected porcine DNA, while no amplification occurred in others meat sources such as cattle, 
chicken, sheep and horse [36].

The result of the amplicon cleavage (Figure 3) showed that the enzyme of BseDI could dif-
ferentiate pork meat among chicken, bovine or goat.

PCR product was digested using the BseDI restriction enzyme at 2 U/μl for 3-h incubation 
time. The result of analysis from various levels of pork in beef sausage and chicken nugget 
indicated that mixture of pork could be digested by the BseDI restriction enzyme and was 
detected until level 1%. BseDI cleavage bands visualized in the gel were enough and suitable 
for the discrimination of pork in processed food. BseDI endonuclease cleaved the cytochrome 
b gene products of pig species into two DNA fragments of 228 and 131 bp and did not cleave 
cytochrome b gene of beef and chicken [33].

Recent research [37] founded that pork DNA fragment of mitochondrial cytochrome b gen 
could be amplified well after cooking for 0–120 min (Figure 4), while cooking more than 120 min 
caused DNA degradation and failed to amplify mitochondrial DNA fragment, even for the PCR 
using more than 500 bp primer lengths. In addition, the amplification of 300 bp DNA fragment 
using specific primer showed DNA amplicon fragment in slight appearance. The band density 
decreased to less than 50% in sausage after cooking for more than 120 min. The 200 bp primer 
fragment could amplify all DNA samples from cooking for 120 min. Longer cooking time showed 
slighter appearance in gel electrophoresis and lower band intensity. Sausages were cooked for less 
than 120 min showed almost the same intensity, then decreased until about 60% band intensity. It 
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indicated that the DNA from pork sausages after cooking for 120 min did not cause denaturation 
process, and the molecular weight did not decrease. The charged molecules can be separated in 
agarose gel electrophoresis according to smaller molecules migrating faster than larger molecules.

While cooking for more than 120 min, damage was caused on DNA fragment and could be 
amplified using species specific primer only above 200-bp length fragment (Figure 4). The 
DNA fragmentation occurred when meat was processed and cooked. The other researches [38] 
stated that the damaging of the DNA, as well as other meat structural changes (shrinkage of 
meat fibers, the aggregation and gel formation of myofibril and sarcoplasmic proteins, shrink-
age and solubilization of the connective tissue, etc.), is due to the denaturation during heating.

8. Confirmation of pig species using real-time PCR

Compared to conventional end-point PCR, the main advantage of a real-time method is the pos-
sibility of performing quantitative measurements. The meat species identification using conven-
tional PCR assays require the visualization using gel electrophoresis. The mistake analysis could 
increase with the chance of the cross-contamination or sample shifting; in addition, the process 

Figure 4. Amplification results of cooking time treatment. M: Marker, 1: no cooking (control), 2: 15 min, 3: 30 min, 4: 
60 min, 5: 120 min, 6: 240 min, 7: 480 min. Above: 500 bp primer, middle: 300 bp primer, bottom: 200 bp primer.

Molecular Based Method Using PCR Technology on Porcine Derivative Detection for Halal…
http://dx.doi.org/10.5772/intechopen.76071

75



Figure 3. Restriction fragment length polymorphism using BseDI restriction enzymes. M: Marker 100 bp DNA ladder, 
lane 1–20: DNA fragment of different meatball samples from 20 commercial meatballs b: DNA fragment raw beef 
cytochrome b gene cleaved into different pattern, and p: DNA fragment of PCR product of raw pork cytochrome b gene 
cleaved into 228 and 121 bp [34]. Source: Aust-Asian J. Anim. Sci Vol. 27 no. 10.

detected porcine DNA, while no amplification occurred in others meat sources such as cattle, 
chicken, sheep and horse [36].

The result of the amplicon cleavage (Figure 3) showed that the enzyme of BseDI could dif-
ferentiate pork meat among chicken, bovine or goat.

PCR product was digested using the BseDI restriction enzyme at 2 U/μl for 3-h incubation 
time. The result of analysis from various levels of pork in beef sausage and chicken nugget 
indicated that mixture of pork could be digested by the BseDI restriction enzyme and was 
detected until level 1%. BseDI cleavage bands visualized in the gel were enough and suitable 
for the discrimination of pork in processed food. BseDI endonuclease cleaved the cytochrome 
b gene products of pig species into two DNA fragments of 228 and 131 bp and did not cleave 
cytochrome b gene of beef and chicken [33].

Recent research [37] founded that pork DNA fragment of mitochondrial cytochrome b gen 
could be amplified well after cooking for 0–120 min (Figure 4), while cooking more than 120 min 
caused DNA degradation and failed to amplify mitochondrial DNA fragment, even for the PCR 
using more than 500 bp primer lengths. In addition, the amplification of 300 bp DNA fragment 
using specific primer showed DNA amplicon fragment in slight appearance. The band density 
decreased to less than 50% in sausage after cooking for more than 120 min. The 200 bp primer 
fragment could amplify all DNA samples from cooking for 120 min. Longer cooking time showed 
slighter appearance in gel electrophoresis and lower band intensity. Sausages were cooked for less 
than 120 min showed almost the same intensity, then decreased until about 60% band intensity. It 

Genotyping74

indicated that the DNA from pork sausages after cooking for 120 min did not cause denaturation 
process, and the molecular weight did not decrease. The charged molecules can be separated in 
agarose gel electrophoresis according to smaller molecules migrating faster than larger molecules.

While cooking for more than 120 min, damage was caused on DNA fragment and could be 
amplified using species specific primer only above 200-bp length fragment (Figure 4). The 
DNA fragmentation occurred when meat was processed and cooked. The other researches [38] 
stated that the damaging of the DNA, as well as other meat structural changes (shrinkage of 
meat fibers, the aggregation and gel formation of myofibril and sarcoplasmic proteins, shrink-
age and solubilization of the connective tissue, etc.), is due to the denaturation during heating.

8. Confirmation of pig species using real-time PCR

Compared to conventional end-point PCR, the main advantage of a real-time method is the pos-
sibility of performing quantitative measurements. The meat species identification using conven-
tional PCR assays require the visualization using gel electrophoresis. The mistake analysis could 
increase with the chance of the cross-contamination or sample shifting; in addition, the process 

Figure 4. Amplification results of cooking time treatment. M: Marker, 1: no cooking (control), 2: 15 min, 3: 30 min, 4: 
60 min, 5: 120 min, 6: 240 min, 7: 480 min. Above: 500 bp primer, middle: 300 bp primer, bottom: 200 bp primer.

Molecular Based Method Using PCR Technology on Porcine Derivative Detection for Halal…
http://dx.doi.org/10.5772/intechopen.76071

75



Figure 5. Amplification curves A: and melting peak; B: specificity of pork mitochondrial D-Loop686 primer on DNA 
from various raw meat. Red line: pork; yellow line: beef; dark blue line: chicken; green lines: goat; blue line: horse [42].

could not be automated. This condition may be a consequence because the PCR tubes must be 
opened after amplification. An alternative, shorter time-consuming analysis to differentiate the 
PCR products of various meat species would improve the assay. Melting curve analysis with an 
intercalating dye using a real-time PCR machine could remove the gel electrophoresis step, offered 
that the PCR products of the different species melt at different temperatures [39]. Basic principle of 
real-time PCR is the development of conventional PCR methods, in which amplification products 
can be monitored directly during each amplification cycle and can be measured. Real-time PCR 
testing allows for the identification of the early stages of the PCR process, which is more accurate 
than the endpoint analysis associated with agarose gel electrophoresis or polyacrylamide. The 
collecting data of real-time PCR was obtained using fluorescence molecules that showed a correla-
tion between fluorescence intensity with PCR product abundance [40]. Real-time PCR is widely 
accepted as a powerful assay for the species identification and quantification of nucleic acid 
molecules. This procedure has higher sensitivity and specificity, larger dynamic range of detec-
tion, and less carry-over contamination risk. In the quantitative real-time PCR (qPCR) technique, 
amplification of the target gene is monitored by an increased fluorescence signal which enables 
direct assessment of the results after the PCR application without additional detection steps [41].

The amplification process of the PCR product can be observed from the beginning of the reac-
tion to completion as shown in Figure 5. The number of PCR cycles is seen on the X-axis and 
the fluorescence of the amplification reaction on the Y axis. The amplification plot shows two 
phases, that is, the exponential phase followed by the non-exponential plateau phase. During 
the exponential phase, the amount of PCR products is approximately twice that of each cycle. 
In the plateau phase the reaction slows down (28–40 cycles) [43].

Threshold (initial limit) real-time PCR is the signal level which reflects statistically significant 
increases in baseline signal. The threshold is adjusted to differentiate the relevant amplification 
signal among the background. Typically, the real-time PCR instrument software automatically 
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adjusts 10 times the standard deviation of the baseline fluorescence value [44]. Threshold cycle 
or commonly abbreviated as Ct is the number of cycles during the fluorescence signal, that is, 
the reaction cuts the threshold. The Ct value is used to calculate the number of initial DNA 
copies because the value of Ct is the inverse of the initial number of targets. If the number of 
templates decreases, then the number of cycles required for amplification will increase [45].

In the initial reaction, the fluorescence on the base level and the increase in fluorescence is 
not detected at 1–18 cycles, although the product accumulates exponentially (Figure 5) until 
finally the amplification products sufficient to emit fluorescence signal that can be detected. 
The number of cycles when amplification occurs is called early cycle (threshold cycle or Ct). If 
the Ct value is measured in exponential phase, as long as the reagent is not limited to, real-time 
PCR can accurately and reliably calculate the amount of DNA present in the reaction. There 
are several types of fluorescence based on chemicals used for the detection of real-time PCR, 
which can be classified into four types: probe hydrolysis as TaqMan®, probe hairpin as mol-
ecule Beacon molecule, probe hybridization labeled with fluorescence (FRET) and the DNA 
intercalation dye as SYBR® Green and EvaGreen® [46, 47].

Fluorescent compounds SYBR Green are asymmetric cyanine compounds that have two aromatic 
rings connected by metena bridges, and each ring contains a nitrogen atom, and one of which is 
positively charged [48]. When SYBR Green is in the solution containing double-stranded DNA 
(ds-DNA), then the SYBR Green can be bound to ds-DNA and will emit a fluorescent signal at a 
wavelength of 254 (excitation) and 497 (emission) nm [49]. Characterization of fluorescence level 
that is obtained by SYBR Green can be seen through the Ct value, that is, at the DNA fragment 
amplification cycle, which was first detected. SYBR Green is widely used for the purpose of 
amplification optimization using qPCR, because it is easier and cheaper than probe [50].

The previous research [42] performed the real-time polymerase chain reaction using mitochon-
drial displacement loop686 and cytochrome b (cytb) gene primers for the identification specific 
pork DNA among other four types of DNA species: beef, chicken, goat and horse. The annealing 
temperature was at 62°C; however, the mitochondrial D-Loop686 showed high specificity to por-
cine DNA detection, as indicated by no amplification results that appeared on other species (beef, 
chicken, horse and goat meat) (Figure 5). It was proven that this additional peak does not result 
from primer dimer, since no amplification product on sample without DNA template is present.

The implementation of d-Loop 686 DNA and cyt b gene primers was carried out in order to 
identify pork DNA on laboratory prepared “dendeng” (Indonesian traditional beef Jerky). 
The results indicated that mitochondrial d-Loop686 primer had high specificity on pork DNA 
target. Results of experiment indicated that the primer has ability to detect pork DNA until the 
concentration of pork was 0.5% in the beef dendeng product with the consistent curve profile. 
The cytb gene primers also had a similar ability with d-Loop686 primer to amplify pork DNA 
until the pork concentration was of 0.5% in beef “dendeng”. The results showed that these two 
primers, d-Loop region and the cyt b gene, had the capability to identify pork adulteration on 
the mixed pork-beef “dendeng” product at all variations of tested concentrations [42].

Soares et al. [8] applied a real-time PCR approach based on SYBR Green dye for the quantita-
tive detection of pork meat in processed meat products. For the development of the method 
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identify pork DNA on laboratory prepared “dendeng” (Indonesian traditional beef Jerky). 
The results indicated that mitochondrial d-Loop686 primer had high specificity on pork DNA 
target. Results of experiment indicated that the primer has ability to detect pork DNA until the 
concentration of pork was 0.5% in the beef dendeng product with the consistent curve profile. 
The cytb gene primers also had a similar ability with d-Loop686 primer to amplify pork DNA 
until the pork concentration was of 0.5% in beef “dendeng”. The results showed that these two 
primers, d-Loop region and the cyt b gene, had the capability to identify pork adulteration on 
the mixed pork-beef “dendeng” product at all variations of tested concentrations [42].

Soares et al. [8] applied a real-time PCR approach based on SYBR Green dye for the quantita-
tive detection of pork meat in processed meat products. For the development of the method 
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Figure 6. Amplification curves of binary reference mixtures (0.01–100 pg. of pork DNA) by real-time PCR with SYBR 
green I dye for pork detection and the detection limit was 0.1 pg.

analysis, binary meat mixtures containing known amounts of pork meat in poultry meat 
were used to obtain a normalized calibration model from 0.1 to 25% with high linear correla-
tion and PCR efficiency. The method revealed high specificity by melting curve analysis and 
was successfully validated through its application to blind meat mixtures, which confirmed 
its adequacy for pork meat determination. The full applicability of the method was further 
demonstrated in commercial meat products, allowing verification of labeling compliance and 
identification of meat species in processed foods. Figure 6 showed limit of detection of the 
real-time PCR which was able to detect the porcine DNA until 0.1 pg. contamination.

DNA degradation, inhibition or differences in the amount and quality of the DNA obtained 
from the food matrix sample was found. It meant that the processed meat products gener-
ally had several ingredients, including those from vegetable sources, and different processing 
treatments that might affect the target-gene amplification, the use of an endogenous control, 
which enables these variations to be controlled. Therefore, the structure of calibration curve 
based on real-time PCR normalization is essential for reliable quantitative analysis because 
this process controls variations in extraction yields and efficiency of amplification. The endog-
enous control allows verifying if amplification variations found with the species-specific 
primers were due to differences in target species content or to other factors such as (8).

Kesmen et al. [41] conducted the real-time PCR investigation and they concluded that TaqMan 
probe real-time PCR-based assay can be recommended for the detection of animal tissue by 
food control agencies or laboratories, and it might be a reliable and practical method for the 
determination of technically predictable contamination and/or intentional admixtures in 
complex processed meat products. Table 3 described the application of the PCR-based tech-
nology on porcine determination of the commercial sample and Table 4 showed the type of 
gene, fragment length and sequence of the primer already applied by some researchers.

Based on Table 4, the primer design for the application of the specific primer length target depends 
on the matrix sample. The sample with long period preparation and processing commonly 

Genotyping78

the DNA degraded into 100–200 bp, consequently if the PCR method applied using more than 
300 bp DNA target. Some food matrix need long time preparation, conse.

9. Conclusion

It is common that food should consider an individual with health, culture, life style, reli-
gious faith, budget and choice. Food products without pork samples on the ingredients list, 
or even labeled ‘pork-free’, obtained from the commercial market and retail stores that could 

Species analysis Issues References

Animal Species PCR assay for the identification of animal species in 
feedstuffs

[51]

Analysis of rat’s meat DNA Authentication of beef meatball from rat’s meat [52]

Analysis of pork DNA in dendeng Authentication of “dendeng” from pork [42]

Analysis of porcine gelatin Analysis of porcine gelatin in capsule shell [53]

Analysis of pork in meatball Authentication of beef meatball from pork [34]

Analysis of pork DNA Identification of pig species in food product [1]

Quantification of bovine, porcine, chicken and 
turkey species

Contamination and adulteration prohibited 
component in food and feed

[54]

Porcine Gelatin Using gelatin in pharmacy and confectionery [55]

Table 3. Analysis of porcine species-based PCR technology on commercial samples.

Genealogy Specific primer sequence (5′–3′) Products 
size (bp)

References

Mitochondrial Cyt b 5′ GCCTAAATCTCCCCTCAATGGTA 3′

5′ ATGAAAGAGGCAAATAGATTTTCG 3′

212 [55, 56]

12S rRNA-tRNA 5′ CTA AAT ATC AAG CAC CAT CAC A 3′

5′ ACA TTG TGG GAT CTA CTT GG 3′

290 [51]

cytochrome b 5′ CGC CTT ACG TTC TAA TGA CAT 3′

5′ ATC CTA CTC T AG CC C ACC CA 3′

500 [9]

ND5 gene 5′ CCATCCCAATTATAATATCCAACTC-3′

5′ TGATTATTTCTTGGCCTGTGT GT 3′

141 [57]

12S rRNA 5′ TGCAGTCTGTCTCCTCCAAA 3′

5′ CGATAATTGGATCACATTTCTG 3′

152 [58]

Mitochondrial Dloop 
686

5′ GTTACGGGACATAACGTGCG −3′

5′ GGCAAGGCGTTATAGGGTGT −3′

114 [8]

Table 4. Various length of specific target DNA primers for porcine detection.
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be confirmed by PCR-based methods. Many experiments showed the detection limit of less 
than 0.1% porcine material level. This data showed that some samples could be considered 
contaminants of porcine materials. Reviews of these findings showed the value of such an 
analytical approach to guarantee the commercial products in world free trade. PCR-based 
method is proposed to be a reliable and sensitive protocol for routine analysis.
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Abstract

Genotyping methods are vital epidemiological tools for discriminating different bacte-
rial isolates within same species, which in turn provide useful data in tracing source of 
infection and disease management. There have been a revolutionary efforts in ways to 
distinguish between bacterial types and subtypes at molecular level utilizing DNA in the 
genomes. Notably, the growth of various DNA typing methods has provided innovative 
apparatuses for improved surveillance and outbreak investigation. Thus, early identifica-
tion and genotyping are indispensable as resources for managing therapeutic treatment 
and the control of rapid expansion of clinically important bacteria. Methicillin-resistant 
Staphylococcus aureus (MRSA) has been in a great attention due to its contagious nature 
and subjected to various typing analyses. Thus, in this chapter, we aimed to review the 
contribution of various genotyping methods of commonly used as well as those unique 
to staphylococci in understanding its epidemiology, infection and dissemination pattern, 
and to provide an impression of specific advantages and disadvantages of each tool.
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1. Introduction

Typing is a process to characterize the species and properties of organisms, in particular the 
discrimination at the strain level both phenotypically and genetically. Conventional typing 
such as serotypes, biotype, and phage type has been in practice for many years. Nevertheless, 
typing at molecular level is nowadays very essential due to its specificity, which is often used 
to support the associated phenotypic characteristics. For example, one species may comprise 
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Typing is a process to characterize the species and properties of organisms, in particular the 
discrimination at the strain level both phenotypically and genetically. Conventional typing 
such as serotypes, biotype, and phage type has been in practice for many years. Nevertheless, 
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many subtypes or a subpopulation which one might be more pathogenic than the others. 
Thus, genotyping plays an important role to identify potential differences at genetic level as 
well as for epidemiological traceability of all the presented isolates [1].

A good typing method must have the discriminatory power to differentiate all unrelated 
isolates epidemiologically to facilitate any outbreak investigation. This will allow investiga-
tion to demonstrate person-to-person strain transmission, subsequently, allowing preventive 
measures to be designed to inhibit further dispersion of the pathogens. Additionally, geno-
typing method must be inexpensive, rapid, easy to interpret and highly reproducible [1]. For 
a continuous surveillance, genotyping methods must produce results with a sufficient stabil-
ity over time. Also, it should produce portable data and can be easily accessed through open 
source web-based database or a client-server database connected via the internet, facilitating 
global comparison of the isolates.

Genotyping methods are basically based on phenotyping, PCR/sequence typing and genome 
typing approaches. Remarkably, a great effort has been put up in epidemiological inves-
tigations of Staphylococcus aureus due to its role as a leading nosocomial, community and 
livestock-acquired bacterial pathogen. Globally, dynamic spread of methicillin-resistant 
Staphylococcus aureus (MRSA) strains stimulates the increasing rates of these strains in several 
regions rapidly. Additionally, the global emergence of MRSA had influenced significantly the 
health care systems all around the worlds over the past 50 years. The epidemiological changes 
of S. aureus infection in human beings and animals are being focused for two main reasons: (i) 
to understand the evolution and dissemination pattern of the species and (ii) to find a proper 
antimicrobial treatment strategy and effective infection management. Therefore, epidemio-
logical studies utilizing various typing techniques are continuously on the go in various parts 
of the world especially those with increasing rates of MRSA infections. In this chapter, we aim 
to review the contribution of various genotyping methods commonly in use as well as those 
unique to Staphylococcal particularly MRSA, that might assist to detect the outbreak infections, 
conduct epidemiological surveillance by means of rapid typing and to provide an impression 
of specific advantages and disadvantages of each typing tool.

2. Phenotypic detection and identification of MRSA

Numerous conventional or molecular methods can be applied for detection and identification 
of S. aureus including colony morphology, production of coagulase activity and by various 
enzyme activity. Also, commercial latex agglutination tests and the API Staph system (bioM-
erieux) are examples of assays available for identification of S. aureus, which remains the 
methods of choice due to their feasibility and low cost. Additionally, there are other pheno-
typic methods such as biotyping and immunoblotting, serotyping, phage-typing and multilo-
cus enzyme electrophoresis (MLEE) that have been frequently applied previously.

Upon identification of S. aureus, antimicrobial susceptibility profile is always performed so 
that the choice of antimicrobial treatment can be formulated. The antimicrobial testing pro-
cedures to a broad range of antimicrobial agents have been standardized and improved for 
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the accuracy of reporting, following guidelines either by the Clinical & Laboratory Standards 
Institute (CLSI), The European Committee on Antimicrobial Susceptibility Testing (EUCAST) 
and British Society for Antimicrobial Chemotherapy (BSAC) guidelines. The methods are 
usually carried out to determine which antibiotic shall be the most effective in treating bacte-
rial infection in vivo. This simple and useful method offer relatively inexpensive and is usu-
ally applied for clinical investigation of pathogen isolated from various types of infection. 
Examples of the antimicrobial susceptibility tests are disc diffusion, agar/tube agar dilution, 
CHROMagar oxacillin resistance screening as well as agar-based and Epsilometer test (E-Test).

Currently, these tests are considered as the most popular methods of choice that can support 
genotyping data [2]. Nevertheless, previous reports suggested that phenotypic methods of 
identification have drawbacks due to the variability in expression of phenotypic characteriza-
tion by isolates belonging to the same species and their reliance on subjective interpretation 
of test results [2]. As a result, phenotypic detection and identification was heavily burdened 
with several issues; including low reproducibility, reliability, sensitivity and specificity as 
well as lack of resolution in epidemiology investigation. Therefore, several reports have sug-
gested that genotypic identification and detection methods offered a higher discriminatory 
power, reliability, reproducibility and typeablity [3]. Genotypic identification can be done 
with the phenotypic approach together for a better comparative analysis. Furthermore, the 
introduction of molecular screening for MRSA detection as well as identification directly from 
clinical specimens has been developed to enhance and identify common Staphylococcal spp., as 
well as to speed up the detection methods especially in clinical research [4].

3. Genotyping of MRSA

The ultimate goals for bacterial typing are to further clarify the population dynamicity and 
also to track the spread of the microorganisms. As mentioned earlier, traditional bacterial typ-
ing of phenotypic-based alone, does not provide the prudent resolution for identifying and 
tracking an infection-causing pathogen, and also does not clearly describe the transmission 
pattern of an outbreak. However, molecular typing has been an invaluable tool for molecu-
lar epidemiologist as well as clinical researchers for tracing the spread of particular strains, 
discovering the route of dissemination and the potential reservoirs. Usually, the outcomes of 
epidemiological investigations are often used to guide and assist the clinical treatment of the 
patients by selecting the appropriate antimicrobial agents. Furthermore, molecular typing 
contributes to the comprehensive understanding of the epidemiology of infection and facili-
tates infection control measures as well as management [5].

It is well known that S. aureus is frequently associated with clonal spread as reported by many 
studies utilizing various typing methods on huge numbers of S. aureus strains. For example, 
molecular strain typing of MRSA is implemented in order to elucidate genetic variation to 
guide in outbreak investigation as well as to characterize genetic macroevolution for spatial-
temporal and evolutionary studies [6]. In those studies, PCR-based methods are commonly 
used for typing as they are easy and fast technique. Other methods such as pulsed-field gel 
electrophoresis (PFGE), coagulase gene PCR-restriction fragment length polymorphism 
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many subtypes or a subpopulation which one might be more pathogenic than the others. 
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of test results [2]. As a result, phenotypic detection and identification was heavily burdened 
with several issues; including low reproducibility, reliability, sensitivity and specificity as 
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(RFLP) and Staphylococcal cassette chromosome mec typing (SCCmec) also play similar impor-
tant roles in molecular typing of both MSSA and MRSA [7]. Additionally, sequence-based 
techniques also play an vital role in genotyping, including spa gene-typing and multilocus 
sequence typing (MLST), that have been considered as a very useful tool for epidemiological 
studies, particularly MRSA [8]. Several reports suggested two methods known as PFGE and 
MLST that are considered as ‘gold standard’ in typing of both MSSA and MRSA, although 
these typing methods are often time-consuming, costly and laborious [8]. In the subsequent 
sections, various genotyping methods are presented to elaborate each extent to establish 
molecular epidemiology studies.

3.1. Polymerase chain reaction (PCR)-based identification

Polymerase chain reaction (PCR) is known as enzymatic method used to exponentially amplify 
a specific preselected fragment of DNA. It is well known that PCR uses a thermostable DNA 
polymerase in-vitro to multiply copies of a specific nucleic acid region exponentially. The 
procedures require DNA template from the organisms being typed, thermostable DNA poly-
merase, two synthetic oligonucleotide primers and four standard deoxyribonuclease triphos-
phate that are incorporated into newly synthesized DNA. There are numerous PCR-based 
amplification methods that have been applied widely in the subtyping of various microorgan-
isms, including S. aureus especially MRSA as stated in this chapter. Various phenotypic tests 
have been used for identification of MRSA from other Staphylococal spp., such as screening 
for production of protein A, cell-bound clumping factor, extracellular coagulase and heat-
stable nuclease [9]. However, a good package of rapid molecular detection is also required for 
screening and identification of certain antibiotic resistance determinants as well as virulence 
factors of S. aureus [3, 10]. To date, most of the molecular approaches for the identification of 
MRSA have been a PCR-based method with a range of primers designed to amplify specific 
targeted markers encompassing species-specific, antibiotics resistance as well as virulence 
determinant [11]. Other PCR sequencing-based methods have been developed for the iden-
tification of S. aureus from other coagulase-negative staphylococci targeting 16S rRNA, RNA 
polymerase B (rpoB), femA, tuf and gap genes. However, these approaches have their own 
limitations as it is not sufficiently discriminatory to differentiate closely related staphylococcal 
spp., where database of these genes only include a limited number of Staphylococcal spp. [12].

3.1.1. Amplified fragment length polymorphism (AFLP)

AFLP is a PCR-based method applied in DNA fingerprinting and genetic research. In this 
method, restriction enzymes (e.g. endonuclease) are used to cut the genomic DNA of the 
typed species, subsequently, double-stranded oligonucleotide adaptors which are comprised 
of a core sequence and an enzyme-specific sequence, are bound to one of the sticky ends of 
the restricted fragments. After that, a PCR thermocycler is used to amplify those restricted 
fragments ending with the adapter selectively, using primers complementary to the adapter 
sequence. Then, the restriction site sequence and a number of additional nucleotides from the 
end of the unknown DNA are designed. Usually, the restriction fragments (50–100) are ampli-
fied using florescent dye-labeled PCR primers, to detect those separated fragments by size 
using automated DNA sequencer. Likewise, gel electrophoresis can also be used to visualize 
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and analyze the amplified fragments of typed DNA. Upon analysis, a high-resolution band-
ing is generated via computer reflecting the genetic relatedness among bacterial isolates [13].

This kind of technique has a higher discriminatory power in comparison to PFGE, where it 
was shown in a study that AFLP analysis provided greater genetic resolution and was less 
sensitive to DNA quality during genetic typing of bacterial pathogens E.coli O157:H7 in epi-
demiological investigation [14]. Additionally, like other DNA banding pattern-based method, 
AFLP can be automated and has portable results, as well as reproducible approach to facilitate 
the analysis [14]. Previous study has been conducted by Fossum and Bukholm [15] reported 
MRSA population was revolutionized from hospital-acquired MRSA (HA-MRSA) to com-
munity-acquired MRSA CA-MRSA in the south-eastern part of Norway through increase in 
MRSA clones harboring SCCmec IV as shown by AFLP, MLST and spa typing methods. AFLP 
analysis grouped the MRSA isolates into clusters according to the clonal complexes (CCs), 
but did not discriminate among the different sequence types (STs) or spa types inside each 
CC [15]. In the United Kingdom, there are 16 phage types of epidemic MRSA (eMRSA) strains 
that have been identified, of which eMRSA-3, -15 and -16 now predominate [16]. Through this 
approach specifically fluorescent AFLP (FAFLP), it was able to classify eMRSA phage type 
from 1 to 16 by identifying eMRSA phage type of S. aureus (eMRSA-15) from UK [17] and 
into 9 clone clusters in European isolates [18]. Thus, AFLP is considered as a tool with highly 
discriminatory power against these strains of MRSA. As a result, this technique is considered 
suitable for MRSA epidemics surveillance at national and international levels as well as repro-
ducible approach. Additionally, it is found that AFLP approach is more reproducible than 
PFGE and MLST, and it is more suitable for inter-laboratory data exchange using sequence-
based data [19]. The main drawbacks of this method are labor-intensive and expensive.

3.1.2. 16s ribosomal RNA (16s rRNA)

16S rRNA comprises ∼1500 pair nucleotide sequence coding for catalytic RNA that is part of 
the 30S ribosomal subunit. 16S rRNA gene is comprised of nine variable regions (V1–V9/30–
100 base pairs long), that show sequence diversity among different bacterial species, subse-
quently enable for identification purposes. V1–2-3 regions are located at the 50 end of the 
16s rRNA gene which is shown to be appropriate and more sensitive than other regions for 
identification of different types of bacteria [20]. This gene is constant in function, promising 
a valid molecular chronometer, where it exists in all prokaryotic cells. Therefore, it is used 
to elucidate both close and distant phylogenetic relationships at the genus and at the species 
level [21] based on the differences in the nucleotide sequence of 16s RNA gene. Additionally, 
dedicated 16S databases [22] that include near full-length sequences for a large number of 
strains and their taxonomic placements are available. The sequence from an unknown strain 
can be compared against these available sequences in the database. This approach is consid-
ered as a common substitute for traditional methods using (rRNA) gene sequencing [23]. It is 
less time-consuming and labor intensive, where DNA sequencing can offer more absolute tax-
onomic classification than culture-based approaches for numerous organisms [23]. However, 
there are also limitations with this approach associated with the short read lengths, variances 
ascending from the diverse regions selected, sequencing errors and difficulties in evaluating 
operational taxonomic units (OTUs) [23, 24]. Additionally, single marker (16S rRNA) usage 
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have been used for identification of MRSA from other Staphylococal spp., such as screening 
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MRSA have been a PCR-based method with a range of primers designed to amplify specific 
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spp., where database of these genes only include a limited number of Staphylococcal spp. [12].
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AFLP is a PCR-based method applied in DNA fingerprinting and genetic research. In this 
method, restriction enzymes (e.g. endonuclease) are used to cut the genomic DNA of the 
typed species, subsequently, double-stranded oligonucleotide adaptors which are comprised 
of a core sequence and an enzyme-specific sequence, are bound to one of the sticky ends of 
the restricted fragments. After that, a PCR thermocycler is used to amplify those restricted 
fragments ending with the adapter selectively, using primers complementary to the adapter 
sequence. Then, the restriction site sequence and a number of additional nucleotides from the 
end of the unknown DNA are designed. Usually, the restriction fragments (50–100) are ampli-
fied using florescent dye-labeled PCR primers, to detect those separated fragments by size 
using automated DNA sequencer. Likewise, gel electrophoresis can also be used to visualize 
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and analyze the amplified fragments of typed DNA. Upon analysis, a high-resolution band-
ing is generated via computer reflecting the genetic relatedness among bacterial isolates [13].

This kind of technique has a higher discriminatory power in comparison to PFGE, where it 
was shown in a study that AFLP analysis provided greater genetic resolution and was less 
sensitive to DNA quality during genetic typing of bacterial pathogens E.coli O157:H7 in epi-
demiological investigation [14]. Additionally, like other DNA banding pattern-based method, 
AFLP can be automated and has portable results, as well as reproducible approach to facilitate 
the analysis [14]. Previous study has been conducted by Fossum and Bukholm [15] reported 
MRSA population was revolutionized from hospital-acquired MRSA (HA-MRSA) to com-
munity-acquired MRSA CA-MRSA in the south-eastern part of Norway through increase in 
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analysis grouped the MRSA isolates into clusters according to the clonal complexes (CCs), 
but did not discriminate among the different sequence types (STs) or spa types inside each 
CC [15]. In the United Kingdom, there are 16 phage types of epidemic MRSA (eMRSA) strains 
that have been identified, of which eMRSA-3, -15 and -16 now predominate [16]. Through this 
approach specifically fluorescent AFLP (FAFLP), it was able to classify eMRSA phage type 
from 1 to 16 by identifying eMRSA phage type of S. aureus (eMRSA-15) from UK [17] and 
into 9 clone clusters in European isolates [18]. Thus, AFLP is considered as a tool with highly 
discriminatory power against these strains of MRSA. As a result, this technique is considered 
suitable for MRSA epidemics surveillance at national and international levels as well as repro-
ducible approach. Additionally, it is found that AFLP approach is more reproducible than 
PFGE and MLST, and it is more suitable for inter-laboratory data exchange using sequence-
based data [19]. The main drawbacks of this method are labor-intensive and expensive.

3.1.2. 16s ribosomal RNA (16s rRNA)

16S rRNA comprises ∼1500 pair nucleotide sequence coding for catalytic RNA that is part of 
the 30S ribosomal subunit. 16S rRNA gene is comprised of nine variable regions (V1–V9/30–
100 base pairs long), that show sequence diversity among different bacterial species, subse-
quently enable for identification purposes. V1–2-3 regions are located at the 50 end of the 
16s rRNA gene which is shown to be appropriate and more sensitive than other regions for 
identification of different types of bacteria [20]. This gene is constant in function, promising 
a valid molecular chronometer, where it exists in all prokaryotic cells. Therefore, it is used 
to elucidate both close and distant phylogenetic relationships at the genus and at the species 
level [21] based on the differences in the nucleotide sequence of 16s RNA gene. Additionally, 
dedicated 16S databases [22] that include near full-length sequences for a large number of 
strains and their taxonomic placements are available. The sequence from an unknown strain 
can be compared against these available sequences in the database. This approach is consid-
ered as a common substitute for traditional methods using (rRNA) gene sequencing [23]. It is 
less time-consuming and labor intensive, where DNA sequencing can offer more absolute tax-
onomic classification than culture-based approaches for numerous organisms [23]. However, 
there are also limitations with this approach associated with the short read lengths, variances 
ascending from the diverse regions selected, sequencing errors and difficulties in evaluating 
operational taxonomic units (OTUs) [23, 24]. Additionally, single marker (16S rRNA) usage 
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is considered challenging to assess the bacterial diversity, subsequently difficult to identify 
bacterial species [25], as well as the resolution of 16S rRNA that is very limited among closely 
related species. A previous study has shown that 16S rRNA combined with mecA and nuc 
using multiplex PCR, is considered as useful tool for rapid characterization of MRSA [26]. 
Thus, this multi-gene technique is considered a better discrimination tool among unrelated 
isolates, particularly in S. aureus [27].

3.1.3. Staphylococcal cassette chromosome mec typing (SCCmec)

SCCmec complex is a mobile genetic element that confers the methicillin resistance profile in 
S. aureus. MSSA may emerge to become MRSA upon acquiring this genetic complex. SCCmec 
contains essential elements which can be detected by regular PCR; (i) ccr genes which are 
constituted by ccrA and ccrB and (ii) mec gene complex which is composed of mecA gene and 
its regulatory genes, mecI and mecRI. Currently, 11 major types of SCCmec elements (I–XI) 
have been identified based on the organization of the mec gene complex, ccr gene complex and 
integrated plasmids (http://www.SCCmec.org/). To date, there are four allotypes (types 1, 2, 
3 and 5) of ccr complex and three classes (A, B and C) of mec complex [28]. Different combi-
nations of these complex classes and allotypes generate various SCCmec types. SCCmec ele-
ments are currently classified into types I–V based on the nature of the mec gene complex and 
ccr allotypes [26]. At present time, multiplex PCR is used for the characterization of SCCmec 
types. For example, Okuma et al. [29] developed primers that were specific for SCCmec IVa 
and SCCmec type IVb, meanwhile, Hisata et al. [30] developed multiplex PCR for the specific 
identifications of SCCmec type IIa, IIb, IVc and IVd.

Also, two different multiplex PCR methods were developed by Zhang et al. [28] and 
Milheirico et al. [31] for specific characterization of SCCmec type I to SCCmec type V. Likewise, 
9 pairs of primers were used by Zhang et al. [28] for identification of SCCmec type I, II, III, IV  
(a, b, d) and V, whereas 10 pairs of primers were used as described by Milheirico et al. [31]. 
Interestingly, Boye et al. [32] developed an easy screening of MRSA SCCmec typing only by 
using multiplex PCR with a combination of four pairs of primers, where clear and easily dis-
criminated band pattern was obtained for all major five types of SCCmec. These characteriza-
tion methods could be used to distinguish HA-MRSA and CA-MRSA typing, where SCCmec 
types I, II, III and VIII are usually acquired by HA-MRSA, while SCCmec types IV, V, VI and 
VII are acquired in CA-MRSA [33]. Thus, it is very useful and important molecular tool in 
understanding the potential epidemiological background of the strains.

3.1.4. Multiple-locus variable-number tandem repeat assay (MLVA)

Multiple-locus variable-number tandem repeat analysis (MLVA), was previously known as a 
variable-number tandem repeat (VNTR) [34] by making use the VNTR polymorphism. In 2008, 
after the introduction of spa typing as a standard molecular typing method in the Germany 
MRSA surveillance, MLVA was added as a supportive typing technique. This method involves 
PCR amplification of five specific loci (sdr, clfA, clfB, ssp and spa) of S. aureus which is composed 
of seven individual genes (sdrCDE, clfA, clfB, sspA, spa, mecA and fnbP) [35] using multiplex 
PCR mixture followed by separation of the amplified bands on agarose gel and comparison of 
the band patterns between strains to identify genetic clusters or clones [36]. This genotyping 
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method showed a successful typing of MRSA isolates in many studies [37], in term of deter-
mining the genetic diversity and evolutionary lineage with discriminatory power.

It was shown that this approach has a reproducibility as good as PFGE technique [34]. The main 
drawback of this approach is that in highly conserved genomes, there may not be sufficient 
DNA polymorphisms in these limited sequence targets to exhibit alleles. Another limitation 
was, small deletions and insertion in the regions flanking the repeat units may lead to misin-
terpretations, making the MLVA results slightly more ambiguous than sequenced-based meth-
ods. However, to overcome this limitation, the DNA sequence of each new allele is determined 
to confirm the deduced number of repeats [38]. However, the level of discrimination can be 
increased by adding more loci and repeating the assay with different restriction enzymes [39].

3.1.5. Repetitive element polymerase chain reaction (rep-PCR)

rep-PCR is a DNA-based technique that discriminates microbes at subspecies or strain level by 
observing genomic DNA fingerprint patterns [40]. In this approach, the hybridization of prim-
ers to noncoding intergenic repetitive sequences takes place across the genome. The amplicons 
are produced during DNA amplification of the repetitive elements. Depending on the distri-
bution of the repeat elements across the genome, the genetic relatedness between the bacterial 
isolates can be inferred by comparing the banding pattern of the amplicons. Enterobacterial 
repetitive intergenic consensus’ (ERIC 124–127 bp), ‘the repetitive extragenic palindromic’ 
(REP 35–40 bp), and the ‘BOX 154 bp’ sequences are examples of conserved repeat sequences 
that have been used successfully in rep-PCR typing [40]. This kind of approach is considered as 
highly discriminatory tool for different bacterial organisms such as S. aureus and Campylobacter 
jejuni [41, 42]. However, there was one drawback for this method which was low rate of repro-
ducibility, due to the uses of traditional agarose gels for electrophoresis, which might result in 
a discrepancy in relation to the use of different reagents and gel electrophoresis systems.

Alternatively, rep-PCR approach is developed and used by a semi-automated method using 
DiversiLab system (bioMérieux, Marcy l’Etoile, France), where clinically important organ-
isms can be detected by commercial PCR kits [43]. Then, high-resolution chip-based micro-
fluidic capillary electrophoresis is used to separate amplified genomic DNA within repetitive 
elements, where chip-based microfluidic capillary electrophoresis can increase the determina-
tion and reproducibility of the rep-PCR method compared to traditional gel. In the next step, 
DiversiLab software is used to normalize and analyze the data automatically. Several reports 
have evaluated the usefulness of this approach (DiversiLab) in outbreak-related and epidemi-
ology unrelated bacterial isolates [44]. It was shown that this approach is rapid, reproducible 
and easy for typing microorganisms. Hospital outbreaks of MRSA have been identified using 
this useful DiversiLab tool by Fluit et al., [45]. In contrast, other study found that this tool 
is not highly discriminative tool for MRSA typing particularly in outbreak setting [46]. The 
main limitation of this approach is the DiversiLab databases are stored only on manufacturer 
server, resulting in some users not allowed to use this typing system due to security purposes.

3.1.6. Restriction fragment length polymorphism (RFLP)

In PCR-RFLP approach, restricted enzymes are used to detect the variations in homologous 
DNA fragments. Then, the DNA fragments are amplified using regular PCR, subsequently 
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is considered challenging to assess the bacterial diversity, subsequently difficult to identify 
bacterial species [25], as well as the resolution of 16S rRNA that is very limited among closely 
related species. A previous study has shown that 16S rRNA combined with mecA and nuc 
using multiplex PCR, is considered as useful tool for rapid characterization of MRSA [26]. 
Thus, this multi-gene technique is considered a better discrimination tool among unrelated 
isolates, particularly in S. aureus [27].

3.1.3. Staphylococcal cassette chromosome mec typing (SCCmec)

SCCmec complex is a mobile genetic element that confers the methicillin resistance profile in 
S. aureus. MSSA may emerge to become MRSA upon acquiring this genetic complex. SCCmec 
contains essential elements which can be detected by regular PCR; (i) ccr genes which are 
constituted by ccrA and ccrB and (ii) mec gene complex which is composed of mecA gene and 
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identifications of SCCmec type IIa, IIb, IVc and IVd.

Also, two different multiplex PCR methods were developed by Zhang et al. [28] and 
Milheirico et al. [31] for specific characterization of SCCmec type I to SCCmec type V. Likewise, 
9 pairs of primers were used by Zhang et al. [28] for identification of SCCmec type I, II, III, IV  
(a, b, d) and V, whereas 10 pairs of primers were used as described by Milheirico et al. [31]. 
Interestingly, Boye et al. [32] developed an easy screening of MRSA SCCmec typing only by 
using multiplex PCR with a combination of four pairs of primers, where clear and easily dis-
criminated band pattern was obtained for all major five types of SCCmec. These characteriza-
tion methods could be used to distinguish HA-MRSA and CA-MRSA typing, where SCCmec 
types I, II, III and VIII are usually acquired by HA-MRSA, while SCCmec types IV, V, VI and 
VII are acquired in CA-MRSA [33]. Thus, it is very useful and important molecular tool in 
understanding the potential epidemiological background of the strains.

3.1.4. Multiple-locus variable-number tandem repeat assay (MLVA)

Multiple-locus variable-number tandem repeat analysis (MLVA), was previously known as a 
variable-number tandem repeat (VNTR) [34] by making use the VNTR polymorphism. In 2008, 
after the introduction of spa typing as a standard molecular typing method in the Germany 
MRSA surveillance, MLVA was added as a supportive typing technique. This method involves 
PCR amplification of five specific loci (sdr, clfA, clfB, ssp and spa) of S. aureus which is composed 
of seven individual genes (sdrCDE, clfA, clfB, sspA, spa, mecA and fnbP) [35] using multiplex 
PCR mixture followed by separation of the amplified bands on agarose gel and comparison of 
the band patterns between strains to identify genetic clusters or clones [36]. This genotyping 
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method showed a successful typing of MRSA isolates in many studies [37], in term of deter-
mining the genetic diversity and evolutionary lineage with discriminatory power.

It was shown that this approach has a reproducibility as good as PFGE technique [34]. The main 
drawback of this approach is that in highly conserved genomes, there may not be sufficient 
DNA polymorphisms in these limited sequence targets to exhibit alleles. Another limitation 
was, small deletions and insertion in the regions flanking the repeat units may lead to misin-
terpretations, making the MLVA results slightly more ambiguous than sequenced-based meth-
ods. However, to overcome this limitation, the DNA sequence of each new allele is determined 
to confirm the deduced number of repeats [38]. However, the level of discrimination can be 
increased by adding more loci and repeating the assay with different restriction enzymes [39].

3.1.5. Repetitive element polymerase chain reaction (rep-PCR)

rep-PCR is a DNA-based technique that discriminates microbes at subspecies or strain level by 
observing genomic DNA fingerprint patterns [40]. In this approach, the hybridization of prim-
ers to noncoding intergenic repetitive sequences takes place across the genome. The amplicons 
are produced during DNA amplification of the repetitive elements. Depending on the distri-
bution of the repeat elements across the genome, the genetic relatedness between the bacterial 
isolates can be inferred by comparing the banding pattern of the amplicons. Enterobacterial 
repetitive intergenic consensus’ (ERIC 124–127 bp), ‘the repetitive extragenic palindromic’ 
(REP 35–40 bp), and the ‘BOX 154 bp’ sequences are examples of conserved repeat sequences 
that have been used successfully in rep-PCR typing [40]. This kind of approach is considered as 
highly discriminatory tool for different bacterial organisms such as S. aureus and Campylobacter 
jejuni [41, 42]. However, there was one drawback for this method which was low rate of repro-
ducibility, due to the uses of traditional agarose gels for electrophoresis, which might result in 
a discrepancy in relation to the use of different reagents and gel electrophoresis systems.

Alternatively, rep-PCR approach is developed and used by a semi-automated method using 
DiversiLab system (bioMérieux, Marcy l’Etoile, France), where clinically important organ-
isms can be detected by commercial PCR kits [43]. Then, high-resolution chip-based micro-
fluidic capillary electrophoresis is used to separate amplified genomic DNA within repetitive 
elements, where chip-based microfluidic capillary electrophoresis can increase the determina-
tion and reproducibility of the rep-PCR method compared to traditional gel. In the next step, 
DiversiLab software is used to normalize and analyze the data automatically. Several reports 
have evaluated the usefulness of this approach (DiversiLab) in outbreak-related and epidemi-
ology unrelated bacterial isolates [44]. It was shown that this approach is rapid, reproducible 
and easy for typing microorganisms. Hospital outbreaks of MRSA have been identified using 
this useful DiversiLab tool by Fluit et al., [45]. In contrast, other study found that this tool 
is not highly discriminative tool for MRSA typing particularly in outbreak setting [46]. The 
main limitation of this approach is the DiversiLab databases are stored only on manufacturer 
server, resulting in some users not allowed to use this typing system due to security purposes.

3.1.6. Restriction fragment length polymorphism (RFLP)

In PCR-RFLP approach, restricted enzymes are used to detect the variations in homologous 
DNA fragments. Then, the DNA fragments are amplified using regular PCR, subsequently 
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these fragments are separated by gel electrophoresis based on length of the fragments. For 
example, coagulase gene (coa) and Staphylococcal protein A (spa) gene RFLP amplified frag-
ment of DNA could be identified through this technique. Previous studies have shown PCR-
RFLP typing of coa gene as useful tool to discriminate S. aureus strains on the basis of sequence 
variation within the 3′ end coding region of the gene [47]. The amplification discriminatory 
power of coa gene depends on the heterogeneity of the region containing 81 bp tandem repeats 
at the 3′ coding region of the coa, where this region is different in the number of tandem repeats 
and the location of AluI and HaeIII restriction sites among different isolates [48]. AluI is better 
than HaeIII in S. aureus typing, but both can be used to be more reliable and sufficient power in 
discrimination issues. It is found that coa-RFLP typing has discriminatory power for S. aureus 
strains particularly in MRSA strains [49]. On the other hand, the repeated part of spa is located 
at 3′end and identified as X region; the repetitive part of region X comprises of up to 12 ele-
ments each with a length of 24 nucleotides. High polymorphic is defined by this 24-nucleotide 
region with respect to the number and sequence of repeats. Variety of X region causes protein 
A variation [50]. Thus, the potential dissemination of MRSA can be detected by the number of 
repeats in the region X of spa [51]. As a result, the PCR-RFLP assays (coa and spa RFLPs) are 
useful molecular markers for a rapid, and initial study of MRSA outbreaks [51]. Wichelhaus 
et al. [52] reported that this method is proven as to have a good discriminatory power, type-
ability and reproducibility in MRSA typing. Moreover, this technique can be used in routine 
infection control program in health care systems as well as epidemiological investigations [48].

3.2. Sequence typing method for bacterial identification

3.2.1. Staphylococcal protein A (spa) typing

Staphylococcal protein A (spa) typing is a sequence-based method that targets VNTR of the 
spa gene region encoding protein A [53]. The spa gene region is polymorphic as a result of 
spontaneous mutations and loss or gain of repeat. Besides, spa gene is reported to be a highly 
effective tool in subtyping both MSSA and MRSA [54]. As mentioned above, the region X of 
spa gene consists of 24 bp repeats sequences, and the diversity of the strains is recognized 
by duplications and deletions of the sequence in this region of the gene. The variation in 
the sequences is used to assign repeats numbers [55]. Sequenced data can be analyzed using 
free accessible offline bioinformatics tool Ridom Bioinformatics (Ridom, GmBH, Germany) 
(http://spaserver.ridom.de) [56]. This spa server database also provides global frequencies 
information related to the mapping of the spa with the MLST S. aureus database. To date, 
748 diverse repeats with more than 17,416 spa types have been described from 131 countries 
with total strains 384,806 (http://spaserver.ridom.de). Sequences of perfect quality are syn-
chronized with spa server (Ridom server) [57] specifically for spa typing, providing a typical 
worldwide nomenclature together with integral quality control.

Subsequently, Based Upon Repeat Pattern (BURP) algorithm is used to analyze the diverse 
spa types associated to each other. The analysis shows a good consistency with MLST-CCs, 
where ST that shares at least five of seven identical alleles are grouped into a single CC [58]. 
The advantages of this typing method are the results generated are easy to interpret, less time-
consuming, highly reproducible, less laborious and highly comparable between laboratories 
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via ridom.spa.server compared with PFGE. Besides, spa typing is impressive for its ease of 
interpretation and suitability for international comparison. It is also able to detect both slowly 
and rapidly accumulated molecular variations as well as to investigate outbreaks in epidemio-
logical studies and molecular evolutions of population structure [59]. However, non-typeable 
(NT) isolates are increasingly found in the Dutch MRSA surveillance as well as globally. Thus, 
to overcome the issue of NT strains, other typing method should be concurrently used to be 
a supportive method [60]. Malachowa et al. [61] found that spa typing was more approxi-
mate to MLST approach upon comparing four genotyping methods (PFGE, MLST, MLVA and 
spa typing) in 59 S. aureus strains. Additionally, HA-MRSA, CA-MRSA and livestock MRSA 
(LA-MRSA) dissemination can be monitored by a combination of these analyses together with 
spa typing in epidemiological studies at a global level [62].

3.2.2. Multilocus sequences typing (MLST)

MLST has been invented to overcome the poor or insufficient portability of traditional and 
older molecular typing application. The main idea of this tool is based on MLEE [63] which 
depends on the differences in electrophoretic mobility of various enzymes exist in a bacterial 
species. Neisseria meningitidis was the first species subjected to MLST analysis in 1998 [64]. 
After that, this tool was developed to detect other type of bacterial species, where it became a 
widely accepted tool for molecular epidemiological studies as well as evolutionary studies of 
pathogen at the molecular level [65]. This molecular subtyping method was developed for bac-
terial characterization to facilitate rapid and global comparisons among species [66]. In term 
of MRSA, seven housekeeping genes are amplified and sequenced for internal sequences [67].

In the subsequent analysis, MRSA isolates are grouped within a single CC when five out of seven 
housekeeping genes (400–500 bases) in that particular MRSA isolates having identical sequences 
and isolates with the seven same allelic profiles may be descended from a common ancestor  
[66, 67]. If there are various alleles at each of the seven loci, the isolates are unlikely to have the 
identical allelic profiles by chance, while isolates that have similar allelic profile can be considered 
members of the same clone [66]. The variations found among these genes are mostly synonymous 
and neutral. Since these genes accumulate variations in a slow manner, they are considered to 
be reliable indicator of evolutionary history [68]. The main advantage of this tool is that whole 
produced data are obvious due to standardized nomenclature internationally and reproducible. 
Additionally, ST profile as well as alleles sequences are available in huge central databases (http://
pubmlst.organd www.mlst.net) [69] that are freely accessible online. Moreover, the genetic relat-
edness between bacterial strains within a species can also be identified via the databases.

Thus, it is a useful tool to compare the data with other laboratories via web-based electronic 
data. Furthermore, it allows the exchange of data collected over internet through the MLST 
database. BURST software package can analyze the evolutionary events within S. aureus pop-
ulation [67]. For instance, MRSA-ST239 was found to disperse in different countries although 
carrying a similar ST [70]. The drawback of the technique is the high cost, time-consuming, 
labor-intensive, and also has no discrimination power for cases related to short-term out-
break. For the later, this technique may not discriminate well the epidemic spread of bacterial 
strains within a limited time frame [19]. Nevertheless, MLST is still considered as the rapid 
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these fragments are separated by gel electrophoresis based on length of the fragments. For 
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repeats in the region X of spa [51]. As a result, the PCR-RFLP assays (coa and spa RFLPs) are 
useful molecular markers for a rapid, and initial study of MRSA outbreaks [51]. Wichelhaus 
et al. [52] reported that this method is proven as to have a good discriminatory power, type-
ability and reproducibility in MRSA typing. Moreover, this technique can be used in routine 
infection control program in health care systems as well as epidemiological investigations [48].

3.2. Sequence typing method for bacterial identification

3.2.1. Staphylococcal protein A (spa) typing

Staphylococcal protein A (spa) typing is a sequence-based method that targets VNTR of the 
spa gene region encoding protein A [53]. The spa gene region is polymorphic as a result of 
spontaneous mutations and loss or gain of repeat. Besides, spa gene is reported to be a highly 
effective tool in subtyping both MSSA and MRSA [54]. As mentioned above, the region X of 
spa gene consists of 24 bp repeats sequences, and the diversity of the strains is recognized 
by duplications and deletions of the sequence in this region of the gene. The variation in 
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MLST has been invented to overcome the poor or insufficient portability of traditional and 
older molecular typing application. The main idea of this tool is based on MLEE [63] which 
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After that, this tool was developed to detect other type of bacterial species, where it became a 
widely accepted tool for molecular epidemiological studies as well as evolutionary studies of 
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terial characterization to facilitate rapid and global comparisons among species [66]. In term 
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In the subsequent analysis, MRSA isolates are grouped within a single CC when five out of seven 
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and isolates with the seven same allelic profiles may be descended from a common ancestor  
[66, 67]. If there are various alleles at each of the seven loci, the isolates are unlikely to have the 
identical allelic profiles by chance, while isolates that have similar allelic profile can be considered 
members of the same clone [66]. The variations found among these genes are mostly synonymous 
and neutral. Since these genes accumulate variations in a slow manner, they are considered to 
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produced data are obvious due to standardized nomenclature internationally and reproducible. 
Additionally, ST profile as well as alleles sequences are available in huge central databases (http://
pubmlst.organd www.mlst.net) [69] that are freely accessible online. Moreover, the genetic relat-
edness between bacterial strains within a species can also be identified via the databases.

Thus, it is a useful tool to compare the data with other laboratories via web-based electronic 
data. Furthermore, it allows the exchange of data collected over internet through the MLST 
database. BURST software package can analyze the evolutionary events within S. aureus pop-
ulation [67]. For instance, MRSA-ST239 was found to disperse in different countries although 
carrying a similar ST [70]. The drawback of the technique is the high cost, time-consuming, 
labor-intensive, and also has no discrimination power for cases related to short-term out-
break. For the later, this technique may not discriminate well the epidemic spread of bacterial 
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method for subtyping for MRSA in clinical research, and has been shown to be useful in 
global epidemiological studies of S. aureus [67].

3.3. Genomics-based typing tool

3.3.1. Pulsed-field gel electrophoresis (PFGE)

PFGE is an approach used to detect the dispersion of large segments of DNA using gel with 
high electrical fields that facilitate changing in DNA direction periodically [71]. In brief, 
molecular sieve of gel is used to transform DNA from cathode to anode using common elec-
trophoresis method. Two electric fields are used in PFGE technique, where it allows to change 
the directions of the DNA as mentioned above. Subsequently, ethidium bromide dye is used 
to differentiate the DNA band spectrum as a typing result. Clinically, various types of bacteria 
can be genotyped by PFGE which is considered as the “gold standard” genotyping method. 
It is assumed as an epidemiological tool for most bacterial species since 1990s [71]. Currently, 
PFGE is used worldwide to identify and characterize isolates of bacteria in outbreak investi-
gations [19, 71, 72]. It is also considered as prototype tool to analyze center to center transmis-
sion events [73].

In term of S. aureus, isolation of intact bacterial chromosomes are required prior to PFGE 
procedures, where these isolated chromosomes subsequently is broken down into large DNA 
fragments using cutting restriction endonuclease such as SmaI. Subsequently, the restriction 
fragments can be separated via agarose gel “pulse-field” electrophoresis, where those sepa-
rated DNA fragment could be monitored as a banding pattern in the gel. For easier analysis, 
large restriction fragments (30 kb–1 Mb) are separated based on their size in a dependent 
manner, yielding few bands on the gel [74]. It is well known that traditional electrophoresis 
is able to separate DNA fragments up to 20–50 kb only. Thus, this method has been invented 
to overcome this weakness through modifying the direction of the electrical field to mobilize 
DNA fragments of up to −2 Mb [75]. Subsequently, the gels are dyed and captured by an 
imaging system and analyzed using BioNumerices software programs with the Dice coeffi-
cient and un-weight pair group matching analysis (UPGMA) setting according to the criteria 
as described by Fred et al. [72]. After that, graphical dendrogram may be generated by DNA 
fingerprinting software.

PFGE has been found to show a higher discriminatory power than PCR-RFLP of coa gene 
and other PCR-based fingerprinting methods as it enables the entire chromosome to be ana-
lyzed, whereas the PCR-based fingerprinting methods explore only selected (random) por-
tions of it [76]. Previous studies stated the reproducibility of PFGE is considered high due 
to the standardization of protocols [77], allowing national and international surveillance 
systems [78], and standard interpretation guidelines to investigate the emergence of bacte-
rial species particularly S. aureus. Previous study had been done to compare different tools 
such as MLST, PFGE and AFLP for genetic typing of S. aureus. It was found that PFGE is 
less reproducible, and less useful for long-term epidemiolgical investigations or phylogenetic 
relationships evolution in S. aurues strains [19]. Thus, this method is found extremely helpful 
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in the short-term investigation and identification of MRSA outbreaks in hospital, community 
and livestock-associated [79]. The solid advantage of this application is the ability to address 
a large number of an investigated genome (>90%). However, there are certain disadvantages 
of this application such as time-consuming and labor-intensive, as well as insufficient resolu-
tion power to differentiate bands of identical size. It also requires highly skilled operators 
and there are no standardized reagents with technically laborious and lack of centralized 
criteria for interpreting the banding patterns [80].

3.3.2. DNA microarray

DNA microarray typing method uses a collection of DNA probes that are attached to a 
solid surface in ordered manner. Ideally, complementary nucleotide sequences for specific 
bacterial isolates are detected by DNA probes. This approach is specific tools to identify 
several genes for specific bacterial strains. It can also be used to identify allelic variations 
of a gene which exists in all strains for particular species. Usually, target DNA could be 
labeled by chemical, enzymatic reaction and DNA microarray hybridization. Then, labeled 
target DNA and an immobilized probe create signal due to successful hybridization, giv-
ing measurement automatically using scanner. Currently, this approach is extensively 
used to analyze genomic mutations such as single-nucleotide polymorphisms (SNPs). It is 
also found that this approach is an excellent application to identify exceptional antibiotic 
resistance and virulence genes simultaneously to represent epidemiological markers of cer-
tain isolates of interest [81]. Whole genome microarray approach is the alternative tool for 
whole genome sequencing (WGS) for saving time, expenses and efforts, where it has ability 
to investigate genetic features of isolates involved in outbreak. For example, 31 chromo-
somes and 46 plasmids were identified from a various set of E. coli isolates, subsequently, 
the presence or absence of genes were detected in very recently emerged E. coli O104:H4 
using microarray system [82]. Interestingly, more than 3000 clinical and veterinary isolates 
of MRSA were characterized epidemiologically through Alere StaphyType DNA microar-
ray system, covering 334 target sequences, including 170 distinct genes and their allelic 
variants [83], showing a high level of biodiversity among MRSA, especially among strains 
harboring SCCmec IV and V elements. Overall, this technology is highly accurate, but the 
reproducibility data needs to be established to the broad application to be shared globally. 
Additionally, this approach is considered not practical if the target of typing is SNPs of 
highly clonal species. Another disadvantage of this approach that the detection is limited 
only to sequences that is included in the array.

3.4. Whole genome sequencing (WGS)

To investigate genome variations, cost-effective way has been invented for genetic investiga-
tions, which is second generation sequencing (NGS) or high-throughput sequencing. This 
technique is named second generation to differentiate it from first generation sequencing 
based on the Sanger method. The main advantage of this approach over several traditional 
sequencing methods is the ability to create millions of reads (35–700 bp length) in one shot, 
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method for subtyping for MRSA in clinical research, and has been shown to be useful in 
global epidemiological studies of S. aureus [67].

3.3. Genomics-based typing tool

3.3.1. Pulsed-field gel electrophoresis (PFGE)

PFGE is an approach used to detect the dispersion of large segments of DNA using gel with 
high electrical fields that facilitate changing in DNA direction periodically [71]. In brief, 
molecular sieve of gel is used to transform DNA from cathode to anode using common elec-
trophoresis method. Two electric fields are used in PFGE technique, where it allows to change 
the directions of the DNA as mentioned above. Subsequently, ethidium bromide dye is used 
to differentiate the DNA band spectrum as a typing result. Clinically, various types of bacteria 
can be genotyped by PFGE which is considered as the “gold standard” genotyping method. 
It is assumed as an epidemiological tool for most bacterial species since 1990s [71]. Currently, 
PFGE is used worldwide to identify and characterize isolates of bacteria in outbreak investi-
gations [19, 71, 72]. It is also considered as prototype tool to analyze center to center transmis-
sion events [73].

In term of S. aureus, isolation of intact bacterial chromosomes are required prior to PFGE 
procedures, where these isolated chromosomes subsequently is broken down into large DNA 
fragments using cutting restriction endonuclease such as SmaI. Subsequently, the restriction 
fragments can be separated via agarose gel “pulse-field” electrophoresis, where those sepa-
rated DNA fragment could be monitored as a banding pattern in the gel. For easier analysis, 
large restriction fragments (30 kb–1 Mb) are separated based on their size in a dependent 
manner, yielding few bands on the gel [74]. It is well known that traditional electrophoresis 
is able to separate DNA fragments up to 20–50 kb only. Thus, this method has been invented 
to overcome this weakness through modifying the direction of the electrical field to mobilize 
DNA fragments of up to −2 Mb [75]. Subsequently, the gels are dyed and captured by an 
imaging system and analyzed using BioNumerices software programs with the Dice coeffi-
cient and un-weight pair group matching analysis (UPGMA) setting according to the criteria 
as described by Fred et al. [72]. After that, graphical dendrogram may be generated by DNA 
fingerprinting software.

PFGE has been found to show a higher discriminatory power than PCR-RFLP of coa gene 
and other PCR-based fingerprinting methods as it enables the entire chromosome to be ana-
lyzed, whereas the PCR-based fingerprinting methods explore only selected (random) por-
tions of it [76]. Previous studies stated the reproducibility of PFGE is considered high due 
to the standardization of protocols [77], allowing national and international surveillance 
systems [78], and standard interpretation guidelines to investigate the emergence of bacte-
rial species particularly S. aureus. Previous study had been done to compare different tools 
such as MLST, PFGE and AFLP for genetic typing of S. aureus. It was found that PFGE is 
less reproducible, and less useful for long-term epidemiolgical investigations or phylogenetic 
relationships evolution in S. aurues strains [19]. Thus, this method is found extremely helpful 
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in the short-term investigation and identification of MRSA outbreaks in hospital, community 
and livestock-associated [79]. The solid advantage of this application is the ability to address 
a large number of an investigated genome (>90%). However, there are certain disadvantages 
of this application such as time-consuming and labor-intensive, as well as insufficient resolu-
tion power to differentiate bands of identical size. It also requires highly skilled operators 
and there are no standardized reagents with technically laborious and lack of centralized 
criteria for interpreting the banding patterns [80].

3.3.2. DNA microarray

DNA microarray typing method uses a collection of DNA probes that are attached to a 
solid surface in ordered manner. Ideally, complementary nucleotide sequences for specific 
bacterial isolates are detected by DNA probes. This approach is specific tools to identify 
several genes for specific bacterial strains. It can also be used to identify allelic variations 
of a gene which exists in all strains for particular species. Usually, target DNA could be 
labeled by chemical, enzymatic reaction and DNA microarray hybridization. Then, labeled 
target DNA and an immobilized probe create signal due to successful hybridization, giv-
ing measurement automatically using scanner. Currently, this approach is extensively 
used to analyze genomic mutations such as single-nucleotide polymorphisms (SNPs). It is 
also found that this approach is an excellent application to identify exceptional antibiotic 
resistance and virulence genes simultaneously to represent epidemiological markers of cer-
tain isolates of interest [81]. Whole genome microarray approach is the alternative tool for 
whole genome sequencing (WGS) for saving time, expenses and efforts, where it has ability 
to investigate genetic features of isolates involved in outbreak. For example, 31 chromo-
somes and 46 plasmids were identified from a various set of E. coli isolates, subsequently, 
the presence or absence of genes were detected in very recently emerged E. coli O104:H4 
using microarray system [82]. Interestingly, more than 3000 clinical and veterinary isolates 
of MRSA were characterized epidemiologically through Alere StaphyType DNA microar-
ray system, covering 334 target sequences, including 170 distinct genes and their allelic 
variants [83], showing a high level of biodiversity among MRSA, especially among strains 
harboring SCCmec IV and V elements. Overall, this technology is highly accurate, but the 
reproducibility data needs to be established to the broad application to be shared globally. 
Additionally, this approach is considered not practical if the target of typing is SNPs of 
highly clonal species. Another disadvantage of this approach that the detection is limited 
only to sequences that is included in the array.

3.4. Whole genome sequencing (WGS)

To investigate genome variations, cost-effective way has been invented for genetic investiga-
tions, which is second generation sequencing (NGS) or high-throughput sequencing. This 
technique is named second generation to differentiate it from first generation sequencing 
based on the Sanger method. The main advantage of this approach over several traditional 
sequencing methods is the ability to create millions of reads (35–700 bp length) in one shot, 
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which also leads to a reduction in cost. The nucleotide sequence of the genome is constructed 
by gathering numerous short sequences reads from overlapping regions, or comparison with 
previous reference sequences genomes (re-sequencing).

Currently, WGS is considered as a high attractive tool for epidemiological studies [84], and 
it is believed that this method has the potential as routine tool for bacterial identification and 
characterization in the near future. Nevertheless, the main challenge for this approach is the 
interpretation and computation of the huge set of data. This approach is currently used to 
determine the genetic relatedness between bacterial isolates based on sequence analysis of the 
whole genome. Additionally, WGS has the ability to distinguish various genomes within an 
SNP, which cannot be achieved in conventional molecular typing approaches. Thus, charac-
terization of transmission events and outbreaks will be accurate. However, extensive studies 
must be conducted to translate this prospective tool into a routine practice. It is well known 
that the methods based on SNPs permit detailed and targeted analysis of variations among 
related organisms. Thus, WGS using SNPs analysis can identify the isolates related to an out-
break from non-outbreak isolates. Moreover, various phenotypic characteristics such as viru-
lence and antibiotic resistance of particular pathogen can also be inferred by WGS technique. 
Finally, this approach enables the search for genetic markers, such as the presence or absence 
of a gene or an amino acid substitution in a protein, facilitating the linkage with the occurrence, 
severity and virulence of the disease.

Clinically, SNPs analysis on MRSA isolates recovered from an outbreak in a unit care for neo-
nates using WGS sequencing approach was able to offer relevant data within a time frame 
that can stimulate patient care [85]. Additionally, through WGS, data can also reliably predict 
antibiotic susceptibility phenotype of MRSA from an outbreak scene [86], leading to devel-
opment of hospital infection management and patient outcomes in routine clinical practice. 
Some previous studies took benefits from WGS by investigating CA-MRSA in USA including 
USA300-0114 [86], where genetic variation was found. Considering the fact that the isolates 
were recovered and originated from a confined geographical area, the WGS analysis suggested 
the continuous evolution of this clone within the limited region. These results offer additional 
support for the use of WGS as a first-line screening method, which is comparable with those 
gained by phenotypic methods [87]. Furthermore, additional genes may be added to the panel 
to increase the coverage and sensitivity, where sequenced isolates can be screened to recognize 
new resistance genes.

As a result, WGS is considered as a rapid prediction of resistance which contributes to effec-
tive clinical management, particularly for S. aureus. Subsequently, this approach permits the 
characterization of transmission routes to improve infection control strategies and manage 
the outbreak. Once the genetic basis of virulence is understood, WGS could permit deter-
mination of emerging infectious strains (and new virulence genes) locally and globally. 
Furthermore, if genetic diversity is characterized over time, it will provide new knowledge 
of the S. aureus population structure, subsequently leading us to obtain extra information 
and understand the genetic basis of the disseminating strains. As a whole, it is suggested that 
WGS is considered as a very useful tool in epidemiological investigations to discriminate 
MRSA, and it may assist to trace person-to-person transmission in health care systems [88].
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4. Conclusions

Higher rates of morbidity and excessive healthcare costs are the two main reasons that can 
be caused by the growing number of HA, CA and LA-MRSA infections. The management of 
these infections must be conducted through the screening of individuals as well as infection 
control program. Currently, MRSA can be reliably detected within hours using rapid screen-
ing methods. However, the continuous evolution of SCCmec MRSA strains requires frequent 
monitoring of the strains. Therefore, genotyping techniques must be sufficient with inter-
nal and external quality control and standardized internationally for MRSA diagnostics. For 
that reason, to reduce the severe clinical and economical effects of MRSA, rapid and accurate 
typing is required especially for epidemiological investigations. Currently, conventional and 
molecular methods are used in combination for MRSA typing. Nevertheless, controversy is 
still on-going to choose which molecular typing methods will suit every requirement to ascer-
tain molecular epidemiology studies.

For instance, AFLP has a higher discriminatory power in comparison to PFGE, where it pro-
vided greater genetic resolution and is less sensitive to DNA quality during genetic typing 
of bacterial pathogens in epidemiological investigation. Additionally, AFLP can be auto-
mated and has portable results, as well as reproducible approach to facilitate the analysis. 
Moreover, AFLP it is more suitable for inter-laboratory data exchange using sequence-based 
data. 16s rRNA analysis is considered a good discrimination approach among unrelated 
isolates, particularly in S. aureus only if it is combined with other gene identification such as 
nuc and mecA. SCCmec is also very useful and important molecular tool in understanding 
the epidemiology of methicillin resistance as well as supporting the clonal strain related-
ness. DiversiLab rep-PCR tool is very useful to identify MRSA in the hospital outbreaks. 
In contrast, it is reported that rep-PCR is not highly discriminative tool for MRSA typing 
particularly in outbreak setting. RFLP can be used in routine infection control program in 
health care systems as well as epidemiological investigation. It has a good discriminatory 
power, typeability and reproducibility in MRSA typing. Spa typing is a based sequence typ-
ing method, where its results are easy to interpret, less time-consuming, highly reproduc-
ible, less laborious and highly comparable between laboratories via ridom.spa.server. MLST 
is still considered as the rapid method for subtyping for MRSA in clinical research, and 
has been shown to be useful in global epidemiological studies of S. aureus, and the results 
are comparable between laboratories using MLST server for interpretation. PFGE is found 
extremely helpful in the short-term investigation and identification of MRSA outbreaks in 
hospital, community and livestock-associated; however, this method has insufficient reso-
lution power to differentiate bands in identical size as the main drawback of this method. 
DNA microarray technology is highly accurate, but the reproducibility data needs to be 
established to the broad application of this technology, and it is not practical if the target of 
typing is SNPs of highly clonal species. Also, this approach is difficult to identify sequences 
not included in the array.

Finally, WGS is considered as a very useful tool in epidemiological investigations to dis-
criminate MRSA, and it may assist to trace person-to-person transmission in health care 
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which also leads to a reduction in cost. The nucleotide sequence of the genome is constructed 
by gathering numerous short sequences reads from overlapping regions, or comparison with 
previous reference sequences genomes (re-sequencing).

Currently, WGS is considered as a high attractive tool for epidemiological studies [84], and 
it is believed that this method has the potential as routine tool for bacterial identification and 
characterization in the near future. Nevertheless, the main challenge for this approach is the 
interpretation and computation of the huge set of data. This approach is currently used to 
determine the genetic relatedness between bacterial isolates based on sequence analysis of the 
whole genome. Additionally, WGS has the ability to distinguish various genomes within an 
SNP, which cannot be achieved in conventional molecular typing approaches. Thus, charac-
terization of transmission events and outbreaks will be accurate. However, extensive studies 
must be conducted to translate this prospective tool into a routine practice. It is well known 
that the methods based on SNPs permit detailed and targeted analysis of variations among 
related organisms. Thus, WGS using SNPs analysis can identify the isolates related to an out-
break from non-outbreak isolates. Moreover, various phenotypic characteristics such as viru-
lence and antibiotic resistance of particular pathogen can also be inferred by WGS technique. 
Finally, this approach enables the search for genetic markers, such as the presence or absence 
of a gene or an amino acid substitution in a protein, facilitating the linkage with the occurrence, 
severity and virulence of the disease.

Clinically, SNPs analysis on MRSA isolates recovered from an outbreak in a unit care for neo-
nates using WGS sequencing approach was able to offer relevant data within a time frame 
that can stimulate patient care [85]. Additionally, through WGS, data can also reliably predict 
antibiotic susceptibility phenotype of MRSA from an outbreak scene [86], leading to devel-
opment of hospital infection management and patient outcomes in routine clinical practice. 
Some previous studies took benefits from WGS by investigating CA-MRSA in USA including 
USA300-0114 [86], where genetic variation was found. Considering the fact that the isolates 
were recovered and originated from a confined geographical area, the WGS analysis suggested 
the continuous evolution of this clone within the limited region. These results offer additional 
support for the use of WGS as a first-line screening method, which is comparable with those 
gained by phenotypic methods [87]. Furthermore, additional genes may be added to the panel 
to increase the coverage and sensitivity, where sequenced isolates can be screened to recognize 
new resistance genes.

As a result, WGS is considered as a rapid prediction of resistance which contributes to effec-
tive clinical management, particularly for S. aureus. Subsequently, this approach permits the 
characterization of transmission routes to improve infection control strategies and manage 
the outbreak. Once the genetic basis of virulence is understood, WGS could permit deter-
mination of emerging infectious strains (and new virulence genes) locally and globally. 
Furthermore, if genetic diversity is characterized over time, it will provide new knowledge 
of the S. aureus population structure, subsequently leading us to obtain extra information 
and understand the genetic basis of the disseminating strains. As a whole, it is suggested that 
WGS is considered as a very useful tool in epidemiological investigations to discriminate 
MRSA, and it may assist to trace person-to-person transmission in health care systems [88].
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4. Conclusions
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these infections must be conducted through the screening of individuals as well as infection 
control program. Currently, MRSA can be reliably detected within hours using rapid screen-
ing methods. However, the continuous evolution of SCCmec MRSA strains requires frequent 
monitoring of the strains. Therefore, genotyping techniques must be sufficient with inter-
nal and external quality control and standardized internationally for MRSA diagnostics. For 
that reason, to reduce the severe clinical and economical effects of MRSA, rapid and accurate 
typing is required especially for epidemiological investigations. Currently, conventional and 
molecular methods are used in combination for MRSA typing. Nevertheless, controversy is 
still on-going to choose which molecular typing methods will suit every requirement to ascer-
tain molecular epidemiology studies.

For instance, AFLP has a higher discriminatory power in comparison to PFGE, where it pro-
vided greater genetic resolution and is less sensitive to DNA quality during genetic typing 
of bacterial pathogens in epidemiological investigation. Additionally, AFLP can be auto-
mated and has portable results, as well as reproducible approach to facilitate the analysis. 
Moreover, AFLP it is more suitable for inter-laboratory data exchange using sequence-based 
data. 16s rRNA analysis is considered a good discrimination approach among unrelated 
isolates, particularly in S. aureus only if it is combined with other gene identification such as 
nuc and mecA. SCCmec is also very useful and important molecular tool in understanding 
the epidemiology of methicillin resistance as well as supporting the clonal strain related-
ness. DiversiLab rep-PCR tool is very useful to identify MRSA in the hospital outbreaks. 
In contrast, it is reported that rep-PCR is not highly discriminative tool for MRSA typing 
particularly in outbreak setting. RFLP can be used in routine infection control program in 
health care systems as well as epidemiological investigation. It has a good discriminatory 
power, typeability and reproducibility in MRSA typing. Spa typing is a based sequence typ-
ing method, where its results are easy to interpret, less time-consuming, highly reproduc-
ible, less laborious and highly comparable between laboratories via ridom.spa.server. MLST 
is still considered as the rapid method for subtyping for MRSA in clinical research, and 
has been shown to be useful in global epidemiological studies of S. aureus, and the results 
are comparable between laboratories using MLST server for interpretation. PFGE is found 
extremely helpful in the short-term investigation and identification of MRSA outbreaks in 
hospital, community and livestock-associated; however, this method has insufficient reso-
lution power to differentiate bands in identical size as the main drawback of this method. 
DNA microarray technology is highly accurate, but the reproducibility data needs to be 
established to the broad application of this technology, and it is not practical if the target of 
typing is SNPs of highly clonal species. Also, this approach is difficult to identify sequences 
not included in the array.

Finally, WGS is considered as a very useful tool in epidemiological investigations to dis-
criminate MRSA, and it may assist to trace person-to-person transmission in health care 
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systems. Additionally, this technique is considered suitable for MRSA epidemics sur-
veillance at national and international levels as well as reproducible approach, which is 
essential as baseline resources for managing therapeutic treatment and the control of rapid 
expansion of these strains.
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Abstract

Malaria is one the world’s most widespread lethal diseases. Plasmodium falciparum, 
P. vivax, P. ovale, P. malariae and P. knowlesi induce human pathology. These species 
could be differentially diagnosed using the genotyping of cytochrome b, Pfdhfr and 
RNA 18S. The persistence of P. falciparum, the most lethal parasite, is mainly due to 
antimalarial drug resistance. Indeed, a few years after the start of the ambitious malaria 
eradication program in 1960, chloroquine resistance emerged in Asia and spread widely 
in all the endemic areas. It was associated with genotypes in P. falciparum chloroquine 
resistance transporter (CVIET, SVMNT, CVMNT, CVIDT, SVIET and CVMET). The use 
of new drugs such as sulfadoxine-pyrimethamine (SP) leads quickly to SP-resistant 
parasites associated with genotypes on P. falciparum DiHydroFolate reductase (I51-R59-
N108-I164) and P. falciparum DiHydroPteroate synthetase (436-437-580-613). Recently, 
the delay of parasite clearance has been described with artemisinine (the most effica-
cious antimalarial drug). This resistance was associated with the K13 propeller genotype. 
Since malaria species and antimalarial drug resistance markers could be characterized 
using nucleic acid sequences, genotyping is needed for malarial monitoring of species 
distribution and antimalarial drug resistance.

Keywords: Plasmodium parasites, drug resistance, diagnostic, genotyping

1. Introduction

Malaria remains a major public health problem. More than 40% of the world’s population 
(3.3 billion) live malarial endemic areas in varying degrees. Despite tremendous efforts in the 
fight, and though this strategy or plan resulted in significantly decreasing the burden in the 
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last 20 years, Malaria still is persistent in nearly 91 countries (Figure 1). In 2016, the overall 
incidence was 216 million cases among these and 445,000 deaths were recorded [1]. Africa 
continues to account for 90% of malaria burden. African children under 5 years of age are the 
most affected. This infectious disease is due to the invasion of Plasmodium spp. Currently, the 
five species are known to infect and to induce significantly malaria in humans are Plasmodium 
ovale, Plasmodium malariae, Plasmodium knowlesi, Plasmodium vivax and Plasmodium falciparum.

P. falciparum is the most virulent species as it is responsible for more than 90% of malaria 
deaths [2, 3]. Its specific biology with antigenic variation, sequestration of infected blood cells 
and interactions with host cells leads to severe malaria [4, 5]. Also, it is the most recent human 
infection with limited adaptation in the host [6]. P. knowlesi, which is a specific Asian monkey 
parasite (Macaca genus), was recently transferred to humans, causing high mortality in the 
south of Asia [7–9]. One of its differences from other species is the time of its life cycle which 
is 24 h whereas 40–48 h for other human Plasmodium spp. P. vivax is the most prevalent in 
Asia and South America. Due to the Duffy-negative statue of Black people, it is the rarest in 
Black Africa. However, recent studies reported the presence of P. vivax in Blacks with Duffy-
negative from some countries of central Africa such as Equatorial Guinea, Congo Republic 
and so on [10, 11]. P. malariae is less prevalent in Asia, while it is most common in sub-Saharan 
Africa and southwest Pacific [12]. It often finds minor prevalence compared to P. falciparum. 
This parasite is thought to be a zoonotic infection because is genetically close to P. brasilianum 
which infects monkeys of South America [12, 13]. P. ovale is prevalent in Sub-Saharan Africa, 
South-East Asia, India, Papua New Guinea, Timor and Indonesia [14]. It is the less-prevalent 
human malarial parasite. However, in most places where P. ovale is observed, it is relatively 
uncommon and its prevalence rarely exceeds 5% [12].

Figure 1. Countries endemic for malaria in 2000 and 2016. From WHO [1].
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Decisions concerning malaria treatment depend on the identification of the species caus-
ing the disease. Traditionally, this diagnosis was based on the microscopic detection of 
Plasmodium parasites in Giemsa-stained blood slides. In recent decades, antigen detection 
assays and molecular detection assays were introduced as alternatives to microscopy [15]. 
These approaches were very useful; however, they are not very reliable. Indeed, the morpho-
logical features and life history traits of a parasite species can vary from one host species to 
another [16, 17]. For antigen detection assays are mainly aimed at the identification of P. fal-
ciparum. Indeed [18], only a few assays are able to identify infections caused by other human 
malaria parasites [15, 19]. However, the development of molecular tools for the identifica-
tion of species in diagnosis and genotyping permits a better reading of plasmodial diversity 
circulating among the human population and allows best highlighting the phenomenon of 
resistance of Plasmodium than microscopic tools.

Plasmodium species like several other genera have specific genetic markers such as 18S rRNA, 
ITS, cytochrome b and so on, used in studying speciation. These markers play an important 
role in molecular analysis of genotyping and monitoring antimalarial drug resistance. The 
persistence of malaria burden is partly due to the emerging and widespread nature of the 
antimalarial drug resistance. Indeed, in the 1950s, WHO launched the malaria eradication 
program, with chloroquine and dichloro-diphenyl-trichloroethan (DDT). But in the early 1960s, 
chloroquine resistance emerged [20, 21]. Antimalarial drug resistance is defined as the para-
site’s ability to survive after the absorption of drug doses is greater than patient-tolerated 
doses. This chapter described the methods of genotyping the malaria for species diagnosis 
that helps to monitor drug resistance.

2. Genotyping for Plasmodium spp. diagnosis

The genotyping of Plasmodium spp. infections allows for the characterization of distinct spe-
cies and subpopulations present in hosts. The genotyping techniques presented in the follow-
ing allow for the characterization of different Plasmodium species by sizing the polymerase 
chain reaction (PCR) product of the polymorphic marker gene merozoite surface protein.

2.1. PCR using the specificity of 18S RNA

rRNA is one of the ribosome components. Among rRNA, the 18S rRNA gene is the most fre-
quently cited marker for malaria detection. It is composed of highly conserved regions which 
can be targeted for a qualitative detection of Plasmodium spp. and of variable zones allowing 
species identification. Early in the 1990s, Snounou and colleagues reported high-sensitivity 
methods for the detection of plasmodium species using nested PCR [22]. This method was 
based on the conversion of 18S rRNA among human plasmodium and the specificity of 18S 
rRNA from each parasite. So, the method includes the first PCR with primers named rPLU1/5 
and rPLU3/4 that match with human plasmodium. This step is followed by the amplification 
of the product of primary PCR separately with the four species-specific primer pairs: rFAL1 
and rFAL2, rVIV1 and rVIV2, rMAL1 and rMAL2 and rOVA1 and rOVA2 to identify the 
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last 20 years, Malaria still is persistent in nearly 91 countries (Figure 1). In 2016, the overall 
incidence was 216 million cases among these and 445,000 deaths were recorded [1]. Africa 
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most affected. This infectious disease is due to the invasion of Plasmodium spp. Currently, the 
five species are known to infect and to induce significantly malaria in humans are Plasmodium 
ovale, Plasmodium malariae, Plasmodium knowlesi, Plasmodium vivax and Plasmodium falciparum.

P. falciparum is the most virulent species as it is responsible for more than 90% of malaria 
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infection with limited adaptation in the host [6]. P. knowlesi, which is a specific Asian monkey 
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Figure 1. Countries endemic for malaria in 2000 and 2016. From WHO [1].
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Decisions concerning malaria treatment depend on the identification of the species caus-
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species identification. Early in the 1990s, Snounou and colleagues reported high-sensitivity 
methods for the detection of plasmodium species using nested PCR [22]. This method was 
based on the conversion of 18S rRNA among human plasmodium and the specificity of 18S 
rRNA from each parasite. So, the method includes the first PCR with primers named rPLU1/5 
and rPLU3/4 that match with human plasmodium. This step is followed by the amplification 
of the product of primary PCR separately with the four species-specific primer pairs: rFAL1 
and rFAL2, rVIV1 and rVIV2, rMAL1 and rMAL2 and rOVA1 and rOVA2 to identify the 
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species P. falciparum, P. vivax, P. malariae and P. ovale, respectively. The primary PCR with 
rPLU1/5 and rPLU3/4 gives a 1100 bp band in a 2% agarose gel electrophoresis (Figure 2), in 
the presence of Plasmodium.

The nested PCR rFAL1 and rFAL2 generate a 205 bp in presence of the P. falciparum parasite. 
The nested PCR rVIV1 and rVIV2 generate a 120 bp in presence of the P. vivax parasite. The 
nested PCR rMAL1 and rMAL2 generate a 144 bp in presence of the P. malaria parasite. The 
nested PCR rOVA1 and rOVA2 generate an 800 bp in presence of the P. ovale parasite [22, 23].

2.2. RT-PCR NASBA 18S rRNA

Nucleic acid sequence-based amplification (NASBA) is a method in molecular biol-
ogy, which is used to amplify RNA sequences. This novel approach of genotyping, based 
on the amplification of nucleic acid sequence (real-time QT-NASBA), was developed by 
Compton [24]. Immediately after its discovery, the NASBA method was used for the rapid 
diagnosis and quantification of HIV-1 in patients [25]. Some years later, Schooner et al. 
[26] developed a real-time quantitative nucleic acid sequence-based amplification (real 
time QT-NASBA) for the detection of Plasmodium falciparum 18S rRNA with a sensitivity 
of 10–50 parasites/ml [26, 27]. Thus, NASBA method that uses primers and probes were 
selected on the basis of the sequence of the small subunit 18S rRNA gene [26, 28], to char-
acterize or identify the different human Plasmodium species [18]. For NASBA, Schooner 
et al. have defined primers Plas-1F (59-TCAGATACCGTCGTAATCTTA-39) and Plas-2R T7 
(59-AATTCTAATACGACTCACTATAGGGAGAGAACTTTCTCGCTTGCGCGAA-39) which 
were used [26]. The RNAs from P. falciparum, P. malariae, P. vivax and P. ovale are specifics  

Figure 2. Specificity and sensitivity of the PCR detection assay. (a) Nested PCR amplification for the demonstration of 
the specificity of the primers employed. Control genomic DNA from P. falciparum (F), P. vivax (V), P. malariae (M), P. ovale 
(O) and human blood (H); (b) nested PCR assay for the detection of in vitro cultured P. falciparum ring-stage parasites; 
(c) nested PCR amplification using diluted control DNAs; (d) product of amplification of diluted control DNAs, using 
the PCR assay (Source: Snounou et al. [22]).
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and they should all be amplified by the NASBA isolates with these primers. Therefore, detec-
tion is done by capture probe (59-ACCATAAACTATG CCGACTAGG-39) which is bound 
to magnetic beads. Finally, samples are hybridized separately to ruthenium-labeled WT 
(59-CCTTATGAGAAATCAAAGTC 39) and Q (59-AATAACTGCACCAGTGTATA-39) detec-
tion probes, followed by ECL detection in a NucliSens ECL reader [26, 29]. The NASBA 
method is very sensitive and specific. It can be used for the detection, identification and quan-
titative measurement of low parasitaemia of Plasmodium species, that is, the lower detection 
limit of the assay is 100–1000 molecules in vitro RNA for all human malaria parasites.

2.3. PCR sequencing cytochrome b

Cytochrome b (Cyt-b) is one of the respiratory chain systems present in mitochondria. It is 
highly conserved in Plasmodium species. But some of its region shows diversities and species 
specificities. It is also in multiple copies (20–100 copies) in the haploid genome, suggesting 
the increase of sensitivity. So, the alignment of Cyt-b sequences obtained after amplification 
by the nested PCR portion of mitochondrial DNA using couples of primers (Table 1) allows 
distinguishing the Plasmodium species present in the host (Figure 3).

The first round of PCR (PCR1) and use of the primers DW2/F and DW4/R produce the frag-
ments of 1253 bp. In the second round of PCR (PCR2), primers Cyt-b1F and Cyt-b2R are used 
and this generates PCR fragments of 939 bp [30]. This approach was used more for the charac-
terization of malaria parasites in primates (human and non-human) [31, 32] because it allows 
to identify all species known or unknown circulating in vertebrates [33].

2.4. PCR-RFLP from cytochrome b

Due to the specie specificity and diversity of Cytochrome b, it could be digested with the r 
estriction enzyme Alu I leading to species-specific patterns [34]. In this case, a nested PCR  
is used. Primers Plas 1 (5′-GAGAATTATGGAGTGGATGGTG-3′) and Plas 2 (5′-GTGGTAA 
TTGACATCCWATCC-3′) are used for primary PCR producing an 816 bp fragment, follow-
ing by a nested with Plas 3 and Plas 4 primers. The n-PCR produces a 787 bp fragment. The 
digestion with Alu I gives 159 and 640 bp fragments; 187, 249 and 381 bp fragments; 111, 169, 
187, 249 and 270 bp; and 224 and 584 bp fragments for P. falciparum, P. malariae, P. vivax and 
P. ovale, respectively, on agarose gel electrophoresis (Figure 4).

Table 1. Amplification primers of the cytochrome b gene (Cyt-b). Cyt-b is amplified by nested PCR.
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acterize or identify the different human Plasmodium species [18]. For NASBA, Schooner 
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(59-AATTCTAATACGACTCACTATAGGGAGAGAACTTTCTCGCTTGCGCGAA-39) which 
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the specificity of the primers employed. Control genomic DNA from P. falciparum (F), P. vivax (V), P. malariae (M), P. ovale 
(O) and human blood (H); (b) nested PCR assay for the detection of in vitro cultured P. falciparum ring-stage parasites; 
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and they should all be amplified by the NASBA isolates with these primers. Therefore, detec-
tion is done by capture probe (59-ACCATAAACTATG CCGACTAGG-39) which is bound 
to magnetic beads. Finally, samples are hybridized separately to ruthenium-labeled WT 
(59-CCTTATGAGAAATCAAAGTC 39) and Q (59-AATAACTGCACCAGTGTATA-39) detec-
tion probes, followed by ECL detection in a NucliSens ECL reader [26, 29]. The NASBA 
method is very sensitive and specific. It can be used for the detection, identification and quan-
titative measurement of low parasitaemia of Plasmodium species, that is, the lower detection 
limit of the assay is 100–1000 molecules in vitro RNA for all human malaria parasites.

2.3. PCR sequencing cytochrome b

Cytochrome b (Cyt-b) is one of the respiratory chain systems present in mitochondria. It is 
highly conserved in Plasmodium species. But some of its region shows diversities and species 
specificities. It is also in multiple copies (20–100 copies) in the haploid genome, suggesting 
the increase of sensitivity. So, the alignment of Cyt-b sequences obtained after amplification 
by the nested PCR portion of mitochondrial DNA using couples of primers (Table 1) allows 
distinguishing the Plasmodium species present in the host (Figure 3).

The first round of PCR (PCR1) and use of the primers DW2/F and DW4/R produce the frag-
ments of 1253 bp. In the second round of PCR (PCR2), primers Cyt-b1F and Cyt-b2R are used 
and this generates PCR fragments of 939 bp [30]. This approach was used more for the charac-
terization of malaria parasites in primates (human and non-human) [31, 32] because it allows 
to identify all species known or unknown circulating in vertebrates [33].

2.4. PCR-RFLP from cytochrome b

Due to the specie specificity and diversity of Cytochrome b, it could be digested with the r 
estriction enzyme Alu I leading to species-specific patterns [34]. In this case, a nested PCR  
is used. Primers Plas 1 (5′-GAGAATTATGGAGTGGATGGTG-3′) and Plas 2 (5′-GTGGTAA 
TTGACATCCWATCC-3′) are used for primary PCR producing an 816 bp fragment, follow-
ing by a nested with Plas 3 and Plas 4 primers. The n-PCR produces a 787 bp fragment. The 
digestion with Alu I gives 159 and 640 bp fragments; 187, 249 and 381 bp fragments; 111, 169, 
187, 249 and 270 bp; and 224 and 584 bp fragments for P. falciparum, P. malariae, P. vivax and 
P. ovale, respectively, on agarose gel electrophoresis (Figure 4).

Table 1. Amplification primers of the cytochrome b gene (Cyt-b). Cyt-b is amplified by nested PCR.
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2.5. PCR-DHFR

Figure 5 shows the equation of transformation of dihydrofolate to tetrahydrofolate. The 
dihdrofolate reductase is one of the important malaria proteins involved in the plasmo-
dium folate synthesis. This gene is coded in chromosome 4 and is highly conserved between 

Figure 4. Illustration of a digestion cytochrome fragment using Alu enzyme.

Figure 3. The tree of relationship of Plasmodium species. This tree was built with a portion of Cyt-b sequences characterized 
among some patients and other Cyt-b sequences from Genbank (accession numbers AB489194, EU880499, GU723548 
and GU723532). The tree was built using maximum likelihood with Cyt-b sequences of 925pb sizes.
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distantly related species, like plasmodium species. Its linker region revealed significantly a 
higher sequence diversity than the relatively conserved enzymatic diversity. Different spe-
cies of Plasmodium are characterized by a unique linker sequence. So, it has been used to iden-
tify human plasmodium species [35]. Nonsynonymous mutations on DHFR are associated 
with pyrimethanime resistance. Using primers ATGGARSAMSTYTSMGABGTWTTYGA 
and AAATATTGRTAYTCTGGRTG for primary PCR gives a 1000 bp fragment. The nested 
PCR species specific with primers shown in Table 2 allow to amplify specifically 160, 177, 
144, 231/237/243 and 134 bp fragments for P. falciparum, P. malariae, P. vivax, P. ovale and 
P. knowlesi.

Figure 5. The equation of the DHF-THF reaction. Dihydrofolate reductase is an enzyme that catalyzes the NADPH-
dependent reduction of dihydrofolate to tetrahydrofolate. This reaction is essential for the de novo synthesis of purines 
and certain amino acids. This enzyme is essential for rapid growth and is the target for the action of the important 
antimalarial drugs pyrimethamine and proguanil.

Primer Species Sequence (5′–3′) Annealing 
(°C)

No. of 
cycles

Product 
(bp)

Pla-DHFR-F

Pla-TS-R

Plasmodium sp. ATGGARSAMSTYTSMGABGTWTTYGA

AAATATTGRTAYTCTGGRTG

50 30 1000

Pla-
DHFR-NF

Pla-TS-R

Plasmodium sp. AAATGYTTYATYATWGGDGG

AAATATTGRTAYTCTGGRTG

55 35 509–587

PF-Lin-F

PF-Lin-R

P. falciparum AAAAGGAGAAGAAAAAAATAA

AAAATAAACAAAATCATC

50 35 160

PM-Lin-F

PM-Lin-R

P. malariae GACCCAAGAATCCCTCCC

CCCATGAAGTTATATTCC

50 35 177

PV-Lin-F

PV-Lin-R

P. vivax CGGGAGCACTGCGGACAGCG

CACGGGCACGCGGCGGGGC

55 35 144

PO-Lin-F

PO-Lin-R

P. ovale GACACACAAAATGATGGGGA

ATTGTCCTTTCCTTGACTCG

55 35 231, 237 
or 243

PK-Lin-F

PK-Lin-R

P. knowlesi CGATGGATATGGATAGTGG

CGCGGGAGAGCATTTCCTC

58 35 134

Table 2. Primer sequences and the PCR condition for detection of Plasmodium spp. that infect humans.
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3. Genotyping for the monitoring of antimalarial drug resistance

3.1. Antimalarial drug resistance

Antimalarial drug resistance is the ability of P. falciparum to survive after absorption of the 
drug at concentrations greater than concentrations tolerated by the patient. Drug resistance 
arises rarely because it is the result of some non-lethal mutations, but it spreads relatively 
quickly. The clinical failure treatment is the lasted event in the long way of changes in para-
sites genes. Antimalarial drug resistance markers are genes associated with antimalarial drug 
resistance. Among them, the most characterized are Pfcrt (P. falciparum chloroquine resistance 
transporter), Pfmdr1 (P. falciparum multidrug resistance 1), Pfdhfr (P. falciparum dihydrofolate 
reductase), Pfdhps (P. falciparum dihydropteroate synthase), Pfmrp (P. falciparum multidrug resis-
tance protein), Pfatpase 6 (P. falciparum atpase 6) and PfK13 (P. falciparum kelch 13).

3.2. The genotyping of markers associated with antimalarial drug resistance

3.2.1. P. falciparum chloroquine resistance transporter (Pfcrt)

Pfcrt is an ATP binding cassette (ABC) protein, able to fixe and hydrolyze ATP. The general 
structure of the ABC transporter contains cytosolic nucleotide binding domains (NBDs), a 
nucleotide hydrolysis site and transmembrane segments. These transporters extrude effec-
tive drugs from the digestive vacuole and function as an efflux pump leading to the decrease 
of intracellular accumulation of drugs in the parasite. The genetic cross-experiment between 
chloroquine-sensitive and chloroquine-resistance strains allowed the identification of P. falci-
parum chloroquine-resistance transporter (Pfcrt) in 2000 [20, 36]. It is a 45 kDa protein coding 
in chromosome 7, containing 10 predicted transmembrane domains located on the membrane 
of the digestive vacuole (Figure 6).

Several mutations have been identified in this transporter. The main mutation T76 allows for 
the abolition of accumulation of the drug chloroquine in the digestive vacuole. The association 
of mutations in codons 72, 73, 74, 75 and 76 defined different haplotypes. These haplotypes 
show a spatio-temporal specificity. CVMNK is the wild-type haplotype that is found in chlo-
roquine-sensitive parasites. In Africa, the most prevalent chloroquine-resistance haplotype is 
the CVIET. It was also found with less prevalence in South America and in Southeast of Asia. 
Another Pfcrt resistance haplotype, named South American haplotype, is the SVMNT. That 
is rarely found in Africa and Asia, has relatively little fitness cost and was associated with the 
emergence of amodiaquine resistance too [37, 38]. The other main Pfcrt-resistance haplotypes 
were CVMNT, CVMET, SVIET and CVIDT. CVMNT is most prevalent in South America 
and in Asia but rarely found in Africa [39, 40]. CVMET is the rarest haplotype found in Asia 
whereas SVIET is the South American haplotype. CVIDT is the specific haplotype from 
Asia. Haplotypes CVIET and SVMNT were also associated with the plasmodial resistance 
against amodiaquine and lumefantrine [41]. In our recent study from Gabon and Congo we 
found new haplotypes. But the involvement of these in antimalarial resistance is needed yet 
(unpublished yet). The withdrawal of chloroquine has led to the decrease of the T76 genotype. 
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Furthermore, recent data showed that the use of artemisinine-based combination therapies, 
mainly artemether-lumefantrine, selected the wild-type K76 genotype. Other polymorphisms 
in Pfcrt were described including A144F, I194T, A220S, Q271E and N326S [40].

For the genotype haplotype 72–76 of Pfcrt, PCR sequencing and PCR-RFLP are used. That is 
based on nested PCR with several primers (Table 3). The RFLP pattern indicates a specific 
genotype for each codon.

3.2.2. Plasmodium falciparum multidrug resistance 1 (Pfmdr1)

P. falciparum multidrug resistance 1 is a homologous of the bacterial multidrug resistance 1 
protein. It is one of the main antimalarial drug resistance markers. Like Pfcrt, Pfmdr1 is also 
an ABC transporter, located in the membrane of a digestive vacuole, coded in chromosome 5 
by the 4758 bp gene. Its structure shows two homologous parts containing six transmembrane 
domains plus a nucleotide binding domain (Figure 7).

Some isolates exhibit multicopies of Pfmdr1. Polymorphisms in codons 82, 184, 1034, 1042 
and 1246 (N86Y, Y184F, S1034C, N1042D and D1246Y) were associated with antimalarial  
resistance against mefloquine, lumefantrine, artemether, halofantrine, quinine and chloro-
quine [36, 42]. Copy number and polymorphisms of the pfmdr1 gene have been investigated as 
molecular markers of mefloquine resistance. With the treatment of artemether-lumefantrine, 
a selection of N86 genotype was reported [43]. That was confirmed in areas where this ACT 
was implemented [44]. In same way, it was shown that ACT led to the selection of haplotypes 
NFD, NYD in codons 86, 184, 1246.

Figure 6. The predicted structure and representative haplotypes of P. falciparum chloroquine-resistance transporter. 
PfCRT is predicted to have 10 transmembrane domains, with its N and C terminals located on the cytoplasmic side 
of the digestive vacuole membrane. Mutations identified in the Pfcrt cDNA sequences from CQR lines (black circles), 
the crucial K76T mutation common to all CQR strains (red) and the S163R mutation identified in the amantadine- and 
halofantrine-resistant parasites (yellow circle) are indicated (this figure was pulled in [40]).
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parum chloroquine-resistance transporter (Pfcrt) in 2000 [20, 36]. It is a 45 kDa protein coding 
in chromosome 7, containing 10 predicted transmembrane domains located on the membrane 
of the digestive vacuole (Figure 6).

Several mutations have been identified in this transporter. The main mutation T76 allows for 
the abolition of accumulation of the drug chloroquine in the digestive vacuole. The association 
of mutations in codons 72, 73, 74, 75 and 76 defined different haplotypes. These haplotypes 
show a spatio-temporal specificity. CVMNK is the wild-type haplotype that is found in chlo-
roquine-sensitive parasites. In Africa, the most prevalent chloroquine-resistance haplotype is 
the CVIET. It was also found with less prevalence in South America and in Southeast of Asia. 
Another Pfcrt resistance haplotype, named South American haplotype, is the SVMNT. That 
is rarely found in Africa and Asia, has relatively little fitness cost and was associated with the 
emergence of amodiaquine resistance too [37, 38]. The other main Pfcrt-resistance haplotypes 
were CVMNT, CVMET, SVIET and CVIDT. CVMNT is most prevalent in South America 
and in Asia but rarely found in Africa [39, 40]. CVMET is the rarest haplotype found in Asia 
whereas SVIET is the South American haplotype. CVIDT is the specific haplotype from 
Asia. Haplotypes CVIET and SVMNT were also associated with the plasmodial resistance 
against amodiaquine and lumefantrine [41]. In our recent study from Gabon and Congo we 
found new haplotypes. But the involvement of these in antimalarial resistance is needed yet 
(unpublished yet). The withdrawal of chloroquine has led to the decrease of the T76 genotype. 
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Furthermore, recent data showed that the use of artemisinine-based combination therapies, 
mainly artemether-lumefantrine, selected the wild-type K76 genotype. Other polymorphisms 
in Pfcrt were described including A144F, I194T, A220S, Q271E and N326S [40].

For the genotype haplotype 72–76 of Pfcrt, PCR sequencing and PCR-RFLP are used. That is 
based on nested PCR with several primers (Table 3). The RFLP pattern indicates a specific 
genotype for each codon.

3.2.2. Plasmodium falciparum multidrug resistance 1 (Pfmdr1)

P. falciparum multidrug resistance 1 is a homologous of the bacterial multidrug resistance 1 
protein. It is one of the main antimalarial drug resistance markers. Like Pfcrt, Pfmdr1 is also 
an ABC transporter, located in the membrane of a digestive vacuole, coded in chromosome 5 
by the 4758 bp gene. Its structure shows two homologous parts containing six transmembrane 
domains plus a nucleotide binding domain (Figure 7).

Some isolates exhibit multicopies of Pfmdr1. Polymorphisms in codons 82, 184, 1034, 1042 
and 1246 (N86Y, Y184F, S1034C, N1042D and D1246Y) were associated with antimalarial  
resistance against mefloquine, lumefantrine, artemether, halofantrine, quinine and chloro-
quine [36, 42]. Copy number and polymorphisms of the pfmdr1 gene have been investigated as 
molecular markers of mefloquine resistance. With the treatment of artemether-lumefantrine, 
a selection of N86 genotype was reported [43]. That was confirmed in areas where this ACT 
was implemented [44]. In same way, it was shown that ACT led to the selection of haplotypes 
NFD, NYD in codons 86, 184, 1246.

Figure 6. The predicted structure and representative haplotypes of P. falciparum chloroquine-resistance transporter. 
PfCRT is predicted to have 10 transmembrane domains, with its N and C terminals located on the cytoplasmic side 
of the digestive vacuole membrane. Mutations identified in the Pfcrt cDNA sequences from CQR lines (black circles), 
the crucial K76T mutation common to all CQR strains (red) and the S163R mutation identified in the amantadine- and 
halofantrine-resistant parasites (yellow circle) are indicated (this figure was pulled in [40]).
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Figure 7. Genetic polymorphisms in P. falciparum multidrug resistance-1. PfMDR1 has two homologous halves, each 
with six predicted transmembrane domains and a nucleotide-binding pocket. The nucleotide-binding domains (NBD1 
and NBD2; orange boxes) are each formed by large cytoplasmic domains. Polymorphic amino acids found in the K1 
allele (N86Y) and the 7G8 allele (Y184F, S1034C, N1042D and D1246Y) are indicated. The D1246Y mutation is located in 
the predicted NBD2 (this figure was pulled, from Ref. [40]).

To the genotype Pfmdr1, followed primers and restriction enzymes are used for PCR-RFLP 
or for PCR followed by sequencing gene. Digestion of PCR products gives fragments of 126 
and 165 bp for mutant 86Y whereas wild type N86 is not digested by restriction enzyme Afl 
III. In codon 1246, wild-type D1246 is digested by restriction enzyme Bgl II, giving fragments 
of 113 and 90 bp, whereas the mutant is not digested (Table 4). For codon 184, the genotype is 
assessed using the PCR followed by sequencing.

Genes, codons Primer 
names

Primers T°C Restriction 
enzyme

Sizes 
(bp)*

Pfcrt, C72S CRT72MS TTTATATTTTAAGTATTATTTATTTAAGTGGA 55 Mbo I 55 + 38

76-D2 CAAAACTATAGTTACCAATTTTG

Pfcrt, M74I CRT745MS TAAGTATTATTTATTTAAGTGTATGTGTCAT 55 Nla III 53 + 31

76-D2 CAAAACTATAGTTACCAATTTTG

Pfcrt, N75M CRT745MS TAAGTATTATTTATTTAAGTGTATGTGTCAT 50 BspHI 53 + 31

76-D2 CAAAACTATAGTTACCAATTTTG

Pfcrt, 76 Pfcrt-76A GCGCGCGCATGGCTCACGTTTAGGTGGAG 55 Apo I 136 + 56

Pfcrt-76B GGGCCCGGCGGATGTTACAAAACTATAGTTACC

Sizes* indicate the sizes of fragments generated after restriction enzyme digestions. T°C= hybridization temperature 
during PCR program.

Table 3. Sequences of primer sets and restriction enzymes used to characterize polymorphisms.
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3.2.3. Plasmodium falciparum dihydrofolate reductase (PfDHFR)

P. falciparum dihydrofolate reductase is mainly involved in the synthesis of the thymidine 
base. This enzyme is the target of pyrimethamine which blocked the synthesis of DNA and 
lead to the death of the parasite. After implementation of this drug, isolates with resistance 
against it were described. This parasite carried the mutations in the Pfdhfr gene. Among these, 
the mutation of serine to asparagine in codon 108 is the main resistance mutation. Additional 
mutations in codons 16, 51, 59 and 164 contribute to the increase of the resistance level of the 
parasite against pyrimethamine. The double mutant 108N + 51I and 108N + 59R increased the 
IC50 of parasites from 2 to 16 times, compared to the simple mutant N108 [45, 46]. In this way 
the triple mutant 51I + 59R + 108N or 59R + 108N + 164R shows the highest resistance level 
compared to the double mutant. Quadruple mutants exhibit a higher level of resistance com-
pared to the triple mutant [47]. In Africa, the AIRNI haplotype is the most prevalent. PCR-
RFLP was developed to genotype Pfdhr codons associated with pyrimethamine resistance. 
For these, primers and restriction enzyme are contained in Table 5..

Genes, 
Codons

Primer names Primers T°C Restriction 
enzyme

Sizes (bp)*

Pfmdr1, 
N86Y

mdr86D1 TTTACCGTTTAAATGTTTACCTGC 45 Afl III 126 + 165

mdr86D2 CCATCTTGATAAAAAACACTTCTT

Pfmdr1, 
D1246Y

mdr1246D1 AATGTAAATGAATTTTCAAACC 45 Bgl II 113 + 90

mdr1246D2 CATCTTCTCTTCCAAATTTGATA

Sizes* indicate the sizes of fragments generated after restriction enzyme digestions. T°C = hybridization temperature 
during PCR program.

Table 4. Sequences of primer sets and restriction enzymes used to characterize Pfmdr1 polymorphisms.

Table 5. Primer sets and RFLP conditions to genotypes PfDHFR and PfDHPS.
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during PCR program.

Table 3. Sequences of primer sets and restriction enzymes used to characterize polymorphisms.
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3.2.3. Plasmodium falciparum dihydrofolate reductase (PfDHFR)

P. falciparum dihydrofolate reductase is mainly involved in the synthesis of the thymidine 
base. This enzyme is the target of pyrimethamine which blocked the synthesis of DNA and 
lead to the death of the parasite. After implementation of this drug, isolates with resistance 
against it were described. This parasite carried the mutations in the Pfdhfr gene. Among these, 
the mutation of serine to asparagine in codon 108 is the main resistance mutation. Additional 
mutations in codons 16, 51, 59 and 164 contribute to the increase of the resistance level of the 
parasite against pyrimethamine. The double mutant 108N + 51I and 108N + 59R increased the 
IC50 of parasites from 2 to 16 times, compared to the simple mutant N108 [45, 46]. In this way 
the triple mutant 51I + 59R + 108N or 59R + 108N + 164R shows the highest resistance level 
compared to the double mutant. Quadruple mutants exhibit a higher level of resistance com-
pared to the triple mutant [47]. In Africa, the AIRNI haplotype is the most prevalent. PCR-
RFLP was developed to genotype Pfdhr codons associated with pyrimethamine resistance. 
For these, primers and restriction enzyme are contained in Table 5..

Genes, 
Codons

Primer names Primers T°C Restriction 
enzyme

Sizes (bp)*

Pfmdr1, 
N86Y

mdr86D1 TTTACCGTTTAAATGTTTACCTGC 45 Afl III 126 + 165

mdr86D2 CCATCTTGATAAAAAACACTTCTT

Pfmdr1, 
D1246Y

mdr1246D1 AATGTAAATGAATTTTCAAACC 45 Bgl II 113 + 90

mdr1246D2 CATCTTCTCTTCCAAATTTGATA

Sizes* indicate the sizes of fragments generated after restriction enzyme digestions. T°C = hybridization temperature 
during PCR program.

Table 4. Sequences of primer sets and restriction enzymes used to characterize Pfmdr1 polymorphisms.

Table 5. Primer sets and RFLP conditions to genotypes PfDHFR and PfDHPS.
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3.2.4. Plasmodium falciparum dihydropteroate synthase (PfDHPS)

P. falciparum dihydropteroate synthase (Pfdhps) is one of the enzymes involved in the line of 
thymidine synthesis. It transforms pteridine to dihydropteroate in the presence of pABA. It is 
coded by the gene located in chromosome 8 of P. falciparum. The implementation of sulfadox-
ine to treat malaria led to P. falciparum isolates’ resistance against this drug. Genotype analysis 
reported the association of Pfdhps mutations with sulfadoxine resistance [48]. So, mutations 
S436A, A437G, K540E, G581A and A613S were reported [49]. The mutation A437G increased 
the IC50 of isolates by five times [50]. Isolates with triple mutations S436A + A437G + K540E 
and S436A + A437G + A613S showed the level of sulfadoxine resistance around 9–24 times 
higher than the single mutant.

Triple mutant I51R59N108 in Pfdhfr and double mutants G437E540 and G437S581S in Pfdhps 
increase the risk of failure when treated with sulfadoxine-pyrimethamine [51]. The drug resis-
tance against sulfadoxine and pyrimethamine could be monitored by genotyping Pfdhfr and 
Pfdhps according to the PCR-RFLP conditions shown in Table 5.

3.2.5. Plasmodium falciparum ATPase 6 (PfATPASE6)

The sarcoplasmic/endoplasmic reticulum Ca2+-ATPase, ortholog of P. falciparum (PfSERCA or 
PfATPase6), is an active Ca2+ protein transporter. This is a part of P-type ATPases enzymes that 
transport ions across biological membranes with the energy provided by the ATP hydrolysis. 
Several P-type ATPases, that were reported in P. falciparum and Pfserca, correspond to type 6. The 
gene coding this protein is located in chromosome 1 and contains 3687 bp. The protein allows the 
trafficking of calcium though the sarcoplasmic-endoplasmic membrane. Several polymorphisms 
such as S769N, Y243H, K431E, G110A, A2694T or E623A were reported in PfATPase 6.

PfATPase 6 has been associated with antimalarial drug resistance [52]. The most important 
paper on this protein was the report of its involvement in artemisinin resistance [53]. But, 
the role of PfATPase 6 in artemisinin resistance was strongly disputed. S769 N was associ-
ated with artemether resistance in French Guinea [53]. However, several articles investigating 
PfATAPase 6 in artemisinin drug resistance failed to confirm this point [54–56]. Genotyping 
using PCR followed by sequencing is usually used to monitor antimalarial drug resistance. 
Primers used are previously described by Tahar et al. [57].

3.2.5.1. P. falciparum multidrug resistance protein (PfMRP)

P. falciparum multidrug resistance protein is another marker of antimalarial drug resistance. It 
belongs to the C subfamily of ABC transporters containing two NBDs, two membrane-span-
ning domains and six transmembrane domains. Pfmrp can transport glutathione, glucuro-
nate, as well as glucuronide and sulfate-conjugated compounds that increased susceptibility 
to several antimalarial drugs like chloroquine, quinine or artemisinin [58]. Pfmrp1 and Pfmrp2 
are expressed in the plasma membrane in all asexual stages of the parasite. Their expres-
sion is upregulated by mefloquine and chloroquine. Pfmrp1 is a 215 kDa protein coding on 
chromosome 1. Mutations on codons H191Y and S437A were associated with quinoline resis-
tance [59]. But no association was found between these polymorphisms and resistance against 
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pyronaridine [60]. The hypothetic mechanism of involving of Pfmrp on antimalarial drug 
resistance is the pump efflux mechanism associated with the extrusion of glutathione. The 
genotyping of Pfmrp 1 and Pfmrp2 is achieved using PCR followed by sequencing. The prim-
ers used for amplification and sequencing are pfmrp-501F 5′-TTT CAA AGT ATT CAG TGG 
GT-3′ and pfmrp-1409R 5’-GGC ATA ATA ATT GAT GTA AA-3′.

3.2.5.2. P. falciparum Kelch 13 (PfK13)

Chinese populations used Artemisia annua to treat malaria for a long time. Over the years, arte-
misinin was extracted from this plant. That is a sesquiterpene lactone. Now, artemisinin is one of 
the best antimalarial drugs. So, WHO recommends the use of this drug in association with other 
antimalarial drugs, artemisinin combination therapy (ACT) for the treatment of uncomplicated 
malaria. Since the 1990s, the use of artemisinin was highly intensified in Asia. Consequently, the 
delay of P. falciparum clearance was reported after treatment with artemisinin which translates 
to artemisinin resistance [56]. These slow clearance rates are associated with enhanced survival 
rates of ring-stage parasites briefly exposed in vitro to dihydroartemisinin. Recently, a large-
scale study identified molecular markers of this resistance: polymorphisms on propeller kelch 
13 (K13) [61]. That is a region on chromosome 13 (Figure 8) [62].

Several investigations on K13 genotyping reported that mutations M476I, Y493H, R539T, 
I543T, P553L and C580Y conferred a greater artemisinin resistance [63]. Other mutations 
F446I and A578S were described in PfK13. A578S, widespread in Africa, is not associated with 
artemisinin resistance. These genotypes are investigated by PCR sequencing.

Figure 8. P. falciparum kelch13 (K13) protein. The parasite K13 protein consists of plasmodium-specific sequences, a BTB-
POZ domain and six kelch domains that are predicted to form a six-blade propeller. In the structural model, the original 
M476I mutation discovered by Ariey et al. [61] and six other mutations associated with artemisinin resistance (all details 
of this figure was pulled of Fairhurst and Dondrop [62]) are shown.
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3.2.4. Plasmodium falciparum dihydropteroate synthase (PfDHPS)
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coded by the gene located in chromosome 8 of P. falciparum. The implementation of sulfadox-
ine to treat malaria led to P. falciparum isolates’ resistance against this drug. Genotype analysis 
reported the association of Pfdhps mutations with sulfadoxine resistance [48]. So, mutations 
S436A, A437G, K540E, G581A and A613S were reported [49]. The mutation A437G increased 
the IC50 of isolates by five times [50]. Isolates with triple mutations S436A + A437G + K540E 
and S436A + A437G + A613S showed the level of sulfadoxine resistance around 9–24 times 
higher than the single mutant.

Triple mutant I51R59N108 in Pfdhfr and double mutants G437E540 and G437S581S in Pfdhps 
increase the risk of failure when treated with sulfadoxine-pyrimethamine [51]. The drug resis-
tance against sulfadoxine and pyrimethamine could be monitored by genotyping Pfdhfr and 
Pfdhps according to the PCR-RFLP conditions shown in Table 5.

3.2.5. Plasmodium falciparum ATPase 6 (PfATPASE6)

The sarcoplasmic/endoplasmic reticulum Ca2+-ATPase, ortholog of P. falciparum (PfSERCA or 
PfATPase6), is an active Ca2+ protein transporter. This is a part of P-type ATPases enzymes that 
transport ions across biological membranes with the energy provided by the ATP hydrolysis. 
Several P-type ATPases, that were reported in P. falciparum and Pfserca, correspond to type 6. The 
gene coding this protein is located in chromosome 1 and contains 3687 bp. The protein allows the 
trafficking of calcium though the sarcoplasmic-endoplasmic membrane. Several polymorphisms 
such as S769N, Y243H, K431E, G110A, A2694T or E623A were reported in PfATPase 6.

PfATPase 6 has been associated with antimalarial drug resistance [52]. The most important 
paper on this protein was the report of its involvement in artemisinin resistance [53]. But, 
the role of PfATPase 6 in artemisinin resistance was strongly disputed. S769 N was associ-
ated with artemether resistance in French Guinea [53]. However, several articles investigating 
PfATAPase 6 in artemisinin drug resistance failed to confirm this point [54–56]. Genotyping 
using PCR followed by sequencing is usually used to monitor antimalarial drug resistance. 
Primers used are previously described by Tahar et al. [57].

3.2.5.1. P. falciparum multidrug resistance protein (PfMRP)

P. falciparum multidrug resistance protein is another marker of antimalarial drug resistance. It 
belongs to the C subfamily of ABC transporters containing two NBDs, two membrane-span-
ning domains and six transmembrane domains. Pfmrp can transport glutathione, glucuro-
nate, as well as glucuronide and sulfate-conjugated compounds that increased susceptibility 
to several antimalarial drugs like chloroquine, quinine or artemisinin [58]. Pfmrp1 and Pfmrp2 
are expressed in the plasma membrane in all asexual stages of the parasite. Their expres-
sion is upregulated by mefloquine and chloroquine. Pfmrp1 is a 215 kDa protein coding on 
chromosome 1. Mutations on codons H191Y and S437A were associated with quinoline resis-
tance [59]. But no association was found between these polymorphisms and resistance against 
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pyronaridine [60]. The hypothetic mechanism of involving of Pfmrp on antimalarial drug 
resistance is the pump efflux mechanism associated with the extrusion of glutathione. The 
genotyping of Pfmrp 1 and Pfmrp2 is achieved using PCR followed by sequencing. The prim-
ers used for amplification and sequencing are pfmrp-501F 5′-TTT CAA AGT ATT CAG TGG 
GT-3′ and pfmrp-1409R 5’-GGC ATA ATA ATT GAT GTA AA-3′.

3.2.5.2. P. falciparum Kelch 13 (PfK13)

Chinese populations used Artemisia annua to treat malaria for a long time. Over the years, arte-
misinin was extracted from this plant. That is a sesquiterpene lactone. Now, artemisinin is one of 
the best antimalarial drugs. So, WHO recommends the use of this drug in association with other 
antimalarial drugs, artemisinin combination therapy (ACT) for the treatment of uncomplicated 
malaria. Since the 1990s, the use of artemisinin was highly intensified in Asia. Consequently, the 
delay of P. falciparum clearance was reported after treatment with artemisinin which translates 
to artemisinin resistance [56]. These slow clearance rates are associated with enhanced survival 
rates of ring-stage parasites briefly exposed in vitro to dihydroartemisinin. Recently, a large-
scale study identified molecular markers of this resistance: polymorphisms on propeller kelch 
13 (K13) [61]. That is a region on chromosome 13 (Figure 8) [62].

Several investigations on K13 genotyping reported that mutations M476I, Y493H, R539T, 
I543T, P553L and C580Y conferred a greater artemisinin resistance [63]. Other mutations 
F446I and A578S were described in PfK13. A578S, widespread in Africa, is not associated with 
artemisinin resistance. These genotypes are investigated by PCR sequencing.

Figure 8. P. falciparum kelch13 (K13) protein. The parasite K13 protein consists of plasmodium-specific sequences, a BTB-
POZ domain and six kelch domains that are predicted to form a six-blade propeller. In the structural model, the original 
M476I mutation discovered by Ariey et al. [61] and six other mutations associated with artemisinin resistance (all details 
of this figure was pulled of Fairhurst and Dondrop [62]) are shown.
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4. Conclusions

Due to the nucleotide specificities of each Plasmodium species and the molecular changes asso-
ciated with antimalarial drug resistance, genotyping is used for Plasmodium species diagnosis 
and monitoring antimalarial drug resistance. This genotyping could be achieved by specific 
PCR, PCR-RFLP, PCR-sequencing or RT-PCR of some molecular markers.
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4. Conclusions

Due to the nucleotide specificities of each Plasmodium species and the molecular changes asso-
ciated with antimalarial drug resistance, genotyping is used for Plasmodium species diagnosis 
and monitoring antimalarial drug resistance. This genotyping could be achieved by specific 
PCR, PCR-RFLP, PCR-sequencing or RT-PCR of some molecular markers.
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Abstract

The expanded classification of hepatitis C virus (HCV) genome into various genotypes
and numerous subtypes significantly correlates to therapeutic outcomes of interferon-free
direct-acting antivirals (DAAs) in HCV treated patients. In particular, genotypes 3 and 4
are still harder to treat, and higher sustained virologic response (SVR) rates are not
achieved in some difficult-to-treat specific populations (i.e., HCV subtype 1a patients,
compensated and decompensated cirrhotic patients, HCV/HIV co-infection, and prior
treatment failure with pegylated interferon plus ribavirin and first-generation protease
inhibitor based therapeutic regimens). Furthermore, the pre-existing and treatment-
emergent resistance associated substitutions (RAS) at specific amino acid positions within
the viral quasispecies may increase the chances of viral breakthrough (HCV RNA remains
lower limit of quantification, but increased to 100 IU/mL or 1.log10 during DAAs therapy),
viral relapse (undetectable viral load at the end of treatment but positive within the
follow-up of 6 months), and discontinuation of therapy in treated individuals. Although
the clinical importance of RAS is not entirely elucidated, it is believed that such substitu-
tions decrease the therapeutic efficacy of DAAs in treated individuals. Similarly, the
emergence of multiclass hepatitis C virus resistance to interferon-free DAAs failure in
real-world experiences demands eagerly tailored second-line anti-hepatitis C therapies.
This book chapter comprehensively overviews the clinical correlation of HCV genotypes,
viral quasispecies and harboring RAS to treatment outcomes of revolutionary interferon-
free DAAs in hepatitis C-treated patients.
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1. Introduction

The diverse genetic heterogeneity of hepatitis C virus genome, poor fidelity of virus replica-
tion enzyme (an RNA-dependent RNA polymerase enzyme (RdRp) encoded by NS5B pro-
tein in hepatitis C viral genome) and rapid HCV genome replication rate classify hepatitis C
genome into various genotypes (GT) or clades (seven genotypes)) and numerous subtypes
(at least 67 subtypes) [1, 2]. Such type of huge genetic diversity, a hallmark of single strand
RNA viruses is amazing because of the discovery of the virus by molecular cloning methods
and further nucleotide sequences from the plasma of a chimpanzee as compared to the
isolation/characterization of other human RNA viruses [3, 4]. Afterwards, complete HCV
genome were isolated and sequenced from different HCV isolates from various parts of the
world [5]. The polymerase enzyme lacks proofreading mechanism of viral genome which
generates closely related but diverse population of viral variants known as viral quasispecies
even within the infected individuals (at a rate of approximately 1 mutation/replication cycle)
[6, 7]. The propagation of HCV infection is a highly dynamic process due to a few hours of
viral half-life, rapid replication rate in vivo and an error-prone nature of NS5B encoded viral
replication enzyme [8, 9]. The viral progeny is produced by a rate of an estimated 10 trillion
copies per day which exist as quasispecies of numerous closely related viral variants within a
single patient [10]. Although, HCV based acquired immunity is developed after primary
hepatitis C infection by constant mutation; however; HCV intends to escape such natural/
acquired host immune barriers of viral detection/elimination and propagates/maintain per-
sistent infection [10].

2. Hepatitis C virus genome heterogeneity

Hepatitis C viral genome varies 30–50% at genotype level and 15–30% among different sub-
types [11]. However, this variation also exists within a specific genotype at nucleotide
sequence level where a difference of 1–5% is reported in a single infected patient [12]. These
nucleotide variants may be a possible cause of the origination of pre-existing or treatment
emergent resistance-associated variants or substitutions (RAV or RAS) in treated subjects. The
sequence variability is uniformly and equally distributed throughout the viral genome; how-
ever, not reported in highly conserved genome region (e.g., 5’UTR, 3’UTR, and core region)
and some hyper variable (HVR) region in E2 protein [13]. HVR1 in E2 protein is also demon-
strated a predisposing factor for persistent viral infection [14]. Geographical distribution of
hepatitis C genotypes also varies where genotype 1 (subtype 1a/1b) is frequently prevailed in
the United States and Western Europe, followed by genotype 2 and 3 infection [15]. However,
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the other genotypes are found in distinct regions, where genotype 3 is the most common in
South Asia, genotype 4 in Central Africa (almost endemic in Egypt), genotype 5 in South
Africa and genotype 6 in Southeast Asia [15].

2.1. HCV genotype testing

HCV genotype testing is very important to predict the overall treatment duration as well as
the outcome of direct-acting antivirals in treated individuals. For this reason, it is performed
at baseline to identify patients to initiate therapy and select appropriate regimens. In princi-
ple, the nucleotide variations to certain targeted genes (e.g., core, E1, NS5A, and NS5B) of
viral genome as well as untranslated regions (e.g., 5’ UTR) are performed by sequencing
reaction [12, 45]. An ideal approach to perform HCV genotyping includes polymerase chain
reaction (PCR) amplification of targeted gene and sequencing, or PCR amplification and
hybridization with genotype-specific probes, or real-time reverse transcription PCR (RT-
PCR) approach. No food and drug administration (FDA) approved methods exist to deter-
mine HCV genotypes and various institutes and laboratories have developed their own
specific protocols.

Some reference methods demonstrate the amplification and direct sequencing of NS5B or
5’UTR regions, their alignments and phylogenetic analysis. However, the methods are time
consuming, expensive and require equipment/software usually used in research laboratories.
Similarly, those are used to epidemiological studies where exact genotype is needed. HCV
genotype testing by such methods is advantageous because it reveals genomic variability, and
the presence of quasispecies during the natural progression of the disease and overall response
to antiviral therapy. Commercially available kits are used to perform HCV genotyping in
clinical practice which employ PCR amplification and hybridization with genotype-specific
probes.

Currently and most widely used methods include reverse-hybridization line probe INNO-
LiPA HCV II assay® (Innogenetics, Ghent, Belgium), simplified direct sequencing Trugene
5’NC HCV Genotyping assays® (Siemens AG), and the Abbott Real-Time HCV Genotype II
Assay® (Abbott Laboratories). These assays are generally very reliable with high degree of
concordance and the margin of incorrect typing is rare (i.e., <3%). However, the mixed geno-
types are detected but uncommon and 5% specimens cannot be genotyped due to low viral
load, PCR amplification threshold and very high genome sequence variations.

In principle, INNO-LiPA HCV II is a reverse hybridization line probe assay which uses specific
oligonucleotide probes to capture 5’ UTR of hepatitis C genome. The current version of the
assay (i.e., INNOLiPA version 2.0) is a next-generation line probe assay which detects 5’UTR
and core region of viral genome while INNO-LiPA HCV version 2.0 Siemens AG® identifies
HCV GT1 subtypes (1a, 1b, 1c etc.,) in clinical and commercial studies. The Trugene 5’C HCV
Genotyping Kit (Siemens AG®) analyzes 5’ UTR and compare with the genomic libraries of
HCV genotypes. The Abbott Genotype II Assay (Abbott Laboratories®) is based on Real-Time
PCR method which quantifies viral mRNA and identify hepatitis C GT 1 (subtype 1a, 1b) GT 2
(subtype 2a, 2b) 3, 4, 5, and 6 [45].
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2.2. Therapeutic outcomes of DAAs against various HCV genotypes

Since 2010, the treatment strategies for HCV infection have been revolutionized after the
advent of interferon-free direct-acting antivirals (Table 1 enlists the FDA approved and
recommended interferon-free direct-acting antivirals for hepatitis C infected patients. The table
also concisely demonstrates the patient category, recommended dose and treatment duration
with special recommendations) [2, 16, 40]. Such therapeutic regimens achieve higher sustained
virologic response rates in treated individuals along with favor tolerability, fewer side effects

Treatment regimens Dose
(mg/
day)

Treatment duration (weeks) Treatment recommendations

Daclatasvir [DCV]
(Daklinza®)

60 12
8 (when HCV RNA level is <6 million
IU/mL.
24 (for compensated or decompensated
cirrhosis with or without RBV, liver
transplant, HCV/HIV co-infection and
no baseline NS5A mutations)
8 (for acute hepatitis C patients)

a. GT1 (Subtype 1a & 1b), GT2, GT3,
GT4, and GT5/6 treatment naïve,
treatment experienced, without or
with compensated or
decompensated cirrhosis patients.

b. PEG-IFN/RBV, PEG-IFN/RBV plus
SOF and DAAs experienced
patients.

c. NS3 PIs inhibitor + PEG-IFN/RBV
experienced patients.

d. GT1, GT2, GT3, GT4, GT5, and
GT6 treatment naïve/experienced
kidney or liver transplant recipi-
ents with or without compensated
cirrhosis.

e. Acute hepatitis C patients.

Sofosbuvir [SOF]
(Sovaldi®)

400 12
24 (without RBV for compensated
cirrhosis, liver transplant, HCV/HIV
co-infection and no basal Q80K
mutations) 8 (for acute hepatitis
C patients)

a. GT1 (Subtype 1a & 1b), GT2, GT3,
GT4, and GT5/6 treatment naïve,
treatment experienced, without or
with compensated cirrhosis
patients.

b. PEG-IFN/RBV treatment experi-
enced patients.

c. NS3 PIs inhibitor + PEG-IFN/RBV
experienced patients.

d. GT1, GT2, GT3, GT4, GT5, and
GT6 treatment naïve/experienced
kidney or liver transplant recipi-
ents with or without compensated
cirrhosis.

e. Acute hepatitis C patients.

Simeprevir [SMV]
(Olysio®)

150 12
24 (without RBV for compensated
cirrhosis or no basal Q80K mutations)

a. GT1 (Subtype 1a & 1b), and GT4
treatment naïve, treatment experi-
enced, without or with compen-
sated cirrhosis patients.

b. PEG-IFN/RBV treatment experi-
enced patients.

c. No basal Q80K mutations.

Ledipasvir/sofosbuvir
[LDV/SOF] (Harvoni®)

90/400 12
24 (with or without RBV for
compensated or decompensated

a. GT1 (Subtype 1a & 1b), GT4, GT5/
6 treatment naïve, treatment expe-
rienced, without or with
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Treatment regimens Dose
(mg/
day)

Treatment duration (weeks) Treatment recommendations

cirrhosis, liver transplant, HCV/HIV
co-infection, and SOF/NS5A-based
treatment failed)
8 (for acute hepatitis C patients)

compensated cirrhosis and
decompensated cirrhotic patients.

b. SOF or NS5A- based treatment
failure.

c. PEG-IFN/RBV treatment experi-
enced patients.

d. NS3 PIs inhibitor + PEG-IFN/RBV
experienced patients.

e. GT1, GT4, GT5, and GT6 treat-
ment naïve/experienced kidney or
liver transplant recipients with or
without compensated cirrhosis.

f. Acute hepatitis C patients.

Dasabuvir, ombitasvir,
paritaprevir, ritonavir
[DSV/OMV/PTV/r]
(Viekira Pak®)

500/25/
150/100

12
24 (with weight-based RBV for
compensated cirrhosis)

a. GT1 (Subtype 1a & 1b), and GT4
(without dasabuvir) treatment
naïve, treatment experienced,
without or with compensated cir-
rhotic patients.

b. PEG-IFN/RBV treatment experi-
enced patients.

c. HCV along with chronic kidney
disease patients.

Sofosbuvir/velpatasvir
[SOF/VEL] (Epclusa®)

400/100 12
24 (without RBV for decompensated
cirrhosis, liver transplant, HCV/HIV co-
infection, and SOF/NS5A-based
treatment failure)
8 (for acute hepatitis C patients)

a. GT1 (Subtype 1a & 1b), GT2, GT3,
GT4, and GT5/6, treatment naïve,
treatment experienced, without or
with compensated cirrhosis and
decompensated cirrhotic patients.

b. SOF or NS5A- based treatment
failure.

c. PEG-IFN/RBV treatment experi-
enced patients.

d. NS3 PIs inhibitor + PEG-IFN/RBV
experienced patients.

e. GT1, GT2, GT3, GT4, GT5, and
GT6 treatment naïve/experienced
kidney or liver transplant recipi-
ents with or without compensated
cirrhosis.

f. Acute hepatitis C patients.

Elbasvir/grazoprevir
[EBR/GZR] (Zepatier®)

50/100 12
16 (for baseline NS5A RASs for elbasvir)

a. GT1 (Subtype 1a & 1b), and GT4
treatment naïve, treatment experi-
enced, without or with compen-
sated cirrhosis patients.

b. PEG-IFN/RBV treatment experi-
enced patients.

c. HCV along with chronic kidney
disease patients.

d. No baseline NS5A RAS for
elbasvir.

Sofosbuvir/velpatasvir/
voxilaprevir [SOF/VEL/
VOX] (Vosevi®)

400/
100/100

12 a. GT1 (Subtype 1a & 1b), GT2, GT3,
GT4, and GT5/6 treatment naïve,
treatment experienced, without or
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e. Acute hepatitis C patients.

Simeprevir [SMV]
(Olysio®)

150 12
24 (without RBV for compensated
cirrhosis or no basal Q80K mutations)

a. GT1 (Subtype 1a & 1b), and GT4
treatment naïve, treatment experi-
enced, without or with compen-
sated cirrhosis patients.

b. PEG-IFN/RBV treatment experi-
enced patients.

c. No basal Q80K mutations.

Ledipasvir/sofosbuvir
[LDV/SOF] (Harvoni®)

90/400 12
24 (with or without RBV for
compensated or decompensated

a. GT1 (Subtype 1a & 1b), GT4, GT5/
6 treatment naïve, treatment expe-
rienced, without or with
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Treatment regimens Dose
(mg/
day)

Treatment duration (weeks) Treatment recommendations

cirrhosis, liver transplant, HCV/HIV
co-infection, and SOF/NS5A-based
treatment failed)
8 (for acute hepatitis C patients)

compensated cirrhosis and
decompensated cirrhotic patients.

b. SOF or NS5A- based treatment
failure.

c. PEG-IFN/RBV treatment experi-
enced patients.

d. NS3 PIs inhibitor + PEG-IFN/RBV
experienced patients.

e. GT1, GT4, GT5, and GT6 treat-
ment naïve/experienced kidney or
liver transplant recipients with or
without compensated cirrhosis.

f. Acute hepatitis C patients.

Dasabuvir, ombitasvir,
paritaprevir, ritonavir
[DSV/OMV/PTV/r]
(Viekira Pak®)

500/25/
150/100

12
24 (with weight-based RBV for
compensated cirrhosis)

a. GT1 (Subtype 1a & 1b), and GT4
(without dasabuvir) treatment
naïve, treatment experienced,
without or with compensated cir-
rhotic patients.

b. PEG-IFN/RBV treatment experi-
enced patients.

c. HCV along with chronic kidney
disease patients.

Sofosbuvir/velpatasvir
[SOF/VEL] (Epclusa®)

400/100 12
24 (without RBV for decompensated
cirrhosis, liver transplant, HCV/HIV co-
infection, and SOF/NS5A-based
treatment failure)
8 (for acute hepatitis C patients)

a. GT1 (Subtype 1a & 1b), GT2, GT3,
GT4, and GT5/6, treatment naïve,
treatment experienced, without or
with compensated cirrhosis and
decompensated cirrhotic patients.

b. SOF or NS5A- based treatment
failure.

c. PEG-IFN/RBV treatment experi-
enced patients.

d. NS3 PIs inhibitor + PEG-IFN/RBV
experienced patients.

e. GT1, GT2, GT3, GT4, GT5, and
GT6 treatment naïve/experienced
kidney or liver transplant recipi-
ents with or without compensated
cirrhosis.

f. Acute hepatitis C patients.

Elbasvir/grazoprevir
[EBR/GZR] (Zepatier®)

50/100 12
16 (for baseline NS5A RASs for elbasvir)

a. GT1 (Subtype 1a & 1b), and GT4
treatment naïve, treatment experi-
enced, without or with compen-
sated cirrhosis patients.

b. PEG-IFN/RBV treatment experi-
enced patients.

c. HCV along with chronic kidney
disease patients.

d. No baseline NS5A RAS for
elbasvir.

Sofosbuvir/velpatasvir/
voxilaprevir [SOF/VEL/
VOX] (Vosevi®)

400/
100/100

12 a. GT1 (Subtype 1a & 1b), GT2, GT3,
GT4, and GT5/6 treatment naïve,
treatment experienced, without or
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and fewer drug-drug interactions [16]. However, there are certain challenges to meet while
achieving the global goal of HCV eradication soon. In parallel to that high therapy costs,
treatment access to poor countries, real-world clinical data, and the emergence of resistance-
associated variants are big challenges to coup [2, 16].

Interestingly, the new DAA regimens attain higher SVR rates in all genotypes patients (i.e.,
genotype 1–6) but still the therapeutic efficacy varies at genotypes level as well as subtypes
level and even in harder to treat specific populations (e.g., HCV GT1 subtype 1a, genotype 3 &
4 patients with compensated and decompensated cirrhosis, chronic kidney disease and severe
liver-impairment patients and HCV/HIV coinfected patients) [16]. DAA regimens alone, in
combination (e.g., Olysio®, Sovaldi®, Daklinza® with or without ribavirin) or as a fixed-dose
combination (Harvoni®, Viekira Pak®, Epclusa®, Zepatier®, Vosevi®, Mavyret®) achieve
higher SVR rates (>95%) in GT1, 2, 5 and 6 treated patients. However, the GT 3 patients
exhibited SVR rates ≤90–95% as most of the clinical studies performed for the approval of
DAA regimens [16]. Similarly, the viral relapse, virologic breakthrough and treatment discon-
tinuation were prominent in cirrhotic patients.

It was also demonstrated that single or dual DAA regimens could not achieve higher SVR rates
in HCV genotype 3 patients and addition of another DAAs (i.e., triple DAA regimens) is
highly recommended to achieve higher SVR rates for this genotype. HCV genotype 4 patients
with or without cirrhosis also achieved compromised SVR rates (≤85–95%) in clinical studies of
approved regimens [16]. Due to this reason, the newly approved regimens are cautiously
recommended in compensated or decompensated cirrhotic patients. These mechanisms or
phenomena are involved for the variable therapeutic response of all oral DAAs to various
HCV genotypes or subtypes are not fully elucidated. However, the remarkable viral genome
heterogeneity, high viral load, disease progression and in particular the emergence of viral
escape mutants are considered the predisposing factors in this prospect [16–18]. The incoming

Treatment regimens Dose
(mg/
day)

Treatment duration (weeks) Treatment recommendations

with compensated cirrhosis
patients

b. NS5A alone or SOF/NS5A-based
treatment failure.

Glecaprevir/pibrentasvir
[GLE + PIB] (Mavyret®)

300/120 12
8 (without cirrhosis)
16 (NS5A-based treatment failure
without prior treatment of NS3 PIs
inhibitor)

a. GT1 (Subtype 1a & 1b), GT2, GT3,
GT4, and GT5/6 treatment naïve,
treatment experienced, without or
with compensated cirrhosis
patients.

NS5A alone or NS3-based treatment
failure but not both.

1The data shown in the table was derived from phase III clinical trials of IFN-free DAA regimens approved and
recommended by the US FDA for the treatment of hepatitis C. RBV = ribavirin, PEG-IFN = pegylated interferon,
GT = genotype, RAS = resistance-associated substitutions, and PIs = protease inhibitors.

Table 1. Recommended therapeutic regimens for hepatitis C virus infection1 [34].
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sections pragmatically overview the molecular kinetics of the emergence of RAS, their effect on
treatment response and possible ways to prevent them.

3. The clinical dynamics of RAS for various HCV genotypes

The antiviral drug resistance is a commonly observed phenomenon in chronically infected
HCV patients who are recommended to take telaprevir, boceprevir (first-generation NS3/4A
protease inhibitors (PIs)) or simeprevir (second-generation PIs) as therapeutic regimens to treat
the infection [19]. This problem may also arise in HCV-infected individuals during or after the
treatment completion when administered to telaprevir, boceprevir or simeprevir as
monotherapy or in combination with pegylated interferon (PEG-IFN) and ribavirin (RBV)
[20]. Interestingly, it is rarely reported in those infected patients who are administered to
asunaprevir, paritaprevir, grazoprevir (second-generation PIs) and non-nucleoside polymer-
ase inhibitors (NNIs, e.g., dasabuvir) and nucleotide RNA polymerase inhibitors (e.g.,
sofosbuvir) [17, 18]. Similarly, the development and approval of next-wave interferon-free
DAA regimens (e.g., ledipasvir, daclatasvir, ombitasvir, elbasvir, velpatasvir, voxilaprevir,
glecaprevir, and pibrentasvir) for chronic hepatitis C and difficult to treat specific populations
have shown promise in clinical trials while achieving higher SVR rates, improved adverse
event profile, fewer drug-drug interactions and a strong barrier to antiviral drug resistance
[18]. Nevertheless, the viral escape mutants are often emerged against one particular drug in
interferon-free DAA combination regimens, although the frequency of emergence is lower
(Table 2).

Numerous genetic variants or different HCV isolates (termed as quasispecies) are persistently
produced in HCV-infected individuals due to the high mutation rate of the viral genome
(10�5–10�4 nucleotide per replication cycle) and poor fidelity of the virus replication enzyme
(i.e., RNA-dependent RNA polymerase) during HCV replication [21, 22]. Some variants
develop sophisticated mutations which may have the tendency to alter the conformation of
the binding sites of NS3/4A serine protease, NS5A, and NS5B inhibitors in their targeted active
sites and ultimately decrease their therapeutic efficacy [23, 24]. These pre-existing genome
variants have a fitness advantage with specific antivirals and may become the dominant viral
quasispecies during or after the treatment completion [23, 24]. HCV quasispecies mostly
exhibit an attenuated replication and usually displaced by the wild-type HCV genome after
stopping the exposure to direct-acting antivirals [23, 24].

At HCV genotypes level, the genotype 1 is the most studied GT regarding the DAAs resis-
tance profile [18]. Genotype 1 infected patients are more prone to develop RAS during or
after the treatment completion or exist with pre-existing RAS before the start of therapy [18].
At subtype levels, subtype 1a demonstrates the least genetic barrier to drug resistance than
1b [18]. Genotype 3 and to somehow genotype 4 are still harder to treat and SVR rates are not
achieved very significantly in some specific populations (compensated cirrhotic or
decompensated cirrhotic patients, treatment experienced patients with first-generation PIs,
HCV/HIV co-infection, liver transplant, renal impairment and dialysis patients) as compared
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and fewer drug-drug interactions [16]. However, there are certain challenges to meet while
achieving the global goal of HCV eradication soon. In parallel to that high therapy costs,
treatment access to poor countries, real-world clinical data, and the emergence of resistance-
associated variants are big challenges to coup [2, 16].

Interestingly, the new DAA regimens attain higher SVR rates in all genotypes patients (i.e.,
genotype 1–6) but still the therapeutic efficacy varies at genotypes level as well as subtypes
level and even in harder to treat specific populations (e.g., HCV GT1 subtype 1a, genotype 3 &
4 patients with compensated and decompensated cirrhosis, chronic kidney disease and severe
liver-impairment patients and HCV/HIV coinfected patients) [16]. DAA regimens alone, in
combination (e.g., Olysio®, Sovaldi®, Daklinza® with or without ribavirin) or as a fixed-dose
combination (Harvoni®, Viekira Pak®, Epclusa®, Zepatier®, Vosevi®, Mavyret®) achieve
higher SVR rates (>95%) in GT1, 2, 5 and 6 treated patients. However, the GT 3 patients
exhibited SVR rates ≤90–95% as most of the clinical studies performed for the approval of
DAA regimens [16]. Similarly, the viral relapse, virologic breakthrough and treatment discon-
tinuation were prominent in cirrhotic patients.

It was also demonstrated that single or dual DAA regimens could not achieve higher SVR rates
in HCV genotype 3 patients and addition of another DAAs (i.e., triple DAA regimens) is
highly recommended to achieve higher SVR rates for this genotype. HCV genotype 4 patients
with or without cirrhosis also achieved compromised SVR rates (≤85–95%) in clinical studies of
approved regimens [16]. Due to this reason, the newly approved regimens are cautiously
recommended in compensated or decompensated cirrhotic patients. These mechanisms or
phenomena are involved for the variable therapeutic response of all oral DAAs to various
HCV genotypes or subtypes are not fully elucidated. However, the remarkable viral genome
heterogeneity, high viral load, disease progression and in particular the emergence of viral
escape mutants are considered the predisposing factors in this prospect [16–18]. The incoming

Treatment regimens Dose
(mg/
day)

Treatment duration (weeks) Treatment recommendations

with compensated cirrhosis
patients

b. NS5A alone or SOF/NS5A-based
treatment failure.

Glecaprevir/pibrentasvir
[GLE + PIB] (Mavyret®)

300/120 12
8 (without cirrhosis)
16 (NS5A-based treatment failure
without prior treatment of NS3 PIs
inhibitor)

a. GT1 (Subtype 1a & 1b), GT2, GT3,
GT4, and GT5/6 treatment naïve,
treatment experienced, without or
with compensated cirrhosis
patients.

NS5A alone or NS3-based treatment
failure but not both.

1The data shown in the table was derived from phase III clinical trials of IFN-free DAA regimens approved and
recommended by the US FDA for the treatment of hepatitis C. RBV = ribavirin, PEG-IFN = pegylated interferon,
GT = genotype, RAS = resistance-associated substitutions, and PIs = protease inhibitors.

Table 1. Recommended therapeutic regimens for hepatitis C virus infection1 [34].
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sections pragmatically overview the molecular kinetics of the emergence of RAS, their effect on
treatment response and possible ways to prevent them.

3. The clinical dynamics of RAS for various HCV genotypes

The antiviral drug resistance is a commonly observed phenomenon in chronically infected
HCV patients who are recommended to take telaprevir, boceprevir (first-generation NS3/4A
protease inhibitors (PIs)) or simeprevir (second-generation PIs) as therapeutic regimens to treat
the infection [19]. This problem may also arise in HCV-infected individuals during or after the
treatment completion when administered to telaprevir, boceprevir or simeprevir as
monotherapy or in combination with pegylated interferon (PEG-IFN) and ribavirin (RBV)
[20]. Interestingly, it is rarely reported in those infected patients who are administered to
asunaprevir, paritaprevir, grazoprevir (second-generation PIs) and non-nucleoside polymer-
ase inhibitors (NNIs, e.g., dasabuvir) and nucleotide RNA polymerase inhibitors (e.g.,
sofosbuvir) [17, 18]. Similarly, the development and approval of next-wave interferon-free
DAA regimens (e.g., ledipasvir, daclatasvir, ombitasvir, elbasvir, velpatasvir, voxilaprevir,
glecaprevir, and pibrentasvir) for chronic hepatitis C and difficult to treat specific populations
have shown promise in clinical trials while achieving higher SVR rates, improved adverse
event profile, fewer drug-drug interactions and a strong barrier to antiviral drug resistance
[18]. Nevertheless, the viral escape mutants are often emerged against one particular drug in
interferon-free DAA combination regimens, although the frequency of emergence is lower
(Table 2).

Numerous genetic variants or different HCV isolates (termed as quasispecies) are persistently
produced in HCV-infected individuals due to the high mutation rate of the viral genome
(10�5–10�4 nucleotide per replication cycle) and poor fidelity of the virus replication enzyme
(i.e., RNA-dependent RNA polymerase) during HCV replication [21, 22]. Some variants
develop sophisticated mutations which may have the tendency to alter the conformation of
the binding sites of NS3/4A serine protease, NS5A, and NS5B inhibitors in their targeted active
sites and ultimately decrease their therapeutic efficacy [23, 24]. These pre-existing genome
variants have a fitness advantage with specific antivirals and may become the dominant viral
quasispecies during or after the treatment completion [23, 24]. HCV quasispecies mostly
exhibit an attenuated replication and usually displaced by the wild-type HCV genome after
stopping the exposure to direct-acting antivirals [23, 24].

At HCV genotypes level, the genotype 1 is the most studied GT regarding the DAAs resis-
tance profile [18]. Genotype 1 infected patients are more prone to develop RAS during or
after the treatment completion or exist with pre-existing RAS before the start of therapy [18].
At subtype levels, subtype 1a demonstrates the least genetic barrier to drug resistance than
1b [18]. Genotype 3 and to somehow genotype 4 are still harder to treat and SVR rates are not
achieved very significantly in some specific populations (compensated cirrhotic or
decompensated cirrhotic patients, treatment experienced patients with first-generation PIs,
HCV/HIV co-infection, liver transplant, renal impairment and dialysis patients) as compared
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DAAs RAS2 (alone or in combination) RAS effect on treatment response3

Telaprevir [31]
(Incivek®)

R155, A156, V36, T54, D168, R155K/T, V36M,
V36M + R155K, T54A/S, V36A/L, A156S/T, V36G/I,
I132V, R155G/M, A156V/F/N or D168N

Telaprevir was discontinued by the US FDA after
the advent and recommendation of new IFN-free
DAA regimens for HCV-infected individuals;
however, the treatment experienced patients with
first-generation protease inhibitors (telaprevir,
boceprevir) still express baseline and treatment
emergent RAS and are treated with newer IFN
free DAA regimens to achieve higher SVR12 rates.

Boceprevir [31]
(Victrelis®)

For HCV subtype 1a: V36M, T54S, R155K, V36A,
T54A, V55A, V55I, V107I, R155T, A156S, V158I,
D168N, I/V 170T, I/V170F

Boceprevir was discontinued by the US FDA after
the advent and reommendation of new IFN-free
DAA regimens for HCV-infected individuals;
however, the treatment experienced patients with
first-generation protease inhibitors (telaprevir,
boceprevir) still express baseline and treatment
emergent RAS and are treated with newer IFN
free DAA regimens to achieve higher SVR12 rates.

For HCV subtype 1b: T54A, T54S, V55A, A156S, I/
V170A, V36A, V36M, T54C, T54G, V107I, R155K,
A156T, A156V, V158I, I/V170T, M175L

Daclatasvir [46]
(Daklinza®)
[ALLY-1]
[ ALLY-2]
[ALLY-3]
[ALLY-3+]
[COMMAND-4]
[HALLMARK-DUAL]
[HALLMARK-QUAD]
[UNITY-1]
[UNITY-2]

Pre-existing or treatment-emergent substitutions:
M28T, Q30H/K/R, L31M/V, H54R, H58D/P, Y93C/
N, P32, A30K/S, L31i, S62A/L/P/R/T, Y93H, A112T,
L159F, E237G, Q355H, S282T + Q355H

HCV genotype 1a patients with RAS M28, Q30,
L31 or Y93:

a. SVR 12 with NS5A polymorphism 76%
(13/17)
a.1 without cirrhosis 100%(11/11)
a.2 with cirrhosis 33% (2/6)

b. SVR 12 without polymorphism 95% (142/
149)
b.1 without cirrhosis 99% (100/101)
b.2 with cirrhosis 88% (42/48)
HCV genotype 3 patients with RAS Y93H:

a. SVR 12 with NS5A polymorphism 54%
(7/13)
a.1 without cirrhosis 67% (6/9)
a.2 with cirrhosis 25% (1/4)

b. SVR 12 without NS5A polymorphism
92% (149/162)
b.1 without cirrhosis 98% (125/128)
b.2 with cirrhosis 71% (24/34)

Sofosbuvir [47]
(Sovaldi®)
[BOSON]
[FISSION]
[FUSION]
[NEUTRINO]
[PHOTON-1,2]
[POSITRON]
[VALENCE]

Treatment-emergent substitutions: S282T, L159F,
V321A, L320F

The cutoff value was below 1% while detecting
treatment-emergent RAS agaisnt sofosbuvir in
different clinical trials, so not significant change in
SVR12 of different treated groups were
demonstrated.

Simeprevir [48]
(Olysio®)
[ATTAIN]
[C212]
[OPTIMIST-1]
[OPTIMIST-2]
[PROMISE]
[QUEST-1]
[QUEST-2]
[RESTORE]

Treatment-emergent substitutions: F43, Q80, S122,
R155, A156, D168, D168E, D168V, Q80R, R155K,
Q80X + D168X, R155X + D168K, Q80K, S122A/G/I/
T, S122R, R155Q, D168A, D168F, D168H, D168T,
I170T

HCV genotype 1a patients with any RAS F43,
Q80, S122, R155, A156, or D168 95% (110/116)
D168E 15% (17/116)
D168V 10% (12/116)
Q80R 4% (5/116)
R155K 77% (89/116)
Q80X + D168X 4% (5/116)
R155X +D168K 13% (15/116)
Q80K, S122A/G/I/T, S122R, R155Q, D168A, D168F,
<10%

Genotyping134

DAAs RAS2 (alone or in combination) RAS effect on treatment response3

D168H, D168T, I170T HCV genotype 1b patients
with any RAS F43, Q80, S122, R155, A156, or D168
86% (70/81)
D168E 17% (14/81)
D168V 60% (49/81)
Q80R 12% (10/81)
R155K 0% (0)
Q80X+ D168X 14% (11/81)
R155X+D168K 4% (3/81)
Q80K, S122A/G/I/T, S122R, R155Q, D168A, D168F,
<10%
D168H, D168T, I170T

Ledipasvir/sofosbuvir
[49]
(Harvoni®)
[ION-1]
[ION-2]
[ION-3]
[ION-4]

NS5A RAS: K24R, M28T/V, Q30R/H/K/L, L31M,
Y93H/N, Q30R, Y93H/N, L31M, L31V/M/I, H58D/
P, Y93H/C
NS5B RAS: L159, V321, D61G, A112T, E237G,
S473, M289I, S282T, L32OV/I, V321I + L31M,
Y93H, Q30L

Virologic relapse rate with or without baseline
NS5A polymorphism:

a. Treatment naive GT1 patients with base-
line NS5A polymorphism = 6% at week 8
and 1% at week 12.

b. Treatment naive GT1 patients without
baseline NS5A polymorphism = 5% at
week 8 and 1% at week 12.

c. Treatment experienced GT1 patients with
baseline NS5A polymorphism = 22% at
week 12 and 0% at week 24.

d. Decompensated cirrhotic GT1 patients
with baseline NS5A polymorphism = 7%
at week 12 and 5% without polymor-
phism.

e. Limited data for GT 2, 3, 4, 5 or 6 patients
with baseline NS5A polymorphism.

Dasabuvir, ombitasvir,
paritaprevir, ritonavir
[50] (Viekira Pak®)

[PEARL-II]
[PEARL-III]
[PEARL-IV]
[RUBY-I]
[SAPPHIRE-I]
[SAPPHIRE-II]
[TURQUOISE-I]
[TURQUOISE-II]
[TURQUOISE-III]

Treatment-emergent substitutions:
NS3 RAS: V36A/M/T, F43L, V55I, Y56H, Q80K/L,
I132V, R155K, A156G, D168, P334S, S342P, E357K,
V406A/I, T449I, P470S
NS4A RAS: V23A
NS5A RAS: K24R, M28A/T/V, Q30E/K/R, H/Q54Y,
H58D/P/R, Y93C/H/N
NS5B RAS: G307R, C316Y, M414I/T,E446K/Q,
A450V, A553I/T/V, G554S, S556G/R, G558R,
D559G/I/N/V, Y561H

a. Virologic failure with NS3 Q80K poly-
morphism = 38%

b. Virologic failure with ombitasvir associ-
ated NS5A polymorphism = 22%

c. Virologic failure with dasabuvir associ-
ated NS5B polymorphism = 05%

Sofosbuvir/velpatasvir
[51] (Epclusa®)
[ASTRAL-1]
[ASTRAL-2]
[ASTRAL-3]
[ASTRAL-4]
[ASTRAL-5]
[POLARIS-2]
[POLARIS-3]
[POLARIS-4]

Treatment-emergent substitutions:
NS5A RAS: Y93N, K24M/T, L31I/V, Q30R, L31M,
H58P
NS5B RAS : L314F/I/P

Overall viral relapse rates with pre-exisitng NS5A
RAS in patients without cirrhosis/compensated
cirrhosis and decompensated cirrhosis = 15%

1. Viral relapse in GT1 patients with com-
pensated cirrhosis = 1%.

2. Viral relapse in GT3 patients with com-
pensated cirrhosis = 33%.

3. No viral relapse in GT2, 4, 5 and 6 com-
pensated cirrhotic patients.

4. Viral relapse in GT1 patients with
decompensated cirrhosis = 2%.

5. Viral relapse in GT3 patients with
decompensated cirrhosis = 15%.
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DAAs RAS2 (alone or in combination) RAS effect on treatment response3

Telaprevir [31]
(Incivek®)

R155, A156, V36, T54, D168, R155K/T, V36M,
V36M + R155K, T54A/S, V36A/L, A156S/T, V36G/I,
I132V, R155G/M, A156V/F/N or D168N

Telaprevir was discontinued by the US FDA after
the advent and recommendation of new IFN-free
DAA regimens for HCV-infected individuals;
however, the treatment experienced patients with
first-generation protease inhibitors (telaprevir,
boceprevir) still express baseline and treatment
emergent RAS and are treated with newer IFN
free DAA regimens to achieve higher SVR12 rates.

Boceprevir [31]
(Victrelis®)

For HCV subtype 1a: V36M, T54S, R155K, V36A,
T54A, V55A, V55I, V107I, R155T, A156S, V158I,
D168N, I/V 170T, I/V170F

Boceprevir was discontinued by the US FDA after
the advent and reommendation of new IFN-free
DAA regimens for HCV-infected individuals;
however, the treatment experienced patients with
first-generation protease inhibitors (telaprevir,
boceprevir) still express baseline and treatment
emergent RAS and are treated with newer IFN
free DAA regimens to achieve higher SVR12 rates.

For HCV subtype 1b: T54A, T54S, V55A, A156S, I/
V170A, V36A, V36M, T54C, T54G, V107I, R155K,
A156T, A156V, V158I, I/V170T, M175L

Daclatasvir [46]
(Daklinza®)
[ALLY-1]
[ ALLY-2]
[ALLY-3]
[ALLY-3+]
[COMMAND-4]
[HALLMARK-DUAL]
[HALLMARK-QUAD]
[UNITY-1]
[UNITY-2]

Pre-existing or treatment-emergent substitutions:
M28T, Q30H/K/R, L31M/V, H54R, H58D/P, Y93C/
N, P32, A30K/S, L31i, S62A/L/P/R/T, Y93H, A112T,
L159F, E237G, Q355H, S282T + Q355H

HCV genotype 1a patients with RAS M28, Q30,
L31 or Y93:

a. SVR 12 with NS5A polymorphism 76%
(13/17)
a.1 without cirrhosis 100%(11/11)
a.2 with cirrhosis 33% (2/6)

b. SVR 12 without polymorphism 95% (142/
149)
b.1 without cirrhosis 99% (100/101)
b.2 with cirrhosis 88% (42/48)
HCV genotype 3 patients with RAS Y93H:

a. SVR 12 with NS5A polymorphism 54%
(7/13)
a.1 without cirrhosis 67% (6/9)
a.2 with cirrhosis 25% (1/4)

b. SVR 12 without NS5A polymorphism
92% (149/162)
b.1 without cirrhosis 98% (125/128)
b.2 with cirrhosis 71% (24/34)

Sofosbuvir [47]
(Sovaldi®)
[BOSON]
[FISSION]
[FUSION]
[NEUTRINO]
[PHOTON-1,2]
[POSITRON]
[VALENCE]

Treatment-emergent substitutions: S282T, L159F,
V321A, L320F

The cutoff value was below 1% while detecting
treatment-emergent RAS agaisnt sofosbuvir in
different clinical trials, so not significant change in
SVR12 of different treated groups were
demonstrated.

Simeprevir [48]
(Olysio®)
[ATTAIN]
[C212]
[OPTIMIST-1]
[OPTIMIST-2]
[PROMISE]
[QUEST-1]
[QUEST-2]
[RESTORE]

Treatment-emergent substitutions: F43, Q80, S122,
R155, A156, D168, D168E, D168V, Q80R, R155K,
Q80X + D168X, R155X + D168K, Q80K, S122A/G/I/
T, S122R, R155Q, D168A, D168F, D168H, D168T,
I170T

HCV genotype 1a patients with any RAS F43,
Q80, S122, R155, A156, or D168 95% (110/116)
D168E 15% (17/116)
D168V 10% (12/116)
Q80R 4% (5/116)
R155K 77% (89/116)
Q80X + D168X 4% (5/116)
R155X +D168K 13% (15/116)
Q80K, S122A/G/I/T, S122R, R155Q, D168A, D168F,
<10%

Genotyping134

DAAs RAS2 (alone or in combination) RAS effect on treatment response3

D168H, D168T, I170T HCV genotype 1b patients
with any RAS F43, Q80, S122, R155, A156, or D168
86% (70/81)
D168E 17% (14/81)
D168V 60% (49/81)
Q80R 12% (10/81)
R155K 0% (0)
Q80X+ D168X 14% (11/81)
R155X+D168K 4% (3/81)
Q80K, S122A/G/I/T, S122R, R155Q, D168A, D168F,
<10%
D168H, D168T, I170T

Ledipasvir/sofosbuvir
[49]
(Harvoni®)
[ION-1]
[ION-2]
[ION-3]
[ION-4]

NS5A RAS: K24R, M28T/V, Q30R/H/K/L, L31M,
Y93H/N, Q30R, Y93H/N, L31M, L31V/M/I, H58D/
P, Y93H/C
NS5B RAS: L159, V321, D61G, A112T, E237G,
S473, M289I, S282T, L32OV/I, V321I + L31M,
Y93H, Q30L

Virologic relapse rate with or without baseline
NS5A polymorphism:

a. Treatment naive GT1 patients with base-
line NS5A polymorphism = 6% at week 8
and 1% at week 12.

b. Treatment naive GT1 patients without
baseline NS5A polymorphism = 5% at
week 8 and 1% at week 12.

c. Treatment experienced GT1 patients with
baseline NS5A polymorphism = 22% at
week 12 and 0% at week 24.

d. Decompensated cirrhotic GT1 patients
with baseline NS5A polymorphism = 7%
at week 12 and 5% without polymor-
phism.

e. Limited data for GT 2, 3, 4, 5 or 6 patients
with baseline NS5A polymorphism.

Dasabuvir, ombitasvir,
paritaprevir, ritonavir
[50] (Viekira Pak®)

[PEARL-II]
[PEARL-III]
[PEARL-IV]
[RUBY-I]
[SAPPHIRE-I]
[SAPPHIRE-II]
[TURQUOISE-I]
[TURQUOISE-II]
[TURQUOISE-III]

Treatment-emergent substitutions:
NS3 RAS: V36A/M/T, F43L, V55I, Y56H, Q80K/L,
I132V, R155K, A156G, D168, P334S, S342P, E357K,
V406A/I, T449I, P470S
NS4A RAS: V23A
NS5A RAS: K24R, M28A/T/V, Q30E/K/R, H/Q54Y,
H58D/P/R, Y93C/H/N
NS5B RAS: G307R, C316Y, M414I/T,E446K/Q,
A450V, A553I/T/V, G554S, S556G/R, G558R,
D559G/I/N/V, Y561H

a. Virologic failure with NS3 Q80K poly-
morphism = 38%

b. Virologic failure with ombitasvir associ-
ated NS5A polymorphism = 22%

c. Virologic failure with dasabuvir associ-
ated NS5B polymorphism = 05%

Sofosbuvir/velpatasvir
[51] (Epclusa®)
[ASTRAL-1]
[ASTRAL-2]
[ASTRAL-3]
[ASTRAL-4]
[ASTRAL-5]
[POLARIS-2]
[POLARIS-3]
[POLARIS-4]

Treatment-emergent substitutions:
NS5A RAS: Y93N, K24M/T, L31I/V, Q30R, L31M,
H58P
NS5B RAS : L314F/I/P

Overall viral relapse rates with pre-exisitng NS5A
RAS in patients without cirrhosis/compensated
cirrhosis and decompensated cirrhosis = 15%

1. Viral relapse in GT1 patients with com-
pensated cirrhosis = 1%.

2. Viral relapse in GT3 patients with com-
pensated cirrhosis = 33%.

3. No viral relapse in GT2, 4, 5 and 6 com-
pensated cirrhotic patients.

4. Viral relapse in GT1 patients with
decompensated cirrhosis = 2%.

5. Viral relapse in GT3 patients with
decompensated cirrhosis = 15%.
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6. No viral relapse in GT2, 4, 5 and 6
decompensated cirrhotic patietns.

Elbasvir/grazoprevir
(Zepatier®) [41–43, 52]
[C-EDGE CO-STAR]
[C-EDGE co-infection]
[C-EDGE treatment-
experienced]
[C-EDGE treatment-
naive]
[C-SURFER]

Treatment-emergent substitutions:
NS5A RAS: M28A/G/T, Q30H/K/R/Y, L31F/M/V,
H58D, Y93H/N/S, L28M, L28S/T, M31I/V, P58D
NS3 RAS: V36L/M, Y56F/H, V107I, RI55I/K,
A156G/T/V, V158A, D168A/G/N/V/Y, A156M/T/V,
V170I

SVR12 rates in GT1a patients without baseline
NS5A polymorphism;
With 12 weeks treatment = 98%
With 16 weeks treatment = 100%
SVR12 rates in GT1a patients with baseline NS5A
polymorphism;
With 12 weeks treatment = 70%
With 16 weeks treatment = 100%
No impact on SVR12 in GT1a patients with NS3
Q80K polymorphism
SVR12 rates in GT1b patients with baseline NS5A
polymorphis = 94%
SVR12 rates in GT1b patients without baseline
NS5A polymorphis = 99%
No impact on SVR12 in GT1b patients with NS3
Q80K polymorphism
SVR12 rates in GT4 patients with baseline NS5A
polymorphi = 100%
SVR12 rates in GT4 patients without baseline
NS5A polymorphis = 95% SVR12 rates in
GT4 patients with baseline NS3 polymorphism
= 100%
SVR12 rates in GT4 patients without baseline NS3
polymorphism = 96%

Sofosbuvir/velpatasvir/
voxilaprevir (Vosevi®)
[53]
[POLARIS-1]
[POLARIS-2]
[POLARIS-3]
[POLARIS-4]
[POLARIS-5]

NS5A RAS: Q30T, L31M, Y93H/N, V36A, E92K,
A30K
NS3 RAS: Q41K, V55A, R155M, M28T
NS5B RAS: S282T

Overall SVR12 rates in patients with or without
baseline NS3 and NS5A polymorphism = 97%
Overall SVR12 rates in patients with NS5B
polymorphism = 95%

Glecaprevir/pibrentasvir
(Mavyret®) [54]
[ENDURANCE-1]
[ENDURANCE-2]
[ENDURANCE-3]
[ENDURANCE-4]
[EXPEDITION-1]
[EXPEDITION-2]
[EXPEDITION-4]
[MAGELLAN-1 (Part-2)
[SURVEYOR-II] (Part-3)
[SURVEYOR-II] (Part-4)

Treatment-emergent substitutions:
NS3 RAS: Y56H/N, Q80K/R, A156G, Q168L/R,
A166S
NS5A RAS: M28A/G, A30G/K, L31F, P58T, Y93H,
L31M, Q30K/R, H58D, P29Q/R

Baseline NS3 and NS5A polymorphism in GT1, 2,
4, 5 and 6 patients had no impact on treatment
resaponse
Overall SVR rates in G3 patients without cirrhosis
but with NS5A A30K polymorphism = 78%
Overall SVR rates in GT3 patients with baseline
NS5A Y93H polymorphism = 100%

2The data for resistance associated substitutions mentioned against interferon free regimens in table 2 was derived from phase III
clinical trials and clinical trials registered to ClinicalTrials.gov.
3The treatment outcomes data for interferon-free regimens in RAS detected, pre-existing or treatment-experienced RAS was
retrieved from phase III clinical trials and clinical trials registered to ClinicalTrials.gov.

Table 2. Resistance-associated substitutions associated with interferon-free DAAs regimens and their overall impact on
treatment response.

Genotyping136

to other viral genotypes (Table 2) [16, 17]. Interestingly, the RAS associated with GT 3 and 4
patients are not responsible for the failure to achieve higher SVRs in specific populations as
the clinical studies demonstrated [17]. However, the limited number of patients in those
clinical trials and possible biasness are some major limitations of these studies, which further
demands to extensively elucidate in large patient populations [17].

Many studies demonstrate that such variants/substitutions reduce the chances to achieve
higher SVR rates as well as are a potential cause of viral relapse, virologic breakthrough and
treatment discontinuation in treated individuals [17, 18]. Although the ratio of viral escape
mutants (also known as resistance-associated variant (RAV) and RAS)) to emerge is low with
the administration of second generation (e.g., simeprevir and sofosbuvir) and next-wave
direct-acting antivirals (e.g., daclatasvir, ledipasvir, dasabuvir, ombitasvir, paritaprevir,
elbasvir, grazoprevir, velpatasvir, glecaprevir, pibrentasvir, and voxilaprevir) in clinical stud-
ies; however, their impact on treatment response is still significant [17, 18]. Similarly, the
treatment experienced patients with first-generation DAAs (i.e., telaprevir and boceprevir)
having no therapeutic response or with virologic relapse and viral breakthrough exist in real-
world clinical settings and when treated with the second and next-wave DAAs still express the
pre-existing or treatment emergent RAVs [17, 18]. NS3/4A, NS5A and NS5B baseline polymor-
phism and pre-existing and treatment-emergent RAS are also big hurdle even the patients are
administered with next-wave direct-acting antivirals [17, 18]. The phase III clinical studies
explicit the emergence of these RAS with variable SVRs in different genotype treated individ-
uals, although the data are limited (Table 2 concisely overviewed the baseline and treatment-
emergent RAS and their impact on therapeutic outcome of FDA approved anti-hepatitis C
regimens in different HCV genotypes) [17, 18].

One good example is the resistance variants of NS5A protein which can pre-exist in the viral
quasispecies population (both in treatment-naïve and treatment-experienced patients) as
well as emerge during or after treatment completion (i.e., treatment-emergent RAS) [18].
Similarly, the detection of resistance variants with currently available laboratory techniques
is difficult as the viral variants usually replicate at low levels; however; the next-generation
sequencing (NGS) techniques make it feasible to do at a certain cutoff level [18]. HCV
quasispecies can be detected at low levels in approximately 1% patients, which are resistant
to protease or non-nucleoside polymerase inhibitors (NNIs) and have never been treated
with these specific antivirals before [18]. For this reason, such therapeutic regimens are
administered cautiously in patients who are previously resistant (i.e., patients treated with
PEG-IFN/RBV and dual therapies based on PEG-IFN/RBV plus first-generation PIs, first-
generation NS5A and NS5B inhibitor resistant which could not achieve SVR rates after
treatment completion and patients with virologic relapse, virologic breakthrough and treat-
ment discontinuation) and detected with viral escape mutants [17, 18]. First-generation
NS5A inhibitors (i.e., daclatasvir and ledipasvir) have low genetic barrier to resistance
while the next-wave NS5A-targeting molecules (e.g., elbasvir, grazoprevir) are potent
inhibitors with pan-genotypic drug efficacy against HCV genotypes 1 to 6 and various
subtypes [17, 18].
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DAAs RAS2 (alone or in combination) RAS effect on treatment response3

6. No viral relapse in GT2, 4, 5 and 6
decompensated cirrhotic patietns.

Elbasvir/grazoprevir
(Zepatier®) [41–43, 52]
[C-EDGE CO-STAR]
[C-EDGE co-infection]
[C-EDGE treatment-
experienced]
[C-EDGE treatment-
naive]
[C-SURFER]

Treatment-emergent substitutions:
NS5A RAS: M28A/G/T, Q30H/K/R/Y, L31F/M/V,
H58D, Y93H/N/S, L28M, L28S/T, M31I/V, P58D
NS3 RAS: V36L/M, Y56F/H, V107I, RI55I/K,
A156G/T/V, V158A, D168A/G/N/V/Y, A156M/T/V,
V170I

SVR12 rates in GT1a patients without baseline
NS5A polymorphism;
With 12 weeks treatment = 98%
With 16 weeks treatment = 100%
SVR12 rates in GT1a patients with baseline NS5A
polymorphism;
With 12 weeks treatment = 70%
With 16 weeks treatment = 100%
No impact on SVR12 in GT1a patients with NS3
Q80K polymorphism
SVR12 rates in GT1b patients with baseline NS5A
polymorphis = 94%
SVR12 rates in GT1b patients without baseline
NS5A polymorphis = 99%
No impact on SVR12 in GT1b patients with NS3
Q80K polymorphism
SVR12 rates in GT4 patients with baseline NS5A
polymorphi = 100%
SVR12 rates in GT4 patients without baseline
NS5A polymorphis = 95% SVR12 rates in
GT4 patients with baseline NS3 polymorphism
= 100%
SVR12 rates in GT4 patients without baseline NS3
polymorphism = 96%

Sofosbuvir/velpatasvir/
voxilaprevir (Vosevi®)
[53]
[POLARIS-1]
[POLARIS-2]
[POLARIS-3]
[POLARIS-4]
[POLARIS-5]

NS5A RAS: Q30T, L31M, Y93H/N, V36A, E92K,
A30K
NS3 RAS: Q41K, V55A, R155M, M28T
NS5B RAS: S282T

Overall SVR12 rates in patients with or without
baseline NS3 and NS5A polymorphism = 97%
Overall SVR12 rates in patients with NS5B
polymorphism = 95%

Glecaprevir/pibrentasvir
(Mavyret®) [54]
[ENDURANCE-1]
[ENDURANCE-2]
[ENDURANCE-3]
[ENDURANCE-4]
[EXPEDITION-1]
[EXPEDITION-2]
[EXPEDITION-4]
[MAGELLAN-1 (Part-2)
[SURVEYOR-II] (Part-3)
[SURVEYOR-II] (Part-4)

Treatment-emergent substitutions:
NS3 RAS: Y56H/N, Q80K/R, A156G, Q168L/R,
A166S
NS5A RAS: M28A/G, A30G/K, L31F, P58T, Y93H,
L31M, Q30K/R, H58D, P29Q/R

Baseline NS3 and NS5A polymorphism in GT1, 2,
4, 5 and 6 patients had no impact on treatment
resaponse
Overall SVR rates in G3 patients without cirrhosis
but with NS5A A30K polymorphism = 78%
Overall SVR rates in GT3 patients with baseline
NS5A Y93H polymorphism = 100%

2The data for resistance associated substitutions mentioned against interferon free regimens in table 2 was derived from phase III
clinical trials and clinical trials registered to ClinicalTrials.gov.
3The treatment outcomes data for interferon-free regimens in RAS detected, pre-existing or treatment-experienced RAS was
retrieved from phase III clinical trials and clinical trials registered to ClinicalTrials.gov.

Table 2. Resistance-associated substitutions associated with interferon-free DAAs regimens and their overall impact on
treatment response.
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to other viral genotypes (Table 2) [16, 17]. Interestingly, the RAS associated with GT 3 and 4
patients are not responsible for the failure to achieve higher SVRs in specific populations as
the clinical studies demonstrated [17]. However, the limited number of patients in those
clinical trials and possible biasness are some major limitations of these studies, which further
demands to extensively elucidate in large patient populations [17].

Many studies demonstrate that such variants/substitutions reduce the chances to achieve
higher SVR rates as well as are a potential cause of viral relapse, virologic breakthrough and
treatment discontinuation in treated individuals [17, 18]. Although the ratio of viral escape
mutants (also known as resistance-associated variant (RAV) and RAS)) to emerge is low with
the administration of second generation (e.g., simeprevir and sofosbuvir) and next-wave
direct-acting antivirals (e.g., daclatasvir, ledipasvir, dasabuvir, ombitasvir, paritaprevir,
elbasvir, grazoprevir, velpatasvir, glecaprevir, pibrentasvir, and voxilaprevir) in clinical stud-
ies; however, their impact on treatment response is still significant [17, 18]. Similarly, the
treatment experienced patients with first-generation DAAs (i.e., telaprevir and boceprevir)
having no therapeutic response or with virologic relapse and viral breakthrough exist in real-
world clinical settings and when treated with the second and next-wave DAAs still express the
pre-existing or treatment emergent RAVs [17, 18]. NS3/4A, NS5A and NS5B baseline polymor-
phism and pre-existing and treatment-emergent RAS are also big hurdle even the patients are
administered with next-wave direct-acting antivirals [17, 18]. The phase III clinical studies
explicit the emergence of these RAS with variable SVRs in different genotype treated individ-
uals, although the data are limited (Table 2 concisely overviewed the baseline and treatment-
emergent RAS and their impact on therapeutic outcome of FDA approved anti-hepatitis C
regimens in different HCV genotypes) [17, 18].

One good example is the resistance variants of NS5A protein which can pre-exist in the viral
quasispecies population (both in treatment-naïve and treatment-experienced patients) as
well as emerge during or after treatment completion (i.e., treatment-emergent RAS) [18].
Similarly, the detection of resistance variants with currently available laboratory techniques
is difficult as the viral variants usually replicate at low levels; however; the next-generation
sequencing (NGS) techniques make it feasible to do at a certain cutoff level [18]. HCV
quasispecies can be detected at low levels in approximately 1% patients, which are resistant
to protease or non-nucleoside polymerase inhibitors (NNIs) and have never been treated
with these specific antivirals before [18]. For this reason, such therapeutic regimens are
administered cautiously in patients who are previously resistant (i.e., patients treated with
PEG-IFN/RBV and dual therapies based on PEG-IFN/RBV plus first-generation PIs, first-
generation NS5A and NS5B inhibitor resistant which could not achieve SVR rates after
treatment completion and patients with virologic relapse, virologic breakthrough and treat-
ment discontinuation) and detected with viral escape mutants [17, 18]. First-generation
NS5A inhibitors (i.e., daclatasvir and ledipasvir) have low genetic barrier to resistance
while the next-wave NS5A-targeting molecules (e.g., elbasvir, grazoprevir) are potent
inhibitors with pan-genotypic drug efficacy against HCV genotypes 1 to 6 and various
subtypes [17, 18].
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4. Viral resistance substitutions against first-generation direct-acting
antivirals

The patients who take telaprevir or boceprevir as monotherapy may develop antiviral resis-
tance within a few days during treatment [20, 23]. The minor resistant populations against
these drugs exist at baseline in all HCV-infected individuals and are selected rapidly with
telaprevir or boceprevir monotherapy [20]. Similarly, notable drug-drug interactions with
many human immunodeficiency virus (HIV) antiretrovirals and calcineurin inhibitors also
decrease the therapeutic activity of telaprevir and boceprevir monotherapy (due to severe
drug adverse events, numerous possible drug-drug interactions and rapid emergence of
RAVs, the first-generation PIs have been discontinued by the FDA to treat hepatitis C patients
in the US and other parts of the world) [20, 31]. R155 is the most overlapping position in NS3/
4A serine protease (a protein involved in HCV translation and also potential drug active site
for the design and development of protease inhibitors), where different mutations may pro-
duce and confer resistance to nearly all protease inhibitors, (An exception is MK-5172) [25–29].
In vivo mutations at four positions (V36A/M/L, T54A, R155K/M/S/T, and A156S/T) and only
one in vitro (i.e., replicon system) mutation (A156) has detected and characterized against
telaprevir [30]. These mutations either alone (V36A/M, T54A, R155K/T, A156S) or as double
mutations (A156T/V, V36M + R155K, V36M + 156T) confer low to high resistance barrier
against telaprevir by altering the catalytic active sites of NS3/4A serine protease [30]. The
pattern of resistance against telaprevir also differs significantly among HCV subtypes. The
clinical studies reveal that antiviral resistance occurs much more frequently in HCV genotype
1a infected patients as compared to genotype 1b either using telaprevir alone or in combina-
tion with PEG-IFN α plus RBV [31]. It is due to a single nucleotide polymorphism at position
R155K in NS3/4A serine protease, where codon AGA encodes R in HCV subtype 1a versus 1b
(where codon CGA also encodes R) [30, 31]. In HCV genotype 1a isolates, only a single
nucleotide substitution is required to change R to K at position 155 while 2 nucleotide changes
require in subtype 1b [50]. Some studies also demonstrate that subtype 1a display higher
fitness advantage than genotype 1b isolates, which is a predisposing factor in developing viral
escape mutants and viral breakthroughs to other positions within NS3/4A catalytic subunit
and other genomic regions of 1a isolates [30, 31].

5. RAS against second-generation direct-acting antivirals

Q80R/K polymorphism is responsible for low-level resistance to a macrocyclic protease inhib-
itor, simeprevir. The clinical studies predict Q80K variants up to 50% in HCV genotype
1a-infected patients (which is approximately 20% in Europe and 50% in the United States)
and almost 1% of 1b isolates [32]. Lower SVR rates and a slow viral decline have reported in
HCV genotype 1a patients treated with simeprevir-based triple therapy in phase III clinical
studies (20% lower in HCV genotype 1a than 1b) [33]. Q80K polymorphism and NS3 genotype
testing prior to therapy is highly recommended for HCV subtype 1a patients to avoid any
adverse events, low virologic response and treatment discontinuation during therapy [32, 33].

Genotyping138

The viral variants associated with NS3 PIs may detect by first synthesizing cDNA by reverse
transcription reaction, followed by performing polymerase chain reaction (PCR) and then
sequencing reaction [32, 33]. Q80K polymorphism and viral variants testing against NS3 PIs
have been launched in the USA by Quest Diagnostics® and LabCorp® [32, 33].

6. RAS against next-wave interferon-free DAAs

The first-generation NS5A inhibitors (e.g., daclatasvir) lead initially to higher SVR rates in
treated patients, but the emergence of viral resistance occurs rapidly indicating its relatively
lower genetic barrier to resistance [35]. The viral resistant mutants were found very commonly
at amino acid residue Q30E and Y93N of NS5A protein in subtype 1a patients and confer the
highest level of drug resistance [18]. Some studies demonstrate that these mutations are
responsible for increasing the EC50 (i.e., the concentration of a drug which produces therapeu-
tic response halfway between the baseline and maximum after a certain period of time) of
daclatasvir in treated patients [18]. Similarly, L31 and Y93 substitution positions express the
greatest aptitude for resistance to daclatasvir, where double mutations sometime increase the
EC50 of DCV to a far greater degree. However, viral resistance substitutions were reported less
frequently at position L31 and Y93 in HCV subtype 1b patients [18, 44]. From the clinical point
of view, these substitutions against DCV are also considered to be responsible for resistance to
other NS5A inhibitors as discussed below.

Ledipasvir in combination with sofosbuvir, as a fixed-dose combination was approved for GT1
patients with or without cirrhosis [18]. The fixed-dose combination also demonstrates pan-
genotypic clinical efficacy in patients with GT3, 4, 5, and 6 patients. The approval was based on
the achievement of SVR rates ≥95% in GT 1 treatment-naive and treatment-experienced
patients without cirrhosis. SVR rates were achieved >78% in decompensated cirrhotic patients
awaiting liver transplant while 100% SVR rates were demonstrated for liver transplant recipi-
ents with fixed-dose LDV/SOF plus RBV. The addition of RBV did not significantly impact
SVR rates in patients without cirrhosis; however, the addition is mandatory for GT1 and 4
decompensated cirrhotic patients as well as liver transplant recipients for 24-weeks. In phase
III clinical trials, Q30R, Y93H/N, and L31M were the most commonly detected RAS in subtype
1a treatment failure patients while only one mutation Y93H was detected for 1b. However, the
impact of these baseline RAVs was very limited on the overall therapeutic outcome of the
regimens. Similarly, LDV shows strong therapeutic activity against SOF- induced mutants
(e.g., S282T) as no drug cross-resistance between these two drugs were reported in clinical
studies and vice versa. Another advantage of this fixed-dose combination (FDC) is to confer
antiviral activity against RAVs associated with other NS5B NNIs and NS3 PIs [18].

Ombitasvir (OMV) another NS5A inhibitor was approved in combination with paritaprevir
(PTV), r (ritonavir) and dasabuvir (DSV) for the treatment of difficult to treat GT1 specific
populations as achieved higher SVR rates (~100%) in treatment naive (1a subtype) and
treatment-experienced patients (IFN-based 1b subtype) [18]. Similarly, OMV plus PTV/r with-
out DSV were recommended to treat GT4 chronic hepatitis C (CHC) patients as DSV clinically
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4. Viral resistance substitutions against first-generation direct-acting
antivirals

The patients who take telaprevir or boceprevir as monotherapy may develop antiviral resis-
tance within a few days during treatment [20, 23]. The minor resistant populations against
these drugs exist at baseline in all HCV-infected individuals and are selected rapidly with
telaprevir or boceprevir monotherapy [20]. Similarly, notable drug-drug interactions with
many human immunodeficiency virus (HIV) antiretrovirals and calcineurin inhibitors also
decrease the therapeutic activity of telaprevir and boceprevir monotherapy (due to severe
drug adverse events, numerous possible drug-drug interactions and rapid emergence of
RAVs, the first-generation PIs have been discontinued by the FDA to treat hepatitis C patients
in the US and other parts of the world) [20, 31]. R155 is the most overlapping position in NS3/
4A serine protease (a protein involved in HCV translation and also potential drug active site
for the design and development of protease inhibitors), where different mutations may pro-
duce and confer resistance to nearly all protease inhibitors, (An exception is MK-5172) [25–29].
In vivo mutations at four positions (V36A/M/L, T54A, R155K/M/S/T, and A156S/T) and only
one in vitro (i.e., replicon system) mutation (A156) has detected and characterized against
telaprevir [30]. These mutations either alone (V36A/M, T54A, R155K/T, A156S) or as double
mutations (A156T/V, V36M + R155K, V36M + 156T) confer low to high resistance barrier
against telaprevir by altering the catalytic active sites of NS3/4A serine protease [30]. The
pattern of resistance against telaprevir also differs significantly among HCV subtypes. The
clinical studies reveal that antiviral resistance occurs much more frequently in HCV genotype
1a infected patients as compared to genotype 1b either using telaprevir alone or in combina-
tion with PEG-IFN α plus RBV [31]. It is due to a single nucleotide polymorphism at position
R155K in NS3/4A serine protease, where codon AGA encodes R in HCV subtype 1a versus 1b
(where codon CGA also encodes R) [30, 31]. In HCV genotype 1a isolates, only a single
nucleotide substitution is required to change R to K at position 155 while 2 nucleotide changes
require in subtype 1b [50]. Some studies also demonstrate that subtype 1a display higher
fitness advantage than genotype 1b isolates, which is a predisposing factor in developing viral
escape mutants and viral breakthroughs to other positions within NS3/4A catalytic subunit
and other genomic regions of 1a isolates [30, 31].

5. RAS against second-generation direct-acting antivirals

Q80R/K polymorphism is responsible for low-level resistance to a macrocyclic protease inhib-
itor, simeprevir. The clinical studies predict Q80K variants up to 50% in HCV genotype
1a-infected patients (which is approximately 20% in Europe and 50% in the United States)
and almost 1% of 1b isolates [32]. Lower SVR rates and a slow viral decline have reported in
HCV genotype 1a patients treated with simeprevir-based triple therapy in phase III clinical
studies (20% lower in HCV genotype 1a than 1b) [33]. Q80K polymorphism and NS3 genotype
testing prior to therapy is highly recommended for HCV subtype 1a patients to avoid any
adverse events, low virologic response and treatment discontinuation during therapy [32, 33].
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The viral variants associated with NS3 PIs may detect by first synthesizing cDNA by reverse
transcription reaction, followed by performing polymerase chain reaction (PCR) and then
sequencing reaction [32, 33]. Q80K polymorphism and viral variants testing against NS3 PIs
have been launched in the USA by Quest Diagnostics® and LabCorp® [32, 33].

6. RAS against next-wave interferon-free DAAs

The first-generation NS5A inhibitors (e.g., daclatasvir) lead initially to higher SVR rates in
treated patients, but the emergence of viral resistance occurs rapidly indicating its relatively
lower genetic barrier to resistance [35]. The viral resistant mutants were found very commonly
at amino acid residue Q30E and Y93N of NS5A protein in subtype 1a patients and confer the
highest level of drug resistance [18]. Some studies demonstrate that these mutations are
responsible for increasing the EC50 (i.e., the concentration of a drug which produces therapeu-
tic response halfway between the baseline and maximum after a certain period of time) of
daclatasvir in treated patients [18]. Similarly, L31 and Y93 substitution positions express the
greatest aptitude for resistance to daclatasvir, where double mutations sometime increase the
EC50 of DCV to a far greater degree. However, viral resistance substitutions were reported less
frequently at position L31 and Y93 in HCV subtype 1b patients [18, 44]. From the clinical point
of view, these substitutions against DCV are also considered to be responsible for resistance to
other NS5A inhibitors as discussed below.

Ledipasvir in combination with sofosbuvir, as a fixed-dose combination was approved for GT1
patients with or without cirrhosis [18]. The fixed-dose combination also demonstrates pan-
genotypic clinical efficacy in patients with GT3, 4, 5, and 6 patients. The approval was based on
the achievement of SVR rates ≥95% in GT 1 treatment-naive and treatment-experienced
patients without cirrhosis. SVR rates were achieved >78% in decompensated cirrhotic patients
awaiting liver transplant while 100% SVR rates were demonstrated for liver transplant recipi-
ents with fixed-dose LDV/SOF plus RBV. The addition of RBV did not significantly impact
SVR rates in patients without cirrhosis; however, the addition is mandatory for GT1 and 4
decompensated cirrhotic patients as well as liver transplant recipients for 24-weeks. In phase
III clinical trials, Q30R, Y93H/N, and L31M were the most commonly detected RAS in subtype
1a treatment failure patients while only one mutation Y93H was detected for 1b. However, the
impact of these baseline RAVs was very limited on the overall therapeutic outcome of the
regimens. Similarly, LDV shows strong therapeutic activity against SOF- induced mutants
(e.g., S282T) as no drug cross-resistance between these two drugs were reported in clinical
studies and vice versa. Another advantage of this fixed-dose combination (FDC) is to confer
antiviral activity against RAVs associated with other NS5B NNIs and NS3 PIs [18].

Ombitasvir (OMV) another NS5A inhibitor was approved in combination with paritaprevir
(PTV), r (ritonavir) and dasabuvir (DSV) for the treatment of difficult to treat GT1 specific
populations as achieved higher SVR rates (~100%) in treatment naive (1a subtype) and
treatment-experienced patients (IFN-based 1b subtype) [18]. Similarly, OMV plus PTV/r with-
out DSV were recommended to treat GT4 chronic hepatitis C (CHC) patients as DSV clinically
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ineffective against GT4 patients. However, the drug combination is strictly prohibited to
administer in patients with decompensated or moderate to severe hepatic impairment. Despite
being the multiprotein targeting regimens with the chances to develop mutations, the pooled
analysis showed high genetic barrier to drug resistance. Both pre-existing and treatment based
RAVs were reported in virologic failure experienced patients; however, interestingly baseline
RAVs did not impact the overall efficacy of treatment. OMV monotherpay for 12 weeks in
treatment-naive GT1 patients also generated variants in both subtypes but without any base-
line RAVs. The most surviving variants in GT1 subtype 1a patients were reported at amino
acids positions M28, Q30, and Y93; however, only one substitution Y93H was noticed in GT1
subtype 1b patients although with 77-fold more drug resistance. Due to this reason, OMV is
always recommended in combination with PTV/r/DSV or PTV/r [18].

A fixed-dose combination (FDC) of elbasvir/grazoprevir (Zepatier®) (50 mg/100 mg) one a day
has been approved by the United States Food and Drug Administration (US FDA) for the
treatment of HCV GT 1 & 4 infected patients with chronic kidney diseases and HCV/HIV-co-
infection. However, the treatment is recommended with cautions in some specific populations
including viral subtype 1a, prior treatment experienced with NS3 PIs, and NS5A associated
RASs at position M28, Q30, L31, or Y93) [18]. Similarly, the treatment regimen is prescribed with
many precautions in subtype 1a patient with prior testing of NS5A associated RAVs, because it
determines the overall treatment duration and the inclusion of ribavirin to therapy [18]. This
regimen achieved higher SVR rates in all patient arms (~97%) in particular previous non-
responders to IFN-based therapies as well as in individuals with severe renal impairment
(94%). The low therapeutic outcomes were revealed for GT1 subtype 1a patients with substitu-
tions at positions M28T, Q30, L31, or Y93 after 12-weeks drug administration in clinical studies.
Another interesting fact also revealed that those mutations against elbasvir also decrease the
therapeutic efficacy of other NS5A inhibitors. However, elbasvir was found fully active against
the mutations generated by grazoprevir (NS3/4A PIs) while used in combination. Moreover, the
mutations existing against SOF-based therapeutic regimens are harmless to elbasvir [18].

RAVs associated with NS5A inhibitors do not impair replication fitness during the treatment
as compared to viral resistant mutants of NS3 PIs and consequently do not disappear during
follow-up examinations at the end of therapy [18, 35]. Viral resistance mutants against NS5A
inhibitors persist even after 1 year follow-up studies in treated individuals but interestingly no
cross-resistance has been reported between DCV and other DAAs as yet [18]. For this reason,
the prior testing of NS5A variants in such patients before the treatment initiation is essential to
determine overall treatment duration and inclusion of RBV in therapy.

7. Clinical significance of viral escape mutants

The clinical importance of RAVs is still not clear, but some studies have revealed that these
mutations are commonly shared between first and second-generation direct-acting antivirals
and to less extent for next-wave DAAs [36, 37]. Similarly, the clinical relevance of the viral
escape mutants is also not completely understood. However, numerous studies demonstrate
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that these pre-existing variants may reduce the chances to achieve higher SVR rates with DAA-
based triple therapies if the patients are individually less sensitive to PEG-IFN α plus RBV
treatment [38, 39]. Due to this overlapping resistance profile, one protease inhibitor cannot be
substituted for the other, and even a combination of two protease inhibitors does not make
sense to be used in the cases of viral breakthroughs and treatment relapse in infected patients
[37]. As a result, if an HCV-infected patient fails to response one PI, the retreatment with other
direct-acting antivirals may seem very difficult [38, 39]. PEG-IFNα and RBV are considered an
integral part of telaprevir- or boceprevir-based triple therapies, as some studies suggest that
RAVs are not associated with less sensitivity to interferon and ribavirin-based combination
therapies [40]. Interestingly, if the patient response is weak toward PEG-IFNα/RBV therapeutic
regimen, the risks to develop viral resistant mutants are significantly higher [40]. HCV genome
sequencing to determine the sequences of RAVs before or during therapy have no rational
because it has no practical consequences. The exception is testing for Q80K variants in HCV
genotype 1a patients which are recommended before simeprevir administration in the US
prescribing information [32, 33]. It is uncertain that the test is cost effective in other parts of
the world where genotype 1a is not highly prevalent, and Q80K polymorphism is rear. In
QUEST-1 clinical trials, 41% HCV genotype 1a patients had this particular variant and their
SVR rates were not significantly increased as compared to placebo when treated with
simeprevir [32, 33]. However, the SVR rates were almost similar to HCV genotype 1b patients
without Q80K variants in HCV genotype 1a patients [32, 33]. Interestingly, if Q80K variants
detect at baseline, even then the chances to achieve optimal SVR rates will be higher provided
that simeprevir is a part of the therapeutic regimen [32, 33]. In this scenario, a combination of
next-wave DAAs (i.e., sofosbuvir and daclatasvir) with a very high resistance barrier and weak
antiviral (e.g., ribavirin) activity may lead to high SVR rates. However, such drugs cannot be
combined with first-generation DAAs (telaprevir or boceprevir) due to lack of clinical data and
potential drug-drug interactions via the Pgp transporter proteins [18]. If viral escape mutants
emerge during or after therapy in treated patients, for how long will they persist and which
type of adverse effects would produce is not clearly understood. Some studies have reported
that viral escape mutants revert to wild type within 1–2 years after the completion of treatment
with first-generation PIs; however, RAS associated with NS5A inhibitors may persist for long
time even after the treatment completion [18, 40]. NS5A baseline polymorphism and NS5A
RAS detection by cloning sequencing is strongly recommended before the start of treatment in
patients with persistent NS5A variants.

8. Prevention to viral escape mutants

The emergence of viral escape mutants against direct-acting antivirals has an adverse impact
on treatment failure, when retreated with the same or other DAA-based combination therapies
(Table 2) [18]. Phase, III follow-up studies of teleprevir and boceprevir-based triple therapies,
revealed this fact where a rapid decline of viral escape mutants was detected (below the limit
of detection, i.e., >20% of quasispecies) by using population sequencing techniques [31, 40].
However, these resistance mutants were detectable after several years in a single patient
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has been approved by the United States Food and Drug Administration (US FDA) for the
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many precautions in subtype 1a patient with prior testing of NS5A associated RAVs, because it
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regimen achieved higher SVR rates in all patient arms (~97%) in particular previous non-
responders to IFN-based therapies as well as in individuals with severe renal impairment
(94%). The low therapeutic outcomes were revealed for GT1 subtype 1a patients with substitu-
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Another interesting fact also revealed that those mutations against elbasvir also decrease the
therapeutic efficacy of other NS5A inhibitors. However, elbasvir was found fully active against
the mutations generated by grazoprevir (NS3/4A PIs) while used in combination. Moreover, the
mutations existing against SOF-based therapeutic regimens are harmless to elbasvir [18].

RAVs associated with NS5A inhibitors do not impair replication fitness during the treatment
as compared to viral resistant mutants of NS3 PIs and consequently do not disappear during
follow-up examinations at the end of therapy [18, 35]. Viral resistance mutants against NS5A
inhibitors persist even after 1 year follow-up studies in treated individuals but interestingly no
cross-resistance has been reported between DCV and other DAAs as yet [18]. For this reason,
the prior testing of NS5A variants in such patients before the treatment initiation is essential to
determine overall treatment duration and inclusion of RBV in therapy.

7. Clinical significance of viral escape mutants

The clinical importance of RAVs is still not clear, but some studies have revealed that these
mutations are commonly shared between first and second-generation direct-acting antivirals
and to less extent for next-wave DAAs [36, 37]. Similarly, the clinical relevance of the viral
escape mutants is also not completely understood. However, numerous studies demonstrate
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that these pre-existing variants may reduce the chances to achieve higher SVR rates with DAA-
based triple therapies if the patients are individually less sensitive to PEG-IFN α plus RBV
treatment [38, 39]. Due to this overlapping resistance profile, one protease inhibitor cannot be
substituted for the other, and even a combination of two protease inhibitors does not make
sense to be used in the cases of viral breakthroughs and treatment relapse in infected patients
[37]. As a result, if an HCV-infected patient fails to response one PI, the retreatment with other
direct-acting antivirals may seem very difficult [38, 39]. PEG-IFNα and RBV are considered an
integral part of telaprevir- or boceprevir-based triple therapies, as some studies suggest that
RAVs are not associated with less sensitivity to interferon and ribavirin-based combination
therapies [40]. Interestingly, if the patient response is weak toward PEG-IFNα/RBV therapeutic
regimen, the risks to develop viral resistant mutants are significantly higher [40]. HCV genome
sequencing to determine the sequences of RAVs before or during therapy have no rational
because it has no practical consequences. The exception is testing for Q80K variants in HCV
genotype 1a patients which are recommended before simeprevir administration in the US
prescribing information [32, 33]. It is uncertain that the test is cost effective in other parts of
the world where genotype 1a is not highly prevalent, and Q80K polymorphism is rear. In
QUEST-1 clinical trials, 41% HCV genotype 1a patients had this particular variant and their
SVR rates were not significantly increased as compared to placebo when treated with
simeprevir [32, 33]. However, the SVR rates were almost similar to HCV genotype 1b patients
without Q80K variants in HCV genotype 1a patients [32, 33]. Interestingly, if Q80K variants
detect at baseline, even then the chances to achieve optimal SVR rates will be higher provided
that simeprevir is a part of the therapeutic regimen [32, 33]. In this scenario, a combination of
next-wave DAAs (i.e., sofosbuvir and daclatasvir) with a very high resistance barrier and weak
antiviral (e.g., ribavirin) activity may lead to high SVR rates. However, such drugs cannot be
combined with first-generation DAAs (telaprevir or boceprevir) due to lack of clinical data and
potential drug-drug interactions via the Pgp transporter proteins [18]. If viral escape mutants
emerge during or after therapy in treated patients, for how long will they persist and which
type of adverse effects would produce is not clearly understood. Some studies have reported
that viral escape mutants revert to wild type within 1–2 years after the completion of treatment
with first-generation PIs; however, RAS associated with NS5A inhibitors may persist for long
time even after the treatment completion [18, 40]. NS5A baseline polymorphism and NS5A
RAS detection by cloning sequencing is strongly recommended before the start of treatment in
patients with persistent NS5A variants.

8. Prevention to viral escape mutants

The emergence of viral escape mutants against direct-acting antivirals has an adverse impact
on treatment failure, when retreated with the same or other DAA-based combination therapies
(Table 2) [18]. Phase, III follow-up studies of teleprevir and boceprevir-based triple therapies,
revealed this fact where a rapid decline of viral escape mutants was detected (below the limit
of detection, i.e., >20% of quasispecies) by using population sequencing techniques [31, 40].
However, these resistance mutants were detectable after several years in a single patient
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treated with telaprevir or boceprevir by using cloning sequencing techniques within smaller
phase 1b studies [31]. Similarly, one study related to the retreatment of 5 HCV-infected patients
with simeprevir-based triple therapy (who developed early simeprevir resistance during
monotherapy and demonstrated SVR rates in only 3 out of 5 patients), also indicated a possible
effect of low-level persistence of viral escape mutants [31, 32].

Adherence to the dose of medication (especially for PIs) and compliance with futility rules are
two significant ways which may adopt during therapy to avoid viral escape mutants [17, 18].
Similarly, it may be managed by alternative treatment strategies and by improving the phar-
macokinetics profile of the newly developed direct-acting antivirals. Currently, the approvals
and recommendations of next-wave all oral interferon-free regimens have shifted the treat-
ment paradigms for difficult to treat “specific” populations including the patients found
resistant to first- and second-generation PIs and first-generation NS5A and NS5B inhibitors
(Table 1) [34, 41]. Interferon free combination regimens where, one drug with higher thera-
peutic activity but lower genetic barrier to drug resistance and other with strong barrier to
drug resistance but with lower therapeutic activity may reduce the chances of viral relapse and
viral breakthroughs in treated individuals [17, 18, 34]. Furthermore, some non-nucleoside
analog inhibitors with low antiviral efficacy but the high barrier to drug resistance are also in
investigational trials to be a valuable part of oral interferon-free regimens to treat patients who
are previously resistant to first- and second-generation DDA-based triple therapies [17, 18].

The clinical data improvising the failure of IFN free DAAs in treated individuals is still limited
from the phase III clinical trials of the regimens and retreatment statistics are not sufficient to
accomplish standard recommendations [17]. However, some currently available retreatment
data for treatment-failure regimens is briefly mentioned here. For NIs-based (e.g., sofosbuvir)
retreatment patient, 24 weeks treatment with addition of RBV is recommended, unless
contraindicated. Sofosbuvir based triple or quadruple therapeutic regimens for 12 or 24 weeks
along with RBV are also considerable if applicable. Similarly, for treatment failure of SOF and
SMV, preferable retreatment options include a combination of LDV/SOF or SOF/DCV for
24 weeks in cirrhotic patients and along with RBV for 12 weeks. For SOF plus RBV failure,
the retreatment strategies include SOF-based triple regimens including PEG-IFN and RBV for
12 weeks or alone RBV for 24 weeks. For SOF/LDV failure with NS5B variants, retreatment
with PEG-IFN/RBV plus SOF was recommended for 12 weeks. Some retreatment strategies
have been reported from real-world clinical practice studies, where the treatment failure of
DCV-based regimens was retreated with SOF plus SMVand with or without RBV for 12 weeks.
Despite achieving higher SVR rates, the retreatment strategies are still deficient in scientific
evidences to support their recommendations [17].

9. Conclusions

The pre-existing or treatment-emergent resistance-associated variants in hepatitis C-treated
patients decrease the overall cure rates (i.e., higher SVR rates) of direct-acting antivirals and
other anti-hepatitis C regimens. These variants may cause viral relapse, viral breakthrough
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and treatment failure during or after the completion of therapy. The clinical impact of
resistance-associated variants/substitutions is significant on the overall treatment outcome as
the clinical studies predict variable SVR rates in different HCV genotype patients. The detec-
tion of resistance-associated variants is of utmost importance prior to initiation of therapy, to
decide treatment duration as well as to choose retreatment or alternate treatment plan for
previously treatment failure patients with first- and second-generation DAAs or to some
extent new-wave DAAs. The discovery and development of interferon free combination regi-
mens with pan-genotypic drug efficacy provide optimism to treat such difficult-to-treat
populations where one drug with high antiviral efficacy and other one with strong barrier to
drug resistance achieves highly significant sustained virologic response rates in treated indi-
viduals.
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Abstract

A rare norovirus (NoV) genotype GII.17 has recently emerged and rapidly became pre-
dominant in most East Asian countries in the winters of 2014–2015. In this study, we 
report the diversity of NoV GII.17 in detail; a total of 646 GII.17 sequences obtained dur-
ing 1978–2015 were analyzed and subjected to meta-analysis. At least five major recom-
binant GII.17 clusters were identified. Each recombinant variant group appeared to have 
emerged following the time order: GII.P4-GII.17 (1978–1990), GII.P16-GII.17 (2001–2004), 
GII.P13-GII.17 (2004–2010), GII.Pe-GII.17 (2012–2015) and GII.P3-GII.17 (2011–2015). The 
newly emerged GII.P3-GII.17 variant, which exhibited significant sequence and structure 
variations, is evolving toward a unique lineage. Our results indicate that circulation of 
GII.17 appears to change every 3–5 years due to replacement by a newly emerged variant 
and that the evolution of GII.17 is sequentially promoted by inter-genotype recombina-
tion, which contributes to the exchange between non-GII.17 and GII.17 RdRp genes and 
drives the evolution of GII.17 capsid genes.

Keywords: emergence, evolution, genotyping, global prevalence, norovirus, 
recombination

1. Introduction

Norovirus (NoV) is the predominant etiological viral agent of acute gastroenteritis across all 
ages; usually old people and young kids are more susceptible to these viruses [1]. Currently, the 
genus of norovirus can be divided into at least seven genogroups (GI–GVII). Of these, GI, GII and 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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Abstract

A rare norovirus (NoV) genotype GII.17 has recently emerged and rapidly became pre-
dominant in most East Asian countries in the winters of 2014–2015. In this study, we 
report the diversity of NoV GII.17 in detail; a total of 646 GII.17 sequences obtained dur-
ing 1978–2015 were analyzed and subjected to meta-analysis. At least five major recom-
binant GII.17 clusters were identified. Each recombinant variant group appeared to have 
emerged following the time order: GII.P4-GII.17 (1978–1990), GII.P16-GII.17 (2001–2004), 
GII.P13-GII.17 (2004–2010), GII.Pe-GII.17 (2012–2015) and GII.P3-GII.17 (2011–2015). The 
newly emerged GII.P3-GII.17 variant, which exhibited significant sequence and structure 
variations, is evolving toward a unique lineage. Our results indicate that circulation of 
GII.17 appears to change every 3–5 years due to replacement by a newly emerged variant 
and that the evolution of GII.17 is sequentially promoted by inter-genotype recombina-
tion, which contributes to the exchange between non-GII.17 and GII.17 RdRp genes and 
drives the evolution of GII.17 capsid genes.

Keywords: emergence, evolution, genotyping, global prevalence, norovirus, 
recombination

1. Introduction

Norovirus (NoV) is the predominant etiological viral agent of acute gastroenteritis across all 
ages; usually old people and young kids are more susceptible to these viruses [1]. Currently, the 
genus of norovirus can be divided into at least seven genogroups (GI–GVII). Of these, GI, GII and 
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GIV can be detected in the samples from human gastroenteritis [2, 3]. Within each genogroup, 
NoV strains can be further subdivided into diverse (over 40) genotypes based on sequence 
similarity of the RNA-dependent RNA polymerase (RdRp) and major capsid genes [2, 3].  
Globally, GII strains have already contributed to over 75% of human NoV cases [4, 5], whereas 
a special genotype GII.4 has been found to be responsible for the majority of outbreaks since 
1990s [6, 7], and novel GII.4 variants emerged every 2–4 years [6–8].

In the winter of 2014–2015, a rare NoVs genotype, GII.17, emerged in most of the East Asian 
regions including China (Guangdong [9–13], Jiangsu [14], Zhejiang [15], Hebei [16], Hong 
Kong [17], Taiwan [18], Beijing [19], and Shanghai [20], Japan [21] and South Korea [22]). 
Soon after, the novel GII.17 strain became the most predominant NoV strain, replacing the 
pandemic strain GII.4 Sydney 2012, responsible for the majority of gastroenteritis outbreaks 
in this region [23]. A limited number of cases were also reported in other countries (Italy [24], 
Romania [25] and the USA [26]).

Recombination allows a substantial exchange of genetic materials and is a major driving force 
of viral evolution [2, 27]. However, although multiple studies have reported on the evolution-
ary dynamics of NoVs, the role of recombination in shaping NoV evolutionary history is still 
very significant. Given the importance of GII.17 NoV as a cause of epidemic gastroenteritis 
in recent years (2014–2015), it is crucial to better understand how this genotype has evolved 
over time.

This study aimed to determine the mechanisms of evolution in norovirus GII.17 strain from 
1978 to 2015, with particular focus on the effects of recombination events on the acquisition 
of non-GII.17 RdRps.

2. Materials and methods

2.1. NoV GII.17 sequence datasets

Sequence datasets were constructed following the strategy described by Yu et al. [28]. Briefly, 
NoV GII.17 sequences were all collected from two divided pathways (Figure 1): firstly, search 
results from the GenBank nucleotide database using combination keywords such as “noro-
virus and GII.17” and “norovirus and 17” in December 2015 and secondly, publications from 
the PubMed and Google scholar literature databases (papers published between 2003 and 
2015) that contain a combination of “norovirus” and “GII.17” in the titles, keywords and 
abstracts [28]. Non-English literatures were excluded [28].

Subsequently, all the NoV GII.17 sequences were downloaded in FASTA format. Then the 
corresponding information of each sequence was edited by using Geneious [29] as in a uni-
form format which included the sequence name (or accession number) and length, sample 
source, sampling time and sites [28]. Duplicated sequences were removed [28]. To delete the 
non-GII.17 sequences, all the candidate sequences were analyzed with the online-based geno-
typing tool [30], which is designed to identify norovirus genotypes based on phylogenetic 
analysis.
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2.2. Phylogenetic analysis

Nucleotide sequences were aligned using the ClustalW program. Phylogenetic analysis was 
performed with MEGA 5.1 package [31] based on partial sequences of ORF1 (241 nt) and 
ORF2 (181 nt). The reference strains were retrieved from NCBI nucleotide database [32]. 
Phylogenetic trees were reconstructed using the Tamura-Nei model and maximum likelihood 
methods. Bootstrap was calculated with 1000 pseudo-replicate datasets. The distance scale 
represents the number of nucleotide substitution per position.

2.3. Recombination analysis

To detect recombination events, sequences were aligned with ClustalW program in the MEGA 
5.1 package [31] and then checked manually. The reference strains were retrieved from NCBI 
nucleotide database. NoV strains were defined as recombinants if they were grouped into 
different genotypic clusters on the phylogenetic trees, which were reconstructed using full-
length sequences of ORF1 (5107 nt) and ORF2 (1623 nt), respectively.

Figure 1. Flow chart of sequence collection strategy.
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Nucleotide sequences were aligned using the ClustalW program. Phylogenetic analysis was 
performed with MEGA 5.1 package [31] based on partial sequences of ORF1 (241 nt) and 
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Simplot method [33] was employed to identify the recombination breakpoint site and to fur-
ther verify the NoV recombinants. The bootstrap values were plotted for a window of 400 nt, 
moving in increments of 10 nt along the alignment.

2.4. Homology modeling

The tertiary structures of the capsid P domains of NoV GII.17 were modeled using SWISS-
MODEL online server [34]. The recently published GII.17 domain dimer X-ray crystal struc-
ture (PDB accession: 5F4O) [35] was used as the template for generating homology models. 
The constructed models were examined and edited using PyMoL [36].

3. Results

3.1. NoV GII.17 sequence dataset

A total of 472 and 1698 sequences were obtained from the GenBank nucleotide database using 
“norovirus and GII.17” and “norovirus and 17” as search keywords, respectively. After man-
ually checking sequence genotyping results, the non-GII.17 sequences (n = 1614) of the above 
two sequence datasets were excluded from subsequent analysis (Figure 1). A literature search 
yielded 67 citations, among which 57 of the research articles (85%) reported norovirus GII.17 
sequences (n = 362). All screened sequences from these two independent sources were com-
bined, and duplicated sequences were removed. Finally, a total of 646 sequences belonging to 
NoV GII.17 were obtained (Figure 1).

These 646 sequences ranged from 205 to 7570 nt in length. Over 60% of them (n = 427) were 
shorter than 400 nt, while 57 sequences covered the nearly complete or the complete viral 
genome of more than 7000 nt. All the NoV GII.17 sequences were located within ORF1, ORF2 
or the region overlapping ORF1 and ORF2. Specifically, 3.41% of sequences (n = 22) belonged 
to ORF1, and 79.26% (n = 512) belonged to ORF2. The remaining 112 sequences contained 
regions from both ORF1 and ORF2.

3.2. Genetic diversity of NoV GII.17

Genotyping analysis revealed that many of the GII.17 sequences were genetic recombinants 
since two distinct genotypic regions, ORF1 (RdRp) and ORF2 (VP 1), were identified in the 
same sequence. All the recombinants contained the same ORF2 genotype of GII.17 while exhib-
iting varying ORF1 genotypes of GII.P3, GII.P13, GII.P16, GII.Pe and GII.P4. Phylogenetically, 
all the GII.17 ORF2 sequences were categorized into at least five major clusters. Interestingly, 
each cluster composed of only one type of GII.17 recombinant, for example, GII.P4-GII.17, GII.
P16-GII.17, GII.P13-GII.17, GII.Pe-GII.17 and GII.P3-GII.17 (Figure 2A). The collection dates 
of the corresponding strains within each cluster indicated a temporally sequential clustering 
and were distributed as follows: GII.P4-GII.17 cluster during 1978–1990, GII.P16-GII.17 clus-
ter during 2001–2004, GII.P13-GII.17 cluster during 2004–2010, GII.Pe-GII.17 cluster during 
2012–2015 and GII.P3-GII.17 cluster during 2011–2015 (Figure 2A).

Genotyping152

Figure 2. Phylogenetic trees of NoV GII.17. The trees were generated using the maximum likelihood method. Gaps in 
alignment were ignored in the analysis. Bootstrap (1000 replicates) analysis was used for statistical support; values >70% 
are shown. Tamura-Nei was used as the model of substitution. The distance scale represents the number of nucleotide 
substitutions per position. The sequences were obtained from GenBank and named according to the GenBank accession 
ID, strain name, followed by the year and country of isolation (AUS, Australia; BD, Bangladesh; BRA, Brazil; CAM, 
Cameroon; CHN, China; ETH, Ethiopia; FRA, France; GF, French Guiana; IE, Ireland; ITA, Italy; JP, Japan; KE, Kenya; 
KOR, Korea; MEX, Mexico; MOR, Morocco; NIC, Nicaragua; PK, Pakistan; RUS, Russia; SIG, Singapore; ZA, South Africa; 
CH, Switzerland; TH, Thailand; UY, Uruguay; the USA, United States of America). (A) The rooted tree was reconstructed 
using the 5′ ends of VP1 nucleotide sequences (189 nt) of all GII.17 NoVs, corresponding to the location of LC037415: 5141–
5329 nt. The recombinant strains are indicated by black pentagrams. The recombinant variant clusters are highlighted 
in different colors. GII.13 (AY113106) and GII.21 (AY675554) were used as the out-groups. Two un-rooted trees were 
reconstructed using near-complete ORF1 (B) and ORF2 (C) nucleotide sequences (n = 72). The recently emerged NoV 
GII.17 sequences (2013–2015) are indicated with diamonds (cluster I, 2013–2014) and triangles (Cluster II, 2014–2015).
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Notably, 27 sequences did not belong to any of the above-described lineages (Figure 2A); 
however, they were more closely related to the GII.P13-GII.17 cluster. Coincidently, all of 
these sequences were isolated in a similar time period (1998–2012) as the GII.P13-GII.17 clus-
ter (2004–2010) (Figure 2A).

The GII.P3-GII.17 cluster, containing 486 sequences, was the largest recombinant lineage of the 
five recombinant clusters, with most of the sequences discovered in the past 2 years (2014 and 
2015) (Figure 2A). In addition, the VP1 sequences (viral protein 1, the major capsid protein)  
of the recently emerged epidemic strains during 2014 and 2015 were also classified into this 
GII.P3-GII.17 cluster (Figure 2A).

3.3. Recombination confirms the emergence of GII.17

Given that only a small portion of the ORF2 sequences (181 nt) was included in the phylo-
genetic tree (Figure 2A) and that the bootstrap value of the GII.P3-GII.17 cluster was less 
than 80%, two more phylogenetic trees were constructed using the full-length sequences 
of ORF1 and ORF2 (n = 54) in order to further verify the recombination in sequences from 
the GII.P3-GII.17 cluster. On the ORF1 tree (Figure 2B), all the sequences were grouped into 
GII.3 genotype clusters with a high bootstrap value (99%). On the ORF2 tree (Figure 2C), 
sequences were grouped into GII.17 genotype clusters with a high bootstrap value (99%). 
These results demonstrated that the new epidemic strains were in fact GII.P3-GII.17  intergenic 
recombinants.

Simplot analysis was also performed to confirm the recombination events. The candidate 
recombinant sequences shared high similarities with GII.3 in ORF1 and with GII.17 in ORF2, 
respectively. In addition, recombination breakpoints were identified within the overlapping 
regions of ORF1 and ORF2.

3.4. Sequence variations of the GII.17 P domain

To explore the evolution of NoV GII.17 capsid genes and the importance of intergenic recom-
bination, five representatives of the P domain sequences (GII.P3, GII.P13, GII.P16, GII.Pe and 
GII.P4) from distinct clusters discovered between 1978 and 2015 were subjected to analysis. 
Sequence similarity among all complete genomic sequences was analyzed using Simplot. GII.
P16-GII.17 and GII.Pe-GII.17 variants shared high similarities with the GII.17 variant that 
emerged the earliest (GII.P4-GII.17 in 1978) at the identification of 92.73 and 90.45%, respec-
tively (Figure 3B). However, the variant GII.P13-GII.17 that emerged after revealed a decline in 
similarity with GII.P4-GII.17 (82.96% of identity). The recently emerged GII.P3-GII.17 variant 
showed the largest divergence (76.12% of identity) from the GII.P4-GII.17 variant (Figure 3B).  
Interestingly, a typical “V” shape was observed in our Simplot analysis (Figure 3A), suggesting 
that the P2 subdomain is the most hypervariable region in the GII.17 capsid and continues to 
evolve (Figure 3A).

A structure-based sequence alignment of the P domain (amino acid) was performed to examine 
any potential differences among these five GII.17 variants. Overall, P1 subdomain sequences 
were relatively conserved (Figure 4); however, significant sequence differences were observed 
in the outer loop regions in the P2 subdomain that includes the B-loop (aa 291–299), P-loop (aa 
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339–352), A-loop (aa 375–383) and T-loop (aa 395–400) (Figure 4). In addition, slight changes 
were also found in the S-loop (aa 438–445) located in the P1 subdomain and in the U-loop (aa 
408–417) located within the junctional region of the P1 and P2 subdomains (Figure 4).

Figure 3. Sequence similarity of P domain (nucleotides). (A) Simplot analysis: The Simplot method was performed to 
show the similarity between complete NoV GII.17 VP1 nucleotide sequences. Thirteen representative sequences were 
picked from five recombinant clusters and highlighted in different colors. The horizontal axis represents the nucleotide 
positions of VP1, and the vertical axis represents the sequence similarity compared to the GII.P4-GII.17 (KC597139) 
strain. (B) Similarity analysis: The pair-wise identity of five representative GII.17 sequences from each recombinant 
cluster, GII.P4-GII.17 (KC597139), GII.P16-GII.17 (KJ96286), GII.Pe-GII.17 (KT589391), GII.P13-GII.17 (GQ266696) and 
GII.P3-GII.17 (LC037415), was analyzed.
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Figure 3. Sequence similarity of P domain (nucleotides). (A) Simplot analysis: The Simplot method was performed to 
show the similarity between complete NoV GII.17 VP1 nucleotide sequences. Thirteen representative sequences were 
picked from five recombinant clusters and highlighted in different colors. The horizontal axis represents the nucleotide 
positions of VP1, and the vertical axis represents the sequence similarity compared to the GII.P4-GII.17 (KC597139) 
strain. (B) Similarity analysis: The pair-wise identity of five representative GII.17 sequences from each recombinant 
cluster, GII.P4-GII.17 (KC597139), GII.P16-GII.17 (KJ96286), GII.Pe-GII.17 (KT589391), GII.P13-GII.17 (GQ266696) and 
GII.P3-GII.17 (LC037415), was analyzed.
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Figure 4. Sequence alignment of P domain (amino acids). The structure-based sequence alignment of the P domains 
of GII.P4-GII.17 (AGI17592), GII.P16-GII.17 (AII73747), GII.Pe-GII.17 (ALD83748), GII.P13-GII.17 (ACT68315) and GII.
P3-GII.17 (BAR42289) from five recombinant clusters was performed. Regions spanning the P1 and P2 subdomains 
are indicated by stripes. Identical residues are highlighted with black background, while distinct residues are shown 
in red characters. The conventional GII genogroup HBGA surface binding loops (A-, B-, P-, S-, T-, U- and N-) are 
indicated by blue frames. 
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Interestingly, various mutations were also identified in the P2 subdomain, especially in 
the loops on the outer surface of the protein. Comparing to the other four earlier variants, 
three deletions (aa 349, 350 and 381) and two insertions (aa 379 and 397) were observed in 
the recently emerged GII.P3-GII.17 variant (Figure 4). These mutations, which are located 
in the B-loop (aa 349 and 350), A-loop (aa 379 and 381) and T-loop (aa 397), might have 
altered the binding capacity of NoV to host human histo-blood group antigen (HBGA) 
(Figure 4). These results also suggested that the GII.17 P domain might have evolved 
from a non-prevalent strain into an epidemic GII.17 variant strain (GII.P3-GII.17).

The position of amino acids in VP1 corresponds to AGI17592. Arrows indicate deletions 
(aa 349, 350 and 381) and insertions (aa 379 and 397) in the recently emerged GII.P3-GII.17 
variant, as compared to the other GII.17 variants.

3.5. Structure shift of the GII.17 P domain

To better understand how this novel NoV GII.17 spread so rapidly and widely, the P domain 
structures of all five GII.17 variants were constructed based on homology modeling. Comparison 
of the overall structures of the five GII.17 variants revealed that most amino acid substitutions 
occurred in the P2 subdomain, while the P1 subdomain remained relatively conserved.

Figure 5 shows the surface loops that formed the conventional GII NoV binding interface 
(B-, T-, N-, P-, U-, S- and A-loops). The front-side view indicates that the outer structures 
of the N- and U-loops of all five GII.17 variants remained relatively unchanged (Figure 5).  
However, compared to the other four GII.17 variants, distinct structural changes were 
observed in the A-, B- and T-loops of the GII.P3-GII.17 variant (Figure 5). The top-side view 
revealed that the P-loops of the GII.P13-GII.17 and the GII.P3-GII.17 variants are protruding 
from the surface of the proteins (Figure 5), a feature clearly different from those observed in 
the other three GII.17 variants.

To clarify the specific changes observed in the loops, superpositions of the P domain struc-
tures of the five representative GII.17 variants were constructed (Figure 6). The most promi-
nent difference was observed in the P-loop (Figure 6). Three distinct structures of the P-loop 
were observed among the five GII.17 variants, with the GII.P4-GII.17, GII.P16-GII.17 and 
GII.Pe-GII.17 variants sharing the same structure. In contrast, the GII.P13-GII.17 and GII.
P3-GII.17 variants each presented a unique structure (Figure 6). In addition, the T-, B-, U- 
and A-loops also exhibited considerable differences. Notably, the GII.P4-GII.17, GII.P16-
GII.17, GII.Pe-GII.17 and GII.P13-GII.17 variants shared similar T-, B-, U- and A-loops; while 
the GII.P3-GII.17 variant displayed a unique shift in structure in these four loops (Figure 6).

3.6. Global distribution of NoV GII.17 variants

Sequences of the five distinct variants of GII.17 (n = 646) were obtained from at least 24 coun-
tries and regions from five continents: Asia (China, Hong Kong, Taiwan, Japan, Bangladesh, 
Singapore, South Korea, Pakistan and Thailand), Europe (Italy, France and Russia), America 
(Brazil, Mexico, Nicaragua, Uruguay, French Guiana and the USA), Africa (Cameroon, 
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Figure 5. Three-dimensional structure of P domain. Three-dimensional P domain structures of the five GII.17 variants 
were predicted by homologous modeling. The seven surface-binding loops, that is, A-, B-, P-, S-, T-, U- and N-loops, are 
indicated in yellow, red, green, orange, pink, sky blue and blue, respectively. The black circles highlight the changes 
present in the binding loops among different GII.17 variants.
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Ethiopia, Kenya, Morocco and South Africa) and Oceania (Australia). The number of 
sequences obtained in these regions was unevenly distributed, with certain countries being 
over-represented compared to others. Most of the sequences were obtained in Asia (89.30%) 
and Europe (7.31%). The number of sequences collected in China was the highest (71.12%), 
followed by South Korea (9.80%), Kenya (4.99%) and Japan (4.81%).

Since most of these NoV GII.17 sequences were categorized into five recombination vari-
ant clusters; it is important to understand how the different GII.17 variants are distrib-
uted globally. Only three sequences belonging to the GII.P4-GII.17 variant were collected 
from French Guiana and Pakistan (Figure 7A). Most of the sequences of the GII.P16-
GII.17 variant were isolated in Japan (n = 17) (Figure 7A). In addition, sequences of the 
GII.Pe-GII.17 variant were well dispersed among different countries including Cameroon 
(n = 1), Ethiopia (n = 6), China (n = 7), South Korea (n = 1), Brazil (n = 2) and the USA 
(n = 1) (Figure 7A). Sequences from the GII.P13-GII.17 variant were even more widely 
distributed: China (n = 3), Japan (n = 1), Bangladesh (n = 10), Singapore (n = 3), South 
Korea (n = 3), Thailand (n = 2), France (n = 2), Russia (n = 2), Brazil (n = 2), Mexico (n = 1), 
Nicaragua (n = 1), Uruguay (n = 1), Cameroon (n = 3) and South Africa (n = 1) (Figure 7A). 

Figure 6. Comparison of the seven major surface loops of the GII.17 variants. Structures of the seven surface-binding 
loops located on the P domain were compared by superposition. Color schemes: wheat, GII.P4-GII.17 (AGI17592); sky 
blue, GII.P16-GII.17 (AII73747); green, GII.Pe-GII.17 (ALD83748); blue, GII.P13-GII.17 (ACT68315) and red, GII.P3-GII.17 
(BAR42289).
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Figure 7. Global distribution and prevalence of GII.17 variants. (A) Geographical distribution of the GII.17 variants from 
1978 to 2015: Different GII.17 variants are shown in different colors. The distributions of multiple variants in the same 
regions are shown in pie-charts (map template from digital vector maps) and (B) Yearly prevalence of GII.17 variants 
during 1978–2015: Different GII.17 variants are shown in different colors. Part of the graph representing data from the 
period between 1978 and 2011 was partially enlarged to allow the examination of detailed results.

As for the GII.P3-GII.17 variant, its sequence distribution was also quite scattered, with 
most of the sequences found in China (n = 389), South Korea (n = 50), Kenya (n = 28), Japan 
(n = 9) and Thailand (n = 4) (Figure 7A).

Interestingly, multiple GII.17 variants were often observed in one country or region (Figure 7A).  
For example, over 70% of the GII.17 sequences (399 in 561) were detected in China, includ-
ing sequences from the GII.P3-GII.17, GII.P13-GII.17 and GII.Pe-GII.17 variants (Figure 7A). 
Except for GII.P4-GII.17, the other four GII.17 variants were found in South Korea, with GII.
P3-GII.17 being the most dominant. Different GII.17 variants were also observed in Japan 
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(GII.P3-GII.17, GII.P13-GII.17 and GII.P16-GII.17), Cameroon (GII.P3-GII.17, GII.P13-GII.17 
and GII.Pe-GII.17), the USA (GII.P3-GII.17, GII.P16-GII.17 and GII.Pe-GII.17), Thailand (GII.
P3-GII.17 and GII.P13-GII.17) and Brazil (GII.P13-GII.17 and GII.Pe-GII.17) (Figure 7A).

3.7. Yearly prevalence of GII.17 variants

Figure 7B showed the yearly distribution of the GII.17 variants detected worldwide. The 
GII.17 sequences isolated from 1978 to 2015 were unevenly distributed. The number of iso-
lated sequences peaked in 2001, 2006 and 2009, then continued to increase significantly from 
2011 to 2015 and reached the highest peak in 2015 (Figure 7B). This result suggested that cir-
culation of GII.17 might change every 3–5 years due to replacement by a newly emerged vari-
ant. The GII.P4-GII.17 variant, which emerged the earliest, only appeared in 1978 and 1990 
(Figure 7B). About a dozen years later, the GII.P16-GII.17 variant was discovered in 2002 and 
persisted till 2004, when the GII.P13-GII.17 variant emerged and replaced it. A few of the GII.
P3-GII.17 variants emerged between 2009 and 2013, and the number of sequences that belonged 
to this variant sharply increased during 2014 and 2015. Over 70% of the GII.17 sequences 
belonged to this GII.P3-GII.17 variant and were isolated during this period (Figure 7B).  
It is worth noting that the GII.Pe-GII.17 variant was also observed between 2012 and 2015, 
although the number of sequences identified during this period was far less than that of the 
GII.P3-GII.17 variant (Figure 7B).

4. Discussion

NoV, one of the leading causes of human acute gastroenteritis, is wildly distributed around 
the world. In the past decades, NoV GII.4 was identified as the most predominant genotype 
involved in numerous epidemic outbreaks, for example, in 2002, 2004, 2006, 2009 and 2012 
[37]. Recently, a novel NoV GII.17 variant has emerged and is responsible for multiple disease 
outbreaks mainly in China and Japan [9, 11–22]. GII.17 appeared as a dominant strain replac-
ing the GII.4 strain in these regions during 2014–2015 [23].

NoV GII.17 strains have been circulating among various human populations for over 37 years, 
with previously emerged GII.17 sequences being sporadically detected in multiple regions in 
various continents including most of Africa, Asia, Europe, North America and South America 
(Figure 7A). However, it is still unclear as to why this recently emerged GII.17 variants spread 
so rapidly and widely within such a short time period.

4.1. Genetic diversity and recombination

Previous studies have suggested that GII.17 sequences could be classified into distinct clus-
ters based on the divergence of VP1. However, only a few GII.17 sequences were analyzed 
in these studies [14, 15, 18, 20, 24, 26]. In order to investigate the diversity of NoV GII.17 in 
detail, large sequence dataset was constructed and subjected to meta-analysis and genotyp-
ing in this study (Figure 1). Surprisingly, at least five major recombinant GII.17 clusters, 
including GII.P4-GII.17, GII.P16-GII.17, GII.P13-GII.17, GII.Pe-GII.17 and GII.P3-GII.17, were 
identified. In addition, each recombinant group appeared to have emerged following a par-

Norovirus GII.17: The Emergence and Global Prevalence of a Novel Variant
http://dx.doi.org/10.5772/intechopen.76256

161



Figure 7. Global distribution and prevalence of GII.17 variants. (A) Geographical distribution of the GII.17 variants from 
1978 to 2015: Different GII.17 variants are shown in different colors. The distributions of multiple variants in the same 
regions are shown in pie-charts (map template from digital vector maps) and (B) Yearly prevalence of GII.17 variants 
during 1978–2015: Different GII.17 variants are shown in different colors. Part of the graph representing data from the 
period between 1978 and 2011 was partially enlarged to allow the examination of detailed results.

As for the GII.P3-GII.17 variant, its sequence distribution was also quite scattered, with 
most of the sequences found in China (n = 389), South Korea (n = 50), Kenya (n = 28), Japan 
(n = 9) and Thailand (n = 4) (Figure 7A).

Interestingly, multiple GII.17 variants were often observed in one country or region (Figure 7A).  
For example, over 70% of the GII.17 sequences (399 in 561) were detected in China, includ-
ing sequences from the GII.P3-GII.17, GII.P13-GII.17 and GII.Pe-GII.17 variants (Figure 7A). 
Except for GII.P4-GII.17, the other four GII.17 variants were found in South Korea, with GII.
P3-GII.17 being the most dominant. Different GII.17 variants were also observed in Japan 

Genotyping160

(GII.P3-GII.17, GII.P13-GII.17 and GII.P16-GII.17), Cameroon (GII.P3-GII.17, GII.P13-GII.17 
and GII.Pe-GII.17), the USA (GII.P3-GII.17, GII.P16-GII.17 and GII.Pe-GII.17), Thailand (GII.
P3-GII.17 and GII.P13-GII.17) and Brazil (GII.P13-GII.17 and GII.Pe-GII.17) (Figure 7A).

3.7. Yearly prevalence of GII.17 variants

Figure 7B showed the yearly distribution of the GII.17 variants detected worldwide. The 
GII.17 sequences isolated from 1978 to 2015 were unevenly distributed. The number of iso-
lated sequences peaked in 2001, 2006 and 2009, then continued to increase significantly from 
2011 to 2015 and reached the highest peak in 2015 (Figure 7B). This result suggested that cir-
culation of GII.17 might change every 3–5 years due to replacement by a newly emerged vari-
ant. The GII.P4-GII.17 variant, which emerged the earliest, only appeared in 1978 and 1990 
(Figure 7B). About a dozen years later, the GII.P16-GII.17 variant was discovered in 2002 and 
persisted till 2004, when the GII.P13-GII.17 variant emerged and replaced it. A few of the GII.
P3-GII.17 variants emerged between 2009 and 2013, and the number of sequences that belonged 
to this variant sharply increased during 2014 and 2015. Over 70% of the GII.17 sequences 
belonged to this GII.P3-GII.17 variant and were isolated during this period (Figure 7B).  
It is worth noting that the GII.Pe-GII.17 variant was also observed between 2012 and 2015, 
although the number of sequences identified during this period was far less than that of the 
GII.P3-GII.17 variant (Figure 7B).

4. Discussion

NoV, one of the leading causes of human acute gastroenteritis, is wildly distributed around 
the world. In the past decades, NoV GII.4 was identified as the most predominant genotype 
involved in numerous epidemic outbreaks, for example, in 2002, 2004, 2006, 2009 and 2012 
[37]. Recently, a novel NoV GII.17 variant has emerged and is responsible for multiple disease 
outbreaks mainly in China and Japan [9, 11–22]. GII.17 appeared as a dominant strain replac-
ing the GII.4 strain in these regions during 2014–2015 [23].

NoV GII.17 strains have been circulating among various human populations for over 37 years, 
with previously emerged GII.17 sequences being sporadically detected in multiple regions in 
various continents including most of Africa, Asia, Europe, North America and South America 
(Figure 7A). However, it is still unclear as to why this recently emerged GII.17 variants spread 
so rapidly and widely within such a short time period.

4.1. Genetic diversity and recombination

Previous studies have suggested that GII.17 sequences could be classified into distinct clus-
ters based on the divergence of VP1. However, only a few GII.17 sequences were analyzed 
in these studies [14, 15, 18, 20, 24, 26]. In order to investigate the diversity of NoV GII.17 in 
detail, large sequence dataset was constructed and subjected to meta-analysis and genotyp-
ing in this study (Figure 1). Surprisingly, at least five major recombinant GII.17 clusters, 
including GII.P4-GII.17, GII.P16-GII.17, GII.P13-GII.17, GII.Pe-GII.17 and GII.P3-GII.17, were 
identified. In addition, each recombinant group appeared to have emerged following a par-

Norovirus GII.17: The Emergence and Global Prevalence of a Novel Variant
http://dx.doi.org/10.5772/intechopen.76256

161



ticular time order. For example, the earliest group of GII.P4-GII.17 was isolated in 1978, fol-
lowed by GII.P16-GII.17 (2001–2004), GII.P13-GII.17 (2004–2010), GII.Pe-GII.17 (2012–2015) 
and GII.P3-GII.17 (2011–2015). This indicates that the evolution of GII.17 is sequentially pro-
moted by inter-genotype genetic recombination, which contributes to the exchange between 
non-GII.17 and GII.17 RdRp genes and promotes the evolution of GII.17 capsid genes. 
Consequently, these genetic recombinations could have potentially affected the antigenic 
properties of NoVs and accelerated the emergence of novel epidemic variants or strains [17, 
23], for example, GII.P3-GII.17. The highly diverse genome of the rare genotype of GII.17 
demonstrated in this study is far beyond what has been reported previously.

Moreover, based on the phylogenetic trees of RdRp and VP1 (Figure 2B and C), all GII.
P3-GII.17 sequences were further subdivided into cluster I and II. Cluster I contains the 
variants identified from 2013 to 2014, while the variants isolated from 2014 to 2015 com-
prise Cluster II. Our results suggest that after RdRp recombination with the pandemic 
genotype of GII.P3, the subsequently emerged GII.17 strains underwent various modifica-
tions at the capsid [23, 35], which, consequently, promoted the emergence of new variants 
(Figure 3).

Notably, the co-circulation of the GII.P3-GII.17 variant with the non-epidemic strains of GII.
Pe-GII.17 indicates that the evolution of GII.17 strains was driven by multiple mechanisms in 
different directions within the human population in recent years (Figure 2A).

4.2. Shift and variation in capsid structure

Chan et al. [17] and Lu et al. [38] have previously reported that the GII.17 VP1 evolved faster 
than GII.4 VP1. The rapid evolution of this GII.P3-GII.17 VP1 at a rate of 5.68 × 10−3 nucleotide 
substitutions per site per year, which is comparable to that of GII.4 VP1 (5.3–6.3 × 10−3 sub-
stitutions per site per year), is faster than that in other NoV genotypes such as the epidemic 
genotypes GII.3 and GII.7 (1.961 × 10−3 and 2.36 × 10−3 nucleotide substitutions per site per 
year, respectively) [38]. In this study, compared with previous circulating GII.17 variants, 
the recently emerged GII.17 variant was found to exhibit significant sequence and structure 
variations.

First of all, the new GII.P3-GII.17 variant showed the most noticeable sequence divergence 
(76.12% of nucleotide identity) compared to the other GII.17 variants, for example, GII.P16-
GII.17, GII.P13-GII.17 and GII.Pe-GII.17 (Figure 3), which could be a driving force of antigenic 
drift of the new GII.17 variant.

Secondly, at the amino acid level, the P domain of the GII.P3-GII.17 variant appeared to have 
evolved more rapidly than the other variants (Figure 4). Specifically, three deletions and two 
insertions were observed in the new GII.P3-GII.17 variant (Figure 4). The homology structure 
of the P domain also showed that many mutations were located in the human histo-blood 
group antigen (HBGA)  binding loops of the newly emerged GII.P3-GII.17 variant (Figure 5).  
Notably, most amino acid substitutions were found in the P2 subdomain. These results sug-
gest that these mutations most likely affect the HBGA binding property of the new GII.17 
variant, which in turn, might expand its host range and prevalence [17, 21, 35]. It is important 
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to note that changes at the antigenic epitopes of the viral capsid might also lead to adaptive 
advantages that contribute to the rapid spread of the virus.

The observed structural variations led us to hypothesize that, in the beginning of GII.17 evo-
lution, the binding interface of these viruses remained relatively stable from 1978 to 2004, 
as reflected in the variants GII.P4-GII.17 (1978–1990) and GII.P16-GII.17 (2001–2004). Soon 
after that, a significant change occurred at the surface loops of the capsid (GII.P13-GII.17, 
2004–2010), followed by more dramatic changes in 2011–2015 (GII.P3-GII.17, 2011–2015) 
(Figure 2A). Interestingly, the loop structures of the GII.Pe-GII.17 variant remained relatively 
constant, even though it was in circulation during the 2012–2015 period, indicating that this 
variant retained the conventional GII.17 HBGA binding interfaces [35]. Our results also con-
firmed that the GII.P3-GII.17 variant might have evolved as a unique lineage separated from 
the other GII.17 variants.

Thirdly, it is also possible that variations in the rate of evolution of the capsid were promoted 
by recombination, since this recombination resulted in the same capsid lineage that was asso-
ciated with different RdRp [39]. Recombination breakpoints between RdRp and capsid genes 
might have allowed GII.17 to acquire RdRp with lower fidelity and/or increased replication 
efficiency, resulting in a higher rate of evolution for the associated capsid gene [17]. Moreover, 
within a short time period, the human host might have yet to adapt to the new GII.17 capsid, 
which might also support the rapid spread of the new GII.17 variant.

4.3. Waterborne GII.17 strains

NoV particles are usually detected in environmental water or in effluents from the wastewa-
ter treatment plant throughout the year [40–42]. In fact, the attack rate of waterborne NoV 
(over 11%) was found to be significantly higher than that associated person to person or envi-
ronmental transmission [5].

Interestingly, the dataset in this study revealed that over 20% (129 in 646) of GII.17 sequences 
were collected from water samples or water-related outbreaks. Such waterborne GII.17 out-
breaks have been reported in many countries, for example, the USA, in 2005 [43]; South Korea, 
in 2008–2012 [44]; Guatemala, in 2009 [45]; and China, in 2014–2015 [16, 46]. Moreover, many 
GII.17 sequences were also detected in environmental water samples from around the world, 
such as Shandong (China) [47], Singapore [48, 49], Japan [50, 51], South Africa [52, 53], Kenya 
[54] and New Orleans (USA) [40] .

Since the capsid protects genomic RNA from the environment, it is assumed that capsid 
degradation could lead to viral inactivation, probably followed by the degradation of the 
unprotected viral RNA [55]. Our data suggest that the capsid of GII.17 virus is more stable 
and therefore, can persist longer in water samples. Interestingly, Arthur et al. demonstrated 
that Tulane virus (a novel human NoV surrogate) also remained stable in surface water (<1 
log10 reduction) after 28 days; however, viral load reduced from ≥3.5 to 4 log10 in ground-
water by day 21 [56]. Consequently, improving surveillance and systematic monitoring of 
 environmental water samples could provide valuable information on viral circulation and 
enable further assessment of the emergence of novel NoVs at an earlier stage.
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to note that changes at the antigenic epitopes of the viral capsid might also lead to adaptive 
advantages that contribute to the rapid spread of the virus.

The observed structural variations led us to hypothesize that, in the beginning of GII.17 evo-
lution, the binding interface of these viruses remained relatively stable from 1978 to 2004, 
as reflected in the variants GII.P4-GII.17 (1978–1990) and GII.P16-GII.17 (2001–2004). Soon 
after that, a significant change occurred at the surface loops of the capsid (GII.P13-GII.17, 
2004–2010), followed by more dramatic changes in 2011–2015 (GII.P3-GII.17, 2011–2015) 
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constant, even though it was in circulation during the 2012–2015 period, indicating that this 
variant retained the conventional GII.17 HBGA binding interfaces [35]. Our results also con-
firmed that the GII.P3-GII.17 variant might have evolved as a unique lineage separated from 
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Thirdly, it is also possible that variations in the rate of evolution of the capsid were promoted 
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ciated with different RdRp [39]. Recombination breakpoints between RdRp and capsid genes 
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efficiency, resulting in a higher rate of evolution for the associated capsid gene [17]. Moreover, 
within a short time period, the human host might have yet to adapt to the new GII.17 capsid, 
which might also support the rapid spread of the new GII.17 variant.

4.3. Waterborne GII.17 strains

NoV particles are usually detected in environmental water or in effluents from the wastewa-
ter treatment plant throughout the year [40–42]. In fact, the attack rate of waterborne NoV 
(over 11%) was found to be significantly higher than that associated person to person or envi-
ronmental transmission [5].

Interestingly, the dataset in this study revealed that over 20% (129 in 646) of GII.17 sequences 
were collected from water samples or water-related outbreaks. Such waterborne GII.17 out-
breaks have been reported in many countries, for example, the USA, in 2005 [43]; South Korea, 
in 2008–2012 [44]; Guatemala, in 2009 [45]; and China, in 2014–2015 [16, 46]. Moreover, many 
GII.17 sequences were also detected in environmental water samples from around the world, 
such as Shandong (China) [47], Singapore [48, 49], Japan [50, 51], South Africa [52, 53], Kenya 
[54] and New Orleans (USA) [40] .

Since the capsid protects genomic RNA from the environment, it is assumed that capsid 
degradation could lead to viral inactivation, probably followed by the degradation of the 
unprotected viral RNA [55]. Our data suggest that the capsid of GII.17 virus is more stable 
and therefore, can persist longer in water samples. Interestingly, Arthur et al. demonstrated 
that Tulane virus (a novel human NoV surrogate) also remained stable in surface water (<1 
log10 reduction) after 28 days; however, viral load reduced from ≥3.5 to 4 log10 in ground-
water by day 21 [56]. Consequently, improving surveillance and systematic monitoring of 
 environmental water samples could provide valuable information on viral circulation and 
enable further assessment of the emergence of novel NoVs at an earlier stage.
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4.4. Nomenclature of the new GII.17 variant

To coordinate the assignment of new genotypes and variants, a dual-typing system based on 
the complete capsid (VP1) and the partial polymerase (1300 nt) was proposed [3]. In 2014, the 
RdRp genotype of Kawasaki 323 strain emerged, but it was not assigned to any of the known 
genotypes in the database. Instead, it was assigned as the GII.P17 RdRp genotype, and the 
variants of NoVs were named Hu/GII/JP/2014/GII.P17-GII.17 [21]. Meanwhile, the Hu/GII.17/
Gaithersburg/2014/US strain was categorized into the same group as the GII.3 strains based 
on its RdRp sequence. However, based on the bootstrap values (<70%) and genetic distances 
(<0.143), insufficient confidence was encountered when an attempt was made to classify these 
variants with any of the known RdRp genotypes [26]. In addition, Fu and coauthors reported 
that most NoV GII.17 strains detected in the 2000s were affiliated with a GII.3-like RdRp geno-
type and that the new GII.17 variant might be a recombinant strain that expresses a GII.3-like 
RdRp gene and a GII.17 capsid gene [14].

Viruses that exhibit a GII.17 VP1 genotype have previously been reported to harbor a GII.P13 
ORF1 genotype, although recombinants expressing an ORF1 GII.P16, GII.P3 and GII.P4 genotype 
have also been identified. Sequence comparison showed that the ORF1 region of the novel GII.17 
viruses, which are clustered between the GII.P3 and GII.P13 viruses, has never been detected 
before. Since this is the first orphan ORF1 sequence associated with GII.17, we decided to designate 
GII.P17 according to the criteria listed in the proposal for a unified NoV nomenclature and geno-
typing. The novel GII.17 virus was named Kawasaki 2014 after the first near-complete genome 
sequence (AB983218) was submitted to GenBank [21]. This typing tool was updated to ensure 
correct classification of both ORF1 and ORF2 sequences of the new GII.P17-GII.17 viruses [23].

According to the phylogenetic tree of ORF1 (Figure 2B), all the recently emerged GII.17 
sequences are closely related to GII.P3, with a bootstrap value above 95% (=99%) (Figure 2B). 
 Moreover, Simplot analysis also supports that the new GII.17 sequences had undergone 
recombination between a GII.P3 RdRp and a GII.17 capsid gene, and the recombination 
breakpoint is located within the ORF1/ORF2 overlapping region. Taken together, our results 
led us to propose that the new GII.17 sequences should be named as a recombinant genotype, 
GII.P3-GII.17, or at least be classified as a new GII.17 variant.

5. Conclusion

In conclusion, the genetic diversity and global prevalence of NoV GII.17 from 1978 to 2015 
were analyzed in this study. A highly diverse genome was discovered within this rare geno-
type of GII.17. For example, at least five major recombinant GII.17 clusters were found to have 
emerged following a particular time order. The circulation of GII.17 changes every 3–5 years 
due to replacement by a newly emerged variant, and the evolution of GII.17 is sequentially 
promoted by inter-genotype genetic recombination. Most of the GII.17 sequences were 
detected in Asian countries including China, South Korea and Japan, and multiple GII.17 
variants were found in one country or region. Moreover, the recently emerged GII.P3-GII.17 
variant exhibited significant sequence and structure variations and had evolved as a unique 
lineage. The results presented in this study contribute to the understanding of the evolution 
and persistence of NoV GII.17 in human population through analyzing recombination in the 
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viral genome. Our findings also provide important insights into the future monitoring of the 
global circulation of this novel GII.17 variant.
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4.4. Nomenclature of the new GII.17 variant

To coordinate the assignment of new genotypes and variants, a dual-typing system based on 
the complete capsid (VP1) and the partial polymerase (1300 nt) was proposed [3]. In 2014, the 
RdRp genotype of Kawasaki 323 strain emerged, but it was not assigned to any of the known 
genotypes in the database. Instead, it was assigned as the GII.P17 RdRp genotype, and the 
variants of NoVs were named Hu/GII/JP/2014/GII.P17-GII.17 [21]. Meanwhile, the Hu/GII.17/
Gaithersburg/2014/US strain was categorized into the same group as the GII.3 strains based 
on its RdRp sequence. However, based on the bootstrap values (<70%) and genetic distances 
(<0.143), insufficient confidence was encountered when an attempt was made to classify these 
variants with any of the known RdRp genotypes [26]. In addition, Fu and coauthors reported 
that most NoV GII.17 strains detected in the 2000s were affiliated with a GII.3-like RdRp geno-
type and that the new GII.17 variant might be a recombinant strain that expresses a GII.3-like 
RdRp gene and a GII.17 capsid gene [14].

Viruses that exhibit a GII.17 VP1 genotype have previously been reported to harbor a GII.P13 
ORF1 genotype, although recombinants expressing an ORF1 GII.P16, GII.P3 and GII.P4 genotype 
have also been identified. Sequence comparison showed that the ORF1 region of the novel GII.17 
viruses, which are clustered between the GII.P3 and GII.P13 viruses, has never been detected 
before. Since this is the first orphan ORF1 sequence associated with GII.17, we decided to designate 
GII.P17 according to the criteria listed in the proposal for a unified NoV nomenclature and geno-
typing. The novel GII.17 virus was named Kawasaki 2014 after the first near-complete genome 
sequence (AB983218) was submitted to GenBank [21]. This typing tool was updated to ensure 
correct classification of both ORF1 and ORF2 sequences of the new GII.P17-GII.17 viruses [23].

According to the phylogenetic tree of ORF1 (Figure 2B), all the recently emerged GII.17 
sequences are closely related to GII.P3, with a bootstrap value above 95% (=99%) (Figure 2B). 
 Moreover, Simplot analysis also supports that the new GII.17 sequences had undergone 
recombination between a GII.P3 RdRp and a GII.17 capsid gene, and the recombination 
breakpoint is located within the ORF1/ORF2 overlapping region. Taken together, our results 
led us to propose that the new GII.17 sequences should be named as a recombinant genotype, 
GII.P3-GII.17, or at least be classified as a new GII.17 variant.

5. Conclusion

In conclusion, the genetic diversity and global prevalence of NoV GII.17 from 1978 to 2015 
were analyzed in this study. A highly diverse genome was discovered within this rare geno-
type of GII.17. For example, at least five major recombinant GII.17 clusters were found to have 
emerged following a particular time order. The circulation of GII.17 changes every 3–5 years 
due to replacement by a newly emerged variant, and the evolution of GII.17 is sequentially 
promoted by inter-genotype genetic recombination. Most of the GII.17 sequences were 
detected in Asian countries including China, South Korea and Japan, and multiple GII.17 
variants were found in one country or region. Moreover, the recently emerged GII.P3-GII.17 
variant exhibited significant sequence and structure variations and had evolved as a unique 
lineage. The results presented in this study contribute to the understanding of the evolution 
and persistence of NoV GII.17 in human population through analyzing recombination in the 
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viral genome. Our findings also provide important insights into the future monitoring of the 
global circulation of this novel GII.17 variant.
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