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Abstract

Hand, foot, and mouth disease (HFMD) is a common childhood infection caused by human enteroviruses and is clinically
characterised by fever with vesicular rash on the hands, feet, and mouth. While enterovirus A71 (EV-A71) and coxsackievi-
rus A16 (CVA16) were the major etiological agents of HFMD in India earlier, the data on recently circulating enteroviruses
associated with HFMD are sparse. Here, we describe the molecular epidemiology of enteroviruses associated with HFMD
in South India from 2015 to 2017. We used archived enterovirus real-time reverse transcription (RT) PCR-positive vesicle
swab and/or throat swab specimens from clinically suspected HFMD cases collected from four secondary-care hospitals
in South India between July 2015 and December 2017. PCR amplification and sequencing were done based on the 5’VP1,
3’VP1, VP2, or 5°NCR regions to identify enterovirus types. Genetic diversity among enteroviruses was inferred by phylo-
genetic analysis. Of the 107 enterovirus RNA real-time RT-PCR-positive HFMD cases, 69 (64%) were typed as CVA6, 16
(15%) were CVA16, and one (1%) was CVA10, whereas in 21 (20%) cases, the virus was not typeable by any of the methods
used in the study. The majority of HFMD cases (89, 83%) were in children less than five years old, while 11 (10.3%) were in
adults. 5°VP1 yielded the maximum number of enteroviruses genotyped, and phylogenetic analysis showed that the CVA6
strains belonged to subclade D3, while the subclades of CVA16 and CVA10 were Blc and D, respectively. The predominant
etiological agent of HFMD in South India during 2015-2017 was CVAG®, followed by CVA16 and CVA10.

Introduction

Hand, foot, and mouth disease (HFMD) is an acute febrile
infection caused by enteroviruses (EVs) that is mainly
found in children less than five years of age and is clini-
cally characterised by fever and typical vesicular lesions
on the hands, feet, mouth, or buttocks [1]. Enteroviruses
are single-stranded RNA viruses belonging to the genus
Enterovirus, family Picornaviridae [2]. Although HFMD
is a self-limiting infectious disease, it can also lead to
severe clinical manifestations such as meningitis, encepha-
litis, and myocarditis in children [3-5]. Since the 1950s,
HFMD has been reported in the form of outbreaks and
sporadic cases, caused mainly by coxsackievirus A16
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(CVA16), enterovirus 71 (EV-A71), coxsackievirus A6
(CVA®6), coxsackievirus A10 (CVA10), and other EVs of
the EV-A, EV-B, and EV-C groups [6, 7]. The transmis-
sion of HFMD occurs mainly through direct contact with
mucus, saliva, fluid from blisters, or feces of an infected
patient and indirectly by fomites [8].

India reported the first outbreak of HFMD in 2003, in
children from Kerala with mild symptoms, and this out-
break was caused by EV-71 [9]. In the following years,
significant morbidity and mortality were reported in chil-
dren with EV-71 infection in Uttar Pradesh from 2004 to
2006 [10]. In 2007, an epidemic of HFMD was reported
in children with mild symptoms from West Bengal [11].
Since then, other enterovirus types, such as CVAI®6,
CVAG6, EV-A71, CVA10, and E-9, have been circulat-
ing sporadically in India, causing mild-to-severe infec-
tions in children [12-16]. Recent reports from Europe,
North America, and Asia have indicated the emergence of
CVAG6-associated HFMD outbreaks and sporadic cases,
while CVA16, EV-A71, and CVA10 have been sparsely
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distributed [17, 18]. CVAG is one of the major enterovirus
strains identified in both mild and severe cases of HFMD
globally in recent years [19, 20].

While there have been insufficient data on the etiology
and clinico-epidemiological profile of HFMD cases from
South India in recent years, our retrospective study mainly
focused on the molecular epidemiology and clinical features
of HFMD in South India from July 2015 to December 2017.

Materials and methods

Clinical specimens and collection of epidemiological
data

Archived pan-enterovirus real-time RT-PCR-positive vesi-
cle swab and/or throat swab specimens of clinically diag-
nosed HFMD [1] cases collected as a part of the sentinel
surveillance in 2015 and those received for virological
diagnosis in 2016 and 2017 were used in this study. Any
clinically diagnosed HFMD cases with vesicular lesions
anywhere in the body with or without fever and from South
India during the period of July 2015 to December 2017
were enrolled. The specimens were anonymised using a
unique identifier. Clinical and epidemiological data were
obtained from the case record forms or laboratory request
forms.

Enterovirus detection and typing

The algorithm for enterovirus detection and typing is shown
in Figure 1. Total RNA was extracted from vesicle and throat
swab specimens using a QIAamp Viral RNA Mini Kit (QIA-
GEN, Germany) as per the manufacturer’s protocol. The
extracted RNA was subjected to pan-enterovirus real-time
reverse transcription (RT) PCR using a Respiratory Patho-
gens 21 Kit (Fast Track Diagnostics - FTD, Luxembourg).
When vesicle and throat swabs were available, vesicle swabs
were screened first, and if negative, only the throat swabs
were tested.

Multi-locus-specific PCR and sequencing enabled the
typing of enteroviruses associated with HFMD. Entero-
viruses from the positive samples were typed by PCR
based on portions of the 5°VP1, 3°VPI, VP2, and 5’NCR
regions, followed by Sanger sequencing. Pan-enterovirus
nested RT-PCR was performed by initial cDNA synthesis
and subsequent nested RT-PCR targeting the 5’ VP1 region
(PCR-1, ~992 bp; PCR-2, ~375 bp) [21]. If PCR based on
the 5’VP1 region failed, VP2-based semi-nested RT-PCR
was performed (PCR-1, ~583 bp; PCR-2, ~367 bp) [22].
Subsequently, nested RT-PCR targeting the 5’NCR region
was carried out (PCR-1, ~529 bp; PCR-2, ~397 bp) when
other regions failed to be amplified [23]. CVA6-specific
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semi-nested RT-PCR was carried out for samples collected
in 2015 based on the 3’ VP1 region (PCR-1, ~657 bp; PCR-
2, ~420 bp) [24]. For each PCR, the reaction mix contained
forward and reverse primers (Supplementary Table S1),
AgPath-ID One-Step RT-PCR reagents (Applied Biosys-
tems, USA), and the extracted RNA. All PCR assays were
performed by previously described methods [21-24]. A
BigDye Terminator V3.1 Cycle Sequencing Kit was used
to sequence purified PCR products in an ABI-3500 Genetic
Analyser (Applied Biosystems, USA). The sequence quality
was analysed and sequences were edited using Sequencher
5.4.6 software (Gene Codes Corporation, USA). BLAST
was used to determine the percentage of sequence identity to
reference strains in the GenBank database (NCBI). Viruses
that could not be typed by the above methods were subjected
to CVA16- and EV-A71-specific real-time RT-PCR targeting
the VP1 locus as described elsewhere [25, 26].

Phylogenetic analysis

All of the study sequences were aligned with reference
sequences obtained from GenBank- NCBI by multiple
sequence alignment in ClustalW (Supplementary Table S2).
Phylogenetic analysis was performed using the software
MEGA X (version 10.2.5) [27]. Phylogenetic dendrograms
based on partial sequences of the 5’VP1, 3°VP1, VP2, and
5’NCR regions were constructed using the neighbour-joining
method with the Kimura 2-parameter (K2P) model. Boot-
strap values (>70%) were determined for each node, using
1000 replicates to assess the statistical reliability of the tree.
Phylogenetic trees were constructed based on four different
target regions (5°VP1, 3°VP1, VP2, and 5’NCR), but only the
sequences that were amplified from the corresponding targets
were included in the trees, and no samples were duplicated.

Statistical analysis of the demographic and clinical data was
done using STATA/SE software (version 14.1).

Results

A total of 172 archived samples from clinically suspected
HFMD cases were included in this study. Of these, 148
samples were collected from secondary-care hospitals in
Kozhikode, 18 were from Wayanad, four were from Malap-
puram district of Kerala state, and two were from the Shi-
moga district of Karnataka state in South India. Of these
172 samples, 43 (25.0%) were collected in 2015, 65 (37.8%)
in 2016, and 64 (37.2%) in 2017. Enterovirus RNA was
detected in 107 (62%) out of 172 clinically suspected HFMD
cases by pan-enterovirus real-time RT-PCR. Of the sus-
pected HFMD cases tested, enterovirus RNA was detected
in 27 (25.2%), 40 (37.4%), and 40 (37.4%) of the samples
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Fig.1 The algorithm of enterovirus detection and typing in clinical specimens

collected in 2015, 2016, and 2017, respectively. Of the 107
positive cases, 89 (83%) of the individuals were below five
years of age, and 18 (17%) were between 5 and 65 years
of age (Table 1). Eleven (10.3%) adults exhibited signs of
HFMD. The number of affected males was 68 (64%), while
39 (36%) were females. The mean age of the patients with
HFMD was 4.4 years, with age ranging from 9 months to 65
years. The mean age of the male and female population was
5.4 and 2.8 years, respectively. The most common clinical
feature observed in the enterovirus-associated HFMD cases
was vesicular rash with fever (90 out of 107 cases, 84%).
Respiratory symptoms such as cough (18, 16%), coryza (6,
6%), breathlessness (1, 1%), and sore throat (9, 8%) were

also observed. Some of the HFMD patients had oral ulcers
(3, 3%), headache (4, 4%), vomiting (2, 2%), myalgia (1,
1%), abdominal pain (1, 1%), or lymphadenopathy (1, 1%).
Examples of rash in patients with hand, foot, and mouth
disease are shown in Figure 2. We also observed other rash
types, such as papules (25, 23%), maculopapular rash (19,
18%), crusted lesions (11, 10%), macules (7, 5%), erythema
(8, 8%), pustules (3, 3%), erosion (3, 3%), and bullae (1, 1%).
Rash was seen on the hands (87, 81%), feet (91, 85%), mouth
(51, 48%), soles (39, 36%), palms (41, 38%), buttocks (32,
30%), and other parts of the body (<20%).

From 2015 to 2017, both vesicle and throat swabs were
collected from 46 patients, while only vesicle swabs were
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Table 1 Demographic and
clinical characteristics of
enterovirus-associated HFMD
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Variable CVA6 CVALl6 CVA10 EV types not Total EVs

(n=69) (n=16) (n=1) identified (n=107)

(n=21)

n (%) n (%) n (%) n (%) n (%)
Gender
Male 44 (64) 10 (63) 1 (100) 12 (57) 67 (63)
Female 25 (36) 6 (37) 0 9 (43) 40 (37)
Age
Mean (+ SD) 2.56 £3.9 12.68 + 17.3 NA 4.6+59 44 +84
Range (in years) 0.8 to 30 1to 65 NA 0.8to022 0.8 to 65
Age group
(in years)
<5 63 (91) 9 (56) 1 (100) 16 (76) 89 (83)
>5 6(9) 7 (44) 0 5(24) 18 (17)
Clinical parameters
Cutaneous rash 69 (100) 16 (100) 1 (100) 21 (100) 107 (100)
Fever 58 (84) 11 (69) 1 (100) 20 (95) 90 (84)
Cough 10 (15) 3(19) 0 5(19) 18 (16)
Sore throat 34 4(25) 0 2 (10) 9(8)
Coryza 34) 0 0 3(14) 6 (6)
Headache 1 (1) 0 0 3(14) 4(4)
Oral ulcers 1(1) 2(13) 0 0 3(3)
Vomiting 0 0 0 2 (10) 2(2)
Breathlessness 1(1) 0 0 0 1(1)
Abdominal pain 0 0 0 1(5) 1(1)
Lymphadenopathy 1(1) 0 0 0 1(1)
Myalgia 0 0 0 1(1) 1(1)
Types of rash
Vesicle 69 (100) 16 (100) 1 (100) 21 (100) 107 (100)
Papule 17 (25) 3(19) 0 5(25) 25 (23)
Maculopapular rash 12(17) 2 (13) 0 5(26) 19 (18)
Crusted lesion 11 (16) 0 0 0 11 (10)
Erythema 5(7) 0 1 (100) 2(5) 8(8)
Macule 5(7) 1(6) 0 1(10) 705
Pustule 1(1) 0 0 2 (10) 3(3)
Erosion 1(1) 2 (13) 0 0 3(3)
Bullae 0 1(6) 0 0 1(1)
Rash distribution
Hand 55 (80) 13 (81) 0 19 91) 87 (81)
Foot 61 (88) 10 (63) 1 (100) 19 91) 91 (85)
Mouth 33 (48) 9 (56) 0 9 (43) 51 (48)
Palms 30 (44) 5@31) 1 (100) 5(24) 41 (38)
Soles 31 (45) 5@31) 1 (100) 2 (10) 39 (36)
Buttocks 21 (30) 6 (38) 1 (100) 4(19) 32 (30)
Trunk 13 (19) 1(6) 0 5(24) 19(17)
Knees 11 (16) 3(19) 0 2 (10) 16 (15)
Thigh 8(12) 1(6) 0 3(14) 12 (11)
Elbow 8 (12) 1 (6) 0 2 (19) 13 (12)
Face 6(9) 0 0 2 (10) 8(8)
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collected from 115 patients and only throat swabs were col-
lected from 11 patients. Of the 107 laboratory-confirmed
cases of HFMD, enterovirus RNA was detected in vesicular
(97, 91%) and throat swabs (10, 9%). Of the 86 (80%) typed
enteroviruses, 69 (64%) were CVAG, 16 (15%) were CVA16,
and one (1%) was CVA10. However, 21 (20%) of the entero-
viruses that were positive in real-time PCR could not be
typed by any of the molecular typing strategies used in this
study. In 2015, 24 HFMD cases were caused by CVA6,
while one was caused by CVA16. In 2016, 20 HFMD cases
were caused by CVAG6 infection, while nine were caused
by CVAL16. In the following year, 2017, 25 cases of HFMD
were caused by CVAG, six by CVA16, and one by CVA10.
HFMD cases were predominantly found in the rainy season
from June to November.

The PCR and sequencing enabled CVAG6 typing in 27
samples based on 5°VP1, five based on VP2, and nine
based on 5’NCR. CVA6-specific nested RT-PCR based on
the 3’ VP1 region enabled the typing of CVA6-strains in the
other 28 samples, but sequencing was possible with only 15
samples. Out of 16 (15%) samples positive for CVA16, the
strain was identified by PCR and sequencing in six samples
based on 5°VP1, in two samples based on VP2, and one
sample based on 5’NCR. CVA16-specific real-time RT-PCR
identified CVA16 in the other seven samples. CVA10 was
identified in only one sample (1%) by 5’ VP1-based PCR and
sequencing. However, 21 samples were not typed by any of

Fig.2 Rash in children with
hand, foot, and mouth disease.
(A) erythematous macules on
the palms, (B) crusted lesions
on the knee, (C) papules on the
foot, (D) erythematous macules
on the soles

the enterovirus typing methods used. A total of 66 sequences
obtained in this study were deposited in the GenBank data-
base under the accession numbers MG885750, MG885751,
MG840455-MG840478, MG840480-MG840487,
MG869706-MG869710, MG885752-MG885768,
MH160045-MH 160049, and MH160051-MH160055.
Phylogenetic dendrograms of CVA6 based on partial
5’VP1 (398 bp), 3°VP1 (475 bp), VP2 (540 bp), and 5’NCR
(301 bp) sequences are shown in Figure 3. In the tree based
on partial 5’VP1 sequences (n = 74), 22 CVAG strains clus-
tered together with other Indian strains (MH539787, 2016)
with 96-100% nucleotide sequence identity, followed by
five strains with 97-97.5% sequence identity to an Austral-
ian strain (MH111055, 2017) of subclade D3 (Fig. 3A).
The phylogeny based on 3’ VP1 sequences (n = 67) showed
14 CVAG strains clustered together with an Indian strain
(MH539787, 2016), with 96.2-98.7% identity, and one with
98.1% sequence identity to an Australian strain (MH111055,
2017) of subclade D3 (Fig. 3B). The phylogeny based on
VP2 sequences (n = 39) showed two CVA6 subclade D3
strains with 99.1-99.3% sequence identity to an Indian strain
(MH539787, 2016), while the other three strains formed
a cluster with an Australian strain (MH111055, 2017),
with 96.9-97.78% identity (Fig. 3C). In the tree based on
41 partial 5’NCR sequences (301 bp), four CVAG6 strains
showed 99.0% identity to an Indian strain (MH539787,
2016), while the other five strains showed 98-99% identity
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«Fig. 3 Phylogenetic trees of CVA6 based on partial 5°VP1 (A),
3’VP1 (B), VP2 (C), and 5’NCR (D) sequences of the study strains
and other representative global strains. Phylogenetic relationships
were inferred using the neighbour-joining method with the Kimura
2-parameter (K2P) model with 1000 bootstrap replicates for each data
set. The GenBank accession number and the place and year of col-
lection are shown for each strain. The clades and subclades are col-
our coded from node to tip (clade A in dark green, clade B in yellow,
clade C in blue, subclades D1 in pink, D2 in light green, and D3 in
red). The study strains are indicated by blue text. The scale bar repre-
sents nucleotide substitutions per site.

to an Australian strain (MH111055, 2017) of subclade D3
(Fig. 3D). Phylogenetic trees based on the 5’VP1 (413 bp),
VP2 (533 bp), and 5’NCR (301 bp) regions are shown in
Figure 4. The phylogenic tree based on 5°’VP1 (n = 34)
showed five CVA16 strains with 96.4-97.6% identity to an
Indian strain (KY792583, 2013) and one with 98.3% identity
to another Indian strain (KY792578, 2013) of the Blc sub-
clade (Fig. 4A). In the tree based on VP2, two CVA16 strains
showed 97.2% nucleotide sequence identity to an Indian
strain (KY792584, 2015) (n = 33) (Fig. 4B). One CVA16
strain was 99% identical to Indian strain (KY792577, 2012)
based on 5’NCR sequences (n = 42) (Fig. 4C). A CVA10
strain from the study showed 95.6% identity to an Indian
strain (MH118041, 2017) of subclade D based on the 5’VP1
region (410 bp, n = 33) (Fig. 5). The inter-clade nucleo-
tide sequence divergence was 13.6-30.9% for 5’ VP1, 13.1-
24.0% for 3°VP1, 15.6-19.2% for VP2, and 4.7-11.3% for
5’NCR. The inter-clade nucleotide sequence divergence was
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24.9-27.9% for 5’VP1, 21.4-24.8% for VP2, and 5.7-10.0%
for 5’NCR. The inter-clade nucleotide sequence divergence
based on 5°VP1 was 14.4-27.8%.

Discussion

From July 2015 to December 2017, the predominant entero-
virus type associated with HFMD in South India was CVA®6.
This is in contrast to earlier reports from 2003 to 2008,
where EV-A71 and CVA16 were associated with HFMD
both sporadically and in outbreaks [9, 11]. Since then, the
cocirculation of CVA16, CVA6, EV-A71, CV-10, and E-9
has been reported to cause sporadic infections in India [12,
13]. Here, we report the cocirculation of CVA6, CVA16, and
CVA10 in South India from 2015 to 2017, where CVA6 was
the predominant strain, followed by CVA16 and CVAI10.
CVAG6 has emerged recently as the globally predominant
etiological agent of HFMD, while other enteroviruses have
been sparsely distributed in recent years [5, 17, 18, 28, 29].
It is worth noting the absence of EV-A71 in this study, which
indicates low circulation of this strain in South India. HFMD
mainly affects children below five years of age, more fre-
quently males than females [30, 31]. Typical HFMD pres-
entation with upper respiratory tract symptoms and atypical
rashes such as crusted lesions, macules, erythema, pustules,
erosion, and bullae were observed in the patients.

The multi-locus PCR and sequencing approach enabled
the typing of 80% of the enteroviruses found in clinical
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Fig.4 Phylogenetic analysis of CVA16 based on partial 5’VP1 (A),
VP2 (B), and 5’NCR (C) sequences of the study strains and reference
strains. Phylogenetic relationships were inferred using the neighbour-
joining method with the Kimura 2-parameter (K2P) model. The sta-
tistical reliability was estimated for each node using 1000 bootstrap
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B1b in violet, and Blc in red. The study strains are indicated by blue
text. The scale bar represents nucleotide substitutions per site.
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Fig 5 Phylogenetic tree of the CVAI1O strain from this study and
global representative strains, based on partial 5’VP1 sequences. Phy-
logenetic relationships were inferred using the neighbour-joining
method with the Kimura 2-parameter (K2P) model with 1000 boot-
strap replicates. The clades and subclades are colour coded from node
to tip (clade A in dark green, clade B in yellow, clade C in blue, clade
D in red, clade E in violet, F in pink, and G in light green). The strain
from this study is indicated by blue text. The scale bar at the bottom
indicates the relative phylogenetic distance.

specimens. By targeting the 5°VP1, 3°VP1, VP2, and 5’NCR
regions, the enteroviruses were typed as CVA6, CVA16, and
CVAI10. The highest success rate for enterovirus typing has
been achieved by PCR and sequencing of structural-protein-
coding genes such as the 5’VP1, 3°VP1, and VP2 [21, 22,
24]. Of the four strategies used in the study, sequencing
based on 5’ VP1 yielded the largest number of enteroviruses
successfully typed. Enteroviruses that could not be typed
by the previously attempted methods were sequenced using
PCR products based on the 5’NCR. Hence, the 5’NCR can
also be a target for the genotyping of enteroviruses, with
certain limits of accuracy. Targeting the 5’NCR region
for PCR and sequencing will be helpful in genotyping of
enteroviruses when amplification of other genomic regions
by PCR fails [23]. Unsuccessful genetic identification of
enteroviruses in clinical specimens may be due to an insuf-
ficiently high viral load, RNA degradation, frequent genetic
mutations, or recombination [32]. The nucleotide sequence
variability among enteroviruses in the subclades of CVAG,
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CVA16, and CVA10 was high in the 5°VP1, 3°VP1, and VP2
regions, while the 5’NCR showed less genetic divergence,
making 5’VP1, 3°VP1, and VP2 more suitable for study-
ing evolutionary relationships among enterovirus strains
than the 5’NCR. Phylogenetic analysis based on different
sequence regions showed that most of the CVAG6 strains
clustered together with other Indian strains, while some
of them grouped with viruses sampled in Australia. Our
findings indicate the presence of genetically similar CVA6
strains in India and Australia. Phylogenetic evidence shows
that this virus might have emerged during large outbreaks
in mainland China between 2012 and 2013. Our findings
corroborate earlier studies showing the predominant circu-
lation of CVAG strains of Asian origin in the Asia-Pacific
region in recent years [29, 33-35]. These finding increases
the concern over the emergence and spread of global strains
of CVA6. The CVA16 and CVAI1O strains detected during
the study period were genetically similar to virus strains
reported in others parts of India.

The present investigation might have missed mild or
subclinical cases that occurred during this period, as this
was a hospital-based HFMD surveillance. Further, the ret-
rospective study using archived samples might have intro-
duced bias in sampling and may not fully represent the
distribution of the cases in the study period. Enterovirus
typing was not possible for 20% of clinical specimens by
any of the molecular methods used in the study. Further
investigations should be focused on typing and charac-
terisation of unidentified enteroviruses by next-generation
sequencing (NGS).

There is insufficient laboratory surveillance data on
the etiology of HFMD cases in India. The present study
adds new knowledge and contributes to our understanding
of circulating enterovirus types associated with HFMD
cases in India and their molecular epidemiology. The data
from this study may contribute to the development of an
evidence-based outbreak preparedness plan and selection
of strains for vaccine development. The changing epidemi-
ology of HFMD, including the emergence of new enterovi-
rus types, emphasises the need for systematic laboratory-
based HFMD surveillance in disease-endemic regions like
India. In conclusion, over the years, CVA6 has emerged
as the predominant etiological agent of HFMD in South
India.
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