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Abstract

Due to the Expanded Program on Immunization (EPI) and supplementary immunization
activities (SI1As) in China, the incidence of measles in China has decreased extensively. The
incidence reached its lowest levels in contemporary history in 2012 and 2017, with incidence
rates of 4.6 and 4.3 per million population, respectively. However, more than 147,000 mea-
sles cases were reported from 2013 to 2016. Furthermore, the proportions of cases in
infants < 8 months and adults have been increasing since 2013, representing a considerable
challenge for measles elimination in China. A total of 14,868 measles viruses were isolated
from confirmed measles cases from 2011 to 2017, of which 14,631 were identified as the
predominant endemic genotype, H1; 87 were identified as genotype A viruses that were
vaccine associated strains; and 150 were identified as non-H1 genotype viruses. The non-
H1 genotype viruses included 62 D8 viruses, 70 D9 viruses, 3 D11 viruses, 14 B3 viruses,
and 1 G3 virus, which were identified as imported or import-related viruses that caused spo-
radic cases or small outbreaks. Most of the transmission chains detected during the period
2011-2012 were interrupted and were followed by many new transmission chains of
unknown origin that spread, causing a large measles resurgence in China during 2013—
2016. After 4 years of measles resurgence and continuous implementation of the routine
immunization program and SlAs, the population immunity reached a sufficiently high level to
interrupt most of the transmission chains; only a few strains survived, which continued to be
sporadically detected in China in 2017. In the present study, the results from the combined
epidemiological and molecular virological data demonstrated the great progress towards
measles elimination in China by the further analysis of circulation dynamics for the endemic
H1 genotype measles virus from 2011 to 2017. And this study accumulated critical baseline
data on circulating wild-type measles viruses in China and provides comprehensive
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information to the world. These comprehensive baseline data provide evidence to support
measles elimination in the future, not only in China but also in other countries worldwide. In
addition, the information will be very useful to other countries for tracing their sources of
measles cases and for identifying transmission links, which can help prevent potential mea-
sles outbreaks.

Introduction

Measles is a highly contagious disease characterized by generalized maculopapular rash, high
tever, cough, coryza and conjunctivitis, and it is caused by the measles virus (MeV) [1]. The
measles virus is a negative-sense, single-stranded RNA virus in the genus Morbillivirus within
the family Paramyxoviridae. The measles virus is monotypic, but genetic variability exists
among wild-type strains [2]. The World Health Organization (WHO) currently recognizes 8
clades (A-H) and 24 genotypes of measles virus based on sequence analyses of the carboxyl-
terminal (C-terminal) region of the nucleoprotein (N) gene and the entire hemagglutinin (H)
gene [3-6].

Before the introduction and widespread use of the measles vaccine, measles infection
occurred across the globe. In 2017, despite the availability of a safe and effective vaccine,
approximately 110,000 people died from measles globally, most of whom were children under
5 years of age [7]. The measles vaccine was introduced in China in 1965, and in 1978, the
national Expanded Program on Immunization (EPI) was established. Under the EPI, a stan-
dard schedule for routine immunization was implemented, which included one dose of mea-
sles vaccine administered at 8 months of age [8]. A second routine dose of measles vaccine to
all children at 7 years of age was introduced in 1986, and the schedule for the second dose was
changed to those aged between 18 and 24 months in 2005 [9]. China has made considerable
progress towards the goal of measles elimination in recent years [8, 9]. To reach this goal, in
addition to routine measles vaccination, supplementary immunization activities (SIAs) are
conducted in China. Between 2004 and 2009, 27 of the 31 mainland provinces conducted
unsynchronized province-specific measles SIAs targeting children aged 8 months through 14
years. In September 2010, China conducted nationwide synchronized SIAs targeting different
age groups spanning 8 months through 14 years in different provinces [10, 11]. With the wide
use of measles-containing vaccines, the incidence of measles in China has decreased exten-
sively, reaching its lowest levels in history in 2012 and 2017. However, re-emergence of measles
occurred in 2013 and continued from 2014 to 2016.

Genetic analysis of circulating wild-type viruses together with epidemiological information
is a critical component of measles surveillance because it can help confirm the source of a virus
or suggest a source for unknown-origin cases as well as establish links, trace the transmission
pathway, and classify suspected cases as vaccine reactions [5]. Acquiring genotype information
of circulating measles viruses is one of three essential criteria for verifying the progress,
achievement and maintenance of measles elimination [5, 6]. In addition, imported measles
virus strains can be identified in a timely manner through molecular characterization, thereby
providing data to support the development of strategies to interrupt the spread of imported
measles virus [4-6].

This study was conducted to describe the progress towards measles elimination in China
based on an analysis of the epidemiology of measles and the molecular virological data of mea-
sles virus strains throughout China from 2011 to 2017. The results demonstrated the great
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progress towards measles elimination in China by further analysis of circulation dynamics for
the endemic H1 genotype measles virus circulating in China.

Materials and methods

Source of measles epidemiological data

The number of measles cases, the annual incidence rates and the age breakdown of measles
cases were taken directly from reports of the National Notifiable Disease Reporting System
(NNDRS) [9], Chinese Center for Disease Control and Prevention (China CDC).

Specimen collection and viral isolation

The China measles laboratory network was established in 2001 and comprises tiered struc-
tured laboratories. Currently, it includes one national measles laboratory, 32 provincial mea-
sles laboratories (including one laboratory of Xinjiang Construction Corps) and 339
prefecture laboratories [12]. Different tiers of laboratories have their own responsibilities:
briefly, the national laboratory serves as the national reference standard to provide technical
advice and support to provincial laboratories, whereas provincial laboratories have a specific
virus isolation capacity, and prefecture laboratories have the responsibility of preliminarily
diagnosing suspected cases. Throat swab and urine samples were collected from individuals
suspected of having measles from 30 provinces in China through the national measles surveil-
lance program. All clinical samples were collected within five days of rash onset and trans-
ported in accordance with standard protocols [13]. Isolation of measles virus was performed
using the Vero/hSLAM cell line in provincial CDC, and infected cells were harvested when the
cytopathic effect (CPE) was visible over at least 75% of the cell layer. The isolates were shipped
to the China CDC for further analyses.

Ethics statement

In this study, 14,868 sequences from more than 160,000 measles cases were analyzed, and only
age information of the corresponding measles subjects was used in this study. Other subject
information, such as name, gender and home address, were not included in our study. There-
fore, the requirement for informed consent was waived by the ethics committee of National
Institute for Viral Disease Control and Prevention of the China CDC. In this study, the only
human materials used were throat swabs and urine specimens collected from clinically sus-
pected measles patients for the purpose of public health and disease control. This study was
approved by the second session of the Ethics Review Committee of the National Institute for
Viral Disease Control and Prevention of the China CDC, and the methods were performed in
accordance with the approved guidelines.

RNA extraction and RT-PCR

According to the national measles surveillance guidelines of China, the provincial measles lab-
oratories performed the virus isolation and shipped the isolates to the China CDC for further
genotyping identification. If isolates were not obtained, then N450 sequences were obtained
directly from clinical specimens for further genotyping. RNA was extracted from clinical speci-
mens or viral isolates using the QIAamp Viral RNA Mini Kit (QIAGEN, Beijing, China)
according to the manufacturer’s instructions. RT-PCR amplification was performed using pre-
viously described primers to amplify a 600-bp fragment in the N gene, which included the
450-bp fragment recommended for genotyping [11]. The PCR products were purified using
the QIAquick Gel Extraction Kit (QIAGEN).
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Sequence analysis

Sequences of the PCR products were obtained using BigDye terminator chemistry version 3.0
according to the manufacturer’s protocol for both sense and antisense strands on an auto-
mated ABI PRISM 3100 DNA Sequencer (PerkinElmer, Beijing, China). Sequences were ana-
lyzed using Sequencer (Gene Codes Corporation, Ann Arbor, MI, USA) and version 7.0 of
BioEdit (www.mbio.ncsu.edu/BioEdit/BioEdit.html). Phylogenetic analyses were performed
and trees were generated using the Molecular Evolutionary Genetics Analyses (MEGA) soft-
ware version 6. Phylogenetic trees were constructed by comparison with the reference strains
defined by the WHO using the neighbor-joining method. The reliability of the groupings was
estimated using bootstrap resampling of 500 replicates. Nucleotide sequence data from 152
representative strains were deposited in GenBank under the following accession numbers:
MH979841-MH979992 (S1 Table).

Results
Epidemiological characterization of measles cases

The annual reported measles cases decreased from 131,441 in 2008 to 6,183 in 2012, with a
decrease in incidence from 99.5 to 4.6 per million population. However, an increase was
observed from 2013 to 2016, with the number of reported cases ranging from 24,820 to 27,646
(and incidence ranging from 18.1 to 20.4 per million population), whereas the incidence
reached the lowest level in history in 2017, with 5941 cases (4.3 per million population) (Fig 1).

In 2012, the measles incidence was lower than one per million population in 15 provinces.
However, measles resurgence occurred in many provinces during 2013-2016. The incidence was
higher than 10 per million population during 2013-2016 in 14-24 provinces, with peaks occur-
ring in 2015 (24 provinces). In 2017, four provinces achieved incidence rates of less than one per
million population, 24 provinces achieved incidence rates between 1-10 per million, and three
provinces continued to have high incidence rates of higher than 10 per million (Fig 2).

The age breakdown of measles cases from 2011 to 2017 is shown in Fig 3. The proportion of
measles cases among those aged 8 months to 14 years decreased slightly over time from 50% in
2011 to 35% in 2016. The percentage of cases in children under 8 months old accounted for
more than 20% of the cases in 2011, 2013, and 2015. Since 2014, the number of adult cases has
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Fig 1. Number of measles cases and incidence from 2005 to 2017. Source: National Notifiable Disease Reporting
System (NNDRS).

https://doi.org/10.1371/journal.pone.0218782.g001
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Fig 2. Measles incidence in China 2011-2017 by province. Source: NNDRS.

https://doi.org/10.1371/journal.pone.0218782.9002

increased: cases in patients greater than 15 years of age accounted for 44% of all cases in 2014
and 2016, 39% in 2015, and 33% in 2017 but only approximately 30% in each year before 2013.

Measles virus genotypes

In this study, 14,868 sequences of N450 from 5176 clinical specimens and 9692 viral isolates
were obtained from 30 out of 31 provincial measles laboratories (i.e., all except that in Tibet)
from 2011 to 2017. The phylogenetic analysis indicated that 14,631 (98.4%) sequences
belonged to endemic genotype H1 (Fig 4), 87 to genotype A, 62 to D8, 70 to D9, 14 to B3, 1 to
G3,and 3 to D11 (Table 1). All 87 A genotype viruses were isolated from vaccinated individu-
als and were associated with vaccine-related cases. A total of 294 and 474 strains were obtained
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Fig 3. Measles cases in different age groups in China from 2011 to 2017. A: The number of measles cases in different age groups. B: The proportion of different age
groups of measles cases. Source: NNDRS.

https://doi.org/10.1371/journal.pone.0218782.9003

in 2011 and 2012, respectively, whereas the annual number of obtained strains ranged from
2327 to 4915 from 2013 to 2016, with a peak in 2014. In 2017, following a large drop in measles
cases, far fewer strains (421) were obtained. To illustrate the genotype identification clearly,
representative strains were selected to construct a phylogenetic tree, as too many sequences
were obtained in this study to be viewed in one figure. Identical sequences and sequences that
had one nucleotide difference were excluded from the alignment, and the remaining 523 rep-
resentative strains were selected from the 14,868 MeV strains and used together with the 24
WHO reference strains to construct a phylogenetic tree, which is shown in Fig 4.

Phylogenetic analysis of measles viruses of the predominant endemic
genotype H1

As with the preceding phylogenetic analysis, identical HI sequences and H1 sequences from
the same year that differed by only one or two nucleotides were excluded from the alignment,
and the remaining 152 H1 representative strains were construct a phylogenetic tree (Fig 5). All
of the 14,631 H1 sequences belonged to cluster 1 of genotype H1, and two main lineages within
this cluster were observed. Multiple transmission chains existed within each lineage, without
any apparent temporal or geographic pattern.

Viruses in the same transmission chain have identical or nearly identical N450 sequences
[14]. In this study, a transmission chain was defined as viruses with identical or nearly identical
(within two nucleotide differences) N450 sequences, as epidemiologic information was lim-
ited. Most of the transmission chains in 2011-2012 (shown in green in Fig 5) were not detected
in 2013-2016. Therefore, we considered the transmission chains in 2011-2012 to have been
interrupted. Many new transmission chains of unknown origin occurred in 2013-2016
(shown in blue in Fig 5) and were identified as new transmission chains associated with mea-
sles resurgence. After 4 years of measles resurgence, only a few strains persisted, being sporadi-
cally detected in China in 2017. The ranges of nucleotide sequence and amino acid homologies
among the 14,631 H1 isolates were 95.7-100% and 92.6-100%, respectively. Compared with
the WHO genotype H1 reference strain, the homology of the nucleotide sequences ranged
from 96.2-98.2%, and that of the amino acid sequences ranged from 93.2-97.9%. When the
sequences were BLASTed against those in the GenBank and WHO MeaNS (http://www.who-
measles.org/) databases, we found that H1 viruses had been detected in other countries
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Fig 4. Phylogenetic tree of representative measles virus strains isolated in China from 2011 to 2017 and WHO
reference measles virus strains constructed based on the 450-nucleotide sequence of the N gene C-terminal region.
Significant bootstrap values (>90) are indicated. WHO reference strains are indicated by black dots.

https://doi.org/10.1371/journal.pone.0218782.9004

between 2011 and 2017, including, the USA, Australia, Japan, Mongolia, the United Kingdom,
Thailand, and et al.

Discussion

As aresult of the EPI and SIAs in China, the incidence of measles in China has decreased
extensively and reached a very low level in 2012. However, measles resurgence occurred dur-
ing 2013-2016. With the continuous, routine immunization programs and SIAs, the popula-
tion immunity reached a level sufficient to interrupt most of the transmission chains at the
end of the resurgence, and the incidence of measles in China reached its lowest level in history
in 2017. 4 out of 31 provinces approached the elimination stage, with low incidence rates of
less than one per million population.

With measles SIAs targeting children aged 8 months through 14 years from 2004 to 2010
[9-11], the proportion of reported measles cases in patients within this age range declined
gradually from 60% in 2005 [10] to 35% in 2016, which indicated the positive effect of the
SIAs. Accordingly, the proportions of cases in infants < 8 months and adults has been increas-
ing in recent years. This finding is consistent with those in other countries, such as Italy, Japan
and Portugal. In Italy, Japan and Portugal, the majority of cases occurred among unvaccinated
adolescents and young adults [15-17]. These findings indicate that measles elimination pres-
ents a major challenge because < 8 months are too young to be vaccinated and adolescent/
young adults are not targeted for routine immunization. Although vaccination can decrease
the number of cases and control outbreaks, if immunization gaps are not closed and immuni-
zation activities do not reach particularly susceptible age groups, cases and outbreaks can
occur continually.

Research on the genetic characterization of measles viruses circulating in China from 1993
through 2010 has demonstrated that the genotype H1 was widely distributed throughout the
country during this period and that China has a single endemic genotype [8-12, 18-23]. The
vast amounts of genetic characterization data obtained in this study allowed us to confirm that
H1 is predominant and has been the only endemic virus circulating in mainland China since
its initial identification in 1993 [18-23]. Additionally, multiple imported viruses with limited
spread have been detected since 2009 [3, 24-30]. This situation is different from that in other
countries, such as Italy, the Philippines, Myanmar, Indonesia, and Malaysia, where endemic

Table 1. Numbers of measles viruses isolated from 2011 to 2017 by genotype.

Year

2011
2012
2013
2014
2015
2016
2017
Total

https://doi.org/10.1371/journal.pone.0218782.t001

H1
288
454
2217
4868
3952
2455
397
14631

Genotype
G3 D11 D9 D8 B3 A (VAC)
3 3
13 1 6
47 45 3 15
1 9 3 10 24
1 16
3 10
10 1 13
1 3 70 62 14 87
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Fig 5. Phylogenetic tree of representative wild-type measles virus strains in China during 2011-2017, a WHO
reference strain of genotype H1 (black triangle), a reference strain of H1 genotype cluster 1 (red triangle), and a
reference strain of H1 genotype cluster 2 (blue triangle) based on the 450-nucleotide sequence of the N gene C-
terminal region. Significant bootstrap values (>90) are indicated.

https://doi.org/10.1371/journal.pone.0218782.9005

measles viruses spread with multiple genotypes cocirculating at the same time or with the
dominant genotype shifting over time[14, 15, 31]. As of 2017, viruses such as genotypes B3,
D8, D9, and D11 have been imported in several provinces in China with limited local trans-
mission [3, 24-30]. In this study, 150 non-H1 viruses representing six genotypes were detected
among the extensive background of viruses of the predominant H1 genotype, indicating a very
high sensitivity of measles surveillance in China. In countries including Japan, the Republic of
Korea, the USA, Canada and Ireland, where endemic transmission of the virus has been inter-
rupted, imported viruses were introduced to the countries with limited transmission [17, 32—
36].

Our previous studies divided genotype H1 into 2 clusters, cluster 1 and cluster 2 [19-23].
These two clusters of viruses were cocirculating from 1993 to 2005, whereas cluster 1 has been
continuously circulating since 2006 [11, 19-23]. The phylogenetic tree of cluster 1 of H1
viruses showed evidence of multiple chains of transmission during 2011-2017. Although two
main lineages in cluster 1 of genotype H1 were identified, no evidence of geographic or tempo-
ral restriction was found; identical sequences were detected in multiple provinces at the same
time, and identical sequences were sometimes detected in different years in the same province.

Integrated with the molecular epidemiologic data, epidemiological evidence can be used to
identify or confirm the interruption of transmission chains. However, in the present study, it
was difficult to obtain robust epidemiological evidence for the transmission chains in China,
where endemic measles viruses continue to circulate throughout many provinces. Therefore,
phylogenetic data were used to investigate the transmission chains of MeV outbreaks in this
study.

The phylogenetic analysis of the N450 sequence window indicated that most of the trans-
mission chains detected in the 2011-2012 strains had been interrupted. In addition, many new
transmission chains of unknown origin were identified that caused a large measles resurgence
in China during 2013-2016. After 4 years of measles resurgence and continuous routine
immunization programs and SIAs, only a few strains persisted, being sporadically detected in
China in 2017. As part of the measles surveillance system, molecular surveillance is an impor-
tant tool for monitoring the circulation of wild-type viruses in a region over time. Information
on genotype and sequence variants of circulating viruses can help to identify the potential
sources of virus importation and recognize long-lasting virus transmission chains [5]. Cur-
rently, the N450 sequence window is recommended by the WHO for the genotyping of MeV.
However, when viruses from the same genotype are identified among epidemiologically
unlinked cases, N gene sequences may exhibit insufficient diversity to allow differentiation
between the continuous circulation of MeV and multiple new introductions [5, 37]. Recently,
the use of new sequencing windows, including the M-F NCR, has been recommended for
improving measles surveillance [37]. The higher variability of this region than of the N450
sequence provides better discrimination of chains of transmission than do the N450 sequences
of the MeV genome [37, 38]. However, more sequences from M-F NCR should be obtained
from regions worldwide to provide a database to improve the resolution of molecular epidemi-
ology analysis.

The elimination of measles is an important goal for public health worldwide. To ensure the
success of measles elimination, a two-dose vaccine regimen with 95% coverage for all popula-
tion groups and age cohorts is necessary to establish herd immunity and prevent subsequent
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epidemics [6, 39]. China is currently in the measles pre-elimination phase. The incidence of
measles reached the lowest level in history in 2017 and continued to decrease in 2018 (unpub-
lished data). However, measles outbreaks have occurred again in many countries where circu-
lating endemic measles were previously eliminated, such as in the USA, Japan, Mongolia,
Brazil and other countries [16, 34, 40-43]. Therefore, measles elimination in China and other
countries remains a challenge.

Conclusion

In this study, by combining analyses of epidemiology data and molecular virological data, we
demonstrated the great progress towards measles elimination in China by the further analysis
of circulation dynamics for the endemic H1 genotype measles virus from 2011 to 2017. This
study provides comprehensive information to the world that can support measles elimination
in the future, not only in China but also in other countries worldwide. The information pro-
vided can aid other countries in tracing the sources of measles cases and identifying transmis-
sion links to help control potential measles outbreaks.
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