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Mumps, a disease caused by the mumps virus (MuV), has been spread widely across the world, especially among children and adolescents. Recent frequent local mumps outbreaks were reported worldwide, which may be caused by the decline in the neutralization ability of the existing attenuated live mumps vaccines against circulating MuV strains which were different from the genotype A or B vaccine strains. There is an urgent need to understand the genotypes of MuV strains currently circulated globally and in China. The gene sequences of MuV strains circulated globally were collected and phylogenetic trees were constructed using different strategies. The results showed that the MuV strains previously circulated globally were predominantly genotype G, while genotype F was predominantly circulated in China, followed by genotype G. The molecular evolution of genotype F MuV strains circulated in China is at a low genetic mutation rate, and the analysis of population dynamics pattern indicates that the incidence of genotype F mumps in China showed a rebound trend. These findings provide a basis for the selection or design of vaccine strains, and the decision of the evaluation strains for immunogenicity and protective efficacy, which laid the foundation for the research and development, as well as the application of next-generation MuV vaccines.
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Introduction

Mumps is an acute respiratory infection caused by the mumps virus (MuV) that mainly spreads among children and adolescents. The main clinical symptoms include swelling of the parotid glands, pain, and fever. Mumps may be complicated by pancreatitis, orchitis, deafness, aseptic meningitis, and encephalitis (1, 2). Prior to the mumps vaccination program, mumps was highly prevalent worldwide, resulting in high morbidity and mortality (3). The first inactivated mumps vaccine was approved in the United States in 1948 and was used from 1950, but it was later discontinued due to its short-term immunity of low protective efficacy (4, 5). It was not until the 1960s that live attenuated mumps vaccines were approved for use in the United States and the Soviet Union (1, 6). The vaccine strains used in these two countries were the Jeryl Lynn and Leningrad-3 strains, respectively. Since then, several virus strains have been used worldwide for the production of mumps vaccines, with the Jeryl Lynn and Urabe Am9 strains being the most widely used (6, 7). The mumps-containing vaccines currently used in China include the monovalent live attenuated mumps vaccine and the measles-mumps-rubella (MMR) vaccine, with the virus strain S79 from Jeryl Lynn, which is geontype A (8). The total lot release number of mumps-containing vaccines were 18.5 million doses in China during 2015~2019. The mumps strains currently licensed for use in mumps-containing vaccines are all derived from strains that were prevalent in the mid-twentieth century, which are mostly genotype A or B. After the approval of the live attenuated mumps vaccine, the good immunogenicity and widespread vaccination have been effective in reducing the incidence of mumps (9).

The earliest report of MuV in China was a strain detected in specimens from 1995 to 1996, which were identified as genotype F (10). In the following two decades, genotype F was the predominant genotype in China (11, 12). Since the implementation of infectious disease surveillance in China in 2004, the average annual incidence of mumps has been 24/100,000 population (13). Although the MMR vaccine was introduced in the Expanded Program on Immunization (EPI) in 2008, local outbreaks among the vaccinated population have been reported each year in China (14). In recent years, several large mumps outbreaks have been reported in developed countries, including Canada, Australia, the United Kingdom, France, and the United States, where genotype G is the predominant strain (15–23). In 2016 and 2017, the number of mumps cases in the United States nearly tripled compared with the number of cases reported in the past five years (3).

Although there is only one serotype of MuV, there are 12 genotypes, and the antigenicity of MuV varies between genotypes. Decreased cross-neutralizing capacity of the current vaccine against the prevalent strains with different MuV genotypes has been suggested as a possible explanation for mumps outbreaks in highly vaccinated populations (24–26). Won et al. measured the cross-neutralization of sera immunized with the mumps vaccine against the MuV F, H, and I wild-type strains circulated in Republic of Korea from 1998 to 2016, and the results showed that the potency of the neutralizing antibody in the sera immunized with vaccine against genotypes F, H, and I was significantly lower than that against genotype A (27). A growing number of research indicates the urged need to develop next-generation mumps vaccines against the circulating genotypes (28, 29).

The molecular epidemiological data of viruses are the basis for the screening of strains for vaccine production and efficacy evaluation. With the increasing application of sequencing technology, more knowledge has been obtained on the different genotypes of MuV (7). The small hydrophobic (SH) gene has the highest number of sequence variations, making it commonly used for the standardized nomenclature of MuV (30). In 2012, the World Health Organization (WHO) updated and assigned standard names for the 12 MuV genotypes by the letters A to N (excluding E and M) based on the SH and haemagglutinin-neuraminidase (HN) sequences of the MuV genome. Recent findings suggested that the analysis of the SH gene sequences in combination with sequence data from the non-coding region (NCR) of the genome was a useful approach for improving genotyping resolution (31). In this study, gene sequences of MuV strains circulated globally and in China were collected and analyzed using bioinformatics methods. As the basis for the selection or design of vaccine strains, and the decision of the evaluation strains for immunogenicity and protective efficacy, the molecular epidemiological characteristics of MuV strains would lay the foundation for the research and development (R&D) of next-generation MuV vaccines.



Materials and Methods


Data Screening

The MuV gene sequences were searched and downloaded from the Genbank database (https://www.ncbi.nlm.nih.gov/genbank/). PhyloSuite_v1.2.1 software was used to extract a total of 12,601 sequences, of which 932 complete genome sequences were selected. After aligning the sequences using mafft-7.037, the online tool CD-HIT Suite (http://weizhong-lab.ucsd.edu/cdhit_suite/cgi-bin/index.cgi?cmd=cd-hit-est) was used to remove the redundant sequences (the cut-off of similarity was set as 99.7%) to obtain 111 complete genome sequences. SH, nucleocapsid protein and phosphoprotein (N-P), phosphoprotein and matrix protein (P-M), and matrix and F protein (M-F) genes were selected respectively, and concatenated using the PhyloSuite_v1.2.1 software. These procedures were performed in order to create a dataset of SH genes and the non-coding regions (NCR) fragments of MuV strains circulated worldwide. In this study, the NCR segment from Bodewes et al. was used as the reference sequence to confirm the length of the intercepted segment (a total of 1954 nt) (31).

The sequences of MuV strains circulated in China were searched and downloaded from the Genbank database. The data were screened to obtain 418 SH gene sequences that provided information on isolation time and geographical location. A phylogenetic tree based on the maximum likelihood (ML) estimation was constructed using iqtree-1.6.2 software. For the SH genes of the circulated genotype F strains, the online tool CD-HIT Suite was applied to remove the redundant sequences and build the SH gene dataset of genotype F MuV strains circulated in China, which contained 252 sequences.



Genotyping of MuV Strains Circulated Worldwide

The SH gene sequences of representative strains of a total of 12 genotypes, namely A, B, C, D, F, G, H, I, J, K, L, and N, from a study by Cheng et al. were used as reference sequences during genotyping (32). The reference sequences were combined with the SH gene (316 nt) dataset of the MuV strains circulated worldwide. Iqtree-1.6.2 software was used to construct the ML phylogenetic tree with bootstrap values set to 2000, while the nucleotide substitution model was determined as TVM+F+G4, which was calculated by this software. Then FigTree.v1.4.4 and Adobe Illustrator CC 2019 were used to visualize the ML phylogenetic tree. Based on the result from the SH gene phylogenetic tree, the NCR segment (1954 nt) dataset was used to construct the ML phylogenetic tree with bootstrap values set to 2000, while the nucleotide substitution model was determined as GTR+F+R3.



Genotyping of MuV Strains Circulated in Mainland China

Currently, there are relatively few complete genome data of MuV in China. Emphasis was placed on the SH gene sequences to study the genetic characteristics of mumps virus sequences in China. The gene sequences of representative strains of a total of 12 genotypes, namely A, B, C, D, F, G, H, I, J, K, L, and N, from a study by Cheng et al. were used as reference sequences during genotyping (32). The reference sequences were combined with almost complete SH genes (313 bp) of 418 MuV strains epidemic in China. Iqtree-1.6.2 software was used to construct the ML phylogenetic tree with the bootstrap value set to 2000, while the nucleotide substitution model was determined as K3Pu+F+G4.



Phylogenetic Tree Using Molecular Clocks for Genotype F Strains Circulated in China

A cluster-based Bayesian Markov chain Monte Carlo (MCMC) approach was used to construct the Maximum Clade Credibility (MCC) tree using BEAST.v1.10.4 based on the SH gene dataset of the genotype F MuV strains circulated in China, which contained 252 sequences. Breifly, jModeltest software was used to select GTR+G+I as the optimal nucleotide substitution model. Then the uncorrelated lognormal relaxed clock and the optimal a priori model (Bayesian Skyline) was selected through the Model comparison function in Tracer.v1.7.1. Province was used as a trait, the chain length was set as 200,000,000, sampling frequency was set as 20,000, and three duplicate chains were set up. LogCombiner v1.10.4 in the BEAST.v1.10.4 package was used to combine the log files and tree files separately. For the combined log file, the first 10% of aged samples were discarded, and the remaining samples were checked if there were sufficient effective sample size (ESS) values (> 200) for all estimated parameters to converge using Tracer. The TreeAnnotator v1.10.4 program in the BEAST.v1.10.4 package was then used to discard the first 10% of the combined tree to generate the final MCC tree, and the node height of the tree was set as the median. MEGA 7.0.20 software was used to calculate the intra- and inter-group evolutionary distances for the different lineages of genotype F strains.



Population Dynamics Study of Genotype F Strains Circulating in China

BEAST.v1.10.4 software was used based on the above optimal nucleotide substitution model GTR+G+I, the uncorrelated lognormal relaxed clock, and the optimal a priori model Bayesian Skyline. The chain length was set as 200,000,000, sampling frequency was set as 20,000, and three duplicate chains were set up. LogCombiner v1.10.4 in the BEAST.v1.10.4 package was used to combine the log files and tree files separately. For the combined log file, the first 10% of aged samples were discarded, and the remaining samples were checked if there were sufficient ESS values (> 200) for all estimated parameters to converge using Tracer. The Bayesian skyline plot (BSP) was made using the Tracer.v1.7.1 software. Mumps incidence data in 2008-2019 were obtained from the National Notifiable Diseases Reporting System (NNDRS) of China (http://www.nhc.gov.cn/jkj/s2907/new_list.shtml?tdsourcetag=s_pcqq_aiomsg).

As is shown in Figure 1, an analysis flow was depicted briefly.




Figure 1 | Schematic diagram of the analysis flow. SH, small hydrophobic; NCR, non-coding region; ML, maximum likelihood; MCC, Maximum Clade Credibility; BSP, Bayesian skyline plot.






Results


Genotyping of MuV Strains Circulated Worldwide

From the ML phylogenetic analysis of the SH gene of the 111 selected MuV strains collected worldwide since 1970 (Figure 2), there was a total of 12 genotypes circulated worldwide, namely genotypes A, B, C, D, F, G, H, I, J, K, L and N. The circulating MuV strains after 2010 included A, C, F, G, H, I, and K, with genotype G being the most prevalent. Among these, the genotype A strain (Genbank no. KX223397) was special in that it was obtained from a brain tissue specimen of a child who died of chronic encephalitis in 2014 and the strain belonged to the Jeryl Lynn 5 (JL5)-like strain of the MMR vaccine (33). The genotype G strain was widespread and has been reported in the Americas (USA and Canada), Europe (Netherlands), Australia (Australia and New Zealand), Asia (India and Japan), and Africa (Gabon) between 2010 and 2019. The genotype F strain was predominantly prevalent in China. In addition, it was also reported in Republic of Korea in 2012 (Genbank no. MN630056). In addition to G and F strains, genotype C strain had been reported in India/Canada/the Netherlands, genotype H in Republic of Korea and the United States, genotype I in South Korea, and genotype K in the United States and the Netherlands.




Figure 2 | Phylogenetic analysis of mumps strains circulated worldwide based on 316 nucleotides of the SH gene, with reference strains of 12 genotypes (A, B, C, D, F, G, H, I, J, K, L, and N). The nucleotide substitution model used for the phylogenetic tree was TVM+F+G4, and the bootstrap value was set to 2000. • marks the reference sequences of the 12 genotypes; AUS, Australia; CAN, Canada; CHN, China; CRO, Croatia; GER, Germany; GA, Gabon; IND, India; JPN, Japan; KR, Republic of Korea; MN, Mongolia; NLD, Netherlands; NZ, New Zealand; RUS, Russia; UK, United Kingdom; USA, United States.



Figure 3 showed the ML phylogenetic tree constructed based on the NCR segment sequences. Similarly, the MuV strains circulated worldwide can be classified into a total of 11 genotypes, namely A, B, C, D, F, G, H, I, J, K, and L, based on the NCR gene. It was presumed that the complete genome sequence of the genotype N strains was not included in the database. The prevalent MuV strains after 2010 included genotypes A, C, F, G, H, I, and K, with genotype G being the most prevalent. The result was consistent with SH gene phylogenetic analysis. From the results obtained both with the SH and NCR sequences, the genotype G was the prevalent circulating MuV strains worldwide, while genotype F was the major strain in China.




Figure 3 | Phylogenetic analysis of mumps strains circulated worldwide based on 1954 nucleotides of the NCR sequence. The nucleotide substitution model used in this phylogenetic tree was GTR+F+R3, and the bootstrap value was set as 2000. AUS, Australia; CAN, Canada; CHN, China; CRO, Croatia; GER, Germany; GA, Gabon; IND, India; JPN, Japan; KR, Republic of Korea; MN, Mongolia NLD, Netherlands; NZ, New Zealand; RUS, Russia; UK, United Kingdom; USA, United States.





Genotyping of MuV Strains Circulated in China

To investigate the molecular epidemiological patterns during the spread history in China, 418 SH gene sequences of MuV reported in 22 different provinces/municipalities in China from 1995 to 2019 were obtained. An ML phylogenetic tree was constructed based on the SH gene, and the results were shown in Figure 4. The predominant strains circulated in China were genotype F, including 406 sequences from East China (Anhui, Jiangsu, Shandong, Shanghai, Zhejiang, and Jiangxi), North China (Beijing, Inner Mongolia, and Shanxi), South China (Guangdong and Guangxi), Central China (Henan, Hubei, and Hunan), Southwest China (Sichuan and Yunnan), Northeast China (Heilongjiang, Jilin, and Liaoning), and Northwest China (Gansu, Ningxia, and Shaanxi). In addition, genotype G was prevalent in Shaanxi, Liaoning, and Fujian in 2011, as well as in Gansu in 2013. A genotype K strain imported from Vietnam was reported in Guangxi in 2016 (34). These results indicated that, the genotypes of the main MuV strains currently prevalent in China are significantly different from those worldwide, however, there was also a risk of imported transmission.




Figure 4 | Phylogenetic analysis of mumps strains circulated in China based on 313 nucleotides of the SH gene, with reference strains of 12 genotypes (A, B, C, D, F, G, H, I, J, K, L, and N). The nucleotide substitution model used in this phylogenetic tree was K3Pu+F+G4, and the bootstrap value was set as 2000. The orange font and the sequences marked by the orange ▴ symbols are the strains circulated in China.





Evolutionary Origin of Genotype F Strains Circulated in China

To elucidate the evolution of MuV in China, the SH gene dataset of the genotype F strains circulating from 1995 to 2019 were analyzed. As shown in Figure 5, the average base substitution rate of the SH genes of genotype F MuV strains circulated in China was 2.02 × 10-3/site/year (95% highest posterior density (HPD) interval 1.68-2.40 × 10-3/site/year) between 1995 and 2019, and the most recent common ancestor (tMRCA) of genotype F MuV strains in China could be traced back to the year 1989.69 (95% HPD interval of 1979.47~1998.37). Using province as trait, the root node of the entire phylogenetic tree was Shanghai, with a posterior probability of 0.623. It might been speculated that the genotype F strains which persistently circulated in China originated in Shanghai around 1989, and then gradually spread to other regions.




Figure 5 | The Maximum Clade Credibility tree of genotype F strains circulated in China with geographic information based on 313 nucleotides of the SH gene.



The genotype F strains circulated in China were clustered into four lineages in the MCC tree, and namely lineages 1-4, respectively. The within group mean distance of the four lineages were calculated using MEGA7.0.20 software as 0.017, 0.019, 0.031, and 0.029, respectively, while the between group mean distance were between 0.036 and 0.049. The root nodes of the major circulated strains of lineages 2-4 and lineage 1 were between 1989.69 and 2002.64 years, with all of these still circulating after 2010. There were no significant differences in the timing and geographic location of transmission between the strains in different lineages. These results indicated that the genetic distance of genotype F MuV circulated in China was relatively close, and the strains of different lineages might be similar in biological manifestation, antigenicity and other characteristics.



Population Dynamic Patterns of Genotype F Strains in China

From the BSP result shown in Figure 6, there were two significant population expansions of genotype F MuV strains in China between 1995 and 2019. The population expansion event that started in 1995 experienced a rapid expansion period during 1995-2005 and a slow expansion period between 2005 and 2011, followed by population contraction period in 2014 -2015. After a second rapid expansion period in 2016, the population size stabilized from 2017 to 2019, and the effective population size (Ne) remained at a high level.




Figure 6 | The population dynamics of MuV genotype F circulated in China. Yellow bars indicate the number of mumps cases reported by National Notifiable Diseases Reporting System.



Statistical analysis was performed on the number of mumps cases reported in the NNDRS of China from 2008 to 2019, and the average number were 293,988 cases/year (35). The results show that the number of annual cases peaked in 2011 and 2012 (454,400 and 479,500 cases), after which the number of cases declined and remained at a low level from 2014 to 2016, followed by a rebound trend in 2017-2019. The result was consistent with the trend in the BSP. The above results indicated that the incidence of mumps in China is currently on the rise, which means that strengthening mumps surveillance is necessary, along with research on the immunogenicity and effectiveness of the mumps vaccine.




Discussion

The mumps vaccine has significantly reduced the incidence of mumps in the past 60 years (9, 36). However, there have been frequent mumps outbreaks among populations with high rates of vaccination in recent years. Although studies have found that antibody responses induced by one or two doses of mumps vaccine in children provides protection for at least 10 years (37), as time passes, the protection provided by the vaccine decreases and leads to local outbreaks of mumps (21, 38). A third vaccine dose has been considered as a positive strategy to prevent recurrence (39), whereas the efficacy of the current vaccine against different genotypes of MuV has decline (24–26). Besides, the threshold potency of neutralizing antibodies required for the mumps vaccine to induce immunity remains unclear (40). These findings suggest that the cross-neutralizing and protective efficacy of mumps vaccine using genotype A or B strains against currently prevalent MuV genotypes should be evaluated, and that the R&D of a next-generation MuV vaccines should be promoted.

In recent years, genotype G strains have mainly circulated in Europe, the United States, Australia, and New Zealand, while genotype C strains have mainly circulated in India. Genotype F strains were prevalent mainly in China, in addition to being reported in ten other countries in North America, Europe, and Asia (41). In this study, strains circulated worldwide were analyzed based on the SH gene and NCR fragment sequences. It was found that the circulated strains reported after 2010 included genotypes C, F, G, H, I, and K. Among them, genotype G was more widely distributed, while genotype F strains were prevalent in China, which were significantly different from the genotypes of the current vaccine strains. The fact that multiple genotypes strains co-circulated worldwide makes the development and evaluation more difficult.

Xu et al. showed that a single dose of MuV had a cross-protective efficacy against genotype F MuV. However, the protection was limited, which might be due to insufficient doses of MuCV vaccine and genotype-specific differences in antigens between different MuV strains (42). A clinical study of an F-genotype live attenuated mumps vaccine found that this vaccine was safe, and its immunogenicity against homologous viruses was not inferior to previous A genotype live attenuated mumps vaccine (43). Although genotype F has been the dominant MuV circulated in China, there have been local mumps outbreaks caused by genotype G strains in recent years. In addition, imported genotype K MuV strains have also been reported (34). Therefore, a novel mumps vaccine induced broad-spectrum cross-protective antibody immunity against major genotypes such as F and G should be the target of development (14, 44).

The COVID-19 pandemic began in the end of 2019 and spread around the world. In the past two years, a variety of preventive and control measures have been taken in China, including wearing masks, restricting the flow of people in public spaces, and adopting dynamic zeroing measures for epidemic areas. These measures have had a significant impact on mumps, which is also caused by a respiratory pathogen. In the report from NNDRS in 2020 and 2021, the number of mumps cases reported in China fell to 129,120 and 97,300 cases, respectively, which were the lowest in the last decade or so. However, with the possible upcoming changes to COVID-19 pandemic, after the prevention and control measures are lifted, respiratory diseases such as mumps may still rebound and the dominant strains may change. We may learn from the COVID-19 prevention and control strategies and strengthen the epidemiological surveillance, especially the molecular epidemiological surveillance of mumps. In addition, new technologies and platforms have been widely used in the development of COVID-19 vaccines, which has accelerated vaccine development (45). The use of these technologies and platforms in the novel mumps vaccine in mumps vaccine should be promoted. All of these measures will contribute to the inhibition of MuV transmission as well as local outbreaks of mumps, and facilitate the R&D of novel mumps vaccines.
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