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Abstract

Although human rubulavirus 2 (HPIV2) is an important respiratory pathogen, little is known about its molecular epidemi-
ology. We performed a comparative analysis of the full-length genomes of fourteen HPIV2 isolates belonging to different
genotypes. Additionally, evolutionary analyses (phylogenetic reconstruction, sequence identity, detection of recombination
and adaptive evolution) were conducted. Our study presents a systematic comparative genetic analysis that complements prior
analyses and utilizes full-length HPIV2 genomes to provide a basis for future work on the clinical significance, molecular

variation and conservation, and evolution of HPIV2.

Human rubulavirus 2 (human parainfluenza virus type 2,
HPIV2) is a non-segmented, negative-strand RNA virus
classifable within the family Paramyxoviridae, genus Rubu-
lavirus. The genomic RNA is 15 654 nt long and contains
six genes encoding for seven proteins in the following order:
the Nucleoprotein gene (N), the Phosphoprotein /V protein
gene (P/V), the Matrix protein gene (M), the Fusion protein
gene (F), the Haemagglutinin neuraminidase gene (HN) and
the RNA dependent RNA polymerase (or Large protein) gene
(L). HPIV2 enters the cell by attaching to sialic acid as a
receptor. Binding of the HN protein to the receptor initiates
conformational change of the F protein, which ultimately
leads to the fusion of the viral and cellular membranes [1,
2] and the entrance of the viral ribonucleoprotein complex
into the cell. The ribonucleoprotein complex is composed
of viral RNA tightly bound by the viral N protein. N protein
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binds two viral proteins: P protein and RNA-dependent RNA
polymerase (RdRp) (L protein). Together, this complex is
responsible for viral transcription and replication. To initi-
ate short uncapped leader RNA transcription or full-length
anti-genome replication, RdRp binds to the extreme 3’ ter-
minus of the genome and recognizes the leader sequence
(le), which is approximately 50 nt in length and located at
the 3' terminus of the genome [3]. The same complex is
responsible for the synthesis of the complete genomic RNA
as it recognizes the short trailer sequence (¢r) of the anti-
genome RNA.

Human parainfluenza viruses (HPIV1, HPIV2, HPIV3
and HPIV4) are the second major cause of hospitalization
for respiratory tract illness in young children (only res-
piratory syncytial virus (RSV) precedes) [4]. HPIV2 and
HPIV4 cause acute respiratory infection (ARI, croup and
pneumonia) in infants and young children [5], although
their prevalence rates are lower than those of HPIV3 and
HPIV1. The relative contribution to the burden of disease
in infants and young children is estimated at approximately
7:3.5:2:1 for HPIV3, HPIV1, HPIV2 and HPIV4, respec-
tively [6—8]. Almost all children encounter HPIVs within the
first few years after birth, but immunity is incomplete, and
re-infections occur throughout life. However, after primary
infection, protection against severe disease develops [4]. No
licensed vaccines are available for any HPIV types due to
incomplete knowledge regarding the immune response to
these viruses.

Epidemiological and phylogenetic studies of HPIV2
infections are rare due to the low number of hospitalized
patients with HPIV2 and the fact that most respiratory
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infections are treated symptomatically outside of the hos-
pital setting; thus, HPIV2 infection is not typically labora-
tory confirmed. Therefore, it is difficult to estimate the exact
number of HPIV2-infected patients and to follow the genetic
variation and evolution of the virus. However, sometimes,
especially in children, the elderly, or immunocompromised
persons, hospitalization is needed due to the severity of the
disease, which makes this virus a relevant pathogen from
both clinical and public health perspectives. Virological
surveillance is important to determine the virus circulation
and unbiased significance of viral infection in a population.
Previous phylogenetic studies of HPIV2 strains circulating
in France [9], Saudi Arabia [10] and Croatia [11] identified
four clusters (G1 to G4) with additional subclusters in clus-
ters G1 and G4; however, it seems that when more isolates
are added to the phylogenetic analysis (Figure 1), the G3
genotype could also be further divided into two subclusters,
G3a and G3b. These studies were based on the coding region
of the HN gene because the HN protein has been shown to
be extensively antigenically variable in contrast to structural
proteins, which are reported to be antigenically well con-
served in a number of HPIV?2 clinical isolates [11]. We have
shown that both genes encoding surface glycoproteins, the
HN gene and the F gene, individually are equally suitable for
phylogenetic analyses, although longer sequences spanning
both genes are advantageous when the analysed isolates are
temporally and geographically highly related and the number
of nucleotide differences is extremely low [12].

In this study, we performed a systematic comparative
genetic analysis that complements prior analyses and uti-
lizes full-length HPIV2 genomes to provide a basis for future
work on the clinical significance, molecular variation and
conservation, and evolution of HPIV2.

To date, there is not much data regarding the evolution
of HPIV2, and a complete molecular analysis of the HPIV2
genome has not been done. The number of complete HPIV2
genomes in GenBank is very low. Presently, there are 35
complete HPIV2 genomes reported but only four (one
genome from genotype Gla, one from genotype G3 and
two from genotype G4b) actually have complete sequences
of all 15 654 nucleotides, while the other 31 sequences lack
up to 268 nucleotides at their terminal regions. Therefore,
we determined the whole-genome sequences of an addi-
tional ten HPIV2 isolates (five belonging to genotype Gla
and five belonging to genotype G3, Figure 1). Ten HPIV2
samples were isolated from nasopharyngeal aspirates or
swabs from patients hospitalized in Zagreb, Croatia, dur-
ing 2011, 2012, and 2014-2016 (the study was approved
by the Ethics Committee of the University Hospital for
Infectious Diseases “Dr. Fran Mihaljevi¢”, number 01-692-
1-2014). Virus isolation was performed according to the
method reported previously [12]. Viral RNA was isolated
either from clinical samples or from Vero cell supernatants
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using previously reported methods [13]. cDNA synthesis,
PCR amplification and sequencing conditions are reported
in [12]. Primer sequences used for PCR and sequencing are
shown in Supplementary Table 1. The sequences generated
in this study were submitted to GenBank under accessiosn
numbers MG836416 to MG836425. The accession numbers
for sequences obtained from GenBank that were included
in alignments are the following: DQ072586-DQ072589,
JF912194, JF912195, NC_003443, AF533010-AF533012,
D00865, AB176531, AB189948-AB189953. Multiple
sequence alignments were made using the CLUSTAL W
program integrated into MEGAG6.0 software (www.megas
oftware.net). A phylogenetic tree based on the HN gene was
generated in MEGAG6.0 using maximum likelihood (ML)
analysis with the Kimura 2-parameter substitution model
and 1,000 bootstrap replicates. The average similarity of
HPIV2 genomes of three genotypes (Gla, G3 and G4b) was
assessed using SimPlot v3.5.1. software [14]. The same soft-
ware was used to conduct a bootscan analysis of the HPIV?2
genomes. Sequences were aligned by either Clustal Omega
(www.ebi.ac.uk) or Clone Manager v6.0 (Sci-Ed Software).
A similarity plot of the complete genomic sequences of dif-
ferent HPIV2 genotypes, in which the Greer strain was used
as the query sequence, clearly indicated that some regions
in the genome are more variable than others (Figure 2). The
most divergent regions are the non-coding regions of the
genome with an overall similarity below 86% (Table 1). The
exception is the 5’ non-coding region of the L gene, which
has an overall similarity of 90.7% (Table 1). This finding is
not unexpected because these regions do not code for amino
acids and therefore have higher flexibility in their nucleotide
content. In spite of their variability, these regions are not eli-
gible for phylogenetic analysis and evolutionary monitoring
because they are short regions (between 43 and 807 nt) and
because selective pressure does not alter the composition of
these regions.

High degrees of similarity are seen within the coding
regions, where the overall similarity is above 90% (Table 1),
with the exception of the coding regions of the F and HN
genes, which encode for surface glycoproteins and have
similarities of 87.3% and 88.4%, respectively. Thus, we
confirmed that the F and HN regions are the most variable
regions of this virus (Table 1) and determine that they should
continue to be used as phylogenetic markers. Usually, only
one region (more often the HN gene) is used. Previously,
we showed that closely related isolates, e.g., those from the
same season, can be falsely proclaimed to be identical if only
one of these two regions is analysed; therefore, we have sug-
gested [12] that both regions should be used, although it may
be a demanding process to analyse a 4-kb region.

Leader (le) and trailer (¢#r) promoters are also found
to be highly similar between the fourteen HPIV2 strains
(Supplementary Figure S1, Table 1). The trailer region
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Fig.1 Maximum likelihood phylogenetic tree of the HN gene ORF
of HPIV?2 strains constructed by MEGA6.0 with 1000 bootstrap rep-
licates. Isolates are presented either with the accession number from
GenBank or with the accession number from GenBank and their iso-
late numbers. The year of isolation is indicated for each sequence.

is identical in all strains, while the leader region shows
90.9% similarity. These regions are multifunctional
entities (reviewed in [15]) which explains a high level
of evolutionary stability (Supplementary Figure S1). A
regulatory element in the /e region between 25 and 30 nt
in length that modulates RNA synthesis to gain optimal

Strains whose complete sequences were used for the analyses are
squared. The genotypes are indicated by the brackets on the right
side. Only bootstrap values over 80% are displayed at the branch
nodes. The scale bar indicates 0.01 nt differences per site, over the
indicated region

growth conditions for infected cells has been identi-
fied [16]. This region is 100% conserved in all analysed
sequences.

HPIV2 and mumps rubulavirus are both human patho-
gens and taxonomically belong to the same genus, Rubulavi-
rus. Since isolates of these two species are phylogenetically
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Table 1 Total variability of the HPIV2 genome regions, for the four-
teen HPIV2 complete genome sequences

No. of overall nt
differences/identity

Genome region

Region * Start nt Stop nt (%)
leader 1 55 5/90.9
NP 3’ nc 56 157 15/85.1
NP cd 158 1789 137/91.6
NP 5’ nc/V 3’ nc 1790 1996 56/72.8
Ved 1997 2674 56/91.7
Pcd 1997 3184 111/90.7
V5 nc/M 3’ ne 2675 3482 117/85.5
M cd 3483 4616 98/91.3
M 5’ nc/F 3’ nc 4617 4792 34/80.6
Fecd 4793 6448 210/87.3
F 5’ nc/HN 3’ nc 6449 6 820 57/84.6
HN cd 6821 8536 198/88.4
HN 5’ nc/L 3’ nc 8537 8797 42/83.8
Lecd 8 798 15 589 438/93.5
L5 nc 15 590 15 633 4/90.7
trailer 15 634 15 654 0/100

*nc — non-coding region; cd — coding region

closely related within the Paramyxoviridae family, an analy-
sis of their similarity was performed on two viruses isolated
in the 1950s: HPIV2 Greer virus from 1955 and mumps
virus L-Zagreb from 1953. The average identity was 56.5%
with 6.6% nt gaps. Mumps rubulavirus has an additional
gene encoding the SH protein. A similarity plot (Supplemen-
tary Figure S2) shows that the coding regions of other genes
are highly similar between the two viral species, especially
in the N segment (except for the 5’ end) and the complete
L segment. The same is reflected at the protein level (Sup-
plementary Figure S3), where the identity in the N protein
is 49.4% and 59.2% in the L protein. Other proteins have a
lower identity rate: 36.0% in the V protein, 36.5% in the P
protein, 41.1% in the M protein, 38.1% in the F protein and
40.5% in the HN protein. The leader and trailer regions have
high similarity as well, with 64.6% and 50.0% similarity,
respectively. In contrast to the coding regions and the ter-
minal sections of the genome, the non-coding regions have
a much lower level of similarity (Supplementary Figure
S3), and the majority of identified gaps are found in these
regions.

The overall protein identity for each of the fourteen
HPIV2 isolates is depicted in Table 2 and ranges from 88.1%
to 98.6% depending on the protein. The average identity of
the F protein is 90.4% (Table 2), indicating that this pro-
tein has a higher level of variability than proteins in the
RdRp complex. However, more than half of the substitu-
tions (31/53, or 58.5%) are found between 372-551 aa. In
contrast, the 176-371 aa region contains only 5 substitutions,
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indicating a highly conserved region spanning almost 200
aa. HN protein is identified as the HPIV2 protein with the
lowest identity level, showing an average identity of only
88.1% (Table 2). Although the HN protein is a protein with
high variability, there is not an identifiable region in which
substitutions are aggregated; rather, they are fairly uniformly
distributed. In contrast to the fact that the HN coding region
is the second most variable region in the HPIV2 genome,
there are short regions of the HN protein that are highly
evolutionary conserved even at the intragenus level. When
the HN protein of HPIV2 was compared to the mumps
rubulavirus HN protein (Supplementary Figure S3), regions
228-NRKSCS-233 and 393-GAEGRV/L-398 with neurami-
nidase and receptor binding activities [17, 18], respectively,
were proven to be conserved in both HPIV2 and mumps
rubulavirus (Supplementary Figure S3). A large conserved
region spanning 151-186 aa in HPIV2 and 163-198 aa in
mumps rubulavirus was identified with a 91.7% identity
(33 out of 36 aa are identical). Additional analysis involv-
ing HPIV3 and HPIVS5 (data not shown) revealed that this
region is also conserved among all four viruses, indicating
its functional relevance. The function of this region of the
HN protein is so far unknown. However, in silico structural
analysis (data not shown) indicates that the region 165-187
aais located in close proximity to the neuraminidase region
228-NRKSCS-233 and forms part of the neuraminidase
propeller. Furthermore, the region 148-209 aa was identi-
fied as the region of HN protein that promotes F-mediated
cell fusion [19]. These conserved regions prove that these
viruses, although having evolved from the same origin and
developed numerous unique regions, have kept major func-
tional regions intact or highly conserved. Located on the
inner side of the viral envelope, M protein has a much higher
level of identity than surface glycoproteins, with an average
identity of 95.5% (Table 2). The majority of these substitu-
tions (11/17, or 64.7%) are located in a region spanning less
than 100 aa, between 129 and 225 aa. This region has an
average identity of only 88.5%. In contrast, the highly con-
served regions between 1 and 128 aa and between 236 and
377 aa contain only 2 and 3 substitutions, respectively. For
the P protein, the average identity was calculated to be 92.7%
(Table 2), but no particularly variable or conserved regions
could be identified. Since the V protein shares two-thirds of
its protein sequence with the P protein, the variability of the
V protein is comparable to that of the P protein. It was found
that the average identity was 93.3% (Table 2), with neither
highly variable nor highly stable regions identified.

The average identity for the nucleoprotein is 93.4%
(Table 2). Inspection of the N protein sequence alignment
indicated that the region between 204 and 373 aa is a highly
conserved region with 100% identity for all 14 HPIV2
samples. In contrast, the region between 422 and 543 aa
(C-terminal segment of the protein) is highly variable, with



Comparative genomics of HPIV2

Fig.2 Similarity Plot against
the query sequence (Greer) for
a panel of HPIV2 sequences
belonging to genotypes Gla

(A and B) or G3 (A and C).
The analysis was conducted via
SimPlot using a sliding window
of 200 nucleotides moving in
steps of 20 nucleotides with
conditions: gapstrip on, Kimura
(2-parameter) and T/t: 2.0.

A schematic of the complete
HPIV2 genome is depicted at
the top
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Table 2 Total variability of the HPIV2 protein sequences and synonymous versus non-synonymous substitutions rates for each protein gene, for

the fourteen HPIV?2 strains sequenced

Protein Protein size (aa) No. of total aa substitu-  No. of overall synony- No. of overall non-synony- ® value*
tions/identity (%) mous substitutions mous substitutions
nucleoprotein (NP) 543 36/93.4 90 47 0.067-0.160
V protein 225 15/93.3 38 18 0.025-0.204
phosphoprotein (P) 395 29/92.7 78 33 0.048-0.178
matrix (M) protein 377 17/95.5 72 26 0.030-0.188
fusion (F) protein 551 53/90.4 142 68 0.035-0.128
hemagglutinin neurami- 571 68/88.1 108 90 0.120-0.280
nidase (HN)
large (L) protein 2263 31/98.6 396 42 0.015-0.042

* w=K,/K,, K, — synonymous substitution rate, K, — non-synonymous substitution rate. p<0.0001, the p value was computed by Fisher exact

test

63.9% (23/36) of the substitutions found in this segment and
an average identity of 81%. The L protein is proven to be a
highly conserved protein with the average identity of 98.6%
among the fourteen HPIV2 isolates (Table 2). Several con-
served regions with 100% identity were identified: 330-484
aa, 797-897 aa, 1029-1178 aa and 1406-1593 aa. Addition-
ally, the region between 1 and 229 aa contains only 2 sub-
stitutions. This protein does not seem to contain any highly
variable regions. Thus, the N and L proteins show very low
levels of variability with the exception of the C-terminal
portion of the N protein. Similar result were obtained even
at the intragenus level (Supplementary Figure S3), which
indicates that there are high demands for the preservation
of the primary structure for these proteins. The N-terminal
portion (1-370 aa) of the nucleoprotein is highly conserved
with an identity of 97.3% (10/370 aa positions are variable),
while the C-terminal portion (371-543 aa) seems to be rather
variable with only 83.8% identity (28/173 aa positions are
variable). The conserved N-terminal region was identified
as an essential region for interactions between monomers
of the N protein, while the region between 295 and 494 aa
was required for binding of P protein [20]. Later, a region
spanning 403-494 aa on the N protein was identified as an
essential region for binding to the L protein [21]. Therefore,
it seems that there are not very strict demands for the pri-
mary structure of the N protein for binding the P protein and
L protein, but the self-assembly process is highly sensitive
to changes in the primary structure. In the same publication
[21], the authors identified a region in the P protein from 278
to 353 aa as a region required for binding to the L protein. In
contrast to the variable region on the N protein that binds L
protein, a region of the P protein with the same function is
more conserved (70/75 aa, 93.3% identity) indicating certain
structural demands.

Selective pressure drives natural selection and confers
beneficial adaptations to the population. Thus, it is a major
mechanism of evolution. To detect the influence of selection,
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the ratio of the number of substitutions causing amino acid
replacements (nsyn sites) per total possible nsyn sites (ka)
was divided by the number of silent substitutions (syn sites)
per possible syn sites (ks). The ks, ka and their ratio @ were
calculated using KaKs_Calculator software [22] with the
method of model averaging (MYN and GY). Statistical sig-
nificance was set at p <0.0001. The number of synonymous
changes was higher than that of non-synonymous changes,
indicating negative selection pressure (Table 2). This is in
accordance with the fact that most protein-coding genes are
considered to be under the effect of purifying selection [23].
The average acceptance rate (o) is < 1, indicating that, on
average, purifying selection dominates the evolution of all
genes and does not affect the integrity of the encoded pro-
teins. The K, /K ratio is especially low for the polymerase
region (® value ranges from 0.015 to 0.042 for all models),
while it is much higher for the HN region (® value ranges
from 0.120 to 0.280 for all models), indicating that nega-
tive selection is less pronounced for the HN gene, while it
strongly affects the L gene.

To estimate the force of selective pressures (positive
selections) across various regions of the viral genome, all
coding regions were analysed using multiple methods from
the Datamonkey server [24] (http://www.datamonkey.org/):
single-likelihood ancestor counting (SLAC), fixed-effects
likelihood (FEL), internal branch fixed-effects likelihood
(IFEL), random effects likelihood (REL) and mixed effects
model of evolution (MEME). Sites were considered to be
positively selected if they met the cut-off criteria of p-value
<0.1 for SLAC, FEL, IFEL and MEME, or Bayes factors
> 50 for REL. The codons which were identified using at
least two methods were accepted as positively selected
codons. In all coding regions, except for the V region, at
least one positively selected codon was found. Coding
regions for proteins that are not present at the viral surface,
namely, the N, P and M proteins and RdRp, had only one
identified positively selected codon: positions 487 (Pro and
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Leu), 212 (Ala and Val), 309 (Asn and Thr) and 1400 (Thr
and Leu), respectively. In contrast the F and HN proteins,
which are viral surface glycoproteins, were found to con-
tain four (positions 46 (Thr and Ser), 104 (Gln and Arg),
303 (GIn and Leu) and 545 (Gly, Glu and Lys)) and five
(positions 65 (Pro and Ser), 152 (Asn and Pro), 345 (Gln
and Arg), 479 (Pro and Leu) and 547 (Leu and Phe)) posi-
tively selected codons, respectively. Therefore, it seems that
surface glycoproteins are under greater selective pressure
than other proteins. Epitopes for either of the surface gly-
coproteins have not been identified thus far, and so it is not
possible to comment on the position of positively selected
codons. However, this is a strong indication that a mecha-
nism to evade the host immune system is a major driving
force for viral evolution.

Natural recombination events in paramyxoviruses have
been reported in Newcastle disease virus (NDV) [25-27],
in which recombination has occurred between different
lineages. Since we assessed HPIV2 isolates that coincided
spatially and temporally, we also analysed potential recom-
bination events. A standard bootscan analysis (SimPlot)
was used to analyse possible recombination events in the
fourteen HPIV2 isolates sequenced. The analysis detected
evidence of possible recombination events. Therefore, we
conducted a more intense search for potential recombination
breakpoints. Several methods from the Datamonkey server
[24] (http://www.datamonkey.org/) and the Recombination
Detection Program v.4.95 (RDP4) [28] were used. Various
methods, such as RDP, GENECONYV, BootScan, MaxChi,
Chimaera and SiScan, all with default settings, were used by
the RDP4 program. Possible breakpoints were detected at
p<0.01. The GARD method examined 50 349 models and
found evidence of 5 breakpoints at positions 5825, 6527,
8357, 8680 and 11504. SBP analysis was performed using
HKY85 and TrN93 models and yielded a potential break-
point at position 5054. Finally, the RDP4 program detected
possible breakpoints at positions 2261-2710, 3990-5979,
5955-6201, 6779-7198 and 7985-8573. None of the identi-
fied potential breakpoints overlapped, and sequence analysis
of the identified potential breakpoints could not confirm the
recombination. Thus, this finding does not seem to be con-
vincing, especially because the predicted recombined seg-
ments were shorter than 700 nt. We conclude at this point
that the false-positive detection of potential recombination
sites is likely due to a high level of similarity between the
analysed sequences and that given the evidence to date,
homologous recombination seems to play little or no role in
the evolution of HPIV2. However, since we analysed a lim-
ited population, analysis of a larger number of HPIV2 com-
plete genome sequences might lead to a different conclusion.

In conclusion, thus far, there is not much known about
HPIV2 in spite of the fact that it is a relevant human patho-
gen. Therefore, this study provides some insight into the

genetic/phylogenetic variations and molecular characteriza-
tions of this virus.
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