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First identified in 2001, human metapneumovirus (HMPV) is a novel pathogen and causative agent of
acute respiratory tract infection. Re-infection with HMPV is common, and currently there is no available
vaccine against HMPV infection. Two genotypes of HMPV have been identified, A and B, both of which can
be divided further into at least two distinct sub-genotypes. Here we report the results of the first study to
investigate the genetic variability of HMPV strains circulating within Cambodia. The overall incidence of
HMPV infection amongst an all-ages population of patients hospitalised with ALRI in Cambodia during 3
consecutive years, between 2007 and 2009, was 1.7%. The incidence of HMPV infection was highest
amongst children less than 5 years of age, with pneumonia or bronchopneumonia the most frequent clin-
ical diagnoses across all age groups. The incidence of HMPV infection varied annually. As anticipated,
genetic diversity was low amongst the conserved F gene sequences but very high amongst G gene
sequences, some strains sharing as little as 56.3% and 34.2% homology at the nucleotide and amino acid
levels, respectively. Simultaneous co-circulation of strains belonging to the HMPV sub-genotypes B1, B2
and lineage A2b, amongst patients recruited at 2 geographically distinct provincial hospitals, was
detected. Sub-genotype B2 strains were responsible for the majority of the infections detected, and a sig-
nificant (p = 0.013) association between infection with lineage A2b strains and disease severity was
observed.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction no vaccine available. Although reports have confirmed the global
Human metapneumovirus (HMPV) is a negative single-stranded
RNA virus, belonging to the Metapneumovirus genus of the Pneumo-
virinae subfamily of the Paramyxoviridae family (van den Hoogen
et al., 2002). First identified by van den Hoogen and colleagues in
2001, HMPV is a causative agent of acute respiratory tract infec-
tions (van den Hoogen et al., 2001). Primarily at risk of severe
HMPV-related disease are infants, immunocompromised patients
and the elderly (Boivin et al., 2002; O’Gorman et al., 2006; Sivap-
rakasam et al., 2007; van den Hoogen et al., 2004b, 2003; Williams
et al., 2005). Infection with HMPV can be both symptomatic and
asymptomatic (Bruno et al., 2009). Clinical manifestations of
symptomatic HMPV are indistinguishable from those of human
respiratory syncytial virus (HRSV) and range from mild upper
respiratory tract infection to severe disease requiring hospitalisa-
tion. Re-infection with HMPV is common and currently there is
ll rights reserved.
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circulation of HMPV, data from tropical countries, especially Asia,
remains limited. Similar to other pneumoviruses, HMPV virions
are surrounded by a lipid membrane into which three transmem-
brane surface glycoproteins are inserted: the attachment glycopro-
tein (G), the fusion protein (F) and the small hydrophobic protein
(SH) (Collins and Mottet, 1993; Skiadopoulos et al., 2006). HMPV
strains can be classified on the basis of genetic variability within
the F and G genes. Two HMPV genotypes have been identified, A
and B, both of which can be divided further into the distinct sub-
genotypes B1, B2, A1, A2 (van den Hoogen et al., 2004a). In addi-
tion, the sub-genotype A2 comprises two lineages, A2a and A2b
(Huck et al., 2006; Ishiguro et al., 2004).

The global circulation patterns of HMPV are variable and com-
plex. Not only can the incidence of HMPV infection vary from year
to year, but it is now well understood that HMPV epidemics are
highly localised and community based; that strains of both geno-
types, all sub-genotypes and lineages can circulate concurrently
within a given location during a given season (Kahn et al., 2008;
Papenburg and Boivin, 2010; van den Hoogen et al., 2004b). Fur-
thermore, in localised HMPV epidemics worldwide, the predomi-
nant circulating strains can vary annually. In order to generate a
globally effective vaccine, the genetic heterogeneity of circulating
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HMPV must be well understood. Here we report the results of the
first study to investigate the seasonality and genetic variability of
HMPV strains circulating in Cambodia.

2. Materials and methods

2.1. Sample collection and screening

The samples analysed in this study were collected as part of the
Surveillance and Investigation of Epidemic Situations in Southeast
Asia (SISEA) project. The aim of the SISEA project was to investigate
the prevalence of endemic and emerging pathogens in South-East
Asia. Between June 2007 and December 2009, a total of 3858 sam-
ples were collected from patients admitted with symptoms of
acute lower respiratory infection (ALRI) to Takeo (southern Cambo-
dia) and Kampong Cham (central-east Cambodia) provincial hospi-
tals. For patients aged <5 years, ALRI was defined as an illness of
<10 days duration that consisted of cough or difficult breathing,
plus tachypnea. For patients aged between 5 and 14 years, case
definition included the above symptoms as well as a fever
�38 �C. For patients aged 15 years or older ALRI was defined as a
fever �38 �C, plus chest pain or tachypnea or auscultatory crackles
(WHO, 2005). A severe case for patients <5 years of age was defined
as ALRI in addition to: respiratory rate �60/min (age <2 months),
�50/min (age <11 months), or �40/min (ages between 1 and 5
years), oxygen saturation <93%, cardiac frequency >180 beats per
minute (bpm) for infants <1-year-old or >140 bpm amongst the
1–5 years age group, clinical respiratory distress, according to the
World Health Organisation (WHO) guidelines (WHO, 2005). A se-
vere case for patients >5 years of age was defined as the above
symptoms with at least 2 of the following: systolic blood pressure
<90 mmHg, cardiac frequency >120 bpm, respiratory rate�30/min,
oxygen saturation <93%, body temperature <35 �C or �40 �C.

Nasopharyngeal and throat swabs were collected from each pa-
tient and immediately introduced into a sterile tube containing
virus transport medium (VTM). Samples were kept in liquid nitro-
gen following collection and during transport to the Institut Pas-
teur in Phnom Penh, where samples were aliquoted and stored at
�80 �C. All samples were screened using 5 multiplex reverse trans-
criptase-polymerase chain reaction (RT-PCR) and PCR assays at the
Institut Pasteur of Cambodia for the presence of 18 common and
novel respiratory viruses including HMPV, HRSV, human bocavirus
(HBoV), Influenza A and B viruses, coronaviruses OC43, 229E, HKU1
and NL63, severe acute respiratory syndrome-associated coronavi-
rus (SARS-CoV), parainfluenza viruses 1–4, adenoviruses, rhinovi-
rus and enterovirus, as previously reported (Buecher et al., 2010).
Using the RT-PCR assays described, no cross amplification or false
positive results were observed (Buecher et al., 2010). Patients
whose samples tested positive for HMPV were included in the
study. In addition we attempted to collect sputum samples, and re-
quested chest X-rays, from each enrolled patient.

This study was approved by the National Ethics Committee of
Cambodia. All patients/parents of sick children who participated
in this study provided written informed consent.

2.2. RT-PCR and sequencing

Viral RNA was extracted from 140 lL of VTM using the Qiagen
Viral RNA Mini kit (Qiagen, CA, USA) as per the manufacturer’s
instructions. Viral RNA was eluted in 60 lL of Qiagen AVE buffer
and stored at �80 �C until required.

RT-PCR was used to amplify a fragment of the F and G gene open
reading frames (ORFs). RT-PCR was performed using the Qiagen
One-Step RT-PCR kit (Qiagen) as per the manufacturer’s
instructions, and the following published primer sequences: HMPVF
Fwd 50-CAATGCAGGTATAACACCAGCAATATC-30 and HMPVF Rev 50-
GCAACAATTGAACTGATCTTCAGGAAAC-30 (F gene) (van den Hoogen
et al., 2004a); HMPVG Fwd 50-GAGAACATTCGRRCRATAGAYATG-30

and HMPVG Rev 50-AGATAGACATTRACAGTGGATTCA-30 (G ORF)
(Ludewick et al., 2005). Thermocycling was performed under the
following conditions: reverse transcription at 50 �C for 30 min,
PCR activation at 94 �C for 15 min, 40 cycles of denaturation at
94 �C for 30 s, annealing at 55 �C for 1 min, extension at 72 �C for
1 min, followed by a final extension at 72 �C for 10 min. All PCR
products were visualised using ethidium bromide under UV light
on a 1.5% agarose gel. When required, PCR products were puri-
fied using the QIAquick Gel Extraction protocol of the QIAquick
PCR Purification kit (Qiagen) prior to sequence analysis. Single-pass
sequencing reactions were performed at a contract sequencing
facility using the ABI BigDye Terminator Cycle Sequencing kit on
an ABI 3730XL automatic DNA Analyser (Macrogen, Seoul, Korea).

2.3. Phylogenetic analysis

Consensus sequences were generated using CLC Main Work-
bench software, version 5.6.1 (http://www.clcbio.com). Nucleotide
sequences of reference strains from the two main HMPV genotypes
and sub-lineages were obtained from Genbank, and used to con-
struct alignments and phylogeny (Table 1). Cambodian and refer-
ence HMPV nucleotide sequences were aligned using the Clustal
W alignment program of Mega software, version 4.0 (Tamura
et al., 2007). The average pairwise Jukes–Cantor distance was
found to be 0.08 and 0.6 for the HMPV F and G alignments, respec-
tively, indicating that the data were suitable to construct
Neighbour-Joining trees (Nei and Kumar, 2000). Trees were con-
structed using the p-distance nucleotide substitution model, with
1000 bootstrap replicates, using Mega 4.0 software. An avian meta-
pneumovirus (AMPV) type C strain (DQ009484) was used to root
both HMPV F and G phylogenetic trees. The nucleotide sequences
of HMPV strains obtained in this study were deposited in GenBank
under the accession numbers HQ864230–HQ864312.

2.4. Statistical analysis

Significant pairwise associations were assessed using Fisher ex-
act test. A p value <0.05 was considered significant. Statistical anal-
yses were performed using STATA/SE 11.1 (Statacorp., College
Station, TX, USA).

3. Results

3.1. HMPV circulation in Cambodia

Of the 3858 patients tested between 2007 and 2009, 65 (1.7%)
were positive for HMPV by multiplex real time RT-PCR. Of these,
40 (61.5%) originated from Takeo hospital and 25 (38.5%) from
Kampong Cham hospital. Between June and December 2007, two
(3%) HMPV positive samples were identified. In 2008 and 2009,
58 (89%) and 5 (8%) samples were detected, respectively
(Fig. 1A). Amongst the study population, the proportion of HMPV
infection was 0.2% in 2007, 4.3% in 2008 and 0.3% in 2009. Cambo-
dia is a tropical country, and as such, experiences dry and rainy
seasons of approximately equal duration. Dry seasons lie typically
from November to April, and wet seasons from May/June to Octo-
ber/November (Mardy et al., 2009; Vance et al., 2004) (Fig. 1B). In
2008, the incidence of HMPV infections peaked during the wet sea-
son from April to October, with 84.6% (n = 55) of all positive spec-
imens collected during this period (Fig. 1A and B). Between July
and September 2008, positivity rates for HMPV reached 10% of
the collected samples (Fig. 1A and B). In 2007 and 2009, the few
cases identified occurred during November and December. The
low number of HMPV-positive specimens observed during 2007

http://www.clcbio.com/


Table 1
Reference HMPV strains used in this study to construct phylogeny. Shown are the name of the strain, country/place of isolation, Genbank accession number and lineage. Whether
strains were included in Fig. 2 (HMPV F phylogeny), Fig. 3 (HMPV G phylogeny) or Figs. 2 and 3 (both HMPV F and G phylogenies) is indicated.

Strain Origin Genbank accession number Lineage Figure(s)

NL/1/94 Netherlands AY355335 B2 Figs. 2 and 3
NL/1/99 Netherlands AY304361 B1 Figs. 2 and 3
NL/00/1 Netherlands AF371337 A1 Fig. 2
NL/00/17 Netherlands AY355324 A2 Figs. 2 and 3
NL/12/00 Netherlands AY296096 B1 Fig. 3
NL/3/93 Netherlands AY296025.1 A2b Fig. 3
JPS03-240 Japan AY530095 A2b Figs. 2 and 3
JPS05-21 Japan EU131160 B2 Fig. 3
JPS03-180 Japan AY530092.1 A1 Fig. 3
JP-O0601 Japan EF589610.1 A2b Fig. 2
Can98-75 Canada AY297748.1 B2 Figs. 2 and 3
Can40-02 Canada AY574226.1 A1 Fig. 3
Can00-16 Canada AY145301.1 A2a Fig. 2
Can534-02 Canada AY574245.1 A1 Fig. 3
Can99-81 Canada AY574224.1 A1 Figs. 2 and 3
Can182-02 Canada AY574230.1 A2a Fig. 3
Can215-02 Canada AY574236.1 A2a Fig. 3
Can97-83 Canada AY297749.1 A2a Figs. 2 and 3
CHN05-06 China EF571504.1 A2b Fig. 3
CHN06-06 China EF571505.1 A2b Fig. 3
CHN09-06 China EF571508.1 A2b Fig. 3
BJ1887 China DQ843659.1 A2b Figs. 2 and 3
CHN12-06 China EF571511.1 B1 Fig. 3
CHN_N09 China GU048716.1 B1 Fig. 2
CHN_N36 China GU048743.1 B1 Fig. 2
BJ4944 China DQ270222.1 B2 Fig. 3
Arg-1-98 Argentina DQ362948 A1 Fig. 3
Arg-1-00 Argentina DQ362947.1 B1 Fig. 2
Arg-2-00 Argentina DQ362954.1 B1 Fig. 3
Arg-3-00 Argentina DQ362952.1 (G)

DQ362941.1 (F)
A2a Figs. 2 and 3

Arg-4-00 Argentina DQ362953.1 (G)
DQ362942.1 (F)

A2a Figs. 2 and 3

Arg-5-00 Argentina DQ362957.1 (G),
DQ362945.1 (F)

B1 Figs. 2 and 3

RSA30-01 Republic of South Africa (RSA) AY848906.1 A1 Fig. 3
RSA19-01 Republic of South Africa (RSA) AY848892.1 A1 Fig. 3
RSA_58_00 Republic of South Africa (RSA) AY848869.1 B2 Fig. 3
KR-108-04 South Korea DQ061254.1 B1 Fig. 2
KR-95-04 South Korea DQ061253.1 B1 Fig. 2
SIN06-NTU84 Singapore EF397621.1 A2b Fig. 2
TWN_05-00125 Taiwan EF535506.1 B2 Figs. 2 and 3
Peru6_2003 Peru DQ393720.1 B2 Fig. 3
Peru1_2002 Peru DQ393715.1 B2 Fig. 3
UY_1_07_1 Uruguay GQ888743.1 B2 Fig. 3
Q01-7182 Australia AY327802.1 A1 Fig. 3
Q01-4199 Australia AY327803.1 A1 Fig. 3
IND06-14 India EU259867.1 A2b Fig. 3
IND06-10 India EU259870.1 A2b Fig. 3
FL-4-01 Finland AY296015.1 A1 Fig. 3
UK-5-01 United Kingdom (UK) AY296047.1 B2 Fig. 3
TN93-3-2 Tennessee, USA EU857589.1 B2 Fig. 2
TN93-6-16 Tennessee, USA EU857590.1 B2 Fig. 2
TN89-7-13 Tennessee, USA EU857569.1 B1 Fig. 2
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and 2009 was not due to a particular reduction in the number of
clinical samples collected during coincident time periods.

3.2. Patients’ characteristics and co-infections

The patients infected with HMPV were aged between 1 month
and 78 years (median: 1.2 years). Thirty (46%) patients were fe-
male. The incidence of HMPV infection was highest amongst the
0–5 years age group (Table 2). The most common diagnosis was
pneumonia or bronchopneumonia (58.5%) (Table 2).

Adequate sputum samples were obtained from only 8 of the
65 patients since sputum collection is difficult in young children,
who represented the majority of the HMPV-infected patients in
this study. In addition, many sputum samples were discarded
as they were contaminated and therefore unsuitable for bacteri-
ological testing. As testing for co-infection with bacteria could
not be performed for the majority of patients investigated in this
study, the limited results obtained were not included in this
report.

Of the 65 HMPV infected patients, six (9.2%) were co-infected
with another respiratory virus: four with an adenovirus (6%), one
with a rhinovirus (1.5%) and one with a human bocavirus (1.5%).
The age of the patients co-infected with HMPV and an adenovirus
ranged from 6 months to 2 years (median: 0.9 months).

Of the remaining 59 patients, 37 presented with hyperleuko-
cytosis which is suggestive of a potential bacterial co-infection
(neutrophil counts were unfortunately not performed for the
majority of patients). Of these, three patients aged between 1
and 4 years were defined as severe cases. Amongst the 22 pa-
tients with a normal leukocyte count, five were defined as



Fig. 1. (A) Seasonal distribution of HMPV positive samples. Data represent the incidence of HMPV infections amongst the total number of specimens tested from patients
hospitalised for acute lower respiratory infections between June 2007 and December 2009. (B) Average monthly rainfall in Kampong Cham and Takeo provinces. Data
represent the combined average monthly rainfall (mm) in Kampong Cham and Takeo provinces, for 2001 and 2002.

Table 2
Clinical diagnosis for HMPV-positive patients according to age.

Age (years) Clinical diagnosis

Total (%) Bronchiolitis (%) Bronchitis (%) Pneumonia/Bronchopneumonia (%) Other respiratory syndromes (%)

0–�5 52 (80) 6 (12) 9 (17) 28 (54) 9 (17)
6–10 4 (6) 0 1 (25) 3 (75) 0
11–19 0 0 0 0 0
20–50 4 (6) 0 0 3 (75) 1 (25)
�50 5(8) 0 0 3 (60) 2 (40)

Total (%) 65 6 (9.2) 10 (15.4) 37 (56.9) 12 (18.5)
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severe cases. All five patients were between 1 and 9 years of
age.

Overall, of the 65 HMPV positive patients, F and/or G gene se-
quences were successfully obtained from 54 (83%) isolates. Se-
quences were obtained from 5 of 6 patients with virus co-
infection, 31 of 37 patients with hyperleukocytosis and 18 of 22
patients with a normal leukocyte count. Of the 3 patients with
hyperleukocytosis who were classified as a severe case, two chil-
dren were infected by an HMPV strain belonging to sub-genotype
B2 and one patient was infected with a lineage A2b strain (Sec-
tion 3.3). However as it was probable that the patients with hyper-
leukocytosis were also co-infected with a bacteria, disease severity
in these patients could not be attributed to HMPV infection alone.
Of the patients with a normal leukocyte count, sub-genotype
B2, B1 and sub-lineage A2b strains were identified in 14, 1 and 3
cases, respectively. Two (14%) of the 14 patients infected with B2
strains were classified as having severe illness compared with all
three (100%) of the patients infected with A2b strains (Section 3.3).
Overall, lineage A2b strains accounted for only seven (13%) of all
HMPV infections, but were identified in three (60%) out of 5 severe
cases in patients with normal leukocyte counts compared with
only two (40%) severe cases in patients with normal leukocyte
counts and sub-genotype B2 infection (p = 0.013); sub-genotype
B2 strains accounting for 46 (86%) of all strains successfully
sequenced. In this study, infection with sub-genotype B1 HMPV
did not appear to result in particularly severe illness.
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3.3. Molecular epidemiology of HMPV

3.3.1. Distribution of HMPV genotypes
Twenty (37%) and 34 (63%) samples were collected at Kampong

Cham and Takeo hospitals, respectively. The two specimens col-
lected in 2007 were collected at Takeo hospital and belonged to
sub-genotype B2 (Figs. 2 and 4). In 2008, sub-genotype B2
(n = 43) and lineage A2b (n = 5) strains circulated concurrently
(Figs. 2–4). Of the sub-genotype B2 samples, 27 (63%) were col-
lected at Takeo hospital and 16 (37%) at Kampong Cham hospital.
One (20%) and four (80%) sub-genotype A2b samples were col-
lected at Takeo and Kampong Cham hospitals, respectively. In
2009, in addition to sub-genotype B2 (n = 1) and lineage A2b
(n = 2), sub-genotype B1 was also detected (n = 1) (Figs. 2 and 4).
All HMPV positive samples collected in 2009 originated from Takeo
hospital. In total, 85% of all strains analysed belonged to sub-geno-
type B2 (Fig. 4). Only sub-genotype B1 was not detected at both
Fig. 2. Phylogenetic analysis of partial F gene sequences from Cambodian and reference H
1000 bootstrap replicates. Only bootstrap values >70% are shown. The tree is drawn to sca
to infer the phylogenetic tree. Cambodian strains are indicated by ‘Cam’ followed by the
d; strains collected in Kampong Cham province by N. Lineages are indicated. An avian
locations; a solitary sub-genotype B1 strain was collected at Takeo
hospital.

3.3.2. Variation within the HMPV F gene
Variation within the HMPV F gene was examined by amplifying

a fragment of approximately 556 bp within the F ORF (nucleotide
[nt]: 726–1281), corresponding to a region within the HMPV fusion
protein ectodomain (van den Hoogen et al., 2004a). These partial F
gene sequences were obtained from 52 (80%) clinical isolates (Gen-
bank accession numbers HQ864261–HQ864312). Overall, 86.5% F
gene sequences obtained belonged to sub-genotype B2.

The pairwise distance analysis revealed that there was between
82% and 100% nucleotide (nt) identity amongst Cambodian HMPV
sequences. Homology at the amino acid (aa) sequence level was
higher, ranging from 94.4% to 100%. Amongst the genotype B spec-
imens only (n = 46), nt identity was between 92.6% and 100%, aa
identity ranged from 97.2% to 100%. Nucleotide identity was
MPV strains. Phylogeny was constructed using the neighbour-joining method with
le, with branch lengths in the same units as those of the evolutionary distances used
year of collection. Cambodian strains isolated from Takeo province are indicated by
metapneumovirus (AMPV) strain was used as an outgroup.



Fig. 3. Phylogenetic analysis of partial G ORF sequences from Cambodian and
reference HMPV strains. Phylogeny was constructed using the neighbour-joining
method with 1000 bootstrap replicates. Only bootstrap values >70% are shown. The
tree is drawn to scale, with branch lengths in the same units as those of the
evolutionary distances used to infer the phylogenetic tree. All positions containing
gaps and missing data were eliminated. Cambodian strains are indicated by ‘Cam’
followed by the year of collection. Cambodian strains isolated from Takeo province
are indicated by d; strains collected in Kampong Cham province byN. Lineages are
indicated. An avian metapneumovirus (AMPV) strain was used as an outgroup.
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97.3% to 100%, and aa similarity was between 97.8% and 100%
amongst the sub-genotype B2 strains. Genetic diversity was low
between the lineage A2b strains (n = 6, nt: 99–100%, aa: 99–
100%). Five previously described, conserved aa substitutions that
distinguished genotype A from genotype B strains were also ob-
served in our study (van den Hoogen et al., 2004a). Genotype A
strains could be distinguished by aa substitutions Val286, Lys296,
Gln312, Lys348 and Asn404; genotype B strains indeed retained aa
substitutions Ile286, Asn296 (genotype B1), Asp296 (genotype B2),
Lys312, Arg348 and Pro404 (numbers indicate the position of residues
relative to the HMPV reference strain NL/00/1, Genbank accession
number AF371337).
3.3.3. Variation within the HMPV G gene
Variation within the HMPV G gene was investigated by amplify-

ing the G gene ORF, a region of approximately 900 bp (nt: 6285–
7181) (Ludewick et al., 2005). Sequences of the G ORF were ob-
tained from 31 (47.6%) of the 65 HMPV positive patient samples
(Genbank accession numbers HQ864230–HQ864260). Of the 54
HMPV positive samples from which either F or G gene sequences
were successfully amplified, both F and G gene sequences were ob-
tained from 29 (54%) samples.

HMPV G gene sequences were obtained for, and enabled charac-
terization of, 2 isolates that were not successfully sequenced for
the F gene: strains Cam2008-P0044 and Cam2008-P113 (Fig. 3).
Phylogenetic analysis of G gene sequences revealed the same clus-
tering of HMPV strains into the predominant sub-genotype B2 and
lineage A2b (Figs. 2 and 3). As observed from the HMPV F gene
phylogeny, there was a predominance of sub-genotype B2 strains
(Figs. 2 and 3). Of the 31 samples from which G gene sequences
were obtained, 29 were collected in 2008, and two in 2009.
Twenty-six viruses belonged to sub-genotype B2 and five strains,
including the two strains collected in 2009, were classified as line-
age A2b (Fig. 3). The Cambodian HMPV G proteins varied in length,
ranging from 229 to 294 aa residues, as a result of multiple inser-
tions and deletions. When sub-genotype B2 and lineage A2b
strains were compared, homology at the nt and aa levels was var-
iable (nt: 53.6% to 100%, aa: 34.2% to 100%). Nucleotide and aa se-
quence identity amongst sub-genotype B2 strains was between
88.2% and 100%, and 81% to 100%, respectively. Similar to corre-
sponding results obtained following analysis of HMPV F gene se-
quences, diversity amongst lineage A2b strains was low (nt:
95.8% to 100%, aa: 99.5% to 100%). Variation at the aa level was
greater than that at the nt for both sub-genotype B2 and lineage
A2b strains.
4. Discussion

To our knowledge, the results of this study are the first to report
the prevalence and also the genetic diversity of HMPV infections in
an all-ages population in a South-East Asian country. Prior to this
investigation, the only studies that were carried out regionally, in
Thailand and Singapore, examined the prevalence and genetic
diversity of HMPV amongst children (Loo et al., 2007; Pavlin
et al., 2008; Samransamruajkit et al., 2006).

The overall incidence of HMPV infection amongst a population
of patients hospitalised with ALRI in Cambodia between 2007
and 2009 was 1.7%, however the incidence of HMPV infection var-
ied annually. This overall prevalence of HMPV in Cambodia was
lower than reported elsewhere (Gaunt et al., 2009; Gioula et al.,
2010; Loo et al., 2007; Mullins et al., 2004; Samransamruajkit
et al., 2006; Sivaprakasam et al., 2007; van den Hoogen et al.,
2003; Wang et al., 2008; Williams et al., 2010). Bastien and col-
leagues observed the incidence of HMPV infection amongst a pop-
ulation of Canadian patients of all age groups to be 14.8% (Bastien
et al., 2003). However, Falsey et al. (2003) reported an annual inci-
dence of 1.5%, amongst an adult population of outpatients and
hospitalised patients in the USA, speculating simply that the an-
nual prevalence of HMPV infection is highly variable.



Fig. 4. Circulation of HMPV lineages in Cambodia from 2007 to 2009. Relative percentage of HMPV lineages detected following analysis of F and G gene sequences obtained
during the study period by year and overall.
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The populations investigated by Bastein and Falsey consisted of
hospitalised patients and outpatients (Bastien et al., 2003; Falsey
et al., 2003). As all of the Cambodian patients investigated in this
study required hospitalisation, the low incidence of HMPV infec-
tion could reflect a reduced capacity of HMPV to cause severe dis-
ease in the study population. Indeed, as nearly all children have
been infected with HMPV by 2 years of age with only a minority
requiring hospitalisation, a large proportion of HMPV infections
in older children and adults are mild or asymptomatic (Falsey
et al., 2003). The incidence of HMPV infection amongst Cambodian
outpatients was unfortunately not investigated. Therefore, that we
observed low incidence of HMPV amongst the population studied
may also have resulted from a bias in recruitment since the study
only investigated patients with severe illness and did not include
outpatients with mild disease. It must also be noted that sampling
frequency may have influenced detection of HMPV incidence
amongst the Cambodian population studied. Sampling increased
sharply during 2009 due to the H1N1 influenza pandemic, hence
the increased number of samples collected and tested may have re-
sulted in an underestimation of HMPV incidence.

However, although estimates of prevalence and seasonality can
vary according to many factors, including the population studied
and the methodology used, it is now accepted that circulation of
HMPV between and within given populations is highly variable
(Aberle et al., 2008; Falsey et al., 2003; Ludewick et al., 2005; Oli-
veira et al., 2009). Indeed, in this study, the annual prevalence of
HMPV infection varied from 4.3% in 2008 to as low as 0.2% and
0.3% in 2007 and 2009, respectively. During the seasonal peak in
2008, between July and September, infection with HMPV ac-
counted for 10% of all respiratory infections. Hence changes in
the prevalence of HMPV between consecutive seasons, as observed
in this study, are consistent with observations made by others, spe-
cifically, high and low incidence of infection alternating between
consecutive years (Carneiro et al., 2009; Falsey et al., 2003; Hop-
kins et al., 2008; Huck et al., 2006; Ludewick et al., 2005; van
den Hoogen et al., 2004a). In addition, timing of the annual sea-
sonal peak of HMPV infection has been observed to vary. In a ret-
rospective study conducted in Austria, Aberle et al. reported a
yearly shift in the peak occurrence of HMPV infections, alternating
biennially between spring and winter, and that this pattern was
sustained over the 20-year period investigated (Aberle et al.,
2008). We were unable to comment on the seasonality of HMPV
infection in Cambodia, on account of the very low number of HMPV
positive samples detected during 2007 and 2009 (Fig. 1). Despite
this, in 2008, the peak of infection did occur during the rainy sea-
son, between May and September (Fig. 1). Similar to HRSV, the
peak incidence of HMPV infection is thought to occur during the
rainy season in tropical countries, as HMPV and HRSV typically cir-
culate concurrently resulting in seasonal overlap (Garcia-Garcia
et al., 2006; Gerna et al., 2005; McAdam et al., 2004; Noyola
et al., 2005; Olsen et al., 2010). Furthermore it was observed,
consistent with the findings of Oliveira et al. (2009), that HMPV cir-
culated throughout the year, resulting in a small number of spo-
radic infections during the 3 consecutive years investigated
(Fig. 1A).

To investigate the genetic variability of HMPV strains in Cambo-
dia, regions of the fusion (F) and attachment (G) glycoproteins
were analysed. Both F and G proteins are expressed on the surface
of virus particles and infected cells. However due to its essential
function, resulting in a high level of conservation and antigenic
relatedness between regions of the protein amongst genotype A
and B strains, only the F protein is able to elicit potent neutralising
antibody responses that although typically homologous, can also
be cross-protective (Ryder et al., 2010; Skiadopoulos et al., 2006,
2004; Ulbrandt et al., 2008). Analogous to the findings of similar
studies, a high degree of similarity at both the nt and aa levels
was observed for the F gene sequences analysed in this study (Boi-
vin et al., 2004; Endo et al., 2008; van den Hoogen et al., 2004a;
Yang et al., 2009). In contrast, the G protein is highly genetically
and antigenically diverse, and the least conserved region amongst
HMPV strains (Endo et al., 2008; Galiano et al., 2006; Skiadopoulos
et al., 2006; van den Hoogen et al., 2004a). Despite functioning as
an attachment glycoprotein, Biacchesi and colleagues demon-
strated that following deletion of the G glycoprotein, attenuated
HMPV isolates retained the ability to replicate in vivo albeit at a re-
duced rate (Biacchesi et al., 2004). Hence the high rate of nucleic
acid substitutions, insertions and deletions observed within this
region occur potentially as the attachment glycoprotein is non-
essential for HMPV replication. Potentially as a result of the high
level of HMPV G gene sequence diversity between strains, success-
ful amplification of fewer HMPV G sequences, compared with the
number of HMPV F sequences obtained, was achieved in this and
other studies (Pizzorno et al., 2010; van den Hoogen et al., 2004a).

In this study, when comparing genotype A and B strains, nt
identity between G protein sequences was as low as 34.2%. Van
den Hoogen and colleagues reported not only a similarly low rate
of G protein sequence homology, but, analogous to the findings
of this study, that variation was higher at the aa level compared
to the nucleic acid level (van den Hoogen et al., 2004a). The level
of nucleotide and amino acid diversity observed amongst G se-
quences of Cambodian sub-genotype B2 and lineage A2b strains
was similar to published reports (Ishiguro et al., 2004; Ludewick
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et al., 2005). It is widely accepted that the high level of aa sequence
variation occurs as a result of targeted immune pressure due to the
prominent location of the G protein on the surface of the virus par-
ticle (Endo et al., 2008; van den Hoogen et al., 2004a).

Only very few studies have investigated the distribution of
HMPV genotypes within South-East Asia (Loo et al., 2007; Pavlin
et al., 2008; Samransamruajkit et al., 2006). Similar to the results
obtained previously in Thailand, we observed that sub-genotype
B2 strains clearly predominated and that lineage A2b and sub-
genotype B1 strains co-circulated in Cambodia between 2007 and
2009 (Fig. 2). Similar to (Loo et al., 2007), no HMPV sub-genotype
A1 strains were detected in this study (Loo et al., 2007). Indeed,
globally, circulation of HMPV genotypes has been observed to vary
annually, according to geographical location. Predominant geno-
types are replaced every 1–3 years within a given population,
which is thought to occur upon development of adaptive immunity
to infection with strains of the predominating circulating genotype
(Aberle et al., 2010; Carneiro et al., 2009; Chung et al., 2008; Hop-
kins et al., 2008; Huck et al., 2006; Mackay et al., 2006; Oliveira
et al., 2009; Williams et al., 2010). As the majority of strains ana-
lysed in this study were collected in 2008 (89%), we need to exer-
cise caution when commenting on subgroup changes of HMPV in
Cambodia. Indeed, in 2009 although specimens positive for sub-
genotypes B1 and B2, and lineage A2b were detected, only four
samples were collected, hence it is not possible to comment on
whether this represented a shift in predominant circulating HMPV
genotypes.

A number of studies have reported a high incidence of co-infec-
tion with HMPV and an additional viral respiratory pathogen, fre-
quently HRSV (Cuevas et al., 2003; Oliveira et al., 2009; Pizzorno
et al., 2010; Semple et al., 2005). It is thought that the high inci-
dence of HMPV/HRSV co-infection occurs as the annual epidemics
of both viruses partially overlap, especially in temperate climates
(Papenburg and Boivin, 2010). In this study, 9.2% of HMPV positive
specimens were co-infected with an additional virus, with HMPV/
adenovirus co-infections the most frequently detected. A similar
incidence of HMPV/adenovirus co-infection was observed in chil-
dren with respiratory tract infection in Japan (Kaida et al., 2007).
All of the HMPV/adenovirus co-infected patients identified in this
study were aged 2 years or less, which is not surprising as primary
adenovirus infections typically occur in very young children (Lena-
erts et al., 2008). One patient identified in this study was co-in-
fected with HMPV and HBoV. The co-infected patient was not
classified as having severe illness. The role of HBoV as a causative
agent of respiratory tract disease remains contentious (Blessing
et al., 2009; Chow and Esper, 2009; Mackay, 2007; Schildgen
et al., 2008). A recent study by (Blessing et al., 2009) demonstrated
that qualitative detection of HBoV DNA within a patient sample
was not sufficient to establish HBoV as the sole cause of respiratory
illness. This was due to prolonged shedding and persistence
of HBoV DNA over an extended period (Blessing et al., 2009).
Hence, the clinical relevance of detection of HBoV DNAin this co-
infected patient identified in this study remains unclear. Interest-
ingly, despite concurrent high circulation of HRSV during each
rainy season within the same population (Buchy, Personal commu-
nication), co-infection with HMPV and HRSV was not detected in
this study. The incidence of HRSV infection amongst the population
investigated was similar to that reported both regionally, and sim-
ilar to that reported for studies conducted worldwide (data not
shown).

Pneumonia and broncho-pneumonia were the most frequent
diagnoses amongst all of the age groups studied. These syndromes
are commonly used in other studies as indicators of severe illness
(Falsey, 2008; Ulloa-Gutierrez et al., 2004; van den Hoogen et al.,
2003; Vicente et al., 2006). In a 25-year retrospective study of
HMPV infection amongst young children treated at an outpatient
clinic in the USA, bronchiolitis was the most frequent clinical
expression of HMPV infection, and pneumonia was observed in
only 8% of children (Williams et al., 2004). However, of 12 HMPV
cases detected during 2 years in Thailand, 11 (91%) patients re-
quired hospitalisation. Amongst the hospitalised patients, the pri-
mary manifestation (50%) of HMPV infection was also pneumonia
(Samransamruajkit et al., 2006). Similarly, amongst a population
of children aged <5 years hospitalised with ALRI symptoms in Is-
rael, Wolf and colleagues reported a strong association between
HMPV infection and pneumonia (Wolf et al., 2006). Although the
pathophysiologic mechanisms underlying this association were
unclear, the authors speculated that infection with HMPV might
exacerbate or be involved in the pathogenesis of bacterial pneumo-
nia (Wolf et al., 2006). Co-infection with HMPV and an additional
respiratory pathogen, virus or bacteria, has been associated with
more severe illness compared with HMPV mono-infection (Cuevas
et al., 2003; Semple et al., 2005). In this study, comprehensive test-
ing for co-infection with bacteria could not be performed as appro-
priate patient samples were largely not available or were
contaminated, and therefore unsuitable for testing. Of 17 Cambo-
dian patients with severe illness and hyperleukocytosis, 8 (47%)
were diagnosed with pneumonia or bronchopneumonia. It would
be interesting to further examine the association between bacterial
pneumonia and HMPV infection.

Five patients, with a normal leukocyte count and severe illness,
were all aged <10 years with no detected viral co-infection. Of
these, 3 patients were infected with lineage A2b strains. No differ-
ence in the severity of disease following infection with HMPV
strains of the A and B genotypes has been reported (Agapov
et al., 2006; Xiao et al., 2010). However conversely, and similar
to the findings of this study, an association between HMPV geno-
type A strains and severe disease has also been observed (Esper
et al., 2004; Martinello et al., 2002; Vicente et al., 2006). Although
not all of the patients infected with lineage A2b strains experi-
enced severe illness, we did observe a statistically significant
(p = 0.013) association between infection with lineage A2b strains
and severe illness in children with no known co-infections or
underlying co-morbid conditions. To our knowledge, this is the
first report of a significant association between infection with
HMPV lineage A2b strains and severe illness. Similarly, an associa-
tion between severe disease and infection with genotype A strains
of the closely related Paramyxovirus HRSV has also been observed,
relative to infection with HRSV genotype B strains (Gilca et al.,
2006; Martinello et al., 2002; Sullender, 2000; Walsh et al.,
1997). However, we cannot rule out the possibility of nosocomial
infection amongst hospitalised patients, or prior infection with
other respiratory infections as factors which may have contributed
to the severity of illness amongst the patients infected with sub-
lineage A2b strains identified in this study. Additional studies
recruiting a larger number of patients are required to further ad-
dress the question of whether infection with HMPV sub-lineage
A2b strains is associated with severe disease,. In addition, the cir-
culating genotypes amongst a Cambodian outpatient population
infected with HMPV should also be investigated, to elucidate
whether the same genotypes are associated with less severe
infection.

In conclusion, the results of this study confirm that HMPV sub-
genotypes B1 and B2, and lineage A2b strains co-circulated in Cam-
bodia between 2007 and 2009. Sub-genotype B2 strains predomi-
nated, and demonstrated higher diversity at both the nucleotide
and amino acid level compared with lineage A2b strains. The inci-
dence of HMPV infection fluctuated annually, with the largest peak
observed during the rainy season. We also report a significant asso-
ciation between infection with lineage A2b strains and severe ill-
ness. The results of this study further highlight the dynamic
nature of localised HMPV epidemics.
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