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Abstract

Background: Congenital cytomegalovirus (cCMV) infection is the most common congenital infection and a leading
cause of long-term neurological and sensory sequelae, the most common being sensorineural hearing loss (SNHL).
Despite extensive research, clinical or laboratory markers to identify CMV infected children with increased risk for
disease have not been identified. This study utilizes viral whole-genome next generation-sequencing (NGS) of
specimens from congenitally infected infants to explore viral diversity and specific viral variants that may be associated
with symptomatic infection and SNHL.

Methods: CMV DNA from urine specimens of 30 infants (17 asymptomatic, 13 symptomatic) was target enriched and
next generation sequenced resulting in 93% coverage of the CMV genome allowing analysis of viral diversity.

Results: Variant frequency distribution was compared between children with symptomatic and asymptomatic cCMV
and those with (n = 13) and without (n = 17) hearing loss. The CMV genes UL48A, UL88, US19 and US22 were found to
have an increase in nucleotide diversity in symptomatic children; while UL57, UL20, UL104, US14, UL115, and UL35 had
an increase in diversity in children with hearing loss. An analysis of single variant differences between symptomatic and
asymptomatic children found UL55 to have the highest number, while the most variants associated with SNHL were in
the RL11 gene family. In asymptomatic infants with SNHL, mutations were observed more frequently in UL33 and UL20.

Conclusion: CMV genomes from infected newborns can be mapped to 93% of the genome at a depth allowing
accurate and reproducible analysis of polymorphisms for variant and gene discovery that may be linked to
symptomatic and hearing loss outcomes.

Keywords: Cytomegalovirus (CMV), Sensory neural hearing loss (SNHL), Next generation sequencing (NGS), Viral
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Background
Cytomegalovirus (CMV) is a ubiquitous infectious
agent resulting in significant morbidity in immuno-
compromised hosts and is also the most frequent
cause of congenital infection. Congenital CMV infec-
tion (cCMV) is a leading cause of sensorineural hear-
ing loss (SNHL) and neurodevelopmental disabilities.

Of the approximately 30,000 infants born in the U.S.
each year with cCMV, 10–15% (3000 to 4500) de-
velop permanent neurological and sensory sequelae,
with SNHL being the most common [1].
CMV is one of the largest human virus pathogens with

a genome of 235 kb and over 200 open reading frames
[2–4]. Studies that examined a limited number of genes
including those coding for envelope glycoproteins gN
and gB demonstrated extensive genetic variability among
virus isolates and showed that infected individuals in-
cluding infants with cCMV harbor multiple virus strains
[5–7]. Recent studies utilizing next-generation sequen-
cing (NGS) technology have provided evidence for inter-
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and intra-host genetic diversity among infected individ-
uals, establishing that genome-wide mutation and re-
combination rate maps for CMV to be more divergent
than other herpesviruses [4, 8–11]. This study utilizes
whole viral genome NGS of specimens from congenitally
infected infants to explore if viral variants are associated
with symptomatic infection and SNHL.

Methods
Patient population
Samples were obtained from infants who participated in
a multicenter natural history study of cCMV (CHIMES
Study) [12, 13]. Newborns were screened for cCMV
within the first few days of life by testing saliva speci-
mens; and CMV was confirmed in infants with positive
screening results on the basis of a positive urine and/or
saliva sample obtained within the first 3–6 weeks of life
by rapid culture or PCR [12, 13]. A convenience sample
of 30 study subjects from all seven study sites were se-
lected based on the availability of adequate remnant
urine specimens (at least 200 ul) obtained within the
first 3–6 weeks of life (median age of urine collection
21.5 days, range 2–114 days). There were no differences
in the demographic characteristics between the study in-
fants and the entire CHIMES cohort. Infants were con-
sidered to have symptomatic cCMV if they had any of
the following findings in the newborn period: general-
ized petechial rash, purpuric rash, hepatomegaly, spleno-
megaly, and jaundice with direct bilirubin of 3 mg/dL or
greater, unexplained neurologic/CNS abnormalities (e.g.,
microcephaly, seizures, focal or generalized neurologic
deficits), or chorioretinitis. More symptomatic infants
were sampled for this study to enrich for the hearing
loss outcome. However, the frequency and severity of
symptoms did not differ between the study cohort and
the entire CHIMES cohort. A non-sedated auditory
brainstem response (ABR) was obtained at the initial en-
rollment visit at 3–8 weeks of life, and the study children
were then monitored every 6 months during the first 4
years of life for hearing loss using age-appropriate audio-
logical testing protocols [14]. Among the 30 study in-
fants, 13 had symptomatic infection and 17 were
asymptomatic. Two children had normal hearing at the
enrollment visit for ABR testing and were lost to follow-
up. The remaining 28 children completed audiological
testing at a median age of the last audiological test at 48
months (range 7–48months). Seven of the 13 symptom-
atic infants and 6 of 17 asymptomatic infants had SNHL.
Six study children received antiviral therapy; however,
samples for sequencing were collected before the start of
antiviral therapy.
The study was approved by the University of Alabama

at Birmingham Institutional Review Board for Human
Use (IRB) (Approval number: X120625004). Written

informed consent was obtained from a parent for their
newborn’s enrollment in the study.

Samples and DNA purification
Urine specimens obtained from infants at one time
point, the enrollment visit, were used for NGS. Samples
were centrifuged at 1200 rpm, 4 °C, for 5 min; and DNA
was extracted from the supernatant using the Qiagen
Viral RNA kit. As downstream applications require 100
ng of DNA and evidence suggests that low quality or
lower amounts of DNA may not give reliable results, all
samples were whole genome amplified (WGA) (Repli-G
Qiagen) and quantitated by Qubit dsDNA BR Assay.
Studies have demonstrated that sequence coverage and
alignment error rates are in a similar range with gen-
omic DNA using this technique [15, 16]. Samples from
each infant were fragmented to 150–200 base pairs (bp)
and indexed. The Agilent SureSelectXT Custom 0.5–2.9
Mb Target Enrichment library with capture probes [17–
22] was designed based on the Merlin strain and 87 re-
cently discovered clinical strains [4], and used to select
the CMV DNA following the manufacturer’s instruc-
tions. NGS was performed using the 2 × 150 cycle
paired-end sequencing protocol on the Illumina MiSeq
platform [23] .

Data analysis
Paired reads were imported from Illumina basespace and
those that did not meet Illumina quality control filter
were removed. Adaptors were trimmed and duplicate
reads were removed. The remaining reads were assessed
for quality: the sequence files containing the quality
scores from the base-caller algorithm was employed for
further trimming in which the modified Mott trimming
algorithm was employed: quality scores (based on a
Phred quality score defined as: Q = −10Xlog10(P), where
P is the base-calling error probability) were used to cal-
culate the limit for which bases to be trimmed. Here, Q
is set to an error probability where perror = Q -Q/10. For
every base a new value is calculated equal to limit – per-
ror, such that any value less than zero is removed since
the negative values will be of low quality with high error
probability. In this study the limit scores were set to ≤
0.5; hence, any base with a -perror value greater than this
limit within the reads were trimmed (CLC Genomics
Workbench 10 (Qiagen)) [21, 24–28].
To aid in the phylogenetic analysis of key genes, an it-

erative mapping technique was employed to assemble
sequences as previously described [4, 29]. Both the hier-
archical likelihood ratio test (which analyzes the
goodness-of-fit between models using the neighbor join-
ing construction method to account for a varying rate of
evolution, with a confidence level of 0.01) and the Bayes-
ian information criterion (a rank substitution model)
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were tested on five models: Jukes-Cantor, Felsenstein 81,
Kimura 80, Hasegawa-Kishino-Yano, and General Time
Reversible. Both models indicated the Kimura 80 was
optimal based on the p and BIC values respectively.
Hence, phylogenetic tree analyses were performed using
the Kimura 80 model with 1000 bootstrap replicates [30]
(CLC Genomics Workbench 10 (Qiagen)).
To compare variants across cohorts, the reference

strain Merlin was used for mapping: match score of 1; a
mismatch cost of 2 (irrespective of the type of substitu-
tion); an insertion cost of 3; a deletion cost of 3 with a
length fraction of 0.5 and a similarity fraction of 0.8. The
CLC genomics workbench low frequency variant de-
tector that models both the samples and the sequencing
errors was employed to analyze a minimum coverage of
15 unbroken reads (indicating that 15 quality control
reads must be present at the nucleotide position to call a
variant), a count of at least 2 reads per variant (meaning
at least two reads must show that variant to be called),
with a 1% relative read direction filter [31–33]. Variants
were only considered for analysis if they were detected
at a threshold cutoff frequency of ≥1%; these validated
thresholds reduce carryover of errors by base-calling and
amplification and indicates less than 1% chance of an
error occurring [34–36].
To verify these parameters for downstream analysis,

two internal controls were run. The first was a lim-
ited passaged BAC clone for the CMV strain TR,
which had an error rate of 0.03%, between two runs.
The error rate was calculated by running the sample
through the pipeline from the beginning and compar-
ing the variants found at any location between the
two runs divided by the number of possible locations,
reported as a percentage [37–39]. Second, to confirm
the reproducible nature of the pipeline from DNA
isolation to variant calling, a patient sample was pre-
pared and sequenced three times from the beginning
of the pipeline resulting in an error rate of 0.09% of
variants called in the genome between runs [8, 20,
29]. To determine whether a variant was synonymous
or non-synonymous, CDS annotations of the Merlin
strain were used in coordination with the variant
caller. If a single nucleotide variant (SNV) occurred
in the same position as a multi-nucleotide variant
(MNV), the variants were reported separately, as the
variants may be found in other case samples (CLC
Genomics Workbench 10 (Qiagen)). The nomencla-
ture is from http://www.hgvs.org/mutnomen/.
For analyzing patients across multiple groups (symp-

tomatic, asymptomatic, normal hearing, SNHL and
asymptomatic with SNHL), each sample genome was
inspected to determine if at least 15 quality-controlled
reads existed for all variants compared between samples.
To compare only the highest quality variants between

patient samples, any variant with a quality score less
than 20 was removed.
Under this conservative criterion, 7% of the genome

failed to match adequately with the reference genome
consistently over all 30 samples. These regions of high
variability (Additional file 2: Table S1), were similar to
those previously reported [4, 8–11, 20, 40] and were re-
moved from comparisons between samples. The
remaining 93% of the genome had consistent depth of
coverage and variant calling, allowing for the subsequent
analysis between cohorts.
Following the phylogenetic analysis of well studied

genes in CMV (UL55 and UL73), the diversity of the
virus was further evaluated between the groups by ana-
lyzing the distribution of variants in each cohort (variant
density). Custom scripts were generated to measure nu-
cleotide diversity (π) [41] and mean diversity [42] for
each gene and compared between the groups using the
Mann-Whitney Wilcoxon Test [43]. To further evaluate
novel regions that may be linked to sequelae, a variant
and principal component analysis was used to identify
relationships among the mutation density, genes af-
fected, and patient symptoms. Raw sequence files were
used to align to merlin genome (AY446894) after remov-
ing adapter sequences, duplicates were marked, sorted
and indexed as above. To carry out this analysis a similar
low frequency variant detection using Partek Genomic
Suite (PGS, Partek, LLC, MO, USA) was employed. The
SNP density was determined 2 k bps ahead of transcrip-
tion start site and inside the gene. A Fisher exact test
was used to correlate clinical outcomes. A gene list with
significant association of specific variants with symptom-
atic infection, hearing loss and major trends within the
data set were determined with measurements of relative
inertia ordered to their position along the different axes
and correlated between the axes and the original vari-
ables. This list was then clustered to generate a heatmap
and principal component analysis (PCA) plots.
To measure differences in the frequency distribution

of individual variants and variant density between the
groups of infants, a standard case-control analysis using
Fisher’s exact test was performed [44–49]. To facilitate
the interpretation of non-synonymous variants for which
structures of proteins have been resolved and published,
files from the Protein Data Bank (PDB), http://www.
rcsb.org/ were downloaded and analyzed.

Results
Next-generation sequencing of CMV complete clinical
genomes
As characterizing CMV genome variability from NGS
data is challenging, a multi-prong strategy was imple-
mented in which overall variation was analyzed
followed by phylogenetic analysis of previously well-
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studied genes. Analysis of variability, depth of cover-
age and variant calling indicated 93% of the genome
was consistent to accurately compare variants between
symptomatic and asymptomatic children as well as
those with SNHL and normal hearing. Table 1 lists
general sequencing and variant calling results. CMV
variability along the genome was similar in infants
with symptomatic cCMV, asymptomatic cCMV and
children with hearing loss. The regions with the most
variation in all three groups were between unique
long (UL)1 and UL11, UL33, UL37, UL55, UL73,
UL74, UL119 and UL120, as well as in areas preced-
ing the internal repeat short (IRS) and terminal repeat
short (TRS) domains (Additional file 1: Figure S1).
Genes encoding glycoproteins had 8892 variants;
genes encoding viral genome replication and regula-
tion of viral gene expression contained 4697 variants;
and genes involved in immune regulation had 4144
variants. The regions with fewer variants were found
in genes encoding capsid proteins (1196 variants).
The coding regions with the least variation were seen
in UL46, UL85 and UL103.

CMV diversity associated with symptomatic infection
In the initial analysis all SNVs, multi-nucleotide variants,
insertions-deletions and nucleotide replacements were
compared between children with symptomatic and
asymptomatic cCMV (Additional file 1: Figure S1). The
average number of variants was similar between symp-
tomatic (5485 per sample) and asymptomatic infants
(5981 per sample). This analysis indicated that 7% of the
genome failed to consistently map at a depth reliable to

call variants among all 30 samples and were excluded
from further analysis (Additional file 2: Table S1).
As envelope glycoproteins gB (UL55) and gN (UL73)

have been extensively studied in relation to cCMV dis-
ease outcome [50–55], maximum-likelihood phylogen-
etic trees of these genes were constructed from
extracted consensus sequences from all samples (CMV_
UL73_align.tar.gz; CMV_UL55_align.tar.gz). There was
no correlation to symptomatic outcome as the consen-
sus sequences for the samples were interspersed among
the trees in both genes (Fig. 1a and b).
To further analyze genetic diversity, nucleotide diver-

sity was calculated for each gene [41] and compared be-
tween symptomatic and asymptomatic children using a
non-parametric analysis. The greatest difference was
seen in US8, a cytoplasmic glycoprotein, with the higher
diversity in the asymptomatic group. No association be-
tween symptomatic infection and variants within specific
genes was observed.
As CMV transcription is a complex process with alter-

native start sites, a principal component analysis (PCA)
was employed to find similarity based on variances of
the SNP density in all samples for each coding region in-
cluding 2 k bps ahead of the transcription start sites. For
novel gene discovery, the SNP density was determined 2
k bps ahead of transcription start sites. The Principle
Component Analysis was used to show similarity based
on variances of all values (SNP density) of all samples.
Each principle component (PC1, 2, 3…) with PC1 and
PC2 indicating the most variance were included to show
similarity/dissimilarity of samples from highest to the
lowest.
A Fisher’s exact test was then used to determine the

association with clinical outcomes, generating a gene list
that showed significant association between specific vari-
ants and symptomatic infection and major trends within
the data set. A heatmap displaying hierarchical cluster-
ing performed on the samples and genes was used to
show the SNP density levels associated with clinical out-
comes. Of the possible clinical outcomes, the only group
with p-values less than 0.05 were seen between the
symptomatic and asymptomatic infection and not be-
tween SNHL and normal hearing (grouping in Fig. 2a
and b). Variants associated with UL48A had the lowest
p-value associated with symptomatic infection (Fig. 2c
and Additional file 3: Table S2).
To identify specific variants more common in in-

fants with symptomatic infection, a case-control ana-
lysis using Fisher’s exact tests was performed. There
were 502 variants significantly more frequent in
symptomatic infants (p < 0.05) (Fig. 3). Among these,
419 were in 76 known coding regions: 125 variants
were found in glycoprotein genes; 84 in genes encod-
ing proteins responsible for viral DNA packaging,

Table 1 Summary of next generation sequencing data from
urine of infants with congenital CMV

No. of patient samples 30

No of bases sequenced 7.4 × 109

Average reads mapped to reference per
sample

2.1 × 106

Average maximum depth 44,063

Average depth 1468

Average genome coverage 93%

Total variants 172,171

Unique variants 42,846

Single nucleotide variants (SNV) 29,306

Multi-nucleotide variants (MNV) 2517

Insertions 1905

Deletions 1204

Nucleotide replacements 174

Urine Viral Load Median (range) 16,424 (69–6.4 × 105)IU/
mL
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replication and regulation; 75 in coding regions in-
volved in viral capsid formation; and 27 were in genes
involved in CMV morphogenesis. Of the 419 variants
in these coding regions, 132 resulted in NSVs. A
complete list of the variants in symptomatic infection
is shown in Additional file 4: Table S3.
UL55, encoding the envelope glycoprotein gB, was

found to have the highest number of genomic variants
(n = 92) in symptomatic cCMV, with 33 of the variants
resulting in NSVs. Analysis of the UL55 protein struc-
ture indicates all NSVs were in known antigenic do-
mains or the signal sequence domain (Fig. 3c).
Other genes with specific variants more frequent in

symptomatic cCMV include 34 variants in UL48 encod-
ing a tegument protein involved in virus entry, spread,
regulation of immune signaling pathways and virion as-
sembly [56]. Twenty one variants were observed in
UL10, encoding a highly glycosylated transmembrane

immunomodulatory protein, and 16 in UL150, a diverse
region with unknown functions [4, 9].

CMV variants associated with SNHL
Overall CMV genomic diversity was similar in the
group of 13 children with SNHL (5782 variants per
sample) and 17 with normal hearing (5706 variants
per sample). Phylogenetic analysis revealed that hear-
ing loss outcomes were interspersed throughout the
trees in both UL55 and UL73 (Fig. 1a and b). A com-
parison of CMV nucleotide diversity by gene in sam-
ples between infants with normal hearing and those
with SNHL revealed a significantly higher diversity
(p < 0.0007) in 6 genes: UL57, UL20, UL104, US14,
UL115, and UL35 in children with hearing loss (Add-
itional file 5: Table S4).
A comparison of specific variants indicated 131 poly-

morphisms in 38 coding regions were more frequent in

Fig. 1 Phylogenetic analysis of CMV envelope glycoproteins gB and gN consensus sequences. a A maximum phylogenetic tree was constructed
from consensus sequences generated for UL55 from each patient. b Similar analysis was carried out for UL73 (asymptomatic newborns with
normal hearing in black; asymptomatic newborns with hearing loss in blue; symptomatic newborns with normal hearing in orange; and
symptomatic newborns with hearing loss in red). Abbreviations: NB, new born; Sym, symptomatic; Asym, asymptomatic; NOHL, normal hearing;
HL, hearing loss
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those with hearing loss (p < 0.05), 35 resulting in NSVs.
The most variants and NSVs in samples from children
with SNHL were found in the UL8 coding region and
other members of the RL11 gene family (Fig. 4 and Add-
itional file 6: Table S5).
Among children with asymptomatic cCMV, a com-

parison of the variants between the group with SNHL
and those with normal hearing revealed 255 variants in
36 coding regions including 92 NSVs that were more
frequent in children with SNHL. The highest number of
variants were in UL33 (n = 84), encoding a seven-
transmembrane spanning putative chemokine receptor.
UL20, encoding a polymorphic glycoprotein believed to
sequester cellular proteins for lysosome degradation, had
28 NSVs in asymptomatic children with SNHL [4, 57].

Multiple variants were also seen in UL55 (Fig. 5 and
Additional file 7: Table S6).

Discussion
Cytomegalovirus is the most common cause of congeni-
tal newborn infection in the United States [58]. The
pathogenesis of CMV-related SNHL and neurodevelop-
mental disabilities is poorly understood; and in asymp-
tomatic cCMV, there are no surrogate markers to
identify children at risk for hearing loss. In this study,
CMV genomes from urine samples of infants with
cCMV were sequenced by NGS to identify viral diversity
and determine if viral diversity is related to newborn dis-
ease and SNHL. This study utilized a bait library based
on 88 CMV strains, an extensive CMV probe design via

Fig. 2 Principal component analysis for patterns among clusters of variants and symptoms. For novel gene discovery, the SNP density was
determined 2 k bps ahead of transcription start sites. The Principle Component Analysis (PCA) was used to show similarity based on variances of
all values (SNP density) of all samples. Each principle component (PC1, 2, 3…) with PC1 and PC2 indicating the most variance were included to
show similarity/dissimilarity of samples from highest to lowest. A Fisher exact test was used to correlate clinical outcomes and generate a
significant gene list clustered with hearing loss (HL) (a) or symptomatic infection (b). c A heatmap displaying hierarchical clustering performed on
samples (horizontal axes) and genes (vertical) with high level SNP densities associated with outcomes. The color indicates SNP density values
above (red) average and below (green) average (no color) after z-normalization (average = 0 and SD = 1)
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a proven commercial target enrichment strategy [18, 20,
21]. This approach resulted in accurate and reproducible
sequencing of CMV genomes from clinical specimens
mapping 93% of the genome at a depth to compare di-
versity between the groups of infants with and without
newborn disease and hearing loss.
As in previous studies [4, 9, 11], areas of high diversity

were observed between UL1 and UL11, and near UL33,
UL37, UL55, UL73, UL74, UL119, and UL120 as well as
in the genome preceding the IRS and TRS domains. Al-
though the diversity of genes encoding envelope glyco-
proteins UL55, UL73 and UL74 has been established by
traditional sequencing methods, deep sequencing ana-
lysis by Sijmons et al. [4, 29] and Renzette et al. [8, 9,

11] have demonstrated areas of high diversity in other
regions of the CMV genome. The consistency of these
findings among various studies and populations high-
lights the need for studies to define the importance of
these highly variant regions in the pathogenesis of
cCMV.
The overall frequency of CMV genomic variation was

similar among infants with symptomatic and asymptom-
atic cCMV and those with and without hearing loss. Pre-
vious work based on CMV population genetic modeling
from congenitally infected infants and transplant pa-
tients have demonstrated that viral populations may
range from stable to highly divergent over time and
among tissue compartments [3, 4, 9–11, 20, 40].

Fig. 3 CMV variants in symptomatic and asymptomatic children. a Variant density of CMV genomes isolated from newborns (17 asymptomatic,
13 symptomatic) calculated in 1000 bp windows with Merlin as the reference strain. b Variants more frequent in symptomatic infection (Fisher’s
exact test p < 0.05) are plotted with the genome position. The coding regions with the highest number of such variants are listed in their relative
genomic position. c UL55 NSVs in relation to known antigenic domains (AD). Top panel shows the amino acid sequence of CMV strain Merlin.
Bottom panel shows where NSVs (indicated by arrows below the reference strain) are more likely seen in infants with symptomatic congenital
CMV in relation to antigenic domains

Fig. 4 CMV variation from children with normal hearing and SNHL. Variant density of CMV genomes isolated from 17 children with normal
hearing and 13 children with SNHL calculated in a 1000 bp sliding window with Merlin as the reference strain. Variants more frequent in viruses
from children with SNHL (Fisher’s exact test p < 0.05) are plotted with the genome position. The coding regions with the highest number of
variants are listed with the genomic position
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Similarly, a recent study by Hage et al. found evidence of
genome switching in half of transplant recipients with
no correlation with fatal outcomes detected [20]. These
CMV population studies have also shown a wide vari-
ation in nucleotide diversity ranging from 0.021 to 0.25
[4, 8–11]. In this study, phylogenetic analysis of UL55
and UL73 consensus sequences demonstrated that
symptomatic infection and hearing loss outcomes were
interspersed, with no unique consensus sequence(s) in
infants with symptomatic infection or SNHL. Previous
studies examining CMV glycoproteins and other loci as
prognostic markers for SNHL have also reported con-
flicting results with no consistent linkage between spe-
cific strains and sequela [50, 55, 59].
Although results from this study found similar areas

of high diversity as other groups [4, 8–11, 40], 93% of
the genome could be compared among samples with
high confidence. Following the phylogenetic analysis
of the two well studied genes gB and gN, the associ-
ation of the overall gene variation with clinical out-
comes was examined with PCA analysis and the
Mann-Whitney Wilcoxon Test. Although there was
no significant association between nucleotide diversity
and specific gene variation, PCA analysis of the cod-
ing regions including the 2 kb region ahead of the
transcription start site found several genes with in-
creased SNP density associated with symptomatic out-
come (Fig. 2 and Additional file 3: Table S2).
To further evaluate potential individual variants that

may be linked to symptomatic outcome and hearing loss,
a second Fisher’s exact test was employed to examine if
specific variants were associated with symptomatic infec-
tion and SNHL. The largest number of specific variants
and NSVs in any single coding region associated with
symptomatic infection were in the gene encoding the ex-
tensively studied envelope glycoprotein gB (UL55). All of
the NSVs found in gB were in the signal sequence and
known antigenic domains [60], near or within sites

where mutations have been shown to reduce binding of
both neutralizing and non-neutralizing antibodies (Fig.
3c) [61–63]. Previous studies have suggested that in-
creased CMV diversity could lead to the generation of
CMV variants with improved ability to replicate in dis-
tinct host compartments [11, 40, 64, 65]. As gB is critical
for attachment, entry, and cell-to-cell spread of the virus,
variation in gB may enhance the ability of the virus to
replicate and spread by altering antibody binding leading
to more severe disease. Although antibody binding sites
in gB have been studied, questions remain as to whether
mutating these sites alters protein conformation, or if
the sites would be similar when gB was in the prefusion
or postfusion conformation [60–63, 66]. Future muta-
genesis studies of the antigenic domains may consider
the NSVs described here in antibody mapping of the al-
tered conformational states of gB, as well as in studies
exploring cCMV pathogenesis. Furthermore, a larger
sample size of infants with cCMV as well as functional
studies are needed to determine whether these variations
could serve as markers of outcome. These findings may
also inform vaccine design by identifying regions that
are important for virus fitness.
Although SNHL is the most common sequelae of

cCMV second only to genetic causes in childhood
deafness, the pathogenesis of SNHL in children with
cCMV is not understood. As only a minority of
asymptomatic children develop hearing deficits, clin-
ical and/or laboratory marker(s) for early identifica-
tion of children at the highest risk of hearing loss are
needed for early identification, targeted monitoring
and timely intervention. Although phylogenetic ana-
lysis did not indicate any consensus sequence linked
to SNHL, the Mann Whitney Wilcoxon test found
several genes with increased nucleotide diversity cor-
related to SNHL (Additional file 5: Table S4). The
gene with the highest nucleotide diversity associated
with SNHL was UL57, involved in DNA replication

Fig. 5 CMV variants from asymptomatic children with normal hearing and SNHL. Variant density of CMV genomes isolated from 11 asymptomatic
newborns with normal hearing and 6 asymptomatic newborns that developed SNHL calculated in a 1000 bp sliding window with Merlin as the
reference strain. Regions with variants more frequent in viruses from children with asymptomatic infection and SNHL (Fisher’s exact test p < 0.05)
are plotted with the genome position
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and known to be a common target in antibody re-
sponses [67]. The most variants and NSVs in samples
from children with SNHL were found in the UL8
coding region and other members of the RL11 gene
family (Fig. 4 and Additional file 6: Table S5). The
UL8 protein has recently been found to be a con-
served Ig-like domain, that interacts with a surface
molecule present on activated neutrophils, reducing
proinflammatory cytokines potentially acting as an
immunosuppressive [68].
Among asymptomatic children who develop SNHL,

the most NSVs were found in UL20 and UL33.
UL20 encodes a polymorphic glycoprotein hypothe-
sized to degrade several cellular components aiding
immune evasion [4, 57]. The gene has also been
found to be highly divergent in other NGS studies
[4], and the role of the protein in immune evasion
may point to a potential cause for delayed SNHL.
UL33 encodes a seven transmembrane spanning pro-
tein and putative chemokine receptor [69]. Much
more work is needed to determine whether these
genes and specific CMV polymorphisms found here
may play a role in pathogenesis or potentially serve
as markers for sequelae.
A limitation of this study is that only a small propor-

tion of the infected children identified in the CHIMES
study were included, which may have led to selection
bias. However, this potential selection bias is unlikely be-
cause the demographic characteristics were similar be-
tween the 30 study children and the entire CHIMES
cohort. Urine samples obtained in the newborn period
were analyzed in this study and children were followed
for 4 years for hearing outcome. Previous sequencing
work has demonstrated that viral population change
over time, thus the relationship between viral mutations
found in the neonatal period may not be associated with
long-term adverse outcome. Future studies should evalu-
ate how the change in viral populations/diversity over
time correlate with delayed onset SNHL. Moreover,
studies assessing CMV variation from maternal and in-
fant virus and the relationship with symptoms and de-
layed SNHL would be informative.
In addition, approximately 7% of the genome could

not be mapped accurately to the reference genome for
variant calling and comparisons between the groups.
Other NGS studies have also reported these areas to be
highly diverse and difficult to map as expression of these
genes is complex with alternate transcriptional start sites
overlapping with other annotated genes [4, 9, 10].
Nonetheless, the strategy employed in this study

shows that 93% of the genome from clinical samples
can be successfully mapped at a depth allowing ac-
curate and reproducible analysis as well as compari-
sons of polymorphisms from CMV infected patients.

This coverage is consistent with other studies in
which approximately 89.5–97% of the viral genome
was successfully sequenced [4, 8, 11, 70]. More re-
cent reports suggest that these regions of high diver-
sity that fail to map consistently are most likely
from recombination events in multiple strain in-
fected individuals [17, 22]. However, by analyzing
the more stable regions of the CMV genome from
infected newborns with well-defined outcomes, a
number of genes and specific variants were found
that will be a focus in future studies to ascertain if
these mutations and residues in proximity are linked
to cCMV disease and SNHL.
As the first study to explore viral variations at a

genome-wide level associated with symptomatic cCMV
and hearing loss, these findings will need to be con-
firmed with future NGS analyses on larger sample sizes
as well as with improved algorithms for comparing di-
verse variant strains and the diverse regions within those
strains. Furthermore, functional studies will need to be
conducted to define whether CMV diversity and specific
polymorphisms play a role in disease pathogenesis, in-
cluding the use of animal models to assess the relation-
ship between genetic variants and CMV pathology.
Thus, the findings in this study represent a step in un-
derstanding the impact of CMV genetic variation on dis-
ease and in the identification of infants with cCMV at
increased risk for adverse outcomes.

Conclusions
CMV genomes from infected newborns with well de-
fined outcomes can be isolated from urine samples and
mapped to 93% of the genome at a depth allowing ac-
curate and reproducible analysis of polymorphisms for
variant and gene discovery. This analysis found genes
and specific variants that are associated with symptom-
atic and hearing loss outcomes representing a further
step in understanding how CMV genetic variation may
impact disease as well as identifying potential markers in
infants with cCMV at increased risk for adverse
outcomes.
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