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ABSTRACT
This study introduces a new procedure for antiviral resistance analysis and genetic classification of human cytomegalovirus

(HCMV) using next‐generation sequencing (NGS) adapted to existing methodologies, aiming for more targets due to the recent

use of new antivirals. It expands the classical investigation of mutations in UL54 and UL97 genes, associated with resistance to

(val)ganciclovir, foscarnet and cidofovir, to include UL27, UL56 and UL89 genes, which target newer antivirals like maribavir

and letermovir. Additionally, it includes the genetic analysis of UL55 (glycoprotein B) for genotype classification. This new

methodology involves multiplex‐PCR for DNA enrichment, followed by NGS using Illumina MiSeq platform and data analysis

through an in‐house pipeline. Several validations were performed by firstly using genome sequence from wild‐type sensitive

reference strain (AD‐169), secondly comparing to previously characterized samples by Sanger, and lastly the use of external

quality controls. A new NGS technique based on amplicons approach has been developed. Validation using wild‐type control

material showed 100% identity with the reference genome across all replicates. Only one minority variant was detected in one

replicate. Compared to Sanger sequencing, NGS revealed additional low‐frequency mutations not detected by Sanger, without

impacting resistance interpretation. The method also performed reliably in external quality assessment controls. Moreover, the

detection limit of the technique was established at 17 894.60 IU/mL. Finally, this approach enabled the identification of HCMV

genotypes. This approach improves the monitoring of antiviral resistance and viral diversity, enhancing early clinical decision‐
making in immunocompromised patients.
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1 | Introduction

Human Cytomegalovirus (HCMV) is a prevalent virus, with an
estimated seroprevalence of 83% [1]. In immunocompetent in-
dividuals, HCMV infections are usually asymptomatic and self‐
limiting, due to effective immune control of the infection.
However, in immunosuppressed patients, such as those un-
dergoing solid organ transplantation (SOT) or hematopoietic
stem cell transplantation (HSCT), HCMV can cause significant
morbidity or mortality [2]. These patients often require antiviral
drugs to prevent or treat infection and/or illness. Most of the
antivirals used are ganciclovir (GCV) and valganciclovir (VGV),
followed by foscarnet (FOS) and cidofovir (CDV). The recently
approved drugs, maribavir (MBV) and letermovir (LMV) are
prescribed to selected patients with the aim to reduce side ef-
fects associated with conventional antivirals [3].

Under selective pressure, resistance to current antiviral drugs
can arise throughout the HCMV genome, even at low fre-
quencies. The best characterized resistance‐associated regions
are the UL54 and UL97 genes, which encode the viral DNA
polymerase (UL54) and the viral kinase (UL97), respectively.
More specifically, single or cross‐resistance to GCV/VGV, FOS,
and CDV are related to mutations found between codons
301–987 in UL54 [4]. On the other hand, resistance to GCV/
VGV or MBV are related to mutations in UL97, mainly con-
centrated between codons 337 and 557 [4]. Additionally, there
are currently other genes of interest for resistance studies. The
UL27 gene encodes a nuclear protein, and mutations in this
gene only confer resistance to MBV [5]. Alternatively, UL56 and
UL89 genes encode for DNA packaging terminase subunits,
both involved in viral DNA maturation, and mutations in these
genes can confer LMV resistance [6]. Most of the characterized
mutations have been regarded primarily as single nucleotide
polymorphisms, not associated with antiviral resistance. How-
ever, many mutations in these regions have not been pheno-
typically characterized to date [7].

Screening for HCMV mutations associated with antiviral
resistance in clinical practice has traditionally been based on
Sanger sequencing. Methods described in the literature pre-
dominantly focus on mutations in the UL97 and UL54 but have
not been updated to include other critical regions. Although
Sanger is effective, its main limitation lies in its sensitivity, as it
cannot detect variants present at levels below 20%. This can be
overcome by using Next Generation Sequencing (NGS), which
can identify variants present at allele frequencies (AF) lower
than 5% [8].

Additionally, HCMV can be classified into different genotypes
based on several genes, being glycoprotein B (UL55) the most
commonly used marker. By sequencing a highly variable region
of this gene, covering from nucleotide positions 1051 to 1845,
HCMV can be classified into four genotypes (gB1, gB2, gB3, and
gB4). Although the correlation between genotype and clinical
outcomes remains unclear, this highlights the significance of
genetic studies [9].

This study aimed to develop and validate for its clinical use the
designed NGS procedure for sequencing UL27, UL54, UL55,
UL56, UL89, and UL97 genes of HCMV to enable the detection

of antiviral resistance. It also intends to facilitate the genetic
classification of the virus by sequencing the UL55 gene. With
this new approach we intend to adapt other previously
described techniques to be able to extend them to other genes
that require further study, either because mutations have been
detected in these regions or new antivirals have been developed.

2 | Materials and Methods

2.1 | Primer Design—Overlapping Amplicons

Candidate primers were proposed using Primal Scheme [10],
accessible at https://primalscheme.com and based on the ref-
erence sequence NC_006273.2 (Human herpesvirus 5 strain
Merlin, complete genome). With this approach, 400–800 bp‐
long amplicons were generated, covering all six genes. These
primer sequences were then refined through a Multiple
Sequence Analysis (MSA) of all available genomic data from
GenBank database until February 2023, to ensure genetic
diversity coverage. Selection criteria included primers of
approximately 20 nucleotides, with similar theoretical melting
temperature and targeting conserved regions. Degenerate bases
were added in exceptional cases to enhance variability, opti-
mizing primer applicability for viral genome amplification.

2.2 | Enrichment Multiplex PCR

Primer sets were grouped in three different multiplex reactions
to avoid primer dimerization, and PCR conditions were further
optimized (information not provided). Viral DNA was amplified
using Q5 High‐Fidelity DNA Polymerase (M0491, New England
Biolabs Inc. USA). This PCR master mix contained: primer
pools described on Table 1 at a final concentration of 0.08 µM
for pool 1 or 0.1 µM for pools 2 and 3, 1× Q5 Reaction Buffer,
0.2 mM dNTPs, less than 10 ng of DNA template, 0.02 U/µL Q5
High‐Fidelity DNA Polymerase, 1× Q5 High GC Enhancer, and
nuclease‐free water up to a total volume of 25 µL. The optimal
PCR conditions were an initial denaturation step at 98°C for
15 min, followed by 35 cycles of 95°C for 15 s and 62°C for
5 min. A final extension step was performed at 62°C for 5 min,
and then the reaction was held at 4°C.

2.3 | Library Preparation and Next‐Generation
Sequencing

Following amplification, PCR‐products were purified using
AMPureXP beads (Beckman Coulter, USA), removing non-
specific DNA fragments outside the expected size range, and
were quantified and normalized to 500 ng for NGS library
preparation by Illumina DNAprep protocol (Illumina Inc.
USA), according to the manufacturer's guidelines. Library
quantification and further normalization were done using the
Qubit 4 Fluorometer (ThermoFisher, USA), and pooled and
loaded onto the MiSeq sequencing platform (Illumina, USA) for
NGS. The sequencing was performed using a bidirectional flow
cell, with paired‐end reads of 101 nucleotides length. For the
sequencing run, 105 samples, of which 40 belong to the validation
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process, were loaded for HCMV sequencing with this new
designed technique.

2.4 | Data Processing and Analysis

An in‐house pipeline was developed to analyse NGS data. Raw
reads were quality trimmed with Trimmomatic v0.39 [11]
(Q≥ 30), and primer sequences were removed with BBMap
v38.91 to minimize the risk of artifacts linked to primer binding
sites. Finally, host reads (GRCh38) were excluded using Bow-
tie2 v2.5.1 [12].

High‐quality reads were assembled de novo using SPAdes
v3.15.2 [13]. Scaffold were identified with BLASTN v2.14.0 +
[14], classified as HCMV, and assigned to UL regions. Genes
linked to antiviral resistance (UL27, UL54, UL56, UL89, and
UL97) were mapped to reference genome NC_006273.2 using
Minimap2 [15]. Consensus sequences were generated via cus-
tom Python script. Variants with allele frequency (VAF) > 50%
and depth < 20× were masked.

For UL55, mapped reads were extracted for de novo assembly.
Genotyping was performed using BLASTN v2.14.0 + [14], fol-
lowed by mapping agains UL55 references (gB1, FJ616285; gB2,
BK000394; gB3, GU937742; and gB4, M60926). The resulting
SAM files were converted to BAM using SAMtools v1.17 [16],
and variant calling was performed with LoFreq v2.1.5 [17].
Variants were filtered using BCFtools v1.17 [16] (AF≥ 50%,
depth ≥ 20×), and consensus sequences were generated with
BCFtools consensus [16].

Minority variants in resistance‐associated genes were analysed
when VAF≥ 5%, depth ≥ 100×, and strand bias (SB) < 30
(SB =−10 × log10(p value)) (p> 0.001) values reported by Lo-
Freq [17].

Quality metrics (including median depth, ambiguous bases
percentage (N), and coverage percentage) were computed with
custom scripts. Coverage and depth plots were generated using
an in‐house R script.

For antiviral resistance profiling, mutation detection and preva-
lence assessment were performed using minMutFinder v1.2.0
(https://github.com/ValldHebron-Bioinformatics/minMutFinder)
[18], which also characterizes mutations based on Tilloy
et al. [19].

2.5 | Variant Visualization Through Pileup
Inspection

To assess variants flagged by strand bias filtering, a targeted visual
inspection was performed on positions with strand bias scores
equal or greater than 30 that were expected to be present in spe-
cific samples based on prior knowledge. For this purpose, the
indelqual‐adjusted BAM file generated using LoFreq's indelqual
command was indexed and loaded into the Integrative Genomics
Viewer (IGV) [20]. Pileup visualization was carried out to examine
strand distribution, variant allele frequency and depth of coverage.

2.6 | Repeatability Validation of the Technique
for the Amplification of Resistance‐Related Genes

A wild‐type reference strain from the American Type Culture
Collection (ATCC, USA) was employed to validate the accuracy
and replicability of the sequencing process. This reference
material consists of 100 000 copies/µL of genomic DNA from
human herpesvirus 5 strain AD‐169 (VR‐538DQ) isolated from
MRC‐5 cells. Using the entire supplied volume, fourteen repli-
cates were prepared to ensure repeatability. All replicates were
processed using the NGS‐designed approach, starting on the
amplification step, followed by the library preparation and
sequencing of each replicate. All replicates were processed in
the same library preparation and sequencing run, minimizing
potential biases.

2.7 | Accuracy Validation by a Comparison
between Sanger and NGS

To validate the NGS‐designed protocol with the one currently
used in clinical practice, 21 HCMV‐positive samples previously
studied by Sanger sequencing of UL54 and UL97 were re‐
examined using this new‐designed NGS protocol. Most of the
samples were used in analysis of both genes, UL54 and UL97.
Specifically, 18 samples were used for the UL54 gene validation,
of these, 10 samples did not present any resistance‐associated
mutations in the UL54 gene, while 8 had resistance‐associated
mutations in this gene between nucleotide positions 831 to
3180. Regarding UL97 gene, 19 samples were used for the val-
idation, of which, 10 samples did not have known genetic
markers, while 9 did have between nucleotide positions 1344
to 2023.

2.8 | Accuracy Validation Using an External
Quality Control

To further validate the ability of the protocol to detect specific
amino acid mutations in the entire pUL54, pUL56, and pUL97
coding sequences, five external quality control samples were
used within the CMVDR24 program (QAV144169_1) of Quality
Control for Molecular Diagnostics (QCMD, UK). This program
consists of five external specimens to assess the ability of lab-
oratories to detect HCMV drug resistance mutations in UL54
polymerase, UL56 terminase genes, and UL97 kinase (but not in
the other genome domains) using their own specific sequencing
techniques.

2.9 | Phylogenetic Analysis of UL55 (gB) Region

To validate the genotyping capacity of our assay, we performed
a phylogenetic analysis based on the UL55 (gB) region. The
analysis included the 14 replicates of the ATCC strain, the UL55
reference sequence used by ATCC (GenBank accession number
AC146999), and four representative sequences from the differ-
ent gB genotypes (GenBank accession numbers: gB1 M60927,
gB2 M60931, gB3 M60930.1 and gB4 M60926). All the used
sequences were aligned using the MUSCLE algorithm within
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MEGA v5.2 software [21]. The phylogenetic tree was con-
structed using a Maximum Likelihood distance method under
the Kimura 2‐parameter (K2P) model with a gamma distribu-
tion (G= 2). The topological accuracy of the internal branch
was evaluated by the bootstrap method (500 replicates).

To further assess genotyping accuracy, we generated nine syn-
thetic UL55 datasets simulating all four gB genotypes, including
mixed‐genotype infections. Reads were simulated with In-
SilicoSeq (iss generate) using parameters mimicking an Illu-
mina MiSeq run, consistent with our wet lab workflow [22].
Each sample included six UL regions (UL27, UL54, UL56,
UL89, UL97, UL55), comprising 60% of reads, with the
remaining 40% from GRCh38.p14 to simulate host background.
Each UL gene contributed 10%; in coinfections, UL55 reads
were equally split between genotypes. The synthetic FASTQ
files were processed through our pipeline, and inferred geno-
types were compared with ground truth. Assembled UL55
sequences were then used to build a phylogenetic tree as above.

2.10 | Measurement of the Limit of
Detection (LoD)

To determine the LoD of the sequencing technique, a 1:3
dilution series was prepared in triplicate from clinical plasma
samples, covering viral loads between 600 and 4 000 000 copies/
mL. The LoD was defined as the lowest viral load at which all
target genes were successfully sequenced with predefined
quality metrics: N content < 5%, coverage > 95%, and median
depth ≥ 100×, following criteria adapted from Mallory
et al. [23].

Four clinical plasma samples with viral loads above
1 000 000 IU/mL were pooled after extraction, using 500 µL
input per sample and obtaining 50 µl of eluate using EMAG
platform (BioMérieux, France) to ensure sufficient volume. The
resulting eluate was serially diluted 1:3 in triplicate and quan-
tified with the AltoStar CMV PCR Kit 1.5 (Altona Diagnostics,
Germany), calibrated to the 1st WHO International Standard for
HCMV (NIBSC 09/162). Each dilution was sequenced in trip-
licate; replicate 1 was processed on 1 day, and replicates 2 and 3
on another.

Additionally, five clinical HCMV‐positive plasma samples
(3000–310 000 IU/mL) collected in July 2024 were sequenced to
validate the method's applicability to contemporary strains to
confirm technique's robustness and relevance for real‐world
clinical samples, addressing concerns about the use of older or
long‐stored material in analytical validation studies.

3 | Results

3.1 | Primer Design

A candidate primers list was obtained using PrimalScheme,
followed by a comprehensive MSA from GenBank, to assess the
impact of genetic diversity on primer sequences. This included
381 coding‐region sequences for UL27, 583 for UL54, 526 for

UL56, 453 for UL89, and 805 for UL97. For UL55, one sequence
from each of the four genotypes was selected. This process
yielded 25 candidate primer pairs, divided into three pools to
prevent primer dimer formation as represented in Figure 1, and
main features of the primers are described in Table 1.

The primers, designed from coding regions relevant to antiviral
resistance, achieved near‐complete coverage: 97.04% for pUL27,
98.71% for pUL54, 95.55% for pUL56, 94.17% for pUL89, 99.00%
for pUL97. For pUL55, referring to the highly variable
sequenced region, the coverage was 94.8%.

3.2 | Reproducibility Evaluation of Wild‐Type
Control Material

Successful and reproducible results were obtained in the dif-
ferent replicates of the ATCC strain, as a wild‐type control to
validate the accuracy and replicability of the technique. A 100%
coverage, 0% of N, and a uniform sequence depth > 100× were
achieved across all 14 replicates for every gene, as shown in
Figure 2. In addition, consensus sequences matched the ATCC
reference with 100% identity for all genes and all 14 replicates.
In reference to the minority variants, there was also total con-
cordance between the replicates and the genes, except in the
UL89 gene, in which the nucleotide change G91C is detected in
replicate 07, which is translated as the amino acid change A31P,
which has never been previously described in the literature.
This divergence is found at an AF of 10.16%, the mutation is
present at a depth of 2106x and the SB for this position was 11.

3.3 | NGS Technique Versus Sanger Sequencing

Comparison between NGS and Sanger sequencing revealed
differences in UL54 and UL97, shown in Table 2. Regarding
UL54, no differences were detected in most of the samples
12/18 (66.67%). In total, 7 differences were detected in the
reaming 6/18 samples (33.33%). Among these changes, 5/7
(71.42%) were mutations with an AF lower than 20% and 2/7
(28.58%) had an AF greater than 20%.

On the other hand, for UL97, no differences were found
between Sanger and NGS in most of the samples 16/19 (84.21%).
Although the mutation 1378 at UL97 gene in Sample 01 and
Sample 06 was initially filtered out in the NGS pipeline due to
strand bias (SB > 30), it was detected at high allele frequency
and confirmed by visual inspection of (Figure S1) showing
strong support in high‐quality reads. Therefore, this was con-
sidered as no difference between NGS and Sanger. A total of 3
differences were found in the remaining: 2/3 (66.67%) with an
AF of less than 20% and 1/3 (33.33%) above 20%.

Despite these differences, both techniques yielded 100% con-
cordance in antiviral susceptibility predictions (21/21). In
Sample 03, both Sanger and NGS detected the A594V mutation
in UL97 (conferring resistance to (Val)Ganciclovir), while NGS
additionally identified the C592G mutation, which has also
been associated with resistant, although this did not alter
susceptibility.
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3.4 | Implementation With External Quality
Controls

Participation in CMVDR24 external quality control program
(QCMD) was successfully achieved, confirming the technique's

reliability. All six genes met quality thresholds, although this
program only assessed the ability to detect mutations in pUL54,
pUL97, and pUL56. The detected divergences were compared
with the reference sequence and are described in Table 3. Re-
garding to minority mutations, only the change G2686A in

FIGURE 1 | Distribution of designed amplicons across six target genes: UL27, UL54, UL55 (Genotyping region), UL56, UL89, and UL97. Each

letter represents one gene (A–F). The darker regions within each amplicon represent primer binding sites. Amplicons in yellow belong to pool 1, in

blue to pool 2, and in purple to pool 3. Red lollipop markers represent nucleotide positions associated with known antiviral resistant mutations. Since

UL55 gene is used for genotyping purpose, only a region with sufficient divergent information between nucleotide positions 1051 and 1845 is

sequenced to determine the viral genotype [9, 24, 25]. While UL89 is sequenced in its entirety, the gray region represents an intron, which is excluded

in the subsequent analysis of mutations. For UL97, since this gene does not have a sufficiently conserved region at the beginning to design the

primers, it was combined with the coding region of the contiguous gene UL96 (represented in gray), which was excluded from mutation analysis.

FIGURE 2 | Depth plots of the six protein coding sequences: UL27, UL54, UL55 (genotyping region), UL56, UL89 and UL96/97. The y axis

represents coverage on a logarithmic scale, and the x‐axis represents nucleotide position for each gene. Dashed lines indicate the minimum accepted

coverage of 100× (log 2). Each black line represents a replicate. The colored regions correspond the different primer pools: yellow for pool 1, blue for

pool 2, and purple for pool 3. The gray shaded areas indicate the regions that are excluded for mutation analysis.
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UL54 was detected in CMVDR‐01 sample with a depth = 1491×,
an SB = 6 and an AF = 5.97%.

3.5 | Genotyping of HCMV Based on the gB
Region

Phylogenetic analysis of the UL55 (gB) region represented in
Figure 3 confirmed the ability of the assay to distinguish
between different HCMV genotypes. All 14 replicates of the
ATCC sample grouped in a single clade together with the ATCC
reference sequence (AC146999) and the gB2 genotype reference
(M60931). The remaining gB genotype references (gB1, gB3,
and gB4) clustered separately.

Phylogenetic analysis of the synthetic FASTQs in Figure 4
confirmed the ability of the pipeline to accurately assign HCMV
genotypes, even in mixed infection contexts. Each synthetic
sample clustered with the expected gB genotype reference.
Sample containing single genotypes (Synthetic FASTQ 1–4)
grouped consistent with their corresponding reference clades
(gB1–gB4). In samples simulating mixed infections (Synthetic
FASTQ 5–9), multiple UL55 sequences were recovered, each
clustering correctly with the relevant genotype references.

3.6 | Limit of Detection of the Technique

The last dilution accomplishing the established quality metric
criteria presented a viral load of 17 894.60 IU/mL. At this

dilution level, the genes UL27, UL54, UL55, UL56, and UL97
exhibited a 0% median N content and nearly complete coverage
(≥ 99.76%), and median read depth ranging from 317× to
1071×. Although UL89 showed a slightly reduced coverage
(95.02%) and a higher proportion of undefined bases (median N
content of 4.98%), its performance remained within acceptable
analytical thresholds. Table S1 shows the results for the other
dilutions.

Regarding the sequencing of the five current samples, the
designed technique has proven to be equally efficient and has
even allowed characterization of samples with a viral load of
approximately 3000 IU/mL, which is below the established
detection limit. All genes demonstrated a 100% coverage, except
UL89, which reached 98.47%, 0% median N percentage in most of
the genes, and high sequencing depth, raging between 1376× and
4488×. Values for each sample and gene are detailed in Table S2.

4 | Discussion

Despite advances in HCMV antiviral treatments, available
options remain limited, and the emergence of resistant strains,
particularly in immunocompromised individuals undergoing
SOT or HSCT, poses a significant clinical challenge [2].
Resistance rates range from 0.1% in general population to 18%
in high‐risk groups due to selective pressures from prolonged
antiviral use and the host's compromised immune response
[26–28]. These limitations emphasize the need for sensitive,
comprehensive diagnostic methods to monitor reactivation
events and detect resistance markers early [29–32].

TABLE 3 | Comparison of the variants detected in the mutation resistant sites in reference of the consensus sequence obtained from all

participants in the QCMD quality control and those obtained in our laboratory.

Sample Gene Position
Reference
nucleotide

Obtained
nucleotide

Amino acid
difference

Antiviral
resistance

CMVDR‐01 UL54 1634 T C L545S GCV, CDV

UL97 1560 G G H520Qa GCV

1784 T C L595S GCV

1794 T C G598G Synonymous
Mutation

CMVDR‐02 UL54 2942‐2947 ATCTGG del del981‐982 GCV, CDV, FOS

UL97 1780 G C A594P GCV

CMVDR‐03 UL54 — — — — —
UL97 1378 A G M460V GCV

1794 T C G598G Synonymous
Mutation

CMVDR—04 UL54 1224 C G N408K GCV, CDV

2522 G C G841A GCV, CDV, FOS

UL97 1774 T G C592G GCV

CMVDR‐05 UL54 — — — — —
UL56 975 C G C325W LMV

UL97 — — — — —
aThe amino acid in position 520 in UL97 for CMVDR‐01 was excluded from the analysis by QCMD due to lack of consensus.
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Traditional Sanger sequencing remains the standard in many
clinical laboratories, but its limitations, particularly its inability
to detect minority variants, difficult the early detection of
emerging resistance [33]. The NGS‐based techniques developed
in this study overcomes these limitations by simultaneously
targeting five resistance‐associated genes and the gB region,
offering both resistance detection and genotypic classification,
and also allowing the identification of minority variants at allele
frequencies as low as 5%, providing more detailed insight into
viral heterogeneity and early resistance emerge [34].

The results obtained demonstrate a high degree of technical
consistency. Across all 14 replicates of the wild‐type ATCC
strain, the method achieved 100% identity with the consensus
genome in all target genes, with uniform sequencing depth and
zero ambiguous bases. Only a single low‐frequency variant
(A31P in UL89) was observed in one replicate, passing all
quality filters, suggesting stochastic intra‐host variability rather
than a technical artifact.

Comparison between NGS and Sanger sequencing in clinical
samples showed full concordance in resistance interpretation.
However, NGS detected additional minority variants with allele
frequencies below Sange's 20% threshold, such as C592G in
UL97, which despite not affecting phenotype, illustrates NGS's
superior sensitivity [35, 36]. Differences between both methods
were primarily found in variants with allele frequencies under
20%, likely reflecting underlying viral heterogeneity. These
findings underscore NGS's added value in resolving mixed
infections, detecting emerging resistance mutations not

captured by traditional methods, and provinding semi‐
quantitative information on allele frequencies, something not
achievable with Sanger [37].

While amplification‐based techniques offer high sensitivity,
they also introduce artifacts from polymerase errors or ampli-
fication bias. To mitigate this, the pipeline includes quality
control steps such as primer trimming, strand bias filtering, and
paired‐end validation. Furthermore, manual inspection of
minority variants ensured that only those supported by high‐
quality reads on both strands were retained, increasing confi-
dence in low‐frequency mutation calls.

This technique's effectiveness was demonstrated also in an ex-
ternal quality assessment program, achieving robust perform-
ance across both laboratory and bioinformatics workflows. The
ability to analyse six resistance‐associated genes simultaneously
makes it a strong competitor to existing in‐house and com-
mercial methods. Notably, it identified mutations related to
resistance for five of six antiviral drugs, except maribavir, which
was not included in the quality control program. Validation
with the ATCC strain confirmed sensitivity across all target
genes, achieving high identity with reference sequences.

In addition to resistance profiling, genotyping of HCMV based
on the UL55 region demonstrated that the assay could reliably
classify gB genotypes. Although the clinical relevance of the gB
genotypes remains uncertain, its genotyping offers valuable
insights for epidemiological surveillance and viral diversity
assessment. In our phylogenetic analysis, the 14 replicates of

FIGURE 3 | ATCC phylogenetic tree of the UL55 (gB) region constructed by Maximum Likelihood (K2P model with G = 2). The 14 technical

replicates of the ATCC HCMV strain (labeled CMV‐01 to CMV‐14) are indicated with blue circles. The ATCC reference genome (GenBank:

AC146999) is shown in green, and the four gB genotype reference strains are shown in orange: gB1 (M60927), gB2 (M60931), gB3 (M60930.1), and

gB4 (M60926). Scale bar represents 0.02 substitutions per site.
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the ATCC strain clustered consistently with the ATCC refer-
ence genome, which also clustered with gB2 reference
sequence. To further validate the resolution of our bio-
informatics pipeline for the other genotypes and coinfections,
nine synthetic datasets simulating UL55 sequences representing
all four known gB genotypes, including mixed‐genotype sce-
narios, were generated. Each one was processed through the
pipeline, and the resulting UL55 assemblies were subjected to
phylogenetic analysis. In all cases, the reconstructed sequences
grouped correctly with their respective genotype references.
Notably, in samples simulating coinfections, multiple UL55
variants were simultaneously recovered and assigned to their
expected clades, highlighting the script's capacity to resolve
complex viral population.

Regarding HCMV's viral load, there is no clear correlation
between high viral loads and the emergence of resistance.
However, patients with high viral loads over an extended
period of time will also prolong treatment, thus increasing the
selective pressure on resistant viruses and favoring their pro-
liferation [38]. In particular, there have been efforts to deter-
mine the mean viral load in patients with antiviral resistance.
A study involving nearly 4000 solid organ recipients estimated
the mean viral load in those with resistance to be greater than
30 000 IU/mL (4.48 log10 IU/mL) [39]. Moreover, in our center,
since 2014, a total of 235 samples with clinical suspicion of
antiviral resistance have been collected, of which the median
viral load was 22,028.5 IU/mL (IQR: 7912.75–84368.75)

equivalent to 4.34 log10 IU/mL. Dilution series determined a
detection limit of 17,894 IU/ml (4.25 log₁₀), which aligns with
published estimates of viral loads in patients with resistant
HCMV strains. Therefore, in future studies it would be of
interest to implement improvements that would lower the
detection limit of the technique, enabling the sequencing
above the established thresholds for lower viral loads. This
would facilitate the routine detection of resistant variants at an
early stage, while they are still emerging and before they are
selected.

Interestingly, the performance of the designed methodology
was also tested by sequencing five current circulating viruses,
since the ATCC reference strain and the sequences from the
GenBank database were relatively old. All five samples, with
viral loads ranging from 3,000 to 310 000 IU/mL, yielded high‐
quality sequencing data. Notably, this included three of the five
samples below the theoretical detection limit, which still
achieved complete and reliable results, suggesting a promising
performance, that may be refined in future iterations.

These results suggest that, with additional optimization and
validation, the method has the potential to be implemented in
clinical laboratories equipped with NGS platforms. Moreover,
although HCMV is a DNA virus with a relatively low mutation
rate, and our assay performed well in both reference and con-
temporary strains, ongoing surveillance remains essential to
ensure sustained applicability over time.

FIGURE 4 | Synthetic FASTQ phylogenetic tree of the UL55 (gB) region constructed by Maximum Likelihood (K2P model with G = 2). Each of

the 9 synthetic FASTQ were indicated with different colors. gB reference sequences (gB1 (M60927), gB2 (M60931), gB3 (M60930.1), and gB4

(M60926)) were also showed. Synthetic samples clustered with the expected genotypes. Bootstrap values < 70 are shown at key nodes and scale bar

represents 0.02 substitutions per site.
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In conclusion, this study presents a new validated NGS‐based
method that simultaneously enables resistance mutation
detection and genotypic classification of HCMV. By expanding
the genetic regions analysed and detecting minority variants not
seen with Sanger sequencing, this approach shows potential for
enhanced sensitivity and broader mutation coverage. In addi-
tion to antiviral‐resistance mutation, the methodology also en-
ables genotypic classification based on the gB, which could be
contributed to improved epidemiological surveillance and strain
tracking. This dual‐purpose design, targeting both resistance‐
associated mutations and genotypic classification, highlights the
assay's versatility and its potential to streamline HCMV geno-
mic surveillance workflows. Its multi‐target design and dem-
onstrated performance across reference, synthetic, and clinical
samples support its potential for routine use in diagnostic lab-
oratories equipped with NGS platforms.

Although further clinical validation is needed, including corre-
lation with treatment outcomes and larger sample cohorts, this
methodology lays the groundwork for a future NGS‐based gen-
otyping strategy that could support the early detection and sur-
veillance of antiviral resistance in clinical virology laboratories.
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Sup Fig 1. Supplementary Table 1: Results of the quality metrics
obtained in the sequencing of the dilution bank for each gene. Sup-
plementary Table 2: Quality metrics results obtained in the sequening
of the five current samples.
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