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ABSTRACT Cytomegalovirus (CMV) infections occur in 10%–40% of organ or stem 
cell transplant patients. Despite the low prevalence, CMV antiviral resistance has an 
important impact on patient outcomes. Guidelines for transplant recipients recommend 
that resistance should be suspected in cases of unchanged or increasing CMV viral loads 
after a minimum of 2 weeks of antiviral therapy at an appropriate dose or >6 weeks of 
ganciclovir exposure. Next-generation amplicon sequencing (NGS) makes it possible to 
directly target the genes involved in this resistance. Currently, six drugs are available, 
and six CMV genes (UL54-UL97-UL89-UL56-UL51-UL27 genes) can harbor mutations 
affecting drug efficacy. Here, we developed different primers targeting these six genes 
with long-range polymerase chain reaction (PCR). Based on clinical requirements, all 
genes or a subset could be sequenced in a single run using Oxford Nanopore technol­
ogy and combined with an automatic bioinformatics pipeline to detect and report 
mutations. We utilized 46 blood samples, five external quality controls, and 10 mixes of 
two bacmids provided by the national reference center (CNR) Herpesvirus Limoges, each 
carrying distinct mutations. Assay performance (sensitivity, specificity, and accuracy) was 
evaluated through an interlaboratory exchange with CNR Herpesvirus. Long-range PCR 
combined with next-generation sequencing analysis enables earlier and more compre­
hensive discrimination of the double population and determines whether the detected 
single-nucleotide polymorphisms are present on single or multiple CMV strains. We 
developed a next-generation sequencing assay combined with eight long-range PCRs 
to sequence all genes involved in CMV antiviral resistance and to detect early low-fre­
quency mutations.

KEYWORDS cytomegalovirus, next-generation sequencing, long-range polymerase 
chain reaction, antiviral resistance

H uman cytomegalovirus (CMV) is a common opportunistic agent of infection 
following transplantation (1). Belonging to the Herpesviridae family, CMV possesses 

a linear genome of approximately 230 kbp in length, encoding more than 150 proteins 
(2–4). CMV infections occur in 10%–40% of solid organ or hematopoietic stem cell 
transplant recipients (5, 6) and constitute major causes of morbidity and mortality (7–11). 
Currently, six drugs are available for the treatment of CMV infections. Four of these are 
inhibitors of the viral DNA polymerase encoded by the UL54 gene: ganciclovir (GCV) and 
its oral prodrug, valganciclovir (valGCV), are guanosine nucleoside analogues requiring 
phosphorylation by the viral phosphotransferase encoded by the UL97 gene; cidofovir 
(CDF) is a cytidine monophosphate analog; and foscarnet (FOS) a pyrophosphate analog. 
Maribavir (MBV) is an inhibitor of viral UL97-phosphotransferase, and letermovir is an 
inhibitor of the viral terminase complex encoded by UL56-UL89-UL51 genes (12, 13).

Refractory CMV infections may arise from multiple factors, such as excessive 
over-immunosuppression, impaired CMV-specific T-cell immunity, sub-therapeutic 
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concentrations of antiviral drugs, or antiviral drug resistance due to resistance mutations 
in viral genes encoding proteins targeted by antiviral agents (12, 14). Genotypic or 
viral resistance testing is recommended when CMV DNAemia or disease persists after 2 
weeks of full-dose antiviral therapy (10, 12, 15). In the transplant setting, the incidence 
of drug resistance mutations ranges from 5% to 12% (7, 10, 12, 16) and is associated 
with younger age, low GCV exposure, recipients’ negative serostatus, infection on valGCV 
prophylaxis, inadequate antiviral drug delivery, and haploidentical hematopoietic stem 
cell transplant (14, 15, 17). Genotypic resistant strains are associated with poor outcomes
at 1 year post-transplantation (17).

Antiviral resistance is mainly characterized by sequencing the UL97 gene, which 
can detect resistance-associated mutations to GCV and MBV, or the UL54 gene, which 
detects resistance-associated mutations to CDF, FOS, and GCV. Chou et al. recommen­
ded sequencing UL56, UL89, and UL51 genes, which encode subunits of the terminase 
complex and determine resistance to letermovir (18, 19), and sequencing the UL27 gene, 
which encodes a protein involved in nuclear egress and is known to decrease MBV 
susceptibility (13).

More recently, some laboratories have replaced Sanger-based sequencing, the gold 
standard for detecting resistance mutations, by next-generation sequencing (NGS). 
Sanger sequencing exhibits several limitations: a read length limit close to 700 base 
pairs; an inability to detect single nucleotide polymorphisms (SNPs) at less than 20% 
and quantify viral subpopulations in a sample (20, 21); its time-consuming nature; and 
its sequencing of a single gene target per reaction, which increases costs depending on 
the number of targets. The robustness and adaptability of NGS-based methods in the 
clinical setting explain the growing interest in this technology among clinical laborato­
ries (22). NGS offers several advantages, including increased sensitivity for identifying 
minor variants, improved cost-effectiveness through multiplexing targets in single-run 
sequencing, and enhanced characterization of genomic diversity (23). Several technolo­
gies and strategies are currently based on the production of multiple amplicons (24) or 
shotgun sequencing after specific amplification (22, 25). However, none uses long-range 
PCR.

This study describes the development of long-range PCRs using high-throughput 
laboratory tests and their overall performance for clinical application. This assay 
facilitates the sequencing, within a single run, of amplicons obtained from eight 
long-range PCRs amplifying full-length genes.

MATERIALS AND METHODS

Patient samples and controls

The accuracy, sensitivity, and specificity of our CMV NGS assay were evaluated utilizing 
(i) 46 whole blood samples from residual care retrospectively selected based on their 
CMV viral load (nucleic-acid extraction and qPCR: EMAG automated system and CMV 
R-gene kit (bioMérieux), amplification platform: LightCycler480II (Roche Diagnostics)); (ii) 
four CMV DNA extracts artificially diluted in EMAG elution buffer and used for sensitivity
analysis; (iii) five DNA controls from Quality Control for Molecular Diagnostics (QCMD, 
Glasgow, UK); and (iv) 10 mixtures of two different bacmids (CNR Herpesvirus, Limoges, 
France). The reproducibility tests were conducted on a clinical sample with a viral load 
of 2500 UI/mL. All CMV genes of interest (UL97, UL54, UL56, UL89, UL51, and UL27) of this 
sample were extracted, amplified, and sequenced six times. The coefficient of variation 
of nucleotides for all positions for each gene was calculated. Results of one additional 
clinical sample will be detailed to explain the ability of our assay to detect double viral 
population.

The total DNA was extracted from 200 µL of whole blood using EMAG (BioMerieux, 
Marcy l’Etoile, France) and eluted in 50 µL of elution buffer. The extraction protocol was 
the same for viral load testing and for the target DNA for obtaining long-range PCR 
products.
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Long-range PCR design and amplification

Primers for long-range PCRs were home-designed to have Tm close to 60°C (Table 
1) using primer-BLAST online with standard parameters (26) and AD169 strain NCBI 
accession number X17403.1 as the reference. UL54 gene (~4,000 bp) and UL89 gene 
amplifications were each based on two primer pairs. Rescue primers (Table S1), 
employed in the event of non-amplification with the primers described in Table 1, were 
designed and tested.

Long-range PCRs were performed separately using for each 0.120 µM of each primer, 
12 µL of NEB Q5 Hot Start High-Fidelity 2X Master Mix (New England Biolabs, USA), and 
10 µL of DNA for a 25 µL final volume for each mixture.

The amplification program consisted of 2 minutes at 98°C for Taq polymerase 
activation, 45 cycles of denaturation (98°C for 30 seconds)/annealing (60°C for 30 
seconds)/elongation (72°C for 4 minutes),  and a final extension of 2 minutes at 72°C.

Library preparation and NGS sequencing

The Oxford Nanopore Technology (ONT) protocol was modified as follows: 10 µL of 
each amplicon was added to 2.5 µL of barcodes provided in the rapid barcoding kit 
RBK.110.96 (Oxford Nanopore, Oxford, UK) and subsequently incubated at 30°C for 2 
minutes, followed by inactivation at 80°C for 2 minutes. The total volume of each 
barcoded amplicon was all combined in a single pool and purified. The recommenda­
tions for ONT library preparation were then followed. For each run, a maximum of 20 
barcodes per flow cell were loaded. Sequencing was conducted for 12 hours on a Gridion 
flowcell R10 (Oxford Nanopore) with the adaptive sampling mode using an enrichment 
strategy based on the CMV AD169 strain genome reference and fast basecalling.

Bioinformatics analyses

Fast5 files were re-analyzed in high-accuracy basecalling to provide higher raw read 
accuracy. Fastq files were analyzed by using a modified pipeline adapted from nfcore/
Viralrecon (27). Reads were mapped by minimap2 against the CMV AD169 genome 
reference, and consensus sequences were built. To determine minor variants, the variant 
call ClairS-TO was used. Finally, SNPs were compared with the French national refer­
ence database (CNR Herpesvirus; https://www.unilim.fr/cnr-herpesvirus/outils/codexmv/
database/) (Fig. 1).

TABLE 1 Primer sequences (forward and reverse) home-designed for long-range PCRs of CMV genes

Gene target Sequence primer (5’- > 3’) Reference positiona Product length (BP)

UL54 Part 1 ACGTGAGCGAGTCCTTTGAG 76,609–76,628 2,250
CTGCCGCGATTTTATCCTGC 78,859–78,840

UL54 Part 2 TGATAGCGGCGTTAGGTGAC 78,768–78,787 2,130
TTCTTTGGACGGACGGACTG 80,895–80,876

UL97 AAGTTGCTGGACGCTCTCTC 139,927–139,946 2,948
GATGCGGTAGGCGTAAGACA 142,874–142,855

UL56 GCCCAGCAGATAAGTGGTGT 83,004–83,023 3,391
CGTCGCATCATCAACAGCAG 86,394–86,375

UL89 exon 1 CCGCCTGTCTGTGTTTGTTG 132,168–132,187 2,162
CTTCGTATACCAGGCCCGTC 134,324–134,310

UL89 exon 2 CTTCGGAGGTCCTTTGGGTC 136,667–136,686 2,080
CCTCGGAGACCGAGAAATCG 138,745–138,726

UL27 CCCAACTGAAAAGGTTGGCG 32,544–32,563 2,278
ACGTCAGCGAGTACGTGTTT 34,821–34,802

UL51 GACCGTGTCTGTCTTGAGCA 73,107–73,126 1,300
CTCTGGTCGCAGTCCTGTTT 74,445–74,426

aCMV strain AD169 NCBI accession no. X17403.1.
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Detection of minor variants

First, two DNA (DNA1 and DNA2) obtained from two CMV positive clinical samples 
presenting the same viral load (4 log IU/mL) but with different CMV strains were 
combined in different proportions. DNA1 and DNA2 were tested pure and mixed 50%/
50%, 80%/20%, and 20%/80% in mixtures A, B, and C, respectively. For each, UL54 and 
UL97 genes were sequenced at the Grenoble Alpes University Hospital (CHUGA) using 
NGS-ONT and in CNR Herpesvirus Limoges using Sanger.

Second, two bacmids were produced by CNR Herpesvirus at 4 ng/mL (28). One 
bacmid had the E655D mutation on UL97, while the other had the N408S mutation on 
UL54. Bacmids were mixed in different ratios (100% to 2.5%), diluted tenfold to obtain 
4 ng of DNA/µL, then amplified, and sequenced using CHUGA NGS-ONT technology and 
CNR Herpesvirus Sanger analysis.

RESULTS

Assay validation

Analytical sensitivity on clinical samples

The sensitivity of the CHUGA NGS ONT technology for each targeted UL gene was 
determined using different clinical samples with decreasing CMV DNA concentrations 
(Table 2). The overall performance of long-range PCR increased with increasing viral 
loads for each gene target. Sensitivity decreased below 2,600 IU/mL with variations 
depending on the primer pairs tested. PCR and sequencing of UL89-exon 1 exhibited 

FIG 1 Flow chart of the Bioinformatics pipeline. Fast basecalling is first performed, followed by high-accuracy basecalling to provide higher raw read accuracy. 

Sequence mapping and alignment used minimap2, which realigns the remaining reads to the CMV AD169 genome reference (GenBank ID X17403.1). ClairS-TO 

generates the VCF. The list of SNPs obtained is compared with the CNR Herpesvirus, Limoges database (https://www.unilim.fr/cnr-herpesvirus/outils/codexmv/

database/) to identify any mutations generating resistance. Finally, the generated report is validated by medical biologists and sent to clinicians. CNR: national 

reference center; SNP: single-nucleotide polymorphism; VCF: variant calling table.
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the lowest sensitivity. A moderate negative correlation (linear regression, coefficient of 
correlation r2 = 0.53, P = 0.040) between the amplicon length and the frequency of 
successful amplification of targeted genes was observed. PCR and sequencing of UL54, 
UL51, and UL27 showed superior performance.

Reproducibility

After six PCR and sequencing of all CMV genes of interest, the coefficients of variation 
for all genes were below 20% for UL54 part 1 and 2, UL56, UL89 exon 1 and 2, UL51, and 
UL27. For UL97, the coefficient of variation was 35%. In fact, one SNP was detected in five 
passages and two SNPs in one passage. This additional SNP had a frequency of 19% and 
insufficient coverage.

Specificity

Detection specificity was evaluated by sequencing CMV genes in clinical samples 
positive for other Herpesviridae viruses and negative for CMV. The absence of reads 
corresponding to CMV in blood samples positive for HSV-1 and EBV viruses (6,742 
copies/mL and 2,263 copies/mL respectively) confirmed the specificity of CHUGA NGS 
analysis. An in silico evaluation of primer sequence specificity was also performed.

Analytical specificity was 100%. In all tests conducted, no resistance mutations were 
erroneously detected compared to the reference results.

Accuracy of long-range PCRs and NGS assay

CMV gene (UL97, UL54, UL56, UL89, UL51, and UL27) sequencing results of NGS technol­
ogy developed by CHUGA were compared with the reference Sanger technology for 
(i) 11 clinical samples from CHUGA patients presenting refractory CMV infection, of 
whom six had a nonsynonymous mutation conferring antiviral resistance; and (ii) five 
controls from QCMD, four of which had a nonsynonymous mutation conferring antiviral 
resistance (Table 3).

All polymorphisms and resistance mutations detected with the reference Sanger 
technology were identified with CHUGA NGS ONT when testing and amplification were 
possible. The details of SNPs found for each technique are detailed in Table S4. Our 
pipeline accurately detected deletions (see QCMD 2 and 5 in Table S4). Some results 
were unavailable due to insufficient samples or lack of amplification (low viral loads). For 
a nucleotide polymorphism to be confirmed, the reading depth must exceed 100 reads/
position. Double populations were well identified using this technology. The CHUGA 
NGS technology could amplify and sequence the CMV gene in samples with a viral load 
as low as 1,296 IU/mL (=sample 10) in which resistance to GCV and CDF occurred in a 
double population.

Minor variants in mixed DNA from clinical samples

As illustrated in Fig. 2, sequencing of DNA1 and DNA2 showed that the CMV strain 
presented four specific SNPs in sample 1 (UL54: S676G – S897L – E1022D – E1152G) and 
four other specific SNPs in sample 2 (UL54: G629S – S655L – N685S – S1146G). Using 

TABLE 2 Sensitivity of CHUGA NGS technology for each targeted UL gene, represented by the frequency of success for amplification and sequencing

Number of amplification and sequencing success for samples (% of success)

IU/mL UL97 UL54 part 1 UL54 part 2 UL56 UL89 exon 1 UL89 exon 2 UL51 UL27

0–1,290 2/5 (40) 0/4 (0) 1/5 (20) 2/4 (50) 0/3 (0) 0/3 (0) 4/5 (80) 3/5 (60)
1,291–2,600 4/18 (22.2) 7/14 (50) 3/8 (38) 0/11 (0) 2/8 (25) 3/8 (38) 6/6 (100) 6/6 (100)
2,601–3,900 17/25 (68) 18/20 (90) 12/15 (80) 14/20 (70) 6/14 (43) 11/15 (73) Not tested Not tested
>3,900 17/18 (94.4) 11/11 (100) 15/15 (100) 5/5 (100) 16/18 (89) 18/18 (100) 3/3 (100) 3/3 (100)
Overall performance 40/66 (60.6) 36/49 (73.5) 31/43 (72.1) 21/40 (52.5) 24/43 (55.8) 32/44 (72.7) 13/14 (92.9) 12/14 (85.7)
Performance up to 2,600 IU/mLa 34/43 (79) 29/31 (93) 27/30 (90) 19/25 (76) 22/32 (69) 29/33 (88) 3/3 (100) 3/3 (100)
aGray highlight shows that if we evaluate the CHUGA NGS ONT technology sensitivity only on samples with a viral load up to 2,600 UI/mL in whole blood, the performance is 
>75% for all the genes analysed.
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the CHUGA NGS technology, all eight SNPs were detected in all mixes with a minimum of 
1,500 read depths per amplicon. The measured frequency in each mix was similar to the 
expected theoretical frequency, except for DNA extracts at the 50% ratio. Indeed, the 
proposition obtained was 30% DNA1 and 67% DNA2. The coefficients of variation were 
all below 15%, except for mix B with a coefficient of variation of 32%. In this mix, 
measured frequencies of the four SNPs from sample 2 were heterogeneous, ranging from 
24% to 39% when 20% was expected. Table S2 summarizes the frequencies and read 
depths. Any unexpected variants were detected.

Mixes were sequenced and analyzed with the Sanger reference technique (7, 29, 30). 
Primers are described in Table S3. In mixes A and C, only SNPs from sample 2 were 
detected. In mix B, only SNPs from sample 1 were detected.

Detection threshold of minor variants in bacmid mixtures

Two bacmids were mixed in different ratios (100% to 2.5%). The CHUGA NGS technology 
detected mutation frequencies as low as 2.5% with a depth >1,000 reads, indicating 
a detection threshold below 2.5% (Table 4). Consistent with Alain et al., the reference 
Sanger technology did not detect mutations below 20% frequency (31). Mutations at 
frequencies of 5% or lower were not identified in the variant call table (VCF) after 
ClairS-TO but were visible in the Integrative Genomic Viewer.

Double viral population detection with long-read sequencer

Using long-range PCR and ONT sequencing, the variant calling result was used to detect 
viral subpopulations with different variation frequencies identified on the sequenced 

FIG 2 SNP detection frequencies on UL54 in mixed DNA using NGS technology compared with the reference Sanger technology. Red spots correspond to SNPs 

from sample 1 and blue spots to those from sample 2. CHUGA: University Hospital Grenoble Alpes; CV: coefficient of variability; PCR: polymerase chain reaction; 

SD: standard deviation; SNP: single-nucleotide polymorphism.
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TABLE 4 Detection frequency of resistance mutations in mixes of two bacmid DNA samples using NGS 
technologya,b

Sample Bacmid ratio Sanger reference 

technology CNR 

Herpesvirus

Long-range PCR and ClairS-TO, 

NGS technology, CHUGA

UL97 (E655D) UL54 (N408S) UL97 

(E655D)

UL54 

(N408S)

UL97 (E655D) UL54 

(N408S)

E1 20% 80% 25%, 10,302 reads 70%, 11,497 

reads

E2 10% 90% 11%, 3,121 reads 84%, 10,337 

reads

E3 5% 95% 16%, 8,223 reads 80%, 10,296 

reads

E4 2.5% 97.5% 5%, 7,575 reads 90%, 8,346 

reads

E5 100% 97%, 7736 reads NAc

E6 100% NAc 95%, 10,622 

reads

E7 80% 20% 83%, 8,371 reads 14%, 6,539 

reads

E8 90% 10% 90%, 6,788 reads 6%, 6,592 

reads

E9 95% 5% 94%, 9,693 reads 5%, 9,835 

reads

(Continued on next page)
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amplicons. Mapped reads (Fig. 3) revealed two distinct CMV populations in a routine 
clinical sample, one at 75% and the other at 25%. Analysis of the UL54 gene identified 55 
SNPs in the gene section. These SNPs allowed us to determine two sub-populations. 
Among these SNPs, five SNPs are related to a first variant (frequency distributions 
ranging from 67% to 80%, in red in the Table S5) and 11 SNPs are related to the second 
variant (frequency distributions ranging from 24% to 36%, in blue in the Table S4). The 39 
remaining SNPs were natural polymorphism present in the two sub-populations 
(frequency distributions up to 87%). Similar frequency distributions were observed in 
UL56, UL89, and UL97 (Table S4).

NGS quality metrics

Quality metrics (Table 5) were based on the several tests described above, on supplier 
recommendations, and on our experience with the Oxford Nanopore technology used 
in our laboratory for several years. In addition to technical data, these quality metrics 
have taken into account the international clinical recommendations (15, 21, 34). Even 
if we were able to detect variants with less than 5% frequency, we decided not to
systematically indicate it in our report to clinicians.

All validated SNPs located in a critical gene region and not matched in the database 
of CNR will be investigated at CNR Herpesvirus Limoges by phenotyping experiments.

DISCUSSION

In this study, we developed eight long-range PCRs for sequencing the entire UL54, 
UL97, UL27, UL89, UL56, and UL51 genes in a single run. This new technology was 
compared with the reference Sanger assay validated by the French CNR Herpesviruses 
Limoges. Sensitivity for viral load up to 2,600 IU/mL was ~90% for UL54, UL51, and UL27 
and ~70% for UL89, UL97, and UL56 (Table 2), with UL89 exon 1 showing the lowest 
sensitivity. This genome region is conserved in NCBI genomes, which does not explain 
this lower performance. Performance sensitivity for samples with viral load below 2,600 
UI/mL appears lower than in other studies using short amplicons (24), although antiviral 
resistance testing is overwhelmingly prescribed for samples with viral loads > 2,600 
UI/mL (15, 35, 36). Long-range PCR offers insights into viral dynamics and diversity 
(31), helping identify multiple populations within a sample (Fig. 3) (37). To detect 
minor variants in mixed DNA from clinical samples, the difference between measured 
and expected frequencies could be due to experimental variability as the proportions 
of extracted DNA were adjusted by adaptations to the volume and not by an exact 
quantification of the genetic material.

Concerning the wet-lab validation, long-range PCR of UL97 and UL54 was initially 
performed using previously published primers (34). Different conditions in annealing 
temperatures, primers, and DNA concentrations were tested on various samples (viral 

TABLE 4 Detection frequency of resistance mutations in mixes of two bacmid DNA samples using NGS 
technologya,b (Continued)

Sample Bacmid ratio Sanger reference 

technology CNR 

Herpesvirus

Long-range PCR and ClairS-TO, 

NGS technology, CHUGA

UL97 (E655D) UL54 (N408S) UL97 

(E655D)

UL54 

(N408S)

UL97 (E655D) UL54 

(N408S)

E10 97.5% 2.5% 96%, 6,890 reads 3%, 3,774 

reads

aCHUGA, Grenoble-Alpes University hospital.
bBold indicates mutations not present in the variant call table but found on the integrated genome viewer.
cNA, Not applicable.
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loads from 75,561 to 248,170 IU/mL) without satisfactory amplification results. Amplifica-
tion of targets above 3,000 bp might be compromised due to the presence of fragmen­
ted DNA, especially in samples with low viral loads (38). This may lead to the design of 
new primers to amplify half genes above 3,000 bp. The amplification step could be seen 
as an obstacle to developing whole-genome sequencing, like preferential priming of one 
subpopulation over another. Although, contrary to shotgun analysis or other enrichment 
assays, our technology using only specific PCR amplification avoids sequencing bias (39).

The use of the rapid barcoding kit saved considerable time compared with the use 
of the standard ONT protocol. Sequencing equipment in biology laboratories makes 
the implementation of this technology easier and cheaper. The possibility of reusing a 
sequencing flowcell for several analyses after a simple wash reduces costs. The flowcell 

FIG 3 Visualization of the distribution of SNPs on UL54 raw sequencing data. Haplotype was determined by whatsHap (32) and visualized on IGV (33). Red reads 

indicate reads belonging to one subpopulation, while blue indicates a second subpopulation. SNPs presented in both populations is described in the table under 

the figure.

TABLE 5 Long-range PCRs followed by Oxford Nanopore sequencing quality metrics

Quality metrics for run validation

PHRED quality score More than 9

Positive control All SNPs based on bottom criteria were detected

Negative control = extraction and 

amplification control

Less than 100 reads and no consensus on-target CMV

Quality metrics for sample validation

  Amplicon coverage Minimum 80% of the amplicon with more than 100 readsa

  Mapped reads per amplicon More than 500 readsa

Quality metrics for SNP validation

  Read depth threshold More than 100 readsa

  Variant reporting frequency 5%b

Quality metrics for interpretation assignment per drug

  Based on mutation resistance database of CNR Herpesvirus Limoges
aBased on our sequencing experience and Oxford Nanopore recommendations.
bBased on mixed bacmid experiments and clinical recommendations.
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can be reused if at least 600 pores remain. Sequencing on a flongle was tested, 
but mapped reads and amplicon coverage were below sequencing on the flowcell, 
particularly with low viral load samples. Sequencing cost, including extraction and 
PCR, was evaluated at 200 €/sample for our technology and 150 €/sample with Sanger 
analysis. Time saving through bioinformatics is also an important point to consider: 1.5 
days compared with 3 days using Sanger technology. The all bioinformatics manage­
ment requires skilled staff and high-performance hardware and software to analyze and 
store large amounts of NGS data.

Dry-lab workflow was developed and adapted from viralrecon. Clair3 variant calling 
failed to list all mutations with frequencies below 20% (40) despite modifications in 
analysis parameters. With ClairS-TO, a deep learning method for long-read somatic small 
variant calling, mutations with frequencies between 20% and 2.5% were referenced in 
the VCF. Compared with Sanger analysis, our technology better detects low-frequency 
mutations and offers earlier detection of emerging resistant populations, leading to
closer monitoring of these patients and, if necessary, a faster adaptation of antiviral 
treatments (21, 37, 41). Thanks to improvements in chemistry and basecalling algorithms, 
the error rate and detection of in-frame deletion mutations were improved (42). This new 
NGS assay can also detect multiple CMV subpopulations in CMV-infected patients. Some 
short-read sequencing data have demonstrated the within-host nucleotide diversity of 
CMV strains, suggesting frequent viral recombination (43). Estimating this diversity is 
difficult using amplicon sequencing but can be facilitated using long reads. Moreover, 
this technology can be used to study the genetic diversity of CMV from clinical isolates 
for epidemiological surveillance and to determine the strain landscape of circulating 
CMV (44). Indeed, one study showed that the viral load and time for CMV elimination 
could depend on the genotype (45). Thanks to these new diagnostic capabilities, it 
would also be interesting to assess whether early detection of resistance mutations 
can have an impact on patient management, and also on current recommendations for 
resistance CMV testing. It will be interesting to reassess these data in future multicenter 
clinical trials, including patients with persistent viremia under treatment.

Quality metrics of sequencing assays should be performed as resistant mutations 
may be missed due to low sensitivity, and on the contrary, false-positive mutation 
read-outs may occur, leading to the mistaken switching of therapy. Reliable testing 
is needed, and laboratories must have a clear understanding of the bioinformatic 
process in place (37). Given all  the possible sequencing technologies (Illumina, 
Ion Torrent, ONT) and the different bioinformatics pipelines, resource sharing will 
facilitate standardization and assay development across different labs. Finally, despite 
the higher sensitivity and rapidity of NGS compared with Sanger, both approaches 
detected unknown SNPs that should be tested with phenotypic assays in the CNR 
Herpesvirus Limoges.

Conclusion

We developed and validated long-range PCR of the six entire genes involved in CMV 
antiviral resistance, followed by NGS sequencing in a single run (ONT). This technology 
requires expertise in molecular biology and bioinformatics. To optimize these technolo­
gies, we recommend using a standardized mutation resistance database that is regularly 
updated and available online, as proposed by CNR Herpesvirus Limoges.

ACKNOWLEDGMENTS

The authors would like to thank Claire Andréani for her help in correcting the English and 
for her advice.

AUTHOR AFFILIATIONS

1Univ. Grenoble Alpes, CNRS, CEA, IRIG IBS, Grenoble, France
2Virology Laboratory, Institut de Biologie et de Pathologie, Grenoble, France

Full-Length Text Antimicrobial Agents and Chemotherapy

August 2025  Volume 69  Issue 8 10.1128/aac.00141-2512

https://doi.org/10.1128/aac.00141-25


3Laboratoire de Bactériologie-Virologie-Hygiène, CHU Limoges, Limoges, France
4INSERM, RESINFIT, Limoges, France

PRESENT ADDRESS

Julien Andreani, Aix-Marseille Univ, MEPHI, Marseille, France

AUTHOR ORCIDs

Julien Andreani  http://orcid.org/0000-0002-8630-4763
Aurélie Truffot  http://orcid.org/0000-0002-7991-1733
Julien Lupo  http://orcid.org/0000-0002-6755-3115
Raphaële Germi  http://orcid.org/0000-0001-7600-5930

AUTHOR CONTRIBUTIONS

Julien Andreani, Conceptualization, Data curation, Formal analysis, Investigation, 
Methodology, Validation, Writing – original draft, Writing – review and editing | Aurélie 
Truffot, Data curation, Formal analysis, Investigation, Methodology, Writing – original 
draft | Valentin Tilloy, Data curation, Formal analysis, Software | Hugo Jardin, Concep­
tualization, Data curation, Formal analysis, Software, Writing – original draft | Matilda 
Lespinasse, Formal analysis, Methodology | Marie Usal, Data curation, Formal analysis, 
Methodology | Sylvie Larrat, Conceptualization, Supervision, Validation | Patrice Morand, 
Resources, Supervision | Julien Lupo, Supervision, Validation, Writing – original draft 
| Sébastien Hantz, Conceptualization, Data curation, Supervision, Validation, Writing – 
original draft | Sophie Alain, Supervision, Validation, Visualization, Writing – original draft 
| Raphaële Germi, Conceptualization, Investigation, Resources, Supervision, Validation, 
Visualization, Writing – original draft, Writing – review and editing

DATA AVAILABILITY

The sequences are deposited in NCBI GenBank under PV630724-PV630776. Pipeline data 
are also available on the Github platform (https://gitlab.com/hugo.jardin2.0/cmv_drm). If 
readers need further information, they can contact the corresponding authors.

ETHICS APPROVAL

The NGS-CMV study is a non-interventional, monocentric, retrospective study involving 
data and samples from human participants and has been carried out in Grenoble 
University Hospital according to current French regulation. The investigator (A.T.) has 
signed a commitment to comply with Reference Methodology n°004 issued by French 
Authorities (CNIL). Subjects were all informed and did not oppose; written consent for 
participation was not required for this study in accordance with the national legislation 
and the institutional requirements. The raw data supporting the conclusions of this 
article will be made available by the authors within respect of General Data Protection 
Regulation, without undue reservation.

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Supplemental tables (AAC00141-25-s0001.docx). Tables S1 to S4.
Table S5 (AAC00141-25-s0002.xlsx). Variant caller file with double population.

Full-Length Text Antimicrobial Agents and Chemotherapy

August 2025  Volume 69  Issue 8 10.1128/aac.00141-2513

http://orcid.org/0000-0002-8630-4763
http://orcid.org/0000-0002-7991-1733
http://orcid.org/0000-0002-6755-3115
http://orcid.org/0000-0001-7600-5930
https://www.ncbi.nlm.nih.gov/nuccore/PV630724
https://www.ncbi.nlm.nih.gov/nuccore/PV630776
https://gitlab.com/hugo.jardin2.0/cmv_drm
https://doi.org/10.1128/aac.00141-25
https://doi.org/10.1128/aac.00141-25


REFERENCES

1. Silva Junior HT, Tokat Y, Cai J, Singh I, Sandhu A, Demuth D, Kim J. 2023. 
Epidemiology, management, and burden of cytomegalovirus in solid 
organ transplant recipients in selected countries outside of Europe and 
North America: a systematic review. Transplant Infectious Dis 25:e14070. 
https://doi.org/10.1111/tid.14070

2. Gatherer D, Seirafian S, Cunningham C, Holton M, Dargan DJ, Baluchova 
K, Hector RD, Galbraith J, Herzyk P, Wilkinson GWG, Davison AJ. 2011. 
High-resolution human cytomegalovirus transcriptome. Proc Natl Acad 
Sci U S A 108:19755–19760. https://doi.org/10.1073/pnas.1115861108

3. Tai-Schmiedel J, Karniely S, Lau B, Ezra A, Eliyahu E, Nachshon A, Kerr K, 
Suárez N, Schwartz M, Davison AJ, Stern-Ginossar N. 2020. Human 
cytomegalovirus long noncoding RNA4.9 regulates viral DNA replica­
tion. PLoS Pathog 16:e1008390. https://doi.org/10.1371/journal.ppat.100
8390

4. Du G, Dutta N, Lashmit P, Stinski MF. 2011. Alternative splicing of the 
human cytomegalovirus major immediate-early genes affects 
infectious-virus replication and control of cellular cyclin-dependent 
kinase. J Virol 85:804–817. https://doi.org/10.1128/JVI.01173-10

5. Ljungman P, Boeckh M, Hirsch HH, Josephson F, Lundgren J, Nichols G, 
Pikis A, Razonable RR, Miller V, Griffiths PD, Disease Definitions Working 
Group of the Cytomegalovirus Drug Development Forum. 2017. 
Definitions of cytomegalovirus infection and disease in transplant 
patients for use in clinical trials. Clin Infect Dis 64:87–91. https://doi.org/
10.1093/cid/ciw668

6. Kotton CN, Torre-Cisneros J, Aguado JM, Alain S, Baldanti F, Baumann G, 
Boeken U, de la Calle M, Carbone J, Ciceri F, et al. 2022. Cytomegalovirus 
in the transplant setting: where are we now and what happens next? A 
report from the International CMV Symposium 2021. Transpl Infect Dis 
24:e13977. https://doi.org/10.1111/tid.13977

7. Hantz S, Garnier-Geoffroy F, Mazeron M-C, Garrigue I, Merville P, 
Mengelle C, Rostaing L, Saint Marcoux F, Essig M, Rerolle J-P, Cotin S, 
Germi R, Pillet S, Lebranchu Y, Turlure P, Alain S, French CMV Resistance 
Survey Study Group. 2010. Drug-resistant cytomegalovirus in transplant 
recipients: a French cohort study. J Antimicrob Chemother 65:2628–
2640. https://doi.org/10.1093/jac/dkq368

8. Azevedo LS, Pierrotti LC, Abdala E, Costa SF, Strabelli TMV, Campos SV, 
Ramos JF, Latif AZA, Litvinov N, Maluf NZ, Caiaffa Filho HH, Pannuti CS, 
Lopes MH, Santos VA dos, Linardi C da CG, Yasuda MAS, Marques HH de 
S. 2015. Cytomegalovirus infection in transplant recipients. Clinics (Sao 
Paulo) 70:515–523. https://doi.org/10.6061/clinics/2015(07)09

9. Kotton CN. 2010. Management of cytomegalovirus infection in solid 
organ transplantation. Nat Rev Nephrol 6:711–721. https://doi.org/10.10
38/nrneph.2010.141

10. Ljungman P, de la Camara R, Robin C, Crocchiolo R, Einsele H, Hill JA, 
Hubacek P, Navarro D, Cordonnier C, Ward KN, 2017 European 
Conference on Infections in Leukaemia group. 2019. Guidelines for the 
management of cytomegalovirus infection in patients with haematolog­
ical malignancies and after stem cell transplantation from the 2017 
European Conference on Infections in Leukaemia (ECIL 7). Lancet Infect 
Dis 19:e260–e272. https://doi.org/10.1016/S1473-3099(19)30107-0

11. Hakki M, Aitken SL, Danziger-Isakov L, Michaels MG, Carpenter PA, 
Chemaly RF, Papanicolaou GA, Boeckh M, Marty FM. 2021. American 
Society for Transplantation and Cellular Therapy Series: #3—prevention 
of cytomegalovirus infection and disease after hematopoietic cell 
transplantation. Transplant Cell Ther 27:707–719. https://doi.org/10.101
6/j.jtct.2021.05.001

12. Razonable RR, Humar A. 2019. Cytomegalovirus in solid organ transplant 
recipients-Guidelines of the American Society of Transplantation 
Infectious Diseases Community of Practice. Clin Transplant 33:e13512. ht
tps://doi.org/10.1111/ctr.13512

13. Chou S. 2020. Advances in the genotypic diagnosis of cytomegalovirus 
antiviral drug resistance. Antiviral Res 176:104711. https://doi.org/10.101
6/j.antiviral.2020.104711

14. Chemaly RF, Chou S, Einsele H, Griffiths P, Avery R, Razonable RR, 
Mullane KM, Kotton C, Lundgren J, Komatsu TE, Lischka P, Josephson F, 
Douglas CM, Umeh O, Miller V, Ljungman P, Resistant Definitions 
Working Group of the Cytomegalovirus Drug Development Forum. 2019. 
Definitions of resistant and refractory cytomegalovirus infection and 
disease in transplant recipients for use in clinical trials. Clin Infect Dis 
68:1420–1426. https://doi.org/10.1093/cid/ciy696

15. Kotton CN, Kumar D, Caliendo AM, Huprikar S, Chou S, Danziger-Isakov 
L, Humar A, The Transplantation Society International CMV Consensus 

Group. 2018. The third international consensus guidelines on the 
management of cytomegalovirus in solid-organ transplantation. 
Transplantation 102:900–931. https://doi.org/10.1097/TP.000000000000
2191

16. Kleiboeker S, Nutt J, Schindel B, Dannehl J, Hester J. 2014. Cytomegalovi­
rus antiviral resistance: characterization of results from clinical 
specimens. Transplant Infectious Dis 16:561–567. https://doi.org/10.111
1/tid.12241

17. Tamzali Y, Pourcher V, Azoyan L, Ouali N, Barrou B, Conti F, Coutance G, 
Gay F, Tourret J, Boutolleau D. 2023. Factors associated with genotypic 
resistance and outcome among solid organ transplant recipients with 
refractory cytomegalovirus infection. Transpl Int 36:11295. https://doi.or
g/10.3389/ti.2023.11295

18. Ligat G, Muller C, Alain S, Hantz S. 2020. Le complexe terminase, une 
cible de choix dans le traitement de l’infection à cytomégalovirus 
humain. Med Sci (Paris) 36:367–375. https://doi.org/10.1051/medsci/202
0063

19. Gourin C, Alain S, Hantz S. 2023. Anti-CMV therapy, what next? A 
systematic review. Front Microbiol 14:1321116. https://doi.org/10.3389/f
micb.2023.1321116

20. Ligat G, Cazal R, Hantz S, Alain S. 2018. The human cytomegalovirus 
terminase complex as an antiviral target: a close-up view. FEMS 
Microbiol Rev 42:137–145. https://doi.org/10.1093/femsre/fuy004

21. López-Aladid R, Guiu A, Mosquera MM, López-Medrano F, Cofán F, 
Linares L, Torre-Cisneros J, Vidal E, Moreno A, Aguado JM, et al. 2019. 
Improvement in detecting cytomegalovirus drug resistance mutations 
in solid organ transplant recipients with suspected resistance using next 
generation sequencing. PLoS One 14:e0219701. https://doi.org/10.1371/
journal.pone.0219701

22. Chorlton SD, Ritchie G, Lawson T, McLachlan E, Romney MG, Matic N, 
Lowe CF. 2021. Next-generation sequencing for cytomegalovirus 
antiviral resistance genotyping in a clinical virology laboratory. Antiviral 
Res 192:105123. https://doi.org/10.1016/j.antiviral.2021.105123

23. Hage E, Wilkie GS, Linnenweber-Held S, Dhingra A, Suárez NM, Schmidt 
JJ, Kay-Fedorov PC, Mischak-Weissinger E, Heim A, Schwarz A, Schulz TF, 
Davison AJ, Ganzenmueller T. 2017. Characterization of human 
cytomegalovirus genome diversity in immunocompromised hosts by 
whole-genome sequencing directly from clinical specimens. J Infect Dis 
215:1673–1683. https://doi.org/10.1093/infdis/jix157

24. Mallory MA, Hymas WC, Simmon KE, Pyne MT, Stevenson JB, Barker AP, 
Hillyard DR, Hanson KE. 2023. Development and validation of a next-
generation sequencing assay with open-access analysis software for 
detecting resistance-associated mutations in CMV. J Clin Microbiol 
61:e0082923. https://doi.org/10.1128/jcm.00829-23

25. von Bredow B, Caldera JR, Cerón S, Chan JL, Gray HK, Garner OB, Yang S. 
2023. Clinical next-generation sequencing assay combining full-length 
gene amplification and shotgun sequencing for the detection of CMV 
drug resistance mutations. J Clin Virol 165:105520. https://doi.org/10.10
16/j.jcv.2023.105520

26. Ye J, Coulouris G, Zaretskaya I, Cutcutache I, Rozen S, Madden TL. 2012. 
Primer-BLAST: a tool to design target-specific primers for polymerase 
chain reaction. BMC Bioinformatics 13:134. https://doi.org/10.1186/1471
-2105-13-134

27. Ewels PA, Peltzer A, Fillinger S, Patel H, Alneberg J, Wilm A, Garcia MU, Di 
Tommaso P, Nahnsen S. 2020. The nf-core framework for community-
curated bioinformatics pipelines. Nat Biotechnol 38:276–278. https://doi.
org/10.1038/s41587-020-0439-x

28. Hantz S, Cotin S, Borst E, Couvreux A, Salmier A, Garrigue I, Merville P, 
Mengelle C, Attal M, Messerle M, Alain S. 2013. Novel DNA polymerase 
mutations conferring cytomegalovirus resistance: input of BAC-
recombinant phenotyping and 3D model. Antiviral Res 98:130–134. http
s://doi.org/10.1016/j.antiviral.2013.02.002

29. Alain S, Hantz S, Scieux C, Karras A, Mazeron MC, Szelag JC, Imbert BM, 
Fillet AM, Gouarin S, Mengelle C, De Wilde A, Cogne N, Champier G, 
Rogez S, Legendre C, Denis F. 2004. Detection of ganciclovir resistance 
after valacyclovir-prophylaxis in renal transplant recipients with active 
cytomegalovirus infection. J Med Virol 73:566–573. https://doi.org/10.10
02/jmv.20127

30. Champier G, Hantz S, Couvreux A, Stuppfler S, Mazeron M-C, Bouaziz S, 
Denis F, Alain S. 2007. New functional domains of human cytomegalovi­
rus pUL89 predicted by sequence analysis and three-dimensional 

Full-Length Text Antimicrobial Agents and Chemotherapy

August 2025  Volume 69  Issue 8 10.1128/aac.00141-2514

https://doi.org/10.1111/tid.14070
https://doi.org/10.1073/pnas.1115861108
https://doi.org/10.1371/journal.ppat.1008390
https://doi.org/10.1128/JVI.01173-10
https://doi.org/10.1093/cid/ciw668
https://doi.org/10.1111/tid.13977
https://doi.org/10.1093/jac/dkq368
https://doi.org/10.6061/clinics/2015(07)09
https://doi.org/10.1038/nrneph.2010.141
https://doi.org/10.1016/S1473-3099(19)30107-0
https://doi.org/10.1016/j.jtct.2021.05.001
https://doi.org/10.1111/ctr.13512
https://doi.org/10.1016/j.antiviral.2020.104711
https://doi.org/10.1093/cid/ciy696
https://doi.org/10.1097/TP.0000000000002191
https://doi.org/10.1111/tid.12241
https://doi.org/10.3389/ti.2023.11295
https://doi.org/10.1051/medsci/2020063
https://doi.org/10.3389/fmicb.2023.1321116
https://doi.org/10.1093/femsre/fuy004
https://doi.org/10.1371/journal.pone.0219701
https://doi.org/10.1016/j.antiviral.2021.105123
https://doi.org/10.1093/infdis/jix157
https://doi.org/10.1128/jcm.00829-23
https://doi.org/10.1016/j.jcv.2023.105520
https://doi.org/10.1186/1471-2105-13-134
https://doi.org/10.1038/s41587-020-0439-x
https://doi.org/10.1016/j.antiviral.2013.02.002
https://doi.org/10.1002/jmv.20127
https://doi.org/10.1128/aac.00141-25


modelling of the catalytic site DEXDc. Antivir Ther 12:217–232. https://d
oi.org/10.1177/135965350701200209

31. Garrigue I, Moulinas R, Recordon-Pinson P, Delacour M-L, Essig M, 
Kaminski H, Rerolle J-P, Merville P, Fleury H, Alain S. 2016. Contribution 
of next generation sequencing to early detection of cytomegalovirus 
UL97 emerging mutants and viral subpopulations analysis in kidney 
transplant recipients. J Clin Virol 80:74–81. https://doi.org/10.1016/j.jcv.2
016.04.017

32. Schrinner SD, Mari RS, Ebler J, Rautiainen M, Seillier L, Reimer JJ, Usadel 
B, Marschall T, Klau GW. 2020. Haplotype threading: accurate polyploid 
phasing from long reads. Genome Biol 21:252. https://doi.org/10.1186/s
13059-020-02158-1

33. Thorvaldsdóttir H, Robinson JT, Mesirov JP. 2013. Integrative Genomics 
Viewer (IGV): high-performance genomics data visualization and 
exploration. Brief Bioinform 14:178–192. https://doi.org/10.1093/bib/bb
s017

34. Sahoo MK, Lefterova MI, Yamamoto F, Waggoner JJ, Chou S, Holmes SP, 
Anderson MW, Pinsky BA. 2013. Detection of cytomegalovirus drug 
resistance mutations by next-generation sequencing. J Clin Microbiol 
51:3700–3710. https://doi.org/10.1128/JCM.01605-13

35. Ljungman P, Chemaly RF, Khawaya F, Alain S, Avery R, Badshah C, 
Boeckh M, Fournier M, Hodowanec A, Komatsu T, Limaye AP, Manuel O, 
Natori Y, Navarro D, Pikis A, Razonable RR, Westman G, Miller V, Griffiths 
PD, Kotton CN, CMV Definitions Working Group of the Transplant 
Associated Virus Infections Forum. 2024. Consensus Definitions of 
Cytomegalovirus (CMV) infection and disease in transplant patients 
including resistant and refractory CMV for use in clinical trials: 2024 
update from the transplant associated virus infections forum. Clin Infect 
Dis 79:787–794. https://doi.org/10.1093/cid/ciae321

36. Yong MK, Shigle TL, Kim Y-J, Carpenter PA, Chemaly RF, Papanicolaou 
GA. 2021. American Society for Transplantation and Cellular Therapy 
Series: #4 - cytomegalovirus treatment and management of resistant or 
refractory infections after hematopoietic cell transplantation. Transplant 
Cell Ther 27:957–967. https://doi.org/10.1016/j.jtct.2021.09.010

37. Alsanea MS, Al-Qahtani AA, Almaghrabi RS, AlAbdulkareem MA, 
Alahideb BM, Obeid D, Alsuwairi FA, Alhamlan FS. 2024. Diagnosis of 
human cytomegalovirus drug resistance mutations in solid organ 
transplant recipients—a review. Diagnostics (Basel) 14:203. https://doi.or
g/10.3390/diagnostics14020203

38. Peddu V, Bradley BT, Casto AM, Shree R, Colbert BG, Xie H, Santo TK, 
Huang M-L, Cheng EY, Konnick E, Salipante SJ, Jerome KR, Lockwood 
CM, Greninger AL. 2020. High-resolution profiling of human cytomega­
lovirus cell-free DNA in human plasma highlights its exceptionally 
fragmented nature. Sci Rep 10:3734. https://doi.org/10.1038/s41598-020
-60655-6

39. Martí-Carreras J, Maes P. 2019. Human cytomegalovirus genomics and 
transcriptomics through the lens of next-generation sequencing: 
revision and future challenges. Virus Genes 55:138–164. https://doi.org/
10.1007/s11262-018-1627-3

40. Helal AA, Saad BT, Saad MT, Mosaad GS, Aboshanab KM. 2022. 
Evaluation of the available variant calling tools for oxford nanopore 
sequencing in breast cancer. Genes (Basel) 13:1583. https://doi.org/10.33
90/genes13091583

41. Houldcroft CJ, Bryant JM, Depledge DP, Margetts BK, Simmonds J, 
Nicolaou S, Tutill HJ, Williams R, Worth AJJ, Marks SD, Veys P, Whittaker E, 
Breuer J. 2016. Detection of low frequency multi-drug resistance and 
novel putative maribavir resistance in immunocompromised pediatric 
patients with cytomegalovirus. Front Microbiol 7:1317. https://doi.org/1
0.3389/fmicb.2016.01317

42. Han AP. 2021. New Oxford nanopore sequencing chemistry reaches 99 
percent accuracy for many reads. GenomeWeb. Available from: https://w
ww.genomeweb.com/sequencing/new-oxford-nanopore-sequencing-c
hemistry-reaches-99-percent-accuracy-many-reads. Retrieved 6 Aug 
2024.

43. Cudini J, Roy S, Houldcroft CJ, Bryant JM, Depledge DP, Tutill H, Veys P, 
Williams R, Worth AJJ, Tamuri AU, Goldstein RA, Breuer J. 2019. Human 
cytomegalovirus haplotype reconstruction reveals high diversity due to 
superinfection and evidence of within-host recombination. Proc Natl 
Acad Sci U S A 116:5693–5698. https://doi.org/10.1073/pnas.181813011
6

44. Vankova OE, Brusnigina NF, Novikova NA. 2023. NGS technology in 
monitoring the genetic diversity of cytomegalovirus strains. Sovrem 
Tekhnologii Med 15:41–46. https://doi.org/10.17691/stm2023.15.2.04

45. Wu X, Wang Y, Zhu Z, Xu Y, He GS, Han Y, TangXW, Fu ZZ, QiuHY, SunAN, 
Wu DP. 2013. The correlation of cytomegalovirus gB genotype with viral 
DNA load and treatment time in patients with CMV infection after 
hematopoietic stem cell transplantation. Chin J Hematol 34:109–112.

Full-Length Text Antimicrobial Agents and Chemotherapy

August 2025  Volume 69  Issue 8 10.1128/aac.00141-2515

https://doi.org/10.1177/135965350701200209
https://doi.org/10.1016/j.jcv.2016.04.017
https://doi.org/10.1186/s13059-020-02158-1
https://doi.org/10.1093/bib/bbs017
https://doi.org/10.1128/JCM.01605-13
https://doi.org/10.1093/cid/ciae321
https://doi.org/10.1016/j.jtct.2021.09.010
https://doi.org/10.3390/diagnostics14020203
https://doi.org/10.1038/s41598-020-60655-6
https://doi.org/10.1007/s11262-018-1627-3
https://doi.org/10.3390/genes13091583
https://doi.org/10.3389/fmicb.2016.01317
https://www.genomeweb.com/sequencing/new-oxford-nanopore-sequencing-chemistry-reaches-99-percent-accuracy-many-reads
https://doi.org/10.1073/pnas.1818130116
https://doi.org/10.17691/stm2023.15.2.04
https://doi.org/10.1128/aac.00141-25

	Long-range PCRs and next-generation sequencing to detect cytomegalovirus drug resistance-associated mutations
	MATERIALS AND METHODS
	Patient samples and controls
	Long-range PCR design and amplification
	Library preparation and NGS sequencing
	Bioinformatics analyses
	Detection of minor variants

	RESULTS
	Assay validation
	Minor variants in mixed DNA from clinical samples
	Detection threshold of minor variants in bacmid mixtures
	Double viral population detection with long-read sequencer
	NGS quality metrics

	DISCUSSION
	Conclusion



