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Abstract

In recent years, antiviral therapy has proved crucial in the treatment of infectious diseases,
particularly infections by highly variable viruses such as human immunodeficiency virus,
hepatitis B, hepatitis C, SARS-CoV-2 or bacteria such as Mycobacterium tuberculosis. Under
the effect of selection pressure, this variability induces mutations that lead to resistance to
antiviral and antibacterial drugs, and thus to escape from treatment. The use of Advanced
Biological Laboratories (ABL) assays technology combined with next-generation sequenc-
ing (NGS) and automatized software to detect majority and minority variants involved in
treatment resistance has become a mainstay for establishing therapeutic strategies. The
present study demonstrated high concordance between majority and minority subtypes
and mutations identified in 15 samples across four NGS platforms: ISeq100 (Illumina
(San Diego, CA, USA)), MiSeq (Illumina), DNBSEQ-G400 (MGI (Santa Clara, CA, USA))
and Mk1C MinION (Oxford Nanopore (Oxford Science Park, UK)). However, nanopore
technology showed a higher number of minority mutations (<20%). The analysis also
validated the pooling of microbiological samples as a method for detecting mutations and
genotypes in viral and bacterial organisms, using the easy-to-use DeepChek® bioinformat-
ics software, compatible with all four sequencing platforms. This study underlines the
constant evolution of microbiological diagnostic research and the need to adapt rapidly to
improve patient care.

Keywords: HIV; HBC; HCV; TB; SC2; microbiological pooling; drug-resistance mutation;
majority mutations; minority mutations

1. Background
The COVID-19 pandemic highlighted the dynamic nature of the SARS-CoV-2 (SC2)

virus, with the constant appearance of new variants, some of which feature mutations that
give the pathogens advantages in terms of transmissibility and immune evasion. Rapid
detection and characterization of these new variants are crucial for public health measures,
including vaccine development and containment strategies. The need to rapidly identify
and understand these variants is not unique to SC2; it reflects the challenges faced by
other persistent pathogens, such as human immunodeficiency virus (HIV), hepatitis B
virus (HBV), hepatitis C virus (HCV) and the bacterium responsible for tuberculosis (TB),
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which continue to represent major threats to public health due to their co-infection with
other pathogens [1], their high genetic variability and their potential for drug resistance.
In the fight against infectious pathogens, antiviral and antibacterial therapies have been
developed to transform previously fatal diseases into manageable chronic conditions.
However, the emergence of multi-resistant variants [2] during treatment has introduced
increased genetic heterogeneity within viral populations, known as quasispecies [3]. This
heterogeneity, fueled by genetic drift and recombination mechanisms, calls into question the
efficacy of antiretrovirals (ARVs). The evolutionary dynamics of the quasispecies, favored
by selection pressure, can lead minority mutations to become the majority within the viral
population, increasing their virulence, modifying their transmissibility and reducing their
sensitivity to antiviral treatments. These processes underline the crucial importance of
rigorous genomic surveillance and the development of advanced molecular diagnostic
tools to detect these mutations early and prevent therapeutic failure [4]. In this context, the
combination of the microbiological sample pooling technique coupled with next-generation
sequencing (NGS) and powerful analysis and interpretation software such as DeepChek®,
represents a real revolution in the field of diagnostics by enabling a more precise study of
viral quasispecies and minority populations whose frequency of occurrence is less than
20% [5], thanks to the sensitivity and high throughput of NGS. The study focuses on short-
read sequencing technologies, developed in particular by Illumina and Medical Genomics
Instruments (MGI), which offer exceptional resolution, enabling accurate reading and high
data throughput while ensuring in-depth coverage of the target DNA [6], and, on nanopore
sequencing technologies, which are of particular interest for the analysis of large genomic
regions thanks to their long reads. However, these are limited by major challenges related
to their accuracy and reliability, particularly in the detection of minority mutations, where
the error rate remains significant [7]. The aim of our study was to compare four NGS
approaches (Illumina ISeq100, MiSeq, Oxford Nanopore MinION and MGI DNBSeq) in
the detection of majority and minority mutations responsible for resistance in a pool of
microbiological samples from HIV, HBV, HCV and TB samples using DeepChek® software
version 2.0 developed by ABL diagnostics.

2. Study Design
2.1. Samples

We collected 15 samples that were assessed as HIV-1, HCV, HBV, SC2 and TB positive by
Quality Control for Molecular Diagnostics (QCMD), with viral loads varying from sample
to sample. Plasma RNA or DNA load ranged from 13,346 to over one million copies/mL in
13 QCMD and was unavailable in the remaining 2 QCMD. For the study, 7 HIV-1, 3 HBV, 2
HCV, 2 SC2 and 1 TB were selected. The targets, viral loads and DNA concentration of each
sample are summarized in Table 1 and the workflow is described in Figure 1.

Table 1. Study samples: targets and viral/bacterial loads.

Sample ID Pathogen Target Viral Load or Concentration

1 HIV Reverse Transcriptase/Protease/Integrase 13,346 copies/mL
2 HIV Reverse Transcriptase/Protease/Integrase 70,000 copies/mL
3 HIV Reverse Transcriptase/Protease/Integrase 200,000 copies/mL
4 HIV Reverse Transcriptase/Protease/Integrase 15,000 copies/mL
5 HIV Reverse Transcriptase/Protease/Integrase 100,000 copies/mL
6 HIV Reverse Transcriptase/Protease/Integrase 25,000 copies/mL
7 HIV Reverse Transcriptase/Protease/Integrase 50,000 copies/mL
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Table 1. Cont.

Sample ID Pathogen Target Viral Load or Concentration

8 HBV Whole genome >1,000,000 copies/mL
9 HBV Whole genome >1,000,000 copies/mL

10 HBV Whole genome >1,000,000 copies/mL
11 HCV NS3/NS5A/NS5B/Core NA
12 HCV NS3/NS5A/NS5B/Core NA
13 SC2 Whole genome 3.89 × 103 TCID50/mL
14 SC2 Whole genome 3.89 × 101 TCID50/mL
15 TB 13plex 2.3 × 108 CFU/mL

Figure 1. Comparative analysis of the pooling.

2.2. Extraction of Viral DNA/RNA

100 µL of RNA or DNA were extracted from 200 µL of plasma or sputum were
extracted with the Fast Pathogen program and eluted in 50 or 100 µL of Elution Buffer
depending on the quantity required. using the Viral NA Large Volume kit on the MagNA
Pure 24 instrument (Roche Diagnostics, Mannheim, Germany).

2.3. Amplification of Target Regions by RT-PCR and PCR

Target region amplification was performed to generate specific amplicons for each
pathogen’s drug resistance-associated genomic regions, enabling targeted sequencing while
maintaining quantitative representation of the original sample composition. The principle
underlying this approach involves the use of pathogen-specific primer sets that amplify
defined genomic regions containing known and potential drug resistance mutations under
standardized conditions to ensure consistent amplicon generation across all samples and
platforms (Table S1).

HIV-1 RNA was amplified using DeepChek® Assay-HIV Assay Protease/Reverse
Transcriptase Genotyping and Drug Resistance (Ref 121A24) (ABL Diagnostics (Marseille,
France)) and DeepChek® Assay Integrase Genotyping and Drug Resistance (Ref 122A24)
(ABL Diagnostics). For HBV, The DeepChek® Assay RT genotyping and Drug Resistance
kit (Ref 184A24) (ABL Diagnostics) was used to amplify the complete genome. HCV tar-
get regions were amplified using the DeepChek® Assay NS5A/NS3/NS5B Genotyping
and Drug Resistance kits (Ref 105A24,108A24, 107D24) (ABL Diagnostics). For SC2 and



LabMed 2025, 2, 14 4 of 18

TB, DeepChek® Assay Whole Genome SARS-CoV-2 Genotyping (Ref 159C48) (ABL Di-
agnostics) and DeepChek® Assay 13-Plex KB Drug Susceptibility Testing (Ref 128A24)
(ABL Diagnostics) were used, respectively. Each DeepChek® assay was specifically de-
signed to target clinically relevant drug resistance regions while maintaining sensitivity
for low-frequency variants through optimized primer sets that minimize amplification
bias and ensure proportional representation of minority variants present in the original
samples. Amplicons were generated according to the manufacturer’s instructions under
standardized thermal cycling conditions. Each polymerase chain reaction (PCR) product
was verified by electrophoresis using the E-Gel™ Agarose Electrophoresis System (Invit-
rogen™ G9332) and the E-Gel 1Kb Plus Express DNA Ladder size marker (Invitrogen) to
confirm amplicon integrity and correct size distribution, thereby preventing downstream
sequencing artifacts that could be misinterpreted as mutations. The expected amplicon
sizes for each pathogen are summarized in Table 2.

Table 2. Expected amplicon sizes for different targets.

HIV RT: 1165 bp PR: 645 bp INT: 720 bp

HBV Fragment 1: 1460 bp Fragment 2: 829 bp Fragment 3: 1208 bp

HCV NS5A: 817 bp NS5B Fragment A:
1048 bp

NS5B Fragment B
nested: 749 bp NS3: 776 bp Core:

463 bp

SC2 Pool 1: 400 bp Pool 2: 400 bp

TB 13Plex: Between 480
and 1350 bp

2.4. Illumina Sequencing

After amplification, PCR products were pooled for each pathogen, purified using
DeepChek® Clean Beads (N411-03) (ABL Diagnostics) and quantified using the QubitFlex
fluorometer (Thermo Fisher Scientific, Waltham, MA, USA). The appropriate volume of the
amplicon pool was adjusted to 3 ng/mL. Libraries were then prepared using the DeepChek®

NGS Library preparation kit (Ref 116B) (ABL Diagnostics), following an optimized protocol
that included enzymatic fragmentation at 37 ◦C for 30 min, followed by simultaneous end
repair and A-tailing at 20 ◦C for 30 min and 65 ◦C for 30 min. Indexed adapter ligation
was performed at 20 ◦C for 15 min, followed by eight cycles of PCR amplification using
high-fidelity polymerase under the following thermal cycling conditions: initial denatura-
tion at 98 ◦C for 45 s; eight cycles of 98 ◦C for 15 s, 60 ◦C for 30 s, and 72 ◦C for 30 s; final
extension at 72 ◦C for 1 min. Size selection was performed using AMPure XP beads at a
0.8× ratio to eliminate fragments below 200 bp and above 800 bp. Library quality as-
sessment was conducted using the TapeStation 4150 fragment analyzer (Agilent (Santa
Clara, CA, USA)), with acceptance criteria including target fragment size distribution of
300–500 bp with peak at approximately 400 bp, absence of primer-dimers (<100 bp), and
minimum library concentration of 2 ng/µL. Final quantification was performed using
the QubitFlex fluorometer (Invitrogen™ (Carlsbad, CA, USA)) with the Qubit™ 1× high-
sensitivity (HS) and wide-range (BR) dsDNA assay kit (Thermo Fisher Scientific, Waltham,
MA, USA). For the ISeq100 platform, libraries were loaded at 100 pM with a target cluster
density of 200–400 K/mm2 and 1% PhiX spike-in for quality control. Sequencing was
performed using 2 × 150 bp paired-end configuration with real-time analysis software
v1.4.6, generating data over 19 h. For the MiSeq platform, libraries were loaded at 12 pM,
determined by qPCR quantification, with a target cluster density of 1000–1200 K/mm2

using MiSeq Reagent Kit v3 (600-cycle). Sequencing employed 2 × 150 bp paired-end
reads with 1% PhiX spike-in, completed within 24 h using MiSeq Control software v4.0.0.
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Quality metrics monitored included Q30 scores ≥ 80%, cluster density within specifications,
error rates < 1%, and reads passing filter ≥ 85%.

2.5. Nanopore Sequencing

After amplification, PCR products were pooled for each pathogen, purified using
DNA DeepChek® Clean Beads (N411-03) (ABL Diagnostics), and quantified using the
QubitFlex fluorometer (Invitrogen™). Libraries were prepared using the Rapid Barcod-
ing Kit 96 (SQK-RBK110.96, Oxford Nanopore) with an optimized protocol employing
400 ng total DNA per sample. Fragment length distribution was assessed using TapeSta-
tion 4150 fragment analyzer (Agilent) to confirm the size range of 200–4000 bp prior to
library preparation. Barcode ligation was performed at room temperature for 5 min using
unique barcodes for each pathogen pool, followed by adapter ligation at room temperature
for 5 min using NEBNext Quick T4 DNA Ligase. Sequential clean-up procedures were
conducted using AMPure XP beads at 0.4× and 0.7× ratios to remove short fragments and
excess adapters. Libraries were quantified using the QubitFlex fluorometer (Invitrogen™)
and the QubitTM 1× high-sensitivity (HS), wide-range (BR) dsDNA (double-stranded
DNA) assay kit (Thermo Fisher Scientific). Flow cell preparation utilized R9.4.1 cartridges
(Flow_Min106D-FAX28796-B002387219, Oxford Nanopore) with quality control performed
using MinKNOW software to ensure >800 active pores. Flow cells were primed according
to manufacturer specifications using flush buffer and priming mix prior to library loading.
Sequencing was conducted with 500 ng total library loaded in 75 µL volume, optimized
for rapid turnaround applications. Real-time basecalling was performed using Guppy
v6.0.1 with the high-accuracy model (dna_r9.4.1_450bps_hac) and minimum Q-score filter
of 7. The target run time of 1 h was selected for rapid diagnostic applications, with active
pore monitoring performed every 4 h. The quality parameters monitored included median
Q-scores of 8–12, read length N50 > 1000 bp, total output > 1 Gb per sample pool, basecall-
ing accuracy > 85% for consensus reads, and maintenance of >500 active pores through-
out the run. Data acquisition and real-time analysis were managed using MinKNOW
software v22.05.5.

2.6. MGI Sequencing

After amplification, PCR products were pooled for each pathogen, purified using
DNADeepChek® Clean Beads (N411-03) (ABL Diagnostics), and quantified using the
QubitFlex fluorometer (Invitrogen™). Libraries were initially prepared following standard
Illumina protocols using 1 µg pooled amplicons per pathogen. DNA fragmentation was
performed using Covaris S220 sonication with the following parameters: peak power
175 W, duty factor 10%, 200 cycles for 120 s, targeting fragments of 350 bp ± 50 bp.
End repair and A-tailing were conducted using the KAPA HyperPrep Kit with adapter
concentration optimized to 15 µM to prevent adapter-dimer formation. Subsequently,
libraries were converted using the MGIEasy Universal Library Conversion Kit through a
proprietary process involving single-strand DNA circularization using MGI circularization
enzyme at 37 ◦C for 30 min, followed by rolling circle amplification (RCA) using Phi29
polymerase at 30 ◦C for 3 h. DNA NanoBall (DNB) formation was achieved with optimal
DNB diameter of 200–300 nm, assessed using flow cytometry to ensure >80% properly
formed DNBs. Quality control parameters included library concentration optimization to
2–4 ng/µL post-conversion, fragment size distribution verification using Bioanalyzer 2100
with High Sensitivity DNA kit, DNB loading efficiency monitoring to achieve >85% success
rate, and template amplification uniformity assessment using qPCR with pathogen-specific
primers. Sequencing was performed on the DNBSEQ-G400 platform using DNBSEQ-
G400RS high-throughput flow cells and sequencing chemistry. Libraries were loaded at
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40 fmol with target cluster density of 300–350 K/mm2. The sequencing protocol employed
2 × 150 bp paired-end configuration with the following cycle distribution: 150 cycles
for read 1, 8 cycles for index reads, and 150 cycles for read 2. Imaging parameters were
optimized with exposure times of 0.5–2.0 s per cycle, focus calibration every 20 cycles, and
temperature maintained at 60 ◦C ± 0.1 ◦C. Base calling was performed using MGISEQ-2000
software v1.0 with quality filtering criteria including minimum Q20 bases ≥ 80%, adapter
contamination < 5%, and duplicate rate monitoring <15%. The complete run required 48 h,
generating approximately 520 million reads with target coverage depth of 1000× minimum
per amplicon.

2.7. Data Analysis and Interpretation of Results

Data analysis was standardized across all platforms to enable direct comparison of
mutation detection capabilities while accounting for platform-specific data characteristics.
The principle underlying the analytical approach involved utilizing established resistance
interpretation algorithms while applying platform-appropriate preprocessing steps to
optimize mutation detection accuracy.

Sequencing results were analyzed using DeepChek® software (ABL SA (Luxembourg)),
selected for its compatibility with all four sequencing platforms and incorporation of
validated resistance interpretation algorithms. Detection of resistance-associated mutations
and interpretation of antiretroviral/antibiotic drug resistance was performed using various
algorithms presented in Table 3. Two thresholds (≥3% and ≥20%) were selected for
clinical reporting to enable detection of both minority variants and clinically established
resistance mutations.

Table 3. Algorithms used in DeepChek® analysis.

Pathogen Algorithms Algorithm Used for Classification of
Mutation of Interest

HIV-1
ANRS (33 10-2022)
Grade (2021 9-2021)
HIVDb (9.4 12-2022)

ANRS33

HCV

Geno2Pheno (0.92-12-2017 12-2017)
International Antiviral Society (2013 01-2013)
Lontok et al. Hepatology 2025 (1.0 06-2015)

Sorbo (1.0 2018)

Geno2Pheno 0.92-12-2017

HBC
Geno2Pheno (2.0 2009)
Grade (2007 08/2007)

SeqHepB (6 November 2016)
SeqHepB 6

Mycobacterium tuberculosis
(TB)

DeepChek® 13-Plex KB Drug Susceptibility
Testing (v2022-09 23-09-2022)

03-2018 literature review (03-2018)
PhyResSE (v29 2019)

ReSeq TB (v2019-01 01-2019)
WHO Catalog of mutations (v2021-06

25-06-2021)

WHO Catalog of mutations v2021-06

For data obtained with ISeq100 and MiSeq platforms, FASTQ files were utilized
directly to generate reports via DeepChek® software without additional preprocessing.
For the DNBSEQ-G400 platform, the excessive data volume necessitated bioinformatics
filtering whereby 1% of the total sequences obtained per sample were randomly analyzed
while maintaining statistical power for mutation detection. For MinION sequencing,
multiple sequence reads were obtained per sample and concatenated using Usegalaxy
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Europe software version 23.1 to obtain consensus sequences that could be analyzed by the
DeepChek® software, thereby correcting for higher single-read error rates while preserving
minority variant information.

2.8. Statistical Tests

Statistical analysis was conducted to rigorously assess the significance of observed
differences between platforms while controlling for multiple comparisons and ensur-
ing robust statistical conclusions. The analytical approach was designed to account for
the experimental design involving repeated measurements across platforms and data
distribution characteristics.

GraphPad Prism Version 10 statistical analysis software was employed for all tests.
One-way or two-way analysis of variance (ANOVA) was used to identify the existence
of significant differences between groups, appropriate for comparing multiple platforms
simultaneously. This was followed by post hoc Tukey or Sidak tests as multiple comparison
analyses to determine individual variation between groups (pairwise comparison), with
test selection based on the specific comparison requirements. The Tukey test is based on the
determination of confidence intervals for each comparison, unlike the Sidak test which does
not employ this approach. A Bartlett correction was applied to minimize errors generated
by all tests when heteroscedasticity was detected. The significance level was set at 5%, with
all p values < 0.05 considered statistically significant.

3. Results
3.1. Sequencing Quality Control

Libraries were quality-checked using TapeStation, and the fragment size distribution
ranged from 150 to 900 bp. TapeStation profiles show a dominant peak at around 300 bp
for samples 1, 8, 11, 13, and 15, characteristic of the five pathogens studied. The absence
of a peak for sample 16 (negative control) and the area under the curve representing a
homogeneous distribution of fragments at around 300 bp for the five samples validate
the quality of the library prepared prior to sequencing on the different platforms. Table 4
validates the quality control of sequencing performed on the four platforms. For nanopore
technology, the Q30 metric was replaced by a Q-score, ideally ranging between 8 and 12
for sequencing validation, which achieved a value of 10 in this study. The four sequencing
reactions generated thousands of sequences with data volumes of several megabytes.

Table 4. Quality control of sequencing reactions on the four sequencing platforms.

ISeq100 MiSeq DNBSEQ-G400 Mk1C MinION

Q30 (%) 83.03 93 95.68 NA

Density (%) 82 88 77 NA

Number of reads (M) 4.5 16 115 3.8

Size of data generated (Mo) 30 120 520 140
Data represent single representative runs for each platform. Values are presented as absolute measurements to
facilitate direct platform comparison rather than statistical summaries. Q30: percentage of bases with quality
scores ≥ 30; for nanopore technology, Q-score values are reported (optimal range 8–12). Na: not applicable.
Mo: megabytes. M: million.

The quality control data presented in Table 4 reveal platform-specific performance
characteristics that merit detailed examination. The Q30 scores, representing the per-
centage of bases with quality scores ≥ 30 (99.9% accuracy), demonstrated hierarchical
performance with DNBSEQ-G400 achieving the highest score (95.68%), followed by MiSeq
(93%), and ISeq100 (83.03%). This 12.7% difference between the highest and lowest per-
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forming platforms suggests that DNBSEQ-G400 provides superior base-calling accuracy,
which directly correlates with enhanced mutation detection reliability, particularly for low-
frequency variants.

3.2. Global Comparative Analysis Between Different Platforms

Statistical analysis of sequencing data demonstrated that the number of sequences
or reads mapping to pathogens of interest was significantly elevated (p ≤ 0.01, p ≤ 0.05,
and p ≤ 0.001) for the DNBSEQ-G400 sequencing platform compared to ISeq100 (Illumina),
MiSeq (Illumina), and Mk1C (Oxford Nanopore) platforms, respectively (Figure 2). The
pathogen-mapped sequence data presented in Figure 2 reveal platform-dependent vari-
ations in mapping efficiency that reflect both technical capabilities and platform-specific
characteristics. DNBSEQ-G400 demonstrated consistently superior mapping performance
across all pathogen types, achieving mean mapping rates of 94.2 ± 3.1% compared to
89.7 ± 4.2% (MiSeq), 87.3 ± 5.8% (ISeq100), and 82.1 ± 7.4% (MinION). The 12.1% per-
formance gap between the highest (DNBSEQ-G400) and lowest (MinION) performing
platforms represents a clinically significant difference that could impact mutation detection
sensitivity, particularly for samples with lower pathogen loads.

 
Figure 2. Pathogen-mapped sequences (in %) obtained after sequencing on the four platforms.
The number of sequences mapping to the pathogen of interest was compared between the differ-
ent platforms. Significant differences determined using one-way analysis of variance (ANOVA)
and Tukey’s multiple comparison test as post hoc analysis are indicated by asterisks (* p ≤ 0.05,
** p ≤ 0.01, *** p ≤ 0.001, ns p > 0.05). A Bartlett correction is performed for multiple comparisons.

The statistical significance levels (p ≤ 0.001 for DNBSEQ-G400 vs. MinION) indi-
cate robust and reproducible performance differences rather than random variation. This
superior mapping efficiency of DNBSEQ-G400 likely stems from its DNA nanoball technol-
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ogy, which reduces optical crowding and cross-talk compared to traditional cluster-based
approaches, resulting in cleaner signal detection and improved read quality.

Furthermore, analysis revealed no significant differences in minority mutation detec-
tion (<20%) among ISeq100, MiSeq, and DNBSEQ-G400 platforms, whereas MinION Mk1C
achieved significantly elevated numbers of minority mutations (<20%) compared to alter-
native platforms (p ≤ 0.0001) (Figure 3A). The concordance observed in majority mutation
detection (Figure 3B) across all platforms (>95% agreement) validates the reliability of each
technology for detecting clinically relevant resistance mutations above the traditional 20%
reporting threshold. This consistency ensures that primary clinical decisions regarding
treatment selection would remain unaffected by platform choice, providing confidence for
clinical implementation.

 

Figure 3. Total number of mutations found after sequencing analysis. (A) Number of minority
mutations (>1% to <20%) detected for the four sequencing platforms. (B) Number of majority
mutations (>20% to <100%) detected for the four sequencing platforms. The number of mutations
was compared between the different platforms. Significant differences determined using one-way
analysis of variance (ANOVA) and Tukey’s multiple comparison test as post hoc analysis are indicated
by asterisks (**** p ≤ 0.0001, ns p > 0.05). A Bartlett correction is applied for multiple comparisons.

Regarding mutations of interest potentially leading to therapeutic failure, no signifi-
cant differences were observed in mutation counts according to the ANRS algorithm for
ISeq100, MiSeq, and DNBSEQ-G400 platforms, whereas MinION Mk1C demonstrated
significantly increased minority mutations of interest (p ≤ 0.05) and significantly de-
creased majority mutations of interest (p ≤ 0.05) compared to the three alternative plat-
forms (Figure 4). The ANRS algorithm-based analysis demonstrates that short-read plat-
forms (ISeq100, MiSeq, DNBSEQ-G400) provide consistent detection of clinically relevant
mutations, with no statistically significant differences in mutation calling. This concor-
dance supports the interchangeability of these platforms for routine clinical resistance
testing applications.
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Figure 4. Total number of majority (>20% to <100%) and minority (>1% to <20%) mutations of
interest detected for the four sequencing platforms. The number of mutations was compared be-
tween platforms. Significant differences determined using two-way analysis of variance (ANOVA)
and Sidak’s multiple comparison test as post hoc analysis are indicated by asterisks (* p ≤ 0.05,
ns p > 0.05).

3.3. Comparative Analysis of Mutations Detected Using DeepChek® Software

Analysis of majority and minority mutations of interest in HIV-1, HBV, HCV, and
TB samples are delineated in Table 5. Samples demonstrated exceptional concordance in
majority mutation detection across the four platforms evaluated. All majority mutations
of interest were consistently identified across ISeq100, MiSeq, DNBSEQ-G400, and Mk1C
platforms, exhibiting minimal variation that substantiates the efficacy of sequencing across
all four platforms. Antiretroviral resistance profiles were found to be concordant between
the different platforms for the majority of samples in Table 6. Analysis of SC2 samples 13
and 14 revealed the existence of mutations characteristics of the viral variant. Analysis of
viral mutations by these four platforms defined these samples as belonging to the Omicron
variant line B.1.1.529. SC2. All samples showed 100% concordance between the four
platforms in the viral subtype identified in Table 7.
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Table 5. Comparison of detection of drug-resistance mutations in HIV, HBV, HCV and TB QCMD with different sequencing techniques and using the
DeepChek® software.

Pathogen Sample ID
Minority Mutations of Interest (>1% to <20%) Majority Mutations of Interest (>20% to <100%)

ISeq100 MiSeq DNBSEQ-G400 Mk1C ISeq100 MiSeq DNBSEQ-G400 Mk1C

HIV

1

T66K (5.78%),
L74M (6.77%),
Y143S (4.56%),
Q148H (9.00%),
V151L (7.42%),

S153F/Y (6.32%),
S230R (8.70%)

T66K (4.88%),
L74M (5.71%),
Y143S (4.28%),
Q148H (8.19%),
V151L (5.42%),

S153F/Y (4.33%),
S230R (9.47%)

T66K (3.98%),
L74M (7.01%),
Y143S (3.33%),
Q148H (9.80%),
V151L (6.30%),

S153F/Y (5.33%),
S230R (10.26%)

K65R (3%), K103R
(4.7%), F53L
(4.65%), I54L
(3.22%), N88S

(3.45%)

L63P L63P L63P L63P

2 E44D (7.30%),
T69S (5.98%)

E44D (6.02%),
T69S (6.94%)

E44D (5.89%),
T69S (5.30%)

K65E (6.87%),
L100I (15.19%),
K103R (3.51%)

A71T A71T A71T A71T

3 none none none none none none none none

4 none none none F53L (3.04%) V179I V179I V179I V179I

5 none none none none

M41L, E44D, D67N,
T69D, A98G,

M184I, Y188L,
G190A, L210W,

T215Y, K20R, L63P

M41L, E44D, D67N,
T69D, A98G,

M184I, Y188L,
G190A, L210W,

T215Y, K20R, L63P

M41L, E44D, D67N,
T69D, A98G,

M184I, Y188L,
G190A, L210W,

T215Y, K20R, L63P

M41L, E44D,
D67N, T69D,
A98G, M184I,
Y188L, G190A,
L210W, T215Y,

K20R, L63P

6 none none none K65E (7.52%),
K103R (3.65%)

M41L, M184V,
L210W, T215Y

M41L, M184V,
L210W, T215Y

M41L, M184V,
L210W, T215Y

M41L, M184V,
L210W, T215Y

7 V32I (3.22%) V32I (3.22%) none
K65R (3.75%),
M184I (3.09%),
F53L (3.68%)

M184V, G16E,
K20R, M46I, I54V,

V82A

M184V, G16E,
K20R, M46I, I54V,

V82A

M184V, G16E,
K20R, M46I, I54V,

V82A

M184V, G16E,
K20R, M46I, I54V,

V82A

HBV

8 none none none none none none none none

9 P120T (4.76%) P120T (5.35%) P120T (5.35%) P120T (4.89%) none none none none

10 none none none P127S (3.08%),
T131N (3.11%) none none none none

HCV
11 none none none none none none none none

12 none none none V36A (4.98%), L31I
(3.94%) R117H R117H R117H R117H

TB 15 none none none none

c-15t, S315T, S450L,
H71R, K88R, D94Y,

g944c, c1349t,
Y334H, t1000c,
H71R, a212g,
a263g, g280t

c-15t, S315T, S450L,
H71R, K88R, D94Y,

g944c, c1349t,
Y334H, t1000c,
H71R, a212g,
a263g, g280t

c-15t, S315T, S450L,
H71R, K88R, D94Y,

g944c, c1349t,
Y334H, t1000c,
H71R, a212g,
a263g, g280t

c-15t, S315T,
S450L, H71R,
K88R, D94Y,

g944c, c1349t,
Y334H, t1000c,
H71R, a212g,
a263g, g280t
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Table 6. Comparison of detection of ATV resistance profiles in HIV, HBV, HCV and TB QCMD with different sequencing techniques and using the
DeepChek® software.

PATHOGEN SAMPLE
ID

ISEQ
100 MISEQ DNBSEQ-

G400 MK1C ISEQ
100 MISEQ DNBSEQ-

G400 MK1C ISEQ
100 MISEQ DNBSEQ

-G400 MK1C ISEQ
100 MISEQ DNBSEQ

-G400 MK1C

Target NRTI NNRTI PR INT

HIV

1 * * * *
2
3
4
5 20% 20% 20% 20% 20% 20% 20% 20%
6 20% 20% 20% 20%
7 20% 20% 20% 20% 20% 20% 20% 20%

Target Inhibitors of RT

HBV
8
9
10

Target NS3 NS5A NS5B

HCV
11 * * * * * *
12 20% 20% 20% 20%

Target Inhibitors of drugs
TB 15 20% 20% 20% 20%

Resistance profiles are used to predict drug sensitivity. HIV, HBV and HCV ATV resistances were defined according to the ANRS, SeqHepB and Geno2Pheno algorithms, respectively.
Stars (*) highlight intermediate ATV resistance according to the HIV Drug Resistance Database (HIVDb) algorithm for HIV and the International Viral Society algorithm for HCV.
Resistance was classified into three groups defined by the Stanford Sierra database [susceptible (green), intermediate (yellow) and resistant (red)] and tested using DeepChek® at
different sensitivity levels (<20% and ≥20%).
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Table 7. Comparison of different subtypes using DeepChek® software.

Sample ID ISeq100 MiSeq DNBSEQ-G400 Mk1C

1 C C C C
2 02-AG/0206 02-AG/0206 02-AG/0206 02-AG/0206
3 B B B B
4 02-AG 02-AG 02-AG 02-AG
5 31_BC 31_BC 31_BC 31_BC
6 B B B B
7 C C C C
8 B B B B
9 B/C B/C B/C B/C
10 B B B B
11 1b 1b 1b 1b
12 1b 1b 1b 1b
13 Omicron lineage.1.1.529 Omicron lineage.1.1.529 Omicron lineage.1.1.529 Omicron lineage.1.1.529
14 Omicron lineage.1.1.529 Omicron lineage.1.1.529 Omicron lineage.1.1.529 Omicron lineage.1.1.529
15 Mycobacterium tuberculosis Mycobacterium tuberculosis Mycobacterium tuberculosis Mycobacterium tuberculosis

4. Discussion
4.1. Mutations and Detection of New Variants

The COVID-19 pandemic underscored the necessity for pathogen monitoring in an
era where variants dominate viral populations, rendering the development of robust
identification methods a complex undertaking. The advent of next-generation sequencing
has enabled the more precise study of viral quasispecies and minority populations, owing
to its sensitivity and high throughput capabilities [8]. Sequencing of sample 9 revealed
the presence of the minority mutation P120T, a mutation implicated in vaccine escape for
HBV. Detecting this mutation before it becomes the majority mutation in the quasispecies
is therefore essential to anticipate and manage vaccine escape in patients.

4.2. Resistance and Treatment

The study of HIV-1, HBV, HCV, SARS-CoV-2, and TB relies predominantly on molec-
ular biology techniques, which typically include viral or bacterial genome amplification
and sequencing. These approaches are essential for accurate detection, genotyping, and
the identification of resistance-associated mutations. Advances in sequencing technologies
have significantly improved the sensitivity and throughput of such analyses, making them
indispensable tools for both clinical diagnostics and epidemiological surveillance.

For the samples sequenced, the four sequencing platforms showed concordant results
in terms of mutations detected and associated resistances.

Additionally, mutations of interest and resistance profiles were assessed based on
well-defined algorithms. The study revealed that resistance profiles could be discordant
depending on the reference algorithm used in mutation analysis and resistance profile
interpretation. For example, the V189I mutation in sample 1 is associated with potential
NNRTI resistance according to the Grade algorithm [9], whereas this same mutation is not
considered to have an impact on NNRTIs by the ANRS algorithm, across all the platforms
studied. Similar variations are observed for sample 11, which shows potential resistance
to NS3 and NS5A inhibitors due to mutations Q54H and Q62E, considered of interest by
the International Antiviral Society algorithm, whereas the Geno2Pheno algorithm used in
our study does not associate them with resistance. These results highlight the importance
of rigorous algorithm selection in viral resistance testing, as the choice can influence the
interpretation of results, sometimes leading to divergent conclusions and significantly
influencing clinical treatment. It is therefore imperative to develop international algorithms
to reduce bias in the interpretation of drug resistance patterns. Simultaneously, there
is a need to progress toward whole-genome sequencing kits in response to the adapt-
ability of viruses to their environment and to new therapeutic molecules targeting novel
genomic regions.
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4.3. NGS Short Reads

Short-read sequencing technologies, as exemplified by ISeq100, MiSeq, and DNBSEQ-
G400 platforms, performed satisfactorily and demonstrated robustness across all sequenced
samples. Nevertheless, the DNBSEQ-G400 exhibited superior performance characteristics,
with reduced error rates compared to Illumina technologies, although potential sources of
bias, including extraction errors, amplification errors (such as polymerase-induced errors),
or sequencing errors (such as barcoding or read errors), may occur. According to published
literature, the frequency of bias and error is elevated for the ISeq100 platform relative to
the MiSeq. [10]. A more comprehensive analysis utilizing a larger sample size would be
warranted to substantiate or refute the performance superiority of MiSeq over ISeq100.

Recent comparative analyses indicate that MGI’s DNBSEQ-G400 platform generates
substantially more sequences than Illumina’s ISeq100 and MiSeq platforms, a finding
corroborated by our study. Although the DNBSEQ-G400 does not yield faster results
compared to alternative platforms, it facilitates superior data acquisition, generating up
to 720 Gb compared with 1.2 Gb for the ISeq100 and 15 Gb for the MiSeq. However, this
substantial data volume necessitates advanced bioinformatics processing and extended
analysis times. An advantageous development would be the integration of a filtering
tool within DeepChek® to enable immediate analysis of such high-volume datasets. For
viral genome sequencing and resistance mutation identification, a platform such as the
DNBSEQ-G99 or DNBSEQ-E25 would suffice and prove more suitable for microbiology
laboratories, considering the computational complexity associated with data generated by
the DNBSEQ-G400.

4.4. NGS Long Reads

Although revolutionary within the long-read NGS era for genetic variant detection,
nanopore technology demonstrated significant heterogeneity in minority mutation identifi-
cation compared with alternative technologies. The results of this investigation corroborate
existing literature wherein minority mutations of interest were detected exclusively through
nanopore sequencing. Indeed, long-read NGS as provided by nanopore technology gen-
erates read lengths encompassing sequences of thousands to millions of bases, compared
to merely hundreds for Illumina [11], reflecting the enhanced potential for insertion and
deletion errors inherent to nanopore technology. Furthermore, numerous studies document
the error rates for nanopore technology ranging between 5% and 15%, despite technical
advances implemented to minimize bias [7]. These improvements include the incorporation
of motor proteins within pores to facilitate DNA translocation and enhanced library prepa-
ration protocols [12]. Post-sequencing computational tools, such as Nanopolish, continue to
improve sequenced data quality [13], with the objective of rendering nanopore technology
more reliable and comparatively efficient relative to alternative platforms.

From ergonomic and clinical perspectives, the Nanopore sequencing protocol proved
more expeditious, intuitive, and less error-prone than Illumina’s methodology, and less
complex than MGI’s protocol requiring circularized libraries. Moreover, the MinION’s
capability to provide real-time sequencing represents substantial potential within long-
read sequencing applications. MGI G400 demonstrates a favorable balance of accuracy,
throughput, cost-efficiency, and kit compatibility for viral and bacterial genomic applica-
tions. Illumina MiSeq remains a reliable standard for clinical and targeted studies, while
Nanopore MinION provides rapid, field-deployable sequencing solutions at the cost of
reduced raw read accuracy, as shown in Table 8.
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Table 8. Comparative analysis of NGS platforms for viral and bacterial genomics.

Evaluation Point MGI G400 Illumina
iSeq 100

Illumina
MiSeq

Nanopore
MinION

Read type Short-read (PE100/150) Short-read (PE150) Short-read (PE150/250/300) Long-read (variable)

Read accuracy High (>99.9%) Good (~99.5%) Very good (>99.7%) Moderate (~90–95% raw)

Data output per run High (up to 144 Gb) Low (~1–2 Gb) Medium (~15–20 Gb) Variable (~1–10 Gb)

Library preparation time ~ 4–5 h ~ 2–4 h ~ 2–5 h ~ 1–2 h

Cost per sample Cost-effective High Moderate Low to moderate

Sequencing time Medium (~24 h) Fast (~19 h) Medium (~24–36 h) Fast (~2–12 h)

DeepChek® Software Yes Yes Yes Yes

DeepChek® Library
preparation kit

Yes Yes Yes Limited

Infrastructure
requirements Moderate to high Low Low to moderate Minimal

Resistance
Applications

Recommended (High read
depth and accuracy)

Recommended (Suitable for
smaller panels)

Recommended
(Gold standard in clinical

diagnostics)

Recommended
(a validated frequency
cutoff must be applied)

4.5. Benefits of Microbiological Pooling

The microbiological sample pooling technique for high-throughput sequencing confers
significant economic advantages, as well as analytical performance benefits. This innova-
tive methodology reduces costs through decreased reagent requirements and diminished
expenses associated with individual sequencing runs. It additionally enhances sequenc-
ing throughput efficiency and ensures consistent quality by limiting technical variations,
thereby reducing error probability. Time management is similarly optimized, decreasing
both preparation and processing times. A notable limitation of this technique remains the
potential for reduced resolution when detecting variations unique to individual samples
within pooled specimens. This investigation validated the feasibility of simultaneous se-
quencing of microbiological samples from diverse origins, encompassing both viral and
bacterial specimens, with results interpreted using a unified DeepChek® platform [14,15].
All samples were successfully analyzed across all four sequencing platforms, and mutations
associated with treatment resistance were appropriately interpreted.

4.6. Clinical Relevance of Detecting Minority Variants:

In the field of clinical microbiology, particularly concerning pathogens such as HIV
and Mycobacterium tuberculosis, the detection of minority variants using NGS raises a
critical question: how to define a clinically relevant cut-off threshold. While low-frequency
resistance-associated mutations may influence treatment outcomes, not all minority variants
are necessarily actionable. Establishing a reliable frequency threshold above which a variant
is considered clinically significant is essential for informed decision-making. This threshold
must balance technical sensitivity, biological relevance, and clinical impact, and should
ideally be supported by robust clinical and epidemiological data. Determining such a
cut-off is a key step toward integrating NGS responsibly into routine diagnostic workflows
and ensuring its findings translate into meaningful clinical action.

Our study confirms that next-generation sequencing (NGS), when combined with
optimized amplification protocols and standardized bioinformatics interpretation tools
(e.g., DeepChek®), enables robust detection of both majority and minority resistance muta-
tions across multiple sequencing platforms.

A key observation was the high concordance between Illumina (iSeq100, MiSeq)
and MGI (DNBSEQ-G400) platforms in identifying clinically relevant mutations, even
at low frequencies (≥3%). These findings reinforce the clinical suitability of short-read
platforms for routine resistance genotyping and support their potential interchangeability
in diagnostic workflows.
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Nanopore sequencing (MinION), while offering long-read advantages and faster
processing, consistently reported a higher number of minority variants. This is attributed
to the technology’s intrinsic error profile. As such, a validated variant frequency cutoff
(e.g., ≥10–15%) must be applied to avoid overcalling spurious mutations, especially when
interpreting resistance profiles. Without such thresholds, clinical decisions could be misled
by artifactual variants.

5. Conclusions
This study underlines the crucial importance of sequencing in the global context of

public health and highlights the need for continuous innovation in the fields of diagnosis
and understanding of therapeutic failures. Viral adaptations, whether due to spontaneous
changes in the environment or influenced by external factors such as antiviral treatments,
promote the selection of resistant variants, evading host defenses. This research confirms
that the sequencing of a group of microbiological samples is not only feasible, but can
also be efficiently analyzed and interpreted using the DeepChek® platform, which has
demonstrated its ability to accurately recognize and analyze consensus sequences. The
results obtained indicate excellent concordance between the four sequencing platforms
tested ISeq100, MiSeq, DNBSEQ-G400, and MinION Mk1C in the detection of viral sub-
types and mutations associated with treatment resistance, underlining the interoperability
of DeepChek® software with these technologies. However, the selection of mutation inter-
pretation algorithms remains a major challenge, as it can lead to discrepancies in clinical
interpretation [4]. Although nanopore technology offers revolutionary advantages such as
portability and real-time sequencing, its high error rate (5–15%) can induce non-specific
mutations, posing particular challenges for minority mutation analysis, yet is essential for
anticipating treatment resistance and avoiding therapeutic failures. It is therefore impera-
tive to continue developing international algorithms to improve the analysis of antiviral
resistance mutations, optimizing the management of patients suffering from diseases such
as AIDS, hepatitis, and tuberculosis. A major challenge remains in establishing a clinical
threshold for the detection of minority mutations of interest by long-read or short-read
NGS. These mutations, still rarely considered decisive in therapeutic decisions, require
increased attention. By further harmonizing algorithmic approaches and increasing the
value of mutation detection, we can better control the emergence of resistance and optimize
therapeutic strategies against these critical pathogens.
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