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A B S T R A C T   

Crimean-Congo haemorrhagic fever (CCHF) is the most prevalent human tick-borne viral disease, endemic to the 
Balkans, Africa, Middle East and Asia. There are currently no licensed vaccines or effective antivirals against 
CCHF. CCHF virus (CCHFV) has a negative sense segmented tripartite RNA genome consisting of the small (S), 
medium (M) and large (L) segments. Depending on the segment utilised for genetic affiliation, there are up to 7 
circulating lineages of CCHFV. The current lack of geographical representation of CCHFV sequences in various 
repositories highlights a requirement for increased CCHFV sequencing capabilities in endemic regions. We have 
optimised and established a multiplex PCR tiling methodology for the targeted enrichment of complete genomes 
of Europe 1 CCHFV lineage directly from clinical samples and compared its performance to a non-targeted 
enrichment approach on both short-read and long-read sequencing platforms. We have found a statistically 
significant increase in mapped viral sequencing reads produced with our targeted enrichment approach. This has 
allowed us to recover near complete S segment sequences and above 90% of the M and L segment sequences for 
samples with Ct values as high as 31.3. This study demonstrates the superiority of a targeted enrichment 
approach for recovery of CCHFV genomic sequences from samples with low virus titre. CCHFV is an important 
vector-borne human pathogen with wide geographical distribution. The validated methodology reported here 
adds value to front-line public health laboratories employing genomic sequencing for CCHFV Europe 1 lineage 
surveillance, particularly in the Balkan and Middle Eastern territories currently monitoring the spread of the 
pathogen. Tracking the genomic evolution of the virus across regions improves risk assessment and directly 
informs the development of diagnostics, therapeutics, and vaccines.   

1. Introduction 

Crimean-Congo haemorrhagic fever (CCHF) is the most prevalent 
human tick-borne viral disease, endemic to the Balkans, Africa, Middle 
East and Asia (World Health Organization - WHO, 2022). Outbreaks 
have been reported in 26 countries spanning three continents from the 
Far East to Southern Europe and West Africa, with Türkiye reporting the 
highest number of CCHF cases (Belhadi et al., 2022) worldwide. Whilst 
the average case fatality rate for CCHF in symptomatic patients is be-
tween 10% and 40% (Aslam et al., 2016), it can be as high as 80% in 

some nosocomial settings (Shahrear and Islam, 2021). 
The disease is caused by Crimean-Congo haemorrhagic fever virus 

(CCHFV), an orthonairovirus within the Nairoviridae family (order 
Bunyavirales). The virus is commonly transmitted to humans by a bite of 
an infected tick, predominantly in the warmer spring and summer 
months when adult stages of Hyalomma ticks and other vector species 
are seeking their blood meals for maturation (Bente et al., 2013). 
Transmission through direct contact with viraemic bodily fluids from 
infected hosts and patients has also been observed, principally among 
abattoir and healthcare workers. Whilst wild animals, including small 
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mammals, birds and larger ungulates are susceptible to CCHFV infec-
tion, they do not display clinical symptoms, and act as transient reser-
voirs for the virus (Bente et al., 2013), for which Hyalomma ticks remain 
the primary reservoirs. Despite ongoing global efforts to develop a 
vaccine against CCHFV (Tipih and Burt, 2020), there are currently no 
licensed vaccines or effective treatments against the virus. Although 
ribavirin has been used to treat CCHF in some endemic regions, data on 
its clinical efficacy is inconclusive (Hawman et al., 2020), and recent 
studies have shown only a limited mutagenic effect on CCHFV genomes 
in vivo (D’Addiego et al., 2023). 

CCHFV is one of the most genetically diverse arboviruses (Mears and 
Bente, 2022), with a segmented tripartite negative sense RNA genome 
consisting of the small (S), medium (M) and large (L) segments encoding 
respectively the viral nucleoprotein (NP), the precursor to the viral 
glycoproteins (GPC) and the viral RNA-dependent RNA polymerase 
(Portillo et al., 2021). The M segment exhibits the highest sequence 
divergence of 31%, followed by the L segment (22%) and the S segment 
(20%) (Bente et al., 2013). Depending on the segment utilised for ge-
netic classification, there are 6 (M and L segments) or 7 (S segment) 
CCHFV lineages (Papa et al., 2022) which are traditionally named after 
their main geographic location: Africa 1, Africa 2 and Africa 3; Asia 1 
and Asia 2, and Europe 1 and Europe 2 (Pickin et al., 2022). 

With recent advances in sequencing technologies, including the 
release of field-friendly and portable sequencers such as the Oxford 
Nanopore Technologies (ONT) MinION device, whole genome 
sequencing has become more affordable, and offers scientists the op-
portunity to characterise the genetic diversity of viruses beyond what 
could be accomplished by more traditional sequencing approaches. 

Of 3777 CCHFV sequences deposited in the Bacterial and Viral Bio-
informatics Resource Center (BV-BRC) (Bacterial and Viral Bioinfor-
matics Resource Center), almost 60% belong to viruses from Russia, 
with Turkish viruses representing only 8.76% of all sequences despite 
Türkiye being a key hotspot of CCHF disease and reporting the highest 
number of cases annually. Although CCHFV sequences from other 
geographical areas are gradually being deposited in public repositories, 
there is still poor representation of complete CCHFV genome sequences, 
limiting accurate genetic characterisation of CCHFV in disease endemic 
regions. 

Generally, the recovery of partial viral genome sequencing data has 
found applications in clinics for some time, such as in the detection of 
drug resistance markers in viruses like HIV (Hue et al., 2004) and human 
cytomegalovirus (HCMV) (Houldcroft et al., 2017) for example. The 
recovery of complete genome sequences from clinical samples, however, 
is often hampered by low levels of target virus genomes, which although 
these can be in the region of millions of copies per microlitre, are often 
overwhelmed by the host’s nucleic acids. 

Several approaches have been developed for enriching target viral 
nucleic acids and/or depleting the host’s genetic material to increase the 
amount of generated microbial sequencing reads. 

Among the methods focusing on enriching microbial nucleic acids, 
targeted and non-targeted approaches have been published. One of the 
major advantages of non-targeted approaches is that no sequence in-
formation is required a priori, making such methods particularly suitable 
to study whole microbial communities in environmental samples 
(Kolundzija et al., 2022; Vlok et al., 2019). Of such non-targeted ap-
proaches, Sequence-Independent, Single-Primer Amplification (SISPA) 
is a primer-initiated method that requires specific sequence modification 
to achieve non-specific amplification (Reyes and Kim, 1991). SISPA has 
been successfully utilised to sequence complete or near complete ge-
nomes of several viruses including Influenza virus (Lewandowski et al., 
2019), SARS-CoV-2 (Gauthier et al., 2021) Lassa virus (Kafetzopoulou 
et al., 2019), CCHFV and Jingmen tick virus (Brinkmann et al., 2021) 
directly from clinical samples and tick homogenates. 

Though some of the difficulties in recovering complete genome se-
quences from clinical samples have been addressed by non-targeted 
approaches (Lewandowski et al., 2019; Gauthier et al., 2021; 

Kafetzopoulou et al., 2019; Brinkmann et al., 2021), samples with low 
virus titre and high cycle-threshold (Ct) values still present a challenge 
to such methods, with genome coverages reported to decline dramati-
cally above Ct values of 30 (Gauthier et al., 2021). 

Polymerase chain reaction (PCR) amplification sequencing is a 
desirable approach for targeted enrichment due to its high-specificity, 
relatively low cost, and straight forward assay design (Houldcroft 
et al., 2017). Multiplex tiling PCR approaches have been published for 
Tick-Borne Encephalitis Virus (TBEV) (Zakotnik et al., 2022), 
SARS-CoV-2 (Lin et al., 2021), Zika Virus (ZIKV) (Quick et al., 2017) and 
recently Respiratory Syncytial Virus (RSV) A and B (Maloney et al., 
2022). These schemes work by amplifying fragments across the entire 
genome of the target virus in alternate primer pools, with a consensus 
sequence being called in regions with sequencing depths between 1x and 
20x depending on the study (Zakotnik et al., 2022; Quick et al., 2017). 
Compared to non-targeted enrichment strategies, the study by Quick 
et al. (2017) reported coverages greater than 90% with depths of 
sequencing in the region of hundreds (nanopore sequencing) or thou-
sands (Illumina sequencing) of reads from samples with Ct values as 
high as 35.9 (Quick et al., 2017) with a tiling multiplex PCR approach, 
highlighting the superiority of such approaches for samples with low 
virus titre. A targeted multiplex PCR enrichment approach has also been 
successfully utilised to detect emerging SARS-CoV-2 variants of concern 
(VOC) directly from environmental samples (Lin et al., 2021), providing 
further insights into additional applications of such methodologies 
beyond mere genetic virus characterisation. 

In this study, we have developed a targeted, multiplex PCR approach 
for the amplification of Europe 1 CCHFV genomes directly from Turkish 
clinical samples and have compared its performance to the non-targeted 
SISPA approach utilising both long read (ONT) and short read (Illumina) 
sequencing technologies. 

2. Methods 

2.1. Primer design for targeted enrichment 

Primer pairs targeting 500 bp fragments across complete CCHFV 
genome segments were designed using the online tool Primal Scheme 
(Quick et al., 2017). As a reference, unpublished in-house generated S, 
M and L sequences from clinical isolates of Europe 1 lineage of CCHFV 
were utilised, most closely related to sequences from a Turkish CCHFV 
isolate from 2004 (GenBank accession numbers: MF511213, S segment; 
MF511230, M segment; MF511196, L segment). All designed primer 
sequences for each pool can be found in Supplementary Table S1 (A and 
B). 

2.2. Sample collection 

Clinical serum samples were collected during a previous study from 
patients admitted with confirmed CCHF in Türkiye, between May 2015 
and August 2016 at Ondokuz Mayis University (OMU) Hospital, Tokat 
State Hospital and Tokat University Hospital, and made available for 
this work. Original diagnosis was confirmed by positive CCHF PCR or 
IgM enzyme-linked immunosorbent assay. All participants provided 
written consent with research ethics committee approval from the UK 
Ministry of Defense Research and Ethics Committee (MoDREC 571) and 
Ondokuz Mayis University Research and Ethics Committee (OMU KAEK 
2014/739), Türkiye. 

2.3. Sample processing and RNA extraction 

Serum samples were inactivated in a Containment Level 4 (CL4) lab-
oratory; 140 µl of each sample were added to 560 µl of buffer AVL and 560 
µl of ethanol. RNA was extracted utilising the QIAamp Viral RNA Mini Kit 
(Cat. No. 52904, Qiagen) following the manufacturer’s instructions. RNA 
was eluted in 60 µl of nuclease-free water and stored at − 80 ◦C. 
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2.4. Real-time PCR 

All extracted RNAs were quantified in duplicate utilising an in-house 
real-time PCR assay as previously described (D’Addiego et al., 2023). 
Briefly, 5 µl of extracted RNA were amplified in final 20 µl reactions 
containing 0.5 µM of forward primer CCHF-F1 (5’-CCC TTT TTA AAC 
TCC TCA AAC C-3’), 0.5 µM of forward primer CCHF-F2 (5’-CCT TTT 
TTA AAC TCC TCA AAC C-3’), 1 µM of reverse primer CCHF-R (5’- TCT 
CAA AGA AAC ACG TGC C-3’), 0.5 µM of probe CCHF-P (5’FAM-ACT 
CAA GAG AAC ACT GTG GGC GTA AG-3’MGBEQ) with TaqMan™ Fast 
Virus 1-Step Master Mix (cat. no. 4444436, Thermo Fisher Scientific). 
Primers/Probe binding sites are provided in Supplementary Table S3. 
Copies of CCHFV genomic RNA in the extracts were determined based 
on quantified synthetic S Segment RNA standard curves. Quantitative 
real-time RT-PCR was performed on a QuantStudio 7 Flex Real-Time 
PCR System (Applied Biosystems) platform with the following cycling 
parameters: 50 ◦C for 10 min, 95 ◦C for 2 min and 45 cycles of 95 ◦C for 
10 s and 60 ◦C for 30 s. 

2.5. Target enrichment 

cDNA from extracted RNA was synthesised using SuperScript™ IV 
First-Strand Synthesis System (Thermo Fisher Scientific, cat. 18091050) 
in final 20 µl reactions. Briefly, 11 µl of extracted RNA were mixed with 
50 ng of random hexamers (50 ng/µl) and 0.5 mM dNTP mix and 
incubated at 65 ◦C for 5 min. RNA and annealed primer mixes were then 
placed on ice for 1 min, then mixed with 1X SSIV Buffer, 5 mM DTT, 1 µl 
of RNase Out™ (Invitrogen, cat. no. 100777019) and 200 units of SSIV 
RT enzyme before being incubated at 42 ◦C for 50 min and 70 ◦C for 10 
min. Two aliquots of cDNA were prepared for each sample. cDNA was 
stored at − 20 ◦C. 

Target enrichment was based on a previously published protocol 
(Quick, 2020). Two separate primer pools for each CCHFV genome 
segment were prepared, each containing primers targeting alternate 
fragments. Details of each primer pool with final primers concentrations 
are provided in Supplementary Table S2. 2.5 µl of cDNA were amplified 
in triplicate 25 µl reactions containing either one of two sets of primer 
pools utilising Q5 High-Fidelity 2X Master Mix (NEB, cat. no. M0492L). 
A maximum of three replicate reactions were prepared for each 
sequencing platform to achieve the recommended concentration for 
sequencing library preparation. Master-mix composition is provided in 
Supplementary Table S2. cDNA was amplified in a thermocycler with 
the following cycling parameters: 98 ◦C for 30 s, 30 cycles of 98 ◦C for 
15 s, 57 ◦C for 30 s and 70 ◦C for 30 s and held at 4 ◦C. PCR amplicons 
were cleaned up with AMPure XP Reagent (Beckman Coulter, cat. no. 
A63881) and stored at − 20 ◦C. 

2.6. Sample preparation for metagenomic sequencing 

22 µl of extracted RNA were treated with TURBO™ DNase (Thermo 
Fisher Scientific, cat. no. AM2239) in final 50 µl reactions. RNA was 
mixed with 0.8X TURBO™ DNase buffer and 2 units of TURBO™ DNase 
enzyme and incubated at 37 ◦C for 30 min. 

DNase-treated RNA was purified using the RNA Clean and 
Concentrator-5 kit (Zymo Research, cat. no. R1016). Randomly ampli-
fied cDNA was prepared using a SISPA approach according to a previ-
ously described protocol (Lewandowski et al., 2019). For round A, 4 µl of 
cleaned-up RNA were annealed with 1 µl of 40 µM Sol-A primer 
(5’-GTTTCCCACTGGAGGATANNNNNNNNN-3’) at 65 ◦C for 5 min, 
then incubated at 21 ◦C for 5 min. First strand cDNA was synthesised in 
10 µl reactions containing 1X SSIV Buffer, 1 mM of dNTPs, 10 U of SSIV 
reverse-transcriptase, 5 mM of DTT and 5 µl of annealed RNA and 
incubating at 42 ◦C for 10 min. Second strand cDNA was synthesised 
utilising Sequenase™ Version 2.0 DNA polymerase (cat. no. 
70775Y200UN, Thermo Fisher Scientific) by adding 5 µl of 1X Seque-
nase buffer and 0.39 units of Sequenase Enzyme followed by an 

incubation at 37 ◦C for 8 min, then by adding 0.6 µl of 3.25 units of 
Sequenase enzyme diluted in Sequenase dilution buffer and incubating 
further at 37 ◦C for 8 min. For round B, samples were amplified with 
AccuTaq™ LA DNA Polymerase (Merck, cat. no. D8045) in 50 µl re-
actions containing 1X reaction buffer, 2 µM Sol-B primer 
(5’-GTTTCCCACTGGAGGATA-3’), 1 µl of DMSO, 0.5 mM dNTPs and 2.5 
units of AccuTaq enzyme. Reactions were incubated at 98 ◦C for 30 s 
followed by 30 cycles of 94 ◦C for 15 s, 50 ◦C for 20 s and 68 ◦C for 2 min 
and by a final extension cycle at 68 ◦C for 10 min. PCR products were 
cleaned up with AMPure XP Reagent and eluted with molecular grade 
water in final 30 µl volumes. 

2.7. Sequencing library preparation 

PCR amplicons and SISPA B products were cleaned up with AMPure 
XP Reagent with a 2:1 beads to sample ratio following the manufac-
turer’s protocol, and quantified with Qubit™ fluorometer’s dsDNA 
High-Sensitivity assay (Thermo Fisher Scientific, cat. no. Q32854) 
following the manufacturer’s protocol. 

Illumina sequencing libraries were prepared from 1.65 ng cDNA 
using Nextera XT V2 kit (Illumina, cat. no. FC-131–1096) and sequenced 
on a 2 × 150 bp paired-end Illumina MiSeq instrument operated by the 
UK Health Security Agency (UKHSA) Genomics Services Development 
Unit (Colindale). 

Barcoded MinION sequencing libraries were prepared from 65 ng of 
cDNA with the Ligation Sequencing kit SQK-LSK-110 and Native Bar-
coding Kit EXP-NBD196 (ONT). End repair and dA tailing was per-
formed with NEBNext® Ultra™ II End Repair/dA-Tailing Module (New 
England Biolabs - NEB, cat. no. E7546L) in 30 µl reactions containing 65 
ng of cDNA, 3.5 µl of Reaction Buffer and 1.5 µl of Enzyme Mix and 
incubating at room temperature for 10 min followed by an incubation at 
65 ◦C for 10 min. Ligation of ONT specific barcodes/adaptors was done 
by adding 1X Blunt/TA Ligase Master Mix (cat. no. M0367L, NEB) and 
2.5 µl of barcode directly to the end-repaired reactions followed by an 
incubation at room temperature for 20 min and at 65 ◦C for 10 min. 
Barcoded samples were then cleaned-up in three pools containing a 
maximum of 22 samples each and normalised to 65 ng in 45 µl. Adaptor 
ligation was performed with NEBNext® Ultra™ II Ligation Module 
(NEB, cat. E7595L) by adding 5 µl of adaptor, 40 µl of Ligation Master 
Mix and 1 µl of Enhancer (NEB) directly to the barcoded library and 
incubating at room temperature for 30 min. Adaptor-ligated libraries 
were cleaned-up and washed with Short Fragment Buffer (SFB) (SQK- 
LSK-110 kit) and eluted in 15 µl of Elution Buffer before final 
quantification. 

Libraries were sequenced for 24 h on FLO-MIN106D flow cells using 
a Mk1C MinION device (ONT). 

2.8. Bioinformatic analysis 

Raw Illumina sequencing reads were processed with Trimmomatic 
using the following parameters: ILLUMINACLIP: NexteraPE-PE. 
fa:2:30:10:8 LEADING:30 TRAILING:30 SLIDINGWINDOW:10:20 MIN-
LEN:50. Further adaptor trimming and quality filtering were performed 
with BBDuk with the following settings: -Xmx1g in1 =R1.fastq.gz in2 
=R2.fastq.gz out1 =R1_clean.fastq.gz out2 =R2_clean.fastq.gz 
ref=nextera.fa.gz ktrim=r k = 23 mink= 11 hdist= 1 tpe tbo qtrim=rl 
trim= 20. Illumina reads were mapped against a reference genome 
(accession numbers OQ866631-OQ866633 for the S, M and L segments 
respectively) utilising BWA MEM with kmer length set to 35. Nanopore 
sequencing data was filtered based on length (0.4–0.6 kb) and quality 
(minimum 8) directly on the MinION data output options. Nanopore 
sequencing reads were mapped against the reference utilising minimap2 
(Li, 2018). Reference coverage and sequencing depth statistics were 
derived utilising SAMtools (Danecek et al., 2021) depth, coverage and 
flagstat functions. 

Consensus sequences were generated for a subset of samples with Ct 
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values ranging between 17.5 and 29.9. Sequences with identified 
frameshifts were excluded from downstream phylogenetic analysis. For 
targeted enrichment Illumina data, consensus sequences were derived 
from sorted BAM files with iVar (Grubaugh et al., 2019a). Consensus 
sequences from Illumina metagenomic data were derived from sorted 
BAM files using an in-house C++ program QuasiBAM (Penedos et al., 
2015), with minimum sequencing depth for consensus calling set to 10x. 

For ONT data, sequencing reads were first quality filtered and 
trimmed using Filtlong (2017) prior to mapping. Consensus sequences 
from metagenomic data were derived from sorted BAM files utilising 
BCFtools (Danecek et al., 2021), masking regions with coverage below 
10x. For targeted enrichment data, primer sequences were first removed 
from sorted BAM files with BAMClipper (Au et al., 2017) prior to 
consensus generation with BCFtools (Danecek et al., 2021) as described 
previously. All generated consensus sequences have been deposited in 
GenBank with the following accession numbers: OQ454691-OQ454750 
(Illumina sequencing data) and OQ454777-OQ454836 (ONT 
sequencing data). 

Pairwise identities were calculated with Geneious Prime® (version 
2023.0.2). 

2.9. Phylogenetic analysis 

Maximum likelihood phylogenies were generated with MEGA 
(Kumar et al., 2016) (version 7.0.26) applying the general time revers-
ible model. Sequences were aligned using MUSCLE (Edgar, 2004). 
Alignments were trimmed to exclude low coverage regions to a final 
length of 1572 bp (S segment), 3057 bp (M segment) and 5102 bp (L 
segment). Bootstrap support values were generated with 1000 
replicates. 

2.10. Statistical analysis 

Statistical significance was determined with a T Test using Microsoft 
Office’s Excel software. Reported p values are significant at the 5% level. 

3. Results 

3.1. Extracted RNA samples presented with a wide range of cycle 
threshold (Ct) values 

Extracted RNA from a total of 23 CCHFV positive serum samples was 
quantified utilising an in-house real-time PCR assay. Average Ct values 
and RNA quantities expressed as copies per millilitre of serum are pre-
sented in Table 1. 

The Ct values ranged between 17.5 and 34.8, with one sample having 
an undetermined result. The recorded RNA quantities were between 
5.06 × 103 and 5.12 × 108 copies per millilitre of serum (Table 1). Input 
number of genome copies for each enrichment methodology ranged 
between 2.6 × 102 and 2.6 × 107 genome copies. 

3.2. Targeted enrichment produced a statistically significant increase in 
mapped sequencing reads 

Illumina sequencing generated a total of 39.2 M sequencing reads 
which passed quality control. Targeted enrichment generated on 
average 25.5% more sequencing reads compared to the non-targeted 
SISPA approach (P < 0.05) with a total of 22.5 M and 16.8 M 
sequencing reads respectively. A statistically significant difference in 
mapped sequencing reads was also found between the two methods (P <
0.05). SISPA generated on average 69974 mapped sequencing reads per 
sample, ranging between 4 and 748230 reads (Fig. 1A). Targeted 
enrichment produced on average 608511 mapped sequencing reads per 
sample, ranging between 124535 and 944278 reads (Fig. 1B). 

Oxford Nanopore Technologies (ONT) sequencing generated 2.6 M 
reads which passed quality and length filters. The total reads generated 
with targeted enrichment and SISPA was 53188 and 51412 respectively 
(P = 0.81). A statistically significant difference in mapped sequencing 
reads was found between the two methodologies (P < 0.05). SISPA 
produced on average 7356 mapped sequencing reads per sample, 
ranging between 4004 and 105325 reads (Fig. 1C). Targeted enrichment 
produced on average 48145 mapped sequencing reads per sample, 
ranging between 11019 and 100638 reads (Fig. 1D). 

3.3. Near complete genome reference coverages with increased sequencing 
depths were obtained with targeted enrichment 

Illumina sequencing data coupled with SISPA produced, on average, 
reference genome coverages of 68.79%, 53.03%, 34.99% and 10.94% 
with ranges of 1%–100%, 0%–100%, 0%–99.96% and 0%–98.97% at 
1x, 10x, 100x and 1000x sequencing depths respectively across the 
entire CCHFV genome (Fig. 2A). With targeted enrichment, the average 
reference genome coverages were 93.56%, 86.04%, 78.91% and 63.02% 
with ranges of 54.45%–99.74%, 19.77%–98.20%, 16.23%–95.33% and 
13.15%–87% at 1x, 10x, 100x and 1000x sequencing depths respec-
tively (Fig. 2B). 

ONT sequencing coupled with SISPA produced on average reference 
genome coverages of 84.71%, 57.26%, 31.58% and 3.12% with ranges 
of 5%–100%, 0%–100%, 0%–99.77% and 0%–35.34% at 1x, 10x, 100x 
and 1000x sequencing depths respectively (Fig. 2C). With targeted 
enrichment, the average reference genome coverages were 98.29%, 
92.06%, 74.95% and 42.79% with ranges of 94.59%–99.97%, 63.68%– 
98.12%, 6.87%–91.63% and 0%–75.11% at 1x, 10x, 100x and 1000x 
sequencing depths respectively (Fig. 2D). 

3.4. Targeted enrichment produced on average a 6.55-fold increase in 
sequencing depth across all CCHFV genomic segments 

The average sequencing depth across all samples recorded with 
Illumina sequencing following SISPA was 778.61, 384.7 and 401.68 for 
the S, M and L segment respectively (Fig. 3A). With targeted enrichment, 
the average sequencing depths were 4305.73, 2283.64 and 3194.36 
(Fig. 3B) for the S, M and L segments respectively, with an average 6.25- 
fold increase in sequencing depth across all segments. 

ONT sequencing data coupled with SISPA produced average 
sequencing depths of 301.45, 126.6 and 130.94 for the S, M and L 
segments respectively (Fig. 3C). Targeted enrichment produced 
sequencing depths of 2165.79, 717.20 and 1243.32 (Fig. 3D) for the S, M 
and L segments respectively, with an average 7.38-fold increase in 
sequencing depth across all segments. 

3.5. Phylogenetic analysis of the generated consensus sequences for each 
genomic segment confirms genetic affiliation to the Europe 1 CCHFV 
lineage 

Generated consensus sequences clustered with previously published 
Europe 1 CCHFV sequences (Fig. 4). For samples 6, 22, 23 and 29, 

Table 1 
Ct values and viral genome copies per millilitre of patient serum for each 
extracted RNA sample.  

Sample ID Ct value Copies/ml Sample ID Ct value Copies/ml 

1 25.7 1.76 × 106 16 25.4 2.28 × 106 

2 26 1.41 × 106 18 33.8 1.04 × 104 

4 31 4.48 × 104 19 34.8 5.06 × 103 

5 29.4 1.43 × 105 21 21.2 5.96 × 107 

6 29.9 9.57 × 104 22 22.4 2.63 × 107 

7 31.3 3.63 × 104 23 25.7 2.76 × 106 

8 Undetermined  25 25.7 2.72 × 106 

10 25.8 1.69 × 106 26 27 9.85 × 105 

12 17.5 5.12 × 108 28 23.5 1.27 × 107 

13 22 2.3 × 107 29 28.3 5.01 × 105 

14 22.2 2.06 × 107 30 29 2.67 × 105 

15 24 5.73 × 106     
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Fig. 1. Total (blue bars) and mapped (orange bars) sequencing reads for (A) SISPA and (B) targeted enrichment with Illumina sequencing and (C) SISPA and (D) 
targeted enrichment with nanopore sequencing. 

Fig. 2. Reference coverage at sequencing depth thresholds of 1x (blue), 10x (orange), 100x (grey) and 1000x (yellow) for (A) SISPA and (B) targeted enrichment with 
Illumina sequencing, and for (C) SISPA and (D) targeted enrichment with nanopore sequencing. 
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insufficient sequencing depth and reference coverage were achieved 
with the SISPA approach to generate consensus sequences. 

The average alignment pairwise distances of the generated sequences 
were 0.81% (S segment), 1.3% (M segment) and 0.6% (L segment), with 
overall pairwise distances of 11.5%, 19.3% and 7.3% for the S, M and L 
segments respectively. Pairwise identities between generated consensus 
sequences for each sample were on average 99.99%, 98.72% and 
99.39% for the S, M and L segments respectively, with an overall 
average pairwise identity of 99.36%. 

4. Discussion 

Bioinformatic analysis of viral sequencing data relies on either 
mapping sequencing reads against a reference genome (reference-based 
assembly) or looking for overlaps between the reads to generate larger 
fragments (de novo assembly) (Khan et al., 2018), followed by extraction 
of a consensus sequence which is often based on majority voting 
(Maurier et al., 2019). Different sequencing platforms have varying 
levels of error rates, which when taken on their own can resemble 
genuine variants; nonetheless having several reads mapping to the same 
region increases confidence in base calling and support for minor vari-
ants (Sims et al., 2014). Very high sequencing depths are generally not 
required for consensus calling, with most bioinformatic pipelines using 
cut-offs of 1x (Li et al., 2009) or 10x (Castellano et al., 2021) sequencing 
depths; however for other downstream applications such single nucle-
otide variant (SNV) calling, depths of 400x have been recommended 
with a multiplex PCR approach (Grubaugh et al., 2019b), further sup-
porting the requirement of targeted enrichment approaches for samples 
with low virus titre. Whilst metagenomic approaches have been vastly 
utilised for virus discovery and molecular surveillance, the large pro-
portion of host sequencing reads generated from clinical samples makes 
recovery of complete genome sequences challenging with such 
non-targeted approaches. 

Here, we adapted an amplicon tiling strategy previously reported by 
Quick et al. (2017) for sequencing Europe 1 (or genotype V) CCHFV 
which has produced a statistically significant increase in mapped 

sequencing reads with both Illumina and nanopore technologies 
(P < 0.05, Fig. 1). Whilst Illumina technology also resulted in a statis-
tically significant difference in total sequencing reads generated by the 
two enrichment methodologies possibly due to the different number of 
PCR cycles between the different methods (P < 0.05), nanopore 
sequencing did not (P = 0.81). The lack of a significant difference in 
total generated sequencing reads with ONT technology is likely due to 
the limited amount of nanopores available for sequencing which become 
depleted over time and are therefore only able to produce a finite 
amount of sequencing reads in a single run, suggesting that higher 
sequencing depths could be achieved by running fewer samples in a 
single flow-cell. 

Kafetzopoulou et al. (2018) have found that whilst a higher pro-
portion of target viral reads are generally generated for samples with 
lower Ct values, genome reference coverages above 90% of at least 20x 
sequencing depths were also observed for samples with Ct values as high 
as 30. The study by Lewandowski et al. (2019) however, reported that 
only 63% of samples with a Ct value below 30 produced > 90% com-
plete genomes, with reference coverage dropping dramatically between 
Ct values of 25 and 30 (Lewandowski et al., 2019), suggesting that 
significant variation is observed between different sample types. 

In our study, with SISPA enrichment coupled with both Illumina and 
nanopore sequencing, genome coverages > 90% with at least 10x 
sequencing depths were achieved only for samples with Ct values below 
27, with reference genome coverages declining beyond this value 
(Fig. 2A and C). In contrast our targeted enrichment approach showed 
greater than 90% reference genome coverages with average sequencing 
depths of at least 10x were achieved with both sequencing platforms up 
to Ct value 31.3 (Fig. 2B and D), supporting the superiority of a targeted 
enrichment strategy for samples with titres as low as few thousand 
copies per millilitre of serum. 

Fig. 2 shows an increase in reference genome coverages also at 100x 
and 1000x sequencing depths, which presented with average reference 
sequence coverage increases of 43.92% and 52.08% for 100x and 1000x 
depths respectively with Illumina and increases of 44.68% and 38.81% 
for 100x and 1000x depths respectively with nanopore sequencing. 

Fig. 3. Average sequencing depth (shown in green) for the Small (S), Medium (M) and Large (L) CCHFV genome segments for (A) SISPA and (B) targeted enrichment 
with Illumina sequencing and for (C) SISPA and (D) targeted enrichment with nanopore sequencing. 3’ and 5’ UTR regions are indicated in grey. 
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Whilst not strictly required for consensus generation, the study by Liu 
et al. (2022) has shown that the false positive rate for variant calling 
utilising ONT data drops to zero when a minimum sequencing depth of 
200x is used, suggesting that higher sequencing depths are preferable to 
minimise the introduction of errors in generated consensus sequences. 

The S and L segments exhibited on average the highest sequencing 
depths across both sequencing platforms and methodologies (Fig. 3). 
Although the reduced sequencing depth in the M segment compared to 

the S and the L segments for the targeted enrichment can be attributed to 
the greater genetic diversity of the M segment, the same cannot be said 
with the non-targeted approach, suggesting perhaps a lower starting 
number of M segment copies in the extracted viral RNA, possibly due to 
the presence of defective M-segment free particles, speculated on pre-
viously (Weidmann et al., 2011). 

Additional reference coverage could have been achieved by lowering 
the minimum depth required for consensus calling to 1x, as done by 

Fig. 4. Maximum likelihood phylogeny of the S (1572 bp), M (3057 bp) and L (5102 bp) segments. Sequencing technology and enrichment strategy are indicated for 
each sequence as follows: IE (Illumina, targeted enrichment) with a white circle, IS (Illumina, SISPA) with a white rhombus, OE (ONT, targeted enrichment) with a 
black circle and OS (ONT, SISPA) with a black rhombus. Different genetic lineages are indicated as follows: Asia 1/IV (teil), Asia 2/IV (purple), Europe 1/V (green), 
Africa 3/III (red), Africa 2/II (orange), Africa 1/I (yellow), AIGV/VI (grey). 
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Zakotnik et al. in their TBEV study, however, we have maintained a 
minimum depth of 10x to increase confidence. 

Although we have observed a loss of sequencing depth below 10x in 
certain regions of the M and L segments (Fig. 3), our phylogenetic 
analysis suggests that enough data is retained for accurate lineage 
discrimination even with partial M and L segment sequences (Fig. 4), 
which confirmed affiliation of our generated consensus sequences to the 
Europe 1 lineage, supported by high bootstrap values. Similar to other 
reports (Lukashev et al., 2016), we have found no evidence of genomic 
inter-lineage reassortment in our Europe 1 sequences based on phylo-
genetic analysis. Genetic lineages Asia 1 and Asia 2 (genotype IV) and 
Africa 3 (genotype III), however, do not form distinct clades by M 
segment phylogenetic analysis (Fig. 4B), with evidence of genetic reas-
sortment between these lineages having been described previously 
(Lukashev et al., 2016; Negredo et al., 2021), highlighting the impor-
tance of a whole genome sequencing approach for accurate genetic 
characterisation of CCHFV. 

Ticks are important vectors of a wide range of viral pathogens 
affecting humans, livestock and wild animals. The last decades have 
seen a rise in tickborne disease (TBD) cases, and established populations 
of medically important tick species have been reported over expanding 
geographic areas (Madison-Antenucci et al., 2020). Although part of the 
increased incidence of tick-borne pathogens can be attributed to ad-
vances in diagnostics, increased global travel, trading of livestock and 
environmental changes have all contributed to the spread of tick-borne 
pathogens in Europe (Michelet et al., 2014). Evidence of a northward 
expansion of the range of several tick species has been observed in 
Europe and the Americas (Jore et al., 2014; Porretta et al., 2013; 
Estrada-Pena, 2023), with concomitant emergence of new endemic foci 
(Holding et al., 2020; Monsalve Arteaga et al., 2021). The geographical 
expansion of tick vectors coupled with the fast mutation rate of RNA 
viruses (Damian et al., 2020) has made the investigation of tick-borne 
pathogens a public health priority. Research into tick-borne pathogens 
will be crucial to not only inform disease prevention and control mea-
sures (Johnson et al., 2022), but also to understand their diversity, host 
and vector ranges, evolutionary histories, as well predict the emergence 
of new pathogenic species (Damian et al., 2020). 

The SARS-CoV-2 pandemic has, now more than ever, highlighted the 
threat that rapidly evolving RNA viruses pose to public health. With 
emerging VOCs having accounted for immune response evasion (Harvey 
et al., 2021), increased transmissibility (Balint et al., 2022) and 
increased virulence (Wu et al., 2021), it is clear that complete viral 
genome sequencing will continue to play an important role in the pre-
vention, control and management of infectious diseases. 

Since there is still no licensed vaccine against CCHFV, and the effi-
cacy of ribavirin is still questionable (D’Addiego et al., 2023; Johnson 
et al., 2018), there has been increased interest by public health au-
thorities to support active CCHFV surveillance. The WHO has included 
CCHFV in their 2018 R&D Blueprint as a priority for research and 
product development for early diagnostics (World Health Organization, 
2013). 

This study represents the first developed tiling multiplex PCR 
methodology for CCHFV, for which we have observed a comparable 
performance to other published schemes. Whilst recovery of a complete 
genomic sequence from samples with high virus titre is possible utilising 
non-targeted enrichment strategies such as SISPA, for samples with low 
viraemia, a targeted enrichment approach is preferable prior to 
sequencing to recover meaningful portions of the genome. In this study, 
we were able to recover 100% of the CCHFV genome in samples with a 
minimum of 1.41 × 106 copies/ml of serum, with reference genome 
coverage dropping to at least 53.46% for samples with Ct values above 
30. 

Future work will look at further optimising the presented targeted 
enrichment approach. In particular, we will aim to increase the Ct value 
threshold for successful sequencing and consensus calling. Efforts will 
also be made to identify additional primers that can be added to the 

scheme to increase genome reference coverage. The scheme will also be 
tested on a broader set of samples in other endemic regions, as well as on 
other complex sample types such as tick homogenates. Whilst the 
development of a single multiplex PCR strategy for enrichment of all 
CCHFV genomes is hindered by the high genetic diversity between 
CCHFV clades, future efforts will also look at developing enrichment 
schemes for other lineages, to further support sequencing capabilities of 
CCHFV in endemic regions. 
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