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Abstract
Usutu virus (USUV), an arbovirus from the Flaviviridae family, genus Flavivirus, has recently gained increasing 
attention because of its potential for emergence. After his discovery in South Africa, USUV spread to other African 
countries, then emerged in Europe where it was responsible for epizootics. The virus has recently been found 
in Asia. USUV infection in humans is considered to be most often asymptomatic or to cause mild clinical signs. 
However, a few cases of neurological complications such as encephalitis or meningo-encephalitis have been 
reported in both immunocompromised and immunocompetent patients. USUV natural life cycle involves Culex 
mosquitoes as its main vector, and multiple bird species as natural viral reservoirs or amplifying hosts, humans and 
horses can be incidental hosts. Phylogenetic studies carried out showed eight lineages, showing an increasing 
genetic diversity for USUV. This work describes the development and validation of a novel whole-genome 
amplicon-based sequencing approach to Usutu virus. This study was carried out on different strains from Senegal 
and Italy. The new approach showed good coverage using samples derived from several vertebrate hosts and may 
be valuable for Usutu virus genomic surveillance to better understand the dynamics of evolution and transmission 
of the virus.
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Introduction
An increasing number of Infectious diseases (re-)emerge 
annually due to a combination of ecological and socio-
economical drivers such as increase in human popula-
tion density, ageing, travel, urbanization, biodiversity loss 
and climate change, promoting the evolution and spread 
of new pathogens [1]. Among them, arboviruses have a 
significantly impact on human and animal health through 
their emergence and re-emergence in these popula-
tions, representing a significant threat for new epidemics 
worldwide. [2, 3].

Usutu virus (USUV), an arbovirus from the Flaviviri-
dae family, genus Flavivirus, has recently gained signifi-
cant scientific attention, particularly since its emergence 
in Europe [3]. It was first isolated in 1959 from a Culex 
neavei mosquito caught near the Usutu river in Swazi-
land, South Africa [4]. The virus belongs to the antigenic 
serocomplex of Japanese encephalitis, together with Jap-
anese encephalitis virus (JEV), West Nile virus (WNV), 
and Murray Valley encephalitis virus (MVEV). It is a 
(+)-strand RNA genome of 11,064 nucleotides encoding 
a single polyprotein of 3,434 amino acids that is subse-
quently cleaved into structural (C, prM and E) and non-
structural (NS1, NS2A, NS2B, NS3, NS4A, NS4B and 
NS5) proteins [5].

Similar to other flaviviruses, the natural life cycle of 
USUV involves Culex mosquitoes as its main vector, and 
multiple bird species as natural viral reservoirs or ampli-
fying hosts [3]. Humans and horses can be incidental 
dead-end hosts. USUV isolation, detection or serological 
evidence were reported in various animal species includ-
ing rodents, shrews, bats, dogs, squirrels, wild boars, roe-
deers, and lizards, expending the incidental host range 
[6–27].

The genetic variability of USUV has been explored 
through phylogenetic studies performed on full-length 
genomes, as well as on the envelope and NS5 genes [17, 
28–31]. These analyses revealed eight distinct USUV lin-
eages designated on the basis of their geographic origin 
of isolation: Africa 1, 2 and 3; Europe 1, 2, 3, 4 and 5.

After its discovery in South Africa, USUV spread to 
other African countries including Senegal, Uganda, Cen-
tral African Republic, Nigeria, Burkina Faso, and Côte 
d’Ivoire, causing mild sporadic infections in the continent 
[32]. Outside Africa, it was observed in Europe for the 
first time in Vienna in 2001 [9], where it was responsible 
for massive outbreaks in blackbirds (Turdus merula) and 
gray owls (Strix nebulosa). A retrospective study analys-
ing dead birds conducted in the Tuscany region of Italy 
showed that USUV has been circulating in Europe since 
1996 [10]. Between 2014 and 2015, the virus was first 
isolated in Israel from mosquito pools, marking the first 
isolation in the Asian continent [33]. Recently, USUV 
has also caused neurological cases in immunocompetent 

patients in Croatia, Italy, Germany, Austria and France 
[31, 34–37]. Indeed, there is increasing evidence that 
the virus is pathogenic for humans, and might become a 
growing potential public health issue.

USUV is found in a broad spectrum of animals and 
mosquitoes, sometimes in co-infection with insect spe-
cific viruses or other arboviruses sharing the same res-
ervoirs or vectors [38, IPD unpublished data]. This poses 
a diagnostic challenge for both serology and molecular 
biology tests. We therefore set up an amplicon-based sys-
tem for the specific sequencing of USUV. The sequenc-
ing approach, used extensively during the COVID-19 
pandemic, allowed health authorities and the scientific 
community to quickly monitor SARS-CoV-2 introduc-
tions and identify new variants for appropriate counter-
measures and better management of the pandemic [39]. 
This tool will enable the acquisition of complete genomes 
of USUV strains circulating at known and unknown 
vectors, reservoirs, or hosts, allowing for better genetic 
diversity assessment and genomic surveillance in Africa, 
Europe and other parts of the world where the virus can 
emerge.

Methods
Primers design for USUV tiled amplicons-based 
sequencing systems
Two non-overlapping pools of USUV targeting primers 
were designed in IPD to perform multiplexed PCR reac-
tions, using the web-based tool entitled Primal Scheme 
[40] and the USUV reference genome (accession number: 
MT188658.1) as template. Approximately, 400  bp tiled 
amplicons were generated along the targeted genome. 
An alignment of USUV sequences available on Genbank 
were then used to identify nucleotide mismatches for 
potential correction on ambiguous sites of each primer to 
ensure both good coverage and high specificity to USUV 
lineages.

USUV primer pools validation
Sequencing of USUV isolates
The designed primer systems were challenged for 
amplicon-based whole genome sequencing of well 
characterized USUV isolates from Senegal and Italy. 
The sequencing experiments were undertaken both by 
the teams in Senegal and Italy with their local isolates. 
USUV strains from Senegal were obtained by infect-
ing C6/36 cell monolayers with homogenized mosquito 
pools, as previously described [41]. Isolates from Italy 
were obtained from birds’ internal organs and mosquito 
homogenates after two to three passages on Vero mono-
layer cell lines followed by an infection on C6/36 cell 
lines. A cut-off of 95% horizontal coverage was chosen as 
a good metric for inclusivity.
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Specificity and sensitivity of the USUV amplicon based-
sequencing systems
The specificity of USUV amplicon was assessed by per-
forming the experiment on several other arboviruses: 
Rift Valley Fever virus (RVFV), Yellow Fever virus (YFV), 
Zika virus (ZIKV), Dengue 2 virus (DENV-2), Wessels-
bron virus (WSLV), Kedougou virus (KDGV), WNV and 
Chikungunya virus (CHIKV) as previously described 
[42]. Moreover, the sensitivity of the approach was evalu-
ated using serial dilutions of USUV isolates at different 
concentrations (10^6–10^2 RNA copies/µl). Each con-
centration was sequenced in triplicate.

Validation on USUV field samples
Sequencing efforts were conducted on USUV positive 
samples from mosquitoes and birds collected in both 
Italy and Senegal. CT values of the different samples 
were determined by RT-qPCR using a consensus USUV 
assay in Senegal [43] and a molecular USUV assay [44] 
in Italy before sequencing. Briefly, in Senegal viral RNA 
extraction was performed with the QIAamp viral RNA 
mini kit (Qiagen, Heiden, Germany) according to the 
manufacturer’s instructions. Viral RNAs were amplified 
by qRT-PCR using the Quantitect Reverse Transcription 
Kit (Qiagen, Heiden, Germany) according to the manu-
facturer’s instructions and a specific real-time RT-PCR 
assay to Identify Usutu Virus [43]. In Italy, Viral RNA was 
extracted by using the MagMAX CORE Nucleic Acid 
Purification KIT (Applied Biosystem, Thermo Fisher Sci-
entific, Life Technologies Corporation, TX, USA) and 
amplified by a rapid and specific real-time RT-PCR assay 
to Identify Usutu Virus [44], by using the Superscript III 
Platinum OneStep qRT-PCR System (Invitrogen) accord-
ing to the manufacturer’s instructions.

Next generation sequencing and genome assembly
Viral RNAs were extracted using the QIAamp viral 
RNA mini-kit (QIAGEN, Hilden, Germany) and were 
reverse-transcribed into cDNAs using the Superscript IV 
Reverse Transcriptase enzyme (ThermoFisher Scientific, 
Waltham, MA, USA). The synthesized cDNAs served as 
templates for direct amplification to generate approxi-
mately 400  bp amplicons tiled along the genome using 
two non-overlapping pools of USUV targeting primers 
at 10 nM and Q5® High-Fidelity 2X Master Mix (NEB, 
NEW ENGLAND, Biolabs).

In Senegal, libraries were then synthesized by tagmen-
tation using the Illumina DNA Prep kit and the IDT® 
for Illumina PCR Unique Dual Indexes. After a clean-
ing step with the Agencourt AMPure XP beads (Beck-
man Coulter), libraries were quantified using a Qubit 3.0 
fluorometer (Invitrogen Inc., Waltham, MA) for manual 
normalization before pooling in the sequencer. Clus-
ters generation and sequencing were performed on an 

Illumina MiSeq instrument with 2 × 300-nt read-length. 
Consensus genomes were generated using the nextflow 
(v21.10.6) based nf-core viral reconstruction (v2.5) pipe-
line (https://github.com/nf-core/viralrecon) from the 
standardized nf-core pipelines [44, 45].

In Italy, amplified DNA was diluted to obtain a concen-
tration of 100–500 ng, then used for library preparation 
with an Illumina DNA prep kit, and sequenced with a 
NextSeq 500 (Illumina Inc., San Diego, CA, USA) using 
a NextSeq 500/550 Mid Output Reagent Cartridge v2, 
300 cycles, and standard 150 bp paired-end reads. After 
quality control and trimming with Trimmomatic v0.36 
(Usadellab, Düsseldorf, Germany) (Bolger et al., 2014) 
and FastQC tool v0.11.5 (Bioinformatics Group, Babra-
ham Institute, Cambridge, UK) [47, 48] reads were de 
novo assembled using SPADES v3.11.1 (Algorithmic Biol-
ogy Lab, St Petersburg, Russia) [49]. The contigs obtained 
were analyzed with BLASTn to identify the best match 
reference. Mapping of the trimmed reads was then per-
formed using the iVar computational tool [50] to obtain a 
consensus sequence.

USUV phylogenetic tree
A phylogenetic tree The newly generated USUV genomes 
were analysed with other whole genomes available in 
Genbank. A phylogenetic tree was generated with the 
strains obtained during this study (horizontal coverage 
greater than or equal to 95%) with complete genomes 
available on Genbank. Indeed, complete genomes of 
strains of each lineage described for USUV (Africa 1, 2, 3 
et Europe 1, 2, 3, 4, 5) [30–32] were chosen according to 
availability. Sequences were aligned using MAFFT [51], 
and the alignment was run under the best model in IQ-
TREE [52]. The maximum-likelihood (ML) phylogenetic 
tree was visualized using Figtree V1.4.4 [53].

Results
USUV oligonucleotide primer pools
Overall, thirty-five overlapping oligonucleotide primer 
pairs covering almost the whole genome of USUV were 
obtained after the design based on a USUV reference 
genome (accession number: MT188658.1).

The primers set was subsequently compared to an 
alignment of twenty-one sequences representing the dif-
ferent USUV lineages (supplementary material S1). In 
order to cover a maximum of lineages while maintaining 
a balance for specificity, degeneration was then added 
in relevant ambiguous sites on each primer. The list of 
USUV primers can be found in Table 1.

USUV primers set validation
Inclusivity test
Overall, three strains from Italy and ten for Senegal, with 
Ct values varying from 10 to 33, were used to perform the 

https://github.com/nf-core/viralrecon
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USUV_1_LEFT ​C​G​T​G​A​G​C​T​C​T​A​C​T​A​C​T​T​C​A​T​A​T​T​G​G​T
USUV_1_RIGHT ​C​T​A​G​T​C​C​T​G​G​T​C​C​A​T​T​G​T​T​G​C​C
USUV_2_LEFT ​A​C​C​T​G​A​C​T​A​G​C​T​T​T​A​A​A​A​A​G​G​A​A​T​T​A​G​G
USUV_2_RIGHT ​T​C​G​A​A​T​G​T​C​T​G​G​T​T​C​T​T​G​T​G​C​A
USUV_3_LEFT ​G​G​A​T​G​C​A​G​G​A​A​A​T​G​A​C​C​C​A​G​A​A
USUV_3_RIGHT ACCTTCCAGAACCACGTCRA
USUV_4_LEFT ​T​G​C​T​T​A​C​A​G​C​T​T​C​A​A​C​T​G​C​C​T​T
USUV_4_RIGHT ​T​T​T​T​C​C​G​G​T​T​G​G​A​T​C​A​T​T​C​G​G​C
USUV_5_LEFT ​A​T​G​G​C​T​G​T​G​G​A​C​T​A​T​T​T​G​G​C​A​A
USUV_5_RIGHT AGTRTCTCTCTATTTCTCCAATTTGAGCT
USUV_6_LEFT ​G​C​A​C​C​A​A​A​C​A​T​T​T​C​C​T​T​G​T​C​C​A
USUV_6_RIGHT TGWTGCCACGATGGAAATTGGA
USUV_7_LEFT ​C​G​G​C​A​T​G​T​G​T​A​C​G​G​A​A​A​A​G​T​T​T
USUV_7_RIGHT ​A​T​T​G​A​A​A​A​T​C​C​C​T​C​C​G​A​C​C​G​A​C
USUV_8_LEFT ​T​G​G​A​A​A​A​G​C​G​T​T​C​A​T​C​A​C​C​A​C​T
USUV_8_RIGHT CCAGYTGTTTTGGTGTCTCAGG
USUV_9_LEFT ​G​C​T​G​T​G​G​A​C​A​A​G​G​G​A​T​C​T​T​C​A​T
USUV_9_RIGHT ​C​C​T​T​T​T​T​A​C​G​T​C​G​G​G​G​C​A​T​T​C​T
USUV_10_LEFT ​C​T​G​G​G​G​A​A​A​G​A​G​C​T​T​G​G​T​G​T​T​C
USUV_10_RIGHT ​G​A​T​T​G​C​T​T​T​T​T​G​G​T​C​C​A​G​C​G​A​G
USUV_11_LEFT ​G​C​C​T​G​A​G​A​C​A​C​A​C​A​C​T​C​T​T​T​G​G
USUV_11_RIGHT ​A​T​G​T​C​A​C​T​C​C​G​G​T​A​G​G​C​A​C​T​A​A
USUV_12_LEFT TGGATGTTGGTATGGAATGGARAT
USUV_12_RIGHT AGCAGGATGTTCTCTTGGTTYG
USUV_13_LEFT ​G​C​C​G​C​C​T​T​T​A​A​A​A​T​C​C​A​A​C​C​A​G
USUV_13_RIGHT GGARAACTGCCCTGTTGATGTT
USUV_14_LEFT CATYTGCAGCCTGATAGGGGAG
USUV_14_RIGHT ​G​G​G​T​C​G​T​T​G​A​T​A​A​G​G​T​G​G​A​A​G​T
USUV_15_LEFT ​G​A​T​G​C​A​G​C​C​A​T​A​A​C​T​G​G​A​A​C​C​A
USUV_15_RIGHT ​G​T​G​A​G​C​C​T​T​C​C​T​T​C​A​C​C​A​C​T​T​C
USUV_16_LEFT ​G​T​G​G​G​C​G​T​C​A​T​G​T​A​T​G​A​A​G​G​A​G
USUV_16_RIGHT ​T​T​C​T​T​C​T​C​T​T​T​C​C​C​C​T​T​G​C​A​C​G
USUV_17_LEFT ​A​T​C​G​T​G​G​G​C​T​T​G​T​A​C​G​G​G​A​A​T
USUV_17_RIGHT ​T​T​A​G​A​G​G​T​G​A​C​A​T​G​A​G​T​C​T​G​T​G​G
USUV_18_LEFT CAGCGGTCAACAGAGAGCAYAG
USUV_18_RIGHT ​T​T​C​C​C​G​C​T​C​T​T​T​G​A​A​G​A​C​A​C​T​G
USUV_19_LEFT ​A​T​A​C​A​C​C​G​G​G​A​A​A​A​C​A​G​T​C​T​G​G
USUV_19_RIGHT ​C​G​A​T​C​G​T​G​T​C​A​T​C​T​T​C​G​C​T​T​G​T
USUV_20_LEFT ​T​G​C​C​C​A​G​A​G​G​A​G​A​G​G​A​A​G​A​G​T​A
USUV_20_RIGHT GCCYGTGCGGGTGACAATYT
USUV_21_LEFT ​C​C​G​A​C​A​G​G​A​A​G​T​G​G​T​G​T​T​T​T​G​A
USUV_21_RIGHT ​T​C​T​G​A​A​C​G​A​G​G​A​G​C​A​A​G​A​A​A​A​C​T
USUV_22_LEFT ​C​A​T​G​G​C​C​T​T​T​G​A​A​G​A​G​T​T​G​C​C
USUV_22_RIGHT ​A​G​A​G​C​A​C​T​C​T​G​T​G​G​T​T​G​A​C​G​T
USUV_23_LEFT ​G​T​G​G​T​G​G​C​T​G​C​A​A​A​T​G​A​A​T​A​C​G
USUV_23_RIGHT GYAGCATGTAGCCATAGTGRAG
USUV_24_LEFT CTTGGTCTTTTTGGGATGYTGG
USUV_24_RIGHT ​G​A​T​G​A​C​G​T​G​A​C​A​A​A​G​T​C​C​G​G​T​C
USUV_25_LEFT ​C​A​T​C​C​T​C​A​T​A​T​C​A​G​C​G​G​C​A​C​T​C
USUV_25_RIGHT ​C​C​A​C​C​T​T​G​C​C​A​A​T​T​G​G​T​T​T​G​A​C
USUV_26_LEFT GGRAACAAAACTGGAGGACACC
USUV_26_RIGHT ​T​G​C​A​G​A​A​C​T​C​T​C​T​T​G​G​T​C​C​T​C​T
USUV_27_LEFT ​A​G​T​G​C​T​G​A​G​G​T​G​G​A​A​G​A​A​C​A​A​C
USUV_27_RIGHT TCCTGGCTTTGATCTTCTCYTG

Table 1  Sequences of the USUV primers set
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USUV primer’s inclusivity test. The tiled-amplicon whole 
genome sequencing, undertaken on both strains from 
Senegal and Italy, obtained 95 − 100% horizontal cover-
age with genome length between 10,494nt and 10,837nt 
(Table 2).

Specificity test
In order to assess the specificity of the USUV targeted 
approach, six Flaviviruses (YFV, ZIKV, DENV-2, WSLV, 
KDGV, WNV), one Phlebovirus (RVFV), and one Alpha-
virus (CHIKV) were tested with the USUV primer’s set 
for amplicon-based whole genome sequencing.

All the samples failed bowtie2 1000 mapped read 
threshold and no consensus genome could be assembled.

Sensitivity test
One representative USUV isolate (accession number: 
ON032476) was chosen to assess the primers set limit 
of detection under optimal conditions. Serial dilutions 
from 10^6 to10^2 cp/µl were processed in triplicate for 
sequencing. The system was able to capture more than 
95% of USUV whole genome until 10^4 cp/µl. At 10^3 
cp/µl, horizontal coverage was between 92 and 96% while 
83–88% of the USUV sequence was completed at 10^2 
cp/µl (Table 3).

Table 2  Inclusivity test of the USUV primers
RT-PCR Ct value # Total trimmate reads # USUV reads % HCoverage VCoverage Consensus sequence length
Viral strain USUV Italy 10 1.997.126 56.4902 100 6053.7 10.837

20 1.909.064 482.135 100 5360.97 10.835
16 2.056.663 553.137 100 6041.88 10.837
N of replicates with Coverage ≥ 95% 3/3 (100 )

Viral strain USUV Senegal 33 694.838 225.462 95 3041.56 10.494
28 854.870 304.085 97 4033.3 10.494
27 556.582 223.863 97 3024.04 10.499
31 523.901 197.085 95 2715.43 10.494
29 769.757 247.559 95 3073.1 10.499
32 3.250.194 605.236 97 5460.49 10.498
13 628.539 281.283 99 3729.34 10.695
13 679.204 289.399 100 3803.38 10.825
14 379.968 188.337 100 2479.05 10.836
14 445.022 221.901 99 2975.98 10.699
N of replicates with Coverage ≥ 95% 10/10 (100)

The Table 2 shows the results obtained after sequencing of three and ten USUV strains from Italy and Senegal respectively, for inclusivity test of the USUV primers. Ct 
values of tested strains, number of total reads and specific USUV reads, horizontal and vertical coverages and consensus sequence length obtained after sequencing 
for each strain were presented in this table

VCoverage = vertical coverage

HCoverage = horizontal coverage

USUV_28_LEFT ​A​C​G​A​G​G​A​G​G​A​T​G​T​T​A​A​C​C​T​T​G​G
USUV_28_RIGHT ​G​A​G​A​A​A​A​G​C​C​C​A​C​A​G​C​C​A​A​T​T​G
USUV_29_LEFT ​A​G​A​A​A​A​G​G​T​T​G​A​C​A​C​C​A​A​G​G​C​C
USUV_29_RIGHT CARGGCTTCAAACTCCAGRAAT
USUV_30_LEFT ​G​A​G​A​G​T​T​T​G​G​C​A​A​A​G​C​G​A​A​A​G​G
USUV_30_RIGHT ​C​A​T​C​C​A​T​G​A​C​G​G​T​C​T​T​C​C​C​A​T​C
USUV_31_LEFT ACAACTRGCCAGAGCAATCATT
USUV_31_RIGHT ​A​C​T​C​T​G​G​C​A​C​G​T​C​T​T​T​T​C​T​G​A​C
USUV_32_LEFT ​G​T​T​G​T​C​A​A​G​C​C​C​C​T​G​G​A​T​G​A​T​C
USUV_32_RIGHT ​A​T​G​C​A​C​T​G​A​C​C​A​T​G​A​C​G​T​C​C​T
USUV_33_LEFT ​A​G​A​T​C​T​G​A​G​G​C​T​G​A​T​G​G​C​A​A​A​C
USUV_33_RIGHT ​T​T​A​C​A​A​A​A​C​C​C​T​G​T​C​C​T​C​T​T​G​G​A
USUV_34_LEFT ​A​C​C​A​G​G​T​G​A​G​G​G​C​A​A​T​T​A​T​T​G​G
USUV_34_RIGHT ​G​A​C​G​C​T​T​C​C​A​A​T​A​A​G​C​A​G​G​G​T​C
USUV_35_LEFT ​C​G​G​A​C​T​G​G​G​T​T​A​A​C​A​A​A​G​C​T​G​G
USUV_35_RIGHT ​T​G​C​C​T​T​G​T​G​G​T​T​G​A​T​G​T​T​G​G​A​A
The Table 1 shows the sequences of the USUV primers set designed in this study

Table 1  (continued) 
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USUV Set primers validation on field samples
Forty-three USUV homogenates with known RT-qPCR 
Ct values ranging from 15 to 35 were selected for tar-
geted-sequencing. The homogenates were obtained from 
mosquito pools and bird internal organs. The horizontal 
coverage of the samples ranged from 58 to 100%, corre-
sponding to Ct values between 15 and 35, and 62% of the 
samples reached coverage between 95 and 100% with Ct 
values ranging from 15 to 27. Two samples with Ct values 
of 27 and 30 failed the sequencing process, indicating that 
factors other than the viral load could be involved in the 
consensus genome assembly. Interestingly, the amplicon-
based sequencing approach was also performed on six 
USUV positive samples from Italy that were co-infected 
with WNV-Lineages 1 or 2, giving an USUV H-coverage 
of 92–100%, despite having a lower viral load compared 
to WNV. Similarly, relative good H-coverage (74–93%) 
was obtained on six mosquito samples from Senegal 
with reported viral co-infections either by flaviviruses, 

alphaviruses, or mesoniviruses. All these results are sum-
marized in Tables 4 and 5.

Usutu virus phylogenetic tree
The phylogenetic tree obtained after analysis of newly 
USUV strains and USUV available complete genomes in 
Genbank, confirms that the complete genomes sequences 
obtained belong to USUV and that these strains have a 
resemblance to the old strains (Fig. 1).

Discussion
Arboviruses constitute a broad group of viruses with a 
strong impact on human and animal health. In order to 
prevent the underreporting and underestimation of these 
viruses, there is a strong need of a reliable integrated sur-
veillance system at the animal, human and vector inter-
face. High-throughput sequencing approaches, as the 
nucleic acid metagenomics; the hybrid capture using spe-
cific biotinylated probes; the multiplex PCR-based target 
enrichment; or the amplicon-based protocol might be 
crucial to improve viral diagnosis and better understand 
the genetic diversity of viruses, enabling the implemen-
tation of appropriate countermeasures [42]. Specifically, 
the amplicon-based sequencing approach, allowing tar-
geted-sequencing, has been extensively used in the recent 
past for SARS-CoV-2 and WNV genomic surveillance to 
monitor the virus introductions and local transmission, 
aiding in understanding the global diffusion network 
and viral evolution [54]. This method offers a solution to 
sequencing constraints such as the host genomic back-
ground and low viral loads [55].

USUV, an arbovirus causing neurological disease in 
human, has become widespread in Africa and Europe 
[32, 56] and has emerged in Asia [33]. Several detections 
of the virus in humans, mosquitoes and animals have 
been recorded in recent years across these three conti-
nents. USUV genetic lineages are geographically specific, 
enabling genomic surveillance to track viral strain diffu-
sion patterns. In this study, we propose a whole genome 
amplicon-based sequencing approach for Illumina tech-
nology for USUV, to establish an efficient genomic sur-
veillance system for monitoring the emergence and 
re-emergence of this arbovirus that, widespread in Africa 
and Europe, is causing neurological disease in humans 
and which evolution and expansion might represent a 
potential public health future threat worldwide [32, 56]. 
The method was validated in vertebrates and mosquitoes 
from Senegal and Italy using specific primers designed 
based on different USUV lineages. Nearly complete 
genomes sequences of USUV strains from both countries 
were obtained with good primer sensitivity and specific-
ity. In addition, USUV samples co-infected with other 
viruses were sequenced with good horizontal and verti-
cal coverages. In view of these results, this sequencing 

Table 3  Sensitivity test of the USUV primers
Quantity 
value (cp/uL)

# Total 
trim-
mate 
reads

# WNV 
reads

% 
HCoverage

VCov-
erage

Con-
sensus 
sequence 
length

10^6 1.189.449 376.979 100 4607.17 10.837
10^6 1.269.455 403.033 100 4838.74 10.836
10^6 1.198.499 392.297 100 4745.8 10.837
N of replicates with 
Coverage ≥ 95%

3/3 (100)

10^5 1.240.823 379.133 99 4581.63 10.837
10^5 1.073.364 351.179 99 4289.55 10.807
10^5 1.235.377 386.080 99 4624.55 10.837
N of replicates with 
Coverage ≥ 95%

3/3 (100)

10^4 1.392.113 381.234 99 4339.31 10.838
10^4 1.169.792 349.199 97 4178.8 10.499
10^4 1.094.369 334.163 96 4135.57 10.499
N of replicates with 
Coverage ≥ 95%

3/3 (100)

10^3 641.826 223.790 96 2848.31 10.499
10^3 695.820 238.992 95 3069.17 10.351
10^3 462.528 182.763 92 2441.9 10.502
N of replicates with 
Coverage ≥ 95%

2/3 (66%)

10^2 85.909 50.388 88 709.483 10.348
10^2 44.720 28.768 88 406.636 10.346
10^2 37.560 24.606 83 366.618 10.340
N of replicates with 
Coverage ≥ 95%

0/3 (0%)

The Table 3 shows the evaluation of sensitivity of USUV primers set. The number 
of total reads and specific USUV reads, horizontal and vertical coverages and 
consensus sequence length obtained after sequencing of serial dilutions of an 
USUV strain were presented in this table

VCoverage = vertical coverage

HCoverage = horizontal coverage



Page 7 of 10Ndione et al. Virology Journal          (2024) 21:163 

method can be used for USUV monitoring, directly from 
mosquito and bird homogenates. However, additional 
comparative studies could be carried out to assess the 
described USUV primers set and refine the observed 
results.

In the literature, many phylogenetic studies which 
have shown that USUV can have several lineages includ-
ing Africa 1 to 3 and Europe 1 to 5 have been essentially 
based on the NS5 gene of the virus [28–31, 57]. New 

phylogenetic studies based on complete genomes of all 
detected strains in African and European countries using 
this tool could allow to better determine the diversity of 
this virus.

Overall, this novel amplicon based sequencing tool can 
support USUV genomic surveillance worldwide.

Table 4  Test of the USUV primers with USUV homogenates
Viral homogenate 
USUV – sample 
number

Host RT-PCR
Ct value

# Total 
trimmate
reads

# USUV reads % HCoverage VCoverage Con-
sensus 
sequence 
length

1 Turdus merula 15 2.465.611 565.498 100% 6657.9 11.008
2 Turdus merula 15 1.424.014 1.373.423 99% 6748.44 11.033
3 Culex pipiens 16 3.867.757 543.717 99% 5625.6 10.773
4 Culex pipiens 17 4.303.602 600.693 100% 5499.75 10.835
5 Culex pipiens 18 2.991.770 564.111 99% 5770.54 10.826
6 Larus michaellis 18 4.033.463 753.511 100% 6643.55 11.003
7 Culex pipiens 19 2.388.992 532.830 97% 6048.34 11.013
8 Sturnus vulgaris 21 3.897.031 557.169 100% 5491.77 10.837
9 Culex pipiens 21 2.639.206 431.426 100% 4726.96 10.837
10 Turdus merula 22 2.176.309 483.373 100% 5880.38 11.002
11 Culex pipiens 22 5.122.948 527.184 100 4654.43 10,836
12 Culex pipiens 23 3.169.173 414.895 97% 4760.21 10.497
13 Culex pipiens 23 4.272.994 650.865 100% 6095.87 10.837
14 Culex pipiens 23 2.366.094 544.141 97% 6171.29 11.020
15 Culex pipiens 23 2.947.599 458.013 100% 4779.29 10.837
16 Culex pipiens 23 14.286.460 781.029 95% 5859.88 10.649
17 Culex pipiens 23 3.402 2.069 78% 355.225 10.484
18 Passer domesticus 24 845.671 246.117 89% 4373.47 10.999
19 Columba palumbus 24 2.209.345 493.383 98% 5956.48 11.002
20 Culex pipiens 25 2.568.496 546.673 97% 6063.81 11.004
21 Culex pipiens 25 3.263.678 428.103 97% 4658.68 10.498
22 Culex pipiens 25 11.784.307 816.887 97% 6032.09 10.505
23 Culex pipiens 25 3.619.530 650.199 97% 6145.91 10.837
24 Turdus merula 26 1.691.299 372,666 93% 5409.48 11.002
25 Culex pipiens 26 4.181.786 519.835 100% 5420.14 10.837
26 Culex pipiens 26 1.516.361 250.029 94% 3403.15 10.500
27 Culex pipiens 27 3.383.309 308.081 81% 3944.35 9.867
28 Culex pipiens 27 1.516.324 484.629 92% 5089.83 10.501
29 Columba palumbus 27 1.418.856 263.207 93% 4676.13 10.992
30 Phasianus colchicus 27 177.310 0 0 0 0
31 Culex pipiens 27 2.613.0567 592.806 97% 4734.12 10.515
32 Culex pipiens 28 2.108.171 197.121 93% 2403.54 10.495
33 Otus scops 30 210.181 95.737 86% 2532.56 10.678
34 Culex pipiens 30 348.624 0 0 0 0
35 Columba palumbus 31 2.358.055 163.177 92% 3980.69 10.679
36 Otus scops 33 101.403 16.512 84% 348.585 10.642
The Table 4 shows the results obtained after sequencing of USUV homogenates (mosquitoes and birds) with the USUV primers set. The hosts species, Ct values of 
tested strains, number of total reads and specific USUV reads, horizontal and vertical coverages and consensus sequence length obtained after sequencing were 
presented in this table

VCoverage = vertical coverage

HCoverage = horizontal coverage
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Abbreviations
USUV	� Usutu Virus
JEV	� Japanese Encephalitis Virus
WNV	� West Nile Virus
MVEV	� Murray Valley Encephalitis Virus

RVFV	� Rift Valley Fever Virus
YFV	� Yellow Fever Virus
ZIKV	� Zika Virus
DENV-2	� Dengue Virus Lineage 2
WSLV	� Wesselbron Virus

Table 5  Quantitative and conventional RT-PCR results of samples with multiple viral species
Viral homog-
enate USUV – 
sample number

Host USUV
RT-PCR
Ct-value

WNV L1
RT-PCR
Ct-value

WNV L2
RT-PCR
Ct-value

MESOV
RT-PCR
Ct-value

BAGV
RT-PCR
Ct-value

BARKV
RT-PCR
Ct-value

SINDV
Conven-
tional 
RT-PCR

ONNV
Conven-
tional 
RT-PCR

13 Culex pipiens 23 - 21 - - - - -
15 Culex pipiens 23 38 - - - - - -
25 Culex pipiens 26 - 26 - - - - -
26 Culex pipiens 26 - 29 - - - - -
28 Culex pipiens 27 - 27 - - - - -
30 Phasianus 

colchicus
27 - 32 - - - - -

31 Culex pipiens 27 - 24 - - - - -
38 Culex neavei 30 - - 15 - - + -
39 Culex neavei 28 - - - 32 27 - +
40 Culex neavei 27 - - - - 24 - +
41 Culex neavei 34 - - - - 28 - +
42 Culex neavei 33 26 - - - 29 - +
43 Culex neavei 24 25 - - - 26 - +
The Table 5 shows the quantitative and conventional RT-PCR results of samples with multiple viral species including USUV. Host species, Ct values and/or results of 
conventional RT-PCR of different viruses detected in each strain were presented in this table

(-): Negative

(+): Detected by conventional RT-PCR

SINDV: Sindbis virus; MESOV: Mesonivirus virus; BAGV: Bagaza virus; WNV: West nile virus; BARKV: Barkedji virus; ONNV: O’nyong’nyong virus

Fig. 1  USUV phylogenetic tree. Newly obtained USUV (in red) strains and available complete genomes (in black) of USUV in Genbank were analysed to 
obtain a phylogenetic tree to compare sequences each others
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KGGV	� Kedougou Virus
CHIKV	� Chikungunya Virus
MESOV	� Mesonivirus Virus
BAGV	� Bagaza Virus
BARKV	� Barkedji Virus
SINDV	� Sindbis Virus
ONNV	� O’Nyong’Nyong

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12985-024-02426-7.

Supplementary Material 1

Acknowledgements
We are grateful to all the logistic and administrative teams in Senegal and Italy 
who have indirectly contributed to the completion of this work.

Author contributions
Conceptualization, M.H.D.N., M.M.D., G.M., O.F., C.C., A.R., G.S., and O.F. (Oumar 
Faye); methodology, M.H.D.N., M.M.D., G.M., A.D., M.D.D., C.C., A.R., G.S., and 
O.F. (Oumar Faye); software, A.D., M.M.D., G.M., C.C., and C.L.; validation, 
M.H.D.N., M.M.D., G.M., M.D.D., V.C., M.M., C.L., O.F. (Ousmane Faye), and C.C.; 
formal analysis, M.H.D.N, M.M.D., G.M., A.D., M.K., N.M.T., and S.S.; investigation, 
M.H.D.N, M.M.D., G.M., E.h.N., D.D., M.K., N.M.T., S.S., M.A., B.S., V.D.L., L.T., A.L., I.P., 
and A.G.; resources, M.M.D., A.A.S., C.L., M.D., O.F. (Ousmane Faye), C.C., G.S., and 
O.F. (Oumar Faye); data curation, M.H.D.N., M.M.D., G.M., A.D., E.h.N., D.D., N.M.T., 
L.T., A.L., and I.P.; writing—original draft preparation, M.H.D.N.; writing—review 
and editing, M.M.D., G.M., A.D., M.D.D., E.h.N., M.D., C.C., A.R., G.S., and O.F. 
(Oumar Faye); visualization, M.H.D.N., M.M.D., G.M., M.D.D., V.C., M.M., M.A., B.S., 
V.D.L., L.T., A.L., I.P., R.R., F.M., C.C., A.R., and G.S.; supervision, M.H.D.N., M.M.D., 
M.D.D., V.C., C.C., G.S., and O.F. (Oumar Faye); project administration, A.R., G.S., 
and O.F. (Oumar Faye); funding acquisition, M.M.D., A.A.S., O.F. (Ousmane 
Faye), A.R., G.S., and O.F. (Oumar Faye). All authors have read and agreed to the 
published version of the manuscript.

Funding
This research was partly funded by the Africa Pathogen Genomics Initiative 
(Africa PGI) through the Bill & Melinda Gates Foundation (4306-22-EIPHLSS-
GENOMICS), the Institut Pasteur de Dakar internal funds, and an international 
PhD initiative including Fondazione Edmund Mach, University of Trento, and 
Istituto Zooprofilattico of Teramo.

Data availability
The data presented in this study are available in the results section of the 
article as well as in the supplementary materials. No new data were created or 
analyzed in this study.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 28 February 2024 / Accepted: 3 July 2024

References
1.	 Bloom DE, Black S, Rappuoli R. Emerging infectious diseases: a proac-

tive approach. Proc Natl Acad Sci U S A. 2017;114(16):4055–9. https://doi.
org/10.1073/pnas.1701410114. Epub 2017 Apr 10. PMID: 28396438; PMCID: 
PMC5402424.

2.	 Blitvich BJ, Brault AC. Chikungunya and Zika Viruses: Global Emerging Health 
Threats. Am J Trop Med Hyg. 2018;99(4):1105–6. https://doi.org/10.4269/
ajtmh.18-0613. PMCID: PMC6159606.

3.	 Roesch F, Fajardo A, Moratorio G, Vignuzzi M. Usutu Virus: an Arbovirus on 
the rise. Viruses. 2019;11(7):640. https://doi.org/10.3390/v11070640. PMID: 
31336826; PMCID: PMC6669749.

4.	 Williams MC, Simpson DI, Haddow AJ, Knight EM. The isollation of West Nile 
virus from man and of Usutu virus from the bird-biting mosquito Mansonia 
aurites (Theobald) in the Entebbe area of Uganda. Ann Trop Med Parasitol. 
1964;58:367–74.

5.	 Bakonyi T, Gould EA, Kolodziejek J, Weissenböck H, Nowotny N. Complete 
genome analysis and molecular characterization of Usutu virus that emerged 
in Austria in 2001: comparison with the South African strain SAAR-1776 and 
other flaviviruses. Virology. 2004;328(2):301 – 10. https://doi.org/10.1016/j.
virol.2004.08.005. PMID: 15464850.

6.	 Durand B, Haskouri H, Lowenski S, Vachiery N, Beck C, Lecollinet S. Seropreva-
lence of West Nile and Usutu viruses in military working horses and dogs, 
Morocco, 2012: dog as an alternative WNV sentinel species? Epidemiol Infect. 
2016;144:1857–64.

7.	 Ben Hassine T, De Massis F, Calistri P, Savini G, Bel Haj Mohamed B, Ranen A, 
Di Gennaro A, Sghaier S, Hammami S. First detection of co-circulation of West 
Nile and Usutu viruses in equids in the south-west of Tunisia. Transbound 
Emerg Dis. 2014;61:385–9.

8.	 Diagne MM, Ndione MHD, Di Paola N, Fall G, Pouwedeou Bedekelabou A, 
Sembène PM, Faye O, Zanotto PMZ, Sall AA. Usutu virus isolated from rodents 
in Senegal. Viruses. 2019;11:181.

9.	 Weissenbock H, Kolodziejek J, Url A, Lussy H, Rebel-Bauder B, Nowotny N. 
Emergence of Usutu virus, an African mosquito-borne flavivirus of the Japa-
nese encephalitis virus group, central Europe. Emerg Infect Dis. 2002;8:652–6.

10.	 Weissenbock H, Bakonyi T, Rossi G, Mani P, Nowotny N. Usutu virus, Italy, 1996. 
Emerg Infect Dis. 2013;19:274–7.

11.	 Becker N, Jöst H, Ziegler U, Eiden M, Höper D, Emmerich P, Fichet-Calvet E, 
Ehichioya DU, Czajka C, Gabriel M, et al. Epizootic emergence of Usutu virus 
in wild and captive birds in Germany. PLoS ONE. 2012;7:e32604.

12.	 Zannoli S, Sambri V. West Nile virus and Usutu virus co-circulation in Europe: 
Epidemiology and implications. Microorganisms. 2019;7:e184.

13.	 Benzarti E, Sarlet M, Franssen M, Cadar D, Schmidt-Chanasit J, Rivas JF, Linden 
A, Desmecht D. Garigliany, M. Usutu virus epizootic in Belgium in 2017 and 
2018: evidence of virus endemization and ongoing introduction events. Vec-
tor Borne Zoonotic Dis. 2020;20:43–50.

14.	 Jöst H, Bialonski A, Maus D, Sambri V, Eiden M, Groschup MH, Günther S, 
Becker N, Schmidt-Chanasit J. Isolation of Usutu virus in Germany. Am J Trop 
Med Hyg. 2011;85:551–3.

15.	 Calzolari M, Gaibani P, Bellini R, Defilippo F, Pierro A, Albieri A, Maioli G, Luppi 
A, Rossini G, Balzani A, et al. Mosquito, bird and human surveillance of West 
Nile and Usutu viruses in Emilia-Romagna Region (Italy) in 2010. PLoS ONE. 
2012;7:e38058.

16.	 Klobucar A, Benic N, Krajcar D, Kosanovic-Licina ML, Tesic V, Merdic E, Vrucina 
I, Savic V, Barbic L, Stevanovic V, et al. An overview of mosquitoes and 
emerging arboviral infections in the Zagreb area, Croatia. J Infect Dev Ctries. 
2016;10:1286–93.

17.	 Calzolari M, Chiapponi C, Bonilauri P, Lelli D, Baioni L, Barbieri I, Lavazza A, 
Pongolini S, Dottori M, Moreno A. Co-circulation of two Usutu virus strains in 
Northern Italy between 2009 and 2014. Infect Genet Evol. 2017;51:255–62.

18.	 Camp JV, Kolodziejek J, Nowotny N. Targeted surveillance reveals native 
and invasive mosquito species infected with Usutu virus. Parasit Vectors. 
2019;12:46.

19.	 Hönig V, Palus M, Kaspar T, Zemanova M, Majerova K, Hofmannova L, Papezik 
P, Sikutova S, Rettich F, Hubalek Z, et al. Multiple lineages of Usutu virus 
(Flaviviridae, Flavivirus) in blackbirds (Turdus merula) and mosquitoes (Culex 
pipiens, Cx. Modestus) in the Czech Republic (2016–2019). Microorganisms. 
2019;7:568.

20.	 Cadar D, Becker N, Campos Rde M, Börstler J, Jöst H, Schmidt-Chanasit J. 
Usutu virus in bats, Germany, 2013. Emerg Infect Dis. 2014;20:1771–3.

21.	 Benzarti E, Linden A, Desmecht D, Garigliany M. Mosquito-borne epornitic 
flaviviruses: an updateand review. J Gen Virol. 2019;100:119–32.

22.	 Savini G, Monaco F, Terregino C, Di Gennaro A, Bano L, Pinoni C, De Nardi R, 
Bonilauri P, Pecorari M, Di Gialleonardo L, et al. Usutu virus in Italy: an emer-
gence or a silent infection? Vet Microbiol. 2011;151:264–74.

23.	 Barbic L, Vilibic-Cavlek T, Listes E, Stevanovic V, Gjenero-Margan I, Ljubin-
Sternak S, Pem-Novosel I, Listes I, Mlinaric-Galinovic G, Di Gennaro A, et al. 

https://doi.org/10.1186/s12985-024-02426-7
https://doi.org/10.1186/s12985-024-02426-7
https://doi.org/10.1073/pnas.1701410114
https://doi.org/10.1073/pnas.1701410114
https://doi.org/10.4269/ajtmh.18-0613
https://doi.org/10.4269/ajtmh.18-0613
https://doi.org/10.3390/v11070640
https://doi.org/10.1016/j.virol.2004.08.005
https://doi.org/10.1016/j.virol.2004.08.005


Page 10 of 10Ndione et al. Virology Journal          (2024) 21:163 

Demonstration of Usutu virus antibodies in horses, Croatia. Vector Borne 
Zoonotic Dis. 2013;13:772–4.

24.	 Csank T, Drzewnioková P, Korytár L’, Major P, Gyuranecz M, Pistl J, Bakonyi T. A 
serosurvey of flavivirus infection in horses and birds in Slovakia. Vector Borne 
Zoonotic Dis. 2018;18:206–13.

25.	 Montagnaro S, Piantedosi D, Ciarcia R, Loponte R, Veneziano V, Fusco G, 
Amoroso MG, Ferrara G, Damiano S, Iovane G, et al. Serological evidence of 
mosquito-borne flaviviruses circulation in hunting dogs in Campania Region, 
Italy. Vector Borne Zoonotic Dis. 2019;19:142–7.

26.	 Romeo C, Lecollinet S, Caballero J, Isla J, Luzzago C, Ferrari N. García-
Bocanegra, I. are tree squirrels involved in the circulation of flaviviruses in 
Italy? Transbound Emerg Dis. 2018;65:1372–6.

27.	 Bournez L, Umhang G, Faure E, Boucher JM, Boué F, Jourdain E, Sarasa M, 
Llorente F, Jiménez-Clavero MA, Moutailler S et al. Exposure of wild ungulates 
to the Usutu and tick-borne encephalitis viruses in France in 2009–2014: 
Evidence of undetected flavivirus circulation a decade ago. Viruses 2019, 12, 
10.

28.	 Kemenesi G, Buzas D, Zana B, Kurucz K, Krtinic B, Kepner A, Foldes F, Jakab F. 
First genetic characterization of Usutu virus from Culex pipiens mosquitoes 
Serbia, 2014. Transbound Emerg Dis. 2018;63:58–61.

29.	 Bakonyi T, Jungbauer C, Aberle SW, Kolodziejek J, Dimmel K, Stiasny K, Aller-
berger F, Nowotny N. Usutu virus infections among blood donors, Austria, 
July and August 2017-Raising awareness for diagnostic challenges. Euro 
Surveill. 2017;22:17–00644.

30.	 Engel D, Jost H, Wink M, Borstler J, Bosch S, Garigliany MM, Jost A, Czajka C, 
Luhken R, Ziegler U, et al. Reconstruction of the Evolutionary History and Dis-
persal of Usutu Virus, a neglected emerging Arbovirus in Europe and Africa. 
MBio. 2016;7:e01938–15.

31.	 Cadar D, Luhken R, van der Jeugd H, Garigliany M, Ziegler U, Keller M, Laho-
reau J, Lachmann L, Becker N, Kik M, et al. Widespread activity of multiple 
lineages of Usutu virus, western Europe, 2016. Euro Surveill. 2017;22:30452.

32.	 Nikolay B, Diallo M, Boye CS, Sall AA. Usutu virus in Africa. Vector Borne Zoo-
notic Dis. 2011;11:1417–23.

33.	 Mannasse B, Mendelson E, Orshan L, Mor O, Shalom U, Yeger T, Lustig 
Y. Usutu Virus RNA in mosquitoes, Israel, 2014–2015. Emerg Infect Dis. 
2017;23(10):1699–702. https://doi.org/10.3201/eid2310.171017.

34.	 Santini M, Vilibic-Cavlek T, Barsic B, Barbic L, Savic V, Stevanovic V, Listes E, Di 
Gennaro A, Savini G. First cases of human Usutu virus neuroinvasive infection 
in Croatia, August-September 2013: clinical and laboratory features. J Neuro-
virol. 2015;21(1):92–7. https://doi.org/10.1007/s13365-014-0300-4. Epub 2014 
Nov 1. PMID: 25361698.

35.	 Grottola A, Marcacci M, Tagliazucchi S, Gennari W, Di Gennaro A, Orsini M, 
Monaco F, Marchegiano P, Marini V, Meacci M, Rumpianesi F, Lorusso A, Pec-
orari M, Savini G. Usutu virus infections in humans: a retrospective analysis in 
the municipality of Modena, Italy. Clin Microbiol Infect. 2017;23(1):33–7. Epub 
2016 Sep 24. PMID: 27677699.

36.	 Aberle SW, Kolodziejek J, Jungbauer C, Stiasny K, Aberle JH, Zoufaly A, Hourfar 
MK, Weidner L, Nowotny N. Increase in human West Nile and Usutu virus 
infections, Austria, 2018. Euro Surveill. 2018;23(43):1800545. PMID: 30376913; 
PMCID: PMC6208007.

37.	 Simonin Y, Sillam O, Carles MJ, Gutierrez S, Gil P, Constant O, Martin MF, Girard 
G, Van de Perre P, Salinas S, Leparc-Goffart I, Foulongne V. Human Usutu Virus 
infection with atypical neurologic presentation, Montpellier, France, 2016. 
Emerg Infect Dis. 2018;24(5):875–8. https://doi.org/10.3201/eid2405.171122. 
PMID: 29664365; PMCID: PMC5938765.

38.	 Santos PD, Michel F, Wylezich C, Höper D, Keller M, Holicki CM, Szentiks 
CA, Eiden M, Muluneh A, Neubauer-Juric A, Thalheim S, Globig A, Beer M, 
Groschup MH, Ziegler U. Co-infections: simultaneous detections of West 
Nile virus and Usutu virus in birds from Germany. Transbound Emerg Dis. 
2022;69(2):776–92. https://doi.org/10.1111/tbed.14050. Epub 2021 Mar 31. 
PMID: 33655706.

39.	 Wilkinson E, Giovanetti M, Tegally H, et al. A year of genomic surveil-
lance reveals how the SARS-CoV-2 pandemic unfolded in Africa. Science. 
2021;374(6566):423–31. https://doi.org/10.1126/science.abj4336.

40.	 Quick J, Grubaugh ND, Pullan ST, et al. Multiplex PCR method for MinION 
and Illumina sequencing of Zika and other virus genomes directly from 
clinical samples. Nat Protoc. 2017;12(6):1261–76. https://doi.org/10.1038/
nprot.2017.066.

41.	 Ndiaye EH, Fall G, Gaye A, Bob NS, Talla C, Diagne CT, Diallo D, Dia BAY, Kohl 
I, Sall A A. A. and, Diallo M. Vector competence of Aedes vexans (Meigen), 

Culex poicilipes (Theobald) and cx. Quinquefasciatus say from Senegal for 
West and East African lineages of Rift Valley fever virus. Parasites Vectors. 
2016;9:94.

42.	 Diagne MM, Ndione MHD, Mencattelli G, Diallo A, Ndiaye Eh, Di Domenico M, 
Diallo D, Kane M, Curini V, Top NM, et al. Novel amplicon-based sequencing 
Approach to West Nile Virus. Viruses. 2023;15:1261.

43.	 Nikolay B, Weidmann M, Dupressoir A, Faye O, Boye CS, Diallo M, Sall AA. 
Development of a Usutu virus specific real-time reverse transcription PCR 
assay based on sequenced strains from Africa and Europe. J Virol Methods. 
2014;197:51–4. Epub 2013 Sep 13. PMID: 24036076.

44.	 Cavrini F, Della Pepa ME, Gaibani P, Pierro AM, Rossini G, Landini MP, Sambri 
VA. Rapid and specific real-time RT-PCR assay to identify Usutu Virus in 
Human plasma, serum, and Cerebrospinal Fluid. J Clin Virol. 2011;50:221–3.

45.	 Ewels PA, Peltzer A, Fillinger S, Patel H, Alneberg J, Wilm A, Garcia MU, Di 
Tommaso P, Nahnsen S. The nf-core framework for community-curated bio-
informatics pipelines. Nat Biotechnol. 2020;38:276–8. https://doi.org/10.1038/
s41587-020-0439-x.

46.	 Di Tommaso P, Chatzou M, Floden EW, Barja PP, Palumbo E, Notredame C. 
Nextflow enables reproducible computational workflows. Nat Biotechnol. 
2017;35:316–9. https://doi.org/10.1038/nbt.3820.

47.	 Cito F, Pasquale AD, Cammà C, Cito P. The Italian information system for 
the Collection and Analysis of Complete Genome Sequence of Pathogens 
Isolated from animal, Food and Environment. Int J Infect Dis. 2018;73:296–7. 
https://doi.org/10.1016/j.ijid.2018.04.4090.

48.	 Aprea G, Scattolini S, D’Angelantonio D, Chiaverini A, Di Lollo V, Olivieri S, 
Marcacci M, Mangone I, Salucci S, Antoci S, et al. Whole genome sequencing 
characterization of HEV3-e and HEV3-f subtypes among the Wild Boar Popu-
lation in the Abruzzo Region, Italy: First Report. Microorganisms. 2020;8:1393. 
https://doi.org/10.3390/microorganisms8091393.

49.	 Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M, Kulikov AS, Lesin VM, 
Nikolenko SI, Pham S, Prjibelski AD, et al. SPAdes: a New Genome Assembly 
Algorithm and its applications to single-cell sequencing. J Comput Biol. 
2012;19:455–77. https://doi.org/10.1089/cmb.2012.0021.

50.	 Grubaugh ND, Gangavarapu K, Quick J, Matteson NL, De Jesus JG, Main BJ, 
Tan AL, Paul LM, Brackney DE, Grewal S, et al. An amplicon-based sequencing 
Framework for accurately measuring Intrahost Virus Diversity using PrimalSeq 
and IVar. Genome Biol. 2019;20:8. https://doi.org/10.1186/s13059-018-1618-7.

51.	 Katoh K, Misawa K, Kuma K, Miyata T. MAFFT: a novel method for rapid mul-
tiple sequence alignment based on fast Fourier transform. Nucleic Acids Res. 
2002;30(14):3059–66. https://doi.org/10.1093/nar/gkf436. PMID: 12136088; 
PMCID: PMC135756.

52.	 Nguyen LT, Schmidt HA, von Haeseler A, Minh BQ. IQ-TREE: a fast and effec-
tive stochastic algorithm for estimating maximum-likelihood phylogenies. 
Mol Biol Evol. 2015;32(1):268–74. https://doi.org/10.1093/molbev/msu300. 
Epub 2014 Nov 3. PMID: 25371430; PMCID: PMC4271533.

53.	 Rambaut A. FigTree. http://tree.bio.ed.ac.uk/software/figtree/.
54.	 Bergmann F, Holicki CM, Michel F, Bock S, Scuda N, Priemer G, Kenklies S, 

Siempelkamp T, Skuballa J, Sauerwald C, Herms L, Muluneh A, Peters M, 
Hlinak A, Groschup MH, Sadeghi B, Ziegler U. Reconstruction of the molecular 
evolution of Usutu virus in Germany: insights into virus emersion and circula-
tion. PLoS Negl Trop Dis. 2023;17(10):e0011203. https://doi.org/10.1371/
journal.pntd.0011203. PMID: 37782665; PMCID: PMC10569574.

55.	 Liu H, Li J, Lin Y, Bo X, Song H, Li K, Li P, Ni M. Assessment of two-pool 
multiplex long-amplicon nanopore sequencing of SARS-CoV-2. J Med Virol. 
2022;94(1):327–34. https://doi.org/10.1002/jmv.27336. Epub 2021 Sep 23. 
PMID: 34524690; PMCID: PMC8662006.

56.	 Zakotnik S, Knap N, Bogovič P, Zorec TM, Poljak M, Strle F, Avšič-Županc T, 
Korva M. Complete genome sequencing of Tick-Borne Encephalitis Virus 
directly from clinical samples: comparison of Shotgun Metagenomic and 
targeted amplicon-based sequencing. Viruses. 2022;14(6):1267. https://doi.
org/10.3390/v14061267. PMID: 35746738; PMCID: PMC9231111.

57.	 Clé M, Beck C, Salinas S, Lecollinet S, Gutierrez S, Van de Perre P, Baldet 
T, Foulongne V, Simonin Y. Usutu virus: a new threat? Epidemiol Infect. 
2019;147:e232.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations. 

https://doi.org/10.3201/eid2310.171017
https://doi.org/10.1007/s13365-014-0300-4
https://doi.org/10.3201/eid2405.171122
https://doi.org/10.1111/tbed.14050
https://doi.org/10.1126/science.abj4336
https://doi.org/10.1038/nprot.2017.066
https://doi.org/10.1038/nprot.2017.066
https://doi.org/10.1038/s41587-020-0439-x
https://doi.org/10.1038/s41587-020-0439-x
https://doi.org/10.1038/nbt.3820
https://doi.org/10.1016/j.ijid.2018.04.4090
https://doi.org/10.3390/microorganisms8091393
https://doi.org/10.1089/cmb.2012.0021
https://doi.org/10.1186/s13059-018-1618-7
https://doi.org/10.1093/nar/gkf436
https://doi.org/10.1093/molbev/msu300
http://tree.bio.ed.ac.uk/software/figtree/
https://doi.org/10.1371/journal.pntd.0011203
https://doi.org/10.1371/journal.pntd.0011203
https://doi.org/10.1002/jmv.27336
https://doi.org/10.3390/v14061267
https://doi.org/10.3390/v14061267

	﻿An amplicon-based sequencing approach for Usutu virus characterization
	﻿Abstract
	﻿Introduction
	﻿Methods
	﻿Primers design for USUV tiled amplicons-based sequencing systems
	﻿USUV primer pools validation
	﻿Sequencing of USUV isolates
	﻿Specificity and sensitivity of the USUV amplicon based-sequencing systems
	﻿Validation on USUV field samples
	﻿Next generation sequencing and genome assembly
	﻿USUV phylogenetic tree


	﻿Results
	﻿USUV oligonucleotide primer pools
	﻿USUV primers set validation
	﻿Inclusivity test
	﻿Specificity test
	﻿Sensitivity test
	﻿USUV Set primers validation on field samples
	﻿Usutu virus phylogenetic tree


	﻿Discussion
	﻿References


