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Introduction
West Nile virus (WNV) and Usutu virus (USUV; genus 
Flavivirus, family Flaviviridae) are two closely related 
zoonotic mosquito-borne viruses. Both circulate in an 
enzootic cycle between mosquitoes as biological vec-
tors and birds as primary vertebrate hosts, but can also 
be transmitted to other mammalian species [1]. Infec-
tions with WNV in horses and humans can cause various 
clinical pictures, including severe neurological diseases 
[2]. Symptomatic USUV infections with neurological dis-
orders have been observed in humans only in individual 
cases, however, in recent years, the number of USUV-
infected human cases in Europe has steadily increased 
[3].
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Abstract
The mosquito-borne flaviviruses West Nile virus (WNV) and Usutu virus (USUV) pose a significant threat to the 
health of humans and animals. Both viruses co-circulate in numerous European countries including Germany. Due 
to their overlapping host and vector ranges, there is a high risk of co-infections. However, it is largely unknown if 
WNV and USUV interact and how this might influence their epidemiology. Therefore, in-vitro infection experiments 
in mammalian (Vero B4), goose (GN-R) and mosquito cell lines (C6/36, CT) were performed to investigate potential 
effects of co-infections in vectors and vertebrate hosts. The growth kinetics of German and other European WNV 
and USUV strains were determined and compared. Subsequently, simultaneous co-infections were performed 
with selected WNV and USUV strains. The results show that the growth of USUV was suppressed by WNV in all 
cell lines. This effect was independent of the virus lineage but depended on the set WNV titre. The replication of 
WNV also decreased in co-infection scenarios on vertebrate cells. Overall, co-infections might lead to a decreased 
growth of USUV in mosquitoes and of both viruses in vertebrate hosts. These interactions can strongly affect the 
epidemiology of USUV and WNV in areas where they co-circulate.
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WNV lineage 1 strains have been circulating in Europe 
for several decades [4]. In 2004, WNV lineage 2 was 
detected for the first time in Hungary [5] and has since 
then continued to spread throughout Europe [6]. In Ger-
many, WNV lineage 2 has been circulating since 2018, 
causing infections in birds, horses and humans every year 
[7–10]. Similarly to WNV, USUV was first detected in 
Europe in Austria in 2001 [11], but retrospective analy-
sis of historical bird tissues had shown that the virus 
was already present in Italy in 1996 [12]. Since the first 
detection of USUV in Germany in 2010 [13], the virus 
spread nationwide within a few years, causing significant 
numbers of bird deaths, especially in blackbirds (Turdus 
merula) [14–16]. Currently several USUV lineages are 
circulating in Germany, with USUV lineages Europe 3 
and Africa 3 predominating in all federal states [9, 14].

The distribution areas of WNV and USUV are increas-
ingly overlapping in central European countries such as 
in Germany [9] as well as in several other countries [1, 
17]. In addition to their geographical co-circulation, 
WNV and USUV are also epidemiologically closely-
related, sharing the same vertebrate hosts and mosquito 
vectors [1, 17]. The risk of co-infections with both viruses 
therefore exists, and indeed co-infections in birds [18, 19] 
and humans [10, 20] have already been reported.

In-vitro studies are a fundamental first step in investi-
gating viral co-infections and their effects on virus repli-
cation. A few previously conducted in-vitro co-infection 
studies examined combinations of WNV with other 
flaviviruses [21, 22], but to date only one study investi-
gated co-infections with WNV and USUV [23]. In this 
study, it was shown that the replication of USUV Africa 
3 was inhibited by WNV lineage 2 in mammalian, avian 
and mosquito cells [23]. However, due to the co-circu-
lation of two WNV lineages and several USUV lineages 
in Europe, a combination of just one lineage per virus 
quickly reaches its limitations in experimentally reflect-
ing the actual situation in Europe. Further studies were 
necessary to investigate and understand the interactions 
between WNV and USUV. The aim of this study was 
therefore to examine growth kinetics of a range of WNV 
and USUV lineages and isolates and to analyse co-infec-
tions of selected viral isolates in mammalian, avian and 
mosquito cell lines.

Materials and methods
Cells and viruses
For the mono- and co-infection kinetics of WNV and 
USUV, the well-established mammalian (Vero B4) and 
mosquito (C6/36) cell lines were used (Additional file 
1: TableS1). Furthermore, specific cells derived from a 
potential host (domestic geese (Anser anser f. domestica)) 
for both WNV and USUV [24–26] and from a poten-
tial vector species (western encephalitis mosquito (Cx. 

tarsalis)) [27] were utilized (GN-R and CT, respectively). 
Growth kinetics were performed with various Ger-
man USUV (Africa 3 and Europe 3) and WNV (lineage 
2) strains. Furthermore, an Austrian WNV isolate (lin-
eage 2) and an Italian WNV isolate (lineage 1) were also 
assessed (Additional file 1: Table S2).

Kinetics of viral secretion
Cells were seeded on 6-well cell culture plates (Corn-
ing® Costar® TC-Treated Multiple Well Plates CLS3516; 
Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany) 
24  h prior to infection at the set concentrations (Addi-
tional file 1: TableS1). For each of the three biological rep-
licates the following procedure was repeated. On the day 
of infection, the cells of one well were used to determine 
the cell count. Accordingly, the remaining wells, except 
for one control well, were washed with phosphate-buff-
ered-saline (PBS) and infected with virus at the desired 
multiplicity of infection (MOI). For the mono-infections 
and simultaneous co-infections, a MOI of 1 was used. 
After 1 h of incubation, each well was washed with PBS 
three times and refilled with medium (listed in Addi-
tional file 1: TableS1) supplemented with 2% fetal calf 
serum (and 1% chicken serum for the GN-R cells) and 
antibiotics (penicillin/streptomycin; Merck, St. Louis, 
MO, USA). At 0, 6, 12, 24, 48, 72, 96, 120 and 144 h post 
infection (hpi) the medium of the corresponding well was 
transferred into 2 × 2 mL screw-cap-tubes. Afterwards 
they were centrifuged at 2,500 rpm, for 10 min at 12  °C 
(5430R centrifuge; Eppendorf, Hamburg, Germany) and 
the supernatant was aliquoted into 4 × 500 µL in 2 mL 
cryo tubes and 2 × 140 µL in 560 µL AVL-Buffer (Qiagen, 
Hilden, Germany) and frozen at -80  °C. The performed 
mono- and simultaneous co-infections and the exact 
workflow are depicted in Fig. 1. An additional co-infec-
tion with WNV Germany 2018 or WNV Italy 2009 and 
USUV Europe 3 was also completed with a lower WNV 
titre (MOI of only 0.1) in combination with an unaltered 
USUV titre (MOI of 1).

Sample processing
The supernatants from mono-infections were analysed 
via virus titration with an endpoint dilution assay on 
Vero B4 cells. After seven days of incubation, the cells 
were formalin-fixed, stained with crystal violet and the 
virus titres were calculated with the Spearman-Kaerber 
method. The samples in AVL were heat-inactivated for 
10 min at 70 °C using Eppendorf ThermoMixer compact 
(Eppendorf, Hamburg, Germany). Viral RNA was then 
extracted using the NucleoMag Vet Kit (Macherey-Nagel, 
Düren, Germany) and BioSprint96 (Qiagen, Hilden, Ger-
many) according to the manufacturer´s instructions. The 
RNA extracts were either examined with the specific 
USUV RT-qPCR [13] or the specific WNV RT-qPCR 
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for the simultaneous detection of WNV lineages 1 and 
2 [28], or with both. For the quantification of viral RNA 
copies in each sample, a calibration curve of synthetic 
WNV and USUV RNA was run in parallel using 6-fold 
serial dilutions (i.e., relative standard) [28, 29]. Addition-
ally, per tested virus an aliquot of the according stock was 
diluted, extracted and used to estimate the 50% tissue 
culture infectious dose per mL (TCID50/mL) of the virus 
stock (i.e., absolute standard) (Additional file 1: Tables S3, 
S4).

Statistics
Data visualization, analysis and statistics were conducted 
in R (v3.6.2, x64)/R Studio (Version 1.4.1103) [30, 31]. 
Data from RT-qPCR (TCID50; derived from the rela-
tive and absolute standard curves) or titration analyses 
(TCID50) were log transformed and checked for homo-
geneity of variance across groups by the Levene Test. 
Following a generalized linear model (RT-qPCR versus 
titration comparisons) or a multifactorial analysis of vari-
ance (ANOVA) (co-infection analyses only using the data 
from RT-qPCR) with gamma distribution was applied 
[32]. Pairwise analyses were attached by least square 
means analyses for multiple comparisons under the 
lsmean package with tukey adjustment [33]. Results are 
interpreted as significant if: p-value ≤ 0.05.

Results
Growth kinetics of WNV and USUV strains on different cell 
lines
Growth kinetics (mono-infections) were performed 
with all USUV and WNV strains on Vero B4 and C6/36 
(Fig. 2; Additional file 1: Table S2). Furthermore, mono-
infections with a German WNV strain (lineage 2) and a 
German USUV strain (Europe 3) were also carried out on 
GN-R and CT cells (Fig. 1). Morphological changes of the 

individual cell lines during the experiments were compa-
rable for all of the tested WNV and USUV strains. The 
strongest cytopathic effects (CPE) were observed in the 
GN-R cell line, followed by the Vero B4 cell line (Addi-
tional file 1: Fig. S1). In contrast to both vertebrate cell 
lines, only very slight indications for a CPE (increased 
cell agglomerates) were observed in the two mosquito 
cell lines (C6/36 and CT) (Additional file 1: Fig. S1).

All tested WNV lineages replicated faster to higher 
viral titres in mammalian (Vero B4) and mosquito cell 
lines (C6/36) than the two USUV strains (Fig.  2). As 
shown in Fig. 2, the course of the viral replication curves 
of each WNV and USUV isolate is similar. However, 
there were individual statistically significant differences 
between the WNV as well as USUV strains with regard to 
time points, cell lines and genetic lineages (Additional file 
xindividual statistically significant differences between: 
Tables S5, S6, S7>). For example, there was an increased 
rate of virus replication up to 24 hpi in Vero B4 cells, 
when compared to C6/36 cells. However, after reaching 
their maximum values the virus titres steadily declined 
on the Vero B4, in accordance with observed cell death 
(Additional file 1: Fig. S1). Similar results were found for 
the growth kinetics on GN-R (Additional file 1: Fig. S2).

Titration versus RT-qPCR
The agreement of the titres determined by titration and 
RT-qPCR (calculated via the absolute and relative stan-
dard curves; Additional file 1: Tables S3, S4>) varied 
between the virus strains, cell lines and sampling time 
points. The optimal accordance between the titration 
and RT-qPCR results occurred around peak viral titre, 
at 24, 48 and 72 hpi (Additional file 1: Tables S8, S9). On 
the basis of this data, all further statistical evaluations 
focused on these three time points. For the subsequent 

Fig. 1  Workflow of in-vitro infections and performed mono- and co-infections in this study. (a) Workflow of mono- and co-infections (simultaneous) using 
Vero B4, GN-R, C6/36 and CT cells. (b) Display of the performed infection experiments with focus on virus combinations (WNV versus USUV). Boxes with a 
grey background display the mono-infections, boxes with a blue background display the co-infections and boxes framed in red show where two different 
MOIs for WNV were used (1 or 0.1). Created with Biorender.com
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analyses between mono- and co-infections only data 
from the RT-qPCRs were used.

The effect of WNV and USUV co-infections on viral 
replication under two different MOI-conditions
When co-infected on the vertebrate cell lines (Vero B4, 
GN-R) the WNV and USUV viral titres were lower com-
pared to those of the single infection (Fig.  3). Interest-
ingly, however, when co-infected the WNV viral titres 
converged from 48 hpi onwards irrespective of whether 
the same or a lower MOI was used for WNV than for 
USUV (no statistically significant differences; Additional 
file 1: Table S10). In the insect cell lines (C6/36, CT), 
USUV viral titres were reduced in co-infections with 
WNV, while WNV titres only depended on the WNV 
MOI but not on the simultaneous occurrence of USUV 
(Fig. 3). Thus, the used MOI for WNV had an impact on 
the subsequent USUV titre in the co-infection experi-
ments primarily in the vertebrate cell lines and to some 
extent in the CT cells (p < 0.0001; Additional file 1: Table 
S11). The USUV viral titres were significantly higher 
when a lower MOI for WNV was used (0.1 rather than 
1) (Additional file 1: Tables S10, S11, S12, S13, S14). This 
effect was most pronounced in the avian cell line (GN-R; 
Fig.  3), where there was a statistically significant differ-
ence between the virus titres of mono- and co-infected 
as well as between a higher and lower WNV MOI (except 
for 24 hpi; p < 0.0001; Additional file 1: Table S15).

Comparison of mono- and co-infections with various virus 
combinations
When comparing the co-infections of WNV lineage 2 
from Germany (2018) or WNV linage 1 from Italy (2009) 
with both USUV lineages, respectively, results were 
similar although less prominent (Fig. 3; Additional file 1: 
Fig.S3, S4, S5, Tables S16, S17, S18, S19, S20, in part only 
performed on Vero B4 and C6/36 cells). For example, 
WNV lineage 1 from Italy had a similar effect to WNV 
lineage 2 from Germany (2018) on USUV Europe 3 rep-
lication when co-infected on Vero B4 and C6/36 cells 
(Fig.  3; Additional file 1: Fig.S3). For the two different 
WNV lineages, the course of viral replication was similar 
independent of the USUV strain used (Fig. 4). However, 
in the C6/36 the increase in viral genome copy numbers 
was more rapid for the co-infection of WNV lineage 1 
Italy with USUV than for WNV lineage 2 Germany 2018. 
This can be attributed to the more efficient replication of 
WNV lineage 1 from Italy independent of the presence 
of USUV, as already observed in the mono-infections 
(Fig. 2).

Discussion
With the introduction of WNV into Germany, there 
is a need to understand the role that co-infections with 
WNV and USUV might play in the enzootic transmission 
cycle. The focus of this study was therefore to investigate 
the viral replication as well as potential interactions in 
co-infections of German and other European WNV and 
USUV strains.

All WNV and USUV isolates demonstrated a rapid 
viral growth followed by a steady decline of the titres due 

Fig. 2  Growth kinetics of West Nile viruses (WNV) and Usutu viruses (USUV). All mono-infections were performed with a multiplicity of infection (MOI) 
of 1. The solid lines are drawn through the mean values of the three biological replicates for all tested time points measured by virus titration. The error 
bars represent the standard deviation (± SD). Incomplete error bars occur when y-min of the error bars is negative and therefore not displayed in the 
logarithmic y-scale
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to a strong CPE in both vertebrate cell lines. Maximum 
titres were higher in the avian GN-R cells than in the 
mammalian Vero B4 cells, similar to results from previ-
ous studies [34]. This is consistent with the more efficient 
viral replication of WNV and USUV in avian species 
compared to mammals [35], although geese are not the 
primary hosts for these viruses [36]. In contrast, there 
was a slower but steady viral growth in both mosquito 
cell lines, with limited CPE (low levels to none detected), 
which matches the life-long viral infectivity of mosquito 
vectors [37]. The observed growth of WNV and USUV 
on these cell lines are in accordance to the potential vec-
tor competence of Aedes albopictus for WNV and USUV 

[38, 39] and Culex tarsalis for WNV [40]. Overall, the 
observed differences between insect and vertebrate cells 
were already described in previous in-vitro experiments 
[23, 41]. Decisive factors for the different viral replication 
kinetics might be inherent differences in viral replica-
tion in mammalian versus insect cells as well as the used 
incubation temperatures [42, 43]. In-vitro attenuations 
of the virus isolates to certain cell lines must also not be 
disregarded.

When comparing the viral growth kinetics within one 
virus species, USUV Europe 3 demonstrated slower viral 
growth than USUV Africa 3 on CT cells but not on C6/36 
cells. A possible explanation might be the presence of a 

Fig. 3  Virus secretion in mono- and co-infections of West Nile virus (WNV) and Usutu virus (USUV). WNV lineage 2 isolated in Germany in 2018 and USUV 
Europe 3 isolated in Germany in 2011 were used for co-infections in vertebrate (Vero B4 GN-R) as well mosquito cell lines (C6/36 and CT). Co-infections 
were performed with a multiplicity of infection (MOI) of 1 for USUV and either 1 or 0.1 for WNV. The solid and dashed lines are drawn through the mean 
values of the three biological replicates for all tested time points measured by RT-qPCR based on a relative and absolute standard curve running in 
parallel. The error bars represent the standard deviation (± SD). Incomplete error bars occur when y-min of the error bars is negative and therefore not 
displayed in the logarithmic y-scale
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functional RNA interference pathway, which is the main 
antiviral pathway in mosquitoes [44], and proved to be 
sufficient in CT but not C6/36 cells [37, 45]. Apart from 
that, there were no differences in the viral replication 
kinetics. This is in accordance with in-vivo observations 
in geese where two different WNV strains, whose isolates 
were also used in the current study, caused comparable 
pathology [25, 26]. In contrast, another in-vitro study 
reported differences in viral replication of USUV strains 
in cell culture as well as virulence in mice [46]. Overall, 
all WNV strains replicated faster and to higher maxi-
mum titres than the USUV strains on all tested cell lines. 
This result has also been reported from other cell experi-
ments [23, 47] and possibly explains the higher number 
of WNV deceased birds [9] as well as the higher disease 
severity of WNV in humans [10].

Other in-vitro co-infection studies with flaviviruses 
mostly reported a competition between both viruses, 
resulting in the inhibition of at least one virus [23, 48, 49]. 
Similarly, a competition between WNV and USUV could 
be observed in this study, with a decreased replication 
of USUV in all cell lines. The suppression of USUV was 
most evident in the avian cells. The faster replication of 
WNV observed in the mono-infections appears to have 
caused a competitive advantage of WNV over USUV. 
Due to their genetic and phylogenetic relationship, WNV 
and USUV likely use the same cell receptors and/or com-
ponents for their replication [37], resulting in a compe-
tition for these resources in both host and vector cells. 
Similarly, closely-related viruses can activate identical 
cellular defences, in turn cross-protecting cells against 

an additional infection [50]. This is also supported by 
the fact that the suppression of USUV was dependent on 
WNV MOI, where a lower concentration of WNV par-
ticles might enable USUV to initially infect more cells, 
resulting in a higher maximum titre.

The viral interference appeared not to be strain or lin-
eage dependent as similar results were found for combi-
nations with other virus isolates. This was not surprising 
as almost all strains had similar viral kinetics. It must be 
noted that, even though marked differences in virulence 
were not observed between the virus strains used in this 
study, it is not uncommon for WNV to show variances 
in its efficiency to replicate and become neuroinvasive, as 
shown for Australian strains in cells and an established 
mouse model [51]. Interestingly, however, even the dif-
ferent growth kinetics of both USUV lineages on CT 
cells did not have an impact on the outcome. Therefore, 
competition for resources seems to be more likely than 
a potential impact of RNA interference. In the vertebrate 
cells (Vero B4 and GN-R), the growth of WNV was also 
reduced when the cells were co-infected with USUV. 
However, it remains unclear if this WNV-reduction was 
caused by USUV or by the general loss of viable verte-
brate cells over time. Since WNV growth did not appear 
to be affected in the co-infected insect cell lines (CT and 
C6/36) the latter explanation is more likely.

Overall, WNV appears to have an advantage over 
USUV, possibly due to the observed different replica-
tion kinetics in host and vector cells. This is in accor-
dance to in-vivo findings in birds and mosquitoes. Birds 
that were co-infected with both viruses had higher viral 

Fig. 4  Virus secretion in co-infections of different West Nile virus (WNV) and Usutu virus (USUV) lineages. Co-infections were performed with WNV lineage 
1 (Italy, 2009) and 2 (Germany, 2018) and with USUV Europe 3 (Germany, 2011) and Africa 3 (Germany, 2016) in vertebrate (Vero B4) as well as mosquito 
cell lines (C6/36). Co-infections were performed with a multiplicity of infection (MOI) of 1 for both viruses. The solid and dashed lines are drawn through 
the mean values of the three biological replicates for all tested time points measured by RT-qPCR based on a relative and absolute standard curve running 
in parallel. The error bars represent the standard deviation (± SD). Incomplete error bars occur when y-min of the error bars is negative and therefore not 
displayed in the logarithmic y-scale
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loads of WNV than USUV [18], and USUV infection was 
reduced in Cx. pipiens biotype pipiens that were simul-
taneously infected with WNV [23, 52]. Taken together 
with the results of this study, WNV proves to be a virus 
with a high viral fitness, possessing the ability to replicate 
rapidly and efficiently in a broad range of host and vec-
tor cells. It can outcompete closely related viruses such 
as USUV. This might also be one of the reasons for its 
unprecedented worldwide distribution to date. However, 
there are still some unanswered questions. Although 
the viral interference between WNV and USUV was 
confirmed in all mosquito cell lines, the suppression of 
USUV in mosquitoes in-vivo could not be confirmed for 
every mosquito species [52]. Similarly, co-infections in 
mammalian and avian species might lead to unpredict-
able outcomes. The exact cellular mechanisms underlying 
the interactions between WNV and USUV remain unex-
plained and should be targeted by future investigations.
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hpi	� hours post infection
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USUV	� Usutu virus
WNV	� West Nile virus
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