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Dear Editor,

Duck Tembusu virus (DTMUV) is the causative agent of a new, acute
and severe infectious disease in ducks (Su et al., 2011). TMUV was first
isolated from Culex tritaeniorhynchus in Malaysia in 1955 (Platt et al.,
1975), and this strain is regarded as a reference strain. In our previous
study, an infectious clone for the mosquito-derived Tembusu virus pro-
totypical strain MM_1775 (GenBank: JX477685.2) was constructed, and
the rMM_1775 virus was rescued successfully (Wang et al., 2021). And
the TMUV strain rCQW1 was rescued by a reverse genetic system using
the viral RNAs of CQW1 (GenBank: KM233707.1) (Chen et al., 2018; Guo
et al., 2020), which was isolated from ducks in 2013 (Zhu et al., 2015).

Here, we compared the pathogenicity of mosquito (rMM_1775) and
duck TMUV (rCQW1) strains in ducks and mice. First, to explore the
difference in pathogenicity of TMUV in mice, three-week-old Kunming
mice were infected with rMM_1775 and rCQW1 at a dose of 104.5 TCID50
by intraperitoneal injection (i.p.) or intracranial injection (i.c.), and the
clinical signs and body weight were observed and recorded for 14 days
(Fig. 1A). In the i.c. group, mice exhibited significant clinical symptoms
after inoculation with the rMM_1775 virus, including depression,
anorexia, hind limb paralysis, yellow mucus in the eyes and inability to
open eyes at 6 days post-infection (dpi) (Fig. 1B). The body weight of the
rMM_1775 i.c. group started to sharply decrease from 4 dpi compared
with that of the mock group, and eight mice died throughout the
experiment (Fig. 1C). In the rMM_1775 i.p., rCQW1 i.c. and rCQW1 i.p.
groups, mice did not show any clinical signs, and the body weight
showed no changes compared with that of the mock group (Fig. 1C and
D). In addition, the viral loads in tissues were detected at 2, 5 and 8 dpi.
However, the virus could be detected only in the brains of the duck
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TMUV- and mosquito TMUV-infected mice, which peaked at 5 dpi
(Fig. 1E). These results indicated that three-week-old mice could be
infected with TMUV by intracranial injection and that the mosquito
strain rMM_1775 was more pathogenic to mice than the duck
strain rCQW1.

Then, to explore the difference in pathogenicity of TMUV in
specific-pathogen-free (SPF) ducklings, 5-day-old SPF ducklings were
infected with rMM_1775 or rCQW1 at a dose of 105 TCID50 by intra-
muscular injection (i.m.), and the clinical signs and body weight were
observed and recorded for 14 days (Fig. 1F). The group injected with the
rCQW1 virus through the i.m. route showed obvious clinical symptoms,
including depression, anorexia, and paralysis of the lower limbs (Sup-
plementary Fig. S1). Three ducklings died throughout the experiment
(Fig. 1G); two died at 5 dpi, and one died at 6 dpi. Compared with that of
the mock group, the body weight gain of the rCQW1 group was signifi-
cantly lower (Fig. 1H). The rMM_1775-infected ducklings did not show
any clinical changes or body weight difference from the mocks during the
14 days. The viral titers obtained from the different tissues of the TMUV-
inoculated ducks that were euthanized at 3, 5 and 7 dpi are shown in
Fig. 1I–K. Virus could be detected in the brains of the ducklings when
administered through the i.m. route, indicating that rCQW1 could pass
through the blood-brain barrier (Fig. 1I). As shown, virus was detected in
all tested tissues (heart, liver, spleen, lung, kidney and thymus) at 3 dpi,
indicating rapid systemic dissemination of rCQW1. Viral loads in all
examined tissues reached maximum levels at 3 dpi and gradually
decreased, and the virus was mostly cleared from 5 to 7 dpi. rMM_1775
was not detectable in the heart and liver at 5 dpi or in any tissue except
the spleen at 7 dpi. The viral titers in the heart from the ducklings
(S. Chen).
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Fig. 1. The pathogenicity of TMUV in duckling and mice. AMouse experimental design. Three-week-old Kunming female mice were infected with rMM_1775 or rCQW1 by
intraperitoneal injection (i.p.) at 104.5 TCID50/200 μL and intracranial injection (i.c.) at 104.5 TCID50/50 μL.Weight changes, clinical signs andmortalityweremonitored for 14
days.Viremiaandviral loads in the tissuesweredetectedat2,5and8dpi.BThemice infectedwith rCQW1byintracranial injectiondisplayedparalysisof twohind legs, crawling
and inability to open their eyes at 6 dpi.CThe survival curves of theKunmingmice inoculatedwith TMUVby the i.c. and i.p. route.DBodyweight changes in theKunmingmice
inoculatedwith TMUVby the i.c. and i.p. route.EViral titers in the brains of themice inoculatedwith rMM_1775 at 2, 5 and 8 dpi by the i.c. routewere determined by BHK-21
cells. Statistical significancewas determinedusing an unpaired t-test. ns, not significant; **,P< 0.01; ****,P< 0.0001.F SPFduckling infection experimental design. Five-day-
old SPFducklingswere infectedwith rMM_1775or rCQW1by intramuscular injection at 105TCID50/200μL.Weight changes, clinical signs andmortalityweremonitored for14
days.Theviremiaandviral load in the tissuesweredetectedat 3, 5and7dpi.GSurvival curvesof infectedducklings.HEffect ofTMUVon theweight gainof ducklings.Thebody
weight of survivors in each group was measured every other day and calculated as the mean value� SD. I Viral titers in the brains of ducklings inoculated with rMM_1775 or
rCQW1 at 3, 5 and 7 dpi were determined by BHK-21 cells. J Viremia of ducklings after infection with rMM_1775 or rCQW1 at 3, 5 and 7 dpi. K Viral titers in the heart, liver,
spleen, lung, kidney and thymus of the ducklings inoculated with rMM_1775 or rCQW1 at 3, 5 and 7 dpi were determined by BHK-21 cells. Statistical significance was
determinedusinganunpaired t-test. ns,not significant; *,P<0.05;**,P<0.01;***,P<0.001.LHistopathological lesionsofbrainandkidneyfromKunmingmice infectedwith
TMUV.Histopathological lesions from theKunmingmice infectedwith rCQW1 (L1, L2, L5, L6) and rMM_1775 (L3, L4, L7, L8) at 5 dpiwere observed atmagnifications of�100
and�400.Neuronaldegenerationandnecrosis (greenarrow), vasodilationandhyperemia (yellowarrow), andmicrogliahyperplasia (blue arrow).MHistopathological lesions
of tissues fromducklings infectedwithTMUV.Histopathological lesions of tissues fromtheducklings infectedwith rCQW1and rMM_1775wereobservedatmagnifications of�
400. (M1)Brain, 3dpi, degenerationandnecrosisof neurons (greenarrow), vasodilationandhyperemia (yellowarrow). (M2)Brain, 3dpi, degenerationandnecrosis of neurons
(green arrow). (M3) Brain, 5 dpi, degeneration and necrosis of neurons (green arrow), vasodilation and hyperemia (yellow arrow). (M4) Brain, 5 dpi, vasodilation and hy-
peremia (yellow arrow). (M5) and (M6) Brain, 7 dpi, degeneration and necrosis of neurons (green arrow), vasodilation and hyperemia (yellow arrow), microglial hyperplasia
(redarrow). (M7) Spleen, 3 dpi, decreasednumberof lymphocytes in splenic nodules (blue arrow), cell necrosis (yellowarrow). (M8) Spleen,3dpi, decreasednumber of splenic
nodules lymphocytes (blue arrow), infiltration of heterophil granulocytes (green arrow). (M9) Spleen, 5 dpi, decreasednumber of lymphocytes in splenic nodules (blue arrow),
deposition of brown and yellow (red arrow), infiltration of heterophil granulocytes (green arrow). (M10) Spleen, 5 dpi, decreased number of lymphocytes in splenic nodules
(blue arrow). (M11) Spleen, 7 dpi, infiltration of heterophil granulocytes (green arrow). (M12) Spleen, 7 dpi, infiltration of heterophil granulocytes (green arrow), increased
fibroblasts (blue arrow). (M13–M16)Kidney, 3dpiand5dpi, noobviouspathological changeswereobserved. (M17–M18)Kidney,7dpi, infiltrationofheterophil granulocytes
(greenarrow). (M19–M20)Thymus,3dpi, cell swellingandvacuolation (redarrow). (M21)Thymus,5dpi,decreasednumberof lymphocytes(yellowarrow),cellnecrosis (blue
arrow). (M22) Thymus, 5 dpi, cell degeneration and necrosis (blue arrow), infiltration of heterophil granulocytes (green arrow). (M23) Thymus, 7 dpi, decreased number of
lymphocytes (blue arrow), infiltration of heterophil granulocytes (green arrow). (M24) Thymus, 7 dpi, focal necrosis (black arrow), hemorrhage (red arrow).

Fig. 1. (continued).

X. Wang et al. Virologica Sinica 38 (2023) 827–831

829



X. Wang et al. Virologica Sinica 38 (2023) 827–831
injected with rCQW1 were significantly higher than those of the
rMM_1775 group (Fig. 1K). At 5 dpi, viral loads in the lungs of the rCQW1
group were higher than those in the rMM_1775 group. In the kidney, the
viral titer of the two experimental groups showed a very significant dif-
ference. Notably, the viruses were only detected in the serum of the
rCQW1-infected ducklings, while they could not be detected in the serum
of the rMM_1775-infected ducklings (Fig. 1J).

After inoculation with rMM_1775 by the i.c. route, the lesions in the
brain of mice were mainly neuronal degeneration and necrosis, vasodi-
lation and hyperemia, and microglial hyperplasia. In the brain, dilatation
and hyperemia of cerebral pia and choroid plexus vessels were observed,
and there were more infiltrated inflammatory cells, mainly neutrophils
and lymphocytes. Vasodilatation and hyperemia, massive neuronal
degeneration and necrosis, and massive gliosis were also observed in the
cortical area in the mice infected with rCQW1 or rMM_1775 (Fig. 1L).
However, in the hippocampal CA1, CA2 and CA3 regions, mice infected
with different strains showed different lesions. In the brains of the mice
infected with rCQW1, localized degeneration and necrosis of pyramidal
cells, a small amount of degeneration and necrosis of pyramidal cells and
a small amount of vacuolar degeneration of granulosa cells were
observed in the CA1 region, CA3 region and DG region. In the rMM_1775
group, complete necrosis of pyramidal cells in the CA1, CA2 and CA3
regions of the hippocampus, complete necrosis of granulosa cells in the
DG region, and massive gliosis were observed. In addition, a large
amount of neuronal degeneration, necrosis and gliosis in various regions
of the diencephalon were observed, as well as vasodilatation and
congestion. In the kidney, no obvious gross lesions were found in the
rCQW1 group (Fig. 1L5 and L6). Vasodilation and hyperemia in the renal
interstitium and massive erythrocyte aggregation were observed in the
mice infected with rMM_1775 by the i.p. route at 5 dpi (Fig. 1L7 and L8).

The main microscopic lesions of ducks were vasodilation and hy-
peremia, degeneration and necrosis of different cells and inflammatory
cellular infiltration mainly consisting of heterophil granulocytes,
although to varying degrees in ducks infected with different viruses.
Obvious lesions were more frequently observed in the brain, spleen and
thymus (Fig. 1M, Table 1). In the brain, vasodilation and hyperemia were
observed mainly in the ducks infected with both rCQW1 and rMM_1775
(Fig. 1M1–M6). Degeneration and necrosis of neurons were observed in
the ducks infected with rCQW1 at 3 dpi and 5 dpi (Fig. 1M1 and M3) and
the ducks infected with rMM_1775 at 5 dpi (Fig. 1M4). At 7 dpi, the le-
sions became more severe. Degeneration and necrosis of neurons, vaso-
dilation and hyperemia and microglia hyperplasia were observed in the
ducks infected with both rCQW1 and rMM_1775, and more erythrocytes
and lymphocytes were found in the lumen of the ducks infected with
rCQW1 (Fig. 1M5 and M6). In the spleen, lymphoid cell depletion was a
prominent feature (Fig. 1M7 and M12). At 3 dpi, degeneration and ne-
crosis of many cells in the red pulp were observed in the ducks infected
with rCQW1 (Fig. 1M7), and infiltration of heterophil granulocytes with
more eosinophilic granules in the cytoplasm was observed in ducks
infected with rMM_1775 (Fig. 1M8). At 5 dpi, in addition to more cell
degeneration and necrosis in the red pulp, brown-yellow pigment
deposition in the cytoplasm of some cells and infiltration of heterophil
granulocytes could be observed in the ducks infected with rCQW1
Table 1
The severity of microscopic lesions of ducklings infected with rCQW1 and
rMM_1775 via intramuscular injection route.

Tissues rCQW1 rMM_1775

3 dpi 5 dpi 7 dpi 3 dpi 5 dpi 7 dpi

Spleen þþþa þþþ þþþ þþþ þþþ þþ
Kidney - - þþ - - þþ
Thymus þþ þþþ þþþ þþ þþ þþþ
Brain þþ þþ þþ þ þ þþ
a The severity of microscopic lesions: -, no lesions; þ, mild; þþ, moderate;

þþþ, severe.
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(Fig. 1M9). At 7 dpi, infiltration of heterophil granulocytes was observed
in the ducks infected with both rCQW1 and rMM_1775 (Fig. 1M11 and
M12). Hyperplasia of fibrous tissue around the periarterial lymphatic
sheath was also observed in the ducks infected with rMM_1775. In the
kidney, at 7 dpi, infiltration of heterophil granulocytes was observed in
the interstitium of the ducks infected with both rCQW1 and rMM_1775
(Fig. 1M17 and M18). No obvious pathological changes were observed at
3 and 5 dpi. In the thymus, at 3 dpi, swelling and vacuolation of small
thymus cells in the medullary area were observed in the ducks infected
with rCQW1 or rMM_1775 (Fig. 1M19 and M20). At 5 dpi, degeneration
and necrosis of cells in the medulla area could be observed in the ducks
infected with rCQW1 or rMM_1775 (Fig. 1M21 and M22). A decrease in
the number of lymphocytes was observed in the ducks infected with
rCQW1 (Fig. 1M21), and infiltration of heterophil granulocytes was
observed in the ducks infected with rMM_1775 at 5 dpi (Fig. 1M22). At 7
dpi, a significant decrease in the area of the lobular cortex was observed
in the ducks infected with both rCQW1 and rMM_1775 (Fig. 1M23 and
M24). A marked decrease in the number of lymphocytes and infiltration
of heterophil granulocytes in the medullary area were observed in the
ducks infected with rCQW1 (Fig. 1M23), while the ducks infected with
rMM_1775 showed focal necrosis and hemorrhage in the medulla
(Fig. 1M24).

Duck TMUV, an emerging flavivirus that mainly infects waterfowls,
has caused major losses to the duck industry since it broke out in China.
Most flaviviruses are zoonotic pathogens and can invade the host's cen-
tral nervous system (CNS), causing severe damage. For example, West
Nile virus (WNV) infiltrates the CNS, directly infects neurons and induces
neuronal cell death, and it also induces neuroinflammation (Stonedahl
et al., 2020). Japanese encephalitis virus (JEV) can cause a variety of
neurological symptoms, including mental status changes, focal neuro-
logic deficits, andmovement disorders (Yun and Lee, 2014). Yellow fever
virus (YFV) can cause viral encephalitis in mice (Kimura et al., 2010).
DTMUV, as a novel flavivirus, can also invade the CNS, causing non-
suppurative encephalitis in ducklings, as well as neurological and
blood-brain barrier disruption in the intermediate stages of infection
(Yang et al., 2021). Here, we found that Kunming mice could be infected
with mosquito TMUV by intracranial injection, with neurological
symptoms of paralysis of the lower limbs, and mosquito
TMUV rMM_1775 exhibited stronger pathogenicity in mice than duck
TMUV rCQW1, as indicated by the weight changes and mortalities. The
results were the same as those previously reported (Mao et al., 2022; Ti
et al., 2016). We also confirmed that TMUV can infect SPF ducklings by
intramuscular injection and can be detected in the brain, suggesting that
TMUV can cross the blood-brain barrier. This finding indicated that
TMUV, similar to other flaviviruses, has the ability to invade around
nerves.

In this study, we found that duck TMUV rCQW1 was less pathogenic
to mice. This finding was in contrast to the previous study, reporting that
duck derived TMUV caused severe disease in mice by the intracerebral
inoculation route (Yurayart et al., 2021). There may be two possible
reasons. First, the pathogenicity of different duck TMUV strains in mice
was different. We compared the sequences of a large number of ducks
TMUVs and found seven amino acid differences in the E protein and NS1
between rCQW1 and other duck TMUVs which are highly pathogenic to
mice. A mutation at a site on the E protein that enhances the pathoge-
nicity of CQW1 in mice has been identified, and we are now investigating
the mechanism. The second reason is the viral titer and the age of mice
for inoculation. Three-week-old Kunming mice were inoculated with a
lower titer (104.5 TCID50) in this study. In a recent study, three-week-old
Kunming mice were infected with rCQW1 with higher titers (105.25

TCID50) by i.c. inoculation, and the survival rate of mice decreased
significantly, only 60%. Besides, body weight started to decrease from 4
dpi comparedwith the control group and increased again until 8 dpi (Guo
et al., 2020). While in Mao's article, 14-day-old Kunming mice were
infected with rCQW1with a low titer (104.375 TCID50) by i.c. inoculation,
the survival rate was 60%, and the mice developed significant clinical
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symptoms, including blindness in both eyes and hind limb paralysis (Mao
et al., 2022). We would select younger mice (14-day-old) or infect the
mice with higher titers to investigate the pathogenicity in future.

Here, viruses were detected in most tissues, including the heart, liver,
spleen, lung, kidney and thymus, in both experimental groups at 3 dpi,
indicating that rCQW1 or rMM_1775 entered the body very quickly and
had broad tissue tropism, which is consistent with previous reports. The
pathogenicity of the virus in ducklings correlated with the virus in tis-
sues. DTMUV was shown to invade lymphocytes and macrophages of the
spleen at 2 dpi and replicate significantly from 1 dpi to 3 dpi, being
eliminated from 9 dpi to 18 dpi (Sun et al., 2019). Among the investi-
gated tissues, viral titers in spleens from experimental groups were
highest at 3 dpi. Enlargement and hyperemia of the spleen could be
observed at necropsy, and hematoxylin and eosin staining showed sig-
nificant lymphoid cell depletion. These findings support the notion that
the spleen may be a target organ and a major replication site for TMUV
and several flaviviruses (Prestwood et al., 2012; Sun et al., 2019).
Notably, no virus was detected in the serum of the group inoculated with
mosquito TMUV rMM_1775, whereas in the group inoculated with duck
TMUV rCQW1, virus could be detected at 3, 5 and 7 dpi, and the virus
was gradually eliminated from the bloodstream over time. This finding is
consistent with the results of Yan et al., who found that mosquito TMUV
was not detectable in the blood of 12- to 15-week-old ducks through
intramuscular or intranasal route at 3 dpi (Yan et al., 2018). And this may
because the absence of glycosylation modification in the E protein N154
of rMM_1775, and the N153 or N154 glycosylation site is located at the
“150 loop” of DI of the E protein, which could be an attachment region
and influence virus transmission. As TMUV is a mosquito-borne flavivi-
rus, this finding may also be one of the reasons that mosquito TMUV did
not initially cause widespread epidemics in ducks.

Taken together, this study demonstrates that the pathogenicity of
mosquito TMUV rMM_1775 strain to Kunming mice was higher. We also
found that both duck TMUV rCQW1 strain and mosquito TMUV
rMM_1775 strain could be detected in multiple organs of SPF ducklings,
but rMM_1775 could cause systemic infection without causing obvious
viremia. Therefore, this study provides experimental data for further
study on the evolution and pathogenic mechanism of TMUV.
Footnotes
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