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ABSTRACT Tembusu virus (TMUV) is a flavivirus responsible for panzootic out-
breaks of severe egg-drop and fatal encephalitis of domestic waterfowl in China. Al-
though TMUV can be attenuated by in vitro passaging, experimental evidence sup-
porting the role of specific genetic changes in virulence attenuation is currently
lacking. Here, we performed site-directed mutagenesis on five envelope (E) protein
amino acid residues in accordance with the attenuated TMUV generated in our re-
cent study. Our results showed that the Thr-to-Lys mutation of residue 367 in E pro-
tein (E367) plays a predominant role in viral cell adaptation and virulence attenua-
tion in ducks compared with mutations in other residues. We further demonstrated
that the positively charged basic amino acid substitution at E367 enhanced the viral
binding affinity for glycosaminoglycans (GAGs) and reduced viremia levels and the
efficiency of replication in major target organs in subcutaneously inoculated ducks.
Interestingly, the T367K mutation increased viral neutralization sensitivity to the
early immune sera. Together, our findings provide the first evidence that a basic
amino acid substitution at E367 strongly impacts the in vitro and in vivo infection of
TMUV.

IMPORTANCE Outbreaks of Tembusu virus (TMUV) infection have caused huge eco-
nomic losses in the production of domestic waterfowl since the virus was first recog-
nized in China in 2010. To control TMUV infection, a live-attenuated vaccine candi-
date of TMUV was developed in our previous study, but the mechanisms of
virulence attenuation are not fully understood. Here, we found that the Thr-to-Lys
substitution at E367 is a crucial determinant of TMUV virulence attenuation in ducks.
We demonstrated that the T367K mutation attenuates TMUV through reducing viral
replication in the blood, brain, heart (ducklings), and ovaries. These data provide
new insights into understanding the pathogenesis of TMUV and the rational devel-
opment of novel TMUV vaccines.
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Tembusu virus (TMUV) is a member of the Ntaya virus group within the genus
Flavivirus, family Flaviviridae (1), which was originally isolated from mosquitoes in

Malaysia in 1955 (2). The first recognized disease caused by TMUV was reported in
chicken flocks in Perak State, Malaysia, in 2000 and was characterized by encephalitis
and retarded growth with hyperglycemia (3). In 2010, a panzootic outbreak of TMUV
infection occurred in domestic duck and goose flocks throughout the waterfowl-
producing regions of China, leading to huge economic losses for the poultry industry
(4–6). Recently, this disease was also observed in duck flocks in Southeastern Asian
countries (7, 8).
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Currently, TMUV infection seems to be one of the most important flavivirus diseases
of poultry, affecting almost all species of domestic ducks and geese (9–14), with
sporadic cases in chickens (11, 15, 16). In laying flocks, TMUV has been shown to elicit
greater pathogenic effects and long-term infection in the ovaries of laying ducks, as
characterized by ovarian hemorrhage, ovaritis, and follicle atresia with severe egg drop
(4–6, 17). While the clinical signs and mortality of young birds are age dependent,
younger birds are more susceptible to fatal infection and severe lesions in the brain,
heart, and spleen tissues and thus display a higher mortality rate (18, 19). Despite the
distinct clinical syndromes observed in ducks infected with TMUV, the genetic basis for
the pathogenesis of the virus in ducks is poorly understood. Furthermore, a remarkable
characteristic of TMUV is that the virus can be efficiently transmitted via the aerosol
route and direct contact, in addition to mosquito-borne transmission (20). Therefore,
outbreaks of TMUV infection can occur throughout the year, and disease can spread
rapidly among duck flocks (7). This is quite different from other vector-borne flavivirus
infections.

TMUV contains a positive-sense single-stranded RNA genome of approximately
10.9 kb in length encoding a single large precursor polyprotein. The polyprotein is
predicted to be proteolytically processed into three structural proteins (capsid [C],
precursor membrane [prM], and envelope glycoprotein [E]), and seven nonstructural
(NS) proteins, similar to those of other flaviviruses (1, 21). The E protein of flavivirus, the
major surface protein of the viral particle, plays an important role in host-specific
adaptation, cell tropism, virus attachment, and membrane fusion with target cells
(22–25) and is the dominant target of neutralizing antibodies (26). It has been reported
that a mutation(s) in E protein could modulate viral antigenicity, stability, and patho-
genesis (27–31). For example, three residues in E protein domain III (EDIII) of yellow
fever virus (YFV) 17D enhanced binding to glycosaminoglycans (GAGs), inhibited virus
spread in extraneural tissues, and reduced virulence in mice (24). In addition, the
Glu-to-Lys mutation at residue 138 of the E protein of Japanese encephalitis virus (JEV)
enhanced susceptibility to heparin inhibition in vitro and strongly attenuated viral
neurovirulence and neuroinvasiveness in IFNR–/– mice (28, 32). Studies of live-
attenuated flavivirus vaccines, e.g., YFV 17D and JEV SA14-14-2, have also indicated that
genetic changes in E protein are responsible for flavivirus cell adaptation as well as
virulence attenuation in vivo (23, 24, 33–35).

We recently developed a highly attenuated TMUV vaccine candidate, P310, by
sequential passaging in BHK-21 cells, resulting in a total of 23 amino acid substitutions
during the adaptive process (36). The chimeric virus with the mutated E gene showed
increased growth in BHK cells and significantly reduced pathogenicity in subcutane-
ously (s.c.) inoculated ducklings, highlighting the importance of these mutations to the
phenotypic changes of attenuated TMUV. To further determine the specific role of
mutations in the E protein in attenuating TMUV, the five in vitro passage-derived amino
acid substitutions were individually engineered into the infectious cDNA of virulent
TMUV using site-directed mutagenesis. The in vitro growth characteristics of these
mutant viruses were determined, and the virulence of the mutant viruses was evaluated
in ducks. We demonstrated that the T367K mutation of E protein confers TMUV
cell-adaptation and attenuates virulence by affecting the levels of viremia, virus inva-
sion, and/or replication in major target tissues.

RESULTS
Mutated E protein impairs the replication of TMUV in ducklings. In our previous

study, a chimeric virus (ChimE) was generated by introducing the mutated E genes of
the attenuated P310-4C virus (a clone of the 310th passaged TMUV) into the backbone
of a virulent TMUV strain (wild type [WT]). When subcutaneously (s.c.) injected into
ducklings, this chimeric virus showed significant virulence attenuation compared with
WT virus (36). However, it was unclear which stage(s) was affected by the mutated E
gene during the TMUV infection process. We thus determined the in vivo replication
kinetics of the ChimE virus by assessing the titers of infectious viruses in sera and tissues
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on days 1, 2, 4, and 6 postinoculation (dpi) of 4-day-old ducklings (Fig. 1). The virus
titers in the spleen, lungs, and kidneys were found to be similar between the two
groups (Fig. 1A to C). However, ChimE infection produced significantly lower levels of
viremia (P � 0.01) (Fig. 1D) and �100-fold fewer infectious viruses in heart tissue (Fig.
1E) compared with the WT-infected ducklings. Furthermore, infectious viruses were
only recovered from the brains of two (2/5) and one (1/5) of the ChimE-infected
ducklings at 2 and 4 dpi, respectively (Fig. 1F). We also assessed the pathogenicity by
infecting a group of 4-day-old ducklings in each group, as described above. Consistent
with our previous study, ducklings infected with WT virus exhibited depression, loss of
food uptake, and ataxia from 3 dpi, resulting in a mortality rate of 70% (36), whereas
none of the ducklings infected with ChimE virus showed evident signs of illness
throughout the test period. These results suggested that mutations in the E protein
impaired virus replication in the blood, brain, and heart of ducklings, leading to
virulence attenuation.

T367K mutation in E protein contributes to the cell-adaptation of TMUV. Five
amino acid substitutions were detected in the mutated E protein, and ChimE virus was
found to have increased growth adaptation on BHK-21 cells (36). To test the effect of
specific amino acid substitutions on TMUV growth in vitro, five single-amino acid
mutant viruses (designated S2N, T70A, Y176H, N314S, and T367K) were generated using
site-directed mutagenesis based on the backbone of the WT virus (Fig. 2A). Morpho-
logical examination showed that the ChimE and T367K mutants produced larger
plaques than the WT virus (P � 0.0001) in the BHK-21 cell monolayer (Fig. 2B), whereas
the plaques produced by the mutant S2N, T70A, Y176H, and N314S viruses were of
similar diameter to those of the WT. Growth kinetics measurements showed that the
T367K mutant displayed enhanced growth adaptation in BHK-21 and primary duck
fibroblast cells (DEF), resulting in an approximately 10-fold higher infectious virus titer
than that of the WT virus at 60 hours postinoculation (hpi) (Fig. 2C and D). However,
both the ChimE and T367K mutants showed an almost 10-fold-lower RNA copy
number/PFU ratio than the WT (Fig. 2D), suggesting that the significantly enhanced in
vitro growth adaptation of T367K should not be induced by increased viral RNA
replication but should be attributed to the increased viral infectivity in vitro.

T367K mutation plays a predominant role in TMUV attenuation. To investigate
whether individual amino acid substitutions in the E protein may result in TMUV

FIG 1 Replication of ChimE virus in the different tissues of ducklings. Four-day-old ducklings were inoculated s.c. with WT and ChimE viruses
(1 � 105 PFU/bird) and then euthanized at the indicated time points. The infectious virus titers in the spleen (A), lungs (B), kidney (C), blood (D),
heart (E), and brain (F) were determined using a plaque assay on BHK-21 cells. Horizontal lines across data points indicate the mean virus titer.
The data were tested for statistical significance by two-way analysis of variance (ANOVA) multiple comparisons. *, P � 0.05, **, P � 0.01. The
dashed line represents the limit of detection of the assay.
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attenuation in vivo, we performed a pathogenicity test by infecting 4-day-old ducklings
with the amino acid mutant viruses individually, as described above. Compared with
the mortality rate of 70% (7/10) in the WT-infected group, the mutant viruses T70A and
Y176H showed decreased virulence with mortality rates of 3/10 and 2/10 ducklings,
respectively. However, all ducklings inoculated with T367K survived until the end of the
experiment (Fig. 2E). This result indicated that the amino acid mutation at E70 or E176
could partially attenuate TMUV virulence, whereas the E protein T367K mutation
dramatically attenuated TMUV virulence in ducklings.

We further determined the virus growth kinetics of the T367K mutant virus in
ducklings compared with the WT parental virus by s.c. inoculating them with 105 PFU
of virus per bird. The plaque assay results showed that the infectious virus titers in the
spleens of both groups were similar (Fig. 3A). However, the T367K mutant virus
produced significantly lower levels of viremia and lower viral loads in the brain and
heart compared with the WT virus (Fig. 3B to D). We further determined the viral RNA
content in blood and indicated tissue of ducklings infected with WT and T367K by
reverse transcription-quantitative PCR (qRT-PCR) (Fig. 3E), and the results were consis-
tent with the plaque assays. Pathological histology analysis of heart tissue showed that
the WT infection caused severe degeneration and necrosis of myocardial fibers at 4 dpi,
whereas no significant lesions were observed in T367K virus-infected ducklings (Fig. 3F).
Simultaneously, we compared the mRNA expression of immune-related genes in the
heart tissue of ducklings infected with T367K and WT viruses by real-time quantification

FIG 2 Characteristics of viruses harboring E protein site-directed mutations in vitro and in vivo. (A) Schematics of the construction of five individual E protein
site-directed mutant viruses based on the infectious WT clone. Site-directed mutations at E2, E70, E176, E314, and E367 were generated and constructed by
fusion PCR. (B) Plaque phenotypes of the WT, ChimE, and E protein site-directed mutant viruses. The virus-infected BHK-21 monolayers were incubated under
an overlay medium containing 1% agarose and then stained with neutral red at 3 dpi (left). Twenty plaques for each virus were chosen at random to calculate
plaque sizes (right). The data are presented as means and standard deviation (SD) and were tested for statistical significance using the Student’s t test. ns, no
significant difference; ****, P � 0.0001. (C) Virus growth kinetics. BHK-21 and DEF cells were infected with WT, ChimE, and E protein site-directed mutant viruses
at an MOI of 0.01. At each indicated time point, the extracellular infectious viruses were quantified using a plaque assay. The data represent the means and
SD of three independent cell cultures. The result is shown as a representative of three independent experiments. (D) Virus titer and RNA copy number/PFU
ratios. From 12 to 96 hpi, supernatants were collected at an interval of 12 h. Infectious virions were determined using a plaque assay, and the copies of viral
RNA at the peak titer time were quantified by qRT-PCR. (E) Survival curve for the groups of 4-day-old ducklings (n � 10 ducks per group) s.c. infected with the
indicated viruses (1 � 105 PFU/bird).
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PCR (Fig. 3H). The results revealed that infection with the T367K mutant virus induced
much lower-level expression of interferon alpha (IFN-�), IFN-�, IFN-�, interleukin-1�

(IL-1�), and IL-6 than the WT virus, especially at 2, 4, and 6 dpi, suggesting that the
antiviral and proinflammatory responses might be related to the severity of the lesions
found in the heart tissue of ducklings. We also noted that the infectious virus titers in
the heart of ducklings that died following WT infection were significantly higher than
those in the spleen (Fig. 3G). Overall, our data indicated that the heart may be one of
the main target organs of TMUV infection and that the decreased replication in the
heart of ducklings may partly explain the attenuation of the T367K mutant.

Because TMUV infection in adult ducks causes ovary damage and encephalitis, we
further infected laying ducks with WT and T367K mutant viruses to verify the attenu-
ation of TMUV mediated by the T367K mutation. As observed in ducklings, similar virus
titers were observed in the spleen tissues of T367K- and WT-infected laying ducks (Fig.
4A), but the T367K mutant virus produced significantly lower viremia levels at 2 and
4 dpi (Fig. 4B), and infectious viruses were only recovered from the brain of one duck
(1/4) infected with T367K mutant virus at 2 dpi (Fig. 4C). Remarkably, significantly lower
virus titers were detected in the ovary tissues of ducks infected with T367K mutant virus
than of those infected with WT virus (Fig. 4D). In agreement with the viral loads
detected in the ovaries, ducks infected with WT virus exhibited hemorrhagic and
ruptured ovarian follicles and vitelline peritonitis, whereas no evident gross lesions
were observed in the ovaries of T367K-infected ducks (Fig. 4E). Taken together, these
results indicated that a single amino acid substitution (Thr to Lys) at residue 367 of E
protein significantly attenuates the virulence of TMUV in ducks by affecting viremia,
neuroinvasion, and viral replication in the heart (ducklings) and ovaries.

FIG 3 T367K mutation reduces TMUV virulence in ducklings. Viral load in the spleen (A), blood (B), brain (C), and heart (D) in ducklings inoculated with WT and
mutant virus T367K. Four-day-old ducklings were s.c. inoculated with WT or T367K viruses (1 � 105 PFU/bird) and then euthanized at the indicated time points.
Infectious virus titers in different tissues were determined by a plaque assay on BHK-21 cells. Horizontal lines across data points indicate the mean of the virus
titer. The data were tested for statistical significance by two-way ANOVA multiple comparisons. *, P � 0.05; **, P � 0.01; ***, P � 0.001. The dashed line represents
the limit of detection of the assay. (E) Viral RNA levels in blood and tissue samples were determined by qRT-PCR. Statistical values were analyzed using two-way
ANOVA multiple comparisons. *, P � 0.05; **, P � 0.01. (F) Histopathologic analysis of the hematoxylin and eosin (HE)-stained heart tissue of ducklings infected
with WT or T367K viruses. T367K, showed no histopathological differences from the control; WT, degeneration and necrosis of myocardial fibers (black arrow).
(G) Virus burden in the spleen and heart of dead ducklings infected with WT virus at 4 to 6 dpi. The dashed lines indicate the tissues from the same duckling.
The data are presented as a single symbol and were tested for statistical significance using the Student’s t test. *, P � 0.05. (H) Expression of immune-related
genes in the heart tissue of ducklings infected with WT and E367 viruses. The transcription of IFN-�, IFN-�, IFN-�, IL-1�, and IL-6 was analyzed by qPCR and
normalized to GADPH. The data are presented as the means and SEM (n � 3).
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Positively charged amino acid substitution at E367 is critical for TMUV atten-
uation. Adaptation of flaviviruses or alphaviruses to growth in cell culture has been
shown to elicit amino acid substitutions that increase the net positive charge of surface
envelope protein (34, 37–39). As shown in Fig. 2A, the residue at E367 of the WT virus
is threonine (neutral/uncharged), whereas the residue at E367 in the attenuated virus
P310-4C is lysine (basic/positively charged). To investigate whether the positively
charged amino acid substitution at E367 is related to TMUV virulence attenuation, four
individual mutant viruses (T367A, T367D, T367S, and T367R) were generated by replac-
ing the Thr residue at E367 with Ala, Asp, Ser, or Arg in the WT background, respec-
tively. The plaque morphology and growth kinetics of these mutant viruses were first
measured. Mutant viruses T367A, T367D, and T367S produced plaques of similar size to
those of the WT virus. However, mutant virus T367R formed larger plaques than the WT
virus, but the plaques were similar to those of the T367K and ChimE viruses (Fig. 5A).
In vitro growth kinetic assays showed that the T367R mutant virus grew faster than the
WT virus on both BHK-21 cells and DEF cells, whereas the growth curves for T367A,
T367D, and T367S were similar to that of the WT virus (Fig. 5B), suggesting that the
positively charged basic amino acid substitution at E367 enhances the cell culture
growth adaptation of TMUV.

We further compared the pathogenicity of these E367 site-mutated viruses with the
parental WT virus by s.c. inoculating 4-day-old ducklings, as above. As shown in Fig. 5C,
all ducklings inoculated with the T367R mutant virus survived throughout the experi-
ment, whereas ducklings inoculated with the T367A, T367D, and T367S mutant viruses
had mortality rates comparable to those inoculated with the WT virus. Furthermore,
infectious virus quantification in different tissues revealed that mutant virus T367R
exhibited replicative deficiency in vivo, with significantly lower titers of infectious
viruses in the heart, brain, and blood of ducklings (Fig. 5D). Our results revealed that
mutant viruses T367K and T367R, both with positively charged basic amino acid
substitutions at E367, showed significantly attenuated virulence in ducklings. Together,

FIG 4 T367K mutation reduces TMUV virulence in laying ducks. Viral replication of WT and mutant virus T367K in the spleen
(A), blood (B), brain (C), and ovaries (D) of laying ducks. Twenty-five-week-old laying ducks were s.c. inoculated with WT
and T367K viruses (1 � 105 PFU/bird) and then euthanized at 2, 4, and 6 dpi. The infectious virus titer in different tissues
was determined by a plaque assay on BHK-21 cells. Horizontal lines across data points indicate the mean of the virus titers.
The data were tested for statistical significance by two-way ANOVA multiple comparisons. *, P � 0.05; **, P � 0.01. The
dashed line represents the limit of detection of the assay. (E) Pathological changes in the ovaries of ducks infected with
WT and T367K viruses. Upper image, the ducks infected with T367K had ovarian tissue of normal appearance. Lower image,
the ducks infected with WT virus showed ruptured ovarian follicles and vitelline peritonitis.
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these findings suggest that the positively charged amino acid substitution at residue
367 of E protein is the crucial molecular determinant of TMUV attenuation in ducks.

T367K mutation accelerates virus clearance from the bloodstream. Next, we
examined whether virulence attenuation of the T367K mutant involves the common
mechanism of rapid virus clearance from the blood as described for other flaviviruses,
such as Murray Valley encephalitis (MVE), West Nile virus (WNV), and Japanese enceph-
alitis virus (JEV) (23, 24, 34, 40). The in vivo kinetics of virus clearance from the duck
bloodstream was determined by comparing clearance of the WT virus with clearance of
the ChimE, T367K, and T367R mutant viruses. Groups of 1-week-old ducklings were
intravenously (i.v.) injected with 107 PFU of virus, blood samples were collected 10 and
30 min after inoculation, and infectious virus titers were measured by plaque assay on
BHK-21 cells (Fig. 6A). The parental WT virus showed a �15-fold reduction in the blood
over a 30-min interval. In contrast, infectious virus titers in ducklings inoculated with
ChimE, T367K, or T367R dropped �100-fold in the bloodstream over the same period.
Similar to the plaque assay, the level of RNA copies of the mutant virus in the blood
samples decreased faster than that of the parental WT virus after ducklings were
inoculated with 109 copies of virus particles (Fig. 6B), indicating that virions were
removed from the bloodstream, not just inactivated. These data suggest that a basic
amino acid (Thr or Arg) mutation at E367 results in rapid virus clearance from the duck
bloodstream, which may account to some extent for the low level of viremia.

T367K mutation does not affect the thermal stability of TMUV. As reported in
our previous study (36), the mutations in attenuated TMUV, including Thr to Lys at
E367, occurred during viral passage in BHK-21 cells under a conventional temperature
of 37°C; however, the normal body temperature of ducks is about 42°C (41). Hence, we

FIG 5 Characteristics of the E367 site-directed mutant virus in vitro and in vivo. (A) Plaque phenotypes of the WT, ChimE, and the four E367 site-directed mutant
viruses. The virus-infected BHK-21 monolayers were incubated under an overlay medium containing 1% agarose and then stained with neutral red at 3 dpi (left).
Twenty plaques for each virus were chosen at random to calculate plaque sizes (right). The data are presented as the means and SD and were tested for
statistical significance using the Student’s t test. ns, no significant difference; ****, P � 0.0001. (B) Virus growth kinetics. BHK-21 and DEF cells were infected with
WT, ChimE, and mutant viruses T367A, T367D, T367S, and T367R at an MOI of 0.01. Extracellular infectious virions were quantified using a plaque assay. The
value represents the means and SD of three independent cultures. The data shown are representative of three independent experiments. (C) Survival curves
of groups of 4-day-old ducklings (n � 10 ducks per group) s.c. infected with the indicated viruses (1 � 105 PFU/bird). (D) Virus burden in the spleen, heart, brain,
and blood of ducklings infected with the indicated mutant and WT viruses at 2 dpi. Horizontal lines across data points indicate the mean virus titer. The data
were tested for statistical significance by one-way ANOVA multiple comparisons. *, P � 0.05; **, P � 0.01.
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hypothesized that the rapid clearance of the T367K mutation from the bloodstream was
related to the thermal stability of the virus at high physiological temperatures in ducks.
To test this, we compared the stability of the WT virus and its derivative mutants at
42°C. After treatment for 60 min, the infectivity of the virus samples was measured by
a plaque assay on BHK-21 cells. As shown in Fig. 6C, the ChimE and mutant viruses T70A
and Y176H lost significantly more infectivity than the WT virus at 42°C, whereas the
mutant S2N, N314S, and T367K viruses retained infectivity to levels similar to that of the
WT virus. Therefore, it is apparent that the rapid clearance of T367K from the blood of
ducks is not caused by alterations in viral thermal stability.

We next performed homology modeling analysis of TMUV E protein based on the
crystal structure of JEV envelope protein. The predicted structure showed that the T70A
mutation resulted in the breakage of a hydrogen bond between 70T and 248T, whereas
the Y176H mutation transferred a hydrogen bond from 176Y-173S to 176H-177T (Fig.
6D). This suggested that the changes in hydrogen bonds in E protein are responsible
for the altered thermal stability of TMUV, which may account for the partial attenuation
of mutant viruses T70A and Y176H in ducklings (Fig. 2E).

T367K mutation enhances TMUV susceptibility to heparin inhibition. It has
been reported that the enhanced affinity for glycosaminoglycans (GAGs), which are
ubiquitously present on the cell surface and extracellular matrix, is associated with the
rapid clearance of viruses from the blood (23, 24, 34, 40). Our homology modeling
analysis suggested that residue E367 was exposed on the outer surface of EDIII (Fig. 6E),
and a Thr-to-Lys substitution at E367 could increase the net positive charge on the

FIG 6 T367K mutation enhances virus clearance from the duck bloodstream as well as virus susceptibility to heparin inhibition. (A) Virus clearance from the
blood was determined for the WT, ChimE, T367K, and T367R viruses. Seven-day-old ducklings were i.v. inoculated with WT, ChimE, T367K, and T367R (107

PFU/bird). At 10 and 30 min postinoculation, blood was collected and infectious virus titer was determined using a plaque assay. Data were tested for statistical
significance by one-way ANOVA multiple comparisons. **, P � 0.01. (B) Virus clearance from the blood measured by qRT-PCR. Seven-day-old ducklings were
inoculated as above, at a dose of 109 copies of virus per bird. Levels of viral RNA in the blood were quantified by qRT-PCR. Data were tested for statistical
significance by one-way ANOVA multiple comparisons. ****, P � 0.0001. (C) Thermostability analysis of the WT, ChimE, and E protein site-directed mutant viruses
at 42°C. The y axis shows the percentage of PFU at 42°C divided by that of the same virus at 4°C. The values represent the means and SD of triplicates and
were tested for statistical significance by one-way ANOVA multiple comparisons. ****, P � 0.0001. The data shown are representative of three independent
experiments. (D) Upper panels: the predicted hydrogen bonds formed between 70T and 248T were broken by the T70A mutation; lower panels: the hydrogen
bonds between 176Y and 173S were changed to 176H and 177T. Hydrogen bonds are shown as yellow dotted lines. (E) Location of amino acid mutations on
the external surface of the TMUV E protein antiparallel dimer. The protein-dimer structure of TMUV E protein was created using Swiss-Model online using the
crystal structure of the JEV E protein (PDB identifier [ID] 3P54). The locations of E2, E70, E176, E314, and E367 are highlighted in red. (F) Molecular modeling
and the electrostatic surface of TMUV EDIII in the indicated viruses. Blue and red denote positive and negative charges, respectively. Thr-to-Lys mutation at E367
enhances the net positive charge of E protein. (G) Inhibition by heparin of virus infectivity in BHK-21 cells. WT and E protein site-directed mutant viruses were
incubated with heparin prior to the addition to cells. Agar overlay was added to allow for plaque formation after 1 h of adsorption at 37°C. The values represent
the means and SD of triplicates and are representative of three independent experiments. Statistically significant differences were determined using two-way
ANOVA multiple comparisons. **, P � 0.01; ****, P � 0.0001.
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surface of E protein (Fig. 6F). To assess the effect of the T367K and T367R mutation on
virus GAG-binding affinity, a heparin (a highly sulfated GAG) inhibition assay was
performed for the WT and E protein mutant viruses on BHK-21 cells (Fig. 6G). Both
T367K and T367R were found to be more sensitive to inhibition by heparin at 10 and
100 �g/ml during the infection of BHK-21 cells, but no significant difference was
observed for other mutant viruses compared with the WT virus. Our data suggested
that the enhanced susceptibility of the T367K/R mutant to inhibition by heparin may be
due to a common mechanism, namely, that the positively charged amino acid substi-
tution in the E protein enhances viral binding affinity for GAG and simultaneously
results in rapid virus clearance from circulation, attenuating virulence in vivo (23, 24,
33–35).

T367K mutation increases TMUV sensitivity to neutralizing antibodies. EDIII of
flavivirus is a major target of neutralizing antibodies, which play an important role in
controlling virus infection (42). As the E367 residue is predicted to be exposed on the
surface of E protein (Fig. 6E), we hypothesized that the T367K mutation may affect the
interaction between viral EDIII and neutralizing antibodies. To verify this, we compared
the susceptibility of the WT and T367K mutant viruses to duck sera collected at days 2
and 4 after infection with WT or T367K virus by a plaque reduction neutralization test
(PRNT). TMUV-specific antibody titer was detected by blocking enzyme-linked immu-
nosorbent assay (ELISA), which was developed in our previous study (43). The result
indicated that TMUV-specific antibody was not detected in serum of ducklings at 2 dpi
but was detected starting from 4 days after infection with WT or T367K, and antibody
titers significantly increased at 6 dpi (Fig. 7A). Consistent with the ELISA antibody titer

FIG 7 The T367K mutation increases TMUV sensitivity to neutralization serum. (A) TMUV-specific antibody titers in the sera of infected ducklings. Ducks were
infected individually with WT or T367K (105 PFU) by s.c. inoculation. Sera were collected at indicated time points, and TMUV-specific antibody titers were
determined by a blocking ELISA. Dotted lines indicated the limits of detection. (B and C) Neutralization activity of duck sera. Duck sera collected at day 4 after
infecting with WT virus and T367K mutant. The neutralization activity of the sera to WT and T367K was tested individually by PRNT. (D) Neutralization sensitivity
of WT and four E367 site-directed mutant viruses to duck serum. The test serum was collected 6 days after WT infection. Data are presented as the means and
SD (n � 3).
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result, the in vitro infectivity of the WT or T367K mutant virus was not affected by
treatment with the sera collected at 2 dpi (data not shown). However, sera collected at
4 dpi from either WT- or T367K-infected ducks displayed potent neutralizing activity
against the WT and T367K viruses (Fig. 7B and C). It was notable that the same
neutralizing serum displayed greater potency against the T367K mutant virus than the
WT virus, with around 10- to 20-fold differences in the PRNT50. We further tested the
sensitivity of the mutant viruses T367A, T367D, T367S, and T367R to the neutralizing
sera collected from WT-infected duck at 6 dpi, as described above (Fig. 7D). Minimal
PRNT50 differences (�2-fold) were observed between the T367A, T367D, and T367S
mutants and the WT virus. Interestingly, the T367R mutant virus also displayed in-
creased sensitivity to these neutralizing sera in a similar manner to T367K, suggesting
that a positively charged amino acid substitution at E367 can affect the antibody
accessibility of epitopes on the E protein of TMUV. Taken together, these results
indicate that the Thr-to-Lys change at residue 367 of E protein increases neutralizing
antibody accessibility to TMUV without substantially reducing viral immunogenicity.

DISCUSSION

With the emergence of TMUV causing severe disease in domestic ducks and geese
(4–8, 12, 13), attention has focused not only on developing a vaccine to prevent
infection (44–47), but also on understanding the genetic determinants responsible for
virus transmission and enhanced pathogenicity (20, 48, 49). In our previous study, a
highly attenuated and immunogenic TMUV was developed after sequential passaging
on BHK-21 cells, and 23 amino acid substitutions were identified in the viral genome
compared with the parental TMUV (36). Animal infection studies with chimeric viruses
provided preliminary evidence that multiple gene mutations could potentially lead to
decreased pathogenicity in ducklings. Here, the ChimE virus, harboring the mutated E
gene from an attenuated virus, displayed increased adaptation to cell culture with
larger plaque sizes and higher virus titers but lower viremia and less efficient invasion
of brain and heart tissue in s.c. infected ducklings. For the first time, our data provide
evidence that the mutations in E protein, which accumulated during in vitro passage,
not only conferred TMUV adaptations in cell culture but also reduced viral virulence in
ducks.

The E protein of flavivirus plays an important role in cell culture adaptation and virus
virulence (23–25). A single amino acid mutation in the E protein of other flaviviruses has
been reported to affect viral pathogenesis in animal models (27–30). Recently, a study
revealed that an S156P mutation in the E protein of TMUV resulted in the loss of
N-linked glycosylation and abrogated vector-free transmission in ducks (49). There are
five amino acid changes in the E protein of attenuated TMUV compared with the WT
parental virus (36). With the availability of TMUV infectious clones, it is possible to
examine accurately the specific mutations in the viral genome that are responsible for
viral virulence. In fact, the generation and characterization of E protein site-directed
mutant viruses demonstrated that the T367K mutation significantly reduced TMUV
virulence in ducks, exhibiting low-level viremia and impaired virus replication in the
brain, heart (ducklings), and ovaries, similar to the ChimE virus. Furthermore, the
positively charged basic amino acid substitution at E367 is sufficient to cause these
phenotype changes. This was confirmed by replacing the E367-Thr residue with differ-
ent amino acids. The Arg substitution, but not the Ala, Asp, or Ser residues, resulted in
phenotype changes comparable to those of the T367K mutant virus. We noted that
mutant viruses T70A and Y176H exhibited partial attenuation with decreased mortality
rates in s.c. infected ducklings (Fig. 2E), but no significant difference in viral load was
detected between these two mutants and the parental virus in the tested tissues (data
not shown), suggesting that the T367K mutation should be the predominant determi-
nant in E protein for TMUV attenuation.

GAGs, negatively charged polysaccharides expressed ubiquitously on the surfaces
and extracellular matrices of multicellular organisms, are attachment factors for flavi-
viruses, alphaviruses, and picornaviruses that enhance virion attachment at the target
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cell surface before their interaction with primary receptors (37, 50–52). The binding of
viruses to GAG involves primarily the electrostatic interaction of clusters of basic amino
acids on the virus with negatively charged sulfate groups on the polysaccharide (24).
The acquisition of a net positive charge in E protein could enhance viral binding affinity
for GAGs, which is frequently accompanied by reduced efficiency of virus spread
through circulation, as well as advantage virus growth in cell culture. It has been
reported that the rapid clearance of virus from the bloodstream most likely is the result
of nonproductive binding of virus by extracellular matrices, which are rich in GAG, or
readsorption of progeny virus by infected cells (24). The lateral edge of E protein
domain III of flaviviruses was identified as a GAG-binding region (34, 37–39). Consistent
with other cell-adapted flaviviruses, the predicted crystal structure of TMUV E protein
showed that the E367 residue exposed on the outer surface of EDIII (Fig. 6E) and the
T367K substitution increased the net positive charge of E protein (Fig. 6F). Actually, the
positively charged amino acid substitution (Lys or Arg) at E367 increased viral binding
affinity for heparin (a highly sulfated GAG) and enhanced TMUV growth in cell culture,
resulting in rapid viral clearance from the bloodstream and impaired viscerotropism,
which is consistent with the common mechanism of virulence attenuation for cell-
adapted flaviviruses (23, 24, 33–35).

The severe damage to ovaries and ovarian follicles induced by the high titer of viral
replication results in a considerable drop in egg production, the most significant clinical
manifestation observed in TMUV-infected laying ducks (4–6, 17). The T367K mutation
significantly reduced the viral load in the ovaries, avoiding evident damage to the
ovaries or ovarian follicles, and thereby indicated that the E367 residue could be an
important determinant for TMUV ovary tropism. It has been reported that in WNV-
infected birds, the most severely affected tissues were the brain and heart (53–55). High
virus titers have been detected in the spleen, brain, and heart of ducklings infected with
virulent TMUV, with evident microscopic lesions (18, 19, 56, 57). However, the relation-
ship between heart damage and the pathogenesis of TMUV infection remained unclear.
In this study, virus titers in the heart tissue were significantly higher than in the tissue
of the spleen of ducklings that succumbed to TMUV infection, supporting the proposal
that the heart is one of the main target organs in TMUV-infected ducklings. Interest-
ingly, the replication of the T367K mutant or the ChimE virus in the heart of s.c.
inoculated ducklings was remarkably reduced compared with the WT virus, with fewer
lesions evident and reduced expression of proinflammatory genes in the heart. These
data suggest that a decreased ability to replicate in the duckling heart could contribute
to the virulence attenuation of TMUV.

Antibodies are critical for the control of flavivirus infection, and this protection has
been correlated with neutralizing activity in vitro (26, 58, 59). The flavivirus E protein is
the dominant antigen inducing immunologic responses in infected hosts and eliciting
virus-neutralizing antibodies (42, 60, 61). Recent studies reported that the recombinant
E protein of TMUV could induce high-level neutralizing antibodies and provide protec-
tion against TMUV infection (62, 63). In this study, the T367K mutant was neutralized
more potently than its parental virus by infected duck serum collected at an earlier time
point (4 dpi), suggesting that the T367K mutation may affect the exposure of epitopes,
thus modulating antibody recognition and neutralization of the virus. However, viremia
was reduced as early as 1 to 2 days after T367K infection, before TMUV-specific
antibodies became detectable, indicating that early viral suppression is not likely due
to the humoral immune responses. The increased susceptibility of the T367K mutant
virus to neutralizing serum is not directly related to virulence attenuation, but this
amino acid substitution may redirect antibody responses toward the more protective
neutralizing epitopes in EDIII of TMUV.

In conclusion, we demonstrated that a single amino acid substitution (Thr to Lys) at
position E367 is the predominant determinant of TMUV cell adaptation as well as
virulence attenuation in ducks. Our data highlight that a gain in net positive charge at
E367 enhances viral binding affinity for GAG, concomitantly resulting in rapid viral
clearance from the bloodstream and impaired viscerotropism in ducks. Additionally, the
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T367K mutation increased viral sensitivity to neutralizing antibodies, which may redi-
rect antibody responses toward the more protective neutralizing epitopes.

MATERIALS AND METHODS
Ethics statement. The animal experiments were carried out according to the Chinese Regulations of

Laboratory Animals, the Guidelines for the Care of Laboratory Animals (Ministry of Science and Tech-
nology of the People’s Republic of China), and Laboratory Animal Requirements of Environment and
Housing Facilities (GB 14925-2010, National Laboratory Animal Standardization Technical Committee).
The animal trials in this study were approved by the Laboratory Animal Ethical Committee of China
Agricultural University.

Cells and viruses. BHK-21 (baby hamster kidney) cells were obtained from the American Type
Culture Collection (ATCC), and primary DEF cells were prepared from 9-day-old duck embryos. Both
BHK-21 and DEF cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum (FBS) and 1% penicillin-streptomycin and were incubated at 37°C with 5% CO2.
Duck TMUV strain JXSP (GenBank accession no. JQ920423.1) was isolated from an infected duck flock as
described previously (1). The attenuated virus P310 was obtained by serial passage of JXSP strain in
BHK-21 cells (36).

Construction of the mutant TMUV cDNA clone. The general procedure for the construction of
TMUV infectious cDNA clones has been described elsewhere (36). Briefly, the first-strand cDNA of JXSP
virus was used to amplify five overlapping fragments covering the whole genome. Each fragment was
cloned into respective plasmid vectors using pEASY-Blunt simple cloning vectors (TransGen, Beijing,
China). To introduce mutations into the E protein gene, PCR-based site-directed mutagenesis was used
along with plasmid p-1 (carrying T7 sequences followed by 1 to 2,479 nucleotides [nt] of the JXSP
genome) and the indicated primers (Table 1). Each fragment containing a single-site mutation was
cloned into a plasmid vector. All plasmids were sequenced to confirm the correct sequence. Five
overlapping fragments were amplified from the respective plasmids (p-1, p-2, p-3, p-4, and p-5). The
full-length cDNA was produced by fusion PCR using PrimeSTAR Max DNA polymerase (TaKaRa, Dalian,
China).

In vitro transcription and RNA transfection. The assay protocols used were the same as those
described previously (36). Briefly, in vitro transcription was performed using the T7 RiboMAX Express
large-scale RNA production system (Promega, WI, USA) according to the manufacturer’s instructions. RNA
was transfected into BHK-21 cells with Lipofectamine 3000 transfection reagent (Invitrogen, CA, USA)
according to the manufacturer’s instructions. The cell culture medium was changed to fresh medium

TABLE 1 Primers used for construction of TMUV cDNA clones

Primer name Sequence (5=-3=)a Purpose

T7 � 1F CCCGGGTAATACGACTCACTATAGGGAGAAGTTCATCTGTGTGAACTTATTCC T7 promoter introduction
2459R GTCGATTGAGCACCCCGTGTC PCR amplification fragment-1
2459F GACACGGGGTGCTCAATCGAC PCR amplification fragment-2
3514R TTCCATGCCACCCCCTTGAAA
3514F TTTCAAGGGGGTGGCATGGAA PCR amplification fragment-3
5851R CGACTATCTATGACCCGTTGC
5285F ATAGCGGAAGCACTGAAAGGA PCR amplification fragment-4
8164R CAACGCCCCTAGCTAACCATT
8164F AATGGTTAGCTAGGGGCGTTG PCR amplification fragment-5
10990R AGACTCTGTGTTCTACCACCACCAGCCACACTTTCGGCGATCTGTGCCAA
955F TGTTAATTGCCCCAGCGTACAGC E protein gene substitution
955R GCTGTACGCTGGGGCAATTAACA
E2-F GTACAGCTTCAaCTGTCTGG Mutation PCR of E2(S¡N)
E2-R CCAGACAGtTGAAGCTGTAC
E70-F TCGGACGTGACGgCAGAATCC Mutation PCR of E70(T¡A)
E70-R GGATTCTGCcGTCACGTCCGA
E176-F AGTCCCGTCcACACCGCTGAG Mutation PCR of E176(Y¡H)
E176-R CTCAGCGGTGTgGACGGGACT
E314-F AGTGAAGAgTCCTACCGACAC Mutation PCR of E314(N¡S)
E314-R GTGTCGGTAGGAcTCTTCACT
E376-F ACCTCCTCCAaGGGTGCCAAG Mutation PCR of E367(T¡K)
E376-R CTTGGCACCCtTGGAGGAGGT
367A-F ACCTCCTCCgCGGGTGCCAAG Mutation PCR of E367(T¡A)
367A-R CTTGGCACCCGcGGAGGAGGT
367D-F ACCTCCTCCgacGGTGCCAAG Mutation PCR of E367(T¡D)
367D-R CTTGGCACCgtcGGAGGAGGT
367S-F ACCTCCTCCtCGGGTGCCAAG Mutation PCR of E367(T¡S)
367S-R CTTGGCACCCGaGGAGGAGGT
367R-F ACCTCCTCCAgGGGTGCCAAG Mutation PCR of E367(T¡R)
367R-R CTTGGCACCCcTGGAGGAGGT
aLowercase letters indicate mutated nucleotides.
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(DMEM with 2% FBS) at 4 h posttransfection. The rescued viruses were harvested 3 to 4 days posttrans-
fection when typical cytopathic effects were observed. All rescued viruses were confirmed by full-
genome sequencing. Working virus stocks were amplified from the harvested transfection of one
passage in BHK-21 cells. Virus titers were determined by standard plaque assays on BHK-21 cells. The
amplified virus stocks were stored in aliquots at �80°C until further use.

Virus growth kinetics and plaque assays. Virus replication kinetics were measured by infecting
confluent BHK-21 and DEF cells in six-well plates at a multiplicity of infection (MOI) of 0.01. After infection
at 37°C for 1 h, the virus inoculum was removed and the cells were washed with phosphate-buffered
saline (PBS) to eliminate unbound virus. Then, 3 ml of fresh medium (DMEM plus 2% FBS) was added to
each well. Cell culture supernatants were collected at the indicated times postinfection. The yields of
progeny virus were quantitated by a plaque assay on BHK-21 cells.

Serial 10-fold dilutions of virus samples were prepared in DMEM (plus 2% FBS) and inoculated onto
BHK-21 monolayers in 12-well plates. The plates were incubated at 37°C for 1 h with gentle rocking every
15 min. After removal of the inoculum, the cells were washed twice with PBS and overlaid with DMEM
containing 1% (wt/vol) low-melting-point agarose (Amresco, WA, USA) and 2% FBS. After further
incubation at 37°C for 3 days, the cells were stained with 0.02% neutral red to visualize the plaques.

Duck experiments. Pekin ducklings and laying ducks, purchased from Beijing Golden Star Duck Co.,
Ltd., were used to examine the virulence of TMUV and mutant viruses. Groups of 4-day-old healthy Pekin
ducklings were s.c. inoculated with 105 PFU of WT or mutant viruses. Duck survival was monitored for
10 days. Three or five ducks from each group were euthanized at the indicated time points, and blood
and tissue samples from the heart, spleen, lungs, kidney, and brain were collected for viral titer
determination. Tissue samples were homogenized and diluted in DMEM to a final concentration of 20%
(wt/vol). After three cycles of freeze-thawing, the tissue suspensions were centrifuged at 5,000 � g at 4°C
for 15 min. The virus titers in the supernatant were determined using a plaque assay on BHK-21 cells.

Groups of 25-week-old laying ducks were s.c. inoculated with 105 PFU of TMUV. At 2, 4, and 6 dpi, 3
or 4 ducks from each group were euthanized, and blood and tissue samples were collected. The virus
titers in different tissues were determined as described above.

Viral RNA quantification by qRT-PCR. For viral RNA quantification, viral RNAs in culture fluids,
serum, and tissue samples were extracted using a viral RNA kit (Omega, GA, USA) according to the
manufacturer’s instructions. The cDNA was synthesized using a reverse transcription system (Promega,
WI, USA) with random primers following the user guide. Real-time PCR was carried out in a Bio-Rad CFX
Connect real-time system using SYBR green SuperReal PreMix Plus (Tiangen, Beijing, China) with primers
(forward, 5=-TTGGGACACCTTGCAAAACG-3=; reverse, 5=-TTGCCACGATGTTCATGACC-3=) targeting for the
TMUV NS5 region. The 20-�l reaction mixtures were set up with 10 �l SuperReal PreMix Plus, 0.3 �M
specific primer, and 2 �l cDNA template. Cycling conditions were as follows: 95°C for 15 min; 40 cycles
of 95°C for 10 s and 60°C for 30 s. A plasmid fragment containing genome sequence of the NS5 region
was used to establish a standard curve for quantification of viral genome copy numbers.

Virus clearance assays. With reference to a previously described method (23), virus clearance from
the duck bloodstream was assayed by monitoring the intravenous (i.v.) inoculation of 107 PFU of virus
into 7-day-old ducklings. Blood was taken from the jugular vein at 10 and 30 min postinoculation, and
the infectious virus content in blood samples was determined using a plaque assay. To verify that the
virus particles were actually removed from the blood, not only inactivated or neutralized, we performed
an additional experiment by infecting ducklings with 109 RNA copies of the virus as above. The blood
samples were collected at 10 and 30 min postinoculation, and viral genome copy numbers were
determined using qRT-PCR. The virus content at 0 min was calculated as the input PFU or genome copies
of virus/blood volume and was assumed to be 10% of the body weight (64).

Virus thermal stability assays. Equal amounts (about 500 PFU/ml) of WT virus, chimeric virus, and
mutant viruses were preincubated for 60 min at 4°C and 42°C in DMEM containing 2% FBS. Subsequently,
each virus at different temperatures was used to infect BHK-21 cells seeded in 12-well plates for 1 h at
37°C before being washed with PBS. A plaque assay was then performed as described above. PFU were
then tabulated as percentages of the control (4°C). Experiments were performed three times in triplicate.

Heparin inhibition assays. The inhibitory effect of heparin on TMUV binding in BHK-21 cells was
examined using a previously described method (31). Ten-fold serial dilutions of heparin (MCE, USA) plus
100 PFU of TMUV mutant virus were preincubated at 37°C for 1 h. The virus-heparin mixture was then
incubated on confluent BHK-21 cells in 12-well plates at 4°C for 1 h. The inoculums were removed and
the cells were washed three times with precooled PBS to remove any unbound virus. Cells were overlaid
with 1% agarose-containing overlay medium, and the plates were incubated in a 5% CO2 incubator at
37°C for 3 days to allow for plaque formation. Cells inoculated without heparin were used as controls. The
inhibition rate was calculated as (no. of plaques [controls] – no. of plaques [heparin treatment]/no. of
plaques [controls]). Experiments were performed three times in triplicate.

Serum neutralization tests. Virus sensitivity to neutralizing antibody was determined using a
plaque reduction neutralization test (PRNT). Briefly, duck TMUV antisera were heat-inactivated for 30 min
at 56°C and then serially diluted in DMEM supplemented with 2% FBS. The serum dilution was mixed
with an equal volume of virus in DMEM with 2% FBS to yield a mixture containing approximately 500 PFU
of virus/ml. After incubation at 37°C for 1 h, 200 �l of the mixtures were added to 12-well plates
containing confluent monolayers of BHK-21 cells. Then a plaque assay was performed as described
above. The 50% endpoint neutralization titer was calculated with the method of Reed and Muench.

Statistical analysis. All statistical analyses were performed with GraphPad Prism version 7.0 (Graph-
Pad Software, Inc., CA, USA).
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