
cis-Acting Sequences and Secondary Structures in
Untranslated Regions of Duck Tembusu Virus RNA Are
Important for Cap-Independent Translation and Viral
Proliferation

Tao Wang,a Andres Merits,d Yuanyuan Wu,a Mingshu Wang,a,b,c Renyong Jia,a,b,c Dekang Zhu,b,c Mafeng Liu,a,b,c

Xinxin Zhao,a,b,c Qiao Yang,a,b,c Ying Wu,a,b,c Shaqiu Zhang,a,b,c Yunya Liu,a Ling Zhang,a Yanling Yu,a Leichang Pan,a

Shun Chen,a,b,c Anchun Chenga,b,c

aInstitute of Preventive Veterinary Medicine, Sichuan Agricultural University, Chengdu, Sichuan, China
bResearch Center of Avian Disease, College of Veterinary Medicine, Sichuan Agricultural University, Chengdu, Sichuan, China
cKey Laboratory of Animal Disease and Human Health of Sichuan Province, Sichuan Agricultural University, Chengdu, Sichuan, China
dInstitute of Technology, University of Tartu, Tartu, Estonia

ABSTRACT Duck Tembusu virus (DTMUV) (genus Flavivirus) is a causative agent of
duck egg drop syndrome and has zoonotic potential. The positive-strand RNA ge-
nomes of flaviviruses are commonly translated in a cap-dependent manner. How-
ever, dengue and Zika viruses also exhibit cap-independent translation. In this study,
we show that RNAs containing 5= and 3= untranslated regions (UTRs) of DTMUV,
mosquito-borne Tembusu virus (TMUV), and Japanese encephalitis virus can be
translated in a cap-independent manner in mammalian, avian, and mosquito cells.
The ability of the 5= UTRs of flaviviruses to direct the translation of a second open
reading frame in bicistronic RNAs was much less than that observed for internal ri-
bosome entry site (IRES) encephalomyocarditis virus, indicating a lack of substantial
IRES activity. Instead, cap-independent translation of DTMUV RNA was dependent on
the presence of a 3= UTR, RNA secondary structures located in both UTRs, and spe-
cific RNA sequences. Mutations inhibiting cap-independent translation decreased DT-
MUV proliferation in vitro and delayed, but did not prevent, the death of infected
duck embryos. Thus, the 5= and 3= UTRs of DTMUV enable the virus to use a cap-
and IRES-independent RNA genome translation strategy that is important for its
propagation and virulence.

IMPORTANCE The genus Flavivirus includes major human pathogens, as well as
animal-infecting viruses with zoonotic potential. In order to counteract the threats
these viruses represent, it is important to understand their basic biology to develop
universal attenuation strategies. Here, we demonstrate that five different flaviviruses
use cap-independent translation, indicating that the phenomenon is probably com-
mon to all members of the genus. The mechanism used for flavivirus cap-
independent translation was found to be different from that of IRES-mediated trans-
lation and dependent on both 5= and 3= UTRs that act in cis. As cap-independent
translation was also observed in mosquito cells, its role in flavivirus infection is un-
likely to be limited to the evasion of consequences of the shutoff of host translation.
We found that the inhibition of cap-independent translation results in decreased vi-
ral proliferation, indicating that the strategy could be applied to produce attenuated
variants of flaviviruses as potential vaccine candidates.
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Duck Tembusu virus (DTMUV) is a causative agent of acute egg drop syndrome in
ducks (1). DTMUV is related to mosquito-borne Tembusu virus (TMUV) and belongs

to the genus Flavivirus (family Flaviviridae), which also includes human pathogens, such
as yellow fever virus (YFV), Japanese encephalitis virus (JEV), West Nile virus (WNV), Zika
virus (ZIKV), and dengue virus (DENV) (2). DTMUV replicates well in many types of
nonavian cells, and its RNA has been frequently detected in human oral swabs, raising
public concern regarding the transmission of DTMUV to humans (3). DTMUV also
replicates in mosquito cells, indicating the possibility of mosquito transmission.

Like other flaviviruses, DTMUV has an approximately 11-kb-long positive-strand RNA
genome that has a 5= cap and lacks a 3= poly(A) tail. The genome comprises a single
large open reading frame (ORF) encoding a polyprotein that is processed into 3
structural proteins and 7 nonstructural proteins (4). The ORF is flanked by untranslated
regions (UTRs), and for the DTMUV strain CQW1, the 5= and 3= UTRs have lengths of 95
and 619 nucleotides (nt), respectively. The genomes of flaviviruses contain a number of
highly conserved RNA secondary structures, including stem-loops (SLs) A (SLA) and B
(SLB) in the 5= UTR and a 5= cyclization sequence (5= CS) in the region encoding the
capsid protein. The 3= UTR contains two dumbbell (DB) structures, a 3= cyclization
sequence (CS), a 3= short hairpin structure (sHP), pseudoknots (PKs), and several SLs,
including one at the extreme 3= end of the genome (3= SL). These structures are crucial
for flaviviral RNA translation, replication, and packaging and to counteract the innate
immune responses of hosts (5).

Protein synthesis is one of the most important physiological activities in cells.
Cap-dependent translation is dependent on a 5= cap structure that is used to bind
the eukaryotic initiation factor 4F (eIF4F) complex (eIF4E, -4G, and -4A) and eIF4B.
This binding results in mRNA activation, recruitment of the 43S preinitiation
complex, and mRNA scanning in the 5=-to-3= direction until a start codon in a
suitable context is reached. Then, the 80S ribosome is assembled, and polypeptide
synthesis is initiated (6). Viruses lack their own translation apparatus and must
therefore rely on cellular translation machinery. Many viruses have adopted the use
of the canonical 5= cap-dependent translation initiation mechanism. However, some
viruses use different cap-independent translation initiation strategies that rely on
the use of internal ribosome entry sites (IRESs), 5= cap-independent translation
enhancers (5= CITEs), 3= CITEs, or N6-methyladenosine (m6A) modification-mediated
translation (7, 8). The IRES of encephalomyocarditis virus (EMCV) interacts with eIFs
via determinants located in a specific domain that mimics the 5= cap-binding eIF4F
complex. The use of an IRES allows EMCV to discriminate between its own genome
and cellular mRNAs and, by inhibiting cap-dependent translation, to generate
conditions that are advantageous for the translation of the former molecules (9).
The folding of the hepatitis C virus (HCV) IRES depends on binding of liver-specific
miR-122 (10). and it directly recruits eIFs to initiate the assembly of a translation
complex (11). 3= CITEs have been identified in many plant viruses, including satellite
tobacco necrosis virus (12), barley yellow dwarf virus (13), and turnip crinkle virus
(14). In cooperation with 5= UTRs, 3= CITEs recruit components of the translation
machinery using RNA secondary structures, resulting in positioning of ribosome
subunits at the 5= end of the corresponding mRNA (15).

The translation of flavivirus genomes that have 5= cap structures is commonly
initiated by cap-dependent ribosomal scanning. Unexpectedly, Edgil et al. demon-
strated that DENV genotype 2 (DENV2) RNA can be translated in either a cap-
dependent or cap-independent manner and that the latter process is not mediated by
an IRES (16). Subsequently, the ability of DENV2 and ZIKV to resist cap-dependent
translation inhibition was confirmed (17). It was also proposed that the 5= UTR of DENV2
and that of ZIKV harbor IRES functions. Thus, the data regarding the mechanism of
cap-independent initiation of translation of flavivirus genomes are contradictory. Fur-
thermore, it is unknown whether this strategy is used by many flaviviruses or represents
a specific property of the closely related ZIKV and DENV2.

In this study, we report that a cap-independent translation strategy is used by a
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number of flaviviruses. The cap-independent translation of DTMUV, TMUV, and JEV
RNAs was observed in mammalian, avian, and mosquito cells. We provide evidence that
the IRES activity of the DTMUV 5= UTR, if it exists at all, is a minor contributor to
cap-independent translation. Instead, to be effective, the 5= end of the DTMUV 5= UTR
must be free and the 3= UTR of DTMUV must be present in the same RNA molecule. This
finding confirms the crucial role of 3= UTRs in cap-independent translation in flavivi-
ruses, a conclusion that is further supported by the observation that all individual RNA
secondary structures of 3= UTRs are essential for this process. The repression of
cap-independent translation decreased DTMUV proliferation in vitro and delayed the
death of infected duck embryos. Thus, the repression of cap-independent translation
represents a new and promising strategy for viral attenuation.

RESULTS
DTMUV infection suppresses the translation of cellular mRNAs. In vertebrate

cells, many flaviviruses have been shown to cause the shutoff of translation of cellular
mRNAs. To analyze if this phenomenon also occurs in DTMUV-infected avian and
mammalian cells, a puromycin incorporation assay was performed. At 6, 12, and 24 h
postinfection (p.i.), puromycin incorporation rates were identical in DTMUV-infected
and mock-infected duck embryo fibroblasts (DEFs) and BHK-21 cells. However, at 36 h
p.i., a notable difference between the infected and mock-infected cells was observed
(Fig. 1A and B). The shutdown of cellular translation coincided with an increase in eIF2�

phosphorylation, suggesting that DTMUV infection inhibited the initiation of cellular
mRNA translation. Importantly, in both cell types, the shutoff of cellular translation also
coincided with an accumulation of viral NS3 protein (Fig. 1). These results demonstrate
that DTMUV selectively inhibited the translation of cellular mRNAs, while the synthesis
of viral proteins remained active.

DTMUV has a cap-independent translation strategy. The ability of DTMUV to
maintain high levels of viral protein synthesis in the presence of phosphorylated eIF2�

suggests that the virus may use noncanonical strategies of translation initiation. To
simplify the analysis of DTMUV translation, an RNA reporter was constructed in which

FIG 1 DTMUV infection results in cellular mRNA translation shutoff. DEFs (A) and BHK-21 cells (B) were infected with
DTMUV, treated with 1 �g/ml (for DEFs) or 10 �g/ml (for BHK-21 cells) puromycin for 30 min at the indicated time points,
harvested, lysed, and analyzed using Western blotting. Puromycin incorporation was detected using a mouse anti-
puromycin monoclonal antibody, synthesis of viral proteins was detected using a mouse anti-DTMUV-NS3 polyclonal
antibody, and eIF2� phosphorylation was detected using a corresponding rabbit monoclonal antibody. �-Actin was
detected as the loading control.
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a sequence encoding the Renilla luciferase (RLuc) marker was flanked by 5= and 3= UTRs
of DTMUV. In a control reporter construct, RLuc was placed between the UTRs of the
efficiently translated human �-globin (huGL) mRNA (Fig. 2A). In IRES-RLuc-pA, the 5=
UTR was replaced by the EMCV IRES, while in the ΔIRES-RLuc-pA construct, the EMCV
IRES activity was eliminated by a deletion.

In DEFs, capped DTMUV-RLuc and huGL-RLuc were efficiently translated, resulting in
similar RLuc activities. At 4 h, the translation of corresponding uncapped RNAs was less
efficient (Fig. 2B), with observed reductions in RLuc expression of �46-fold for DTMUV-
RLuc and �85-fold for huGL-RLuc. Uncapped DTMUV-RLuc produced �5-fold more
RLuc than uncapped huGL-RLuc, indicating that its translation is less dependent on a
5= cap than the translation of cellular mRNA. In DEFs, the natural host cells for DTMUV,
translation rates of uncapped DTMUV-RLuc and IRES-RLuc-pA were comparable at 4 h
and 7 h posttransfection (p.t.) (Fig. 2C, left). Efficient translation of uncapped DTMUV-

FIG 2 DTMUV has a cap-independent translation initiation strategy. (A) Schematic presentation of monocistronic reporters. The diagrams are not to scale. (B)
DEFs were transfected with capped/uncapped DTMUV-RLuc or huGL-RLuc, and RLuc activities were measured at 4 h p.t. (C) Uncapped DTMUV-RLuc, huGL-RLuc,
IRES-RLuc, and ΔIRES-RLuc were used to transfect DEFs (left) or BHK-21 cells (right). The time course detection of RLuc activities were measured at 1 h, 4 h, and
7 h p.t. RLU, relative light units. (D) BHK-21 cells transfected with capped DTMUV-RLuc, with capped huGL-RLuc, or with uncapped DTMUV-RLuc were treated
with 1 �M wortmannin or with the appropriate amount of DMSO. RLuc activities were measured at 4 h p.t. (B to D) The values obtained are presented as means
plus standard deviations (SD) (n � 3). ns, not significant; ***, P � 0.001; ****, P � 0.0001 (Student’s t test). (E) Supernatants from BHK-21 cells transfected with
uncapped transcripts from the DTMUV icDNA clone pACYC FL-CQW1 were used to infect naive BHK-21 cells. At PID 10, the presence of rDTMUV was assessed
using a mouse anti-DTMUV polyclonal antibody. The scale bar corresponds to 100 �m.
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RLuc was also observed in BHK-21 cells, although the translation of RNA containing the
EMCV IRES in these cells was �10-fold higher (Fig. 2C, right) at 4 h and 7 h posttrans-
fection. The translation of uncapped huGL-RLuc was inefficient in both cell types (Fig.
2C). BHK-21 or DEFs were transfected with irrelevant RNA, which was transcribed from
pCDNA3.1 (with no RLuc gene), for 4 h, and RLuc activities were detected as the limit
of detection. The number was about 1,000, which was too low to be included in the
figure.

To confirm the use of a cap-independent translation strategy by DTMUV, BHK-21
cells were transfected with capped huGL-RLuc or capped or uncapped DTMUV-RLuc
and treated with wortmannin, an inhibitor of cap-dependent translation that inhibits
phosphatidylinositol 3-kinase (PI3K) and leads to the dephosphorylation of 4e binding
protein 1, causing eIF4E to be isolated from eIF4F, thereby inhibiting cap-dependent
translation. As expected, this treatment significantly reduced RLuc expression from
capped mRNAs: �30% for DTMUV-RLuc and �50% for huGL-RLuc. In contrast, wort-
mannin treatment had no negative effect on the translation of uncapped DTMUV-RLuc
(Fig. 2D), confirming that DTMUV has a cap-independent strategy of translational
initiation.

It has been shown that DENV2 can be rescued from uncapped full-length genome
RNAs (17). To assess whether this is the case for DTUMV, BHK-21 cells were transfected
with uncapped transcripts of DTMUV infectious cDNA (icDNA). The cell culture super-
natant, harvested at 5 days p.t., was used to infect naive BHK-21 cells. At postinfection
day (PID) 10, the immunofluorescence assay (IFA) results revealed large numbers of
DTMUV-infected cells (Fig. 2E), confirming that uncapped RNAs corresponding to the
DTMUV genome are infectious. All of these reporter RNA stabilities were analyzed by
quantitative PCR (qPCR), which showed no significant difference (see Fig. 9).

Cap-independent translation initiation strategies are common among flavivi-
ruses. To assess whether the cap-independent translation strategy is also used in other
flaviviruses, monocistronic reporters were constructed for TMUV, JEV, DENV2, and ZIKV
(Fig. 3A); the reporters were analyzed in avian, mammalian, and mosquito cells. In DEFs,
the highest level of cap-independent translation was observed for a reporter based on
duck-borne DTMUV. However, this construct was closely followed by that based on
swine-borne JEV and those based on human-borne ZIKV and TMUV isolated from
mosquitoes. Only the reporter based on human-borne DENV2 showed a somewhat
lower level of cap-independent translation in DEFs (Fig. 3B). The DENV2 reporter also
exhibited the least efficient cap-independent translation in BHK-21 cells. The translation
of the DTMUV, TMUV, and JEV reporters was somewhat more efficient, while the
ZIKV-based reporter clearly outperformed the others (Fig. 3C). Again, no clear correla-
tion between the original host of the virus and the efficiency of cap-independent
translation was observed.

In contrast to vertebrate cells, substantial differences between reporters based on
different flaviviruses were observed in C6/36 mosquito cells. In these cells, the trans-
lation of uncapped DENV2 and ZIKV reporters was inefficient and comparable with that
of the huGL-RLuc used as a negative control (Fig. 3D). In contrast, uncapped reporters
based on the other three flaviviruses were efficiently translated, and the efficiencies
were comparable to those observed in vertebrate cells (compare Fig. 3D with Fig. 3B
and 4C). Thus, in mosquito cells, the uncapped RNAs of ZIKV and DENV2 were
translated much less efficiently that those of DTMUV, TMUV, and JEV.

The 5= UTR of DTMUV lacks substantial IRES activity. In DEFs, the translation of
uncapped DTMUV-RLuc was similar to that of the EMCV IRES-based IRES-RLuc-pA
reporter (Fig. 2C, left). Based on these data, we questioned whether the DTMUV 5= UTR
has IRES activity. To address this question, a panel of bicistronic reporter constructs,
including those based on ZIKV, DENV, and JEV sequences, was constructed (Fig. 4A) and
analyzed.

In BHK-21 cells, all the uncapped reporters expressed the upstream cistron (RLuc)
with similarly low efficiencies (Fig. 4B, left). The EMCV IRES-driven expression of the
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second cistron (firefly luciferase [FLuc]) occurred at very high levels (Fig. 4B, right). The
translation of FLuc from the 5= UTR of any flavivirus was at least 100-fold lower than the
translation of FLuc from the EMCV IRES. Nevertheless, FLuc expression, presumably
mediated by 5= UTRs of flaviviruses, did exceed that mediated by ΔIRES by up to
4-fold (Fig. 4B, right). The correlation between the expression levels of RLuc and
FLuc (Fig. 4B) indicates that the differences between the flavivirus reporters were,
at least in part, caused by different stabilities of the corresponding RNAs. Thus, the
5= UTR of DTMUV and those of other flaviviruses either do not have IRES compe-
tence or their IRES-like activities are several orders of magnitude lower than that of
the EMCV IRES (Fig. 4B), indicating that an IRES activity of the 5= UTR is highly
unlikely to be the primary contributor to the cap-independent translation of
flavivirus RNAs. To further study whether DTMUV cap-independent translation is
5=-end dependent, SL-DTMUV-RLuc, with a stem-loop that can inhibit 5=-end trans-
lation, was used (18); capped and uncapped SL-DTMUV-RLuc translation activities
were over 30-fold lower than those of capped/uncapped DTMUV-RLuc. These
results clearly indicate that efficient DTMUV cap-independent translation is highly
dependent on a free 5= end, which may allow the translation complex to initiate at
the 5= terminus and scan along the 5= UTR (Fig. 4C).

Cap-independent translation of DTMUV RNA requires the presence of 5= and 3=
UTRs in cis. To elucidate the role of the DTMUV 5= and 3= UTRs in cap-independent
translation, two chimeric reporters were constructed and analyzed (Fig. 5A). The
replacement of the 5= UTR in the huGL-RLuc construct with that of DTMUV did not
result in any increase of cap-independent RLuc expression. The increase in RLuc
expression resulting from the replacement of the 3= UTR of huGL-RLuc was detectable
but still very modest (Fig. 5B and C) and may represent a consequence of the

FIG 3 Cap-independent translation initiation is a strategy shared by different flaviviruses. (A) Schematic presentation of monocistronic
reporters for TMUV, JEV, DENV2, and ZIKV. The diagrams are not to scale. (B to D) DEFs (B) and BHK-21 (C) and C6/36 (D) cells were
cultured in 48-well plates. When the cells reached �70 to 90% confluence, they were transfected with the indicated uncapped
reporters. The activities of RLuc measured at 4 h p.t. are presented as means plus SD (n � 3).
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stabilization of reporter RNA by the DTMUV 3= UTR. These results clearly indicated that
both the 5= and 3= UTRs of DTMUV are crucial for efficient cap-independent translation.

To determine if these elements need to be present in the same RNA molecule (in cis)
or can also function in trans, DEFs were cotransfected with DTMUV-RLuc, huGL-RLuc,
5DTMUV-RLuc-3huGL, and 5huGL-RLuc-3DTMUV and with increasing amounts of the
DTMUV 3= UTR RNA. This RNA, provided in trans, did not increase the translation of any
uncapped reporter. Instead, it inhibited the translation of the uncapped DTMUV-RLuc
and huGL-RLuc-3DTMUV reporters in a dose-dependent manner. The presence of
increasing amounts of DTMUV 3= UTR RNA had little effect on the translation of the
uncapped huGL-RLuc and 5DTMUV-RLuc-3huGL reporters (Fig. 5D), either because the
reporter RNAs lacked the 3= UTR of DTMUV or because the low level of RLuc expression
from the reporters hampered the detection of negative effects resulting from the
presence of the DTMUV 3= UTR RNA. The presence of the DTMUV 3= UTR did not affect
the RNA stabilities of the reporters (see Fig. 9). Taken together, these data clearly show

FIG 4 The 5= UTR of DTMUV lacks substantial IRES activity. (A) Schematic presentation of bicistronic reporters. The diagrams are not to scale, and the poly(A)
tails of Dual-IRES-3EMCV and Dual-ΔIRES-3EMCV are not shown. (B) BHK-21 cells transfected with uncapped bicistronic reporters were lysed at 4 h p.t., and RLuc
and FLuc activities were measured. (Left) Translation of the upstream cistron (RLuc). (Right) Translation of the downstream cistron (FLuc). The RLuc and FLuc
activities are presented as means plus SD (n � 3). (C) BHK-21 cells were transfected with capped/uncapped DTMUV-RLuc or SL-DTMUV-RLuc, and RLuc activities
were measured at 4 h p.t. (C) BHK-21 cells transfected with capped/uncapped DTMUV-RLuc or SL-DTMUV-RLuc were lysed at 4 h p.t., and RLuc activities were
measured.
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that the 3= UTR of DTMUV participates in cap-independent translation and that it must
be present in cis.

Cap-independent translation of DTMUV RNA depends on sequences and RNA
secondary structures present in both UTRs. Cap-independent initiation of translation
commonly depends on high-order RNA structures. The secondary structures present in
the 5= and 3= UTRs of DTMUV (Fig. 6A, a) predicted using the RNAfold Web server
(http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi) were similar to those that
were experimentally identified in the genomes of DENV and other flaviviruses (5, 19).
To identify the potential impact of each of these structures on DTMUV cap-independent
translation, deletions and substitutions resulting in the removal, alteration, or preser-
vation of predicted secondary-structure elements (Table 1 and Fig. 6A, b and c) were
introduced into DTMUV-RLuc. To increase the sensitivity of the analysis, a huGL-FLuc
construct was used for normalization.

FIG 5 The presence of both UTRs in cis is essential for cap-independent translation of DTMUV RNA. (A) Schematic
presentation of chimeric monocistronic reporters. The diagrams are not to scale. (B and C) DEFs (B) and BHK-21 cells
(C) transfected with the indicated uncapped reporters were lysed at 4 h p.t., and RLuc activities were measured. (D)
DEFs were cotransfected with 120 ng of uncapped DTMUV-RLuc, huGL-RLuc, 5DTMUV-RLuc-3huGL, or 5huGL-RLuc-
3DTMUV reporters and increasing amounts (0, 60, 120, and 240 ng) of RNA corresponding to the DTMUV 3= UTR.
A constant amount of total RNA (360 ng/well) used for each transfection was obtained by adding the appropriate
amount (240, 120, 60, or 0 ng) of irrelevant RNA obtained by transcription of plasmid pCDNA3.1. The cells were
lysed at 4 h p.t., and RLuc activities were measured. (B to D) RLuc activities are presented as means plus SD (n � 3).
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FIG 6 DTMUV 5= and 3= UTR sequences and RNA secondary-structural elements are crucial for cap-independent translation. (A) Schematic
presentation of the reporters used in this study. The diagrams are not to scale. Detailed information regarding the introduced mutations is
presented in Table 1. (a) Predicted secondary structures in the UTRs of the DTMUV-RLuc reporter. UARs (i.e., upstream of AUG) and the DB
pseudoknot are in purple. (b) Schematic presentation of reporter mRNAs harboring a deletion at the 5= end or deletions of predicted
secondary-structural elements. (c) Predicted native (wild-type [WT]) secondary structures of elements located in the 5= UTR/3= UTR and
structures resulting from introduced mutations. Introduced substitutions are shown in red. (B) Translation efficiencies of DTMUV-RLuc reporters
containing mutations shown in panel A. BHK-21 cells were cotransfected with the indicated uncapped reporters and uncapped huGL-FLuc
control. The cells were lysed at 4 h p.t., and the activities of RLuc and FLuc were measured. The activities of RLuc expressed by different
reporters were normalized to the activity of FLuc expressed by the transfection control. The relative luciferase activities (RLuc/FLuc) are
presented as means plus SD (n � 3). ns, not significant; *, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001 (Student’s t test).
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The deletion of 5 nucleotides from the 5= end of DTMUV-RLuc, as well as the
deletion of any predicted secondary-structural element, significantly reduced the cap-
independent translation of reporter RNAs. The most substantial effects were caused by
deleting the DB1 or DB2 structure (Fig. 6B). To exclude the possibility that the observed
effect was caused by reduced stability of the reporter RNA harboring UTR deletions, the
amounts of DTMUV-RLuc and mutant reporters at 4 h p.t. were determined using qPCR
(see Fig. 9). No significant differences were observed, confirming that these deletions

FIG 6 (Continued)

TABLE 1 Mutations introduced into DTMUV-RLuc

Reporter Nucleotides Region Mutation

DTMUV-RLuc-Δ5TOP 1–5 5= UTR Deleted
DTMUV-RLuc-ΔSLA 6–75 5= UTR Deleted
DTMUV-RLuc-ΔSLB 76–95 5= UTR Deleted
DTMUV-RLuc-ΔSL1 1–79 3= UTR Deleted
DTMUV-RLuc-ΔSL2 80–153 3= UTR Deleted
DTMUV-RLuc-ΔSL3 184–247 3= UTR Deleted
DTMUV-RLuc-ΔSL4 248–310 3= UTR Deleted
DTMUV-RLuc-ΔDB1 349–417 3= UTR Deleted
DTMUV-RLuc-ΔDB2 426–514 3= UTR Deleted
DTMUV-RLuc-ΔSL 525–619 3= UTR Deleted
DTMUV-RLuc-DB1mut1 371–375 3= UTR UGGUG¡ACCAC
DTMUV-RLuc-DB1mut2 402–407 3= UTR AGAGGA¡GAGAAG
DTMUV-RLuc-DB2mut1 474–485 3= UTR Deleted
DTMUV-RLuc-DB2mut2 447–452 3= UTR Deleted
DTMUV-RLuc-DB2mut3a 432–434 3= UTR CCA¡UUCC
DTMUV-RLuc-DB2mut4 444–452 3= UTR CAAGCUGTA¡UGUACCAAG
DTMUV-RLuc-PK1mut 500–504 3= UTR CACCA¡GUGGU
DTMUV-RLuc-PK2mutb 511–515 3= UTR ACAGC¡UGUCG
DTMUV-RLuc-SLmut1 569–570 3= UTR CU¡CACUUU
DTMUV-RLuc-SLmut2 616 3= UTR A¡U
DTMUV-RLuc-SLmut3 612 3= UTR C¡G
DTMUV-RLuc-SLmut4 608 3= UTR A¡U
DTMUV-RLuc-SLmut5c 604 3= UTR G¡C
DTMUV-RLuc-SLmut6 601 3= UTR G¡C
aThe same mutation is also present in pCMV-DTMUV-Rep-NLuc-DB2mut3 and in pCMV-icDTMUV-DB2mut3.
bThe same mutation is also present in pCMV-DTMUV-Rep-NLuc-PK2mut.
cThe same mutation is also present in pCMV-DTMUV-Rep-NLuc-SLmut5 and in pCMV-icDTMUV-SLmut5.
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had no effect on reporter RNA stability. Thus, the observed differences in the RLuc/FLuc
ratio originated from different efficiencies in cap-independent translation.

Deletions of entire secondary-structural elements may impact the high-order structure
of the entire reporter RNA. Therefore, the roles of the DTMUV UTR sequences and RNA
structures were further analyzed using smaller mutations (Table 1) designed to either alter
the predicted secondary-structural elements or to preserve the original secondary struc-
tures (Fig. 6A, c). With exception of SLmut1 and PK1mut, mutations leading to changes in
the predicted RNA secondary structure significantly reduced the cap-independent transla-
tion of the corresponding reporters. However, this effect was substantial for only three
deletions in DB2, indicating that the structure of the DB2 element is especially important for
cap-independent translation. In contrast, the introduction of mutations designed to pre-
serve predicted secondary structure in DB1 or the SL caused only a minor, albeit
significant, reduction in cap-independent translation (Fig. 7B). Thus, while the 3= SL
structure itself is important for cap-independent translation, smaller changes within
the structure were tolerated, demonstrating that cap-independent translation is not
only structure dependent, but also sequence dependent.

Inhibition of cap-independent translation reduces DTMUV proliferation in cell
cultures but does not eliminate virulence in embryonated duck eggs. The DTMUV

replicon and icDNA clones were used to assess the impacts of mutations that reduce
cap-independent translation on DTMUV RNA replication, viral multiplication, and
pathogenicity. For this analysis, three relatively small substitutions (Table 1 and Fig. 7A
and C) with a substantial (PK2mut and DB2mut3) or moderate but highly significant
(SLmut5) effect on cap-independent translation (Fig. 6B) were chosen.

The transfection of BHK-21 cells with pCMV-DTMUV-Rep-NLuc-PK2mut resulted in
very low levels of nanoluciferase (NLuc) activity that did not increase after 24 h p.t.,
indicating that the PK2mut substitution abolished DTMUV RNA replication. Interest-
ingly, the levels of NLuc produced by the replicon were considerably lower than those
produced by the replicon harboring a GDD-to-AAA mutation in the active site of the
NS5 polymerase (Fig. 7B), indicating a reduced level of translation of cellular RNA
polymerase II-generated pCMV-DTMUV-Rep-NLuc-PK2mut transcripts. Thus, PK2mut
also affects the cap-dependent translation of DTMUV RNA, resulting in a lack of RNA
replication. In contrast, the expression levels of NLuc in cells transfected with pCMV-
DTMUV-Rep-NLuc-DB2mut3, pCMV-DTMUV-Rep-NLuc-SLmut5, and pCMV-DTMUV-Rep-
NLuc were similar (Fig. 7B), indicating that DB2mut3 and SLmut5 did not have a
negative effect on viral RNA replication.

Next, mutations that were tolerated in the context of the DTMUV replicon were
introduced into the icDNA clone of DTMUV (Fig. 7C). Corresponding recombinant viruses,
designated rDTMUV-DB2mut3 and rDTMUV-SLmut5, were rescued in BHK-21 cells (Fig. 7D).
The rescue of rDTMUV-SLmut5 was substantially delayed, and no or little spread of the virus
was observed, which was a phenotype that contrasted with the essentially uncompromised
RNA replication of the corresponding replicon (Fig. 7B). Thus, in addition to diminished
cap-independent translation, rDTMUV-SLmut5 harbored another substantial functional
defect that excluded its use in subsequent experiments.

Despite DB2mut3 having been designed to alter the structure of the DB2 element
(Fig. 6A) and to have a strong impact on cap-independent translation (Fig. 6B), the
corresponding recombinant virus was successfully rescued and detected by IFA
(Fig. 7D). Next, rDTMUV-DB2mut3 was compared to rDTMUV. The progeny rDTMUV-
DB2mut3 (p1, i.e., rescued recombinant virus was passaged in BHK-21 cells once) which
was determined by sequencing not to have new mutations, infected DEFs or BHK-21
cells. In rDTMUV-infected DEFs, cytopathic effects (CPE) were observed at 48 h p.i. (Fig.
8A); the development of CPE in BHK-21 cells was observed at 72 h p.i. (Fig. 8B). In
rDTMUV-DB2mut3-infected cells, CPE was not detected even at 72 h p.i. (Fig. 8A and B),
indicating that DB2mut3 attenuated the growth and/or reduced the cytotoxic proper-
ties of DTMUV. The growth curve experiment performed using DEFs confirmed that,
compared to rDTMUV, the propagation of rDTMUV-DB2mut3 was delayed and occurred
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at a lower level. However, while the titers of rDTMUV plateaued at 60 h p.i., those of
rDTMUV-DB2mut3 continued to increase (Fig. 8C).

Finally, the virulence of rDTMUV and rDTMUV-DB2mut3 was evaluated by infecting
9-day-old duck embryos via allantoic-cavity inoculation. At 100 50% tissue culture
infective doses (TCID50), both viruses caused the death of all infected embryos by PID
7. At 1,000 TCID50, all infected embryos died by PID 5. Notably, the death of rDTMUV-
infected embryos occurred earlier than that of the rDTMUV-DB2mut3-infected embryos,
although the difference did not reach statistical significance (Fig. 8D). Taken together,
these results indicate that mutations inhibiting cap-independent translation delay/
decrease rDTMUV proliferation in cell culture but do not eliminate DTMUV virulence in
duck embryos.

FIG 7 Defects in cap-independent translation attenuate DTMUV replicons and viruses. (A and C) Schematic presentation of DTMUV replicons (A) and genomes
(C) harboring mutations in the 3= UTR. WT residues and their positions in the genome of DTMUV are shown; mutated residues are indicated in red. C34, region
encoding a truncated capsid protein; E30, region encoding 30 C-terminal residues of E glycoprotein; FMDV, foot-and-mouth disease virus; NLuc, region encoding
the nanoluciferase reporter. The intron shown in panel C is present only in the icDNA plasmid and is removed by splicing upon viral rescue. (B) BHK-21 cells
were transfected with the indicated plasmids. At 12, 24, 48, and 72 h p.t., the cells were lysed, and NLuc activities were measured. The data are presented as
means plus SD (n � 3). (D) BHK-21 cells were transfected with pCMV-icDTMUV, pCMV-icDTMUV-DB2mut3, or pCMV-icDTMUV-SLmut5. The rescue of the
recombinant viruses at 48 and 72 h p.t. was assessed using a mouse anti-DTMUV polyclonal antibody.
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DISCUSSION

All viruses are dependent on the translation machinery of the host cell. Since a
positive-strand RNA genome acts as an mRNA, it needs to compete with the large
excess of host mRNAs in the early stages of infection. At the late stage of infection,
many viruses hijack cellular resources to produce large amounts of structural proteins
necessary for the assembly of progeny virions. For these purposes, viruses have
developed various strategies to inhibit the synthesis of host proteins and/or to enhance
the translation of their own RNAs. Well-known examples include use of noncanonical
mechanisms of initiation of translation combined with cleavage of eIF4G, the induction of
eIF2� phosphorylation, and other mechanisms leading to a shutoff of host cell translation
(19–21). In this study, we report that DTMUV infection represses host protein synthesis in
both avian and mammalian cells and that this activity is accompanied by induction of eIF2�

phosphorylation. The same has been previously observed for JEV- and WNV-infected cells,
but not DENV-infected cells (22–24). The repression of host mRNA translation, whether
caused by eIF2� phosphorylation or not, suggests the existence of a noncanonical trans-
lation strategy of DTMUV genomic RNA in vertebrate cells.

Arbovirus members of the genus Flavivirus do not cause major CPE in invertebrate
cells. However, interestingly, both DENV and ZIKV RNAs have been shown to be capable
of cap-independent translation in mosquito cells (17). In this study, cap-independent

FIG 8 Replication of rDTMUV-DB2mut3 is attenuated in cultured vertebrate cells. DEFs (A) or BHK-21 cells (B) grown in 12-well plates were infected with 1,000
TCID50 of rDTMUV or rDTMUV-DB2mut3, while control cells were mock infected. The development of CPE was observed at 48 and 72 h p.i. using a Nikon 80i
fluorescence microscope. (C) DEFs grown in 12-well plates were infected with recombinant viruses at 300 TCID50 per well. At the indicated time points, the
supernatants were harvested, and the copy number of viral genomic RNA was determined using RT-qPCR. The data are presented as means plus SD (n � 3).
*, P � 0.05; ****, P � 0.0001 (Student’s t test). (D) Groups of 9-day-old duck embryos (n � 7) were mock infected or infected with rDTMUV or rDTMUV-DB2mut3
by allantoic-cavity inoculation. The viruses were used at 100 TCID50 (top) or 1,000 TCID50 (bottom) per embryo. The duck embryos were incubated at 37°C and
assessed for survival daily.
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translation was observed for DTMUV, TMUV, and JEV RNAs and was more efficient for
these viruses than for DENV2 or ZIKV (Fig. 3D). Thus, cap-independent translation in
mosquito cells is a common phenomenon for many, if not all, flaviviruses. However, the
biological implications of the phenomenon are not obvious. It is possible that sequences
and secondary structures of flavivirus UTRs simply function the same way in both vertebrate
and invertebrate cells. However, it is more likely that cap-independent translation is
important to overcome a problem(s) common to both host cell types. Indeed, the func-
tional significance of cap-independent translation may not be limited to facilitating the
synthesis of viral proteins upon the shutoff of host cell translation. It has recently been
shown that replicases of distantly related alphaviruses (family Togaviridae) synthesize large
amounts of uncapped transcripts during the late stages of infection. Such RNAs are
important for alphaviruses, as an increase in capping efficiency has a negative effect on
virion formation and attenuates viral growth and pathogenicity (25, 26). To our knowledge,
it is not known whether this or similar phenomena also occur in flaviviruses. However,
intriguingly, similar phenotypes were observed for an alphavirus with increased capping
efficiency and for rDTMUV-DB2mut3 harboring a specific defect in cap-independent trans-
lation (Fig. 6 and 8). Taking into account that flaviviruses use Xrn1 nuclease-mediated
degradation of full-length RNAs to generate short subgenomic flavivirus RNAs (sfRNAs) (27),
it is plausible that these viruses also synthesize uncapped full-length transcripts that may
have an important role(s) in the infection process.

Cap-independent translation of DTUMV and other flaviviruses is different from
IRES-mediated translation. Consistent with a previous report (16), the “IRES-like” activ-
ities of the flavivirus 5= UTRs in bicistronic constructs did not exceed 1% of that of the
EMCV IRES (Fig. 4). The superior efficiency of the EMCV IRES-driven translation was also
observed by Song et al., although the difference between the translation by the EMCV
IRES and DENV 5= UTR was less pronounced (17). The conclusion of these authors that
the 5= UTRs of DENV and ZIKV function as IRES elements was primarily based on the
comparison of translation from these 5= UTRs with that from the HCV IRES and its
defective variant. The HCV IRES is weaker than that of EMCV, and its correct folding
depends on a liver-specific miR-122 (10), the presence of which in BHK-21 cells has not
been reported. The use of different controls is the only notable difference between our
study and that of Song et al., since the designs of the bicistronic reporters were similar
and the 5= UTRs of the ZIKV strains FSS1302 and BeH819015 are identical. Consistent
with their study, we also observed modestly increased translation of the second
reporter in the bicistronic construct when it was placed under the control of the 5= UTR
of the flavivirus genome (Fig. 4). However, comparison with the strong EMCV IRES led
us to conclude that the observed translation efficiency was much closer to that of the
negative control. The use of the HCV IRES and its defective version most likely
generated an entirely different context, leading researchers to different interpretations
of otherwise similar data.

While our data do not exclude the existence of low IRES activity of flavivirus 5= UTRs,
they do unequivocally demonstrate that the key to efficient translation of uncapped
flavivirus RNAs lies in the functional interaction between elements located within the
5= and 3= UTRs. Furthermore, it was observed that the 5= and 3= UTRs must be present
in cis, as providing the 3= UTR in trans resulted in a reduction in translation efficiency
(Fig. 5). Interestingly, in both vertebrate and mosquito cells, flaviviruses produce large
amounts of noncoding and highly structured sfRNAs that are important for many
biological functions, including pathogenicity and vector transmission (28, 29). The
sfRNAs roughly correspond to the 3= UTR of the flavivirus genome and are therefore
similar to the RNA that was shown to suppress cap-independent translation (Fig. 5D).
If this is the case in infected cells, then sfRNAs may also serve as tools to regulate the
translation of the viral genome. The observed inhibition of translation may result from
the 3= UTR provided in trans interacting with sequences/structures within the 5’ UTR
and preventing the 3= UTR present in cis from doing the same. Another possibility is
that the cap-independent translation depends on interaction of 3= UTR and key protein
factor and that the provided 3= UTR competitively binds this key factor. The cap-
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independent translation of 5huGL-RLuc-3DTMUV, in which DTMUV 5= UTR does not
exist and thus potential interactions between DTMUV 5= UTR and the provided 3= UTR
are avoided, was also inhibited by providing 3= UTR. It was recently demonstrated that
circularization of the flavivirus genome, which on one hand is mediated by the 5= UTR,
downstream AUG region, and 5= cyclization sequence and on the other hand is
mediated by the 3= UTR, inhibits cap-dependent translation (30).

Because any genomic-RNA translation is incompatible with the use of the same RNA
molecule as a template for RNA polymerase, it is logical to assume that the same confor-
mational change should inhibit cap-independent translation, as well. This assumption is
supported by the finding that the SLB structure, which is essential for cap-independent
translation (Fig. 6B), is not present in the circular form of the flavivirus genome (31). As our
reporter RNAs lacked 5= circularization sequences, they should have a linear conformation,
which has also been shown to be a dominant form of the flavivirus genome in infected cells
(32). Thus, the interaction between the 5= and 3= UTRs, which is crucial for cap-independent
translation, is unlikely to be mediated by the formation of circular structures and more likely
involves host cell factor-mediated interactions. Indeed, two DB structures in the DENV2 3=
UTR have been shown to interact with poly(A)-binding protein, and this interaction is
crucial for cap-dependent translation (33).

The finding that deletions of these elements and mutations altering the structure of
DB2 had the biggest impact on the efficiency of cap-independent translation (Fig. 6B)
indicates that the same interactions also affect cap-independent translation. However,
in contrast to their negative effect on cap-independent translation, SLmut5 and
DB2mut3 did not affect the replication and cap-dependent translation of DTMUV
replicons (Fig. 7B). Thus, the overlap of sequences and/or higher-order structures
responsible for cap-dependent and cap-independent translation of flavivirus genomes
is considerable, but not complete.

The inefficient rescue and spread of rDTMUV-SLmut5 clearly contrast with the
uncompromised replication of the corresponding replicon, indicating the presence of
a defect(s) in functions that are required for the virus. Unfortunately, multiple overlap-
ping functions of sequences and RNA structures located within the 3= UTRs of flavivi-
ruses makes it difficult to attribute the biological effects of SLmut5 to a single
compromised function. It is conceivable that rDTMUV-SLmut5 has a defect in the
release of the viral genome from the capsid, in the initiation of genome translation, or
in the switch from translation to RNA replication, although the observation that
DB2mut3 results in a virus with different biological properties argues against these
possibilities. Therefore, it is more likely that SLmut5 affects the late stages of infection.
Diminished virion formation can be caused by reduced synthesis of structural proteins
and/or by affecting the packaging of viral genomes. Although the former possibility is
consistent with the proposed role of cap-independent translation (i.e., maintaining the
production of viral proteins in cells where cap-independent translation is inhibited), it
is unlikely to be the primary reason. Because the DB2mut3 mutation has a more
substantial effect on cap-independent translation than does SLmut5 (Fig. 6B) but does
not cause similar attenuation, it is more likely that the primary effect of SLmut5 on the
recombinant virus is due to inhibition of RNA packaging.

The cap-independent translation of DTMUV and other flavivirus genomes was
proposed to be, at least in part, an evasion strategy to resist host translation shutoff.
While we cannot exclude the possibility that DB2mut3 has multiple mechanisms of
action, the phenotype of the corresponding virus supports this assumption. The lack of
a detectable defect in RNA replication most likely indicates that sufficient numbers
of replicase complexes are formed at the earlier stages of infection and/or that their
formation is less sensitive to a reduction in viral protein expression. In contrast, a deficit
of structural proteins should result in a delay in virion formation, leading to delayed
spread of infection and slower virion accumulation, which is exactly what was observed
for rDTMUV-DB2mut3 (Fig. 8C and D). Interestingly, these defects delayed but did not
abolish the death of infected duck embryos. The phenotype was expected, as the
mutation in the 3= UTR only reduces and/or delays accumulation of viral proteins and
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does not change their structures or functions. The observed virulence of rDTMUV-
DB2mut3 may also be a consequence of the high viral dose used and/or the high
susceptibility of embryos used for virus infection assays. Thus, cap-independent trans-
lation is important for flavivirus propagation and also affects viral infection in vivo.

Collectively, these data affirm the existence of cap-independent translation in
DTMUV, TMUV, DENV2, ZIKA, and JEV. This phenomenon is probably common to all
members of the genus Flavivirus. The efficiency of cap-independent translation of RNAs
of flaviviruses varies with the virus species and host cell type. This is the first report to
show that for cap-independent translation in DTMUV (and presumably other flavivi-
ruses), 5= and 3= UTRs act in cis and should also be present in their native locations. The
mechanism by which these regions activate cap-independent translation remains
unknown, although it clearly depends on both secondary structures and primary
sequences within UTRs. As cap-independent translation was also observed in mosquito
cells, its role in flavivirus infection is unlikely to be limited to the evasion of conse-
quences of the shutoff of host translation. We demonstrated that the inhibition of
cap-independent translation can be used to decrease viral proliferation. Although this
approach only delayed the death of infected duck embryos, it may be sufficient to
eliminate virulence in adults, which are less susceptible to flavivirus infection than
embryos or neonatal animals. If so, the inhibition of cap-independent translation could
be used to produce attenuated variants of DTMUV and other flaviviruses that represent
potential vaccine candidates.

MATERIALS AND METHODS
Viruses and cells. The DTMUV strain CQW1 (NCBI accession no. KM233707.1) was provided by the

Research Center of Avian Disease, Sichuan Agricultural University, Chengdu, Sichuan, China. The JEV
strain SA14 (NCBI accession no. KU323483.1) was a gift from the Research Center of Swine Disease,
Sichuan Agricultural University. DEFs were isolated from 9-day-old duck embryos and cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% newborn calf serum (NBCS) at
37°C under a 5% CO2 atmosphere. Baby hamster kidney 21 (BHK-21) cells (ATCC CCL-10) were cultured
in DMEM supplemented with 10% fetal bovine serum (FBS) at 37°C under a 5% CO2 atmosphere. Aedes
albopictus C6/36 cells were cultured in minimal essential medium (MEM) supplemented with 10% FBS at
28°C with no additional CO2.

Sequences used in reporter constructs. All fragments based on the genome of DTMUV were
amplified from the plasmid pACYC FL-DTMUV, which contains the icDNA of DTMUV (34). Sequences
corresponding to the 5= and 3= UTRs of TMUV strain MM1775 (NCBI accession no. MH414569) and those
of human �-globin mRNA without a poly(A) tail (NCBI accession no. NM_000518.5) and the EMCV 3= UTR
with a poly(A) tail were obtained as synthetic DNAs (Sangon Biotech, China). EMCV IRES cDNA was
synthesized by GenScript. Sequences encoding RLuc and FLuc were PCR amplified from the vectors
pRL-TK and pGL3 (Promega), respectively. Sequences corresponding to the 5= and 3= UTRs of DENV2 were
PCR amplified from an icDNA clone of DENV2 strain New Guinea C (NCBI accession no. AF038403.1),
which was a gift from Suresh Mahalingam (Griffith University, Australia). The 5= and 3= UTRs of ZIKV strain
BeH819015 (NCBI accession no. KU365778.1) were PCR amplified from the corresponding icDNA clone
(35).

Construction of reporters. DNA corresponding to mono- and bicistronic reporter RNAs was cloned
into the vector pMD19-T (TaKaRa, Japan). Then, a promoter for bacteriophage T7 RNA polymerase was
placed upstream, and an XhoI restriction site was placed downstream of the sequences corresponding
to the ends of the reporter. Monocistronic reporters containing a sequence encoding RLuc flanked by
flavivirus 5= and 3= UTRs were designated DTMUV-RLuc, DENV2-RLuc, ZIKV-RLuc, JEV-RLuc, and TMUV-
RLuc. SL-DTMUV-RLuc consisted of DTMUV-RLuc and a stem-loop (GGGGGGGGGGTTCGCCCCCCCCCC)
that was located at the 5= end of DTMUV-RLuc. The control reporter huGL-RLuc had the same design
except that the 5= and 3= UTRs were obtained from human �-globin mRNA (Fig. 2A and 4A); in the
huGL-FLuc reporter, the coding sequence of RLuc in huGL-RLuc was replaced with that of FLuc. The
positive control IRES-RLuc-pA contained the EMCV IRES, RLuc, and the 3= UTR of simian virus 40 (SV40)
late mRNAs followed by a poly(A) tail consisting of 30 A residues (Fig. 2A). In the negative control,
designated ΔIRES-RLuc-pA, residues 430 to 551 of the EMCV IRES were deleted. Reporters harboring
heterologous combinations of DTMUV and human �-globin UTRs were designated 5DTUMV-RLuc-3huGL
and 5huGL-RLuc-3DTMUV (Fig. 6A).

Bicistronic reporters followed a similar basic design, where the T7 promoter was followed by
sequences corresponding to the 5= UTR of the mRNA of human �-globin, and RLuc was used as an
upstream reporter. A cassette for the expression of FLuc, used as a downstream reporter, contained 5=
and 3= UTRs of different flaviviruses. The resulting constructs were designated Dual-5DTMUV-3DTMUV,
Dual-5DENV-3DENV, Dual-5ZIKV-3ZIKV, and Dual-5JEV-3JEV (Fig. 5A). In the control constructs, desig-
nated Dual-IRES-3EMCV and Dual-ΔIRES-3EMCV, the 5= UTR of the flavivirus was replaced with the EMCV
IRES or ΔIRES, respectively, while the 3= UTR of the downstream reporter was that of EMCV with a poly(A)
tail consisting of 30 A residues.
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Introduction of mutations into the DTUMV-RLuc reporter. A plasmid expressing DTMUV-RLuc was
modified using a Fast Mutagenesis System kit (Transgen Biotech, China) to obtain plasmids expressing
the reporters shown in Fig. 7A. In the DTMUV-RLuc-Δ5TOP construct, the first 5 nucleotides of the 5= UTR
(AGAAG) were deleted. Reporters harboring deletions of predicted RNA secondary-structural elements
were designated DTMUV-RLuc-ΔSLA (nucleotides 6 to 75 of the 5= UTR deleted), DTMUV-RLuc-ΔSLB
(nucleotides 76 to 95 of the 5= UTR deleted), DTMUV-RLuc-ΔSL1 (nucleotides 1 to 79 of the 3= UTR
deleted), DTMUV-RLuc-ΔSL2 (nucleotides 80 to 153 of the 3= UTR deleted), DTMUV-RLuc-ΔSL3 (nucleo-
tides 184 to 247 of the 3= UTR deleted), DTMUV-RLuc-ΔSL4 (nucleotides 248 to 310 of the 3= UTR deleted),
DTMUV-RLuc-ΔDB1 (nucleotides 349 to 417 of the 3= UTR deleted), DTMUV-RLuc-ΔDB2 (nucleotides 426
to 514 of the 3= UTR deleted), and DTMUV-RLuc-ΔSL (nucleotides 525 to 619 of the 3= UTR deleted).
Reporters with mutations designed to alter the secondary structures present in the DTMUV 3= UTR were
designated DTMUV-RLuc-DB2mut1 (nucleotides 474 to 485 of the 3= UTR deleted), DTMUV-RLuc-
DB2mut2 (nucleotides 447 to 452 of the 3= UTR deleted), DTMUV-RLuc-DB1mut1 (nucleotides 371 to 375
of the 3= UTR altered), DTMUV-RLuc-DB2mut3 (nucleotides 432 to 434 of the 3= UTR altered), DTMUV-
RLuc-PK1mut (nucleotides 500 to 504 of the 3= UTR altered), DTMUV-RLuc-SLmut1 (nucleotides ACTT
inserted between residues 569 and 570 of the 3= UTR), and DTMUV-RLuc-SLmut3 (nucleotide 612 of the
3= UTR altered). Reporters containing mutations designed to preserve secondary structures in the DTMUV
3= UTR were designated DTMUV-RLuc-DB2mut4 (nucleotides 444 to 452 of the 3= UTR altered), DTMUV-
RLuc-DB1mut2 (nucleotides 402 to 407 of the 3= UTR altered), DTMUV-RLuc-PK2mut (nucleotides 511 to
515 of the 3= UTR altered), DTMUV-RLuc-SLmut2 (nucleotide 616 of the 3= UTR altered), DTMUV-RLuc-
SLmut4 (nucleotide 608 of the 3= UTR altered), DTMUV-RLuc-SLmut5 (nucleotide 604 of the 3= UTR
altered), and DTMUV-RLuc-SLmut6 (nucleotide 601 of the 3= UTR altered). All the mutated sites are shown
in Fig. 6A, and details of the mutations are provided in Table 1.

In vitro transcription, RNA transfection, and analysis of luciferase activity and RNA stabilities.
Plasmids containing cDNAs of mono- and bicistronic reporters were linearized using the XhoI endonu-
clease (New England Biolabs) and transcribed in vitro using a TranscriptAid T7 high-yield transcription kit
to obtain uncapped RNAs or using a mMessage mMachine kit (Thermo Fisher Scientific) to obtain RNAs
with 5= m7G cap structures. In some experiments, the reporter RNAs containing viral sequences were
mixed with huGL-FLuc RNA at a ratio of 20:1 and used as described below (Fig. 9).

FIG 9 RNA stability analysis of RNA reporters. BHK-21 cells transfected with RNA reporters were lysed, and total RNA was extracted. RT-qPCRs that detected
RLuc were used to measure the RNA copy numbers.
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DEFs or BHK-21 or C6/36 cells were seeded into 48-well plates and incubated at 37°C (for DEFs and
BHK-21 cells) or 28°C (for C6/36 cells) until they reached �70 to 90% confluence, after which the cells
were transfected with RNA transcripts (250 ng/well) using Lipofectamine MessengerMax reagent (Invit-
rogen) and incubated at 37°C or 28°C, respectively. In experiments involving the use of wortmannin, an
inhibitor of cap-dependent translation, BHK-21 cells grown on a 12-well plate were treated with 1 �M
wortmannin or a corresponding volume of vehicle control (dimethyl sulfoxide [DMSO]) and transfected
with reporter mRNAs (250 ng/well). At 4 h p.t., the cells were harvested and lysed, after which the
activities of RLuc and FLuc were detected using a dual-luciferase reporter assay system (Promega). DEFs
or BHK-21 cells were transfected with DTMUV-RLuc, huGL-RLuc, IRES-RLuc-pA or ΔIRES-RLuc-pA for 1 h,
4 h, and 7 h, and then RLuc activities were detected.

BHK-21 cells were transfected with reporter RNA for 4 h (7 h for DTMUV-RLuc, huGL-RLuc, IRES-RLuc-
pA, and ΔIRES-RLuc-pA), cells were harvested, and total RNA was isolated. Reverse transcription (RT)-
qPCR, which detected the RLuc gene, was used to measure the copy numbers of reporter RNAs.

Construction of mutant DTMUV replicon and virus cDNAs. The plasmids pCMV-DTMUV-Rep-NLuc
and pCMV-icDTMUV, in which the transcription of DTMUV cDNA is driven by an early promoter of human
cytomegalovirus (CMV), were used to obtain cDNAs of DTMUV replicons and genomes containing
mutations in the 3= UTR sequences. The plasmids obtained were designated according to the introduced
mutations (Table 1) as follows: pCMV-DTMUV-Rep-NLuc-DB2mut3, pCMV-DTMUV-Rep-NLuc-PK2mut, and
pCMV-DTMUV-Rep-NLuc-SLmut5 (Fig. 8A) or pCMV-icDTMUV-DB2mut3 and pCMV-icDTMUV-SLmut5
(Fig. 8C).

Replication assay and rescue of mutant viruses. For replication assays, BHK-21 cells were trans-
fected with 1.6 �g of pCMV-DTMUV-Rep-NLuc, pCMV-DTMUV-Rep-NLuc-DB2mut3, pCMV-DTMUV-
Rep-NLuc-PK2mut, and pCMV-DTMUV-Rep-NLuc-SLmut5 using TransIntro EL transfection reagent
(TransGen Biotech, China) according to the manufacturer’s instructions. At 12, 24, 48, and 72 h p.t.,
the cells were lysed, and NLuc activities were measured using the Nano-Glo luciferase assay system
(Promega).

For recombinant-virus rescue, BHK-21 cells were transfected with 1.6 �g of pCMV-icDTMUV, pCMV-
icDTMUV-DB2mut3, or pCMV-icDTMUV-SLmut5 as described above. The rescue of viruses designated
rDTMUV, rDTMUV-DB2mut3, and rDTMUV-SLmut5 was assessed using an IFA as described below.

An icDNA clone of DTMUV pACYC FL-CQW1, where the viral icDNA is placed under the control of a
bacteriophage T7 RNA polymerase promoter (34), was in vitro transcribed using a TranscriptAid T7
high-yield transcription kit. The uncapped transcripts corresponding to the DTMUV genome obtained
were used to transfect BHK-21 cells grown in 12-well plates. The transfected cells were then incubated
in DMEM supplemented with 2% FBS for 5 days. Subsequently, the supernatant was harvested and used
to infect naive BHK-21 cells, which were then incubated for 10 days and analyzed for the presence of
rDTMUV using a mouse anti-DTMUV polyclonal antibody.

Western blotting and indirect immunofluorescence assay. DEFs or BHK-21 cells grown on 12-well
plates were infected with 10,000 TCID50 of DTMUV and cultured at 37°C. After incubating for 6, 12, 24,
or 36 h, the cells were treated with 1 �g/ml (for DEFs) or 10 �g/ml (for BHK-21 cells) puromycin for
30 min. Then, the cells were harvested and analyzed by Western blotting. A mouse anti-puromycin
monoclonal antibody (Merk-Millipore, Germany), a mouse anti-DTMUV-NS3 polyclonal antibody, a mouse
anti-�-actin antibody (Ruiying Biological, China) and a rabbit anti-phospho-IF2� monoclonal antibody
(CST) were used as primary antibodies. The membranes were then incubated with appropriate secondary
antibodies conjugated to horseradish peroxidase, and proteins were visualized using Clarity Western ECL
substrate (Bio-Rad).

For indirect IFA, infected or transfected cells were washed with phosphate-buffered saline (PBS)-
Tween 20 (PBST), fixed with 4% paraformaldehyde for 1 h, permeabilized with 0.25% Triton X-100 in PBS
for 30 min, and blocked with 0.5% bovine serum albumin (BSA) for 1 h at 37°C. After three rounds of
washing with PBST, the cells were incubated with mouse anti-DTMUV polyclonal antibody as the primary
antibody overnight at 4°C. The cells were then washed and treated with secondary goat anti-mouse
Alexa 568 (Life Technologies) antibody for 1 h, after which nuclei were counterstained with 4=,6-
diamidino-2-phenylindole (DAPI) (Solarbio, China) for 15 min at room temperature. Subsequently, the
cells were imaged using an 80i fluorescence microscope (Nikon, Japan).

Analysis of growth kinetics and virulence of the recombinant viruses. rDTMUV-DB2mut3 was
propagated in BHK-21 (p1) cells, and the virus genome RNA was isolated, reverse transcribed, and
sequenced. This rDTMVU-DB2mut3 (p1) was used in the subsequent experiments. To analyze the CPE of
rDTMUV and rDTMUV-DB2mut3 infection, BHK-21 cells or DEFs grown in 12-well plates were infected
using 300 TCID50 of the virus (p1) per well. Infected cells were assessed for CPE and imaged at 48 and
72 h p.i.

To analyze the growth kinetics of the recombinant viruses, DEFs grown in 12-well plates were
infected with rDTMUV or rDTMUV-DB2mut3 using 300 TCID50 per well. At 12, 24, 48, 60, and 72 h p.i.,
supernatants were harvested, and viral genomic RNA was extracted using a DNA/RNA isolation kit
(Tiangen, China). For RT-qPCR, viral RNA was reverse transcribed using HiScript III RT SuperMix for qPCR
(plus genomic-DNA [gDNA] wiper) (Vazyme, China) according to the manufacturer’s protocol. The
protocols used for quantitative PCR and construction of the rDTMUV and rDTMUV-DB2mut3 growth
curves were previously described (36).

To analyze the virulence of the recombinant viruses, 9-day-old embryonated duck eggs were infected
by allantoic-cavity inoculation with 100 or 1,000 TCID50 of rDTMUV or rDTMUV-DB2mut3, while the
mock-infection group received 100 �l of DMEM. The injected embryos were incubated at 37°C and
assessed for signs of infection every day until PID 7.
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Statistical analysis. The significance of the observed differences was assessed using a two-tailed,
unpaired, and unequal variant of Student’s t test with GraphPad Prism 8.0. P values of �0.05 were
considered significant.
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