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A B S T R A C T

To investigate the role of Tobacco vein banding mosaic virus (TVBMV) 3′-UTR in virus systemic infection, three
types of deletions were introduced into TVBMV infectious clone pCaTVBMV-GFP. Mutants with deletions at the
nucleotide position 8–42, 43–141, or 163–174 in the 3'-UTR failed to cause systemic infection in N. benthamiana
plants. Other deletion mutants caused delayed systemic infection and milder vein clearing and mosaic symp-
toms. Most progeny mutant virus had acquired nucleotides, similar to or different from the deleted nucleotide
sequences, after a single passage in the host plant. Nucleotides at the position 8–42 near the 5′-terminus of
TVBMV 3′-UTR could form a stem-loop (SL) like structure which was crucial for TVBMV systemic movement in
tobacco. We proposed that this SL like structure, and thus 3′-UTR, has an essential role in TVBMV systemic
infection.

1. Introduction

To establish infection in plant, virus needs to replicate in initially
inoculated cells, moves between cells and then to other parts of the host
plant. In addition to virus replication- and virus movement-associated
proteins, the 3′-untranslated region (3′-UTR) of virus genomic RNA was
also reported to be important in virus infection (Iwakawa et al., 2007;
Dong et al., 2015; Shwetha et al., 2015). A recent study has indicated
that disruption of a stem-loop (SL) like structure in the coat protein (CP)
gene or in the 3′-UTR of Tobacco mosaic virus (TMV) enhanced TMV
replication (Guo and Wong, 2018). An earlier report had indicated that
a region in the 3′-UTR of dengue virus could enhance dengue virus
replication in Baby Hamster Syrian Kidney-21 but not in mosquito cells
(Alvarez et al., 2005). Serial deletions made in the 3′-terminal genome
of Dengue virus type 2 affected virus accumulation in mammalian cells
(Teramoto et al., 2008). Yun and other reported that deletion of 381
nucleotides (nt) from the 5'-terminus of Japanese encephalitis virus 3′-
UTR had no significant effect on virus replication (Yun et al., 2009).
The above studies promoted us to investigate the importance of Tobacco
vein banding mosaic virus (TVBMV) 3′-UTR on virus replication in its
host plant.

Several mechanisms, including RNA recombination, primer-medi-
ated sequence repair, viral replicase terminal nucleotidyl transferase
activity and multiple host cellular proteins, have been reported to
protect the terminal sequences of viral genomic RNAs (Bienz et al.,
1992; Bol, 2005; Dreher, 2009; Garnier et al., 1986; Mackenzie et al.,
1998; Skuzeski et al., 1996). It was reported that progeny mutant virus
RNAs could be repaired by addition of various length sequences at the
original deletion loci. Examples of virus terminal sequence repair in-
cluded Cucumber mosaic virus (CMV) satellite RNA (Burgyan and Garcia-
Arenal, 1998; Kwon et al., 2014), Turnip crinkle virus (TCV) satellite
RNA (Guan and Simon, 2000) and Dengue virus type 2 (Teramoto et al.,
2008).

Tobacco vein banding mosaic virus (TVBMV) is a species in the genus
Potyvirus, family Potyviridae and often causes significant economic
losses to solanaceous crops (Tian et al., 2007). TVBMV genome is a
positive-strand RNA with about 9600 nucleotides (nt) and poly (A) tail.
The 5'- and 3'-untranslated regions (UTRs) of TVBMV contain 171 and
184 nt, respectively. Like other potyviruses, TVBMV genomic RNA has
two open reading frames (ORFs). The large ORF encodes a polyprotein
that can be cleaved into ten mature proteins (ie P1, HC-Pro, P3, 6K1, CI,
6K2, NIa-Pro, VPg, NIb and CP) by three TBVMV-encoded proteinases.
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The small ORF encodes P1, HC-Pro and P3N-PIPO that is translated
from the region within the P3-encoding sequence through a transcrip-
tional frame shifting strategy (Chung et al., 2008; Geng et al., 2015).

Functions of 3′-UTRs of potyviruses are largely unknown. A 3′-
terminal poly(A) deletion mutant of Clover yellow vein virus (ClYVV) was
reported to be repaired during its infection in plant (Tacahashi and
Uyeda, 1999). In a different study ClYVV mutants lacking various re-
gions of its 3′-UTR were unable to cause infection in its broad bean host
(Sekiguchi et al., 2003). In this study, we introduced different length
deletions into a TVBMV infectious clone (pCaTVBMV-GFP) (Gao et al.,
2012; Geng et al., 2015) at the viral 3'-end region through site-directed
mutagenesis and analyzed their systemic infection in Nicotiana ben-
thamiana plants.

2. Material and methods

2.1. Deletion mutagenesis

Primer 3-1-20-F and 3-1-20-R were designed using the strategy
described by Liu and Naismith (2008) and used to introduce a 20 nt
deletion in the 5′ end terminal region in the 3′-UTR of the full-length
TVBMV infectious clone (pCaTVBMV-GFP) described previously (Geng
et a;., 2015). High fidelity Phusion DNA polymerase (Thermo, Finland)
was used during the over-lapping PCR. Restriction enzyme Dpn I was
incubated with the PCR product at 37 °C for 60min to remove the
original plasmid sequence. The resulting PCR product was transformed
into Escherichia coli cells (JM109) by the heat-shock treatment. Same
approach was also used to construct other mutants with specific dele-
tions in the TVBMV 3′-UTR: 3′-Δ1–60, 3′-Δ8–42, 3′-Δ8–14, 3′-Δ15–35,
3′-Δ36–42, 3′-Δ43–60, 3′-Δ61–100, 3′-Δ101–141, 3′-Δ142–162, 3′-
Δ163–174, 3′-Δ184, 3′-Δ183–184, 3′-Δ181–184, 3′-Δ178–184, 3′-
Δ175–184 and 3′-Δ165–184. All the constructs were sequenced to
confirm the intended deletions. All the primers used for the mutagen-
esis, PCR amplification, and plasmid sequencing are listed in the
Supplemental Table 1.

Two primer pairs (3-1-20/14ntIns-F and 3-1-20/14ntIns-R), each
carrying an inserted 14-nt sequence, and two primer pairs (3-15-35/
35ntIns-F and 3-15-35/35ntIns-R), each carrying an inserted 35-nt se-
quence, were used to construct mutant plasmids 3′-Δ1–20/14ntIns and
3′-Δ15–35/35ntIns by a one-step site-directed insertion mutagenesis
protocol (Liu and Naismith, 2008).

2.2. Growth of test plants

Seeds of N. benthamiana plants was sown in soil. The seedlings at the
3–4 leaf stage were transplanted individually into pots and grown in
inside a growth chamber set at 25℃ and a 16 h / 8 h (light/dark)
photoperiod.

2.3. Inoculation and fluorescence visualization

Plasmid pCaTVBMV-GFP and its mutant plasmids were transformed
individually into Agrobacterium tumefaciens GV3101 cells following a
freeze and thaw transformation procedure (Cui et al., 1995). After
overnight culturing, Agrobacterium cultures were pelleted through
centrifugation at 5 000g for 3min, the pellets were resuspended in-
dividually in an induction solution (10mmol/L MES, pH5.8, 0.1 mmol/
L acetosyringone and 10mmol/L MgCl2), and incubated for 3 h at room
temperature. Leaves of N. benthamiana plants at the 5–6 leaf stage were
infiltrated with an A. tumefaciens GV3101 culture harboring a gfp gene
expression vector (OD600 =0.5) using needle-less syringes. At three
days post agro-infiltration (dpai), the agro-infiltrated plants were ex-
amined for GFP expression under a hand-held UV (365 nm wavelength)
lamp Blak-Ray B100-AP lamp, UV products, Upland, CA91786, USA).

2.4. RNA extraction, sequencing and qRT-PCR

Total RNA was extracted from agro-infiltrated N. benthamiana plant
leaves using a Mini-RNA kit (Qiagen, Germany). TVBMV cDNA was
made using primer 1985-3-R and a Moloney Murine leukemia virus (M-
MuLV) reverse transcriptase (TransGen, China). PCR amplifications
were performed using primer TVBMV-9458-F and 1985-3-R, and a
Phusion DNA Polymerase (Thermo, Finland). The resulting amplicons
were cloned and sequenced using ABI3730 sequencer by Shanghai
Biosune Biotechnology Company (Shanghai, China).

The accumulation levels of TVBMV-GFP RNA and its mutants were
determined using qRT-PCR. For each sample, the first-strand cDNA was
synthesized using 100 ng total RNA, M-MuLV reverse transcriptase and
primer 1985-3-R. The reverse transcription reaction was carried out at
42℃ for 60min and 2 μL cDNA was used in each qPCR reaction. The
qRT-PCR was done using a Power SYBR green PCR master mix as in-
structed (TaKaRa, Japan) on an ABI Prism 7500 Fast sequence detection
system. The expression level of elongation factor 1α (EF1α) gene was
used as the internal control. The reaction conditions of qPCR were as
95℃ for 2min; 45 cycles of 5 s at 95℃, 30 s at 58℃, 30 s at 68℃;
3 min at 68℃; and 30 s at 55–95℃. The TVBMV sequence was ampli-
fied using primer TVBMV-qCP-636-F and TVBMV-qCP-728-R. The EF1α
gene was amplified using primer EF1α-F and EF1α-R. Statistical ana-
lyses were done using the unpaired two-sample test (two-tailed)
(Schmittgen et al., 2000; Winer et al., 1999).

2.5. RNA secondary structure analysis

The secondary structures in the WT or mutant TVBMV genome se-
quences were predicted using the Mfold program at the website (http://
unafold.rna.albany.edu/?q=mfold/RNA-Folding-Form) (Zuker, 2003),
and illustrated using the Photoshop CS3 (Adobe Systems Incorporated).
Because the full length TVBMV genome RNA has 9648 nt, longer than
the sequence length limit that the Mfold can process, a 900 nt region,
ranging from nucleotide position 5401 to 6300 of TVBMV genomic RNA
was excluded for the analysis of secondary structures in the 3′-UTR
sequence.

3. Results

3.1. Deletion of specific sequence from TVBMV 3′-UTR affected virus
systemic infection in N. benthamiana plants

To determine the effect of TVBMV 3′-UTR on virus systemic infec-
tion in N. benthamiana plants, we introduced three different types of
deletion/insertion mutations into a previously reported infectious
pCaTVBMV-GFP clone.

The first mutant group contained various deletions in the 5′-end
region of TVBMV 3′-UTR (Fig. 1A). After these mutant constructs were
transformed individually into Agrobacterium cells, the Agrobacterium
cultures were infiltrated individually into N. benthamiana leaves. At 11
dpai, the plants agro-infiltrated with the WT TVBMV-GFP (pCaTVBMV-
GFP) showed severe mosaic in their systemic leaves and strong green
fluorescence in both infiltrated and systemic leaves under the UV illu-
mination (Fig. 1B). Mutant 3′-Δ1–20 had a 20 nt deletion at the 5′-end
of the 3′-UTR and caused vein clearing and weak green fluorescence in
systemic leaves. In contrast, mutant 3′-Δ1–60 had a 60 nt deletion at the
5′-end of the 3′-UTR and failed to cause any virus like symptoms and
green fluorescence in the infiltrated plants (Fig. 1B; upper panel). We
then analyzed more TVBMV 3′-UTR deletion mutants (i.e., 3′-Δ8–14, 3′-
Δ15–35, 3′-Δ36–42, and 3′-Δ8–42) and the results showed that the
mutant 3′-Δ8–14, 3′-Δ15–35 and 3′-Δ36–42 were able to induce weaker
green fluorescence in systemic leaves but not the mutant 3′-Δ8–42
(Fig. 1B; lower panel).

Analyses of viral RNA accumulations in systemic leaves through
qRT-PCR showed that the accumulation levels of viral RNA agreed with
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the results of symptom observation (Fig. 1C). The accumulation levels
of viral RNA in the plants infiltrated with mutant 3′-Δ1–20, 3′-Δ8–14,
3′-Δ15–35 or 3′-Δ36–42 were all less than 30% of that in the plants
infiltrated with the WT pCaTVBMV-GFP (Fig. 1C). Plants infiltrated
with mutant 3′-Δ1–60 or 3′-Δ8–42 did not accumulate TVBMV RNA and
thus did not show any virus like symptoms.

The second mutant group contained five mutants with the deletions
in the middle region of the 3′-UTR (Fig. 2A). The mutant 3′-Δ142–162
induced similar virus symptoms shown by the plants infiltrated with the
WT pCaTVBMV-GFP (Fig. 2B). Mutant 3′-Δ43–60, 3′-Δ61–100, 3′-
Δ101–141 and 3′-Δ163–174 failed to cause any virus like symptoms and
green fluorescence in the infiltrated leaves by 4 dpai (Fig. 2B). Result of
qRT-PCR showed that the accumulation level of TVBMV RNA in the
plants infiltrated with mutant 3′-Δ142–162 was about 55% of that in
the plants infiltrated with the WT pCaTVBMV-GFP. No TVBMV RNA
was detected by qRT-PCR in the systemic leaves of the N. benthamiana
plants infiltrated with mutant 3′-Δ43–60, 3′-Δ61–100, 3′-Δ101–141 or
3′-Δ163–174 (Fig. 2C), indicating that nt 43–141 or 163–174 are im-
portant for TVBMV systemic movement in N. benthamiana plants while
nt 142–162 is dispensable.

The third mutant group contained six mutants with deletions near
the 3′-end of the 3′-UTR (Fig. 3A). Like the WT virus, mutant 3′-Δ184
and 3′-Δ183–184 caused mild mosaic and strong green fluorescence in

systemic leaves of N. benthamiana by 4 dpai (Fig. 3B, upper panel). By
11 dpai, the plants infiltrated with the WT pCaTVBMV-GFP, mutant 3′-
Δ184, 3′-Δ183–184 or 3′-Δ181–184 showed plant stunting and leaf
epinasty, and strong green fluorescence. The plants infiltrated with
mutant 3′-Δ178–184 or 3′-Δ175–184 showed milder disease symptoms
and green fluorescence. The plants infiltrated with mutant 3′-Δ165–184
did not show virus like symptoms and green fluorescence by 11 dpai
(Fig. 3B, lower panel). Results of qRT-PCR showed that the accumula-
tion levels of viral RNA in the systemic leaves of the plants infiltrated
with mutant 3′-Δ184, 3′-Δ183–184, 3′-Δ181–184, 3′-Δ178–184 or 3′-
Δ175–184 agreed with the symptom development in these plants. No
viral RNA was detected in the plants infiltrated with the mutant 3′-
Δ165–184 (Fig. 3C), indicating that deletion of the last four to ten
nucleotides from the 3′-end genome delayed viral systemic infection,
and deletion of 20 nt from the 3′-end genome abolished the systemic
infection of TVBMV.

3.2. 3′-UTR sequences of progeny viral RNAs are different from that of the
parental virus

To investigate the genetic variation of TVBMV 3′-UTR, we se-
quenced the 3′-UTR region of progeny viral RNAs representing the WT
or mutant TVBMV. Results showed that, of the 23 sequenced clones

Fig. 1. Effects of 5′-terminal deletions in 3′-UTR on systemic movement of TVBMV. A, Schematic diagram of 5′-end mutants in the 3′-UTR of TVBMV. B, Green
fluorescence in Nicotiana benthamiana plants inoculated with different constructs at 11 dpi under UV light. C, Relative RNA accumulation in systemically infected
leaves through qRT-PCR at 11 dpi.
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representing the WT TVBMV, six clones were terminated with GAGGG,
same as the parental virus sequence, fifteen clones were ended with
GAGG and two clones had a deletion of four nucleotides (Fig. 4A), in-
dicating that the 3'-UTR of TVBMV genomic RNA was continuously
under the pressure to change. A total of nineteen clones were obtained
from the plants infiltrated with the mutant 3′-Δ184 and 18 of them had
the identical sequences as the mutant vector sequence. One clone had a
deletion of GAGG before the poly A tail. Seventeen clones were ob-
tained from the plants infiltrated with the mutant 3′-Δ183–184 and all
of them had acquired a G at the original deletion site. Sixteen clones
were obtained from the plants infiltrated with the mutant 3′-Δ181–184
and 15 clones had an insertion of agg at the original deletion site. One
clone had an additional g deletion to yield a final deletion of gagg. The
results suggest that most progeny viral RNA with 2 or 4 nt deletion at
the 3′-UTR can be restored to the WT sequences.

Eleven clones were obtained from the plants infiltrated with the
mutant 3′-Δ178–184 and three clones were restored to the original
sequences. Eight clones had nucleotide changes at the original deletion
site but the new sequences were all different from the WT TVBMV se-
quence. Twenty-one clones were obtained from the plants infiltrated
with the mutant 3′-Δ175–184 and three clones were mutated to have
the same nucleotide length as the parental virus. Nine clones had

acquired 11 nucleotides and other nine clones had a deletion of G fol-
lowed by an addition of 11 nucleotides, resulting the same sequence
length at this position as that of the WT TVBMV. However, the new
sequences were different from the WT TVBMV, even though all the new
sequences were terminated with GGG (Fig. 4A). Taken together, we
conclude that the mutant progeny RNAs can restore sequence length
through random acquisition of nucleotides.

For mutants with deletions at the 5′-end of the 3′-UTR, additions of
nucleotides were also observed at the original deletion site. For ex-
ample, 13 clones were obtained from the plants infiltrated with the
mutant 3′-Δ1–20 and all of them had acquired 14 nt at the original
deletion site. It is noteworthy that 12 of the 14 acquired nucleotides
(tattatagtgta) were identical to that at the nucleotide position 31–43 in
the WT 3′-UTR (Fig. 4B). Ten clones were obtained from the plants
infiltrated with the mutant 3′-Δ8–14 and all the clones had their seven
deleted nucleotides restored. Fifteen clones were obtained from the
plants infiltrated with the mutant 3′-Δ36–42 and ten clones had their
deleted sequence restored perfectly. The other five clones acquired
eight nucleotides that was a duplication of the downstream sequence
(underlined). Nine clones were obtained from the plants infiltrated with
the mutant 3′-Δ15–35 and all the clones had a 35 nt insertion at the
original deletion site. Within the inserted sequences, 33 nt (underlined)

Fig. 2. Effects of internal deletions in TVBMV 3′-UTR on systemic movement of TVBMV. A, Schematic diagram of internal deletion mutants in 3′-UTR of TVBMV. B,
Green fluorescence in different mutants-inoculated Nicotiana benthamiana plants at 4 dpi under UV light. C, Relative RNA accumulation in systemically infected
leaves by qRT-PCR at 4 dpi.
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were identical to the nucleotides downstream. Symptoms of mutant 3′-
Δ142–162-infected plants were similar to that shown by the plants in-
fected with the WT TVBMV and the progeny mutant virus RNA main-
tained its original deletion (sequencing data not shown). According to
the Mfold prediction, the deleted sequence did not affect the stem loop
formation in the 3'-UTR (Fig. S1).

3.3. The 3′-UTR 5′-proximal stem loop structure is crucial for TVBMV
systemic infection

According to the Mfold prediction, nucleotides (position 8–42) in
the TVBMV 3′-UTR formed a stem loop (SL) like structure (Fig. 5A).
This SL like structure was abolished after deleting nucleotides 1–20
(Fig. S2). When the progeny 3′-Δ1–20 mutant RNA sequences (Fig. 4B)
were used for prediction, similar SL like structures were obtained
(Fig. 5B and C). Similar results were also obtained for the progeny 3′-
Δ8–14, 3′-Δ15–35 and 3′-Δ36–42 mutant virus. Because progeny of 3′-
Δ15–35 mutant virus acquired 35 nucleotides at the original deletion
site, the resulting SL like structure was longer than that in the WT
TVBMV sequence (Fig. 5D). These findings imply that the SL like
structure at nucleotide position 8–42 may have an essential role in
TVBMV systemic infection.

To validate the above speculation, we produced two new constructs
by inserting the acquired 14 nucleotides (atattatagtgtag, Fig. 4B) into
the original deletion site in the parental mutant 3′-Δ1–20 to produce 3′-
Δ1–20/14ntIns or the 35 nucleotides (atagtgtattgttgttttctgtaccactagattat,
Fig. 4B) into the original deletion site in the parental mutant 3′-Δ15–35
to produce 3′-Δ15–35/35ntIns. After infiltration of these two constructs
into N. benthamiana plants, the plants showed systemic vein clearing
symptoms and green fluorescence by 6 dpai. In contrast, plants in-
filtrated with the parental mutant 3′-Δ1–20 or 3′-Δ15–35 construct
failed to show any virus like symptoms or green fluorescence by 6 dpai
(Fig. 6A). Result of qRT-PCR showed that mutant 3′-Δ1–20/14ntIns or
3′-Δ15–35/35ntIns was able to accumulate in the systemic leaves of N.
benthamiana plants by 6 dpai (Fig. 6B). Mutant 3′-Δ1–20 and 3′-Δ15–35

also accumulated in the systemic leaves of N. benthamiana plants by 11
dpai but their accumulation levels were only about 15% and 13% of the
WT virus (Fig. 1C). Compared with their parental viruses, virus symp-
toms caused by mutant 3′-Δ1–20/14ntIns or 3′-Δ15–35/35ntIns were
more severe. Sequence analyses showed that progeny 3′-Δ1–20/14ntIns
and 3′-Δ15–35/35ntIns mutant viruses maintained their full length in-
serted sequences. These results indicated that the restored SL like
structures were stable during virus replication and movement.

3.4. The 5'-end SL like structures of most potyviruses were conserved

In this study we also compared the 5'-end SL like structure in
TVBMV 3′-UTR with that of other 11 potyviruses: Tobacco vein mottling
virus (TVMV, X04083), Potato virus Y (PVY, MF440322), Plum pox virus
Y (PPV, X16415), Tobacco etch virus (TEV, M11458), Zucchini yellow
mosaic virus (ZYMV, AY278998), Watermelon mosaic virus (WMV,
DQ399708), Soybean mosaic virus (SMV, HQ396725), Sugarcane mosaic
virus (SCMV, JN021933), Sweet potato feathery mottle virus (SPFMV,
AB465608), Potato virus A (PVA, Z21670), and ClYVV (AB01181) using
the Mfold software. Results showed that the 5'-end SL like structures in
TVBMV, TVMV, PVY, PPV, TEV, ZYMV, WMV, SMV and SCMV 3′-UTRs
were similar, even though the sequences encompassing the 5'-end SL
like structures sheared low sequence similarities among the nine viruses
(Fig. S3). The 5'-end SL like structures in TVMV, PVY, SMV, WMV, and
ZYMV 3′-UTRs were shorter than that in TVBMV, while the 5'-end SL
like structures in PPV, SCMV and TEV 3′-UTRs were longer than that in
TVBMV. The 5'-end SL like structures in SPFMV, PVA and ClYVV 3′-
UTRs were quite different from that in TVBMV and no SL structure
existed (Fig. S4).

Fig. 3. Effects of 3′-terminal serial deletions in
TVBMV 3′-UTR on systemic movement of
TVBMV. A, Schematic diagram of 3′-terminus
deletion mutants in TVBMV genome. B, Green
fluorescence under UV light in different mu-
tants-inoculated Nicotiana benthamiana plants
at 4 and 11 dpi. C, Relative RNA accumulation
in systemically infected leaves by qRT-PCR at
11 dpi.
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4. Discussion

4.1. Two cis-acting elements in TVBMV 3'-UTR were crucial for TVBMV
systemic infection

Here we report that inoculation of N. benthamiana plants with
TVBMV mutants lacking different fragments in the 3′-UTR resulted in
three different phenotypes. The first phenotype is represented by
symptoms similar to that caused by the wild type TVBMV. For example,
deletion of nucleotides from position 142–162 in the 3'-UTR, nucleotide
184, 183–184, or 181–184 had no significant effect on TVBMV systemic
movement, pathogenicity, and viral RNA accumulation in infected
plants (Figs. 2B, 3B), indicating that these deleted nucleotides are dis-
pensable for TVBMV systemic infection. The second phenotype is re-
presented by delayed virus systemic infection. For example, mutants
with deletions at the nucleotide position 1–20 (3′-Δ1–20), 8–14 (3′-
Δ8–14), 15–35 (3′-Δ15–35) and 36–42 (3′-Δ36–42) at the 5′-terminus,
or 178–184 (3′-Δ178–184), 175–184 (3′-Δ175–184) at the 3′-terminus
of 3′-UTR caused delayed systemic symptom development, milder vein
clearing and mosaic symptoms, and less accumulation of viral RNA
(Figs. 1B, 3B). Similar phenotype was also reported for plant-infecting
Brome mosaic virus (BMV) RNA2 (Hema et al., 2005), CMV satellite RNA
(Kwon et al., 2014; Sekiguchi et al., 2003), TCV satellite RNA C (Guan
and Simon, 2000), Beet necrotic yellow vein virus (BNYVV) (Jupin et al.,

Fig. 4. 3′-UTR sequences of the progeny viral genome of WT TVBMV and deletion mutants. A, 3′-proximal sequence in the progeny viral genome of WT and 3′-
terminal deletion mutants; B, The 5′-end sequences of 3′-UTR in the progeny viral genome of 3′-Δ1–20, 3′-Δ8–14, 3′-Δ15–35, and 3′-Δ36–42. Note: Lower case and
colored nucleotides indicating the additional restored nucleotides at original deletion location.

Fig. 5. RNA secondary structures of the 5′-end in 3′-UTR of the genomic RNAs
of WT (A) and progeny viruses of 3′-Δ1–20 (B, C), 3′-Δ15–35(D). Note: lower-
case and colored nucleotides indicating the additional restored nucleotides in
the progeny RNA of different mutants.
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1990), ClYVV (Tacahashi and Uyeda, 1999), and animals-infecting
Dengue virus type 2 (Teramoto et al., 2008), Hepatitis C virus (van
Leeuwen et al., 2006), and Sindbis virus (George and Raju, 2000). The
third phenotype is represented by no systemic infection. For example,
mutants with deletions at the nucleotide position 8–42 (3′-Δ8–42) close
to the 5′-terminus; nucleotide position 43–60 (3′-Δ43–60), 61–100 (3′-
Δ61–100), 101–141 (3′-Δ101–141) or 163–174 (3′-Δ163–174) in the
middle region; nucleotide position 165–184 (3′-Δ165–184) at the 3′-
terminus of the 3′-UTR abolished virus systemic infection (Figs. 1B, 2B
and 3B). It is noteworthy that although deletion of nucleotide position
8–14 (3′-Δ8–14), 14–35 (3′-Δ14–35) or 36–42 (3′-Δ36–42) did not af-
fect TVBMV systemic movement in N. benthamiana plants, deletion of
nucleotide position 8–42 (3′-Δ8–42) abolished TVBMV systemic infec-
tion (Fig. 1B). Based on the above results, we conclude that nucleotide
position 8–141 and 165–180 in the 3′-UTR contain cis-acting elements
that are essential for TVBMV systemic movement in plant. A previous
study had shown that the 5′-terminal 211 nt in the 3′-UTR of Japanese
encephalitis virus (JEV) was dispensable for JEV infection, although the
size of infectious foci or plaques caused by the mutants with deletions in
this region was about 25% smaller than that caused by the wild type
JEV. In contrast, the 3′-proximal domain II-2 or III were indispensable
for JEV replication and accumulation (Yun et al., 2009). To further
confirm the function(s) of 3′-UTR in TVBMV infection in plant, more
studies on mutant virus cell-to-cell movement and/or replication in
infected cells are needed.

4.2. Deletion in mutant virus can be repaired through nucleotide acquisition
in vivo

RNA-dependent RNA polymerase of RNA virus has an error-prone
nature. Therefore, genomes of RNA viruses are continuously under
pressures to mutate, resulting in a quasispecies (Domingo, 2006). Of the
23 clones obtained from the WT TVBMV-inoculated N. benthamiana
plants, 17 clones had changes in the 3′-UTR (Fig. 4A). This finding

supports the above report that RNA virus changes constantly. On the
other hand, numerous reports have indicated that RNA virus can effi-
ciently repair their damaged sequences through various mechanisms
(Teramoto et al., 2008; van Leeuwen et al., 2006). Template-in-
dependent addition of sequences was reported to be used by RNA
viruses to repair their deleted sequences (Burgyan and Garcia-Arenal,
1998) or to restore the RNA structural integrity (Kwon et al., 2014). For
Dengue virus type 2, deletions of longer sequences from viral genome
caused slower virus systemic infection and the deletions were less likely
to repaired (Teramoto et al., 2008). In this study, TVBMV mutants with
one, two, or four nucleotide deletions were almost all repaired to form
the WT sequence (Fig. 4A). Although mutants with seven or ten nu-
cleotide deletion were also repaired but their repaired sequences were
different from that of the WT virus and AG-rich (Fig. 4B). We speculate
that the added nucleotides were randomly selected under the influence
of the host plant. Because virus genomic RNAs with higher fitness have
better compatibility during infection process, and thus may eventually
become the predominant sequences in the virus population. In this
study, although most progeny mutant virus were repaired, the progeny
of WT virus still had better ability to replicate in cells and move be-
tween cells or between leaves.

In this study some sequences immediately downstream of the ori-
ginal deletion sites were copied into the deletion site (i.e., progeny of
mutant 3′-Δ1–20, 3′-Δ8–14, 3′-Δ15–35 and 3′-Δ36–42 [Fig. 4B]). This
finding is similar to that reported for JEV (Yun et al., 2009). Although
how those sequences inserted into the original deletion sites in progeny
mutant 3′-Δ1–20 or 3′-Δ15–35 is unknown, it is possible that the viral
RNA polymerase paused at a site adjacent to the deletion site and then
initiate polymerization again by duplicating the upstream sequences.
For progeny mutant 3′-Δ8–14 and 3′-Δ36–42, viral polymerase may use
parts of SL sequences as templates to repair the deletions.

Fig. 6. Effect of 5′-terminal stem-loop structure in 3′-UTR on systemic movement of TVBMV. A, Green fluorescence detection in the Nicotiana benthamiana plants at 6
dpi under UV light；B, Relative RNA accumulation in systemically infected leaves through qRT-PCR at 6 dpi.
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4.3. The SL like structure at the 5′-terminus of the 3′-UTR was crucial for
TVBMV systemic infection

According to the prediction of RNA secondary structures, nucleotide
at the position 8–42 can form a SL like structure (Fig. 5A). Because
systemic infection caused by mutant virus: 3′-Δ1–20, 3′-Δ8–14, 3′-
Δ15–35 and 3′-Δ36–42 was significantly delayed (Fig. 1), we propose
that this 5'-terminal SL like structure is critical for TVBMV systemic
infection. This speculation is supported by the fact that the 5'-terminal
SL like structures in the progeny mutant 3′-Δ1–20 and 3′-Δ15–35 RNA
were restored after acquiring additional nucleotides at the original
deletion loci (Fig. 4B). Progeny mutant 3′-Δ1–20 and 3′-Δ15–35 virus
with the restored 5'-terminal SL like structures have the ability to cause
systemic infection in N. benthamiana plants, though less efficient than
the WT TVBMV (Fig. 6A). Because similar SL like structures were also
predicted in the 5'-terminal of the 3′-UTR of eight other potyviruses
(Fig. 7), we speculate that the 5'-terminal SL like structure is indis-
pensable for systemic infection of most potyviruses. A similar secondary
structure was reported to be present in the 3′-end of CMV Q-satRNA and
its mutant progeny virus with this secondary structure were capable of
replicating in infected cells and causing systemic infection in its host
plant (Gordon and Symons, 1983). Moreover, highly conserved SL like
structures were recovered in the progeny RNAs from the systemic
leaves infected with mutants of CMV satRNAs (Kwon et al., 2014).
Taken together, the results presented in this paper extend our knowl-
edge on the function of potyvirus 3′-UTR during virus infection in plant
and on the mechanism controlling potyvirus pathogenicity in host
plant.
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