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Poly(A) introduced upstream of the
upstream pseudoknot domain of Tobacco
mosaic virus led to sequence deletion after
serial passaging in host plants
Song Guo1 and Sek-Man Wong1,2,3*

Abstract

TMV (24A + UPD) is a mutant virus that a 24 nt internal poly(A) tract was introduced downstream of the coat
protein (CP) gene in TMV genome. TMV (24A + UPD) induced more severe necrosis in Nicotiana benthamiana and
its RNA level accumulated at higher level than that of TMV, indicating that the introduced 24 nt poly(A) tract
enhanced virus replication and virulence. In this study, TMV (24A + UPD) was serially passaged 10 times in N.
benthamiana to analyze the predominant sequence changes of the introduced internal poly(A) tract and the
upstream pseudoknot domain (UPD) in its genome. Results showed that the introduced 24 nt of the poly(A) tract
was extended from first to seventh rounds of serial passaging, but shortened from the eighth passage, and reduced
to only three adenines at the tenth passage. Also, the nucleotide sequences downstream of the introduced poly(A)
tract were deleted gradually during the 10 cycles of passaging. There were mutant viruses generated with partial
deletion of CP gene during serial passaging, indicating that extension of the introduced internal poly(A) tract also
led to deletion of coding gene sequence of TMV (24A + UPD). These results provided valuable information for our
understanding of the dynamics in viral sequence changes to reach a tipping point in its host plants in order to
maintain a co-existence relationship during virus evolution. In addition, the introduction of an internal poly(A) tract
may be applied to other viruses to study virus evolution and natural selection in host plants.

Keywords: Internal poly(A) tract, Upstream pseudoknot domain (UPD), Serial passaging, Sequence equilibrium, Virus
evolution

Background
Tobacco mosaic virus (TMV) infects many plant species
and has a worldwide distribution. Numerous TMV strains
cause serious economic losses in tobacco, tomato, and
other crop plants (Scholthof et al. 2011). TMV genome is
a single-stranded positive-sense RNA encoding four major
proteins, including a 126-kDa RNA-dependent RNA poly-
merase (RdRp) protein and its translational read-through
product of 183 kDa, a 30-kDa cell-to-cell movement pro-
tein (MP) and a 17.5-kDa coat protein (CP). The 5´

untranslated region (UTR) of TMV genomic RNA is about
70 nucleotides (nt) long. It contains 12 CAA repeats as a
translation enhancer (Abel et al. 1986; Gallie et al. 1987)
and is essential for efficient virus replication (Takamatsu
et al. 1991). TMV RdRp binds to the 5´ UTR of genomic
RNA to enable viral replication (Kawamura-Nagaya et
al. 2014). The entire 3´-UTR of TMV is involved in
forming an extended tertiary structure containing a
tRNA-like structure (TLS) and an upstream pseudo-
knot domain (UPD). TMV 3’UTR is functionally simi-
lar to a poly(A) tail of messenger RNAs (mRNAs) in
enhancing TMV RNA stability and translation effi-
ciency during replication (Gallie et al. 1991). The TLS
of TMV can be aminoacylated and binds to several
tRNA-specific enzymes (Más and Beachy 1999).
TMV-UPD is a quasi-continuous double-helical stalk
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comprising three consecutive pseudoknots (PKs) (van
Belkum et al. 1985). It can functionally substitute the
poly(A) tail of mRNAs in plants and animals (Gallie
and Walbot 1990). Eukaryotic elongation factor 1A
interacts with TMV-UPD and mutational analysis re-
vealed that the UPD conformation and some con-
served primary sequence elements are required for
the interaction (Zeenko et al. 2002). Similar tandem
arrangement of structural units, UPD and TLS, are
found in most tobamoviruses (except those without
UPD), varying in size and number of PKs of the UPD
(Gultyaev et al. 1994). There is a short nucleotide se-
quence upstream of the PKs in the 3’UTR of TMV.
This sequence has been validated to contain a stem-
loop structure that regulates virus replication (Guo
and Wong 2018).
Hibiscus latent Singapore virus (HLSV) and Hibiscus

latent Fort Pierce virus (HLFPV) are two tobamoviruses
that possess a unique feature of an internal poly(A) tract
within their 3’UTRs in place of UPD in the genomes
(Kamenova and Adkins 2004; Srinivasan et al. 2005;
Yoshida et al. 2014). The internal poly(A) tract of HLSV
ranges from 77 to 96 nt long upstream of the TLS.
Shortening of the internal poly(A) tract resulted in re-
duced HLSV RNA accumulation (Niu et al. 2015).
The minimal length required for HLSV CP expression

in plants is 24 nt, suggesting that the length of internal
poly(A) tract is also crucial for HLSV replication (Niu et
al. 2015). The UPD can functionally substitute a poly(A)
tail of mRNAs in plant and animal cells (Gallie and Wal-
bot 1990). However, when the UPD is replaced by a 43
nt internal poly(A) tract in TMV genome, replication of
the mutant virus (termed as TMV-43A) is significantly
reduced, as compared with TMV. In addition, milder
mosaic symptoms and absence of necrosis observed in
TMV-43A inoculated N. benthamiana plants are differ-
ent from the lethal symptoms induced by TMV infection
(Niu et al. 2015). Moreover, plant host defense responses
are lower in TMV-43A infected plants as compared to
those of TMV, which may be correlated to the milder
mosaic symptoms induced by TMV-43A infection (Guo
and Wong 2017). When the introduced internal poly(A)
tract and the UPD are coupled in TMV genome, differ-
ent lengths of the internal poly(A) tract introduced into
TMV 3’UTR lead to structural variations that affect virus
accumulation and symptom expression. The mutant
virus TMV (24A +UPD) attained a higher viral RNA ac-
cumulation than TMV and induced lethal necrotic
symptoms in N. benthamiana plants more rapidly (Guo
et al. 2015).
Plant RNA viruses generate genetic diversity among

species as RNA replication is error-prone which leads to
mutations and diverse populations. Mutation, recombin-
ation, and reassortment are three major forces driving

the evolution of viruses, and they also generate diversity
in viral genomes, providing variants to adapt to different
environment. Minor changes in a viral genome can re-
sult in significant differences in its phenotypes (Roos-
sinck 1997). In this work, we serially passaged TMV
(24A +UPD) in N. benthamiana plants for 10 times
using mechanical inoculation. We monitored the pre-
dominant sequence variations of progeny viruses in the
non-coding region upstream of UPD and the length vari-
ations of the introduced internal poly(A) tract in each
passaging. The introduced internal poly(A) tract in TMV
(24A +UPD) gradually extended in length during serial
passaging but reduced after the seventh passage. Three
nucleotides were left in the introduced internal poly(A)
tract at the tenth passage. For the non-coding region se-
quence, deletion was progressive after each serial passa-
ging. Finally, a total of 23 nucleotides downstream of the
introduced poly(A) tract were deleted at the tenth pas-
sage. Based on symptom comparison with that of TMV
(24A +UPD), the passaged mutant virus became less
virulent after 10 rounds of passaging. The predicted
RNA secondary structure of the predominant mutant
virus in the tenth passage is different from that of all
other major mutant viruses. All these results indicated
that the introduced poly(A) tract in TMV (24A +UPD)
ushered virus evolution through serial passaging, leading
to selection of a mutant virus that allows co-existence
with its host plants.

Results
The introduced internal poly(A) tract of TMV (24A + UPD)
was first extended and then shortened during serial
passaging
An internal poly(A) tract of 24 nt long was introduced
downstream of CP gene sequence in TMV genome and
termed as TMV (24A + UPD) (Fig. 1a). During serial
passaging of TMV (24A + UPD) in N. benthamiana
plants (Fig. 1b), total RNA was isolated from each passa-
ging of inoculated plants and used to determine the
length of the internal poly(A) tract through RT-PCR and
DNA sequencing. According to the primers targeted re-
gions in TMV genome (Fig. 1c), the amplified PCR frag-
ment included sequences encompassing partial MP
gene, complete CP gene, the introduced internal poly(A)
tract and the entire 3´ UTR of TMV (24A +UPD).
In all the 10 cycles of passaging, infected plants

showed leaf necrosis and stem collapse, leading to plant
death within a few days. In the first and second rounds
of passaging, the inoculated plants showed severe leaf
necrosis at 5 days post inoculation (dpi) and their leaves
collapsed (dead) within the next 2 days. Along with ser-
ial passaging, the appearance of necrotic symptoms in
the inoculated plants was delayed, which led to plant
death by 11 dpi. However, in the inoculated plants at the
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tenth-round of passaging, necrosis appeared on 5 dpi
was milder than that of the first few cycles of passaging.
One of the inoculated plants was still alive at 11 dpi
(Fig. 2).
The viral CP was detected from total protein extracted

from upper leaves of inoculated plants in each passaging
(Fig. 3a), and the major PCR band of approximately 1 kb
in size was purified and sequenced (Fig. 3b). DNA se-
quencing results of PCR products from each round of
passaging showed that the introduced internal poly(A)
tract extended from 24 nt to > 100 nt in the first few
rounds of passaging but subsequently reduced rapidly
(Fig. 4a). The exact lengths of internal poly(A) tract in
clones from each round of passaging are listed in
Additional file 1: Table S1.
The average length of internal poly(A) tract was calcu-

lated. The initially introduced 24 nt internal poly(A)
tract in TMV (24A + UPD) was extended to ~ 40 nt
(average length: 37 nt) after inoculated to N. benthami-
ana plants in the first round of passaging. Later, the in-
troduced internal poly(A) length increased to ~ 100 nt
(average length: 90 nt) until the seventh cycle of passa-
ging and rapidly reduced to ~ 30 nt (average length: 32

nt) at the eighth cycle of passaging. Although the length
of the introduced internal poly(A) tract again increased
to ~ 55 nt (average length: 55 nt) at the ninth cycle of
passaging, the internal poly(A) length showed only 3 nt
left at the tenth cycle of passaging (Fig. 4b).

Nucleotides downstream of introduced internal poly(A)
tract in TMV (24A + UPD) were deleted during serial
passaging
The 24 nt internal poly(A) tract was introduced into the
junction between the CP gene and a short non-coding
sequence upstream of UPD (Fig. 5a). Therefore, it is rea-
sonable to assume that the short non-coding sequence
and the UPD may be affected by extension of the in-
ternal poly(A) tract during serial passaging. DNA se-
quencing results of clones from each round of passaging
showed that a few nucleotides downstream of the intro-
duced internal poly(A) tract were substituted by adenine
(A) or uracil (U). The exact mutated nucleotides and
their positions are listed in Additional file 1: Table S1.
The mutation rate of the sequence downstream of
poly(A) tract also increased with the extension of the in-
troduced internal poly(A) tract during serial passaging

Fig. 1 a Schematic structures of TMV and TMV (24A + UPD) showing the internal poly(A) tract, upstream pseudoknot domain (UPD) and a short
non-coding sequence (in grey color) between the internal poly(A) tract and the UPD. b Serial passaging of TMV (24A + UPD) in N. benthamiana
plants. c Primers targeting regions in TMV (24A + UPD) genome are indicated
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(Fig. 5b). Among the 32 randomly selected clones from
the first-round of inoculation, five clones changed in
short non-coding sequences, with two nucleotides
substituted by an A nucleotide. From the sixth serial
passaging, nucleotides downstream of the introduced in-
ternal poly(A) tract in all 32 randomly selected clones
were substituted by A or U nucleotide. Similar nucleo-
tide substitutions were observed in subsequent serial
passaging (seventh, eighth, ninth and tenth). The
number of nucleotide mutation increased with serial

passaging. Of the five mutated clones of the first-round
inoculation, four clones showed only one nucleotide of
guanine (G) was substituted by an A nucleotide. How-
ever, in the second round of passaging, there were six
clones with one G changed to A nucleotide. The number
of a single nucleotide change increased in subsequent
serial passaging. In the fifth serial passaging, four nucle-
otides downstream of the introduced internal poly(A)
tract were deleted. In the eighth passaging, extensive de-
letion of 22, 25 and 42 nt were observed.

Fig. 2 Symptoms of TMV (24A + UPD) inoculated N. benthamiana plants during 10 rounds of serial passaging of TMV (24A + UPD) at 5 dpi and 11
dpi, respectively

Fig. 3 a Detection of TMV (24A + UPD) coat protein (CP) in inoculated plants during 10 rounds of serial passaging. b Detection of PCR products
of approximately 1 kb in size from 10 rounds of serial passaging of TMV (24A + UPD). M represents mock
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A marked difference in sequence deletion was ob-
served between the eighth and ninth passaging. While
large sequence deletion was observed in several selected
clones, all 32 clones of the ninth passaging showed only
two nucleotides of G were substituted by A or U nucleo-
tide. In the tenth-round of passaging, all 23 nt down-
stream of the introduced internal poly(A) tract were
deleted from the 32 randomly selected clones (Table 1).
The diversity of mutated viruses with different numbers
of deleted nucleotides increased from the first to the
eighth passaging. In the ninth and tenth passaging, all

clones showed the same number of deleted nucleotides,
indicating an end to sequence deletion in TMV (24A +
UPD) virus population after tenth serial passaging
(Fig. 6).

Partial CP gene sequences were deleted with the
introduced internal poly(A) tract during serial passaging
A 24 nt internal poly(A) tract was introduced down-
stream of CP sequence in TMV (24A +UPD) genome.
Progeny viruses with deletion of the CP gene were first
detected in the fifth round of passaging. The 3’end of

Fig. 4 a DNA sequencing results of 10 rounds of serial passaging of TMV (24A + UPD) in N. benthamiana plants, showing variations of internal
poly(A) tract length (red line) in viral genome. b Average length of internal poly(A) tract in 10 rounds of serial passaging of TMV (24A + UPD)
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the CP gene was partially deleted. In the eighth round of
passaging, most of the clones showed that the CP gene
sequences were deleted from 79 nt to 293 nt (Additional
file 1: Table S1). During the ninth and tenth serial passa-
ging, CP gene deletion did not continue further.

Predicted RNA secondary structure of the
predominant mutant virus in each round of passaging
Among the mutant viruses arising from each round of
passaging, the deletion/mutation mainly occurred in the
short non-coding sequence downstream of the introduced
internal poly(A) tract and upstream of the UPD. The nu-
cleotide sequence of the predominant mutant virus in
each round of passaging was determined. The sequence
included CP gene stop codon, the average length of in-
ternal poly(A) tract, and the predominant deletion/muta-
tion sequence in the non-coding sequence from 32 clones
randomly selected from each passaging (Fig. 7).
The predicted RNA secondary structure of the pre-

dominant mutant in each passage was analyzed. The

Fig. 5 a The nucleotide positions of the short non-coding sequence and pseudoknots (PKs) in the UPD were labeled. The stop codon of coat
protein (CP) gene was boxed and the nucleotide downstream of 24 nt internal poly(A) tract was counted as the first nucleotide. b Percentage of
clones with deletion/mutation in sequence of the short non-coding sequence, UPD and TLS in TMV (24A + UPD) during serial passaging

Table 1 Variation of clones with nucleotide deletion/mutation
in sequence of the short non-coding sequence, UPD and TLS in
TMV(24A+UPD) during serial passaging

Serial passaging Number of clones with nucleotide deletion/mutation

1st 5 (1 nt: 4; 2 nt: 1)

2nd 7 (1 nt: 6; 2 nt: 1)

3rd 8 (1 nt: 7; 2 nt: 1)

4th 13 (1 nt: 8; 2 nt: 5)

5th 28 (1 nt: 12; 2 nt: 13; 3 nt: 2; 4 nt: 1)

6th 32 (2 nt: 28; 3 nt: 2; 4 nt: 1; 10 nt: 1)

7th 32 (1 nt: 2; 2 nt: 20; 3 nt: 8; 4 nt: 2)

8th 32 (2 nt: 20; 3 nt: 5; 22 nt: 2; 25 nt: 3; 42 nt: 2)

9th 32 (2 nt: 32)

10th 32 (23 nt: 32)
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sequence used for RNA secondary structure prediction
included partial CP gene sequence, which forms a stem-
loop structure with its 3´ non-coding sequence (Guo
and Wong 2018), the average length of internal poly(A)
tract, the predominant deletion/mutation sequence in
the non-coding sequence from the 32 clones in each
round of passaging, UPD and TLS.

The predicted RNA secondary structure of the pre-
dominant virus mutant in the first and second rounds of
passaging was similar to that of TMV (24A +UPD). The
structure began to change at the third-round of passa-
ging. From the third to the seventh round of passa-
ging, the structures of the major mutant viruses
were similar to each other. However, the structure

Fig. 6 Variation of deletion/mutation nucleotide numbers in the UPD region during 10 rounds of serial passaging of TMV (24A + UPD). The x-axis
represents the number of serial passaging and the y-axis represents the deleted/mutated nucleotide numbers. The black dots in each round of
serial passaging represent the clones with nucleotide deletion/mutation in the sequence downstream of internal poly(A) tract

Fig. 7 The nucleotide sequence of the predominant mutant virus in each round passaging. The sequence included CP stop codon, the average
length of poly(A) tract, the most occurred deletion/mutation sequence type in the non-coding sequence from the 32 clones in each round
passaging, UPD and TLS
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of the predominant mutant in the eighth and ninth
rounds of passaging reverted to that of the first and
second rounds of passaging. The predicted RNA
structure of mutant virus in the tenth-round passa-
ging was totally different from others (Add-
itional file 2: Figure S1).

Discussion
Evolution of TMV mutant populations during serial
passaging
TMV is the type member of the genus Tobamovirus.
Studies on tobamovirus populations have showed that
RNA sequence stability and rapid evolution are
dependent on evolutionary conditions placed on the
virus. Some studies reported that tobamoviruses are able
to maintain its original sequence after passages and
showed only a relatively small sequence diversity (Rodrí-
guez-Cerezo and García-Arenal 1989; Rodríguez-Cerezo
et al. 1991). However, others showed that tobamoviruses
evolve rapidly from local lesions to create a great variety
of variants (García-Arenal et al. 1984). Dramatic changes
in the TMV population may occur in different host
plants. Mixed TMV populations have occurred along
with callus development and organogenesis in tissue cul-
tures (Khan and Jones 1989a, 1989b). Genome evolution
study of TMV populations during passaging in different
host plants showed that host shift reduced TMV evolu-
tionary rates (Kearney et al. 1999). Studies above indi-
cated that when sufficient selective pressures were
applied, TMV is capable of rapid evolution. In our study,
it was showed that TMV (24A + UPD) is capable of
rapid evolution, as the length changes of the introduced
internal poly(A) tract in viral genome, mutations in the
CP gene sequence and deletion of the non-coding se-
quences downstream of the introduced internal poly(A)
tract were observed during serial passaging in N.
benthamiana plants.
A previous report has shown that after long-term passa-

ging of TMV in N. tabacum plants, less than 10% of total
sequences examined were mutated. Most of the nucleo-
tide changes do not affect amino acids sequence (Kearney
et al. 1999), which indicates that TMV genomic sequence
is relative stable during serial passaging. Since nucleotide
deletions/mutations occurred in TMV (24A +UPD) dur-
ing serial passaging were resulted from an introduced in-
ternal poly(A) tract that is not spontaneously occurred
during TMV replication, wild-type TMV is not considered
to be a proper control for this study (Roossinck, Elena and
Wong, personal communication, 2019).
TMV and TMV (24A +UPD) require RNA-dependent

RNA polymerase (RdRp) for replication. The intrinsically
high error rate of RdRp contributes to the generation of
population diversity that facilitates virus adaptation and
evolution (Beaucourt et al. 2011). After introducing an

internal poly(A) tract into the TMV genome, TMV
(24A +UPD) displayed a higher RNA accumulation than
TMV. However, with increased length of introduced
poly(A) tract, virus accumulation was reduced, and
symptoms induced on plants became milder. TMV
(62A +UPD) is unable to accumulate in N. benthamiana
plants after inoculation (Guo et al. 2015). This indicates
that the length of internal poly(A) tract could affect virus
replication. Similar reports on Tick-borne encephalitis
virus (TBEV) showed that a short poly(A) tract is genet-
ically more stable, as compared to the virus with a long
poly(A) tract (Asghar et al. 2016). During the serial pas-
saging of TMV (24A +UPD) in N. benthamiana plants,
the introduced internal poly(A) tract extended from 24
nt to ~ 100 nt. Utilization of RNA polymerase slippage
for gene expression in positive-sense RNA virus has
been reported among plant viruses belonging to Potyvir-
idae (Olspert et al. 2015, 2016; Rodamilans et al. 2015;
Untiveros et al. 2016). The slippage of viral RNA poly-
merase results in a population of transcripts with an
additional A residue inserted in a highly conserved
GAAAAAA sequence, which enables expression of a
viral protein that is essential for virus cell-to-cell move-
ment (Olspert et al. 2015). TMV (24A +UPD) as a posi-
tive-sense RNA virus, the extension of its introduced
internal poly(A) tract is believed to be due to slippage of
viral RNA polymerases during virus replication.

Extension of internal poly(A) tract led to deletion of its
downstream sequences during serial passaging
Many tobamoviruses showed that their UPD sequences
are composed of three PKs. Virtually all the phylogenet-
ically conserved primary sequences are present in the
PKs of the UPD. The UPD is responsible for enhancing
translational efficiency, similar to a poly(A) tail (Gallie
and Walbot 1990). Both the conserved primary sequence
within the UPD and its higher-ordered structure are ne-
cessary for the function of UPD in regulating translation
(Leathers et al. 1993). The double-helical segment I,
from 6257 nt to 6277 nt in the PK3 of UPD in TMV-L (a
tomato strain) has been shown to be a structural feature
essential for viral replication (Takamatsu et al. 1990).
Structural analysis showed that the secondary structure of
PKs in the UPD of TMV (24A +UPD) was similar to that
of TMV, which indicated that the introduced 24 nt in-
ternal poly(A) tract did not alter the conformation of
3’UTR of viral genome (Guo et al. 2015). However, with
additional serial passaging, mutations of the nucleotide
sequences downstream of poly(A) tract also increased.
Twenty-three nucleotides downstream of internal poly(A)
tract were deleted near the PK1 of the UPD after the tenth
passaging. Part of the short sequence between the intro-
duced internal poly(A) tract and the UPD consists of a
stem-loop structure in TMV genome to regulate viral
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replication. Deletion of the stem-loop structure in TMV
showed an enhanced virus infectivity and RNA accumula-
tion (Guo and Wong 2018). However, at the tenth round
of passaging, virulence of the final mutant virus and symp-
toms on plants were reduced, as compared to those of
TMV (24A +UPD) infected plants in the first round of
passaging. As the stem-loop structure consisted of partial
CP gene and partial short non-coding sequences in TMV,
the 24 nt introduced internal poly(A) tract downstream of
the CP gene in TMV (24A +UPD) disrupted the forma-
tion of the stem-loop structure.
Since PKs are stable structures formed by base-paring,

mutations resulted from extension of internal poly(A)
tract during virus passaging are limited. Some mutant vi-
ruses with deletion in the UPD were found in the eighth
passage. Up to 42 nt downstream of the introduced in-
ternal poly(A) tract were deleted in those clones. Mutant
viruses with a substantial sequence deletion in the UPD
did not appear in subsequent passaging, indicating that
further sequence deletion of important elements in the
PKs of UPD is not permissible during virus evolution.

Changes of RNA secondary structure of mutant viruses
during serial passaging
The predicted RNA secondary structures of major mu-
tant viruses from serial passaging can be placed into
three groups. The structures of major mutant viruses in
the first, second, eighth and ninth rounds of passaging
were similar to each other. The structures of major mu-
tants from the third to the seventh rounds of passaging
can be placed into one group. The structure of mutant
virus in the tenth round of passaging was different from
all others.
The RNA structure changes of mutants in each pas-

sage are caused by the introduced internal poly(A) tract.
Previous study showed that introducing a 62 nt internal
poly(A) tract into TMV genome could alter the RNA
structure in its 3’UTR, resulting in a reduced viral RNA
accumulation in N. benthamiana protoplasts and the in-
oculated plants remained symptomless (Guo et al. 2015).
In this study, the lengths of poly(A) tract in the mutants
from the first, second, eighth and ninth rounds of passa-
ging were all shorter than 62 nt. Conversely, the lengths
of poly(A) tract in the third to the seventh rounds of
passaging were longer than 62 nt. The alterations of
RNA structure in the virus mutants from each passaging
were consistent with our previous study, in that longer
internal poly(A) tract could alter RNA structure of
3’UTR of viral genome.
Among the major mutant viruses resulted from each

round of passaging, one or two nucleotides were deleted/
mutated in the short sequences between the internal
poly(A) tract and UPD. The RNA structures of mutant vi-
ruses were not affected by the deletion/mutation.

However, in the tenth-round of passaging, 23 nt were de-
leted from the short sequence and the introduced internal
poly(A) tract was reduced to three adenines. Therefore,
the RNA structure of mutant virus in the tenth-round of
passaging was different from that of all other mutants re-
sulted from first to ninth rounds of serial passaging.

Generation of mutant viruses with deleted CP gene
sequence during serial passaging
Defective interfering viruses arise through deletion, re-
arrangement, or recombination of a competent viral
genome (Marriott and Dimmock 2010). Defective viruses
compete with complete virus for replication and/or en-
capsidation factors and tend to attenuate viral symp-
toms. During TMV replication, the positive-strand RNA
is used as template for negative-strand RNA synthesis
and vice versa. Mutant viruses with CP gene deleted
would affect virus replication and become defective
interfering viruses. Their genomes lack a complete CP
for virus assembly and long-distance movement in the
host. Such mutant viruses are unable to move systemic-
ally in host plants and are less competitive. This virus
population will subsequently be outcompeted by natural
selection. By the eighth serial passaging, most of the
clones showed truncated CP sequence and unable to
move systematically. TMV requires functional CP for
long-distance movement (Dawson et al. 1988; Saito et al.
1990; Hilf and Dawson 1993; Spitsin et al. 1999). TMV
mutants with incomplete CP in the eighth round of pas-
saging were not detected in the next round of passaging.
It is believed that the mutant virus with a truncated CP
is unable to move systemically to upper leaves.

Evolutionary question between the UPD and the internal
poly(A) tract among tobamoviruses
Viral RdRps have a higher mutation rate than cellular
polymerases (Duffy et al. 2008). Because of the lack of
proofreading, the mutation rates of RdRps fall in the
range of ~ 2 × 10− 5 to 1 × 10− 4 per nucleotide per repli-
cation event (Drake and Holland 1999). The high muta-
tion rate leads to more defective genomes, but it allows
the virus to evolve more rapidly through natural selec-
tion (Lauring et al. 2013; Paff et al. 2014). The RdRps of
TMV (24A +UPD) replicate positive-strand RNAs into
negative-strand RNAs which in turn produce multiple
progeny-positive strands that are encapsidated into new
virions. There were single nucleotide mutations in each
serial passaging introduced by RdRps during virus repli-
cation. However, the effects of the introduced internal
poly(A) tract to the sequence in TMV (24A + UPD) gen-
ome were predominately nucleotide deletions, rather
than substitutions. We believe longer internal poly(A)
tract forms RNA structure that blocks partial down-
stream non-coding sequences and the CP gene, leading
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to RNA replication that skips sequences being blocked
and generates progeny viruses with sequences deleted in
the downstream non-coding region and the CP gene.
The introduced internal poly(A) tract has ushered the

evolution of TMV (24A + UPD) viral genome to create
different virus populations during serial passaging. TMV
(24A +UPD) replication leads to different lengths of in-
ternal poly(A) tract, indicating generation of viral quasis-
pecies. However, the virus populations started to reduce
at the ninth serial passaging, and the introduced poly(A)
sequence eventually reduced to three adenines upstream
of a partially deleted UPD in the tenth serial passaging.
Virus genetic bottlenecks and natural selection are con-
tributing factors. Virus genetic bottlenecks are evolu-
tionary events that reduce genetic variation of a
population in a stochastic manner and result in small
founding populations that lead to genetic drift (Li and
Roossinck 2004). It takes place during systemic move-
ment of TMV in leaves of the same plant (Sacristán et
al. 2003).
Genetic drift reduces genetic variation in population,

which potentially decreases the ability of a population to
evolve in response to new selective pressures (Choi et al.
2001). The final result is elimination from the popula-
tion of the fittest genotypes and accumulation of dele-
terious mutations. Therefore, it could lead to population
extinction, such as shown experimentally in Tobacco
etch virus (de la Iglesia and Elena 2007). Mutation accu-
mulation and population extinction were also shown in
reduced TMV population infecting Nicotiana glauca,
caused by coinfection with Tobacco mild green mosaic
virus (TMGMV) (Fraile et al. 1997).
Selection leads to differential reproduction of genetic-

ally distinct mutants or variants in a population and re-
sults in decreased population diversity. After selection,
the fit variants will generate more progeny in the next
generation than the less fit variants. Genetic drift and se-
lection are not mutually exclusive and usually occur
concurrently. In a large population, selection will push
the frequency of a mutant upwards or downwards de-
pending on whether the mutation is beneficial or harm-
ful. In a small population, genetic drift will be dominant.
It was reported that the number of TMV particles in a
systemically infected tobacco leaf forms a large popula-
tion (García-Arenal and McDonald 2003). Therefore, the
number of TMV (24A + UPD) particles may also form a
large population, as it replicates faster than TMV (Guo
et al. 2015). Therefore, during serial passaging, selection
appears to play a more important role in virus evolution
than genetic drift. However, host plants also affect virus
genomic combination, as viruses co-evolve with host
plants. Certain mutations in viral genomes are only
shown up in specific host plant species (Safari and Roos-
sinck 2018). In our study, TMV (24A +UPD) was serially

passaged in N. benthamiana plants and evolved into a
new mutant virus. The symptoms developed in the
tenth-round of passaging plants appeared milder than
those of TMV (24A +UPD) infected plants in the first
round of passaging. Co-evolution occurs between virus
and specific host plants during serial passaging. Certain
mutations and defective virus species are unable to pass
on to the next round of passaging due to defects in virus
systemic movement. In summary, this is the first study
of virus evolution through introducing a foreign se-
quence [24 nt internal poly(A) tract] into viral genome
to investigate changes of progeny viral sequences in host
plants after multiple cycles of serial passaging.

Conclusions
Our results demonstrate that the introduced 24 nt in-
ternal poly(A) tract in TMV (24A +UPD) resulted in pro-
geny sequences undergoing sequential mutations during
serial passaging in N. benthamiana plants. After 10
rounds of passaging, a new mutant virus was generated
which induced milder symptoms than TMV (24A +
UPD). These results provided valuable information to
our understanding of dynamic viral sequence changes in
its host plants to select for progeny virus that allows it
to co-exist with its hosts during virus evolution. Similar
approach may be applied to other viruses to study virus
evolution and natural selection in host plants.

Methods
Serial passaging of TMV (24A + UPD) in N. benthamiana
plants
N. benthamiana plants were grown in a plant growth
room at 24 °C with a photoperiod of 16 h light/8 h dark.
The first round of inoculation was performed using in
vitro transcribed RNA of TMV (24A +UPD) generated
by mMessage T7 transcription kit (Ambion, USA). KpnI
linearized TMV (24A +UPD) cDNA clone was used as
template for in vitro transcription and 1 μg of tran-
scribed RNA was used for inoculation with 1 × GKP buf-
fer (50 mM glycine; 30 mM K2HPO4, pH 9.2; 1%
bentonite; 1% celite) onto three N. benthamiana plants
at the growth stage of 4 weeks old.
When necrotic symptoms first appeared on the upper

leaves of inoculated plants, inoculum was prepared by
grinding 1 g of the infected upper leaves in 10 mL of 0.1
M phosphate buffer, pH 7.0, using chilled mortar and
pestle. After centrifuging at 8500×g for 10 min at 4 °C,
supernatant was collected for the next round of inocula-
tion (passaging). Three plants were inoculated for each
round of serial passaging. When symptoms appeared,
upper leaves from the three inoculated plants were
collected and pooled for RNA isolation, reverse-tran-
scription, PCR amplification, cDNA cloning and
sequencing.
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PCR amplification and DNA sequencing of fragment
containing introduced internal poly(A) tract
Total RNAs were extracted from the pooled upper leaves
by TRIzol® reagent. Reverse transcription was performed
using the SuperScript III Reverse Transcriptase kit (Invi-
trogen, USA) with primer R (5´-TGGGCCCCTACC
GGGGGTAA-3´). PCR was performed using KAPA Taq
PCR kit (Kapa Biosystems, USA) with primers R and F
(5´-ACGTGAGAGACGGAGGGCCC-3´). PCR products
were purified by FavorPrep Gel/PCR purification kit
(Favorgen Biotech Corp, USA). Based on the positions of
F (5441–5460 nt) and R (6376–6395 nt) primers binding
to viral genome, a major PCR amplified band of expected
size of ~ 1 kb was observed. It was excised from 1% agar-
ose gel after electrophoresis and purified. Other sizes of
unspecific PCR products from each round of passaging
were not considered. The ~ 1 kb purified PCR product
was ligated into pGEM-T Easy vector (Promega, USA)
using T4 DNA ligase (ThermoFisher Scientific, USA) and
transformed into E. coli DH5α competent cells. Colony
PCR was performed to screen for positive clones from
each plate to confirm successful cloning. Finally, a total of
32 positive clones were randomly selected and cultured
for plasmid isolation using AxyPrep Plasmid Miniprep kit
(Biolab, USA). Sequencing PCR was performed using Big-
Dye™ Terminator v3.1 Cycle Sequencing kit (Thermo-
Fisher Scientific, USA) with primer R. The nucleotide
sequences were analyzed with the DNAMAN package
(Version 9, Lynnon BioSoft, Quebec, Canada). The exact
lengths of internal poly(A) tract in clones from each round
of passaging are listed in Additional file 1: Table S1.
Figure 5a was adopted from the study of Zeenko et al.

(2002) and drawn using Inkscape (https://inkscape.org/).
Variation of deletion/mutation nucleotide numbers in
the UPD region during 10 rounds of serial passaging of
TMV (24A + UPD) (Fig. 6) was generated using R pack-
ages (R version 3.5.0) (https://www.r-project.org/) (R
Core Team, 2018).

Prediction of RNA secondary structure of major mutant
virus in each round of passaging
RNA fold web server (http://rna.tbi.univie.ac.at/cgi-bin/
RNAWebSuite/RNAfold.cgi) was used for secondary
structure prediction of major mutant virus in each
round of passaging. Minimum free energy (MFE) and
partition function was chosen as fold algorithms when
performing structure prediction. The sequence used for
structure prediction in each round of passaging is listed
in Additional file 2: Figure S1, which included partial CP
sequence, the average length of poly(A) tract, the most
frequently occurred deletion/mutation sequence in the
non-coding sequence from the 32 clones in each round
of passaging, including UPD and TLS sequences.

Additional files

Additional file 1: Table S1. Analysis of sequencing results of all cDNA
clones in 10 rounds of serial passaging of TMV (24A + UPD) in N.
benthamiana plants, showing the length of internal poly(A) tract,
deletion/mutation of UPD and CP sequences in TMV (24A + UPD) viral
genome. (XLSX 23 kb)

Additional file 2: Figure S1. Predicted RNA secondary structure of
the predominant mutant virus in each round passaging. The sequence
for structure prediction includes partial CP sequence, which is used to
form a stem-loop structure with 3´-non-coding sequence in TMV
genome (Guo and Wong 2018), the average length of poly(A) tract, the
most occurred deletion/mutation sequence type in the non-coding
sequence from the 32 clones in each round passaging, UPD and TLS.
(DOCX 1310 kb)
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dpi: Days post inoculation; PCR: Polymerase chain reaction; PK: Pseudoknot;
RT: Reverse transcription; TLS: tRNA-like structure; TMV: Tobacco mosaic virus;
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