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Abstract

Yam mosaic virus (YMV), a Potyvirus, is a highly destructive pathogen of
yam accounting for yield losses up to 40%. Apart from causing significant
reduction in tuber size and quality, it restricts international exchange of
germplasms. It thus becomes crucial to get resistant or at least virus-free
planting materials for farmers. This study was aimed at inducing resistance to
YMYV in tobacco by RNA silencing. An RNAIi construct containing 161 bp
fragment of YMV-coat protein (CP) gene was developed and used to produce
transgenic tobacco lines expressing YMV-coat protein (CP) derived double
stranded RNA (dsRNA) via Agrobacterium-mediated transformation. Of the
eight T, transgenic lines inoculated with YMV, six (L1, L2, L3, L5, L7 and L8)
showed immunity to YMV as no symptoms were detected, whereas two (L4
and L10) exhibited high resistance with mild symptoms limited to inoculation
portions. No virus could be detected in uninoculated new leaves of the trans-
genic lines after RT-PCR and qPCR analyses of YMV-coat protein (CP). The
presence of small interfering RNAs in transgenic lines after virus challenge
indicates that the resistance was acquired through RNA silencing.
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1. Introduction

Yam mosaic virus (YMV), a member of Potyvirus, is a single stranded posi-
tive-sense RNA virus [1] [2]. It is a highly destructive pathogen of yam (DJos-

corea spp.). Infected plants usually show leaf green vein-banding, inter-veinal
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mosaic, curling, molting and stunted growth, and the disease can result in sig-
nificant yield losses in yam [3] [4]. The virus is transmitted by aphids in a
non-persistent manner, as well as through vegetative propagation. In nature,
YMV has been found in several species of Dioscoreaceae [1] [4] [5] [6] and can
be mechanically transmitted to Nicotiana benthamiana, N. megalosiphon and
Chenopodium amanticolor [5]. Due to the wide host range and devastating ef-
fects of the virus, farmers and researchers have tried several strategies to intro-
duce resistance to YMV by conventional breeding method and by genetic engi-
neering.

Post-transcriptional gene silencing (PTGS) is an RNA silencing-based me-
chanism used to reduce the level of expression of a gene of interest. It has been
described in many eukaryotic organisms including fungi, invertebrates, verte-
brates and plants. It is termed quelling in fungi [7] and RNA interference in
animals [8]. The mechanism of PTGS involves the sequence-specific degradation
of RNA and several different techniques have been developed to achieve this in
plants. In RNAi-mediated silencing, the constructs are usually designed such
that when the transgene is expressed in plants, it produces double stranded
RNAs (dsRNAs,) which are cleaved into short dsRNA fragments known as
“Short interfering RNAs (siRNAs)” of 21 - 25 bp in length [9] [10], by a
ds-specific ribonuclease termed “Dicer” [11]. The strand of siRNA complemen-
tary to target RNA becomes incorporated into the RNA-induced silencing com-
plex (RISC) leading to mRNA degradation and gene silencing [9].

Many documented evidences have shown that RNAi can be engineered to
target viral RNA [12] as well as DNA viruses [13] in plants. There are several
reports on the application of RNAI in plants to induce resistance to several vi-
ruses including African cassava mosaic virus [14], Sri Lanka cassava mosaic vi-
rus (SLCMV) [15], Cucumber mosaic virus, Zucchini yellow mosaic virus and
Watermelon mosaic virus [16]-[21], Bean golden mosaic virus (9], Potato leaf
roll virus, Potato virus Y and Potato virus X [22] [23], Papaya ring spot virus
[24] and Plum pov virus [25] [26]. Up to date, no report has documented the use
of YMV Coat Protein (YMV-CP) gene to express dsRNA in transgenic plants.
Therefore, the aim of this study was to induce resistance to YMV in tobacco by

RNA silencing of YMV-CP as a proof of concept.

2. Materials and Methods
2.1. RNAi Vector Construction

Yam mosaic virus coat protein (YMV-CP) gene sequences of different isolates of
yam mosaic virus (gi|7414928|emb|AJ244066.1, gi|14589250|emb|AJ305443.1,
gi|14589246|emb|AJ305441.1, gi|14589244|emb|AJ305440.1,
gi|14589242|emb|AJ305439.1, gi|14589238|emb|AJ305437.1,
gi|14589234|emb|AJ305435.1, gi|7414926|emb|AJ244065.1,
gi|7414924|emb|AJ244064.1, gi|7414922|emb|AJ244063.1,
gi|7414920|emb|AJ244062.1, gi|7414918|emb|AJ244061.1,
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gi|7414916|emb|AJ244060.1 and gi|7414914|emb|AJ244059.1) were downloaded
from NCBI. The sequences were aligned using Multalin
(http://multalin.toulouse.inra.fr/multalin/) to identify conserved region. Primers
were designed to amplify 161 bp fragment in the conserved region. Total RNA
was extracted from YMV infected leaves using RNeasy® Plant Mini Kit
(QIAGEN GmbH, Germany) and cDNA was synthesized from 1 ug of total RNA
using iScript cDNA Synthesis Kit (BIO-RAD Laboratories, Inc.) according to the
manufacturer’s instructions. One pl of the cDNA was then used for PCR analysis
to amplify YMV-CP gene using the primers YMV-CP5P and YMV-CP3P (Table
1). After amplification, 5 pL of PCR product was resolved on 1% agarose gel
stained with gel red.

The PCR product was purified using QIAquick PCR purification Kit (QIAGEN)
and subsequently cloned into Gateway entry vector pCR"8/ GW] TOPO® (Invitro-
gen, New Zealand), which contains attL1 and attL2 recombination sites. The li-
gated product was transformed to TOP10 E. coli competent cells and selected on
LB medium containing spectinomycin (100 mg/L). Ten colonies were selected,
plasmid DNA extracted and verified by Sanger sequencing using M13primers.
The correct transformant containing the 161 bp YMV-CP was subcloned in the
sense and antisense orientation to the pANDA35HK RNAi destination vector by
LR clonase reaction using Gateway LR Clonase II enzyme mix (Thermo Fisher
Scientific). The product was transformed to DH5a E. coli chemical competent
cells and selected on LB plates containing 50 mg/L kanamycin. Plasmid was ex-
tracted from transformants using FastGene plasmid Mini Kit (NIPPON
GENETICS Co., Ltd. Japan) and confirmed by digestion with Sac’ and Kpnl.
One positive clone was selected and mobilized to Agrobacterium tumefaciens
strain EHA105 by the Freeze-Thaw method and selected on LB plate containing
50 mg/L kanamycin and 25 mg/L Rifampicin. Plasmids were extracted from pos-
itive colonies using FastGene plasmid Mini Kit (NIPPON GENETICS Co., Ltd.
Japan) and checked by PCR and by digestion with Sacl and Kpnl.

2.2. Transformation of Nicotianatabacum with the RNAi Construct

Leaves of Nicotiana tabacum (cv. Havana) were used for transformation using
the Agrobacterium-mediated leaf disc method [27]. Agrobacterium tumefaciens
strain EHA105 containing pANDA35HK-YMV-CP was grown overnight on a
reciprocal shaker (120 cycles/min) at 28°C in 20 ml LB medium containing 50
mg/L kanamycin and 25 mg/L Rifampicin. The overnight culture was centri-
fuged for 10 min at 10,000 rpm and re-suspended in 30 ml MS medium (inocu-
lation medium) and left at room temperature for 30 min before inoculation.
Leaves from in vitro plants were excised, cut into portions of 5 - 8 mm square
and dipped in the bacterial suspension for 10 min with gentle shaking at room
temperature. After inoculation, the explants were blotted dry and co-cultivated
for 3 days in the dark on hormone free MS medium containing 100 pM acetosy-

ringone and solidified with 8 g/L Agar, pH 5.8. At the end of the co-cultivation
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period, the explants were washed three times with sterilized distilled water and
cultured on MS medium supplemented with 30 g/L sucrose, 8 g/L agar, 20 mg/L
meropenem trihydrate (Meropenem; Dainippon Sumitomo Pharma, Osaka, Ja-
pan) [28] to eliminate bacterial carry over, and with hygromycin (40 mg/L) to
select for transformants. The explants were sub-cultured at 2-week intervals to
fresh medium of same composition. After 4 weeks of culture, adventitious shoots
were excised and transferred to hormone-free MS medium containing 20 mg/L
meropenem trihydrate and 40 mg/L hygromycin for development and rooting.
Rooted plantlets were maintained in vitro in the growth room with subculture

every 8 weeks.

2.3. Molecular Characterization of To Transgenic Plants

2.3.1. PCR for Detection of YMV-CP Transgene

DNA was extracted from leaves of putative T, transgenic plants using Cetyl-
trimethylammonium bromide (CTAB) method and used for PCR to detect
the presence of the YMV-CP transgene using the primers YMV-CP5P and
YMV-CP3P (Table 1). The selectable marker gene Apt and guslinker were also
detected using the primers Hyg5Pin and Hyg3Pin as well as GUSLK-F GUSLK-R
(Table 1). The PCR reaction was constituted in a 50 uL reaction volume con-
taining distilled water 36.6 uL, 5 uL 10X Ex Taq buffer (1X), 5 uL dNTPs (200
uM), 1 uL YMV-CP-5P (0.2 uM), 1 pL YMV-CP-3P (0.2 uM), 0.40 pL Ex Taq
(1.25 units), and 1 pL DNA. The PCR conditions were: initial denaturation at
94°C for 5 min, 35 cycles of denaturation at 94°C for 30 sec, annealing at 58°C
(60°C for Ap?) for 40 sec, extension at 72°C for 50 sec, followed by final exten-
sion at 72°C for 7 min and holding at 4°C forever. The amplified products were
separated in 1% agarose gel subjected to electrophoresis at 100 V for 30 min and

stained with ethidium bromide.

Table 1. Primers used for amplification.

Primer Primer Sequence
YMV-CP5P 5-GTGGACAATGATGGACGGTG-3
YMV-CP3P 5-CGTATCGGGGCATATACGGT-3’
Hyg5Pin 5’CAGCTTCGATGTAGGAGGGCGTGG-3
Hyg3Pin 5’-AATCCCCGAACATCGCCTCGCTCC-3
GUSLK-F 5-CATGAAGATGCGGACTTACG-3
GUSLK-R 5-ATCCACGCCGTATTCGG-3

YMV-CP_qPCR-F

YMV-CP_qPCR-R

5-CAGATATGCGTTCGACTTCTTA-3

5-AGGCTGTGCATGTCTTTC -3’

Yam_Ubq-F 5-CAGTCATGGTGCGATGTT-3’
Yam_Ubq-R 5-CCTCACAACTTCCAAGAGTTC-3
DOI: 10.4236/ajps.2020.119108 1490 American Journal of Plant Sciences


https://doi.org/10.4236/ajps.2020.119108

E.E. Itaetal.

2.3.2. Southern Blot Analysis of Genomic DNA from Transgenic and Wild
Type Plants

For Southern blot, 15 pg of the DNA of wild-type and transgenic tobacco lines
were digested with XAo[ at 37°C overnight. The products of the enzyme diges-
tion were separated on 0.8% agarose gel and transferred to a positively charged
nylon membrane (Immobilion®-Ny+ Transfer Membrane; Millipore Co., Bille-
rica, MA, USA). After transfer, the DNA was fixed to the blot and hybridized.
Prehybridization (3 h) and hybridization (overnight) were carried out at 42°C,
using DIG Easy Hyb buffer and HPT probe. The probe was generated from
PANDA35HK-YMV-CP and labeled using PCR DIG probe synthesis Kit (Roche
Diagnostic GmbH, Boehringer Mannheim, Germany) with the primers Hyg5Pin
and Hyg3Pin. Post-hybridization washes and chemiluminescence detection us-
ing CDP star were performed according to the instruction in DIG Application

Manual for Filter Hybridization (Roche Diagnostics, Mannaheim, Germany).

2.4. Bioassay of Ty Transgenic Plants

2.4.1. Evaluation of T¢ Transgenic Tobacco Lines for Resistance to YMV
Rooted wild-type and transgenic plants confirmed by PCR were hardened,
grown in the greenhouse and sap inoculated with YMV. Sap extract was pre-
pared by crushing yam mosaic virus infected yam leaves in inoculation buffer
(0.1 M sodium phosphate buffer, pH 7.5). After 4 weeks, following establishment
of the plants in the greenhouse, the plants were sap inoculated with the YMV sap
extract by gently robbing onto two completely opened young leaves with the
help of carborundum as an abrasive agent [19]. Three days after the first inocu-
lation, another young leaf was cut off at the node. The cut surface on the stem
was inoculated with the YMV sap extract by gently robbing the cut surface with
the extract using cotton bud. In parallel, mock control plants were inoculated
with 0.1 M sodium phosphate buffer only. Inoculated plants were maintained in
a walk-in growth chamber at 24°C. Symptom development was assessed every
alternate day but the final classification was recorded 45 days post inoculation
(dpi) and photographs of the plants taken. The number of plants showing mo-
saic symptoms, plant height and number of leaves per plant showing mosaic
symptoms were also recorded at 45 dpi. Disease symptom severity on fully ex-
panded leaves was recorded on a scale of 0-3 (0, no symptom; 1-mild chlorotic
pattern over entire leaflet; 2-moderate mosaic pattern throughout the leaf, nar-
rowing and distortion of the lower one-third of leaflets; 3-severe mosaic, distor-
tion of two-thirds of the leaflets). Disease index was calculated using the method
described by [15] as follows:

(n, +2n, +3n;)100

D.I=
3(ng +1n, +2n, +3n,)

where D.I is Disease Index, n is the number of leaves in each grade (0-3) with
respect to the symptom severity score. Plants with a disease index of 0% were
considered as immune, those with a disease index < 25% as having high levels of

resistance (HR), those with a disease index of 25.1% - 50.0% as being moderately
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resistant (MR), those with D.I of 50.1 - 75.1 susceptible (S), and those with D.I of
75.1% - 100% as highly susceptible (HS).

2.4.2. Determination of Viral Load by RT-PCR

Total RNA was extracted from uninoculated new leaves that emerged from
plants challenged with YMV using RNAiso Plus kit, TaKaRa (TAKARA BIO
INC. Japan). cDNA was synthesized using PrimScript™ RT reagent Kit contain-
ing gDNA Eraser (Perfect Real Time) by TaKaRa (TAKARA BIO INC. Japan).
The cDNA synthesized was used for RT-PCR to detect the presence of yam mo-
saic virus using the primers YMV-CP_qPCR-F and YMV-CP_qPCR-R (Table
1). Yam ubiquitin gene was used as internal control to check the quality of the
cDNA using the primers Yam_Ubq-F and Yam_Ubq-R (Table 1). The amplified

products were resolved on 1% agarose gel stained with ethidium bromide.

2.5. Northern Blot Analysis of T, Plants for Detection of siRNA
after Virus Challenge

Transgenic T, tobacco lines together with the control plants were analyzed for
siRNA accumulation after challenge with YMV. Small RNAs (<200 bp) were ex-
tracted using ISOGEN II reagent (Nippon Gene). Thirty micrograms of small
RNAs were electrophoresed on a 17% polyacrylamide gel containing 7 M urea
and 10X Tris Borate EDTA (TBE). siRNAs were transferred to Immobilon-NY+
membrane (Millipore Corporation, Billerica, MA, USA) in a semi-dry cell
(Semi-dry blotting apparatus NA-1512, Nippon Eido, Tokyo, Japan) for 1 h at10
V/400 mA and subjected to northern hybridization with a probe obtained by the
in vitro transcription of the YMV-CP gene in the antisense and sense orientation
using T7 RNA polymerase according to DIG Northern Starter Kit Version 10
(Roche) protocol. Prehybridization (30 min) and hybridization (overnight) were
performed at 50°C. Post-hybridization stringency washes and chemiluminescent
detection of siRNA signals using CDP-star were performed following protocols
outlined in the DIG Northern Starter Kit manual (Roche Diagnostic GmbH,

Boehringer Mannheim, Germany).

2.6. Bioassay of T1 Transgenic Plants

2.6.1. Evaluation of T; Transgenic Tobacco Lines

T, candidate seeds were collected from T, plants and germinated in Petri dishes
containing half strength of MS basal salts and vitamins supplemented with 40
mg/L hygromycin for selection, and solidified with 3 g/L gelrite. One week after
germination, the seedlings were transferred to the soil. The seedlings were
screened for the presence of the target transgene and the selectable marker gene
by PCR with the primers YMV-CP5P and YMV-CP3P as well asHyg5Pin and
Hyg3Pin, before being transferred to the greenhouse in bigger pots containing
garden soil. After 4 weeks, following establishment of the plants in the green-
house, they were inoculated with YMV sap extract by gently robbing onto two
completely opened young leaves as earlier described. Symptom development was

assessed every alternate day but the final classification was recorded 45 days post
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inoculation (dpi). Disease symptom severity on fully expanded leaves was rec-

orded and disease indices computed as earlier described.

2.6.2. Determination of Virus Accumulation by qPCR

Total RNA was extracted from un-inoculated new leaves that emerged from
plants challenged with YMV using RNAiso Plus by TaKaRa (TAKARA BIO
INC. Japan). gDNA was eliminated from the total RNA and cDNA was synthe-
sized using PrimScript™ RT reagent Kit with gDNA Eraser (Perfect Real Time).
The cDNA synthesized was used for Real Time RT-PCR to quantify YMV viral
load in both wild-type and T, transgenic yam plants challenged with YMV. Pri-
mers used were: YMV-CP_qPCR-F and YMV-CP_qPCR-R; Ubq-qPCR-F and
Ubq-qPCR-R (Table 1). Real Time PCR was performed on Applied Biosys-
temsStepOne™ and StepOnePlus™ Real Time PCR system (Applied Biosystems
Japan Ltd.) using KOD SYBR® qPCR Mix (TOYOBO Company Limited, Japan).
The relative expression of YMV-CP was calculated after normalization of

YMV-CP expression using ubiquitin as reference gene [29].

3. Results

3.1. RNAIi Vector Construction and Agrobacterium Transformation

In order to express virus-derived dsRNA in tobacco, a construct containing 161
bp DNA fragment of yam mosaic virus coat protein in the sense and antisense
orientation was produced. The 161 bp fragment was derived from a conserved
region between nucleotide 31 and 701 of YMV-CP gene sequences across dif-
ferent strains of YMV. The plasmid, pANDA35HK-YMV-CP contains Apt and
nptll genes for selection of transgenic plants. The YMV-CP gene is regulated by
35 S promoter. To ensure stability of the inverted repeat in Escherichia coli, the
two cDNA fragments were separated by a guslinker spacer sequence. The plas-
mid was mobilized to Agrobacterium tumefaciens strain EHA105 and used for
tobacco transformation. A total of twenty transgenic plants were recovered. The
T-DNA fragment of pANDA35HK carrying the YMV-CP gene in the sense and

antisense orientation is shown in Figure 1.

3.2. Molecular Characterization of Ty Transgenic Tobacco Plants

Tobacco explants were successfully transformed with A. tumefaciens strain
EHA105 harbouring pANDA35HK-YMV-CP, producing transgenic tobacco
lines stably expressing YMV-CP gene. Screening of in vitro T, transgenic tobac-
co plants by PCR showed that 161 bp fragment of YMV-CP (Figure 2(a)), 557
bp fragment of the selectable marker gene (Apf) (Figure 2(b)) and 626 bp frag-
ment of guslinker (Figure 2(c)) were amplified in all transgenic lines, but no
signal was detected in the wild-type plant. To determine the copy number of
the transgene, Southern blot analysis was performed. Result showed transgenic
lines having different hybridization profile, with one, two or three transgene

insert, suggesting that they regenerated from independent transformation event

DOI: 10.4236/ajps.2020.119108

1493 American Journal of Plant Sciences


https://doi.org/10.4236/ajps.2020.119108

E.E. Itaetal

(Figure 3). Northern blot analysis was carried out to detect siRNA in inoculated
wild-type and T, transgenic plants. Results show faint siRNA signals in the

transgenic plants while no signal was detected in the mock inoculated wild-type

plant (Figure 4).
HindIIl BamHI HindIII Xbal HindIII BamHI Sacl
RE I | LB
m HPT |—{ 355 P X(dO-AWA}gus Tinker ||-|YMV—CP NosT —Pp»

Figure 1. T-DNA region of the RNAi vector pANDA35HK-YMV-CP used for tobacco

Kpnl EcoRV EcoRI EcoR1

pANDA35HK-YMV-CP

transformation.

Figure 2. PCR analyses of Ty transgenic tobacco lines expressing dsRNA of YMV-CP
gene. (a) YMV-CP gene (161 bp) fragment; (b) Apt gene (557 bp) fragment; (c) Guslinker
(626 bp) fragment; M = 100 bp DNA Marker, \-HindIII digest/ox174Haelll digest
markers; P, pANDA35HK-YMV-CP plasmid; Wr, Wild type; Mx, No-template control;

M P WMT T,T T T T T, T, T, T, M

a
500 bp (@

100 bp

M P WMT T T, T, T, T, T, T, T, T, M

(b)
872 bp
610 bp

310 bp

Li-Lio, Putative transgenic lines.

Figure 3. Southern blot analysis of genomic DNA from transgenic and wild-type tobacco

WT L1 L2 L3 L4 L5 L6 L7 L8 L9 L10

plants digested with XAol, and hybridized with HPT probe.
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MWT WTC LI L2 L3 L4 L5 L7 L8 L10

siRNA

Loading
control

Figure 4. Northern blot analysis to detect YMV-CP -specific siRNA accumulation in to-
bacco plants after inoculation with YMV. WTC, YMV inoculated wild-type control;
MWT, mock inoculated wild-type; Li-Lio, To transgenic lines.

3.3. Evaluation of To Transgenic Tobacco Lines Inoculated with
YMV

After screening transgenic in vitro plants by PCR and Southern hybridization,
positive lines were selected and transferred to the greenhouse for establishment
and subsequently inoculated with YMV infection sap. Disease symptom severity
on fully expanded leaves was recorded on a scale of 0-3 and disease index calcu-
lated using the method earlier described. When transgenic plants were inocu-
lated with YMYV, line L2 developed no symptoms on inoculated and emerging
new leaves (Figure 5) comparative to the wild-type mock inoculated plants as all
the leaves were grouped under grade 0 severity score (Figure 5), consequently,
their disease indices were 0 and the plants were classified as being immune to
YMV (Table 2) according to the disease rating. The remaining transgenic lines
L3, L2, L5, L7, L8 and T10 developed mild symptoms, which were at a much re-
duced level of severity (grade 1). The disease indices calculated for these lines
were very low (<25%), hence the lines were classified as being highly resistant to
YMV (Table 2). Compared to the transgenic lines, all the emerging new leaves
of the wild-type plants developed a range of symptoms, from mild (grade 1) to
severe (grade 3) (Figure 5), with 97.8% of the new leaves having severe disease
symptoms. The severity of the disease in the wild-type plants produced high
disease indices which was 82.1% upon inoculation with YMV (Table 2). With
the high disease index, the plants were classified as being highly susceptible (HS)
to YMV. Plant height was recorded at 60 dpi. The mock inoculated wild type
plants were significantly taller (P < 0.001) than the inoculated transgenic plants
and the inoculated wild-type plants, with mean plant height ranging from 0.59 +
0.05 m in YMV inoculated wild-type plants to 1.69 £+ 0.03 cm in mock inocu-
lated wild-type (Table 2).

3.4. Detection of YMV by RT-PCR

Wild-type and transgenic T, plants inoculated with YMV were evaluated for vi-
rus accumulation on new un-inoculated leaves by RT-PCR. The result showed
high accumulation of YMV on new un-inoculated leaves of wild-type plants. In
contrast, reduced accumulation of YMV was detected on new un-inoculated

leaves of T, transgenic plants (Figure 6).
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Table 2. Evaluation of T, transgenic and wild-type plants inoculated with YMV under
greenhouse conditions.

Number of Symptoms severity

it:: Plant height plants sh(.Jwing score/No. of leaves Plr::::;rst;c:iri}:) f ' Disease Dis?ase
tested (cm) mosaic per grade disease (%) index (%) rating
symptoms 0123

MWT 1.69° £ 0.03 0 0000 0 NA NA

WTC  0.59°+0.05 7 01242 45/46 (97.8) 82.1 HS
L1 0.98°+ 0.03 1 38600 6/44 (13.6) 4.5 HR
L2 1.32° + 0.07 0 36000 0/36 (0) 0 I
L3 1.09°£ 0.05 3 45300 3/48 (6.3) 2.1 HR
L4 1.05° £ 0.05 1 41300 3/44 (6.8) 2.3 HR
L5 0.844 +0.01 2 29700 7/35 (20.0) 6.5 HR
L7 0.76 + 0.02 4 21900 9/30 (30.0) 10.0 HR
L8 0.81¢ +0.04 1 29900 9/38 (23.7) 7.9 HR
L10 0.75¢ +0.03 2 38600 6/44 (13.6) 4.5 HR

Means with dissimilar lower case letters are statistically different (P < 0.001) on the basis of LSD test. MWT
= mock inoculated wild-type plant; WTC = YMV inoculated wild-type plant; L1-L10 = transgenic lines; NA
= not applicable; HS = highly susceptible; HR = highly resistant; I = immune. Symptom severity grades:
0-no symptom; 1-mild chlorotic pattern; 2-moderate mosaic; class 3-severe mosaic, distortion of the leaf-
lets.

Figure 5. Ex vivo evaluation of resistance against YMV. (a, b, ¢) Wild-type, transgenic
tobacco line 2 and line 10 showing no mosaic symptom 2 days after inoculation with
YMYV; (d) Wild-type control plant showing mosaic symptoms in all emerging leaves 45
after inoculation with YMV; (e) Transgenic tobacco line (line 2) showing complete resis-
tance to YMV 45 days after inoculation with YMV; (f) Transgenic tobacco line (line 10)
showing mild mosaic symptoms 45 days after inoculation with YMV.
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M WTC MWT L, L

2

500 bp

100 bp!

872bp
603 bp

301 bp

Figure 6. RT-PCR analysis of Ty transgenic tobacco lines expressing dsRNA of YMV-CP
gene to determine viral accumulation on new emerging leaves of both wild-type and
transgenic lines after inoculation with YMV. (a) YMV-CP; (b) Yam ubiquitin; WTC,
YMYV inoculated wild-type control; MWT, mock inoculated wild-type; Li-Lio, To trans-
genic lines.

3.5. Evaluation of T1 Transgenic Tobacco Lines Inoculated with
YMV

Following the germination of seeds from the T, transgenic tobacco plants to ob-
tain T, plants, the T, plants were screened for the presence of the target trans-
gene YMV-CP and the selectable marker gene HPT, before they were transferred
to the greenhouse for disease assay (Figure 7). After four weeks of acclimatiza-
tion in the greenhouse, the T, plants were inoculated with YMV infection sap.
Lines L2, L3, L5, L6, L7, L8 and wild-type mock inoculated developed no symp-
toms on inoculated and emerging new leaves as the leaves were grouped under 0
severity score. Consequently, their disease indices were 0 and the plants were
classified as being immune to YMV (Table 3) according to the disease rating.
The remaining transgenic lines, L4 and L10, developed mild symptoms which
were at a much reduced level of severity (grade 1) (Table 3). The disease indices
calculated for these lines were very low (<25%), hence the lines were classified as
being highly resistant to YMV (Table 3). Compared to the transgenic lines, all
the emerging new leaves of the wild-type plants developed a range of symptoms,
from mild (grade 1) to severe (grade 3). When the plants were inoculated with
YMYV, 100% of the new leaves had severe disease symptoms. The severity of the
disease in the wild-type plants produced high disease indices which was 78.2%
upon inoculation with YMV (Table 3). With this high disease index, the plants
were classified as being highly susceptible (HS) to YMV. Plant height was rec-
orded at 60 dpi. Mock inoculated plants were the tallest but they were not sig-
nificantly different (P > 0.05) in height from all the transgenic plants except L4
and L10. The wild-type control plants inoculated with YMV were significantly
shorter (P < 0.01) than all the other plants (0.45 £ 0.02) (Table 3).

3.6. Determination of Virus Accumulation by qPCR in T,
Transgenic Tobacco Lines

Transgenic and wild-type T, tobacco plants inoculated with YMV were eva-
luated for virus accumulation on new un-inoculated leaves by gPCR. The rela-
tive expression of YMV-CP was significantly higher (P < 0.001) in wild-type
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plants, very little or no expression was observed in the transgenic lines (Figure
8).

4. Discussion

The use of plant cultivars resistant to viral attack has been known to be the most
effective strategy to control viral infections. There are various ways to achieve
this, one of which is through genetic engineering. In this study, the main objec-
tive was to silent the coat protein gene of yam mosaic virus by RNAi. In potyvi-
ruses, coat protein has been identified to be responsible for aphid transmission,
cell-to-cell and systemic movement, virus assembly, binding RNA and genome

amplification [30] [31].

M P W, ML L L L L L L L,

500 bp

100 bp

872 bp
603 bp

301 bp

Figure 7. PCR analyses of T: transgenic tobacco lines expressing dsRNA of YMV-CP
gene. (a) YMV-CP gene (161 bp) fragment; (b) Apt gene (557 bp) fragment; M = 100 bp
DNA Marker, \- HindIII digest/@x174 Haelll digest markers; P, pANDA35HK-YMV-CP
plasmid; Wr, Wild type; Mx, Non-template control; Li-Lio, Putative transgenic lines.

1.2

0.8

0.6

0.4

YMV-CP relative expression level

0.2

0 - . - - - - - -
WTC MWT LI L2 L3 L4 L5 L6 L8 L10

Figure 8. qPCR analysis of Titransgenic tobacco lines expressing dsRNA of YMV-CP
gene to determine the relative expression of YMV-CP gene on new emerging leaves after
inoculation with YMV.
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Table 3. Evaluation of T: transgenic and wild-type plants inoculated with YMV under
greenhouse conditions.

P e SIS O e s
tested (cm) mosaic symptoms per grade0123  disease (%) index (%)  rating
MWT  1.02*+0.04 0 0000 0 NA NA
WTC  0.45°+0.02 6 01230 33/33 (100) 78.2 HS
L1 0.98% + 0.04 0 42000 0/42 (0) 0 I
L2 0.93%+0.05 0 46000 0/46 (0) 0 I
L3 0.99% £ 0.07 0 40000 0/40 (0) 0 I
L4 0.77° + 0.06 1 31800 8/39 (20.5) 9.2 HR
L5 0.97* £ 0.08 0 45000 0/45 (0) 0 I
L7 0.92%+0.06 0 39000 0/39 (0) 0 I
L8 1.01* £ 0.02 0 46000 0/46 (0) 0 I
L10 0.80° + 0.09 1 25700 7/32 (21.9) 7.3 HR

Means with dissimilar lower case letters are statistically different (P < 0.001) on the basis of LSD test. MWT
= mock inoculated wild-type plant; WTC = YMYV inoculated wild-type plant; L1-L10 = transgenic lines; NA
= not applicable; HS = highly susceptible; HR = highly resistant; I = immune. Symptom severity grades:
0-no symptom; 1-mild chlorotic pattern; 2-moderate mosaic; class 3-severe mosaic and distortion of the
leaflets.

In this work, RT-PCR and qPCR analyses for the detection of virus on new
leaves of transgenic plants showed that all the transgenic tobacco lines did not
contain significant amount of YMV-CP. Thus, the potential risks of heterolog-
ous encapsidation and recombination of virus are diminished in these plants.
Also, the plants would not be a potential source of virus acquisition by aphids
when tried under field conditions. The propagation of plants that display no
symptoms but carry a high virus load would be undesirable with regards to virus
control under field conditions as such plants would serve as a source of inocu-
lums for subsequent dissemination via aphid [32].

The use of siRNAs, an intermediate in the gene-silencing pathway, has be-
come a powerful tool for down regulation of gene expression, and has been
demonstrated successfully in a wide variety of cells and organisms [33]. It is one
of the most important characteristics of RNA silencing and can be a reliable mo-
lecular marker that is closely associated with viral resistance in transgenic plants
[17] [22]. In the present study, siRNA was detected in transgenic T; tobacco
lines expressing the YMV-CP derived dsRNA, after inoculation with YMV, ex-
cept for mock inoculated wild-type plants; indicating that the resistance was ac-
quired through gene silencing. Six T, transgenic lines showed complete resis-
tance to YMV as no symptoms were spotted even at the inoculated portions,
suggesting that the RNAi construct used is a good candidate for PTGS. In T, and
T, generations of transgenic tobacco plants, some lines and mock inoculated
wild-type plants showed no mosaic symptoms on both inoculated and emerging

new leaves. In these lines, all the new leaves that appeared afterwards were
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symptomless, suggesting the inability of the virus to move from cell-to-cell and
invade new tissues. Also, a few others developed mild symptoms, which were at
a much reduced level of severity. These symptoms were limited to inoculated
and first new emerging leaves. It could be that the complete PTGS process was
not yet fully activated, at least not to levels to fully suppress the systemic move-
ment of the virus. Despite the detection of siRNA in the wild-type plants, they
were highly susceptible to YMV inoculations indicating that YMV was actively
replicating despite PTGS. Several authors have also reported high siRNA levels
in susceptible plants [17] [21] [22] [34] [35]. In the resistant plants, the dsSRNA
transgene provided additional defense mechanism leading to plant recovery. In
the wild-type plant, it seems there was an overlap between the plants suppressing
the virus (via PTGS and possibly other mechanisms) and the virus reacting by
rapid replication and suppression of the host’s silencing mechanism [36] [37]. It
has been reported that to overcome the defense mechanism produced by plants,
certain plant viruses encode proteins that can suppress the RNA silencing.

In both T, and T, plants, there were no differences between the inoculated
transgenic plants and the mock inoculated wild-type plants regarding plant
height recorded at 60 dpi, as the plants grew normally reaching a height of 1m
under the period of study. On the contrary, the inoculated wild-type plants were
relatively stunted measuring about 0.5 m high. This result indicates that the si-
lencing of the CP gene exhibited strong resistance in transgenic plants and did
not affect the agronomic performance of the plants, in line with report by Ntui et
al. [20]. Several viruses have been reported to infect yams including members of
the family Potexviridae; Potyviridae; Bromoviridae; Caulimoviridae [38] [39].
The effectiveness in the induction of resistance to YMV by stable expression of
dsRNA of YMV-CP gene in tobacco can be adopted for the induction of resis-

tance in yams against YMV and other yam viruses.

5. Conclusion

Our results demonstrate that the resistance of tobacco against YMV infection
can be achieved by stable expression of dsSRNA of YMV-CP gene. High level ex-
pression of the YMV-CP gene did not interfere with general performance of the
plants in vitro and under greenhouse conditions. To establish the economic via-
bility of this approach, extensive study of field performance of the transgenic
lines to YMV infection will be necessary. This approach could be also used to
produce yam resistant to YMV, a major virus affecting its productivity and re-

sulting to huge economic losses.
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