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Apple latent spherical virus (ALSV) vectors have been shown to effectively induce stable virus-induced gene
silencing (VIGS) in a wide range of plant species, including rosaceous fruit tree species such as apple (Malus x
domestica Borkh.), pear (Pyrus communis L.), and Japanese pear (P. pyrifolia Nakai). In this study, we attempted
to develop a VIGS-based gene evaluation system for two Prunus fruit tree species, apricot and Japanese apricot,
using ALSV vectors. A partial sequence of the P. armeniaca PHYTOENE DESATURASE (ParPDS) gene was
cloned and ligated into the T-DNA region of a binary vector, pBICAL2, designed based on RNA2 of ALSV. The
resultant pBICAL2-ParPDS was introduced into a disarmed Agrobacterium strain, EHA105. pBICAL1, a binary
plasmid for the expression of ALSV RNALI in plants, was also introduced into EHA105. Leaves of Nicotiana
benthamiana were infected with pBICAL1/EHA105 and pBICAL2-ParPDS/EHA10S simultaneously to produce
and amplify recombinant ALSV particles. The amplified ParPDS-ALSYV in N. benthamiana was isolated and
infected into the cotyledons of apricot and Japanese apricot seedlings by particle bombardment. Although our
attempts to infect wild and recombinant ALSVs into Japanese apricot seedlings were unsuccessful, uniform dis-
coloration of the upper leaves, a typical phenotype of PDS knock down, was observed several weeks after inoc-
ulation in apricot seedlings. We discuss the possible use of this VIGS-based gene evaluation system in Prunus.
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Introduction

Plants have developed several defense mechanisms
against small infectious agents such as viruses and
viroids. RNA silencing is a well-known defense mecha-
nism of plants and prevents virus systemic infection. This
plant intrinsic defense mechanism detects and cleaves
double-stranded RNA that is formed during virus repli-
cation and/or hairpin structures of viral RNA. Cleavage
of double-stranded RNA into small pieces by Dicer-
like (DCL) enzymes generates viral small interfering
RNA (siRNA). The siRNA thus produced is amplified
by RNA-dependent RNA polymerase (RdRP) and DCL
enzymes, and integrated into the RNA-induced silencing

Received; September 3, 2013. Accepted; November 7, 2013.

First Published Online in J-STAGE on December 20, 2013.

This work was supported by Grant-in-Aid (nos. 24248006, 24248007
and 20248004) for Scientific Research (A) from Japan Society for the
Promotion of Science (JSPS) to R.T.

* Corresponding author (E-mail: rtao@kais.kyoto-u.ac.jp).

complex (RISC). The RISC serves as a guide to induce
the degradation of complementary viral RNA systemi-
cally (Mine and Okuno, 2008; Vance and Vaucheret,
2001; Voinnet, 2005; Waterhouse et al., 2001).
Virus-induced gene silencing (VIGS) is a plant gene
analysis tool that was developed from the RNA-based
defense mechanism of plants against viruses. VIGS is
triggered by the infection of viral vectors carrying par-
tial sequences of endogenous plant genes. Plant mRNA
corresponding to the partial sequence carried by the viral
vector is degraded in a homology-dependent manner.
VIGS is a very useful tool for the functional analysis
of genes in plants because knock-down phenotypes of
VIGS target genes can be observed in a relatively short
period, several weeks after inoculation of viral vectors,
without the lengthy transformation steps usually neces-
sary for the Agrobacterium-mediated stable transforma-
tion system (Lu et al., 2003; Purkayastha and Dasgupta,
2009; Senthil-Kumar and Mysore, 2011; Waterhouse and
Helliwell, 2003). Moreover, this method has the poten-
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tial to silence multicopy genes or genes of different plant
species with similar genetic backgrounds (Purkayastha
and Dasgupta, 2009). Because of these advantages, sev-
eral types of viruses have been modified into VIGS vec-
tors and used for the silencing of endogenous genes in
herbaceous model plants and crops such as Arabidopsis
thaliana, Nicotiana benthamiana, Solanum species,
legume species, rice (Oryza sativa L.), wheat (Triticum
aestivum L.), barley (Hordeum vulgare L.), maize (Zea
mays L.), cotton (Gossypium hirsutum L.), and straw-
berry (Fragaria x ananassa) (Bennypaul et al., 2012;
Brigneti et al., 2004; Chai et al., 2011; Constantin et al.,
2004; Ding et al., 2006; Faivre-Rampant et al., 2004; Fu
et al., 2005; Holzberg et al., 2002; Turnage et al., 2002;
Tuttle et al., 2008; Yan et al., 2012; Zhang and Ghabrial,
2006). In contrast, only a few studies on virus vectors
for VIGS in fruit tree species had been reported until
recently, mainly because of the lack of efficient viral
vectors. Furthermore, woody plants are usually more
resistant to virus infections and the mechanical inocu-
lation methods routinely used for herbaceous plants are
not readily applicable to fruit tree species (Yamagishi
et al., 2010; Yanase et al., 1979).

Recently, apple latent spherical virus (ALSV) vectors
have been shown to effectively induce stable VIGS of
endogenous genes in a wide range of plant species includ-
ing not only herbaceous plant species but also rosaceous
fruit tree species, such as apple (Malus x domestica
Borkh.), pear (Pyrus communis L.), and Japanese pear
(P, pyrifolia Nakai) (Igarashi et al., 2009; Sasaki et al.,
2011; Yamagishi and Yoshikawa, 2009). ALSV, which is
classified into the genus Cheravirus, consists of isomet-
ric virus particles ca. 25 nm in diameter, and contains
two ssRNA species (RNA1 and RNA2) and three cap-
sid proteins (Vp25, Vp20, and Vp24) (Li et al., 2000).
Although there have been no reports so far of the appli-
cation of the ALSV vector system to Prunus, it should
be able to be used for VIGS in Prunus because the broad
host range of ALSV includes the subtribe Pyrinae of the
subfamily Spiraeoideae to which Prunus belongs (Potter
et al., 2007). Furthermore, ALSV infects the subfamily
Rosoideae in the Rosaceae (Ito et al., 2012).

Prunus includes many economically important fruit
and nut tree species such as peach (P. persica Batsch),
apricot, Japanese apricot, sweet cherry (P avium L.),
European plum (P, domestica L.), Japanese plum
(P, salicina Lindl.), and almond [P. dulcis (Mill.) D.
A. Webb.]. Characterization of the functions of genes
associated with agriculturally important traits such as
flowering, dormancy, self-incompatibility, fruit quality,
disease resistance, abiotic tolerance, and various other
developmental processes is very important to promote
Prunus breeding. However, Prunus is among the most
recalcitrant species to Agrobacterium-mediated transfor-
mation. There have been only a few reports describing
successful transformations in Prunus (Gao et al., 2010;
Pérez-Clemente et al., 2004; Petri et al., 2008; Ramesh

et al., 2006; Wang et al., 2011). As it is currently difficult
to evaluate gene functions in Prunus, an ALSV-mediated
gene evaluation system might provide an alternative tool
to enable such studies in Prunus.

In this study, we investigated whether a VIGS-based
gene evaluation system using ALSV vectors could be
applied to two Prunus fruit tree species, apricot and
Japanese apricot. ALSV could infect apricot by parti-
cle bombardment. Furthermore, recombinant ALSV
could induce VIGS of the endogenous PDS gene with
no obvious viral symptoms. However, ALSV infection
into Japanese apricot using the same method was unsuc-
cessful. The possible use of the ALSV-mediated VIGS
system for gene function analysis in Prunus species is
discussed.

Materials and Methods

Plant materials and RNA extraction

Seedlings of apricot ‘Heiwa’ and Japanese apricot
‘Nanko’ were grown in a growth chamber under LD
conditions (16/8 h light/dark photoperiod) at 25°C.
Young leaves of the apricot and Japanese apricot seed-
lings were collected, immediately frozen in liquid
nitrogen, and stored at —80°C until use. Total RNA was
extracted from the collected leaves using the hexadecyl-
trimethyl-ammonium bromide (CTAB) method and
cDNA was synthesized as described in Yamane et al.
(2011). Seeds of apricot and Japanese apricot were
rinsed under running tap water overnight, placed on a
layer of filter paper moistened with distilled water in
petri dishes, and germinated under 4°C, dark conditions.
Just after germination, the seedlings were used for viral
inoculation as described below.

Construction of ALSV vectors

We selected the PDS gene as a target for VIGS because
it was one of the most widely used markers of VIGS in
previous studies (Kumagai etal., 1995). Based on nucleo-
tide sequence alignment of PDS genes of apricot (DDBJ/
EMBL/GenBank Acc. No. AY822065) and other woody
plant species, a conserved region of the apricot PDS gene
(ParPDS; 108 bp; Fig. 1A) was amplified from cDNA
from apricot leaves using the primer pair ParPDS-F and
ParPDS-R (Table 1). The RT-PCR products were cloned
into the pGEM-T easy vector (Promega, Madison, WI,
USA) and their DNA sequences were determined using a
CEQ8000 and DTCS Quick Start Master Mix (Beckman
Coulter, Fullerton, CA, USA).

To construct pBICAL1 (Fig.2), an 8-kb fragment
containing ALSV RNA expression cassette was ampli-
fied from pEALSRI (Li et al., 2004) using primers Sall/
pUCI18-R and Clal/nosT-L, which included Sa/l and Clal
sites, respectively (Table 1). The generated PCR product
was digested with Sall and Clal and inserted into the
same sites of pBICP35 (Mori et al., 1991), producing
pBICALL. For pBICAL2 construction (Fig. 2), a 4.5-kb
fragment containing ALSV RNA2 expression cassette



J. Japan. Soc. Hort. Sci. 83 (1): 23-31. 2014 25

(A)

ParPDS GTCTTGCAACTGCAAAATATTTGGCTGATGCAGGTCATAAACCTATCTTACTGGAAGCAA] 397
WwPDS1 GTTTGTCTACTGCAAAATATTTGGCAGATGCAGGTCACAAGCCTATATTGTTGGAAGCAA 421
DkPDS GATTATCAACTGCAAAATATTTGGCAGATGCAGGTCATAAACCTTTATTATTGGAAGCGA 412
PLPDS GTTTATCGACTGCAAAATATTTGGCAGATGCAGGCCATAAGCCTATATTGCTTGAAGCAA 406
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ParPDs [GAGATGTTCTAGGCGGAAAGGTGGCAGCATGGAAAGATAAGGATGGAGACTGGTACGAAA 457
WPDS1 GAGATGTTTTAGGTGGAAAGGTGGCTGCATGGAAAGATGAGGATGGAGACTGGTATGAGA 481
DkPDS GGAATGTTTTAGGTGGAAAGGTGGCTGCTTGGAAAGATGAGGATGGAGACTGGTATGAGA 472
PtPDS GAGATGTTTTAGGTGGAAAGGTGGCTGCATGGAAAGATGACGATGGAGACTGGTACGAGA 466
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NoPDS TTAGATGGTAACCCTCCTGAGAGACTTTGCATGCCGATTGTGGAACATATTGAGTCAAAA] 1014
[GGTGGCCAAGTCAGACTAAACTCACGAATAAAAAAGATCGAGCTGAATGAGIGATGGAAGT 1074
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ParPDs TGAAGGTCGTGATTGCTGGTGCAGGTTTGGCTGGTCTTGCAACTGCAAAATATTTGGCTG| 364
PmPDS ———AGGTCGTGATTGTTGGTGCAGGTTTGGCTGGTCTGGCAACTGCAAAATATCTGGCTG
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ParPDS [ATGCAGGTCATAAACCTATCTTACTGGAAGCAAGAGATGTTCTAGGCGGAAAGGTGGCAG 424
PmPDS ATGCAGGTCATAAACCTATCTTACTGGAAGCAAGAGATGTTCTRGGCGGAAAGGTGGCAG

t

ParfDS [CATGGAAAGATAAGGATGGAGACTGGTACIGAAACAGGCCTCCATATCCTCTTTGGGGCTT 484
PmPDS CATGGAAAGATAAGGATGGAGACTGGTACGAAACAGGCCTGCATATCTTCTTTGGGG-——
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Fig. 1. Nucleotide sequences of the plant PDS genes used in this
study. Numbers on the right side represent the nucleotide posi-
tion from the start codon in the CDS of each gene. Asterisks
indicate identical nucleotides. (A) Multiple alignment of nucle-
otide sequences of PDS orthologs of several woody plant spe-
cies. The Prunus armeniaca PDS (ParPDS) region used for
construction of pBICAL2-ParPDS is boxed. The sequence data
used were ParPDS (AY822065), Vitis vinifera PDS1 (VvPDSI;
JQ319635), persimmon (Diospyros kaki) ‘Xiao Fang Shi” PDS
(DkPDS; GU112527) from the GenBank/EMBL/DDBJ data-
base, and poplar (Populus trichocarpa) predicted PDS (PtPDS;
XM _002321068) from a NCBI reference sequence. (B) The
nucleotide sequence of Nicotiana benthamiana PDS (NbPDS;
EU165355). The NbPDS region used for construction of
pBICAL2gsPDS is boxed. (C) Alignment of nucleotide se-
quences of ParPDS and Prunus mume PDS (PmPDS). The
ParPDS region used for construction of pBICAL2-ParPDS is
boxed. Arrows indicate the SNPs between ParPDS and PmPDS.
R indicates A or G.

was amplified from pEALSR2L5RS (Li et al., 2004)
using primers Sall/pUCI18-R and Clal/nosT-L (Table 1).
The generated PCR product was digested with Sa/l and
Clal and inserted into the same sites of pBICP35, pro-
ducing pBICAL2.

To construct ALSV vectors carrying the partial
sequence of ParPDS, the cloned DNA sequence was
amplified by PCR with PrimeSTAR GXL DNA poly-
merase (Takara Bio, Shiga, Japan) using the primer pair
ParPDS-Xhol-F and ParPDS-BamHI-R, which included
Xhol and BamHI sites, respectively (Table 1). The PCR
products were double-digested with Xhol and BamHI
and ligated in frame with the coding sequences for the
movement and Vp25 capsid proteins flanking the clon-

ing site of pPBICAL2 digested with the same enzymes.
The resultant construct, designated pBICAL2-ParPDS
(Fig. 2), was introduced into a disarmed Agrobacterium
strain, EHA105, by electroporation using electrocom-
petent EHA105 cells produced by a standard technique
using 10% (w/v) glycerol and a MicroPulser electro-
porator (BIO-RAD, Hercules, CA, USA). pBICALI1 and
pBICAL2 were also introduced separately into EHA105.

To construct ALSV vectors carrying the par-
tial sequence of the N. benthamiana PDS (NbPDS)
gene, 102-nucleotide partial fragment of NbPDS
(Fig. IB) was amplified from cDNA derived from
N. benthamiana RNA using primers NtPDS110Xhol/R
and NtPDS211BamHI/L, which included Xhol and
BamHI sites, respectively (Table 1). The fragment was
digested with Xhol and BamHI and inserted into the same
sites of pEAL2SR2L5RS, producing pEALSR2gsPDS.
A 4.6 kb-fragment containing ALSV RNA2 expression
cassette was amplified from pEALSR2gsPDS using
primers Sall/pUC18-R and Clal/nosT-L (Table 1). The
generated PCR product was digested with Sa/l and Clal
and inserted into the same sites of pBICP35. The resul-
tant construct, designated pPBICAL2gsPDS (Fig. 2), was
introduced into EHA105.

Comparison of PDS sequences of apricot and Japanese

apricot

It has been reported that more than 23 successive
nucleotides with 100% sequence identity to the target
gene are necessary for VIGS (Purkayastha and Dasgupta,
2009). As apricot and Japanese apricot have similar ge-
netic backgrounds, ALSV vectors for VIGS of ParPDS
could be applicable for the silencing of Japanese apricot
PDS (PmPDS). To confirm this, we determined the
nucleotide sequence of the PmPDS region correspond-
ing to the partial sequence of ParPDS used for the con-
struction of pBICAL2-ParPDS. RT-PCR was per-
formed with cDNA from Japanese apricot leaves using
the primer pair PrunusPDS-insert-F and PrunusPDS-
insert-R (Table 1). PCR amplification was performed
with a program of 95°C for 3 min followed by 35 cycles
0f 95°C for 20 sec, 60°C for 15 sec, and 72°C for 45 sec.
After alkaline phosphatase and exonuclease treatment,
direct sequencing of the PCR products was performed
using a CEQ8000 and DTCS Quick Start Master Mix
(Beckman Coulter).

Amplification of ALSV vectors in N. benthamiana

N. benthamiana plants were used to produce and
amplify wild-type (wt) and recombinant ALSV parti-
cles. They were grown under 16 h LD conditions at 25°C
for about 10 days after sowing, and then grown under
16 h LD conditions at 23°C. Young seedlings 17-21
days after germination (3—4 leaf stage; Fig. 3A) were
used for Agrobacterium-mediated viral inoculation.
Leaves of N. benthamiana were simultaneously inocu-
lated with pBICAL1/EHA105 and pBICAL2/EHA105,
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Table 1.

Primer sequences used in this study.

Primer name Sequence (5-3')*

Usage

ParPDS-F ACTGCAAAATATTTGGCTGATG

ParPDS-R GTACCAGTCTCCATCCTTATCTTTC
Sall/pUC18-R GGGGGTCGACGGTTTTCCCAGTCACGACGTTG
Clal/nosT-L GGGATCGATCTAGTAACATAGATGAC

ParPDS-Xhol-F
ParPDS-BamHI-R
NtPDS110Xhol/R
NtPDS211BamHI/L
PrunusPDS-insert-F
PrunusPDS-insert-R

AGCTCGAGAACCCTCCTGAGAGAGACTT
GAGGATCCCTCATTCAGCTCGATCTT
CTTCCACTTTCCGAGCCTCT
ACCAAGCTCACCAAACAGGT

ALSV-F CTTCTAGTTTGCATAGATCTGACCCA
ALSV-R TTTCAAGAGTTCTCCCCCATAAGATT
ParPDS-real-F GGATGAGGAAACAGGGCATA
ParPDS-real-R CCTGAAGGAATCGGTTCAAA
PavUbi-F CGAACCCTAGCCGATTACAA
PavUbi-R AGTGGTTCGCCATGAAAGTC

ATATACTCGAGACTGCAAAATATTTGGCTGATG
TATATGGATCCGTACCAGTCTCCATCCTTATCTTTC

Cloning of partial sequence of ParPDS

Cloning of partial sequence of ParPDS

Construction of pBICAL1, pBICAL2 and pBICAL2gsPDS
Construction of pBICAL1, pBICAL2 and pBICAL2gsPDS
Construction of pBICAL2-ParPDS

Construction of pBICAL2-ParPDS

Construction of pEALSR2gsPDS

Construction of pEALSR2gsPDS

Comparison of PDS sequences of apricot and Japanese apricot
Comparison of PDS sequences of apricot and Japanese apricot
RT-PCR for ALSV detection

RT-PCR for ALSV detection

RT-PCR for expression analysis of ParPDS

RT-PCR for expression analysis of ParPDS

Reference of RT-PCR analysis

Reference of RT-PCR analysis

% Restriction sites for Sall, Clal, Xhol, and BamHI are underlined.

pBICALL PRO-co

QG QIG

pBICAL2 42KP

LB

pBICAL2-ParPD5
pBICAL2gsPDS

Vp25

Xhol-Smal-BamH1

RE
QIG EIG
Vp20

RB

Vp20 | Vp24

VIGS-target genes (ParPDS or NbPDS)

Fig. 2.

Schematic representations of the T-DNA regions of ALSV constructs used in this study. pPBICAL1 and pBICAL2 were designed for the

expression of ALSV RNAT1 and RNA2, respectively, under the control of CaM V35S promoter sequence. Partial sequences of the VIGS target
genes (ParPDS and NbPDS) were inserted between the coding sequences of 42KP and Vp25 using Xkol and BamHI restriction sites. LB, left
border; P35S, Cauliflower mosaic virus 35S promoter; PRO-co, protease cofactor; HEL, NTP-binding helicase; C-PRO, cysteine protease;
POL, RNA polymerase; Tnos, nopaline synthase terminator; RB, right border; 42KP, 42K movement protein; Vp25, Vp20, and Vp24, capsid

proteins.

or pBICAL1/EHA105 and pBICAL2-ParPDS/EHA105,
using toothpick. Frozen stocks of EHA105 harboring
each plasmid were added separately to about 200 uL LB
liquid medium. The suspensions were incubated for 2-3 h
at 28°C and spread on LB agar plates with an appropriate
antibiotic. After incubation for 1-2 days at 28°C, fresh
colonies of pPBICAL1/EHA105 and pBICAL2/EHA105,
or pBICAL1/EHA105 and pBICAL2-ParPDS/EHA105,
were suspended together in 100 uL of 10 mM MgCl,
containing acetosyringone (100 pg-mL™). The suspen-
sions were kept at 23°C for 3—4 h. The tip of a sterilized
toothpick was dipped in the suspension and inserted into
N. benthamiana leaves. Four to six inoculations were
made at different points on each leaf of 17-21 days old
young N. benthamiana plants (Fig. 3A). The inoculated
plants were grown under 16 h LD conditions at 23°C.
pBICAL1/EHA105 and pBICAL2gsPDS/EHA105 were
also infected into N. benthamiana because chlorosis of
upper leaves, a phenotype of PDS gene silencing caused

by the amplification of NbPDS-ALSV, could be used as
a good indicator to estimate the movement and amplifi-
cation of wtALSV and ParPDS-ALSV.

Successful viral infection was determined by the micro-
tissue direct RT-PCR method 2-3 weeks post inocula-
tion (wpi) according to Hosokawa et al. (2006) with
slight modifications. PCR amplification was performed
with a program of 32 cycles of 95°C for 20 sec, 58°C for
15 sec, and 72°C for 45 sec with an initial heating at 95°C
for 3 min using the primer pair ALSV-F and ALSV-R
(Table 1) corresponding to nucleotide positions 1396—
1421 and 1573-1598 of ALSV RNA2 (AB030941),
respectively. This primer pair was designed to amplify
the region containing the cloning site to confirm the exis-
tence of inserted sequences in ALSV RNA2. Young upper
leaves and stipules of infected N. benthamiana were col-
lected, stored at —80°C, and used for the extraction of
total RNA to be used as an inoculum.
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Fig.3. Production and amplification of ALSV vectors in
N. benthamiana. (A) Agrobacterium-mediated viral inoculation
into N. benthamiana using a toothpick. (B) N. benthamiana
infected with NbPDS-ALSV (left) and a healthy control plant
with no viral inoculation (right) (30 dpi). (C) Tissue blot analysis
of a silenced white leaf infected with NbPDS-ALSV (left) and
a healthy leaf with no viral inoculation (right). (D) Tissue blot
analysis of leaves infected with ParPDS-ALSV (above the bro-
ken line) and wtALSV (below the broken line).

Viral inoculation to apricot and Japanese apricot seed-
lings

Total RNA containing amplified wtALSV or ParPDS-
ALSYV was isolated from infected N. benthamiana using
TRIzol reagent (Life Technologies Japan, Tokyo, Japan),
purified by phenol/chloroform extraction, and used for
inoculation of apricot and Japanese apricot seedlings
by particle bombardment, essentially as described in
Yamagishi et al. (2010). Briefly, 8 mg gold particles
(0.6 um in diameter; BIO-RAD) were sonicated in 50 pL
RNase-free water for at least 1 min using Ultrasonic
Cleaner SU-27TH (Sibata Scientific Technology, Tokyo,
Japan). Then, 50-100 uL of RNase-free water con-
taining 200 ug total RNA extracted from infected
N. benthamiana was added to the gold particle suspen-
sion with continuous vortex mixing. After mixing, a
1/10 volume of 5 M ammonium acetate and twice the
volume of isopropyl alcohol was added to precipitate
the RNA. The mixture was kept at —20°C for at least 1 h.
After removing the supernatant, the gold particles
coated with total RNA were washed with 1 mL dehy-
drated 99.5% ethanol three times to remove water, and
resuspended in 2.4 mL dehydrated 99.5% ethanol. The
suspension was used to coat the inside of a plastic tube
(50 cm) with gold particles according to the manufac-
turer’s instructions. The gold-coated tubing was cut into
pieces (1.25 cm), each of which contained 5 pg total
RNA, and used for biolistic inoculation.

The seed coats were gently removed from apricot and
Japanese apricot seedlings just after germination and
the cotyledons were bombarded (Fig. 4A, B) with gold
particles coated with total RNA at a pressure of 280—
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Fig. 4. Apricot and Japanese apricot seedlings infected with ALSV
vectors. (A) An apricot seedling and (B) Japanese apricot seed-
lings just after germination used for viral inoculation by parti-
cle bombardment. (C) Leaf discoloration along the veins of the
upper leaves of apricot seedlings infected with ParPDS-ALSV
(19 dpi). (D) An apricot seedling infected with ParPDS-ALSV
(left) and a healthy plant with no viral inoculation (right)
(30 dpi). (E) An apricot seedling infected with wtALSV (36 dpi).

300 psi using a Helios Gene Gun system (BIO-RAD).
Bombardments were performed four and three times on
each side of the cotyledons of apricot and Japanese apri-
cot, respectively. After acclimatization in the dark at 4°C
and 100% relative humidity, the inoculated seedlings
were planted in soil and grown in a growth chamber
under 16 h LD conditions at 25°C.

RT-PCR analysis

Total RNA was extracted from the upper leaves of
inoculated apricot and Japanese apricot seedlings by
a small-scale CTAB method according to Sasaki et al.
(2011) with slight modifications. cDNA was synthesized
using 500 ng total RNA with ReverTra Ace qPCR RT
Master Mix with gDNA Remover and random prim-
ers (TOYOBO, Osaka, Japan). cDNA equivalent to the
amount synthesized from 5 ng total RNA was used as
a template for RT-PCR analysis. RT-PCR for detection
of ALSV was carried out using the same primer pair
and PCR program that were used for virus detection in
N. benthamiana. Semi-quantitative RT-PCR analysis of
mRNA levels of the PDS gene was performed using the
primer pair ParPDS-real-F and ParPDS-real-R (Table 1)
and a PCR program consisting of 32 cycles of 95°C for
20 sec, 60°C for 15 sec, and 72°C for 45 sec with ini-
tial heating at 95°C for 3 min. The PCR products were
electrophoresed on a 1% (w/v) agarose gel, stained with
ethidium bromide, and detected using a UV illumina-
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tor. In addition, real-time RT-PCR with the same primer
pair was conducted using SYBR Green Master Mix and
a LightCycler 480 (F. Hoffmann-La Roche AG, Basel,
Switzerland). This PCR was performed with a pro-
gram of 95°C for 5 min followed by 45 cycles of 95°C
for 10 sec, 60°C for 20 sec, and 72°C for 1 sec. Gene-
specific amplification was confirmed by melting curve
analysis. Three technical replicates were performed. As
a reference, the UBIQUITIN gene-specific primer pair
PavUbi-F and PavUDbi-R (Yooyongwech et al., 2008;
AF298826; Table 1) was used for RT-PCR and real-time
RT-PCR analyses.

Tissue blot analysis

The distribution of ALSV in the leaves of inoculated
N. benthamiana and apricot seedlings was confirmed by
tissue blot analysis as described previously (Yamagishi
et al., 2009) using a DIG-labeled RNA probe comple-
mentary to ALSV RNA2.

Results and Discussion

Efficient amplification of ALSV vectorsin N. benthamiana

In the original method (Li et al., 2004), ALSV vectors
for particle bombardment were produced and amplified
in Chenopodium quinoa by mechanically inoculating
infectious cDNA clones designed from ALSV RNAI1
and RNA2. In this study, we used N. benthamiana to
amplify ALSV vectors more efficiently. The use of
N. benthamiana made it possible to avoid the time-
consuming inoculation step that was necessary for the
original viral amplification method with C. quinoa.
Using modified binary Ti-plasmids with CaMV35S
promoter sequence (Fig. 2), agroinfection became pos-
sible. When Agrobacterium tumefaciens strains pBI-
CAL1/EHA105 and pBICAL2gsPDS/EHA105 were
inoculated using a toothpick, a uniform photo-bleached
phenotype, which is a typical symptom of VIGS of the
NDPDS gene, was observed in the upper leaves of almost
all inoculated plants 2—-3 wpi, as described previously
(Igarashi et al., 2009; Fig. 3A, B). Using this pheno-
typic change as an indicator of viral amplification, direct
microtissue RT-PCR and tissue blot analyses were per-
formed to confirm the systemic infection of wWtALSV
or ParPDS-ALSV in N. benthamiana inoculated with
pBICAL1/EHA105 and pBICAL2/EHA105, or
pBICAL1/EHA105 and pBICAL2-ParPDS/EHA10S.
When RT-PCR of the upper leaves was conducted using
ALSV RNA2-specific primers, almost all inoculated

plants produced 251-bp and 353-bp PCR fragments
corresponding to wtALSV and ParPDS-ALSV, respec-
tively (data not shown). Although Igarashi et al. (2009)
indicated that ALSV vectors carrying a partial sequence
of the PDS gene longer than 300 bp lost their insert
sequences 30—40 days post inoculation (dpi) in tobacco
plants, such loss of inserted sequences was not observed
in our experiments for N. benthamiana plants infected
with NbPDS-ALSV and ParPDS-ALSV. The shorter
length of partial PDS gene sequences used in this study
(102 bp of NbPDS and 108 bp of ParPDS) could explain
the different results obtained in our study and by Igarashi
et al. (2009). Tissue blot analysis of inoculated plants
using a DIG-labeled RNA probe complementary to
ALSV RNA?2 indicated that ALSV was accumulated
uniformly in the upper leaves (Fig. 3C, D). These results
suggested that N. benthamiana was successfully infected
with ALSV vectors by Agrobacterium-mediated viral
inoculation using a toothpick, which could offer an easy
and fast way to produce and amplify ALSV vectors for
particle bombardment.

Infection of apricot and Japanese apricot seedlings with

ALSV vectors

The infection rates of ALSV for apple, pear, Japanese
pear, and soybean [Glycine max (L.) Merr.] were
reported to be almost 100% when ALSV RNAs were
introduced into the cotyledons of seedlings just after
germination by particle bombardment (Sasaki et al.,
2011; Yamagishi and Yoshikawa, 2009; Yamagishi et al.,
2010). As very high infection efficiencies were obtained
with apple, pear, and Japanese pear, we followed these
methods to inoculate apricot and Japanese apricot.
Total RNA isolated from N. benthamiana infected with
wtALSV and ParPDS-ALSV was used to coat gold par-
ticles, and the cotyledons of apricot and Japanese apricot
seedlings just after germination were bombarded with
these gold particles using a helium gun (Fig. 4A, B).
RT-PCR with ALSV RNA2-specific primers produced
PCR fragments corresponding to wtALSV (251 bp) and
ParPDS-ALSV (353 bp) for the upper leaves 2—3 wpi in
2 of 12 seedlings infected with wtALSV (16.7%) and in
5 of 45 seedlings infected with ParPDS-ALSV (11.1%),
respectively (Table 2; Fig. 5). Apricot seedlings infected
with WtALSV exhibited no obvious virus infection
symptoms and showed normal growth comparable to
healthy plants with no viral infection (Fig. 4D, E). These
results suggested that ALSV vectors could be effectively

Table 2. Infection rates of ALSV vectors into apricot and Japanese apricot seedlings.

Plant species Virus vector Number of infec-t od/ Infection rate (%)
inoculated seedlings
Apricot (P. armeniaca) wtALSV 2/12 16.7
ParPDS-ALSV 5/45 11.1
Japanese apricot (P. mume) wtALSV 0/10 0
ParPDS-ALSV 0/25 0
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used to evaluate gene functions in apricot because viral
symptoms often hinder the correct evaluation of pheno-
typic changes caused by silencing of the VIGS-target
gene. Conversely, we detected neither wtALSV nor
ParPDS-ALSV from the leaves of 10 and 25 Japanese
apricot seedlings infected with these virus vectors,
respectively (Table 2). This result may indicate that
species- or cultivar-dependent ALSV susceptibility dif-
ferences exist in Prunus. As we only used seedlings from
a single cultivar each of apricot and Japanese apricot,
it is unclear whether the differential susceptibility was
dependent on species or cultivar. In either case, we need
to consider genotype-dependent variation in ALSV sus-
ceptibility when the ALSV vector system is used to eval-
uate gene functions in Prunus.

VIGS of the PDS gene in apricot

The PDS gene encodes a key enzyme in the carot-
enoid biosynthesis pathway and carotenoid pigments are
essential for the protection of chlorophyll from photo-
oxidation (Bartley and Scolnik, 1995). Because inhi-
bition of the PDS gene leads to rapid degradation of
chlorophyll and results in a photo-bleached phenotype
in plants, it is widely used as a visible marker of VIGS
(Kumagai et al., 1995).

Sequence analysis revealed that the partial sequence
of ParPDS inserted into the ALSV construct contained
more than 23 successive nucleotides with 100% identity
to PmPDS (Fig. 1C). Thus, we targeted the PDS gene
for VIGS in apricot and Japanese apricot using the same
ALSYV vector, ParPDS-ALSV.

Of the 45 apricot and 25 Japanese apricot seed-
lings bombarded with ParPDS-ALSV, 5 apricot and 0
Japanese apricot seedlings were successfully infected
with ParPDS-ALSYV (Table 2). Uniform discoloration of
the upper leaves, a typical phenotype of PDS gene knock
down, was observed in all infected apricot seedlings
2-3 wpi (56 leaf stage; Fig. 4D). The discoloration first
appeared along the veins of the upper leaves (Fig. 4C)
and then spread to the whole area of newly generated

WT WT
1 2

W1 W2 W3 H1l H2 H3 N PP PW
ALSV

PDS

UBIQUITIN

Fig. 5. Semi-quantitative RT-PCR analysis of ALSV RNA2, PDS,
and UBIQUITIN genes in the leaves of apricot seedlings infected
with ALSV vectors. The infection of wtALSV and ParPDS-
ALSYV was confirmed by PCR fragments corresponding to 251
and 353 bp, respectively. The UBIQUITIN gene was used as a
reference. W1-3, silenced white leaves infected with ParPDS-
ALSV; H1-3, healthy leaves with no viral inoculation; WT1-2,
leaves infected with wtALSV; N, distilled water (negative
control); PP, pBICAL2-ParPDS (positive control for ParPDS-
ALSV); PW, pBICAL2 (positive control for wtALSV). Each
number represents leaves from independent seedlings.

leaves (Fig. 4D). Tissue blot analysis was performed to
confirm the systemic infection of ALSV in these photo-
bleached leaves because RT-PCR analysis could check
virus infection of only a small part of leaves. The result
showed that ALSV was accumulated uniformly in
silenced upper leaves (Fig. 6).

The infected seedlings exhibited slightly stunted
growth, which could have been caused by the inhibition
of photosynthesis, and stopped growing within 3 months
post inoculation (16—18 leaf stage). The silenced pheno-
type persisted throughout plant growth. However, photo-
bleached unfolded upper leaves occasionally turned yel-
low or light green later in their development (data not
shown). Similar results were observed in rose, in which
PDS-silenced photo-bleached leaves turned green, and
then newly developed leaves showed a photo-bleached
phenotype (Ito et al., 2012). Although ALSV vectors
containing the insert sequence were detected by RT-PCR
from leaves showing this “recovery phenotype” (data
not shown), the efficiency of VIGS may have declined
because of reduced virus concentration or other environ-
mental factors. In fact, it has been reported in previous
studies that some growth conditions such as temperature
or humidity affect the efficiency or stability of silencing
(Chellappan et al., 2005; Fu et al., 2006; Tuttle et al.,
2008).

——"

Fig. 6. Tissue blot analysis of a leaf from an apricot seedling infected
with ALSV vectors. Discoloration of a leaf infected with
ParPDS-ALSV (left) and a healthy leaf with no viral inoculation
(right). Upper and lower pictures are of the same leaves.
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Fig. 7. Real-time RT-PCR analysis for mRNA levels of the PDS gene
in the leaves of apricot seedlings infected with ALSV vectors.
mRNA levels are shown as relative values against those of the
UBIQUITIN gene. For the abbreviations used in each lane, see
the legend of Figure 5. Vertical bars represent = SD (n = 3).

Relative mRNA level
(PDS/UBIQUITIN)

We further investigated the amount of PDS-mRNA
in the leaves of apricot seedlings infected with ParPDS-
ALSV by semi-quantitative RT-PCR and real-time
RT-PCR analysis to confirm that the discoloration of
leaves was caused by silencing of the PDS gene. Semi-
quantitative RT-PCR indicated that the amount of PDS
transcripts in the photo-bleached leaves of apricot seed-
lings infected with ParPDS-ALSV was considerably
decreased compared with the seedlings infected with
WtALSV or healthy, uninoculated seedlings (Fig. 5).
Real-time RT-PCR also indicated that the amount of
PDS-mRNA was distinctly reduced in silenced white
leaves (Fig. 7). These results collectively suggested that
ALSV vectors could successfully induce VIGS of the
PDS gene. ALSV-mediated VIGS should therefore be a
useful tool for the evaluation of endogenous gene func-
tions in apricot.

The results obtained in this study, however, raise sev-
eral issues that need to be addressed before gene func-
tions in apricot and other Prunus fruit tree species can
be effectively assessed using ALSV-mediated VIGS.
First, the infectivity of ALSV could vary with species
or cultivar in Prunus. We need to select the right spe-
cies or genotypes for ALSV-mediated gene functional
analysis. Second, the efficiency of ALSV infection into
apricot using particle bombardment was low compared
with ALSV infection into apples and pears (Sasaki et al.,
2011; Yamagishi et al., 2010). Although this could be
also related to genotype differences, we need to optimize
infection methods and plant growth conditions after
inoculation. Third, the stability of the virus or VIGS has
yet to be determined fully. Finally and most importantly,
we also need to develop an ALSV infection system for
adult plant materials so that we can test gene functions
in reproductive organs. Further studies are needed before
we can fully utilize the VIGS-based gene evaluation sys-
tem for Prunus using ALSV vectors.
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