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Abstract Downy mildew is a highly destructive disease in
grapevine production. A gene encoding pathogenesis-related
(PR) thaumatin-like protein was isolated from the downy
mildew-resistant grapevine “Zuoshan-1,” a clonal selection
from wild Vitis amurensis Rupr. The predicted thaumatin-
like protein (VaTLP) has 225 amino acids and it is acidic, with
a calculated isoelectric point of 4.8. The full length of the
VaTLP gene was transformed into somatic embryogenic calli
of V. vinifera ‘Thompson Seedless’ via Agrobacterium
tumefaciens. Real-time RT-PCR confirmed that the VaTLP
gene was expressed at a high level in the transgenic grape-
vines. Improved resistance of the transgenic lines against
downy mildew was evaluated using leaf disks and whole
plants inoculated with Plasmopara viticola, the pathogen
causing grapevine downy mildew disease. Bioassay of the
pathogen showed that both hyphae growth and asexual repro-
duction were inhibited significantly among the transgenic
plants. Histological analysis also confirmed this disease
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resistance by demonstrating the inhibition and malformation
of hyphae development in leaf tissue of the transgenic plants.
These results indicated that the accumulation of VaTLP could
enhance resistance to P. viticola in transgenic ‘Thompson
Seedless’ grapevines.
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Introduction

Downy mildew (DM), caused by oomycete Plasmopara
viticola, is one of the most devastating diseases of grapes
growing under warm and humid conditions, leading to de-
creases in yield and quality. The propagation of P. viticola
consists of sexual and asexual sporulated stages. The asexual
cycle begins in the summer when the germinated oospores
penetrate the stomata via germ tubes, enter the mesophyll
tissue, and form an intercellular hyphal network (Kiefer
et al. 2002). Sporangiophores then emerge and asexually pro-
duce sporangia and zoospores in the susceptible grapevines.
Sexual sporulation produces diploid oospores in host tissues
during the autumn (Koch and Slusarenko 1990; Stark-Urnau
et al. 2000). Vitis vinifera grapes are highly susceptible to
downy mildew, while resistant sources are identified in
Oriental and North American Vitis species (Yu et al. 2012).
Integration of the resistance traits into V. vinifera grape culti-
vars by conventional breeding is limited due to the highly
heterozygous nature and long vegetative growth cycle of
grapevines and disruption of the desired phenotype for varie-
ties especially used in wine production. Genetic engineering,
as an alternative tool, has been used to introduce resistance
genes through Agrobacterium-mediated transformation
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without altering the essential characters of the cultivar in ques-
tion (Maghuly et al. 2006; Fan et al. 2008).

Plants can trigger complex defense mechanisms, including
induction of pathogenesis-related (PR) genes, to counter the
attack of pathogen. PR proteins are induced by pathogens,
chemical elicitors, or, in some instances, environmental stress-
es. Overexpression of one or more PR proteins can delay
disease development (Hammond-Kosack and Jones 1996).
Thaumatin-like proteins (TLPs) share sequence similarity
with thaumatin (Velazhahan et al. 1999), a sweet-tasting pro-
tein from Thaumatococcus daniellii (Benth.) (Van der Wel and
Loewe 1972). TLPs belong to pathogenesis-related (PR) pro-
tein family 5 due to their inducible expression by pathogen/
pest attack (Christensen et al. 2002; van Loon et al. 2006). PR-
5 proteins are reported to have antifungal properties (Roberts
and Selitrennikoff 1990; Abad et al. 1996; Cheong et al.
1997). PR proteins are secreted through the plasmalemma
and present in intercellular spaces (Wagih and Coutts 1981).
The mechanism of anti-oomycete activity by PRS protein is
likely based on f3-1,3-glucan binding and endo-{3-1,3-
glucanase activity (Abad et al. 1996; Grenier et al. 1999;
Roberts and Selitrennikoff 1990; Trudel et al. 1998). The ex-
tracellular PR5 proteins from barley and pea plants bind to
water-insoluble (3-1,3-glucans (Trudel et al. 1998) and six
other PR5 proteins are also found to be active against
carboxymethyl pachyman (Grenier et al. 1999). Unlike fila-
mentous fungi that have a chitin-glucan cell wall, oomycetes
can be regarded as cellulosic microorganisms because their
cell walls contain little or no chitin but are rich in (3-1,3-glucan
polymers and cellulose (Zevenhuizen and Bartnicki-Garcia
1968). It is predicted they will not be detected by the plant’s
chitin-fragment surveillance system, nor will they be affected
by chitinases, but can be detected by (3-1,3-glucanases secret-
ed by the plant. These components of the cell wall could be
involved in PR5 protein-oomycete interactions (Grenier et al.
1999; Trudel et al. 1998).

TLPs are expressed in different plant tissues, such as pistils,
fruits, and seeds (Neale et al. 1990). They are also accumulat-
ed in fruit during ripening (Vu and Huynh 1994; Fils-Lycaon
et al. 1996; Barre et al. 2000; Tattersall et al. 1997; Pocock
et al. 2000). TLPs are induced by pathogen, abiotic stresses
(cold, drought and salinity), wounding, and plant hormones
(Liu et al. 2010). Other observations suggest that some TLPs
may be involved in physiological processes, such as organ-
specific or development-dependent patterns, other than vari-
ous environmental stresses (Regalado and Ricardo 1996;
Skadsen et al. 2000; Van Damme et al. 2002; Sassa et al.
2002). The roles of TLPs in host defense have been tested in
transgenic overexpression or in vitro antifungal activity (Liu
etal. 2010).

In grapevine, TLPs from V. vinifera ‘Moscatel’ have been
reported to display a strong antifungal activity against
Uncinula necator (powdery mildew), Phomopsis viticola
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(dead-arm), and Botrytis cinerea (noble rot) in vitro
(Monteiro et al. 2003). A TLP (VVTL-1) from V. vinifera
‘Chardonnay’ significantly inhibits in vitro spore germination
and hyphae growth of Elsinoe ampelina (Jayasankar et al.
2003). When this VVTL-1 gene was transferred to susceptible
V. vinifera ‘“Thompson Seedless,” the overexpressed transgen-
ic vines showed resistance to anthracnose and powdery mil-
dew (Dhekney et al. 2011). The objective of this research was
to isolate and characterize the VaTLP gene from ‘Zuoshan-1,’
a downy mildew-resistant clonal selection from a wild
V. amurensis grapevine and to determine its potential roles
against downy mildew disease in susceptible grapevines.

Materials and methods
Plant and pre-embryogenic calli cultivation

Grapevines of V. amurensis ‘Zhuoshan-1" and V. vinifera
‘Thompson Seedless’ were grown in the Shangzhuang
Agricultural Experimental Station, China Agricultural
University, Beijing, China. Pre-embryogenic calli of
‘Thompson Seedless’ originated from anther culture was pro-
vided by the Transformation Facility of the University of
California, Davis, USA.

Inoculation of P. viticola and assessment of TLP expression
levels

One-year-old ‘Zuoshan-1" and ‘Thompson Seedless’ seed-
lings were grown in the greenhouse under a 16-h light/8-h
dark photoperiod at 25 °C, 85% relative humidity. The DM
inoculation operation procedure has been established and used
in our lab (Wu et al. 2010). The fourth unfolded leaf from the
shoot apex was harvested from each of the three vines, and the
three leaves were combined to represent one replicate. Three
independent replicates were collected for each sample. The
infected leaves were collected at 0, 8, 12, 24, 48, and 96 h
post-inoculation (hpi). Control samples were harvested from
water-treated leaves incubated under the same conditions.
Total RNA was isolated from the samples mentioned above
using a modified cetyltrimethylammonium bromide (CTAB)
method as presented by Murray and Thompson (1980).
Experiments were carried out on three independent biological
replicates each containing three technical replicates. First-
strand cDNA was synthesized from 1000 ng DNase
(Promega, Madison, Wisconsin, USA)-treated total RNA
using “ImProm-II TM Reverse Transcriptase” (Promega,
Madison, Wisconsin, USA). The reactions were performed
using a Roto-Gene Q Real-time PCR (QIAGEN, Hilden,
Germany) in a 10-pL reaction mixture containing 5-puL
SYBR Green Supermix, 0.2 pL of 10 uM primer, and 1-pL
c¢cDNA and 3.6-uL ddH,O. The primers for Vitis TLP
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(forward: 5'- ACCATTGCTCCTACACGGTT-3'; reverse: 5'-
CTTCCCATTCCCTGACGCAT-3") were used to detect the
expression levels of total VaTLP and VvOsm in the transgenic
grapevines. The primers which align to VaTLP and nos termi-
nator (forward: 5'- TGCACTGCCGGTACCAATTA-3'; re-
verse: 5'- AGACCGGCAACAGGATTCAA-3") were used
to access the expression levels of exogenous VaTLP in the
transgenic grapevines. The primers which align to VVOSM
and its 3'UTR (forward: 5'-CAAGCACCTTCACATGCCCT
-3’; reverse: 5'-AGGTGGATACCATTGCCTCCT-3') were
used to check the endogenous VvOSM expression levels.
Vitis EFx (XM _002284888) f primer: 5'-TCCA
AGGCAAGGTACGATG-3'; reverse primer: 5'-
CAGAGATGGGGACAAATGG-3") was used as reference
gene for data normalization (Li and Wu et al. 2015). The
thermal cycling conditions were as follows: 10 min at 95 °C,
followed by 40 cycles of 10 s at 95 °C, 15 s at 58 °C, and 30 s
at 72 °C. The specificity of the individual PCR amplifications
was assessed using heat dissociation curves from 55 to 95 °C
following the final cycle of the PCR. The-fold change in
mRNA expression was estimated using threshold cycles, by
the 2~ 22T method (Livak and Schmittgen 2001).

Isolation and characterization of VaTLP

The cane tissues of ‘Zhuoshan-1" were collected and used for
the isolation and analysis of the VaTLP gene. Total genomic
DNA of ‘Zhuoshan-1’ was isolated by the CTAB method
(Murray and Thompson 1980). To amplify the VaTLP gene
sequence, two oligonucleotide primers were designed based
on the UTR region sequences identified in the Vitis genome
database (http://www.genoscope.cns.fr/cgi-bin/blast
server/projet ML/blast.pl). The forward primer UTRF was
5'-CCATCAAGCCTATCTTCCGAT-3’, and the reverse
primer UTRR was 5-CGTGTTTGGACTGCTACAAT-3'.
The PCR was performed in a 50-puL reaction volume contain-
ing 50 ng of genomic DNA, 1 uM each primer, 200 uM
dNTPs, 5 uL of Pfu DNA Polymerase 10x reaction buffer
with MgSOy, and 1.25 U Pfu DNA polymerase (Promega,
Beijing, China). The thermal cycling conditions were as fol-
lows: 95 °C for 2 min, followed by 35 cycles at 95 °C for
1 min, 58 °C for 30 s, 72 °C for 2 min, and a final extension at
72 °C for 5 min. PCR products were isolated from the agarose
gel blocks after electrophoresis and purified using QIAquick
Gel Extraction Kit (Qiagen, Valencia, CA, USA). The purified
DNA was cloned into the pPGEM T-Easy vector (Promega,
Beijing, China) and sequenced. Identification of open reading
frames (ORFs) in the amplified DNA sequence was carried
out by using ORF finder at NCBI (www.ncbi.nlm.nih.gov).
The predicted protein sequences alignments were performed
with DNAman 6.0 software (Lynnon Biosoft LLC., San
Ramon, CA, US).

Construction of a binary vector and transformation
into Agrobacterium tumefaciens

The specific primers TLP-F (5'-ATAGGATCCATGGG
CCTCTGCAAAATC-3") and TLP-R (5' -TATGAGCT
CTTATGGGCAGAAGACAAC-3") were used to amplify
the full-length ORF of VaTLP with Pfu DNA polymerase
(Promega Corporation, Madison, WI, US). After double di-
gestion with BamHI and Sacl (New England Biolabs, Inc.,
MA, USA), the fragment was introduced into the binary vec-
tor pBI121 (Clontech Labs Inc., Palo Alto, USA) as a BamHI-
Sacl fragment to replace the gus reporter gene (Jefferson et al.
1987) (Fig. 1). The new construct pBI121-VaTLP contains the
nptll gene driven by the nos promoter and the VaTLP gene
driven by the CaMV 35S promoter. This new binary vector
was transformed into Escherichia coli and then introduced
into the disarmed A. tumefaciens strain EHA105 (Hood et al.
1993) using the electroporation method.

Transformation of VaTLP into ‘Thompson Seedless’

The pBI121-VaTLP constructed A. fumefaciens was cultured
at 28 °C overnight in liquid Luria-Bertani (LB) medium
(10 g L™" peptone, 5 g L' yeast extract, 5 g L' sodium
chloride) containing 25 mg L' kanamycin. The cells were
centrifuged for 3 min (5000xg), and the pellet was re-
suspended to approximately 1 x 10% cells mL™" in liquid MS
medium (Murashige and Skoog 1962) supplemented with
20 uM acetosyringone (PhytoTechnology Laboratories,
Overland Park, KS) . The re-suspended A. tumefaciens cells
were inoculated into the ‘Thompson Seedless’ pre-
embryogenic calli (Agiiero et al. 2006). The calli were then
transferred onto co-cultivation medium (same as PT medium
but lacking activated charcoal and supplemented with 4 uM
picloram, 2.3 uM TDZ, and 100 uM acetosyringone). After
co-cultivation for 48 h, the calli were subdivided into small
clusters approximately 2 mm in diameter and selected for
4 months on the PT medium with 100 ug mL™" kanamycin
and 300 pug mL ™' cefotaxime. Plantlets were regenerated on
modified WP medium (McCown and Lloyd 1981), and the
established putative transformed plantlets were then trans-
ferred to the green house cultured in the 0.5-L pots with a
potting mixture consisting of vermiculite and soil (1:1, v/v).

LB BamH | Sacl RB
D I e S

Fig.1 Schematic representation of the T-DNA region in the recombinant
plasmid pBI121 harboring the VaTLP gene. LB left T-DNA border
sequence, RB right T-DNA border sequence, nos-P nos promoter, nptll
neomycin phosphotransferase Il gene, nos nos terminator, 35S-P CaMV
35S promoter
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Molecular verification of transformants

To validate the putative transformed plantlets, genomic DNA
was isolated from young leaves of each putative transgenic
plantlet using a modified CTAB method (Murray and
Thompson 1980). The primers (nos-F: 5'-ATTG
CGGGACTCTAATCATA-3’, nos-R: 5'-ATCG
TTCAAACATTTGGCA-3") were chosen for detection of
the 277 bp of nos terminator sequence. The plasmid of binary
vector pBI121-VaTLP and the DNA of non-transformed plant
were used for positive and negative control, respectively.

Southern blot was used to further validate the stable inte-
gration of the transgene. Genomic DNA (10 png) was extracted
from PCR-positive and non-transformed plants with CTAB
method and further purified with the PS Erasol kit (Tiandz
Inc., Beijing, China). The DNA was digested overnight with
HindIII (New England Biolabs, Inc., MA, US), separated on
1% agarose gel, and transferred to a positively charged nitro-
cellulose membrane. The nptll probe labeled with
digoxigenin-dUTP by using the DIG DNA Labeling and
Detection Kit (Mylab, Beijing, China) was used for the
Southern blot hybridization.

Assessment of resistance to downy mildew
among the transgenic grapevines

The fourth and fifth leaves from shoot tips among the trans-
formed and control vines were excised, rinsed with distilled
water, and dried with filter paper. Leaf disks (9 mm in diam-
eter) were obtained by a cork borer and placed (bottom side
up) on 0.8% water agar in petri dishes. Fresh P. viticola was
cultured on the ‘Thompson Seedless’ leaves in the growth
chamber with 25 £ 1 °C and long-day condition (light 16 h,
darkness 8 h). The sporangia were collected in centrifuge
tubes using a small paintbrush and re-suspended in distilled
water. With three biological repeats, a total of 30 leaf disks
from each transformed and non-transformed plants were used
for P, viticola inoculation. Each leaf disk was inoculated with
a 30-pL drop of sporangia suspension (5 x 10> sporangia per
mL) and incubated at 25 £+ 1 °C under dark for 24 h, and then
the drops on disks were removed by filter paper and cultured
under long-day condition. The percentage of sporulation on
leaf disks and the reproduction of P. viticola were assessed at
8 days post-inoculation (dpi) (Yu et al. 2012). The number of
sporangia was counted using a hemocytometer, and the
leaf disk areas exhibiting symptoms of sporulation were
measured using a digital camera and Adobe Photoshop
CS2 software (Adobe Systems, San Jose, USA) (Xiao
et al. 2005; Yu et al. 2012).

For the whole plant, certified virus-free seedlings were
grown and maintained in the greenhouse under a 16 h light/
8 h dark photoperiod at 25 °C, 85% relative humidity. The
fourth and fifth leaves from the apex were sprayed with
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sporangia suspension of P, viticola (5 x 10° sporangia per
mL). The inoculated leaves were covered with plastic bags
for the first night to ensure high humidity. The symptoms of
infection were observed at 8 dpi. Deionized water was applied
as control.

Microscopy observation

Fluorescence microscopy was used to observe the intercellular
infection structures of hyphae growth. Leaf disks were collect-
edatO, 1, 3,5, and 8 dpi and treated using the KOH-aniline
blue fluorescence method (Hood and Shew 1996). After pro-
cessing, the disks were observed under a fluorescence micro-
scope (Olympus BX51), and the images were processed with
Adobe Photoshop CS2 software. To ensure reproducibility,
each specimen was observed for three times. Deionized water
drops were used as control.

Statistical analysis

Data were analyzed by one-way ANOVA followed by
Duncan’s multiple-range test. All statistical analysis was
performed at the value of p < 0.05 using SPSS 17.0
(SPSS Inc., USA).

Results
TLP response to P. viticola infection in grapevines

Expression profiles of TLP were measured in grapevine leaves
infected with P. viticola pathogen in DM-susceptible
V. vinifera ‘“Thompson Seedless’ and resistant V. amurensis
‘Zuoshan-1" at 0, 8, 12, 24, 48, and 96 hpi (Fig. 2).
Expression of TLP was induced in both genotypes during
the infection process. However, transcription of VVTLP in
‘Thompson Seedless’ was significantly induced (572-fold) at
8 hpi and reached a maximum level (5726-fold) at 12 hpi, then
declined to 2725-fold at 24 hpi and remained very high ex-
pression at 48 hpi (2425-fold) and 96 hpi (3000-fold). In
‘Zuoshan-1,” the expression of VaTLP also up-regulated after
the P, viticola infection and reached a maximum level at 8 hpi
(68-fold), then subsequently declined at 12 hpi (11-fold) and
24 hpi (1.6-fold). Its expression moderately increased again at
48 hpi (14-fold) and declined thereafter (6-fold at 96 hpi).
Since the basal expression level (0 hpi) was 267-fold higher
in ‘Zuoshan-1’ than that in ‘“Thompson Seedless,” the expres-
sion abundance of VaTLP was still much more than VvTLP
after the pathogen infection at 8 hpi (31-fold higher), even
though the-fold increase of TLP stimulated by the pathogen
infection was smaller in ‘Zuoshan-1’ than in ‘Thompson
Seedless.” This result suggests that the basal expression
level of TLP and fast response to P. viticola infection
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Fig. 2 Expression of TLP in response to P. viticola inoculation. Real-
time RT-PCR analysis of TLP expression in response to P. viticola
inoculation after 0, 8, 12, 24, 48, or 96 h in ‘Zuoshan-1’ and
‘Thompson Seedless’ leaves. All values were normalized to the
expression level of the Vitis EFx gene. The normalized expression level
of VVTLP in ‘Thompson Seedless’ at 0 h was taken as control (expression

may play an important role in the early protection
against P. viticola infection.

Cloning and structural characterization of VaTLP

The full length of VaTLP was amplified from ‘Zuoshan-1’
gDNA and the sequence was analyzed using DNAman soft-
ware. The gene was 1223 bp in length, encoding an open
reading frame (ORF) of 678 nucleotides (GenBank accession
number KX397573) which was 97% identical to PR5 of
‘Thompson Seedless’ (VVOSM) (Fig. 3a). VaTLP encoded a
protein of 225 amino acids with a molecular weight of
23.84 kDa and a predicted isoelectric point of 4.8. The pre-
dicted protein sequence was 95% identical to VVOSM of
‘Thompson Seedless’ and was distant (61 to 80% identity)
to PR5 from other plants (Musa acuminate, Nicotiana
tabacum, and T. daniellii), suggesting that VaTLP is a member
of a thaumatin-like protein family. All the functional domains,
including TLP family signature (G-x-[GF]-x-C-x-T-[GA]-D-
Cx(1,2)-[GQ]-x(2,3)-C), loop domains, pivotal amino acids
in the acidic cleft and cysteine residues, were all conserved
between VaTLP and VvOSM (Fig. 3b).

Development and confirmation of transgenic grapevines
The VaTLP gene was transformed into ‘Thompson Seedless’

pre-embryogenic calli by A. tumefaciens-mediated method.
After 2 months of selection by kanamycin, the putative

set to 1). Bars represent standard deviation calculated from three
biological replicates. Asterisks indicate that in comparison with 0 hpi
for “Thompson Seedless’ and ‘Zuoshan-1,” respectively, the expression
levels of TLP are significantly increased at other time points by ¢ test
(P <0.05)

transgenic calli exhibited a white color and rapid growth on
the selection medium (Fig. 4a), while the non-transgenic calli,
by contrast, were black and dead (Fig. 4b). After 4 months of
selection, a total of 37 transgenic calli clusters were selected
from 600 clusters growing on the kanamycin-added medium.
Six putative VaTLP transgenic lines were successfully regen-
erated from these 37 selected calli transformants (Fig. 4c, d).

To confirm the true transformants among the transgenic
lines, PCR was firstly used to detect the presence of the nos
terminator (Fig. 5a). Three out of the six putative transgenic
lines, like the positive plasmid control, showed the expected
277-bp fragment of the nos terminator. No amplification was
observed for the water and the non-transformed (NT) controls.

Southern blot was performed to further validate the inte-
gration of the foreign VaTLP gene into the ‘Thompson
Seedless’ genome (Fig. 5b). The DNA from the PCR-
positive and non-transformed grapevines were hybridized
with the 766-bp nptIl gene probe. As expected, the NT vine
showed no hybridization, while the pBI121-VaTLP plasmid
and the PCR-positive transgenic lines generated positive hy-
bridization bands, indicating the VaTLP gene has been suc-
cessfully transformed into “Thompson Seedless’ genome. The
banding patterns suggested that the three transgenic lines (2, 4,
and 6) represented three independent transformation events
with 1, 3, and 4 insertion copies, respectively.

Real-time RT-PCR analysis further indicated that the total
TLP expression level significantly upregulated in the trans-
genic line 2 (50-fold) and line 6 (32-fold) (Fig. 6). To access
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VoTLP A TTCCTCATTCCT 7 54
WOosM 54
VaTLP TTCACCTCCAGETA TCAACA TGCTCCTACACG 108
WOsM 108
VoTLP GTTT T TT CAATC 162
WosM 162
VoTLP G CAATGT cc) T c 216
WOsSM g 216
VoTLP AACTGCAACTTCGATGCGT A c CTGTGET 270
wosM 270
VoTLP ACCCCCTAAC] T 324
WwOsM 324
VoTLP GCACTTAACCARTTCAGCAACTTGGACTICTTTGATATATCITIGGTIGATGGA 378
WOosM 378
VoTLP T AATCCTACTTCCAR 432
WOsM 432
VoTL? AGT 486
WOsM g 486
VoTLP GGTTGCAACAACCCATGCACK CARGACCGATGAATATTIGTTGCAATICT 540
WOSM 540
VoTLP GGGAGCTGTAGTGCTACA AR CARGACTAGGTGCCCTGA 594
WOSM a a ga 594
VoTLP GCTTATAGCTACCCARAGGACGATCAGACARGCACCTTCACATGCCCTGCCGGT 648
wosm . g 648
VoTLP ACCARTTATGAAGTTGTCTTCTGCCCATAR 678
WOSM  —======= c---=-= a-------mmmmmmm €78

Fig. 3 Sequence analysis of VaTLP. a Alignment of nucleotide
sequences of VaTLP (V. amurensis) and VvOSM (V. vinifera). b
Alignment of amino acid sequences among TLP proteins from different
plants. The employed proteins are VaTLP (KX397573) from
V. amurensis, VVOSM (Y 10992.1) from V. vinifera, MaPRS (1Z3Q_A)
from M. acuminate, NtPR5 (1AUN_A) from N. tabacum, and

the expression of exogenous gene in the transgenic lines, one
specific primer pair that aligns to VaTLP and the nos termina-
tor was used to check the VaTLP expression levels in line 2
and 6. In comparison with the EFx reference gene, line 2

Fig.4 Transformation process of “Thompson Seedless.’ a, b Proliferated
putatively transformed calli on the selection medium at 2 months after
transformation (bar 5.0 mm). White arrow shows dead untransformed
calli. ¢ Transformed somatic embryos growing on germination medium
after 6 weeks (bar 5.0 mm). d Putative transgenic plantlets growing in
pots
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TAdTHAUMATIN (AB265690) from 7. daniellii. Conserved residues of
TLP family signature, G-x-[GF]-x-C-x-T-[GA]-D-C-x(1,2)-[GQ]-x(2,3)-
C, are boxed. Loop domains II and III are underlined in black and gray,
respectively. The five conserved amino acid positions in the acidic cleft
are indicated with asterisks. The conserved cysteine residues are indicated
with a black background

showed an accumulation of 56-fold of VaTLP transcripts,
while line 6 was 16-fold. In addition, another primer pair
specific to endogenous VVOSM (forward primer aligns to
VvOSM, reverse primer aligns to its 3'UTR) was used to
access the VVOSM transcription levels. It is indicated that
the overexpression of exogenous VaTLP caused inhibition

277bp

23130bp
9416bp
6557bp __
4361bp
2322bp

2027bp !

Fig. 5 Validation of putative transgenic plants by PCR and Southern
hybridization. a PCR amplification of nos terminator. //, DL2000
marker; H,O, negative control; P, plasmid pBI121-VaTLP; NT, plant
regenerated from the non-transformed calli; /-6, putative transgenic
grapevine lines. b Southern hybridization of transgenic lines using nptll
as a digoxin-labeled probe. M, Lamda DNA/HindIII marker; P, plasmid
pBI121-VaTLP; NT, plant regenerated from the non-transformed calli; 2,
4, 6, putative transgenic grapevine lines
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Fig. 6 Expression analysis of the TLP gene in transgenic lines. Vitis EF
was used as an internal control. For total TLP and VvOSM expression,
data represent the “fold change” in gene expression in transgenic lines (2,
4, 6) vs. non-transformed grapevine (NT). For VaTLP expression, data

of endogenous VvVOSM to 36% for line 2 and 72% for line 6
(Fig. 6). Unfortunately, during the review process of the paper,
the transgenic line 4 was weakening. As a result, no healthy
leaves of line 4 were available for the analysis of exogenous
and endogenous TLP genes.

Evaluation of transformed grapevines against downy
mildew disease

The leaf disks of ‘Zuoshan-1,” VaTLP transgenic, and non-
transgenic ‘Thompson Seedless’ were inoculated with
P, viticola at a concentration of 5 x 10° spores per mL pure
water. White hyphae were observed on all the leaf disks at 3—
5 dpi. However, much less severe disease symptoms were
observed on the transgenic lines than in the non-transgenic
‘Thompson Seedless’ at 8 dpi (Fig. 7). The non-transgenic
vines had 84% of leaf surface infected, while the transgenic
ones had 42-49% of leaf surface developing the P. viticola
symptom, very similar to the P. viticola-resistant V. amurensis
‘Zuoshan-1’ (44%) (Fig. 8). Consistently, the transgenic vines
had significantly less number of P. viticola sporangia than did
non-transgenic vines, with 0.03 x 10° spores-cm_2 in line 2,

VaTLP VvOSM
* §
E 1.2 -
§ 14
& 0.8 - *
2
£ 06 -
* £
& 0.4 - *
£
2 0.2
2
®
e 0-
2 6 NT 2 6

represent the relative fold change in VaTLP vs EF. Bars represent
standard deviation calculated from three biological replicates. Asterisks
indicate that in comparison with non-transgenic (NT) vines, the fold
change in transgenic lines were significantly changed by ¢ test (P < 0.05)

0.05 x 10° spores-em ~ in line 4, and 0.09 x 10° spores-cm >
in line 6 in comparison with the 0.41 x 10° spores-cm 2 in the
wild type (Fig. 9).

The improved disease resistance of the transgenic vines
was further evaluated using the potted vines growing in green-
house. After spraying with P. viticola suspension, the trans-
genic lines showed less severe developing of P, viticola symp-
tom (Fig. 7). The spore density in the non-transgenic plants
was significantly higher (3.15 x 10> spores-cm ~) than that in
the transgenic lines (0.98 x 10° spores-cm > for line 2,
1.45 x 10° spores:cm * for line 4, and 1.28 x 10° spores-
cm 2 for line 6 (Fig. 9).

After the KOH-aniline blue staining, webbed hyphae with
haustoria were observed throughout the mesophyll at 3 dpi in
both control and transgenic vines (Fig. 10). During 3 to 5 dpi,
complex sporangiophores with or without sporangia were ob-
served. In contrast to the control plant (Fig. 10a, b), the growth
of hyphae arrestment was only observed at 3 dpi in the trans-
genic lines (Fig. 10c—f). After the primary hyphae had gener-
ated, the oomycetes in the transgenic lines developed into
malformed hyphae, showing incomplete, small, ball-like hy-
phae around their sub-stomatal vesicle.

Fig. 7 Downy mildew infection and symptom development at 8 dpi on transformed lines, non-transformed (NT), and ‘Zuoshan-1’ (ZS-1) vines
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Fig. 8 Percentage of the P. viticola-infected leaf area at 8 dpi in the
transformed lines (2, 4, 6), non-transformed (NT), and ‘Zuoshan-1’
(ZS-1) vines. Bars represent standard deviation calculated from three
biological replicates. Asterisks indicate that in comparison with non-
transgenic (NT), the infected areas of transgenic lines or ‘Zuoshan-
1’(ZS-1) were significantly different (P < 0.05)

Discussion

In the process of pathogen invasion, phytoalexins, PR pro-
teins, and other toxins are secreted to stop entrance of the
pathogen accompanied by the presence of necrosis, which is
regarded as a common phenomenon in the activation of sys-
temic resistance when plants encounter pathogens. These re-
sponses form the foundation of basal resistance but their ef-
fectiveness varies depending mainly on the genetic sources of
the interacting organisms. For example, different grape spe-
cies and cultivars display different responses to downy mil-
dew infection (Yu et al. 2012). In our study, the moderately
resistant V. amurensis ‘Zuoshan-1" presented local necrosis

O leaf disc

Ewhole plant

3.5

Number of spores per cm?(x105)
)

0.5

NT 2 4 6 Z5-1

Fig.9 Density of P, viticola spores in the transgenic, non-transgenic, and
‘Zuoshan-1’ vines. Bars represent standard deviation calculated from
three biological replicates. Asterisks indicate that in comparison with
non-transgenic (NT), the spore densities of transgenic lines or
‘Zuoshan-1’(ZS-1) were significantly different (P < 0.05)

@ Springer

Fig. 10 Colonization of non-transformed leaf disks and transgenic leaf
disks infected by P. viticola at 3 dpi. Mycelia were visible in both non-
transgenic (NT; a, b) and transgenic (¢, d, e, f) leaf disks. a, ¢, e Overview
of hyphae development in NT (a) and transgenic (c, e) leaf disks. b, d, f
Enlarged view of hyphae colonization in NT (b) and transgenic (d, f) leaf
disks. The arrestment of hyphae was observed in transgenic leaf (white
arrow) (bar 50 um)

after P. viticola infection, while susceptible V. vinifera
‘Thompson Seedless’ did not.

Although there have been a large number of papers
reporting expression of PR genes for enhancing disease resis-
tance (Velazhahan and Muthukrishnan 2003; Schestibratov
and Dolgov 2005; Mackintosh et al. 2007; Rajam et al.
2007), there remain only a few reports on transgenic plants
including tobacco, orange, and potato expressing PR genes to
enhance resistance against oomycete pathogens (Alexander
etal. 1993; Liu et al. 1994; Fagoaga et al. 2001). The present
study reports for the first time the resistant function of TLP
gene on oomycete in grapevine. V. amurensis VaTLP, a PR5
cisgene of Vitis, may play an important role during the estab-
lishment of DM resistance in ‘Zuoshan-1.” When ‘Zuoshan-1’
was inoculated with P. viticola, VaTLP was highly induced,
especially at the early infection stage (8 hpi). Similarly, induc-
tion of VVTLP was also detected in the “Thompson Seedless’-
P viticola interaction. It is indicated that VVTLP and VaTLP
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were both involved in the basic response to downy mildew
infection. However, it is noticed that the basal expression level
(0 hpi) and early induction (8 hpi) of TLP were much higher in
‘Zuoshan-1’ than those in ‘Thompson Seedless.’ It is sup-
posed to be an important self-defense mechanism to help the
host degrade pathogen cell wall due to 3-1,3-glucanase activ-
ity and suppress the preliminary colonization of the spores,
ultimately protecting the vines from further infection and
damage by the pathogen.

When VaTLP was transformed to V. vinifera ‘Thompson
Seedless,’ the transgenic vines showed improved downy mil-
dew resistance. In comparison with the non-transgenic vines,
the transgenic lines showed remarkably reduced intensity of
sporulation and limited spread of the pathogen, indicating the
pathogen was inhibited and ceased to develop to other healthy
leaf areas due to VaTLP accumulation. The transgenic line 2,
with a single copy of the insertion gene, presented the highest
VaTLP expression and disease resistance among the three
transgenic lines. The transgenic lines presented developmental
malformations of the pathogen, showing hyphae arrestment
and numerous incomplete, small, ball-like hyphae around
their sub-stomatal vesicle. It is indicated that accumulation
of VaTLP protein could strongly improve disease resistance
of transgenic vines through induction of pathogen
malformations. The increased expression levels of TLP was
observed in the transgenic plants which may trigger the TLP-
oomycete interactions to degrade the cell wall of the
P, viticola, leading to the hyphae arrestment and suppression
of the pathogen. Enhancement of fungal resistance by overex-
pressing TLP genes in transgenic plants has been reported in
previous studies. For example, overexpression of the rice TLP
gene in tobacco plants shows an enhanced resistance to
A. alternata (Velazhahan and Muthukrishnan 2003); transgen-
ic strawberry plants expressing the thaumatin II gene shows a
higher level of resistance to B. cinerea (Schestibratov and
Dolgov 2005); the bulbs of transgenic hyacinth lines present
more resistance to fungi than do non-transgenic plants
(Popowich et al. 2007); V. vinifera ‘Chardonnay’ overexpress-
ing a TLP gene (VVTL-1) displays high resistance to anthrac-
nose and powdery mildew (Dhekney et al. 2011). However,
there are limited reports on the PR genes to improve resistance
against oomycetes. Our study clearly indicated the effect of
TLP on oomycete in grapevines, even though the suppression
of P. viticola was moderate, probably due to the complex
network of the disease resistance in plant, in which the accu-
mulation of only one protein could not be sufficient to estab-
lish a broad systemic resistance.

In the present study, three transformants were analyzed for
gene copy number through Southern blot. Line 2 with the
lowest transgene copy number and the highest transgene ex-
pression level exhibited the highest downy mildew resistance
level in comparison with that for lines 4 and 6. Similar results
are reported in potato and citrus where a negative correlation

exists between transgene copy number and expression levels
(Chan et al. 1996; Cervera et al. 2000). On the other hand, in
some studies, even though a positive correlation is found be-
tween transcript expression levels and downy mildew resis-
tance, neither positive nor negative correlations could be
found between copy number and gene expression levels (Li
etal. 2003; Zanek et al. 2008; Joshi et al. 2011). The reason for
this phenomenon has not been clarified. The insertion of T-
DNA is random within the plant genome and the activity of
the introduced genes may be affected by adjacent plant DNA
(position effect). In addition, truncation, rearrangement, or
repetition of the introduced T-DNA may also affect gene ex-
pression and there has not always been a direct correlation
shown between copy number and gene expression.
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