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Abstract

Pierce’s disease is a deadly disease of grapevines caused by the bacterial pathogen Xylella fastidiosa (Xf). A Pierce’s disease
resistance locus from Vitis arizonica/candicans b43-17 segregated as a single dominant gene and mapped as PdRIa and
PdRIb in two F1 sibling selections. The physical mapping of the PdR1b allele allowed the identification of five ORFs of
the Leucine-Rich Repeat Receptor Kinase gene family. Two ORFs: V.ari-RGA 14 and V.ari-RGA18 were used to transform
embryogenic callus of V. vinifera Chardonnay (CH) and Thompson Seedless (TS) and V. rupestris St George (SG) via Agro-
bacterium tumefaciens. Regenerated plants were inoculated with Xf under greenhouse conditions. Genetic transformation
with RGA14 and 18 did not generate resistance in CH and TS, although some lines of CH showed significantly lower stem
bacterial concentration and/or exhibited reduced symptoms. In transgenic SG14, improved regrowth was accompanied with
lower bacterial titers and decreased pectin lyase and -1,3-glucanase 3 gene expression. The limited effects of the transgenes
on PD resistance could be explained by the lack of suitable partners or the presence of susceptibility factors that could not
be overcome under these experimental conditions. The involvement of RGA17 in b43-17 resistance to Xf should not be
discarded.

Key message
The expression of two candidate genes for Pierce’s disease resistance in Vitis arizonica/candicans b43-17 had limited effect
in the resistance of susceptible vinifera genotypes to the disease.

Keywords Xylella fastidiosa - Grapevine - Leucine reach repeat - Genetic transformation

Introduction

Pierce’s disease (PD) of grapevines, caused by the bacte-
rial pathogen Xylella fastidiosa (Xf), is a severe problem for
grape cultivation throughout the southern areas of North
America. The European grape Vitis vinifera, from which
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most of the wine, table and raisin grape cultivars are derived,
is highly susceptible to PD, and succumb to the disease
within 5 years after infection. Pierce’s disease symptoms
include leaf scorching, petioles that remain attached after
leaf fall and irregular cane lignification that produce patches
of green, surrounded by mature, brown tissue (Varela et al.
2001). This pathogen is vector-transmitted from one plant
to another by various xylem sap-feeding insects (Chatterjee
et al. 2008). Following infection, the bacteria form biofilm-
like colonies that together with host produced tyloses and
polysaccharides plug water movement in host xylem tissue
(Chatterjee et al. 2008; Sun et al. 2013). Several studies
have revealed key aspects of Xf pathogenicity. Hxf proteins
(hemagglutinin adhesins) have been found to be involved in
Xf virulence and cell-to-cell aggregation (Guilhabert and
Kirkpatrick 2005). The rpfF gene was reported to encode the
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synthase for a diffusible signal factor (DSF) that upregulates
factors required for biofilm formation and reduces lateral and
longitudinal movement in the plant (Newman et al. 2004;
Lindow et al. 2014). Other studies have shown that the Xf
polygalacturonase (PG) and several B-1,4-endoglucanases
(EGases) may contribute to the degradation of the pit mem-
branes that limit intervessel migration (Roper et al. 2007).
A long chain O-antigen was found to delay the elicitation
of innate immunity by shielding lipopolysaccharides that
trigger early plant recognition (Rapicavoli et al. 2018). Nas-
cimento et al. (2016), added lipase/esterase LesA to the list
of virulence factors and suggested that LesA secretion and
accumulation in the margins of infected grapevine leaves
leads to leaf chlorosis and marginal necrosis. In addition,
host structural polysaccharides produce dramatic changes in
Xf gene expression required for vector transmission (Killiny
and Almeida 2009).

Plant response mechanisms were explored by Choi et al.
(2013), who studied the interaction of drought stress and dis-
ease in Cabernet Sauvignon. They found that the transcrip-
tional host response activated by Xf infection differs from
that of healthy plants to drought stress. They detected that
the expression of genes known to function in water-stress
tolerance and several pathogen-induced genes was strongly
activated by the interaction of Xf infection and drought.
Zaini et al. (2018) characterized PD infection in Thompson
Seedless. They concluded that infected Thompson Seedless:
(1) activated both pathogen- and damage-associated molecu-
lar pattern (PAMP/DAMP)-triggered immunity (PTI), but
displayed reduced downstream salicylic acid-mediated
immune response; (2) was unable to generate antioxidant
strategies capable of preventing oxidative stress during dis-
ease development; and (3) strongly upregulated various cell
wall remodeling and lignification enzymes, decreasing sap
flow and thereby water and nutrient availability.

Resistance to PD exists in American Vitis species and
has been introgressed into many hybrid cultivars (Krivanek
et al. 2005a). Mortensen (1968) evaluated the inheritance of
PD resistance from V. aestivalis ssp. smalliana, V. simpsonii
and V. shuttleworthii in Florida under field conditions in
high disease pressure environments. Plant vigor and longev-
ity measured over a 5-year period were used to determine
whether a genotype was resistant or susceptible. Upon evalu-
ation of qualitative segregation ratios of progeny derived
from several controlled crosses, Mortensen concluded that
resistance was dominant to susceptibility and suggested
that complementary gene action among three independent
genes could best explain the results. Clarke et al. (2003)
also reported resistance in Muscadinia rotundifolia ‘Fry’
and ‘Carlos’. Riaz et al. (2018, 2020), carried out an exten-
sive analysis of PD resistance in Vitis species and added
Vitis candicans and Mexican V. cinerea accessions to the
list. Among southwestern grape species, Vitis arizonica
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accessions displayed strong PD resistance despite genetic
variation and V. girdiana and V. treleasei showed moderate
resistance. Although the mechanisms by which these native
grape species resist PD is unknown, it is plausible that native
species must have acquired resistance through co-evolution
with Xf over millennia. Deeper knowledge of resistance in
Vitis arizonica accessions has accumulated over the years.
One of them, Vitis arizonica/candicans b43-17 is the source
of PD resistance in 5 recently released grape varieties from
the University of California (Walker et al. 2021). b43-17 is
homozygous resistant to Xf (Krivanek et al. 2005a, Krivanek
et al. 2006, Riaz et al. 2008) and was introgressed into V.
vinifera using marker assisted selection and a greenhouse-
based assay to evaluate disease development (Riaz et al.
2009). Tylose development in PD-resistant grapevines car-
rying one of the 2 alleles above mentioned was investigated
by Sun et al. (2013). Tyloses are outgrowths into a vessel
lumen from living parenchyma cells that are adjacent to the
vessel. Quantitative comparison of vascular occlusions in
infected vines showed that over 60% of the vessels of the
susceptible cultivars were blocked, while only 5% to 27%
were blocked in inoculated shoots of resistant genotypes. In
contrast to the systemic spread in PD-susceptible genotypes,
bacteria were restricted to internodes near the inoculation
points in the PD-resistant grapevines.

The resistance locus in b43-17, was mapped to chro-
mosome 14 as PdR1a in the F1 selection F§8909-17 and as
PdR1b in full sib F1 selection F8909-08 (Riaz et al. 2006,
2008). The genetic maps developed from these studies were
further used to produce physical maps. The assembled BAC
clones that represent the PdR1a and b haplotypes showed
that there is complete sequence homology between haplo-
type a and b of the PdRI locus. The genomic location of
the PdRIc locus from V. arizonica b40-14 is also similar to
the PdRIa and PdR1b loci (Walker and Riaz 2013, 2014,
Walker et al. 2015), however the comparison of the PdR]
region from b43-17 and b40-14 showed sequence divergence
for the region of resistant genes and for a number of trans-
posable elements, indicating significant differences between
the two accessions (Riaz et al. 2019).

The genetic window for the PdR1b locus has been nar-
rowed to 82 Kb between markers SSR-1b4-1 and SSR-
Orf18-19—1. Five ORFs within this region, associated with
disease resistance, were designated resistance gene analog
(RGA) 14, 15, 16, 17 and 18 (Walker et al. 2015). Molecu-
lar and functional characterization of these candidates will
help to identify and validate the candidate gene involved in
conferring resistance to PD and will broaden our knowl-
edge of the mechanisms involved in this plant response. The
objectives of this study were: (a) to carry out comparative
sequence analysis of the b43-17 candidate genes with refer-
ence V. vinifera PN40024; (b) analyze their expression in
contrast to susceptible Chardonnay; and (c) evaluate the PD
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Fig.1 Schematic representation of constructs used in transformations: a pCLB2301NK-14 and b pCLB2301NK-18, created by SnapGene soft-

ware

resistance of susceptible genotypes Chardonnay, Thompson
Seedless and V. rupestris St. George transformed with these
genes under the regulation of their native promoters.

Materials and methods
Plant material

Plants of b43-17, Chardonnay (CH), Thompson Seedless
(TS), V. rupestris St George (SG) and transgenics were
clonally propagated, potted and grown under greenhouse
conditions. Potted plants were randomly distributed on
greenhouse benches and inoculated with Xf as previously
described (Krivanek et al. 2005b).

Manual annotation

The 82 kb region delimited by the markers that flank the
PdR1b resistance locus (SSR-1b4-1 and SSR-Orf18-19-1)
was annotated through multiple sequence alignment against
PN40024 using Clustal Omega (https://www.ebi.ac.uk/
Tools/msa/clustalo/); search for repetitive elements with
the Giri database (https://www.girinst.org/censor/index.
php), blast with Phytozome 13 (https://phytozome-next.
jgi.doe.gov/info/Vvinifera_v2_1) and analysis of predicted
proteins using the Interpro database (https://www.ebi.ac.uk/
interpro/).

Genetic transformation and Xf inocultation

Based on manual annotation results, fragments that con-
tain RGA14 or RGA18 plus ~3 Kb upstream and ~1 Kb
downstream sequences were selected for synthesis and clon-
ing into pCLB2301NK (Feechan et al. 2013) at Genewiz
Inc. These plasmids also contained a 35S:mGFP5-ER
reporter cassette and a kanamycin-selectable marker

gene. Agrobacterium tumefaciens strain EHA105 pC32
was chemically transformed with pCLB2301NK-14 or
pCLB2301NK-18 (Fig. 1) and subsequently used to trans-
form embryogenic calli of CH, TS and SG as previously
described (Agiiero et al. 2006). Transformation was verified
through PCR with primers that bind the promoter and coding
regions of RGA14 or RGA18 (Table S1) and by fluores-
cence microscopy. Transgenic and untransformed control
plants were acclimated to greenhouse conditions for testing.
Five to six replicates of each line were produced from green
cuttings and trained as single shoots. These plants were
needle inoculated (Hopkins 1980; Krivanek et al. 2005b)
with the Beringer strain of Xf. Stems were inoculated twice
about 10-15 cm above the base with a total of 20 uL of cell
suspension standardized with ddH,O to an absorbance at
600 nm of 0.25 (approximately 6 x 108 CFU/ml as deter-
mined by culture plating).

Gene expression

Plants grown under the same greenhouse conditions used
for Xf inoculation (Krivanek et al. 2005b) were sampled
3 weeks post-inoculation (wpi) by taking 0.5 g sections of
stem tissue from 30 cm above the point of inoculation (poi).
Total RNA was extracted using a CTAB method (Blanco-
Ulate et al. 2013). RNA pellet was further purified using the
Quick-RNA Miniprep Kit (Zymo Research). cDNA was pre-
pared using M-MLV RT (Promega). Gene specific primers
were designed for each candidate gene (Tables S2 and S3).
gRT-PCR was performed on a StepOnePlus PCR System
using Fast SYBR Green Master Mix (Applied Biosystems).
All gqRT-PCR reactions were performed as follows: 50 °C
for 2 min, 95 °C for 10 min, followed by 40 cycles of 95 °C
for 15 s and 60 °C for 60 s. The 2-AACT method (Livak and
Schmittgen 2001), using the grape actin gene as reference
(Jones et al. 2014), was applied to analyze expression levels.
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Fragments were sent to Quintara Biosciences for cleanup
and sequencing with the same primers that amplified the
fragment.

Transcripts encoding pathogenesis related proteins and
anti-microbial compounds related to Xf infection (Zaini
et al. 2018) were also analyzed.

Disease evaluations by greenhouse-based assay

Plants were sampled 12 wpi by taking 0.5 g sections of stem
tissue from 30 cm above the poi. Samples were ground and
tested by ELISA following published procedures (Krivanek
and Walker 2005). Leaf scorching, cane maturation and
shoot regrowth were also recorded (Krivanek et al. 2005b).

Statistical analysis

Data were analyzed with analysis of variance (ANOVA)
followed by DGC a=0.05. To achieve normal distribution,
the data points of cells per milliliter concentration and gene
relative expression were natural log transformed. Statistical
analyses were performed using the InfoStat software pro-
gram, version 2.0 (Di Rienzo et al. 2014).

Results
Annotation of candidate genes

Molecular markers delimited the PdR1b resistance locus
within a genetic region of 82 Kb in BAC clone H69J14.
Analysis of this region resulted in the identification of 5
ORFs showing characteristics associated with disease resist-
ance. They were designated V.ari-RGA14-15-16-17 and
18 (Table 1). Three additional ORFs encoding truncated
versions of a TMV resistance protein N and two partial

retrovirus-related proteins were also found in the region but
disregarded as potential candidates.

Sequence analysis showed that RGA 14 is very similar
to RGA18, except that RGA18 lacks the first 252 bp of
sequence that is part of RGA14. However, RGA14 has 4
ATG codons, in the same reading frame, closely located
in the 5' end and a functional protein could be shorter
and quasi- identical to the one coded by RGA18. A TATA
box is present 25 bp upstream from the third start codon
(RGA14c). Interestingly, RGA14 is interrupted by retro-
transposon Gretl in PN40024. RGA15 is indistinguishable
to its homologous in PN40024 and b40-14, while 16 is
much shorter. Homologs of RGA15 and 16 in PN, g00040
and g00050, have only one transcript (splice variant) and
no introns. RGA17 and 18 have high homology with genes
in a duplicated region of PN40024 that contains 2 genes
with no introns (g00060 and g00070) in the first copy and
a larger gene with 2 exons (g00080) in the second copy. In
the latter, RGA 18 overlaps with exon 1 and RGA17 over-
laps with exon 2 of g00080. A VvinBV_compBsc2 inte-
grated virus element is found 768 bases upstream the start
codon of RGA18 (Fig. 2). ORF sequences found outside
the 82 Kb window were also highly similar. Protein pre-
dictions revealed that all five candidates exhibit leucine-
rich repeats (LRRs) and feature transmembrane domains,
except for RGA17. RGA16 and the three longest possible
translations of RGA14 lack a signal peptide in the amino
terminal of the protein (Fig. 2).

Results from annotation made RGA14 and RGA18 the
targets for transgenic experiments. We hypothesized that
RGA 14 was responsible for resistance observed in b43-17
because its homologous is disrupted in PN40024. Alterna-
tively, regulation of the expression of RGA18 could have
been modified with the insertion of VvinBV_compBsc2
integrated virus element in its promoter region.

Table 1 PdRI1b candidates in

b40-14 homolog size
(% of homolgy)

PN 40024 homolog size
(% of homology)

b43-17 and their homologs in b43-17 ORE
b40-14 and PN40024 v.2.1
1D size (bp)
RGA14 a 3198
14b 3030
14¢ 2994
14d 2946
RGAI15 2982
RGA16 1257
RGA17 1719
RGA18 2946

3198 (100)

2982 (100) VIT_214s50171g00040 2982 (99.0)

2967 (97.9) VIT_214s0171g00050 2967 (98.1)

3030 (99.6) VIT_214s50171g00060 2619 (99.1)
VIT_214s50171g00080 6489 (98.8)

2946 (99.8) VIT_214s0171g00070 936 (98.8)
VIT_214s50171g00080 6489 (99.1)
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Expression of candidate genes in resistant b43-17
and susceptible CH

In parallel with Xf inoculations of transgenic plants, gene
expression was analyzed in 3 biological replicates of b43-
17 and CH controls. PCR amplifications of cDNA synthe-
sized from infected shoots produced the expected bands, that
were cleaned and sequenced (Fig. 3). Primers designed to
amplify both RGA14 and 18, resulted in the amplification
of fragments that comprise sequences identical to RGA14
(within the genetic window) and RGA 12 (outside the genetic
window). In CH PD, the same primers amplified fragments
96% homologous to g00080. RGA15 primers produced the
predicted size bands in b43-17 PD and CH PD, with identi-
cal sequences to RGA15 and 99.4% homology with g00040,
respectively. Primers designed for RGA16 only amplified
in CH PD, the PCR product showing 98.5% homology
with g00050, while primers for RGA17 only produced the
expected sequence in b43-17 PD (Fig. 3). These results
imply that in infected plants, susceptible CH would differ
from resistant b43-17 in the absence of RGA 14 and RGA17
transcripts. The homologous to RGA18 might be expressed
in CH but not in b43-17.

gPCR experiments showed a slight upregulation of
RGA15 in b43-17 PD and its homologous gene in CH PD
(Fig. 4). A more significant increase of RGA17 and RGA14
was also found in infected b43-17. Sequencing of qPCR
products showed that RGA 14 primers amplified a non-spe-
cific fragment in CH. Similarly, RGA18 primers amplified
a non-specific product in b43-17. Primers could have cross
reacted with transcripts from similar LRR genes located
outside the 82 Kb window, producing unspecific amplicons.

Nevertheless, overall expression levels in CH were higher
than b43-17, but response to Xf infection was more drastic
in b43-17. qPCR amplification with primers P1Q1, which
hybridizes within the unique 5’ region of RGA14, was
almost undetectable (Fig. 4).

Transgenic plants transformed with RGA14
and RGA18

After transformation was verified through PCR and GFP
expression by fluorescence (Figures S1 and S2), 43 trans-
genic lines of CH and TS (10-11 lines per genotype X 2
constructs) were evaluated for disease development. All
transgenic lines displayed PD symptoms, although with dif-
ferent degrees of intensity (Fig. 5). Some lines exhibited
reduced symptoms or lower bacteria concentrations, but
none reached the levels of the resistant biocontrols with
either transgene (Tables 2 and 3).

Plant regeneration from transgenic SG was more chal-
lenging and fewer independent lines could be tested against
Xf. A marginally better outcome was observed in SG

transformed with pCLB2301NK-14 (Table 4). They dis-
played lower cane maturity index (CMI) and leaf scorch-
ing and, more interestingly, active shoot regrowth after cut
back for sampling 12 weeks after inoculation, which could
signal a superior hydraulic conductivity (Fig. 6). Of four SG
transformed with RGA18: two were dwarf and could not be
propagated and the other two exhibited bacterial concentra-
tions higher than the control.

To connect the genetic basis of resistance with patho-
gen related responses, we also analyzed transcript levels of
pathogen related proteins linked to Xf infection. Among 15
genes known to be upregulated in infected TS (Zaini et al.
2018), PR-1, B-1,3-glucanase 3 and pectin lyase were sig-
nificantly different in transgenic SG 14-2, the line showing
more tolerance (Fig. 7). The analysis of these three genes in
b43-17 and the other transgenic lines showed that they were
also expressed at lower levels relative to SG untransformed,
except for glucanase in line SG 14-6. Pectin-lyase was
highly expressed in line SG 14-5 which harbored a bacte-
rial population similar to the untransformed control (Fig. 8).

Discussion
Annotation and expression of candidate genes

Receptor-like kinases (RLKs) and receptor-like proteins
(RLPs) are membrane-localized proteins with a critical
role in PTI through the detection of ligands derived from
microbes or cell damage as signs of infection. Ligand per-
ception usually induces receptor homo- or heterodimeriza-
tion, which initiates cis- and/or trans-phosphorylation of
intracellular kinase domains that in turn activate downstream
defense pathways (Bentham et al. 2020). Accordingly, path-
ogens have developed strategies to suppress PTI through
the production of effectors that disrupt the PTI signaling.
These effectors are sometimes recognized by host intracel-
lular resistance (R) proteins that trigger a second level of
defense called effector-triggered immunity (ETI) (Jamieson
et al. 2018).

Receptor-like genes encoding proteins with an extra-
cellular LRR domain constitute the most overrepresented
family in plant genomes. The LRR-RKs are composed of a
transmembrane domain, the LRR extracellular domain, and
a cytoplasmic region with the kinase domain. LRR-RLPs
are similar to LRR-RKSs in structure but lack the cytoplas-
mic kinase domain (Chakraborty et al. 2019). The presence
of LRRs and transmembrane domain and the absence of a
kinase domain in the PdR1b candidate genes would put them
in the LRR-RLP group. The lack of a kinase domain implies
that this type of receptor requires a partner co-receptor to
signal (Bentham et al. 2020).
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«Fig.2 a The b43-17 region containing RGA14 to 18 and the homol-
ogous region of Vitis vinifera PN40024 v2.1. RGA1-13 and 19-21,
in the same family, are outside this region. Genes are represented by
blue arrows. Orange hexagons represent repetitive elements Gretl
and VvinBV_compBsc2; b Phylogenetic relationship of b43-17
RGA14-18 deduced proteins. The phylogenetic tree was constructed
by MEGA 11.0 using the Maximum Likelihood Method (1000 boot-
strap); ¢ Alignment of the deduced amino acid sequences of the five
RGA sequences using Muscle (MEGA 11.0) with the default options.
The gray shade shows identical residues. The yellow, black, diago-
nal stripes and dotted horizontal bars under the sequences indicate
the extracellular domain, signal peptide, transmembrane domain and
intracellular domain respectively. Domains and motifs were predicted
using Interproscan and SignalP5.0. The four N terminal methionines
in RGA 14 are underlined. (Color figure online)

Comparison with susceptible PN40024 sequences led us
to choose RGA 14 and RGA18 as main candidates for trans-
formations since RGA15 is also present in PN40024, while
RGA16 and 17 appear as shorter versions of their PN40024
homologs. RGA14 is very similar to RGA18, however the
sequencing of RT-PCR and qPCR products from b43-17
suggested that transcripts are not produced in the latter. On
the other hand, the presence of a signal peptide that would
target the protein to the plasma membrane (Ben Khaled et al.
2015) was only predicted in the shortest version of RGA14.
This could be the main variant, since qPCR with primers at
the beginning of the sequence produced inferior expression
levels.

Transgenic plants transformed with RGA14
and RGA18

RGA14 and 18 were used for transformation of CH, TS
and SG including ~3 Kb upstream and ~1 Kb down-
stream sequences to ensure the control of native regulatory
sequences. Genetic transformation with RGA14 and 18 did
not generate resistance in transgenic CH and TS, although
2 lines of CH18 showed significantly lower stem bacterial
concentration and several lines of CH18 and 14 exhibited
reduced symptoms (Tables 2 and 3). TS exhibited the most
severe PD expression at 12 weeks post-inoculation and
hosted the highest Xf titer of the tested cultivars (Tables 2
and 3). Deyett et al. (2019), also ranked TS as the most sus-
ceptible to PD when comparing it to Merlot and Cabernet
Sauvignon. Symptoms observed in a preliminary experiment
conducted with the first line of transgenic SG14 available for
evaluation (SG 14-2) were less severe (data not shown) and
plants were kept after ELISA sampling to observe regrowth,
which also was improved and correlated with lower bacte-
rial titers (Table 4, Fig. 6). Testing of 5 additional SG14
lines also showed diminished bacterial levels in two of them
(SG 14—4 and SG 14-6). Interestingly, previous work in
tobacco showed that plants transformed with RGA14 under
35SCaMV promoter had significantly reduced symptoms

than the control untransformed plants, although Xf bacte-
rial levels were not reduced (Bistue 2014).

Genetic background plays an important role in gene pen-
etrance. Several R genes remain effective in transgenic heter-
ologous plant species, while others do not retain their proper
function, which may be due to lack of specific interaction
partners (Gallois et al. 2018). In our case the missing partner
could have different degrees of efficiency in V. vinifera and
V. rupestris. Interestingly, Feechan et al. (2013) found that
the resistance to powdery mildew displayed by transgenic V.
vinifera cultivars expressing the MrRUNI gene was lower
than that observed in the genotype from which the MrRUN1
gene was isolated and speculated that this would reflect the
minor contributions of other genes. Moreover, the relevance
of genetic background has been demonstrated in studies of
gene penetrance among the grape varieties carrying the
Rpv3-locus that confers resistance to Plasmopara viticola.
While some genotypes exhibited high resistance under all
conditions, others were less effective in restricting pathogen
growth when disease pressure increased. Rvp3 resistance
tended to attenuate in late backcross generations and had
lower levels in Central Asian table grapes (Foria et al. 2018).

Besides the failure of the plant immune system, there are
other host processes that could contribute to the differences
observed among genotypes. Hosts can promote suscepti-
bility to pathogen infection by: (i) releasing compounds
that attract pathogens and stimulate their attachment and
development on the host surface, (ii) contributing to the
accommodation of the pathogen inside the plant cell, and
(iii) providing nutrients to the pathogen (Lapin and Van
den Ackerveken 2013). In Xf, PG and B-1,4 EGases allow
bacteria to degrade the pit membranes that separate adja-
cent xylem vessels thereby limiting systemic colonization

Fig.3 PCR amplifications using infected Chardonnay (CH) and b43-
17 (b) cDNA as template. 1 kb ladder (New England Biolabs) is in
lane 1, with the 3 kb fragment having increased intensity to serve as a
reference band. The expected size of the bands produced by each pair
of primers appears at the bottom of the gel. Bands of the expected
size were also obtained with genomic DNA except in CH14 and 17
(data not shown). 14/18 indicates a primer combination that hybrid-
izes with sequences in RGA14 and RGA18. RT-PCR products were
cleaned and sequenced
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Fig.4 Relative expression of RGA14, 15, 17, 18 measured by qPCR,
in healthy (H) and infected (PD) Chardonnay (CH) and b43-17. Fold
changes were measured relative to the levels detected in healthy b43-
17. P1Q1 primers amplify the 5° region of RGA14. RGA16 was not

analyzed. Results are reported as means of three biological replicates
and three technical replicates. Bars represent standard errors. gPCR
products were cleaned and sequenced

Fig.5 PD symptoms in b43-17, untransformed CH (CH UN), transgenic line CH 14-1, untransformed TS (TS UN) and transgenic TS

14+ 18-1, three months after inoculation with Xf

of the host plant. This process releases nutrients for the
pathogen (Harakava et al. 2001). Pectin and glucan have
also been found to increase cell-cell adhesion and vector
transmission and to induce changes in the expression of
genes implicated in Xf pathogenicity (Killiny and Almeida
2009). The decreased expression of plant pectin lyase and

@ Springer

B-1,3-glucanase 3 in transgenic SG14 could be the con-
sequence of the presence of the transgene in these lines.
Interestingly, Silva et al. 2021 recently established that the
pectin-degrading enzyme pectate lyase, is a disease suscep-
tibility factor associated with Botrytis cinerea infections in
ripe tomato fruit.
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In conclusion, the limited effects of the transgenes on PD
resistance could be explained by the lack of suitable partners
or the presence of susceptibility factors that can’t be over-
come in vinifera/rupestris SG genetic backgrounds under
the experimental conditions used in this research. However,
the involvement of RGA17 in b43-17 resistance to Xf should
not be discarded because its encoded protein, lacking a
transmembrane domain, could be secreted and function as a
pathogenesis related protein like PGIP (Kalunke et al. 2015;
Agiiero et al. 2005). On the other side, the lower bacterial
load observed in the TS line transformed with both RGA14

and 18 points to the fact that a combination of more than one
RLP could be needed. We have included RGA17 in future
studies involving knockouts via the CRISPR-Cas9 system
in resistant genotype U0505-01 to better understand the role
that each of the candidates play in PD resistance.

This research was aimed at understanding the molecu-
lar basis of the resistance to PD in b43-17 through the
PdR1b allele. In the long term, this knowledge could con-
tribute to a precision genetics approach to develop dura-
ble and sustainable resistance through the combination of

Table 2 Greenhouse screen results for CH and TS transformed with V.ari-RGA18

Genotype cfu/ml Mean In cfu/ml Mean In cfu/ml std CMI Mean CMI std error LS Mean LS std error
error
CH uninoc 10,034 9.2 0.01 0.0 0.00 0.0 0.00
b43-17 23,416 10.1 0.32 2.1 0.48 29 0.48
U0505-01 37,499 10.5 0.62 0.3 0.15 1.8 0.41
U0505-35 100,798 11.5 0.83 0.3 0.33 1.5 0.43
Blanc du Bois 194,385 12.2 0.46 2.1 0.49 1.9 0.49
Roucaneuf 245,426 12.4 0.78 0.3 0.33 0.8 0.40
U0505-22 760,190 13.5 0.27 2.3 0.71 2.6 0.43
CH UN 6,119,118 15.6b 0.42 3.6b 0.60 1.6a 0.53
CH 18-1 4,636,369 153b 0.18 1.0a 0.63 1.8a 0.20
CH 18-2 2,078,921 145 a 0.42 0.8a 0.58 24b 0.51
CH 18-3 6,152,629 15.6b 0.04 2.6b 0.81 24b 0.40
CH 18-4 4,686,410 154b 0.06 34b 0.82 09a 0.11
CH 18-5 5,562,260 155b 0.10 1.6a 0.24 2.8b 0.58
CH 18-6 4,888,719 15.4b 0.18 1.0a 0.55 3.0b 0.32
CH 18-7 1,786,455 144 a 0.60 00a 0.00 1.8a 0.58
CH 18-8 6,500,000 15.7b 0.00 22b 0.58 32b 0.37
TS UN 6,500,000 15.7 0.00 42 0.20 5.0 0.00
TS 18-1 6,500,000 15.7 0.00 4.6 0.40 4.6 0.40
TS 18-2 6,500,000 15.7 0.00 4.0 0.32 5.0 0.00
TS 18-3 6,500,000 15.7 0.00 4.0 0.32 4.4 0.24
TS 18-4 6,500,000 15.7 0.00 5.0 0.45 4.8 0.20
TS 18-5 6,500,000 15.7 0.00 4.0 0.00 4.6 0.24
TS 18-6 6,500,000 15.7 0.00 42 0.66 4.2 0.20
TS 18-7 6,500,000 15.7 0.00 3.6 0.75 4.6 0.24
TS 18-8 6,500,000 15.7 0.00 5.0 0.45 5.0 0.00
TS 18-9 6,500,000 15.7 0.00 4.2 0.37 4.8 0.20
TS 18-10 6,500,000 15.7 0.00 4.6 0.40 5.0 0.00
TS 18-11 6,500,000 15.7 0.00 4.2 0.73 4.8 0.20

Top seven genotypes correspond to biocontrols. CH UN and TS UN are untransformed CH and TS, respectively. Bacterial concentrations were
natural log transformed. Cane maturation index (CMI) and Leaf scorching (LS), both on a 0-to-5 scale, are means for each genotype 12 weeks
post-inoculation. Results reported are means of five to six biological replicates

Different letters mean statistically significant differences at p <0.05. No differences were found between TS treatments
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Table 3 Greenhouse screen results for CH and TS transformed with V.ari-RGA14 and 18

Genotype cfu/ml Mean In cfu/ml Mean In cfu/ml std CMI Mean CMI std error LS Mean LS std error
error
b43-17 29,269 103 1.52 1.5 0.50 2.0 1.00
Blanc du Bois 239,720 12.4 1.78 0.5 0.50 2.0 1.00
Roucaneuf 412,439 12.9 3.21 1.4 1.00 0.7 0.50
CH UN 3,927,940 152 0.84 1.9 0.46 3.1b 0.29
CH 18-9 3,283,644 15.0 0.89 2.4 0.51 3.6b 0.37
CH 18-10 2,034,341 14.5 1.11 0.7 0.70 2.7b 0.41
CH 18-11 4,463,678 15.3 0.55 1.7 0.62 21a 0.37
CH 14-1 2,840,069 14.9 0.81 1.7 0.37 13a 0.25
CH 14-2 2,996,840 14.9 1.12 1.6 0.64 20a 0.16
CH 14-3 2,516,781 14.7 0.99 1.2 0.72 25b 0.59
CH 14-4 3,293,318 15.0 0.77 32 0.58 23a 0.34
CH 14-5 4,278,523 15.3 0.63 3.7 0.60 3.1b 0.29
CH 14-6 3,183,492 15.0 0.68 25 0.94 22a 0.25
CH 14-7 3,785,181 15.1 0.59 2.7 0.80 1.4a 0.46
CH 14-8 2,726,498 14.8 0.80 1.4 0.48 1.8a 0.30
CH 14-9 3,480,812 15.1 0.62 25 1.04 20a 0.16
CH 14-10 3,656,052 15.1 0.79 33 0.46 1.7a 0.60
CH 14-11 5,029,740 15.4 0.35 1.8 0.54 1.8a 0.41
TS UN 4,549,700 15.3 0.54 4.8 0.20 4.7 0.20
TS 14-1 5,588,848 15.5 0.28 4.7 0.30 4.8 0.20
TS 14-2 6,500,000 15.7 0.00 4.4 0.10 4.5 0.27
TS 14-3 6,500,000 15.7 0.00 4.3 0.20 5.0 0.00
TS 14-4 6,500,000 15.7 0.00 4.7 0.20 4.9 0.10
TS 14-5 4,085,304 15.2 1.04 3.8 0.40 4.8 0.20
TS 14-6 5,846,462 15.6 0.17 4.1 0.33 4.9 0.10
TS 14-7 6,027,879 15.6 0.17 4.2 0.37 4.1 0.37
TS 14-8 6,103,502 15.6 0.14 5.1 0.24 4.8 0.20
TS 14-9 4,418,184 15.3 0.74 4.7 0.20 4.7 0.20
TS 14-10 5,430,851 15.5 0.27 44 0.24 5.0 0.00

Top three genotypes correspond to biocontrols. CH UN and TS UN are untransformed CH and TS, respectively. Bacterial concentrations were
natural log transformed. Cane maturation index (CMI) and Leaf scorching (LS), both on a 0-to-5 scale, are means for each genotype 12 weeks
post-inoculation. Results reported are means of five to six biological replicates

Different letters mean statistically significant differences at p <0.05. No differences were found between In cfu/ml and CMI CH and between TS
treatments
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Table 4 Greenhouse screen results for SG and TS transformed with V.ari-RGA14 and 18

Genotype cfu/ml Mean In cfu/ml Mean In cfu/ml std CMI Mean CMI std error LS Mean LS std error
error
CH uninoc 21,609 9.9 0.38 2.0 1.15 2.0 0.58
b43-17 21,975 9.7 0.54 4.0 0.00 2.0 0.00
U0505-01 122,848 11.7 0.17 4.0 0.00 2.7 0.33
U0505-35 132,656 11.3 0.67 3.7 0.33 33 0.33
Blanc du Bois 397,566 11.7 1.63 43 0.33 3.7 0.67
U0505-22 664,269 134 0.20 4.0 0.00 2.3 0.88
CH UN 1,433,354 14.1 0.20 45 0.41 4.0 0.00
SG UN 171,078 11.7b 0.65 4.0 0.63 2.7b 0.30
SG 14-2 37,700 104 a 0.40 33 0.87 40b 0.52
SG 14-3 100,902 11.1b 0.63 4.0 0.00 37b 0.47
SG 14-4 53,348 10.6 a 0.51 3.8 0.24 3.0b 0.63
SG 14-5 189,555 11.5b 0.87 3.6 0.88 3.0b 0.58
SG 14-6 45,796 10.0a 0.83 4.0 0.00 20a 0.52
SG 14-7 82,401 11.3b 0.23 3.7 0.30 35b 0.80
TS UN 5,598,022 154b 0.30 5.8 0.24 5.0 0.00
TS 14+418-1 1,956,165 143 a 0.37 5.0 0.63 5.0 0.00

Top seven genotypes correspond to biocontrols. SG UN and TS UN are untransformed SG and TS, respectively. Bacterial concentrations were
natural log transformed. Cane maturation index (CMI) and Leaf scorching (LS), both on a 0-to-5 scale, are means for each genotype 12 weeks
post-inoculation. Results reported are means of five to six biological replicates

Different letters mean statistically significant differences at p<0.05. No differences were found between CMI SG and CMI and LS TS

Fig.6 Re-growth in infected
untransformed SG (SG UN) and
transgenic SG 14-2, 1 month
after sampling for ELISA test-
ing
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Fig.7 Relative expression of fifteen plant defense genes measured
by gPCR, in infected untransformed (SG UN) and transgenic SG
14-2. Genes are (1) Pathogenesis related protein 1 (PR-1); (2) Thau-
matin (PRS5); (3) EPC3-3 chitinase (PR-8); (4) Heat shock protein
HSP18; (5) Heat shock protein HSP17; (6) Heat shock factor HSF4;
(7) Nucleoredoxin 1 (NRX1); (8) Peroxidase; (9) Ferritin-5; (10)
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Fig.8 Relative expression of a PR-1, b 8-1,3-glucanase 3 and ¢ pec-
tin lyase measured by qPCR, in healthy (H) and infected (PD) b43-
17, untransformed (SG UN) and transgenic SG lines 14-2, 144,
14-5 and 14-6. Fold changes were measured relative to the levels

mechanism-based strategies to improve the plant immune
system (Dangl et al. 2013).
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