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Abstract

Ralstonia solanacearum gram-negative phytopathogenic bacterium exerts its virulence
through a type Ill secretion system (T3SS) that translocates type Il effectors (T3Es)
directly into the host cells. T3E secretion is finely controlled at the posttranslational
level by helper proteins, T3SS control proteins, and type Ill chaperones. The HpaP
protein, one of the type Il secretion substrate specificity switch (T354) proteins, was
previously highlighted as a virulence factor on Arabidopsis thaliana Col-0 accession.
In this study, we set up a genome-wide association analysis to explore the natural
diversity of response to the hpaP mutant of two A. thaliana mapping populations: a
worldwide collection and a local population. Quantitative genetic variation revealed
different genetic architectures in both mapping populations, with a global delayed
response to the hpaP mutant compared to the GMI1000 wild-type strain. We have
identified several quantitative trait loci (QTLs) associated with the hpaP mutant in-
oculation. The genes underlying these QTLs are involved in different and specific bio-
logical processes, some of which were demonstrated important for R. solanacearum
virulence. We focused our study on four candidate genes, RKL1, IRE3, RACK1B, and
PEX3, identified using the worldwide collection, and validated three of them as sus-
ceptibility factors. Our findings demonstrate that the study of the natural diversity
of plant response to a R. solanacearum mutant in a key regulator of virulence is an
original and powerful strategy to identify genes directly or indirectly targeted by the
pathogen.

KEYWORDS
Arabidopsis thaliana, GWA mapping, HpaP T3S54 protein, natural accessions, Ralstonia
solanacearum, susceptibility genes
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1 | INTRODUCTION

In nature, plants are constantly challenged by pathogen attacks.
However, due to efficient innate immune responses induced by the
multilayered defence strategies deployed by plants, disease rarely
occurs. The first layer of plant defence takes place via the percep-
tion of conserved pathogen-associated molecular patterns (PAMPs)
through host cell surface pattern recognition receptors (PRRs), which
activate pattern-triggered immunity (PTI) (Bigeard et al., 2015).
Successful pathogens counteract PTI by injecting directly into the
host cells virulence factors, called effectors, resulting in effector-
triggered susceptibility (ETS). The recognition of these pathogen
effectors through plant nucleotide-binding domain, leucine-rich re-
peat (NLR) immune receptors activates a second layer of a pathogen-
and strain-specific plant defence response called effector-triggered
immunity (ETI) (Cesari, 2018; Jones & Dangl, 2006). ETl is generally
associated with a programmed cell death referred to as a hypersen-
sitive response (HR). Another form of resistance that is predominant
in crop and wild species corresponds to quantitative disease resis-
tance (QDR) (Roux et al., 2014). Based on a polygenetic determinism,
QDR is more durable than ETl in crop fields by providing a reduction
rather than an absence of disease. In addition, QDR generally con-
fers broad-spectrum resistance (Roux et al., 2014).

Ralstonia solanacearum, the causal agent of bacterial wilt, is one
of the most important bacterial diseases worldwide. This soilborne
pathogen attacks more than 200 plant species, including many im-
portant crops (Hayward, 1991) and the model wild plant Arabidopsis
thaliana (Deslandes et al., 1998). The main determinant of R. sola-
nacearum pathogenicity consists of a type Ill secretion system (T3SS),
a true “molecular syringe”, that allows the translocation of a large ar-
senal of type lll effectors (T3Es) directly into the host cell (Sabbagh
et al., 2019). These T3Es promote bacterial virulence by subverting
plant innate immunity and modifying host metabolism (Landry et al.,
2020). The transcriptional regulatory network of R. solanacearum type
Il secretion (T3S) is very well described in the literature (Coll & Valls,
2013). In addition, increasing information is available concerning the
function of type lll-associated regulators at the posttranslational level,
such as type lll chaperones (T3Cs) and type Il secretion substrate
specificity switch (T354) proteins (Lohou et al., 2013). Recent studies
showed that R. solanacearum Hpa (for “hypersensitive response and
pathogenicity-associated”) proteins interact with T3Es (Lohou et al.,
2014; Lonjon et al., 2017) and regulate T3E secretion (Lonjon et al.,
2016, 2020). However, the precise role of these helper proteins in
R. solanacearum virulence is not fully understood yet. For instance, the
hpaB mutant is strongly altered in its T3S and HpaB is strictly required
for R. solanacearum pathogenicity on A. thaliana, Medicago truncatula
(Lonjon et al., 2016), and tomato plants (Lonjon et al., 2017). HpaG, a
negative regulator of T3S, is specifically required for R. solanacearum
full pathogenicity on M. truncatula (Lonjon et al., 2016). Although an
hpaP mutant is little affected on its T3S (Lonjon et al., 2020), the HpaP
T3S4 protein is an important virulence factor of R. solanacearum on
both A. thaliana and tomato plants (Lohou et al., 2014). This finding

differs from previous literature where 54 R. solanacearum single T3E

mutants were not affected in their virulence on susceptible A. thaliana
and tomato plants (Cunnac et al., 2004). Hence, the HpaP example
illustrates the importance of studying the role of these helper pro-
teins in disease promotion. Therefore, functional characterization of
R. solanacearum T3Es, and also of these Hpa proteins and of their plant
targets, could be pivotal to identify components of plant immunity.

To date, no durable strategy to protect plants against bacterial wilt
is available, and the use of resistant or tolerant cultivars appears to be
the best disease control strategy (Huet, 2014). In A. thaliana, several
genetic loci conferring resistance to R. solanacearum have been identi-
fied through the phenotyping of recombinant inbred line populations
(Peeters et al., 2013). First identified in Nd-1 accession, the RRS1-R
gene, encoding a Toll/interleukin-1 receptor-nucleotide-binding site
leucine-rich repeat (TIR-NBS-LRR) protein with a WRKY C-terminal
domain, confers resistance against the GMI1000 R. solanacearum
strain through the direct recognition of the PopP2 T3E (Deslandes
etal., 2002, 2003). This resistance was further demonstrated to func-
tion via the RPS4/RRS1-R pair of immune receptors (Le Roux et al.,
2015). The ERECTA gene, encoding an LRR receptor-like kinase (LRR-
RLK), was identified as a QDR gene to the 14.25 R. solanacearum
strain in Col-0 accession (Godiard et al., 2003). These studies revealed
the potential of exploiting the genetic diversity of A. thaliana to set up
guantitative genetic studies. Accordingly, using the R. solanacearum
GM1000 wild-type strain, genome-wide association studies (GWAS)
performed on a worldwide collection of A. thaliana not only confirmed
the RPS4/RRS1-R locus as the main quantitative trait loci (QTLs) of
resistance to GMI1000 at 27°C, but also revealed AtSSL4, which en-
codes a strictosidine synthase-like protein, as a susceptibility gene
at 30°C (Aoun et al., 2017). Another GWAS based on the highly ge-
netically diverse local population TOU-A (population A from Toulon-
sur-Arroux, France; Frachon et al., 2017) identified another QDR
gene to GMI1000 at 30°C, that is, the atypical meiotic cyclin SOLO
DANCERS gene (Aoun et al., 2020). More recently, a GWAS using an
in vitro system allowing the study of A. thaliana early root phenotypes
after R. solanacearum inoculation highlighted a new role for cytokinin
in root immunity in response to GMI1000 (Alonso-Diaz et al., 2021).
Altogether, these results confirmed the benefit of considering differ-
ent mapping populations in GWAS to unravel the genetics of complex
quantitative traits (Bergelson & Roux, 2010; Brachi et al., 2013).

In this study, to better understand the role of the HpaP T3S4 pro-
tein, we aimed to identify the plant factors potentially controlled by
R. solanacearum in an HpaP-dependent manner. For this purpose, we
set up a GWAS on the natural diversity of response to the hpaP mu-
tant in both worldwide and local mapping populations of A. thaliana.
Interestingly, the extent of genetic variation for QDR and the underly-
ing genetic architecture largely differed between GMI1000 wild-type
strain and hpaP mutant as well as between the two mapping popula-
tions. In addition, the hpaP response was associated with original bio-
logical processes. We then focused our study on four candidate genes
underlying QTLs and analysed their expression patterns in selected
resistant and susceptible worldwide accessions to the hpaP mutant. A
reverse genetic approach highlighted the three genes RKL1, RACK1B,

and PEX3 as involved in plant susceptibility to bacterial wilt.
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2 | RESULTS

2.1 | Quantitative genetic variation reveals
contrasting responses to R. solanacearum hpaP mutant
in two complementary mapping populations

In this study, we used two A. thaliana mapping populations, a world-
wide collection (176 accessions; Atwell et al., 2010) and the French
TOU-A local population (192 accessions; Frachon et al., 2017), with
a linkage disequilibrium (LD) that decays to r* = 0.5 within an av-
erage of 10 kb and 18 bp, respectively (Frachon et al., 2017; Kim
et al., 2007). Importantly, these very small values of LD extent al-
lowed the fine mapping and cloning of genomic regions associated
with the natural variation of QDR down to the gene level (Aoun
et al., 2020; Huard-Chauveau et al., 2013; Karasov et al., 2014).
These two mapping populations were challenged by root inocula-
tion with the R. solanacearum hpaP mutant and the corresponding
GMI1000 wild-type strain under controlled conditions at 27°C. For
the worldwide collection inoculated with GMI1000, we reanalysed
the raw data obtained in Aoun et al. (2017) with different statistical
models (see section 4). In the worldwide collection, we detected
highly significant genetic variation in response to the GMI1000
strain (Figure 1a), with broad-sense heritability estimates being sig-
nificant 3 days after inoculation (dai) and reaching approximately
0.80 at 7 dai (Table 1). In contrast, when worldwide accessions
were inoculated with the hpaP mutant, a strong delay in the onset
of disease symptoms was observed, with only 12 accessions show-
ing wilting symptoms (Figure 1b). Still, we detected substantial
genetic variation in response to the hpaP mutant, with significant
broad-sense heritability estimates at 8 and 9 dai (8 dai: H*> = 0.47,
p < 0.0001; 9 dai: H* = 0.64, p < 0.0001; Table 2). The patterns ob-
served in the local mapping population largely differ from the ones
observed in the worldwide collection. For instance, in response to
GMI1000 or the hpaP mutant, local accessions were on average
more susceptible than the worldwide accessions (Figure 1). In ad-
dition, less genetic variation in response to GMI1000 was detected
in the TOU-A population (Figure 1a,c; Tables 1 and 3). When inocu-
lated with the hpaP mutant, a delay in the appearance of disease
symptoms was still observed in the TOU-A population (Figure 1d).
However, in comparison with the worldwide collection, significant
natural genetic variation was detected earlier in the TOU-A pop-
ulation, with a broad-sense heritability estimate of 0.44 at 7 dai
(Table 4).

2.2 | Genetic basis of response to the hpaP mutant
largely differs compared to the GMI1000 wild-type
strain in both mapping populations

For each mapping population we adopted a genome-wide as-
sociation approach combined with a local score (GW-LS) analy-

sis (Bonhomme et al., 2019) to finely map the genomic regions
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associated with natural variation of response to the GMI1000
wild-type strain and hpaP mutant. Following Aoun et al. (2020),
we focused in this study on the most significant QTLs (i.e., QTLs
containing single-nucleotide polymorphisms [SNPs] with a -log,,
(p value) above 5 or a Lindley process value above 20, see section 4).
Based on these criteria, we identified in the worldwide collection
in response to GMI1000 27 QTLs containing 64 candidate genes
(Figure S1, Tables S1 and S2). The most significant SNP (i.e., the top
SNP), located in QTL-1, fell into the genomic region of At3306090,
a gene encoding a PAMP-induced peptide-like protein (dai = 3,
SNP-3-1839089, p = 2.40 x 107}, local score = 8.6; Table S1). In
agreement with previous results described in Aoun et al. (2017),
two other top SNPs located in the RPS4/RRS1 locus (QTL-3, chro-
mosome 5, SNP-5-18325565, SNP-5-18322558, p = 1.51 x 107,
local score = 31.6) were detected from 6 to 13 dai. Strikingly, this
QTL was not detected in response to the hpaP mutant, even if the
secretion of the PopP2 effector, known to trigger resistance to
R. solanacearum following its perception by the immune-receptor
pair RPS4/RRS1-R (Deslandes et al., 2003), is not altered in this mu-
tant (Lohou et al., 2014). Instead of RPS4/RRS1, in the worldwide
collection, we detected in response to the hpaP mutant 11 QTLs
containing 17 candidate genes (Figure 2, Tables S2 and S3), with the
top SNP (dai = 9, chromosome 1, SNP-1-17922960, p = 1.41 x 107,
local score = 4.9) located in QTL-1 containing the genes At1348480
and At1g48490 (Figure 2 and Table S3). At1g48480 encodes the
receptor-like kinase RKL1 (Tarutani et al., 2004), and At1348490 en-
codes the protein kinase IRE3 (for incomplete root hair elongation
3; Yue et al., 2019). Another QTL supported by one top SNP (QTL-4,
chromosome 1, SNP-1-17980977, p = 6.15 x 107, local score = 5.8)
contained four candidate genes, At1348625, At1348630, At1348635,
and At1g48640 (Figure 2 and Table S3). At1g48625 is a pseudogene,
At1348640 encodes a transmembrane amino acid transporter fam-
ily protein, and At1g48635 encodes PEX3, a peroxine. Interestingly,
At1g948630 encodes RACK1B (receptor for activated c kinase 1B)
protein, which acts as a versatile protein involved in multiple bio-
logical processes, including functions in disease resistance (Jia et al.,
2020).

The number of QTLs was higher in the TOU-A population than
in the worldwide collection (Tables S2, S4, and S5). In response to
GMI1000, we detected 39 QTLs (containing 192 genes) from 3 to
12 dai (Tables S2 and S4), with the highest association peak located
on chromosome 4 (Lindley process = 121.7) and containing three
genes (At4g20070, At4g20080, and At4320090). In response to
the hpaP mutant, we detected 38 significant QTLs (containing 233
candidate genes) from 7 to 12 dai (Tables S2 and S5). The highest
association peak was supported by two top SNPs (QTL-1, chromo-
some 4, SNP-4-399009 and SNP-4-403181, p = 4.17 x 107, local
score = 107.3; Table S5). It underlies a large genomic region con-
taining 10 candidate genes (At4300893, At4300895, At4300900,
At4g00905, At4300910, At4g00920, At4g00930, At4g300940,
At4300950, and At4300955). Noteworthy, 22 out of these 38

QTLs were identified at several successive dai, with up to 71 genes
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FIGURE 1 Genetic diversity of plant response of two Arabidopsis thaliana populations to Ralstonia solanacearum inoculation. Worldwide
population inoculated with GMI1000 wild-type strain (a) and with the hpaP mutant (b). PopTOU-A local population inoculated with GMI1000
wild-type strain (c) and with the hpaP mutant (d). For each time point, the best linear unbiased predictors (BLUPS) were estimated using the
disease index score values. The red lines represent the mean of the disease index over all the accessions. The green lines represent the mean
of the disease index for the Col-0 accession (a, b). Inoculations were performed on 4-week-old plants using the root inoculation method. dai,

days after inoculation; DI, disease index

underlying a single QTL, demonstrating the complex genetic basis
of the response to the hpaP mutant found in the TOU-A population

when compared with the worldwide collection.

Importantly, for each mapping population, no detected top SNP
was shared between the two strains inoculated, suggesting that the
genetic bases of response to GMI1000 and the hpaP mutant largely

differ whatever the mapping population used.

2.3 | Biological processes identified in the
worldwide collection using the hpaP mutant seem to
involve similar pathways detected in early responses

to GMI1000

For each mapping population, the biological processes that were

the most significantly represented in candidate gene lists associated



325

olecular Plant Patholog @ WILEY

"20ued1y1usIs ajedipul

p|og Ul SIaQUINN "JUEDIHIUSIS JOU ‘SU ‘UOIJE|NDOUI Ja}Je SABD ‘Q {SaNn|eA A}ljiqe3liay asuas-peo.q ‘,H {359} Ol3ed pooy|I|a¥1] U} WOty Buldnsal anjeA 1 Y7 ‘17T 109449 paxiy JO 1533 a3 wouy Suinsal anjea 4 4

90 A 4] 820 ST0 870 920 su :H Allliqeilsy asuas-peo.q

¥662°0 €T 1€20°0 oce SS¥0°0 69'Cc 15100 16°€ £900°0 11%% T0T0°0 18°¢€ su su 2019
1000°0> 6609 1000°0> zo0'1e 96100 G8's  T000°0> TSt 10000 89¥T 0000 16°€T su su uolssaddy
d 1y7io4 d 1y1io04 d 1y1404 d 1y7404 d 1y7io4 d 1¥7404 d 1y1404 Swa} [9poN

60 swoldwAg 8 swoldwAg £Q swoldwAg 9 swoldwAg 6@ swoldwAg Q swoldwAg €@ swoldwAsg syet]

UOI3e|NJ0UI 3004 dDdY WINIPadbUD|OS DIUO}S|DY 03 9SUOASII Ul XapU] 9SEISIP 404 UOIFIS||0D SPIMP[IOM B JO SUOISSIIIE bUDIIDY] SIsdopigply 19T Suowe uojjelleA [ednjeN Z 37dVL

"2ouedIIuSIS 33edIpul
p|og Ul SIaQUINN "JUEDIHIUSIS JOU ‘SU (UOIJEINDOUI Ja}E SABD ‘Q ‘SaN|eA A}l|Iqe3liay asuas-peo.q ‘,H {153} Ol3ed pooyI|a31] Y} WOy Bulynsal anjeA 1 Y7 ‘17T 109442 paxiy JO 1593 dy3 wouy Suinsal anjea 4 4

<H ANliqeiay

DEMIRJIAN ET AL.

6,0 6,0 6,0 080 LL0 740 19°0 S¥'0 6€°0 dsuss-peoig
0Y00'0  £S°S 0¥00'0 4SS G0000 €87 €0000 ¥C'8 ¢9000 tTI'S 70000 68Z T€000 98'S 04200 +9€ S9¥00 60°€ 32019
T0000> /¥'6ST 1000°0> LET9T T0000> 687C/T T1T0000> €S€6T TO000> TS/ZST TO000> G8CET TO0O00> C9/8 T0000> ¥6CT9 10000> €9°SC uolssadoy
d 141 d 141404 d 147404 d 141404 d 141 d 147404 d 1¥ d 191 d 1491 swa} [9poN

104 104 10 4 10 4 1o 4
€1Q swoldwAsg 11a swolrdwAg 6Q swoldwAg 8@ swoldwAg £Q swoldwAg 9Q swoldwAg 6 swoldwAg @ swoyrdwAg £q swoldwAsg sjed]

uol3e|n20ul 3001 OOOTIIND WNIDIIDUD|OS DIUOIS|DY 0} dSUOASAI U] XSPU] 9SEISIP 104 UOIFID||0D SPIMPJIOM B JO SUOISSIIE bUDI[bY} SISdopiquly T9T Suowe uoljeliea jednieN T 379V.L



DEMIRJIAN ET AL.

TR\
&3

fopericcon)

32L|_Wl LEY Molecular Plant Pathology

*9ouedlyIusis ayedipul

p|og Ul SIaquINN “JUediJIuSIS J0U ‘SU fUolje|ndoul Ja3je sAep ‘q ‘SanjeA AJljiqellial) asuas-peodd ‘,H ‘1591 011 POOL|I|ayl] Y3 Wouy Suilnsal anjeA |47 ‘1Y 199143 paxiy Jo 1593 a3 Wod) Sulynsal anjea 4 4

S0 80 0S50 9%°0 1440 ¥¥0 61°0 ¢00 0
€00¥'0 ¢60 SEBEO0 960 LLLTO €LT ¢C600 6€C ¥I6EOD  ¥60 8LSTO0 S8BT EV6T0 ¥9'T  Sv/T0 SLT  ¥99€0 107
T000°0> 9£6C 1000°0> <C/8T 10000> 15¢C 1000°0> +8°GT 90000 98'TT 90000 +6IT €¥00°0 ¥1'8 €000°0 6T°€T 10000> €C°9¢C
d 191 d 1u1 d 141 d 191 d 1y140 4 d 1y1404 d 131404 d1yiio4 d 1y1404
10 4 104 10 4 10 4

H

ANligeatisy
su asuas-peolq
su su 3209
su su UOISS220Y

d Jy14104 Swd) |9poN

Z1aswoldwAs 11qswoldwAs QT swordwAsg 60 swoldwAg 8@ swoldwAg £Q swoldwAg 9@ swoldwAg 6 swoldwAg Q swoldwAg

€@ swoldwAg syes]

UoI3e|NJ0UI 3004 bdy WNIPadPUD|OS DIUO}S|DY 03} 9sU0dsal Ul Xapu] aseas|p 4o} uolie|ndod y-NOL [BI0] B JO SUOISSIDE DUDI[bY] SIsdopiqpiy Z/T Suowe uoljeldeA jednjeN + 379V.L

"20ued1y1usIs ajedipul

PIOq Ul SISQWINN "JUBdIJIUSIS J0U ‘SU {UOIFe|nNd0ul J9}Je SABP ‘Q ‘San|eA A}l|IqelIay asuas-peouq ‘,H ‘3593 ol3ed POOoyI|a1] 9Y3 Wo) SUI} NS aNjeA [¥7 ‘1¥7 {19942 Paxiy JO 359} 3} WoJ) Bul3|nsal anjeA 4

<H ANliqediay

LEO €70 L0 €9°0 050 2s0 650 G50 890 90 dsuas-peo.g
60000 80Z TOO00 <C¢6 T0000> O0€CT TO0O0O'0> ¢CEET T000'0> 8¥/ZT TOO0O'0> 9C9T TO0O0O'0> 86'ST TOO0O'0> 06¢CT S920°0 G9'€ [LLESO ¢90 32019
€000°0 9¥'8 T0O00'0> T€'8T TO00'0> 9£8C 10000> OFT¥ T000°0> 8SLE TO000> 09Ty T0000> +0°09 T000°0> 96¢CF T0000> TT/LL €000 1TTL uo|ssadoy
d 141 d 141 d 141 d 1¥ d 1y d a1 d 141 d 141 d 1¥ d 141 swa} [9poN

10 4 10 4 10 4 10 4 10 4 10 4 10 4 10 4 10 4 10 4
ZtaswoldwAs TpqswoldwAs OTQ swolrdwAis 60 swoldwAg 8@ swoldwAg £Q swoldwAg 9Q swoldwAg 6 swoldwAg @ swoydwAs  g¢q swoldwAsg sjed|

uoI3e|Nd0U| 3004 OOOT|IND WNIDIILUD|OS DIUOS|DY 03 dSUOASaJ Ul Xapuj 3seasip Joj uole|ndod y-NOL [eJ0] € JO SUOISSIDE bUbIPY] Sisdopiqply Z8T Suowe uoljelieA [ednieN € 379V.1



DEMIRJIAN ET AL.

Molecular Plant Pathology @ WI LEYM

.
(€] 3 .
67 - e s % . ;
~ i * P "
S —= L : .
S . 2 [z g :
bD 4_ 5 e & . ., d 3 - » 5
|
2 +
0.
Chromosome
(b) :
20
~ 15 1 :
& :
< :
en i i z
10 : :
= Q s :
| i :
5 : s :; :E 2 ' o :
N 343 .
1 2 3 4 5
Chromosome

FIGURE 2 The genetics of quantitative disease resistance to Ralstonia solanacearum hpaP mutant in the worldwide population identified
by GW-LS mapping. Whole-genome scan of 214, 051 single-nucleotide polymorphisms (SNPs) for association with the disease index

at 8 days after inoculation (dai) (a) and 9 dai (b). The green circles highlight the top SNPs corresponding to QTL-1 (a) and QTL-4 (b) on
chromosome 1, highlighting At1g48480 and At1g48490 genes for QTL-1 and At1g48630 and At1g48635 genes for QTL-4

with the top SNPs detected for GMI1000 and the hpaP mutant
were analysed with the classification superviewer tool using the
MapMan classification as the source (http://www.bar.utoronto.ca/
ntools/cgi-bin/ntools_classification_superviewer.cgi) (Figures 3 and
S4, Table S2). For the worldwide collection, response to GMI1000
corresponded to genes mostly involved in redox, DNA, protein
and lipid metabolisms, stress response, and signalling (Figure 3 and
Table S2). In agreement with the delay in the onset of disease symp-
toms observed in response to the hpaP mutant (Figure 1), biological
processes including hormone and lipid metabolisms found enriched
at 3 dai in response to GMI1000 were also enriched in response to

the hpaP mutant, but at later time points of the kinetics (8 and 9 dai).

Although the identity of the underlying genes was different, they
were classified in the same metabolic pathway on structured anno-
tation criteria (MapMan classification).

For the TOU-A population, DNA, RNA, protein, and polyamine
metabolisms were significantly enriched in response to both strains
(Figure S4). Still, the identity of the underlying genes was different
between the strains (Table S2). In addition, miscellaneous processes
as well as glycolysis and transport metabolism, enriched at 11 and
12 dai, appeared to be specific to the response to the hpaP mutant.

Overall, the biological processes involved in response to the two
strains appear to be more similar in the TOU-A population (Figure S4)

than in the worldwide collection (Figure 3).
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2.4 | RKL1,RACK1B, and PEX3 are involved in
R. solanacearum HpaP-dependent plant susceptibility

Due to the greater complexity of the genetic architecture of the
response to the hpaP mutant observed in the TOU-A population,
we decided to validate some candidate genes identified in the
worldwide collection. These candidate genes were annotated to
have functions that could be related to plant defence response and
underlie the most significant QTLs. As a first step, we selected two
of the most resistant (Bu-0 and CIBC-5) and susceptible (Lm-2 and
Nok-3) worldwide accessions to the hpaP mutant. After inocula-
tion with the hpaP mutant, we confirmed phenotypic differences,
with susceptible accessions exhibiting severe disease development
(least-square [LS] means of disease index scores at 9 dai of 3.65 and
3.26 for Lm-2 and Nok-3, respectively) in comparison with resist-
ant accessions that remained symptomless (Figure 4a,c, Tables S6

and S7). In addition, disease development was associated with a

massive bacterial multiplication in the susceptible accessions com-
pared to the resistant ones, with three to four log of differences
(Figure 4b).

Then, we evaluated in these four accessions the natural ex-
pression profiles of four candidate genes underlying the QTL-1
(RKL1, IRE3) and QTL-4 (RACK1B, PEX3) identified in the world-
wide collection (Table S8). Using quantitative reverse transcription
PCR (RT-gPCR), gene expression was measured at 7 dai, thereby
corresponding to 1 day before the detection of QTL-1 and QTL-4.
Interestingly, three out of these four candidate genes showed a sig-
nificantly differential expression level between the resistant and
susceptible accessions (Figure 5 and Table S9). RKL1 and RACK1B
were more expressed in Bu-0 and CIBC-5 resistant accessions than
in Lm-2 and Nok-3 susceptible accessions (Figure 5a,c). Conversely,
IRE3 was more expressed in the susceptible accessions than in the
resistant accessions (Figure 5b). PEX3 expression was similar among

the four accessions (Figure 5d).
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FIGURE 4 Comparison of wilting symptoms and in planta bacterial measurement of two resistant (Bu-0 and CIBC-5) and two susceptible
(Lm-2 and Nok-3) Arabidopsis thaliana accessions following root inoculation with Ralstonia solanacearum hpaP mutant. (a) Dynamics of disease
symptoms at 9 days after inoculation (dai). Least-square (LS) means + standard error of the LS means (Table S6) from two independent
inoculations (n = 72 plants per genotype, ***p < 0.001). Statistical analysis results are presented in Table S7. (b) In planta bacterial
multiplication in A. thaliana rosettes. Number of colony-forming units (CFU) per gram of fresh weight (FW) of rosettes harvested at 7 dai,

a time point corresponding to an average disease index of 3 for the susceptible accessions (Lm-2, Nok-3). Three pools of three plants were
used with two independent repetitions. A Tukey's test was performed (F = 49.35, p < 0.0001) and treatments with the same letter are not
significantly different. (c) Representative pictures taken at 8 dai. DI, disease index; green, susceptible accessions; dark orange, resistant
accessions

Finally, we selected publicly available T-DNA insertion mu- hpaP mutant. While no or barely significant difference was ob-
tants for these four genes. T-DNA insertions were confirmed by served between these mutant lines and the corresponding
genotyping and sequencing the T-DNA flanking sequences and wild-type accession Col-O (Figure Sé, Tables S10 and S11), the
homozygous progenies were produced (Figure S5). Corresponding four genes appear not to be involved in the resistance to hpaP

mutants were phenotyped following root inoculation with the mutant. Meanwhile, we could not exclude a role of these genes
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FIGURE 5 Relative expression level of four candidate genes from GW-LS mapping with the Arabidopsis thaliana worldwide population
inoculated with Ralstonia solanacearum hpaP mutant in two resistant (Bu-0 and CIBC-5) and two susceptible (Lm-2 and Nok-3) accessions
at 7 days after inoculation (dai). (a) At1g48480, (b) At1g48490, (c) At1348630, and (d) At1g48635. Statistical analyses were performed using
Tukey's test and treatments with the same letter are not significantly different (Table S9). Green, susceptible accessions; dark orange,

resistant accessions

in susceptibility to R. solanacearum. To test this hypothesis, we
phenotyped the same mutant lines with the GMI1000 strain,
using the susceptible corresponding Col-0 accession as a control
(Figure 6a-e, Tables S12 and S13). No or a slight significant dif-
ference was observed in disease establishment for the two ire3
mutant lines (Figure 6a,b), corroborated by the absence of differ-
ence in in planta bacterial multiplication when compared to Col-0
(Figure 6f). By contrast, for the three other mutant lines, pex3

(Figure 6c), rack1b (Figure 6d), and rkl1 (Figure 6e), a strong delay
in the disease appearance was observed compared to Col-0, with
fewer symptoms observed after 11 dai. This loss of susceptibility
was associated with a significant impairment of bacterial multipli-
cation in the rack1b and rkl1 mutants (Figure 6f). Altogether, these
data indicate that RKL1, RACK1B, and PEX3 are R. solanacearum
targets contributing to quantitative disease establishment, proba-

bly in an HpaP-dependent manner.
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FIGURE 6 Dynamics of disease symptoms and in planta bacterial multiplication after Ralstonia solanacearum GMI1000 wild-type
inoculation of selected Arabidopsis thaliana mutant lines. (a-e) Disease index curves 11 days after inoculation (dai) of the mutant lines
compared to the Col-0 control (in black). Responses of two ire3 mutants (a, b), pex3 mutant (c), rack1b mutant (d), and rkl1 mutant (e). Least-
square means + standard errors from two independent replicates (n = 32 plants per genotype) and analysis of variance associated are
presented in Tables S12 and S13 (*p < 0.05, **p < 0.01, ***p < 0.001). DI, disease index. (f) In planta bacterial multiplication in A. thaliana
rosettes of the wild-type Col-0 and different mutant lines. Number of colony-forming units (CFU) per gram of fresh weight (FW) of rosettes
harvested at 6 dai, a time point corresponding to an average disease index of 3 for Col-0. Three pools of three plants were used with two
independent repetitions or with two alleles for ire3 mutant. A Tukey's test was performed (F = 5.91; p < 0.001) and treatments with the
same letter are not significantly different
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3 | DISCUSSION

To date, most GWAS on the natural genetic variation of plant re-
sponse to pathogens were based on wild-type pathogenic strains,
which were mainly isolated from crops (Badet et al., 2019; Bartoli
& Roux, 2017; Rajarammohan et al., 2018). Alternatively, study-
ing the impact of a single bacterial protein on plant response
was recently used in GWAS. For instance, Pseudomonas syringae
HopAM1 T3E or the HrpJ type Ill syringe component were spe-
cifically delivered by a disarmed Pseudomonas fluorescens strain
(lakovidis et al., 2016; Lonjon et al., 2020). While this reduction-
ist approach is quite powerful, it might be not ecologically realis-
tic. In this study, we proposed another approach by challenging
two complementary mapping populations to a R. solanacearum
mutant in which a major pathogenic determinant was defective.
Therefore, this approach focuses on the potential effect of a sin-
gle pathogenicity determinant while keeping the entire bacterial
genomic background intact.

A growing number of studies elucidated the function of some
pathogenicity determinants of R. solanacearum, among which most
are T3Es (Landry et al., 2020). A R. solanacearum mutant lacking
HpaP resulted in a unique plant phenotype when inoculated on the
widely used A. thaliana Col-0 susceptible genotype (Lohou et al,,
2014), a rare phenotype when compared to single T3E mutant stud-
ies (Cunnac et al., 2004; Peeters et al., 2013). In this study, by adopt-
ing this new approach, we refined the role of the R. solanacearum
HpaP T3S4 protein by highlighting plant genes specifically modu-
lated by HpaP.

3.1 | Adelayed response of two A. thaliana mapping
populations to the hpaP mutant

In both A. thaliana mapping populations, we observed a delay in
disease establishment with the hpaP mutant in comparison with
the GMI1000 wild-type strain. Accordingly, some biological pro-
cesses found enriched at the late stage of the kinetics with the
hpaP mutant were similar to the ones found at the early stage of
the infection with GMI1000, notably for the worldwide collec-
tion. In this case, they correspond to hormone and lipid metab-
olisms, though the genes underlying these processes remained
different.

In a previous study we observed similar secretome patterns be-
tween GMI1000 and hpaP mutant, with the exception of four and
two early type lll-associated substrates, which were significantly
less or more secreted by the hpaP mutant, respectively (Lonjon et al.,
2020). These slight differences in the secretome or probably other
effects related to the absence of the HpaP T3S4 protein, such as
putative posttranslational modification of other secreted proteins,
could explain this global delay in response to the mutant. However,
the posttranscriptional and posttranslational mechanisms taking
place in the fine control and hierarchy of the secretion are far from
being understood (Bittner, 2012).

3.2 | The playful dynamic genetic architecture of
QDR depends on hpaP and the mapping population

Reminiscent of phenological traits scored on both the worldwide
collection and the TOU-A local population (Brachi et al., 2013), the
extent of genetic variation and the underlying genetic architecture
were highly dependent on the type of mapping population. In com-
parison with the local mapping population, the genetic diversity of
response to both strains was more contrasted in the worldwide col-
lection; the majority of the accessions remained symptomless with
the hpaP mutant while all the accessions were more susceptible in
the local population. Whether this increased susceptibility is spe-
cific to the TOU-A local population remains an open question that
would deserve the phenotyping of an extensive number of other
French natural populations in response to both GMI1000 and the
hpaP mutant, such as the set of 168 natural populations located in
south-west France (Frachon et al., 2018, 2019). Knowing that Hpa
proteins are important for the R. solanacearum infection process in
T3S establishment and T3E secretion (Lonjon et al., 2016, 2020), we
propose that the strong phenotypic differences observed especially
in the worldwide collection to the mutant could highlight the early
HpaP modulated plant response. In addition, for both strains, the
genetic architecture was more complex in the local population than
in the worldwide collection and no top SNPs were common between
these two mapping populations. Several nonexclusive hypotheses
can be proposed to explain this discrepancy. First, in agreement with
a shorter linkage disequilibrium observed in the local population
(i.e. 18 bp; Frachon et al., 2017) than in the worldwide collection
(about 10 kb; Atwell et al., 2010), the effect of population struc-
ture is much more pronounced in the worldwide collection (Brachi
et al., 2013). While appropriate statistical methods used to correct
for strong confounding by population structure reduce the rate
of false-positive associations, they also increased the rate of false
negatives (i.e., causative SNPs that are lost as an artefact of popula-
tion structure corrections), thereby decreasing the power to detect
QTLs in the worldwide collection (Bergelson & Roux, 2010; Brachi
et al., 2010). Second, in agreement with the strong population ge-
netic differentiation observed in A. thaliana (Platt et al., 2010), both
genetic heterogeneity and/or allelic heterogeneity are expected to
be more important in the worldwide collection than in the TOU-A
population, with the fixation of different mutations related to the
same phenotypic trait among different populations. These hetero-
geneities in turn limit the power of detection of QTLs (Bergelson
& Roux, 2010). Third, the level of phenotypic and genetic variation
of QDR to the R. solanacearum GMI1000 wild-type strain was sug-
gested to be related to the absence of fully resistant accessions in
the TOU-A local population compared to the worldwide collection,
in which a major association peak corresponding to the RPS4/RRS1-R
locus was detected (Aoun et al., 2017, 2020). This locus encodes an
immune-receptor pair mediating one of the main sources of resist-
ance to different strains of R. solanacearum (Deslandes et al., 1998).
A similar assumption could be made for the difference observed in

natural variation of QDR to the hpaP mutant because we previously
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showed that PopP2, the T3E perceived by RSP4/RRS1-R (Deslandes
et al., 2003; Le Roux et al., 2015), was still fully secreted and trans-
located by the hpaP mutant (Lohou et al., 2014; Lonjon et al., 2020).
However, we did not detect this locus in the worldwide collection
inoculated with hpaP. Interestingly, although none of the candidate
genes underlying QTLs were common between the two strains, we
observed that a majority of the enriched biological processes were
common and found enriched at the same time point, in particular in
the local population. These findings demonstrate (a) that the study
of the natural diversity of plant response to a pathogen single mu-
tant is an original and powerful strategy to identify new plant genes
targeted by a pathogen, and (b) that HpaP, as a key regulator of early
substrates of the T3SS, is a robust choice to reveal important QTLs
involved in R. solanacearum response, QTLs potentially hidden in a
wild-type context by the major RRS1-R/RPS4 locus.

To gain more knowledge on the function of the genes underlying
QTLs identified, we explored their expression profiles using publicly
available expression studies on the Genevestigator tool. Consistently,
whatever the candidate genes considered and the strains used,
they are strongly up-regulated in biotic stress experiments involv-
ing bacterial and fungal pathogens such as P. syringae pv. maculicola
(Bernsdorff et al., 2016), Blumeria graminis (Maekawa et al., 2012),
and Botrytis cinerea (Liu et al., 2015). As mentioned above, while hor-
mone and lipid metabolism pathways are enriched in response to both
strains for the worldwide collection, none of the genes falling into
these groups are common, although some of them have been related
to the plant response to pathogens. For instance, for hormone me-
tabolism, At3g23240 identified in response to hpaP mutant, encoding
ETHYLENE RESPONSE FACTOR1 (ERF1), was previously found to
be expressed, along with PDF1.2 and CHI/PR3 from jasmonic acid
(JA) and ethylene pathways, in response to Fusarium poae inoculation
(Dinolfo et al., 2017). Alternatively, the bHLH transcription factor
MYC2/JIN1 (At1g805710), highlighted in response to GMI1000, was
described to be a master regulator of diverse JA-mediated responses
by antagonistically regulating two distinct branches of the JA signal-
ling pathway in response to necrotrophs (Kazan & Manners, 2013).
By contrast, for lipid metabolism, the role of the identified genes re-
mains largely unknown. However, the functional characterization of
AtNCER1, one of the three A. thaliana neutral ceramidases to which
AtNCER3 (At5358980) belongs, suggests these proteins are involved
in the homeostasis of sphingolipids, signalling molecules known to
participate in the mediation of plant responses to biotic and abiotic
stresses (Li et al., 2015). Together, these data underline the relevance
of the candidate genes identified, with a diversity of functions mainly

related to biotic stress responses.

3.3 | RKL1,RACK1B, and PEX3: three HpaP-
dependent susceptibility genes involved in plant
response to R. solanacearum

In the worldwide collection challenged with the hpaP mutant, we

detected 11 QTLs containing 17 genes harbouring a diversity of
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putative functions. Among these, we selected two pairs of candidate
genes underlying two QTLs, RKL1 (At1g48480)/IRE3 (At1g48490)
and RACK1B (At1348630)/PEX3 (At1g48635), and functionally vali-
dated RKL1, RACK1B, and PEX3 as susceptibility genes in response to
R. solanacearum. Although IRE3 expression was significantly higher
in the hpaP susceptible than in the hpaP resistant accessions, the
involvement of IRE3 in the response to R. solanacearum remains un-
certain because the bacterial multiplication in the two mutant lines,
ire3-1 and ire3-3, does not differ from Col-0 despite a significant dif-
ference observed in wilting disease kinetics.

RKL1 belongs to the LRR class of receptor-like kinases (RLKSs)
and RKL1 is expressed in the vascular tissue of the entire root sys-
tem, with the rkl1 mutant showing a reduction in root length (ten
Hove et al., 2011). Besides being key regulators of plant architecture
and growth, RLKs also play a role in defence and stress responses
(Marshall et al., 2012). For instance, previous studies identified
the RLK ERECTA gene as being involved both in plant development
(Torii et al., 1996) and in QDR to bacterial wilt (Godiard et al., 2003).
Interestingly, both RKL1 and RLK902 (At3317840 gene, closest RKL1
homolog) were found to interact with EDR4 (ENHANCED DISEASE
RESISTANCE 4), an A. thaliana protein involved in plant immunity,
either having a negative or positive role in resistance to powdery
mildew pathogen Golovinomyces cichoracearum or to P. syringae, re-
spectively (Wu et al., 2015; Zhao et al., 2019). Moreover, RLK902
is involved in resistance to the bacterial pathogen P. syringae (Zhao
et al., 2019). By contrast, rkl1 mutant harboured a significant delay
in disease establishment and in planta bacterial multiplication was
significantly reduced. We cannot exclude that this difference in
phenotype may also be due to a defect in root development that
could affect the bacterial infection. This is another example of the
diversity of functions of RLKs in plant response, potentially acting in
resistance or susceptibility according to the pathogen encountered.

Of the two other functionally validated candidate genes,
RACK1B was found to be involved in plant immune responses.
RACK1B shares about 90% identity with RACK1A and RACK1C, these
three A. thaliana homologous genes (Chen, 2006) encoding RACK1
(Receptor for Activated C Kinase 1) proteins, which are members of
the tryptophan-aspartate repeat (WD-repeat) family, playing a role
in shuttling, anchoring proteins at specific locations, and stabiliz-
ing protein activity (Adams et al., 2011). RACK1 is involved in the
bacterial damage-associated molecular pattern (DAMP)-triggered
immune pathway, being an essential component of a new immune
signalling pathway in A. thaliana activated by pathogen-secreted
proteases (Cheng et al., 2015). In addition, by its participation in the
scaffolding of multiprotein complexes, leading to numerous interac-
tions with various ligands among which are many immune proteins,
RACK1 emerged as an important actor of defence against pathogens
in plants (Islas-Flores et al., 2015). Hormones are known to play a de-
cisive role in the establishment of bacterial wilt. For example, several
A. thaliana mutants of genes involved in abscisic acid (ABA) signal-
ling (abi1-1, abi2-1, and abal-6é) were described as becoming more
susceptible to R. solanacearum (Hernandez-Blanco et al., 2007).

Alternatively, the ein2-1 (ethylene insensitive 2) mutant impaired in
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ethylene signalling showed a delay in bacterial wilt establishment
with several virulent strains of R. solanacearum in A. thaliana (Hirsch
etal., 2002). Interestingly, RACK1 is also implicated in the regulation
of plant response to ABA (Guo et al., 2009), and RACK1 and EIN2
were found to genetically interact to regulate plant growth and de-
velopment in A. thaliana (Wang et al., 2019). In the same line, the
PEX3 gene, which participates in peroxisome biogenesis and plant
antioxidant networks, has been recently identified as an important
factor in the drought tolerance response involving ABA (Ebeed et al.,
2018). Another peroxisome biogenesis gene, PEX1, is induced in re-
sponse to wounding and infection with P. syringae (Lopez-Huertas
et al., 2000). In addition, the results obtained for PEX3 also support
the finding that its manipulation by the bacterium does not rely on
its transcriptional regulation.

Susceptibility genes are classically defined as any plant gene
that facilitates the infection process or supports compatibility with
a pathogen (van Schie & Takken, 2014; Zaidi et al., 2018). Altogether,
our data validated RACK1B, PEX3, and RKL1 as susceptibility factors
manipulated by R. solanacearum in the early steps of the infection in
an HpaP-dependent manner. In the same way, most of the genes val-
idated in previous GWAS studies with R. solanacearum correspond
to susceptibility genes (Aoun et al., 2017, 2020). Such genes, ma-
nipulated by pathogens to facilitate their multiplication, have been
suggested as robust sources of resistance if disrupted in plants (van
Schie & Takken, 2014; Zaidi et al., 2018). Alternatively, QDRs were
suggested to confer durable and broad-spectrum resistance against
numerous pathogen species (Debieu et al., 2016; French et al., 2016;
Roux et al., 2014). However, the literature shows that their spectrum
of action has to be carefully considered, as some plant genes have
been described as being involved either in resistance or susceptibil-
ity according to the interacting pathogen (Lorang et al., 2012; Zhao
et al., 2019). One direct perspective of this work will be to further
characterize susceptibility genes and to evaluate their spectra of

action.

4 | EXPERIMENTAL PROCEDURES

4.1 | Bacterial strains, plant material, and growth
conditions

The R. solanacearum GMI1000 wild-type strain and hpaP mutant
were grown as described by Lohou et al. (2014). When needed, kan-
amycin (50 mg/L) was added. To investigate the natural variation of
response of A. thaliana to R. solanacearum, two sets of A. thaliana
wild accessions were used. The first set corresponds to 176 acces-
sions from a worldwide collection (Atwell et al., 2010), while the sec-
ond set corresponds to 192 whole-genome sequenced accessions
of the French TOU-A population (Frachon et al., 2017). Detailed in-
formation on the A. thaliana T-DNA insertion mutants used in this
study, corresponding to the At1g48480, At1348490, At1g348630, and
At1g48635 genes, is listed in Table S8. They were identified using the
T-DNA express Arabidopsis online mapping tool (http://signal.salk.

edu/cgi-bin/tdnaexpress; Alonso et al., 2003) and ordered from the
Nottingham Arabidopsis Stock Centre (University of Nottingham,
UK). All the mutants analysed in this study are in the Columbia ac-
cession background (Col-0, NASC ID CS70000). A. thaliana acces-

sions and mutants were grown as described in Aoun et al. (2017).

4.2 | Plantinoculation and phenotyping

Inoculations on intact roots were performed as previously described
(Lohou et al., 2014). Briefly, plants were soaked for 20 min in 2 L per
tray of a bacterial suspension at 108 cfu/ml. Inoculated plants were
then transferred to a growth chamber at 27°C (75% relative humid-
ity [RH], 12 h light, at 100 umol-m™%s2). Plants were monitored for
wilting symptoms from 3 to 11 days after inoculation (dai) with a
disease index scale ranging from O (healthy plants) to 4 (dead plants)
(Morel et al., 2018).

4.3 | Natural variation of response of the two
A. thaliana mapping populations to R. solanacearum

4.3.1 | Experimental design

For the worldwide collection inoculated with the GMI1000 wild-
type strain, raw phenotyping data produced in Aoun et al. (2017) at
27°C onintact roots were retrieved for 161 accessions. For the hpaP
mutant, we adopted a randomized complete block design (RCBD) of
two experiments each consisting of two blocks containing one repli-
cate of 164 and 113 accessions, respectively.

For the TOU-A population, 182 and 172 accessions were pheno-
typedin response to the GMI1000 wild-type strain and hpaP mutant,
respectively. For each strain, the plants were arranged according to
a RCBD of three experimental blocks, each containing one replicate

of each accession.

4.3.2 | Statistical analysis

For each mapping population x R. solanacearum strain combina-
tion, a mixed model was used to explore the natural genetic varia-
tion of the disease index at each time point of phenotyping using
the “Ime4” library under the R environment (R Studio Team, 2020),
as follows:

disease index;, = u + block; + accession; + g, )

where u is the overall mean of the phenotypic data, “block” accounts
for differences in micro-environmental conditions between the experi-
mental blocks used, “accession” corresponds to the genetic differences
among the worldwide or the TOU-A natural accessions, and ¢ is the re-
sidual term. The factor “block” was considered as a fixed factor and the
factor “accession” as a random factor. The significance of the random

effect was determined by likelihood ratio tests of the model with and
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without this effect. Residuals were normally distributed so no trans-
formation was applied on raw phenotypic data. For each natural acces-
sion, we estimated best linear unbiased predictors (BLUPs) obtained
for each natural accession. Because A. thaliana is a highly selfing spe-
cies (Platt et al., 2010), BLUPs correspond to genotypic values. Using
a formula adapted from Gallais (1990), broad-sense heritability (H?) at
each time point of phenotyping was estimated from variance compo-
nent estimates for the “block” and “accession” terms obtained with the
“Ime4” and “Imtest” libraries under the R environment (R Studio Team,
2020).

4.3.3 | GWA mapping with local score analysis

For each mapping population x R. solanacearum strain combination,
genomic regions associated with natural disease index variation at
each time of phenotyping were mapped by using a mixed model
implemented in the software EMMAX (Efficient Mixed-Model
Association eXpedited; Kang et al., 2010). To control for the effect
of population structure, we included as a covariate an identity-
by-state kinship matrix K. This kinship matrix is based on 214,051
SNPs evenly spaced across the genome for the worldwide collec-
tion (Horton et al., 2012) and on 1,902,592 identified SNPs for the
TOU-A mapping population (Frachon et al., 2017). Rare alleles may
increase the rate of false positives (Atwell et al., 2010). Therefore,
based on previous GWAS performed on the two mapping popula-
tions, we only considered SNPs with a minor allele relative frequency
(MARF) >10% in the worldwide collection (Brachi et al., 2010; Kang
etal., 2010) and >7% in the TOU-A population (Frachon et al., 2017).

To better characterize the genetic architecture associated with
the natural genetic variation of disease index, we followed the pro-
cedure described in Aoun et al. (2020) by applying a local score ap-
proach on the set of p values provided by EMMAX. This local score
approach increases the power of detecting QTLs with small effect
and narrows the size of QTL genomic regions (Bonhomme et al.,
2019). In this study, we used a tuning parameter & of 2. Based on
the procedure described in Aoun et al. (2020), we focused on QTLs
containing SNPs with a -log,,(p value) above 5 or a Lindley process
value above 20 with a heritability above 0.30. We considered as can-

didate all the genes falling in a +2 kb window of each top SNP.

4.4 | In planta bacterial multiplication

For each experiment, the rosettes of three pools of three A. thaliana
plants were harvested for each accession or mutant line, at a time point
corresponding to an average disease index of 3 for the susceptible ac-
cessions Lm-2, Nok-3, or Col-0. Leaves were sterilized for 1 minin 70%
ethanol solution and washed three times for 1 min in sterile water.
Pools of three plants were then weighed and ground using a pestle and
mortar, and resuspended in 5 ml of sterile water. Bacterial concentra-
tions were determined by plating serial dilutions on B medium with

antibiotics when necessary. Experiments were repeated twice.
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4.5 | Validation of T-DNA insertion mutations

Foreach T-DNA insertion mutant line (Table S8), six to 12 plants were
genotyped to confirm the T-DNA insertion and to select homozy-
gous mutants. Leaf samples were harvested and DNA extracted as
described in Mayjonade et al. (2016). Primers used for genotyping,
listed in Table S14, were identified with the SALK T-DNA primer on-
line tool (http://signal.salk.edu/tdnaprimers.2.html). The PCR mix
was composed as described in Aoun et al. (2017). The PCR cycling
conditions were as follow: 95°C for 2 min; a high-temperature phase
of 10 cycles at 95°C for 30s, 62-52°C for 30 s (touchdown, 1°C de-
crease at each cycle), and 72°C for 1 min; a lower temperature phase
of 30 cycles at 95°C for 30's, 52°C for 30 s, and 72°C for 1 min; then
72°C for 2 min.

4.6 | RNA extraction and RT-qPCR

RNA extractions and RT-qPCR analyses were performed as de-
scribed (Le Roux et al., 2015). Each experiment was composed of two
biological replicates each containing three technical gPCR replicates.
A first experiment was realized to analyse the expression profile of
At1948480, At1g48490, At1g48630, and At1g48635. For each repeti-
tion, a pool of three leaves from three plants for each accession was
harvested at 7 dai from plants inoculated with water or the hpaP mu-
tant. A second experiment was performed to check the expression
level of the gene interrupted by the T-DNA insertion for the mutant
selected. In this case, a pool of four leaves corresponding to four

plants was harvested. Corresponding primers are listed in Table S14.
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