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Abstract
In Arabidopsis thaliana, the POWDERY MILDEW RESISTANT4 (PMR4)/GLUCAN SYNTHASE LIKE5 (GSL5) callose synthase is required for 
pathogen-induced callose deposition in cell wall defense. Paradoxically, pmr4/gsl5 mutants exhibit strong resistance to both powdery 
and downy mildew. The powdery mildew resistance of pmr4/gsl5 has been attributed to upregulated salicylic acid (SA) signaling based 
on its dependance on PHYTOALEXIN DEFICIENT4 (PAD4), which controls SA accumulation, and its abolishment by bacterial NahG 
salicylate hydroxylase. Our study revealed that disruption of PMR4/GSL5 also leads to early senescence. Suppressor analysis 
uncovered that PAD4 and N-hydroxypipecolic acid (NHP) biosynthetic genes ABERRANT GROWTH AND DEATH2-LIKE DEFENSE 
RESPONSE PROTEIN1 (ALD1) and FLAVIN-DEPENDENT MONOXYGENASE1 (FMO1) are required for early senescence of pmr4/gsl5 
mutants. The critical role of NHP in the early senescence of pmr4/gsl5 was supported by greatly increased accumulation of pipecolic 
acid in pmr4/gsl5 mutants. In contrast, disruption of the SA biosynthetic gene ISOCHORISMATE SYNTHASE1/SA-INDUCTION DIFFICIENT 
2 (ICS1/SID2), which greatly reduces SA accumulation, had little effect on impaired growth of pmr4/gsl5. Furthermore, while disruption 
of PAD4 completely abolished the powdery mildew resistance in pmr4/gsl5, mutations in ICS1/SID2, ALD1, or FMO1 had only a minor 
effect on the resistance of the mutant plants. However, disruption of both ICS1/SID2 and FMO1 abolished the enhanced immunity of 
the callose synthase mutants against the fungal pathogen. Therefore, while NHP plays a crucial role in the early senescence of pmr4/gsl5 
mutants, both SA and NHP have important roles in the strong powdery mildew resistance induced by the loss of the callose synthase.
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Introduction
Plants have a sophisticated innate immune system that enables 
them to detect and defend against infection by pathogens 
(Jones and Dangl 2006; Li et al. 2020; Jones et al. 2024). 
Pathogen-associated molecular patterns (PAMPs), such as bacterial 
flagellin, can activate PAMP-triggered immunity (PTI) upon recog
nition by pattern-recognition receptors on the plant host (Boutrot 
and Zipfel 2017; Zhang et al. 2024). PTI involves a series of rapid de
fense responses, including burst of reactive oxygen species, activa
tion of mitogen-activated protein kinases, callose deposition, and 
expression of defense genes (Boutrot and Zipfel 2017; Zhang et al. 
2024). Pathogens can counteract PTI by delivering effectors to plant 
cells. However, some of these pathogen effectors are recognized 
by plant resistance (R) proteins, which activate effector-triggered 
immunity (ETI) (Li et al. 2020; Jones et al. 2024). ETI is often charac
terized by a rapid programed cell death or hypersensitive responses 
(Jones and Dangl 2006), as well as increased accumulation 
of defense signal molecules such as salicylic acid (SA) and 
N-hydroxypipecolic acid (NHP). These defense signal molecules ac
cumulate not only in the infection sites but also in distant, unin
fected tissues to establish systemic acquired resistance (SAR) 
(Hartmann and Zeier 2019; Huang et al. 2020; Shields et al. 2022).

Activation of PTI, ETI, SAR, and other defense mechanisms can 
often negatively impact plant growth and, therefore, is tightly regu
lated (Karasov et al. 2017; He et al. 2022). In the absence of pathogen 
infection, plant immunity is generally kept at minimal levels due to 
the inactive state of immune receptors and the action of negative 
regulators of plant immune responses. Gain-of-function mutations 
in plant immune receptors or loss-of-function mutations in nega
tive immune regulators can lead to constitutive defense and en
hanced disease resistance, resulting in autoimmune mutants 
(van Wersch et al. 2016; Freh et al. 2022). These constitutive defense 
mechanisms in the autoimmune mutants often incur fitness costs, 
such as stunted growth, lesion development, and early senescence 
(van Wersch et al. 2016; Zhang et al. 2020). The morphological phe
notypes resulting from the mutations of plant immune receptors in 
autoimmune mutants have been utilized to analyze the structure- 
function relationship of these receptors, their biogenesis, and 
downstream signaling pathways (van Wersch et al. 2016; Freh 
et al. 2022). Additionally, the lesion-mimic and early senescence 
phenotypes of many autoimmune mutants have been used to 
investigate the components and pathways involved in these 
growth defects and the relationship with their autoimmunity 
(van Wersch et al. 2016; Zhang et al. 2020; Freh et al. 2022).
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One well-characterized defense mechanism in plants is the 
pathogen-induced deposition of callose, a β-(1,3)-D-glucan poly
mer also found in sieve plates, pollen tubes, microsporocytes, 
cell plates, and plasmodesmata (Ellinger and Voigt 2014; Wang 
et al. 2021). Callose polymers are thought to reinforce the cell 
wall structure at the infection sites, thereby restricting the ingres
sion of pathogen-secreted cell wall-degrading enzymes (Stone and 
Clarke 1992). In Arabidopsis, pathogen-induced callose deposition 
is dependent on the POWDERY MILDEW RESISTANT 4/GLUCAN 
SYNTHASE-LIKE 5 (PMR4/GSL5) callose synthase (Jacobs et al. 
2003; Nishimura et al. 2003). Arabidopsis pmr4/gsl5 mutant plants 
are hypersusceptible to a strain of Pseudomonas syringae that lacks 
the type III secretion system, underscoring the critical role of 
pathogen-induced callose deposition in PTI (Kim et al. 2005). 
Overexpression of PMR4 in transgenic Arabidopsis plants confers 
complete restriction of penetration by powdery mildew fungal 
pathogen (Ellinger et al. 2013), further highlighting the impor
tance of callose deposition in plant immunity. We have shown 
that 2 Arabidopsis homologs of UBIQUITIN-ASSOCIATED 
DOMAIN-CONTAINING PROTEIN 2 (UBAC2), a conserved endo
plasmic reticulum (ER) protein involved in ER protein quality con
trol, interact with the plant-specific ER protein PAMP-INDUCED 
COILED COIL (PICC) to regulate PMR4/GSL5 production and play 
an important role in plant immunity (Wang et al. 2019). Mutants 
for both UBAC2s and PICC were compromised in PTI due to re
duced accumulation of PMR4/GSL5 callose synthase and defi
ciency in pathogen-induced callose deposition (Wang et al. 2019).

Unexpectedly, mutations of PMR4/GSL5 result in increased re
sistance to powdery mildew and downy mildew (Vogel and 
Somerville 2000; Jacobs et al. 2003; Nishimura et al. 2003). The en
hanced powdery mildew resistance in pmr4/gsl5 mutants was as
sociated with elevated SA levels and increased expression of 
SA-responsive genes, including PATHOGENESIS-RELATED (PR) 
genes (Nishimura et al. 2003). Disruption of PHYTOALEXIN 
DEFICIENT4 (PAD4), a key regulator of plant immunity that con
trols SA accumulation, or expression of the bacterial nahG gene, 
which encodes an SA hydroxylase, completely abolished the pow
dery mildew resistance of the pmr4/gsl5 mutants (Nishimura et al. 
2003). The findings indicated a critical role for upregulated SA sig
naling in the enhanced powdery mildew resistance of pmr4 mu
tants (Nishimura et al. 2003). It has been proposed that PMR4/ 
GSL5-mediated callose deposition suppresses other defense path
ways through negative feedback to mitigate potential detrimental 
effects on plant fitness (Nishimura et al. 2003). Thus, PMR4/ 
GSL5-mediated callose deposition and the PMR4/GSL5 protein 
have complex roles in plant immune systems.

In this study, we report that Arabidopsis pmr4/gsl5 mutants not 
only displayed reduced growth as previously reported (Enns et al. 
2005) but also developed symptoms of necrosis and early senes
cence. Similar negative effects on plant growth and fitness have 
been observed in other plant mutants with enhanced defense re
sponses, often linked to increased SA signaling (van Wersch et al. 
2016; Zhang et al. 2020; Freh et al. 2022). Arabidopsis autophagy 
mutants, for instance, display early senescence in a manner de
pendent on the primary SA receptor NONEXPRESSOR OF PR 
GENES 1 (NPR1) (Yoshimoto et al. 2009; Zhang et al. 2023). 
Disruption of Arabidopsis MILDEW RESISTANCE LOCUS O2 
(MLO2) genes, also known as PMR2, confers powdery mildew re
sistance as well and causes early senescence in a PAD4- and 
SA-dependent manner (Consonni et al. 2006). Our genetic sup
pressor analysis revealed that the early senescence observed 
in pmr4/gsl5 mutants was suppressed by mutations in PAD4 
and the NHP biosynthetic genes, ABERRANT GROWTH AND 

DEATH2-LIKE DEFENSE RESPONSE PROTEIN1 (ALD1) and FLAVIN- 
DEPENDENT MONOXYGENASE1 (FMO1), but not by mutation 
in the SA biosynthetic gene ISOCHORISMATE SYNTHASE1/ 
SA-INDUCTION DIFFICIENT 2 (ICS1/SID2). These findings indicate a 
critical role of NHP in the growth defects of pmr4/gsl5 mutants. 
Furthermore, while disruption of PAD4 completely abolished the 
powdery mildew resistance in pmr4/gsl4, mutations of SID2, ALD1, 
or FMO1 had only a minor effect. However, disruption of both 
SID2 and FMO1 eliminated the strong powdery mildew resistance 
of pmr4/gsl5, indicating important roles of both SA and NHP in 
the enhanced resistance of the mutants. The differential reliance 
of growth defects and enhanced immunity on NHP and SA in auto
immune mutants like pmr4/gsl5 provides valuable insights into the 
intricate dynamics of plant immunity and the defense-growth 
tradeoff. These insights can help develop approaches to generate 
disease-resistant plants without compromising overall fitness.

Results
Mutations of PMR4 caused necrosis and early 
senescence
We previously reported that 2 Arabidopsis homologs of UBAC2, 
a conserved ER protein involved in ER protein quality control, in
teract with the plant-specific ER protein PICC to regulate 
pathogen-induced callose deposition and PTI by promoting the ac
cumulation of ER-synthesized PMR4/GSL5 callose synthase (Wang 
et al. 2019). In our study, we used 2 independent pmr4/gsl5 mu
tants: pmr4-1, which contains a missense mutation that generates 
a stop codon at amino acid residue 687 (Nishimura et al. 2003), and 
gsl5-1 (GABI_089H05), which contains a T-DNA insertion in the 
second exon of PMR4/GSL5 (Jacobs et al. 2003). Under the growth 
conditions outlined in Materials and Methods section, pmr4-1 
and gsl5-1 mutants grew normally during the first 4 to 5 wks post
germination, with sizes comparable to those of wild type (WT) 
(Fig. 1). However, starting from the 6th wk postgermination, the 
growth of the pmr4-1 and gsl5-1 mutants began to decline when 
compared with WT plants, as evidenced by their substantially re
duced size (Fig. 1). Additionally, fully expanded leaves of pmr4-1 
and gsl5-1 mutant plants, but not those of WT plants, started de
veloping chlorotic and necrotic senescence symptoms (Fig. 1). By 
the 9th wk postgermination, a majority of fully expanded leaves 
of the pmr4-1 and gsl5-1 mutant plants exhibited these senes
cence symptoms, whereas WT leaves remained fully green 
(Fig. 1). Therefore, disruption of PMR4/GSL5 not only enhances 
disease resistance but also leads to growth impairment and early 
senescence.

Early leaf senescence of pmr4/gsl5 is dependent 
on PAD4
The pmr4/gsl5 mutants exhibit strong resistance to both powdery 
and downy mildew (Vogel and Somerville 2000; Jacobs et al. 2003; 
Nishimura et al. 2003). The enhanced powdery mildew resistance 
in pmr4 mutants was linked to upregulated SA signaling based on 
the dependance on PAD4 and its abolishment by expressing the 
bacterial nahG SA hydroxylase gene (Nishimura et al. 2003). 
Increased SA signaling is known to promote both disease resist
ance and accelerate leaf senescence (Morris et al. 2000; 
Manacorda et al. 2013; Smith 2019; Zhang et al. 2021; Tan et al. 
2024), and may contribute to the early senescence observed in 
pmr4/gsl5 mutants. To investigate whether SA or another signaling 
pathway is responsible for the early senescence in pmr4/gsl5 mu
tants, we mutagenized gsl5-1 seeds with ethyl methanesulfonate 
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(EMS) and isolated strong extragenic, recessive suppressors of pmr4 
(spm) from EMS-mutagenized gsl5-1 plants at the M2 generation. 
Unlike the gsl5 single mutant, these isolated gsl5 spm double mu
tants exhibited normal growth similar to WT, and their fully ex
panded leaves remained green at 8 to 9 wks postgermination. To 
identify the spm mutations, we employed bulked segregant analysis 
combined with next-generation sequencing (BSA-NGS). Linkage 
analysis of single nucleotide polymorphisms (SNPs) mapped the 
causal mutation of spm1-1 to a region on the lower arm of chromo
some III, which contains a mutation in PAD4. Specifically, spm1-1 
harbors a G-to-A substitution in the second exon at position 1,491 
from the start codon of PAD4, resulting in a premature stop codon 
after amino acid residue 129 (Table 1; Fig. 2A).

To confirm that disruption of PAD4 suppresses the early senes
cence phenotype of pmr4/gsl5, we examined the previously 

reported pmr4-1 pad4-1 double mutant (Nishimura et al. 2003). 
This double mutant displayed normal growth without the early 
senescence phenotype characteristic of pmr4-1 (Figs. 1 and 2). 
Additionally, we obtained a T-DNA knockout mutant for PAD4 
(pad4-5) (Fig. 2A) and generated the gsl5-1 pad4-5 double mutant. 
The pad4-5 mutation in the gsl5-1 pad4-5 double mutant effec
tively suppressed both the growth defects and early senescence 
of gsl5-1 (Fig. 2B). Furthermore, crossing the pmr4-1 pad4-1 double 
mutant with gsl5-1 spm1-1 double mutant resulted in F1 progeny 
that exhibited normal growth without early senescence (Fig. 2), in
dicating that spm1-1 and pad4-1 are allelic. These findings confirm 
that PAD4 is crucial not only for enhanced powdery mildew resist
ance but also for the early senescence of the pmr4/gsl5 mutants.

Early leaf senescence of pmr4 is also dependent on 
ALD1 and FMO1
Using the BSA-NGS approach, we mapped the causal mutations of 
spm2-1 to the top arm of chromosome II, identifying a mutation in 
ALD1, an NHP biosynthetic gene. Specifically, spm2-1 contains a G 

A

B

Figure 2. Disruption of PAD4 suppressed early senescence in the pmr4/ 
gsl5 mutant. A) Structure of the PAD4 gene and mutations in pad4/spm1 
mutants. The exons of PAD4 are depicted as open boxes and introns are 
shown as lines. The locations of point mutations in pad4-1 and spm1-1, 
as well as the T-DNA insertion site in pad4-5 are indicated. B) 
Comparison of growth and morphology at 9-wks of age among WT, 
gsl5-1 single mutant, pmr4/gsl5-containing double mutants, and the F1 
hybrid from the cross between gsl5-1 spm1-1 and pmr4-1 pad4-1 for 
allelism test. Scale bar: 1 cm.

Figure 1. Growth defects and early senescence in the pmr4/gsl5 
mutants. Comparison of growth and morphology among WT, pmr4-1, 
and gsl5-1 mutants at indicated weeks of age. Fully expanded rosette 
leaves of 9-wk-old WT and mutant plants are also shown. Scale bar: 
1 cm.

Table 1. SPM genes and alleles

Gene name Allele 
name

Nucleotide (nt) 
change

Amino acid (aa) 
change

SPM1/PAD4 spm1-1 G to A at nt 1491 Stop at aa 129
SPM2/ALD1 spm2-1 G deletion at nt 2,182 Frame shift after aa 

119
spm2-2 G to A at nt 332 Arg to Gln at aa 40
spm2-3 G to A at nt 2952 Stop at aa 295

SPM3/FMO1 spm3-1 G to A at nt 1282 Stop at aa 256
spm3-2 C to T at nt 875 Ala to Val at aa 220
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deletion in the 6th exon at position 2,182 from the start codon of 
the ALD1 gene, which introduces a frameshift in translation after 
the first 119 amino acid residues (Table 1; Fig. 3A). To confirm that 
disruption of ALD1 suppresses the early leaf senescence of gsl5, we 
obtained an ald1 T-DNA insertion mutant (Fig. 3A) and created the 
gsl5-1 ald1 double mutant through genetic crossing. As shown in 
Fig. 3B, the ald1 mutation in the double mutant completely sup
pressed the growth defects and early senescence phenotypes of 

gsl5-1. Allelism tests identified 2 additional spm2 mutants (spm2-2 
and 2-3), both with mutations in ALD1 (Fig. 3, A and B). The muta
tion in spm2-2 is a G-to-A substitution in the third exon at position 
332 from the start codon of the ALD1 gene, altering a highly con
served arginine residue to glutamine at amino acid position 40 
(Table 1; Fig. 3A). The spm2-3 mutation is also a G-to-A substitution 
in the 9th exon at position 2,952 from the start codon, leading to a 
premature stop codon after amino acid residue 295 (Table 1; 
Fig. 3A). These results indicate that the NHP biosynthetic gene 
ALD1 is required for the early senescence of pmr4/gsl5 mutants.

The causal mutation of spm3-1 was mapped to a region on chro
mosome I through BSA-NGS, where we identified a mutation in 
FMO1, another NHP biosynthetic gene (Fig. 3C). The spm3-1 muta
tion is a G-to-A substitution in the 3rd exon at position 1,282 from 
the start codon of the FMO1 gene, introducing a premature stop 
codon after amino acid residue 256. Additionally, spm3-2 carries 
a C-to-T substitution in the 2nd exon at position 875 from the start 
codon, changing a highly conserved alanine residue to valine at 
amino acid position 220 (Table 1; Fig. 3C). To confirm that disrup
tion of FMO1 suppresses early senescence of gsl5-1, we obtained a 
fmo1 T-DNA insertion mutant and generated the gsl5-1 fmo1 dou
ble mutant (Fig. 3C). As shown in Fig. 3D, T-DNA disruption of 
FMO1 in the gsl5-1 fmo1 double mutant fully suppressed the 
growth defects and early senescence of gsl5-1. We also crossed 
gsl5-1 spm3-2 with gsl5-1 fmo1 and found that the resulting F1 
progeny all resembled their parental plants with normal growth 
and no early senescence (Fig. 3D). These findings confirm that 
the early senescence of pmr4/gsl5 mutants is dependent on FMO1.

Early leaf senescence of pmr4 is independent of 
ICS1/SID2
The enhanced powdery mildew resistance in the pmr4/gsl5 mu
tants has been attributed to upregulated SA signaling because it 
was dependent on PAD4, which regulates SA accumulation, and 
was suppressed by expressing bacterial NahG SA hydroxylase 
(Nishimura et al. 2003). Despite this association with SA signaling, 
none of the isolated spm mutants were from mutations in SA bio
synthetic or signaling genes. To investigate the role of SA in the 
early senescence observed in pmr4/gsl5, we crossed the gsl5-1 mu
tant with a T-DNA knockout mutant for ICS1/SID2, which encodes 
a key enzyme for pathogen- and stress-induced SA production 
(Fig. 4A). The resulting gsl5-1 sid2 double mutant was compared 
with WT and the gsl5-1 single mutant. As shown in Fig. 4B, unlike 
the gsl5-1 pad4, gsl5-1 ald1 and gsl5-1 fmo1 double mutants (Figs. 2
and 3), the gsl5-1 sid2 double mutant displayed early senescence 
similar to that of the gsl5-1 single mutant (Fig. 4B). This indicates 
that early senescence in pmr4/gsl5 is not dependent on SA biosyn
thetic gene ICS1/SID2.

Association between pipecolic acid accumulation 
and early senescence in WT and mutants
To further investigate the role of NHP in the early senescence of 
pmr4/gsl5, we analyzed the levels of pipecolic acid in WT and mu
tant plants. Pipecolic acid, the precursor to NHP, and NHP itself 
both increase in response to immune activation (Chen et al. 
2018; Hartmann et al. 2018; Wang et al. 2018; Brambilla et al. 
2023). While pipecolic acid is detectable even in uninfected 
Arabidopsis plants, NHP is usually present at very low levels in un
infected plants, often below the detection limit of gas chromatog
raphy/mass spectrometry (GC/MS)-based methods (Chen et al. 
2018; Wang et al. 2018; Holmes et al. 2021). We analyzed the levels 
of pipecolic acid in the leaves of 5- and 9-wk-old WT, as well as 

A

B

C

D

Figure 3. Disruption of NHP biosynthetic gene ALD1 or FMO1 
suppressed early senescence in the gsl5-1 mutant. A) Structure of the 
ALD1 gene and mutations in ald1/spm2 mutants. The exons of ALD1 are 
depicted as open boxes and introns are shown as lines. The locations of 
point mutations in spm2-1, spm2-2, spm2-3 and the T-DNA insertion site 
in ald1 are indicated. B) Comparison of growth and morphology among 
9-wks old WT, gsl5-1 single mutant, gsl5-containing double mutants, 
and the F1 hybrid from the cross between gsl5-1 spm2-2×gsl5-1 ald1, and 
between gsl5-1 spm2-3 and gsl5-1 ald1 for allelism test. Scale bar: 1 cm. C) 
Structure of the FMO1 gene and mutations in fmo1/spm3 mutants. The 
exons of FMO1 are shown as open boxes and introns are depicted as 
lines. The locations of point mutations in spm3-1, spm3-2, and the 
T-DNA insertion site in fmo1 are indicated. D) Comparison of growth and 
morphology among 9-wks old WT, gsl5-1 single mutant, gsl5-containing 
double mutants, and the F1 hybrid from the cross between gsl5-1 
spm3-2×gsl5-1 fmo1 for allelism test. Scale bar: 1 cm. The WT and 
mutant plants in Figs. 2B, 3, B and D, and 4B were grown concurrently 
under identical conditions. The same images of WT and gsl5-1 mutant 
plants were used across these figures for consistency.
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pmr4/gsl5 single and various pmr4/gsl5-containing double mutants. 
At 5 wks of age, pmr4-1 and gsl5-1 mutants exhibited no visible sen
escence symptoms and were morphologically indistinguishable 
from WT plants. However, the levels of pipecolic acid in both 
pmr4-1 and gsl5-1 mutants were more than 200-fold higher than 
in WT (Fig. 5A). The elevated levels of pipecolic acid in the pmr4/ 
gsl5 single mutants were completely suppressed by the mutations 
in PAD4 and ALD1, as observed in the pmr4-1 pad4 and gsl5-1 ald1 
double mutants, respectively (Fig. 5A). Interestingly, the loss of 
FMO1, which catalyzes the conversion of pipecolic acid to NHP, 
also greatly reduced the levels of pipecolic acid in the gsl5-1 fmo1 
double mutant, which were about 50-fold lower than in the gsl5-1 
single mutant but about 6-fold higher than in WT (Fig. 5A). In con
trast, disruption of SID2 did not substantially reduce pipecolic acid 
accumulation in the gsl5-1 sid2 double mutant, whose pipecolic 
acid levels were still over 160-fold higher than those in WT 
(Fig. 5A). Thus, early senescence was strongly associated with 
strong pipecolic acid accumulation, highlighting a critical role for 
pipecolic acid accumulation in the observed phenotypes.

At 9 wks, pmr4/gsl5 mutants already displayed the senescence 
symptoms of chlorosis and necrosis, whereas WT plants did not 
(Fig. 1). The levels of pipecolic acid in the pmr4/gsl5 mutants 
were ∼20-fold higher than those in WT at this age (Fig. 5B). 
Although this represented a substantial increase, it was lower 
compared with the over 200-fold elevation at 5 wks of age 
(Fig. 5A). Again, disruption of PAD4 or ALD1 reduced pipecolic 
acid levels to below those in WT (Fig. 5B). Additionally, the levels 
of pipecolic acid in the gsl5-1 fmo1 double mutant were substan
tially lower than those in the gsl5 single mutant (Fig. 5B). This re
duction of pipecolic acid levels in the gsl5-1 fmo1 double mutant 
suggests that FMO1, which converts pipecolic acid to NHP, may 
regulates pipecolic acid accumulation through a positive feedback 
mechanism. As seen at 5 wks, the levels of pipecolic acid in the 
gsl1-1 sid2 double mutant were comparable to those in the gsl5-1 
single mutant at 9 wks (Fig. 5B). Therefore, disruption of SID2 
had no effect on the high accumulation of pipecolic acid in gsl5 
mutants at either age.

Lack of association between SA accumulation 
and early senescence in WT and mutants
We also compared the levels of free SA and the combined free SA 
and SA glucoside (SA + SAG) in the leaves of 5- and 9-wk-old WT 
and pmr4/gsl5 single, as well as various pmr4/gsl5-containing dou
ble mutants. At 5 wks, while pipecolic acid levels in the pmr4/gsl5 
mutants increased over 200-fold, both SA and SA + SAG levels in 
the mutants were only about 100–150% higher than in WT 
(Fig. 6A). Notably, SA and SA + SAG levels in the pmr4-1 pad4 dou
ble mutant were about 3- to 6-fold lower than in WT (Fig. 6A), in
dicating a crucial role of PAD4 in the elevated basal levels of SA in 
the pmr4/gsl5 mutants. As expected, SA and SA + SAG levels in the 
pmr4-1 sid2 double mutant were similar to those in the pmr4-1 pad4 
double mutant and were also about 3- to 6-fold lower than in WT 
(Fig. 6A). On the other hand, the levels of SA and SA + SAG in the 
gsl5-1 ald1 and gsl5-1 fmo1 were similar to, but not lower than, 
those in WT (Fig. 6A). Thus, while the disruption of NHP biosyn
thetic genes ALD1 and FMO1 did not reduce SA levels below WT 
levels, it could suppress the significant increase in SA levels in 
pmr4/gsl5 mutants at the growth stage prior to senescence.

At 9 wks, the pmr4/gsl5 mutants already developed extensive 
senescence symptoms (Fig. 1), and their SA and SA + SAG levels 
were further elevated to ∼10 times those in WT (Fig. 6B). 
Disruption of PAD4 again reduced both SA and SA + SAG levels 
in the gsl1 pad4 double mutants substantially below those in 
WT (Fig. 6B). Mutations of ALD1 or FMO1 in their respective dou
ble mutants with gsl5-1 also completely suppressed the elevated 
SA and SA + SAG levels caused by the disruption of PMR4/GSL5 
(Fig. 6B). The suppression of SA and SA + SAG accumulation in 
the pmr4 pad4, gsl5 ald1 and gsl5 fmo1 double mutants was asso
ciated with the complete suppression of the early senescence 
phenotype seen in the pmr4/gsl5 single mutants (Figs. 2 and 3). 
On the other hand, disruption of SID2 in the gsl1 sid2 double mu
tants also completely suppressed the greatly elevated SA and SA 
+ SAG levels seen in the gsl5 single mutant (Fig. 6B), but both the 
gsl5-1 single and gsl5-1 sid2 double mutants developed extensive 
senescence symptoms at the same growth stage (Fig. 4). Thus, 
early senescence of these mutants was associated only with 
the accumulation of pipecolic acid but not with the accumula
tion of SA.

Role of PAD4, SA, NHP, and NPR1 in pmr4/gsl5 
powdery mildew resistance
To explore the relationship of early senescence with enhanced 
disease resistance due to the loss of PMR4 callose synthase, we 
examined how mutations in PAD4, ALD1, FMO1, and SID2 
affect the powdery mildew resistance in the pmr4/gsl5 mutants. 
After inoculation with the adapted powdery mildew isolate 
Golovinomyces cichoracearum UCSC1, we confirmed that both 
pmr4-1 and gsl5-1 mutants were highly resistant to the fungal 
pathogen (Supplementary Fig. S1). Unlike WT, pad4, ald1, fmo1, 
and sid2 mutant plants, which were all highly susceptible to pow
dery mildew, as evidenced by extensive whitish powdery mildew 
(Supplementary Fig. S1A) and a high number of fungal spore 
(conidia) counts (Supplementary Fig. S1B) at 10 d postinoculation 
(dpi), both pmr4-1 and gsl5-1 mutants displayed minimal whitish 
mildew symptoms on leaf surface (Supplementary Fig. S1A) and 
a 10- to 20-fold reduction in fungal sporulation compared with 
WT and the mutants (Supplementary Fig. S1B). The strong pow
dery mildew resistance in gsl5-1 was completely suppressed in 
the gsl5-1 pad4 double mutant, as shown by both symptom devel
opment and sporulation (Fig. 7), confirming the critical role of 

A

B

Figure 4. Disruption of SA biosynthetic gene SID2 failed to suppress 
early senescence of gsl5-1 mutant. A) Structure of the SID2/ICS1 gene 
and mutation in sid2 mutant. The exons of SID2/ICS1 are depicted as 
open boxes and introns are shown as lines. The location of the T-DNA 
insertion site in sid2 is indicated. B) Comparison of growth and 
morphology among 9-wks old WT, gsl5-1 single mutant, and gsl5 sid2 
double mutants. Scale bar: 1 cm. The WT and mutant plants in Figs. 2B, 
3B, 3D, and 4B were grown concurrently under identical conditions. The 
same images of WT and gsl5-1 mutant plants were used across these 
figures for consistency.
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PAD4 in the powdery mildew resistance of the pmr4/gsl5 mutants 
(Nishimura et al. 2003). Expression of nahG SA hydroxylase gene 
in pmr4-1 also completely abolished the strong powdery mildew 
resistance of the pmr4-1 mutant, based on both the symptom de
velopment and sporulation (Fig. 7). In contrast, the symptom de
velopment and sporulation of the gsl1-1 npr1 double mutant were 
only slightly elevated when compared with those of the gsl5-1 
single mutant (Fig. 7). Thus, the effects of pad4 and npr1 muta
tions, as well as nahG expression, on the powdery mildew resist
ance of the pmr4/gsl5 mutants were highly consistent with 
previous findings (Nishimura et al. 2003).

Interestingly, both the gsl5-1 ald1 and gsl5-1 fmo1 double mu
tants, which are normal in growth, remained highly resistant to 
the powdery mildew fungal pathogen, with only minor whitish 
symptoms (Fig. 7A) and low levels of sporulation (Fig. 7B). 
Sporulation of the fungal pathogen on the leaves of gsl1-1 ald1 
and gsl1-1 fmo1 double mutants was increased by about 2- to 
3-fold from those of the gsl5-1 single mutant, but remained about 
5-fold lower than in WT (Fig. 7B). Thus, while the ald1 and fmo1 
mutations completely suppressed the growth defects and early 
senescence of pmr4/gsl5 mutants (Fig. 3), they had only a minor ef
fect on powdery mildew resistance (Fig. 7). Disruption of SID2 also 

A

B

Figure 5. Accumulation of pipecolic acid in WT and mutants. Pipecolic acid contents in A) 5-wk-, and B) 9-wk-old WT, pmr4/gsl5 single mutants, 
and pmr4/gsl5-containing double mutant plants. Means and standard errors were calculated from average pipecolic acid contents determined from 
3 samples for each genotype. According to Duncan’s multiple range test (P = 0.01), means of pipecolic acid contents differ significantly if they are 
indicated with different letters.
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had little effect on the powdery mildew resistance in the sid2 
gsl5-1 double mutant, despite the previously documented role of 
SA (Fig. 7). This SA-deficient double mutant displayed similar lev
els of powdery mildew resistance as gsl5-1 ald1 and gsl5-1 fmo1 
double mutants, with very limited whitish symptoms (Fig. 7A) 
and low levels of sporulation (Fig. 7B). Therefore, disruption of 
SID2 did not substantially affect either the early senescence or 
the powdery mildew resistance of pmr4/gsl5 mutants.

Considering the coordinated and additive roles of SA and NHP 
in plant immunity (Hartmann and Zeier 2019; Yildiz et al. 2021; 
Shields et al. 2022; Lim 2023), we also generated a gsl1-5 fmo1 
sid2 triple mutant to explore the combined effects of disrupting 
both SID2 and FMO1 on the powdery mildew resistance triggered 

by the loss of the PMR4/GSL5 callose synthase. Importantly, loss 
of both SID2 and FMO1 completely suppressed the strong powdery 
mildew resistance conferred by the loss of the PMR4/GSL5 callose 
synthase, as evidenced from the highly susceptible phenotype of 
the gsl5-1 sid2 fmo1 triple mutant based on its strong whitish pow
dery mildew symptoms and greatly elevated levels of sporulation 
(Fig. 7).

Basal and pathogen-induced PR1 gene expression
Given the differential effects of nahG expression, as well as the 
pad4, npr1, sid2, ald1, fmol1 single, and sid2 fmo1 double mutations 
on the pmr4/gsl5 powdery mildew resistance, we performed 

A

B

Figure 6. Accumulation of SA in WT and mutants. SA and SA + SAG contents in A) 5-wk-, and B) 9-wk-old WT, pmr4/gsl5 single mutants, and pmr4/ 
gsl5-containing double mutant plants. Means and standard errors were calculated from average SA contents determined from 3 samples for each 
genotype. According to Duncan’s multiple range test (P = 0.01), means differ significantly if they are indicated with different lowercase letters for free SA 
and with different uppercase letters for SA + SAG.
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A

B

Figure 7. Effects of pad4, npr1, ald1, fmo1, sid2 single mutations, nahG expression, and sid2 fmo1 double mutations on the powdery mildew resistance of 
pmr4/gsl5 mutants. A) Disease symptoms of fully expanded leaves of WT and mutant plants at 10 dpi. B) Relative spore counts on fully expanded leaves 
of WT and mutant plants at 10 dpi. Spore numbers/mg fresh leaf weight of mutants were normalized to WT for calculation of relative spore counts. 
Means and standard errors were calculated from average spore numbers determined from 6 samples for each genotype. According to Duncan’s 
multiple range test (P = 0.01), means of spore numbers differ significantly if they are indicated with different letters. The experiments were repeated 
twice with similar results.
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reverse transcription quantitative PCR (RT-qPCR) to analyze their 
imparts on both basal and pathogen-induced expression of PR1, a 
defense marker gene associated with SA- and NHP-dependent 
SAR. In WT, the transcript levels of PR1 increased about 5- and 
10-fold at 1 and 3 dpi, respectively, when compared with the levels 
at 0 dpi (Fig. 8). In 5-wk-old pmr4/gsl5 mutants, the levels of PR1 
transcripts were more than 2 times higher at 0 dpi, and about 4 
times higher at both 1 and 3 dpi than the levels in WT (Fig. 8). 
The elevated basal and pathogen-induced PR1 gene expression 
in the gsl5 mutant plants was completely suppressed by nahG ex
pression, the pad4 and npr1 single mutations, and the sid2 fmo1 
double mutations (Fig. 8). In contrast, the elevated basal and 
pathogen-induced PR1 gene expression in the gsl5 mutant plants 
was only partially suppressed by the sid2, ald1 and fmo1 single mu
tations (Fig. 8).

Discussion
Despite its critical role in pathogen-induced callose deposition 
and PTI, loss of PMR4/GSL5 callose synthase paradoxically leads 
to enhanced powdery mildew resistance, which was attributed 
to upregulated SA signaling (Nishimura et al. 2003). In this 
study, we further investigated the mutants for the PMR4/GSL5 
callose synthase, uncovering important insights into the molecu
lar mechanisms underlying their autoimmunity. Previously, 
Arabidopsis pmr4/gsl5 mutants were reported to exhibit epinasty, 
particularly under short-day conditions (Vogel and Somerville 
2000), and significant growth reduction (Enns et al. 2005). 
Silencing or knockout of a tomato PMR4 homolog also resulted 

in significant growth reduction (Huibers et al. 2013; Santillan 
Martinez et al. 2020; Li et al. 2022). Under our growth conditions, 
however, Arabidopsis pmr4/gsl5 mutants displayed even more se
vere growth impairment than previously described (Fig. 1). While 
these mutants grew normally for the first 4 to 5 wks after germina
tion, they subsequently exhibited not only reduced growth but 
also additional phenotypes including necrosis and early senes
cence (Fig. 1). These findings indicate that the heightened defense 
responses and disease resistance observed in the pmr4/gsl5 mu
tants may be associated with age-dependent growth defects and 
spontaneous cell death. These traits are reminiscent of pheno
types observed in other autoimmune mutants (van Wersch et al. 
2016). The strong cell death and early senescence phenotypes in 
pmr4/gsl5 mutants provide a powerful genetic system for dissect
ing the signaling pathways that drive the autoimmunity, which 
can offer a better understanding of the molecular basis of plant 
immunity and the tradeoff between defense and growth.

Despite the previously reported role of SA in the autoimmunity 
of the mutants, our genetic analysis revealed that disruption of SA 
biosynthetic gene ICS1/SID2 had little effect on the growth defects 
of the pmr4/gsl5 mutant plants (Fig. 4). In contrast the necrosis and 
early senescence phenotypes of pmr4/gsl5 mutants were fully sup
pressed by the mutations of the NHP biosynthetic genes ALD1 and 
FMO1 (Fig. 3). Additional observations on the kinetics of pipecolic 
acid and SA accumulation, as well as their mutual regulation, fur
ther indicated that NHP, rather than SA, is the determining factor 
for the development of these growth phenotypes. At 5 wks of age, 
prior to the onset of growth phenotypes, there was already a dras
tic increase in pipecolic acid but only a very modest rise in SA in 

Figure 8. Effects of pad4, npr1, ald1, fmo1, sid2 single mutation, nahG expression, and sid2 fmo1 double mutations on basal and pathogen-induced PR1 
gene expression in pmr4/gsl5 mutants. Five-week-old WT and mutant plants were inoculated with the adapted powdery mildew fungal pathogen and 
leaf tissues were harvested at 0, 1, and 3 dpi for RNA isolation. Relative PR1 transcript levels were determined by RT-qPCR using gene-specific primers. 
Means and standard errors were calculated from 3 replicates. According to Duncan’s multiple range test (P = 0.01), means of relative PR1 transcript 
levels differ significantly if they are indicated with different letters.
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the pmr4/gsl5 mutants (Figs. 5 and 6). By 9 wks, when the senes
cence phenotypes were fully developed in the pmr4/gsl5 mutants, 
the levels of pipecolic acid had decreased while SA levels in
creased when compared with those at 5 wks (Figs. 5 and 6). 
These patterns of pipecolic acid and SA accumulation suggest 
that increased levels of pipecolic acid, and consequently NHP, 
are the cause, while elevated SA levels are a secondary effect, of 
the growth defects and early senescence observed in the pmr4/ 
gsl5 mutants (Fig. 9). Disruption of SID2, which failed to suppress 
the early senescence (Fig. 4), had little effect on the drastic accu
mulation of pipecolic acid in the gsl5-1 sid2 double mutant 
at both 5 and 9 wks of age (Fig. 5). In contrast, disruption ALD1 
and FMO1 in the gsl5-1 ald1 and gsl5-1 fmo1 double mutants, re
spectively, suppressed both their early senescence and SA accu
mulation (Figs. 3 and 6). Thus, pmr4/gsl5-induced pipecolic 
acid accumulation is ICS1/SID2-independent and plays a crucial 
role in the growth defects of the mutant plants (Fig. 9). 
Similarly, in both Toll-like immune receptor-mediated defense 
activation, cell death and basal resistance, the role of NHP biosyn
thetic gene FMO1 and its expression was independent of ICS1/ 
SID2-dependent SA accumulation (Bartsch et al. 2006). These re
sults are notable given the extensive coordination and mutual po
tentiation between SA and NHP in their biosynthesis, metabolism, 
and signaling (Hartmann and Zeier 2019; Huang et al. 2020; 
Shields et al. 2022).

Genetic analysis of the roles of SA and NHP biosynthetic 
genes in pmr4/gsl5-conferred powdery mildew resistance and 
defense-related PR1 gene expression offered additional insights 
into the interplay among these defense regulatory factors in plant 
immunity. Similar to its effect on the growth defects, disruption of 
ICS1/SID2 had only minor impact on the powdery mildew resist
ance of pmr4/gsl5 mutant plants (Figs. 7). Likewise, mutations of 
ALD1 or FMO1 had a very limited effect on the powdery mildew re
sistance in pmr4/gsl5 mutant plants (Figs. 7), despite their strong 
impact on the early senescence and associated growth defects 
(Fig. 3). These differential effects of the ald1 and fmo1 mutations 
indicated that the enhanced resistance and the associated growth 
defects in pmr4/gsl5 mutants are only partially linked and can be 
largely uncoupled. The relative minor effect of the sid2, ald1, and 
fmo1 mutations on the powdery mildew resistance in the pmr4/ 
gsl5 mutants was apparently caused by the redundant role of SA 
and NHP as disruption of both SID2 and FMO1 eliminated the pow
dery mildew resistance in the mutant plants (Fig. 7). Thus, while 
suppression of the growth defects of the pmr4/gsl5 mutants 
requires only blocking NHP biosynthesis, suppression of the 
enhanced powdery mildew resistance necessitates blocking bio
synthesis of both NHP and SA (Fig. 9). Pathogen-induced PR1 ex
pression was also only partially suppressed by the sid2, ald1 or 
fmo1 mutations, but was greatly reduced by mutations of both 
SID2 and FMO1 in the pmr4/gsl5 mutant plants (Fig. 8), further in
dicating redundant roles of SA and NHP in the enhanced immun
ity of pmr4/gsl5 mutant plants (Fig. 9). The pmr4/gsl5 mutants 
contain highly elevated basal levels of pipecolic acid, as well as 
substantially elevated basal levels of SA (Figs. 5 and 6). The redun
dant roles of SA and NHP in the enhanced powdery mildew resist
ance of pmr4/gsl5 mutants may be attributed to their relatively 
high levels, enabling them to mediate similar defense responses 
and defense gene expression in a largely independent manner. 
Similarly, both SA and NHP are strongly induced locally after 
infection by virulent or avirulent Pseudomonas syringae, and 
pathogen-induced PR gene expression at infection sites is also 
only partially reduced by mutations in SID2, ALD1, or FMO1 
(Zhou et al. 1998; Zheng et al. 2009; Navarova et al. 2012; 

Hartmann et al. 2018; Nair et al. 2021; Brambilla et al. 2023; 
Löwe et al. 2023). Analyses of ald1 sid2 double mutants further 
support additive contributions of SA and NHP to basal immunity 
against P. syringae in Arabidopsis (Bernsdorff et al. 2016; Löwe 
et al. 2023).

Our analysis showed that the powdery mildew resistance of the 
pmr4/gsl5 mutants was completely suppressed by the pad4 muta
tion or the expression of nahG, but only marginally reduced by the 
npr1 mutation (Fig. 7). These results closely aligned with those 
from the previous report, which served as key evidence support
ing the critical role of SA signaling in the enhanced immunity 
of pmr4/gsl5 mutants (Nishimura et al. 2003). These results are 
also consistent with the demonstrated overlapping roles of 
SA and NHP in the powdery mildew resistance of pmr4/gsl5 mu
tants (Fig. 9). PAD4 plays a critical role not only in SA-regulated de
fense (Zhou et al. 1998; Jirage et al. 1999), but also in NHP 
accumulation(Cui et al. 2017; Joglekar et al. 2018; Hartmann and 
Zeier 2019; Huang et al. 2020; Dongus and Parker 2021; Feehan 
et al. 2023). Therefore, disruption of PAD4 will block both SA- 
and NHP-induced defense, thereby compromising the enhanced 
immunity of the pmr4/gsl5 mutants (Fig. 9). Similarly, the expres
sion of bacterial nahG gene reduces not only ICS1/SID2-dependent 
inducible SA accumulation but also ICS2-dependent basal SA 
production, which is required for NHP-induced transcription 
(Nair et al. 2021). Expression of nahG is also known to alter 
SA-independent immune responses, including camalexin biosyn
thesis, and results in greater susceptibility to various pathogens 
than SA biosynthetic mutants (Nawrath and Metraux 1999; Heck 
et al. 2003; van Wees and Glazebrook 2003). On the other hand, 
NPR1 has been shown to be important for both SA-induced and 
NHP-induced defense transcription (Yildiz et al. 2021; Zavaliev 
and Dong 2024). Therefore, it would be expected to play a critical 
role in the SA- and NHP-dependent powdery mildew resistance of 
pmr4/gsl5 mutants. However, disruption NPR1 had only a minor 
effect on the powdery mildew resistance of pmr4/gsl5 mutants 
(Nishimura et al. 2003) (Fig. 7). The limited role of NPR1 can be in
terpreted as the overlapping roles of SA and NHP in the pmr4 pow
dery mildew resistance being mediated by both NPR1-dependent 
and NPR1-independent pathways (Nishimura et al. 2003).

The complete suppression of growth defects in the pmr4/gsl5 
mutants through disruption of NHP biosynthetic genes (Fig. 3), 
without substantially impacting their powdery mildew resistance 
(Figs. 7), point to the potential of leveraging plant autoimmune 
mutants for plant protection. Although NHP plays a critical role 
in plant immunity, the disruption of its biosynthesis in the 
pmr4/gsl5 mutant background still resulted in stronger basal and 
pathogen-induced PR1 gene expression than in WT (Fig. 8). This 
is likely due to the enhanced and redundant roles of SA, as the in
creased PR1 expression was suppressed by the simultaneous dis
ruption of both SID2 and FMO1 in the gsl5-1 fmo1 sid2 triple 
mutant (Fig. 8). Thus, loss of PMR4/GSL5 callose synthase appears 
to activate or potentiate numerous defense and defense-related 
pathways that differ in their impacts on plant growth and fitness. 
Similarly, Arabidopsis mlo2 mutants display both early senes
cence and enhanced powdery mildew resistance (Consonni et al. 
2006). Disruption of PAD4 or SA biosynthetic and signaling genes 
can alleviate the growth defects without compromising the pow
dery mildew resistance in the mlo2 mutants (Consonni et al. 
2006). Further molecular dissection of the defense pathways acti
vated in these autoimmune mutants through genetic and molec
ular approaches could facilitate the strategic deployment of 
specific defense mechanisms, thereby enabling the development 
of disease-resistant plants with minimal fitness costs.
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Materials and methods
Plant materials and growth conditions
Arabidopsis (Arabidopsis thaliana) WT and mutant plants used in 
the study are all in the Col-0 background. Homozygous T-DNA in
sertion mutants gsl5-1 (GABI_089H05), pad4-5 (Salk_206548C), ald1 
(SALK_007673), fmo1 (SALK_026163), sid2 (Salk_133146), and npr1 
(SALK_204100) were identified by PCR using primers flanking the 
T-DNA insertions listed in Supplementary Table S1. The pmr4-1 
mutant and nahG-expressing pmr4-1 line have been previously de
scribed (Nishimura et al. 2003). Arabidopsis were grown in growth 
chambers or rooms at 24 °C, 60 µmol m−2s−1 light on a photoperiod 
of 12-h light and 12-h dark.

Chemical mutagenesis, suppressor screens 
and mapping by BSA-NGS
EMS mutagenesis of Arabidopsis gsl5-1 seeds was performed as 
previously described (Weigel and Glazebrook 2006). In brief, 
∼50,000 gsl5-1 mutant seeds were treated with 0.2% EMS for 
15 h. EMS-mutagenized seeds were grown in soil and M2 seeds 
were harvested in pools. Approximately 20,000 M2 seeds were 
screened and strong extragenic, recessive spm mutants without 
growth or early senescence phenotypes were isolated for further 
analysis from EMS-mutagenized gsl5-1 plants at the M2 genera
tion. BSA-NGS was used to identify the spm genes (Hua et al. 
2017). A gsl5-1 spm suppressor mutant was first crossed with the 
gsl5-1 mutant to generate the F1 progeny and, subsequently, the 

F2 segregation population. From the F2 mapping population, indi
vidual plants with strong gsl5-1 lesion/early senescence pheno
type or with no lesion/normal senescence phenotype were 
identified at the 9 to 10th wk postgermination. Leaf samples 
were collected from 50 to 60 plants of each phenotype and pooled. 
Genomic DNA was extracted from the pooled samples and used 
for preparation of libraries and genome sequencing. The sequenc
ing data was subjected to quality control and alignment to the 
Arabidopsis TAIR10 genome for identification of SNPs and 
Indels, and for calculation of variant allele frequencies, which 
were used to identify the chromosome regions for the causative 
spm genes. The genes containing protein-changing SNPs or 
Indels within the mapping intervals were identified and further 
confirmed as SPM genes through genetic analysis using T-DNA in
sertion mutants.

Quantification of pipecolic acid
Leaf tissues (∼100 mg) were ground in liquid nitrogen in a centri
fuge tube. To each sample, 500 μl 90% acetonitrile and 10 μL inter
nal standard DL-pipecolic acid-d9 (10 ng/μL) (LGC Standards, 
Teddington, UK) were added. The samples were vortexed vigo
rously for 1 min and centrifuged at 15,000 rpm for 10 min. The 
clear supernatant was transferred to the wells of a microplate for 
quantification of pipecolic acid by high-performance liquid 
chromatography-tandem MS (HPLC-MS/MS) as previously de
scribed (Semeraro et al. 2015). Briefly, an Agilent 1,290 Infinity II 
LC system coupled with an Agilent 6,470 series QQQ MS/MS was 
used to analyze pipecolic acid (Agilent Technologies, Santa Clara, 
CA, USA). An Imtakt Intrada Amino Acid column (2.0 mm × 
150 mm, 3.0 µm; Imtakt Corporation USA, Portland, OR, USA) was 
used for LC separation. The buffers were (A) acetonitrile + 0.3% for
mic acid and (B) acetonitrile/100 mM ammonium formation (20/ 
80 v/v). The linear LC gradient was as follows: time 0 min, 20% B; 
time 2.5 min, 20% B; time 5 min, 35% B; time 10 min, 100% B; 
time 11 min, 100% B; time 11.5 min, 20% B; and time 15 min, 20% 
B. The flow rate was 0.3 mL/min. Multiple reaction monitoring 
was used for MS analysis. Data were acquired in positive electro
spray ionization (ESI) mode using the following ion transitions for 
pipecolic acid and d9-pipecolic acid: 130.3→84.1 (20 V), 56.1 (40 V) 
and 139.3→93.1 (20 V), 61.1 (40 V). The dwell time was set to 
30 ms, cell accelerator voltage was 4 V, and the fragmentor voltage 
was 80 V. The jet stream ESI interface had a gas temperature of 
325 °C, gas flow rate of 9 L/min, nebulizer pressure of 35 psi, sheath 
gas temperature of 250 °C, sheath gas flow rate of 7 L/min, capillary 
voltage of 3500 V in positive mode, and nozzle voltage of 1000 V. 
The ΔEMV voltage was 400 V. Agilent Masshunter Quantitative 
analysis software was used for data analysis (version 10.1).

SA analysis
Free SA and SA + SAG levels in the leaf samples were determined 
with a biosensor strain Acinetobacter species, ADPWH_lux, and cal
culated based on the SA standard curve constructed using the sid2 
mutant leaf extract as described previously (Defraia et al. 2008).

Assays of powdery mildew resistance
Five-week-old short-day (8 h light, 16 h darkness) grown Arabidopsis 
WT and mutant plants were inoculated with Arabidopsis-adapted 
powdery mildew isolate G. cichoracearum UCSC1 for assays of pow
dery mildew resistance. Plant inoculation, scoring of disease symp
toms, and quantification of sporulation were performed as 
previously described (Zhang et al. 2018; Wu et al. 2021).

Figure 9. Distinct and overlapping roles of NHP and SA in the 
autoimmunity of the pmr4/gsl15 mutants. Loss of PMR4/GSL5 activates 
PAD4-dependent defense pathways, leading to the induction of NHP 
and SA biosynthetic genes and their accumulation. Elevated NHP levels 
play a key role in the necrosis and early senescence of pmr4/gsl5 
mutants, while both SA and NHP have overlapping roles in the powdery 
mildew resistance of the mutants.
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RT-qPCR
Total RNA isolation, DNase treatment, cDNA synthesis and 
RT-qPCR using PR1-specific primers (5′-ctggggtagcggtgacttgt-3′ 
and 5′-aactccattgcacgtgttcg-3′) were performed with ACTIN2 
(5′-accagctcttccatcgagaa-3′ and 5′-gggcatctgaatctctcagc-3′) as an 
internal control as described previously (Fu et al. 2023).

Statistical analyses
Statistical analyses were conducted with R software (version 4.4.1). 
Duncan’s multiple range tests were performed with the package 
agricolae (https://cran.r-project.org/web/packages/agricolae/).

Accession numbers
Sequence data of the Arabidopsis genes described in this article 
can be found at The Arabidopsis Information Resource (https:// 
www.arabidopsis.org) under the gene identifiers as follows: 
PMR4/GSL5(AT4G03550), PAD4(At3G53430), ALD1(AT2G13810), 
FMO1(AT1G19250), ICS1/SID2(AT1G74710), NPR1(At1g64280), 
PR1(AT2G14610), ACTIN2 (AT3G18780).
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