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Abstract 
In Brassicaceae, hypersensitive-like programmed cell death (HR-like) is a central 

component of direct defenses triggered against eggs of the large white butterfly (Pieris 

brassicae). The signaling pathway leading to HR-like in Arabidopsis (Arabidopsis 

thaliana) is mainly dependent on salicylic acid (SA) accumulation, but downstream 

components are unclear. Here, we found that treatment with P. brassicae egg extract (EE) 

triggered changes in expression of sphingolipid metabolism genes in Arabidopsis and the 

black mustard (Brassica nigra). Disruption of ceramide synthase activity led to a 

significant decrease of EE-induced HR-like whereas SA signaling and reactive oxygen 

species levels were unchanged, suggesting that ceramides are downstream activators of 

HR-like. Sphingolipid quantifications showed that ceramides with C16:0 side-chains 

accumulated in both plant species, and this response was largely unchanged in the SA-

induction deficient2 (sid2-1) mutant. Finally, we provide genetic evidence that the 

modification of fatty acyl chains of sphingolipids modulates HR-like. Altogether, these 

results show that sphingolipids play a key and specific role during insect egg-triggered 

HR-like. 
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Introduction 
Programmed cell death (PCD) plays an essential role in plants. It is part of development 

by promoting cell and tissue differentiation but results also from immune defense system 

activation (Reape and McCabe, 2010; Coll et al., 2011; Huysmans et al., 2017). The best 

studied form of pathogen-triggered PCD is termed the hypersensitive response (HR), a 

spectacular response triggered upon recognition of adapted pathogens by resistance 

proteins that leads to macroscopic cell death, induction of defense gene expression and 

pathogen resistance (Balint‐Kurti, 2019). A meta-analysis of PCD-inducing conditions 

revealed that transcriptomic signatures of developmental PCD and pathogen-triggered 

PCD are largely distinct (Olvera-Carrillo et al., 2015), suggesting that they are under 

different genetic regulation. More specifically, pathogen-triggered PCD is dependent on 

salicylic acid (SA) accumulation and signaling (Coll et al., 2011; Huysmans et al., 2017; 

Balint‐Kurti, 2019). In addition to immunity to pathogens, it was reported that 

hypersensitivity may also function as a defense strategy against insect herbivores 

(Fernandes, 1990; Stuart, 2015). In particular, plants from the Brassicales, Solanales and 

Fabales were shown to induce localized cell death in response to oviposition by insects 

(Shapiro and DeVay, 1987; Balbyshev and Lorenzen, 1997; Garza et al., 2001; Little et 

al., 2007; Petzold-Maxwell et al., 2011; Fatouros et al., 2016; Geuss et al., 2017; Griese 

et al., 2021), a process called HR-like (Reymond, 2013; Fatouros et al., 2014). As a 

consequence, direct defense induction is accompanied correlates with decreased egg 

survival and/or increased egg parasitism (Shapiro and DeVay, 1987; Balbyshev and 

Lorenzen, 1997; Fatouros et al., 2014; Fatouros et al., 2016; Geuss et al., 2017; Griese et 

al., 2017; Griese et al., 2021). Like pathogen-triggered HR, egg-induced HR-like 

responses are associated with an accumulation of reactive oxygen species (ROS) and SA, 

and defense gene expression (Little et al., 2007; Hilfiker et al., 2014; Geuss et al., 2017; 

Bonnet et al., 2017). Studies in Arabidopsis (Arabidopsis thaliana) reported that the 

signaling cascade involved in the response to eggs of the Large White Butterfly (Pieris 

brassicae) is similar to pathogen-triggered immunity (PTI) (Gouhier-Darimont et al. 

2013). Notably, the induction of HR-like was reduced in the SA biosynthesis mutant SA-

induction deficient2 (sid2-1), indicating that this response requires SA accumulation 

(Gouhier-Darimont et al. 2013). The exact cause of the decreased egg survival associated 

with HR-like is not known, but data from the black mustard (Brassica nigra) suggest that 

it could be due to water removal at the oviposition site (Griese et al., 2017), consistent 
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with low water potential observed in tissues undergoing HR (Wright and Beattie, 2004). 

In addition, exposure to ROS at the oviposition site was shown to increase egg mortality 

(Geuss et al., 2017). These data thus suggest that HR-like at oviposition sites may 

constitute an efficient defense strategy against insect eggs. 

 As it could decrease insect pressure before damage occurs, the introgression of 

egg-killing traits in cultivated crop species is desirable (Fatouros et al., 2016) and has 

been successfully reported in rice (Oryza sativa) (Suzuki et al., 1996; Yamasaki et al., 

2003; Yang et al., 2014). Despite this achievement, this strategy is still mostly overlooked 

as this response is poorly understood at the molecular level (Reymond, 2013; Fatouros et 

al., 2016). The use of Arabidopsis as a model plant to explore the genetic basis of the 

response to P. brassicae eggs has so far successfully identified PTI components as 

regulators of egg-induced HR-like and showed that activation of cell surface receptor-

like kinases LecRK-I.1 and LecRK-I.8 is an early step of egg-induced responses 

(Gouhier-Darimont et al., 2013; Gouhier-Darimont et al., 2019). Moreover, 

phosphatidylcholines derived from P. brassicae egg extract were recently shown to 

induce ROS and SA accumulation, defense gene expression, and cell death (Stahl et al., 

2020). However, the identity of SA downstream factors of phosphatidylcholine-induced 

cell-death is unknown.  

 In contrast to animals, plants lack certain central components of PCD pathways, 

such as caspases (Coll et al., 2011; Salvesen et al., 2015), but instead rely on a variety of 

other proteases that fulfill similar functions (Salguero-Linares and Coll, 2019). The 

identification and characterization of lesion mimic mutants, which display spontaneous 

cell death along with elevated defenses, has largely contributed to shed light on processes 

involved in PCD (Bruggeman et al., 2015). In particular, several lesion mimic mutants 

were found to function in sphingolipid metabolism. The involvement of sphingolipids in 

PCD induction in animals is well described (Young et al., 2013), and their function is 

conserved in plants (Townley et al., 2005; Huby et al., 2019). Key sphingolipid 

intermediates are ceramides (Cer), which consist of a sphingoid long-chain base (LCB) 

linked to one fatty acid (FA) moiety (Ali et al., 2018). LCBs originate from the 

condensation of Ser and palmitoyl (16:0)-CoA by a serine palmitoyl transferase (SPT), 

which consists of LCB1 and LCB2 subunits in Arabidopsis (Markham et al., 2013). In 

Arabidopsis, the attachment of FA to LCB is catalyzed by three ceramide synthases (LAG 

ONE HOMOLOGUE1 (LOH1), LOH2, and LOH3). LOH2 is mainly responsible for the 

attachment of C16:0 FA on dihydroxy LCB (d18:X), whereas LOH1 and LOH3 
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preferentially attach VLCFA on trihydroxy LCB (t18:X) (Luttgeharm et al., 2016; Ternes 

et al., 2011; Luttgeharm et al., 2015). Cer can be further modified by the addition of a 

glucose or a glycosyl inositol phosphoryl moiety, giving rise to GluCer 

(glucosylceramides) or GIPC (glycosyl inositol phospho ceramides), respectively, which 

are abundant in plants (Markham et al., 2013; Gronnier et al, 2016; Carmon-Salazar et 

al., 2021). Interestingly, both free LCB and Cer induced PCD when exogenously applied 

to plants (Liang et al., 2003; Shi et al., 2007; Lachaud et al., 2011; Saucedo-García et al., 

2011). Additionally, the fungal toxin Fumonisin B1 caused cell death by inhibiting 

LOH1and LOH3, resulting in the accumulation of free LCB (Berkey et al., 2012). 

Interestingly, Fumonisin B1 treatment increased C16 ceramides in Arabidopsis 

(Markham et al., 2011; Kimberlin et al., 2016). 

 While the mechanisms involved downstream of LCB/Cer are not clear, the 

modification of sphingolipid levels in the context of immune responses was shown to 

affect pathogen resistance (Ternes et al., 2011; Magnin-Robert et al., 2015; Wu et al., 

2015). In addition, a role between SA signaling and sphingolipid metabolism has been 

postulated (Sánchez-Rangel et al., 2015). In particular, sphingolipid mutants that 

overaccumulate ceramides display also higher SA levels (Wang et al., 2008; König et al., 

2012). Similarly, a mutant lacking mannose-carrying GIPCs has elevated SA levels (Fang 

et al., 2016). Finally, overexpression of LOHs in Arabidopsis triggers SA accumulation 

(Luttgeharm et al., 2015). 

 In contrast, only one study found a role for sphingolipid metabolism in resistance 

against insects. Expression of OsLCB2 was induced by Nilapavarta lugens (brown 

planthopper) infestation and overexpression of OsLCB2 in Arabidopsis triggered LCB 

accumulation, SA-dependent gene expression, and resistance to the green peach aphid 

(Myzus persicae) aphids (Begum et al., 2016). Here we report that eggs of P. brassicae 

alter the expression of sphingolipid metabolism genes and trigger an accumulation of 

ceramides in both Arabidopsis and B. nigra. Furthermore, we show that HR-like 

induction is affected in different ceramide synthase and FA hydroxylases mutants, 

whereas ROS and SA levels are not impaired in the mutants. Altogether, these data 

indicate that sphingolipids play a key role in the execution of egg-induced cell death.  

 

Results 
P. brassicae eggs induce biotic cell death markers 
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Different types of PCD exist in plants and a meta-analysis of publicly available 

transcriptomic data previously enabled the identification of marker genes for different 

types of cell death: biotic, osmotic, developmental and genotoxic (Olvera-Carrillo et al., 

2015). We previously published transcriptomic data from Arabidopsis plants subjected to 

natural oviposition (Little et al., 2007) and used these expression profiles to explore the 

molecular signatures associated with egg-induced HR-like. We extracted expression data 

for the different PCD marker genes described in Olvera-Carillo et al. (2015) 24 h, 48 h 

and 72 h after egg deposition by P. brassicae. Interestingly, a majority of marker genes 

for biotic cell death were found to be highly induced after egg deposition, while markers 

for other types of PCD were almost not responsive (Figure 1A). Indeed, 9, 11 and 14 out 

of 18 biotic PCD marker genes were significantly induced after 24 h, 48 h and 72 h, 

respectively, whereas only 1 out of 21 marker for osmotic PCD was induced at all time 

points and none from the two other categories (developmental PCD and genotoxic PCD) 

(Figure 1B and Supplemental Table S1). 

 

Expression of lipid metabolism genes is altered in response to P. brassicae 

oviposition 

Lipid metabolism is central in plant development and some sectors have been shown to 

be involved in PCD during immunity (Siebers et al., 2016; Lim et al., 2017). We explored 

the potential involvement of lipid metabolism during egg-induced responses. Using 

transcriptome data from P. brassicae oviposition on Arabidopsis after 24, 48 and 72 h 

(Little et al., 2007), we extracted expression ratios for genes related to lipid metabolism 

(AraLip database; http://aralip.plantbiology.msu.edu/). Only genes whose expression was 

significantly different (ratio ≥|1.5|, adj P value <0.05) at least at one time point were 

selected. This analysis led to a list of 136 genes (out of 765 in the AraLip database) 

representative of all major lipid pathways (Figure 2A, Supplemental Table S2). Data 

clustering showed that genes were either up- or downregulated over time. Interestingly, 

genes involved in processes such as FA synthesis, elongation or phospholipid synthesis 

were mostly downregulated while genes in sphingolipid biosynthesis, TAG degradation, 

suberin and oxylipin biosynthesis were mainly upregulated (Figure 2B). Notably, both 

oxylipins and sphingolipids were previously shown to be involved in the regulation of 

cell death (Siebers et al., 2016; Lim et al., 2017; Huby et al., 2019), hinting to a potential 

implication during egg-induced responses.  
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 Biotic PCD is typically induced upon recognition of pathogens and this process is 

regulated by SA (Radojičić et al., 2018). In addition, we previously showed that P. 

brassicae eggs triggered responses that require the SA pathway (Bruessow et al., 2010; 

Gouhier-Darimont et al., 2013). We thus examined whether transcriptional alterations of 

lipid metabolism genes were dependent on SA accumulation. Looking at expression of 

lipid metabolism genes in the published oviposition transcriptome data with sid2-1 (Little 

et al., 2007), we found only a few genes that displayed substantially significantly altered 

transcript levels after oviposition on sid2-1 compared to Col-0 (Figure 2C), indicating 

that the transcriptional reprogramming of lipid metabolism is mainly independent from 

SA accumulation. However, linear fitting of both datasets shows that, overall, the strength 

of the response is lower in sid2-1 (as seen by regression line closer to the Col-0 axis), 

suggesting a partial contribution of SA signaling to this response (Figure 2C, 

Supplemental Table S2). 

 

HR-like induction is independent of MYB30 and oxylipin synthesis 

We further explored the possibility that lipid metabolism may play a role in HR-like 

induction upon insect egg perception. MYB30 was previously shown to regulate 

pathogen-induced HR through the transcriptional regulation of VLCFA biosynthesis and 

accumulation (Raffaele et al., 2008), providing an interesting link between lipid 

metabolism and cell death induction. Because most VLCFA are found in sphingolipids 

and cuticular waxes (De Bigault Du Granrut and Cacas, 2016), the authors concluded that 

MYB30 induces cell death by promoting substrate accumulation for sphingolipid 

synthesis (Raffaele et al., 2008; De Bigault Du Granrut and Cacas, 2016). As MYB30 

expression was transiently induced before cell death onset, we measured the expression 

of both MYB30 and FATB, one of its target genes (Raffaele et al., 2008), during the first 

24 h after P. brassicae crude egg extract (EE) treatment. Mutant plants were treated with 

EE, which mimics responses induced by natural oviposition (Little et al., 2007; Bruessow 

et al., 2010; Gouhier-Darimont et al., 2013; Hilfiker et al., 2014; Stahl et al., 2020). 

However, neither of these genes was induced upon treatment and FATB expression was 

even repressed over time (Supplemental Figure S1). In addition, previous microarray data 

showed that MYB30 is repressed later during the EE response, along with other MYB30-

regulated genes (Little et al., 2007). Finally, EE-triggered cell death, quantified by trypan 

blue staining (Gouhier-Darimont et al., 2013), was not altered in myb30, indicating that 
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this gene is not involved in the induction of HR-like (Figure 3A). These data are in 

agreement with the observed repression of FA synthesis/elongation genes (Figure 2A, B). 

 Lipid peroxidation plays a crucial role in the regulation of cell death through the 

production of oxylipins (García-Marcos et al., 2013; Siebers et al., 2016), and it was 

reported that important oxylipin production occurs upon induction of HR by bacterial 

pathogens (Andersson et al., 2006). This process occurs upon enzymatic or non-

enzymatic polyunsaturated FA oxidation, and one of the best known oxylipin is jasmonic 

acid. We assessed the level of lipid peroxidation after 3 days of EE treatment by using 

the thiobarbituric acid assay, which gives an indirect measure of lipid peroxidation 

through the detection of its byproducts (Stahl et al., 2019). Interestingly, we observed that 

EE caused an increase in the level of lipid peroxidation in wild-type plants (Figure 3B), 

a clear argument that oxylipins are indeed produced in response to eggs. We then 

genetically assessed whether lipid peroxidation was necessary for cell death induction by 

using the FA desaturase fad3fad7fad8 triple mutant, which lacks tri-unsaturated FAs from 

which most oxylipins are derived (McConn and Browse, 1996; Weber et al., 2004). 

Trypan blue staining following EE treatment did not reveal any difference in the ability 

of fad3fad7fad8 mutant plants to induce cell death (Figure 3C), demonstrating that this 

process is independent from trienoic FAs and oxylipin production. Furthermore, TGA 

transcription factors TGA2, TGA5 and TGA6 were shown to transduce responses 

downstream of oxylipins such as OPDA and phytoprostanes (Mueller et al., 2008; Stotz 

et al., 2013). Consistent with our previous results, the quadruple tga2tga3tga5tga6 mutant 

displayed wild-type levels of cell death upon EE treatment (Figure 3D), again suggesting 

that oxylipins do not play a role during this response. 

 

Expression of sphingolipid metabolism genes 

To explore the potential role of sphingolipids during egg-induced cell death, we measured 

the expression of different Arabidopsis genes involved in sphingolipid metabolism and 

signaling by RT-qPCR after treatment with EE for 24, 48 and 72 h. Additionally, we 

performed the same analysis in B. nigra after 72 h, a plant species that was shown to 

develop HR-like lesions (Fatouros et al., 2014; Fatouros et al., 2016; Griese et al., 2017; 

Griese et al., 2021). Homologs of Arabidopsis sphingolipid genes were identified through 

BLAST search against the B. nigra Ni100 genome sequence, and a putative homolog for 

each Arabidopsis gene was selected for gene expression analysis. In contrast to 

Arabidopsis, additional putative paralogs were identified in the B. nigra genome. 
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Phylogenetic analysis of the main gene families (LOH, SBH and FAH) suggests that the 

gene function between Arabidopsis and B. nigra may be conserved (Supplemental Figure 

S2).  

 Remarkably, Arabidopsis LCB2b and the ceramide synthase LOH2, together with 

their putative B. nigra homologs, were found to be induced after 3 days of EE treatment 

(Figure 4, Supplemental Figure S3 and S4), thus suggesting an increased metabolic flux 

towards C16-Cer (Figure 4), a class of known inducers of cell death in plants (Saucedo-

García et al., 2011).  

 Complex sphingolipids (GluCer and GIPC) consist mainly of a trihydroxylated 

LCB attached to 2-hydroxy FA (hFA). The latter step is catalyzed by FAH1 and FAH2 

(Nagano et al., 2012). Genes involved in fatty-acid hydroxylation (FAH1/FAH2) and 

GluCer synthesis (GCS) were downregulated in Arabidopsis (Supplemental Figure S3). 

This could indicate a decreased flux towards complex sphingolipids, possibly resulting in 

the accumulation of precursors (Cer and hCer). In contrast, BnLOH3 and BnFAH1 were 

induced in B. nigra, indicating a potential additional synthesis of complex sphingolipids 

in this species (Supplemental Figure S4). 

 Inherent genetic variability of the original seed stock leads to variability in the 

strength of oviposition-induced HR-like lesions (Fatouros et al., 2014). Similarly, we 

observed that the induction of cell death in B. nigra treated with EE was variable between 

plants and classified the response into weak symptom (HR-) or severe cell death (HR+), 

although this phenotypic difference was not associated correlated with the expression of 

sphingolipid metabolism genes (Supplemental Figure S4). 

 Although SA contributed partly to the expression of lipid metabolism genes 

(Figure 2C), LOH2 and LCB2b were equally induced by EE in Col-0 and sid2-1, 

suggesting a SA-independent regulation of these genes (Supplemental Figure S3, B). 

Finally, to see whether the observed changes of sphingolipid metabolism gene expression 

after EE treatment might also occur during interaction with different types of attackers 

such as viruses, oomycetes, fungi, and bacteria, we explored publicly available 

transcriptome data from Genevestigator expression database (www.genevestigator.com). 

Interestingly, the pattern of sphingolipid-related gene expression was very similar 

between all biotic interactions, independently of the attacker or feeding mode considered 

(Supplemental Figure S5). This suggests that activation of sphingolipid metabolism gene 

expression is a conserved immune response. 
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Ceramide synthase mutants show reduced EE-induced cell death 

To further investigate the link between EE-triggered responses and sphingolipid 

metabolism, we tested whether cell death induction was altered in mutants lacking 

ceramide synthases LOH1, LOH2 or LOH3. T-DNA insertion lines loh1 

(SALK_069253), loh2 (SALK_018608C) and loh3 (SALK_150849) have been 

previously characterized and have altered Cer contents (Ternes et al., 2011). Remarkably, 

both loh2 and loh3 displayed decreased cell death after three days of EE treatment, 

whereas loh1 did not show any alteration (Figure 5A). 

 While studies have highlighted the existence of a link between SA signaling and 

sphingolipids, it is still unclear whether sphingolipids act upstream or downstream of SA 

accumulation and signaling during biotic interactions (Sánchez-Rangel et al., 2015). We 

previously reported that ROS and SA accumulation act as signals in response to insect 

eggs (Gouhier-Darimont et al., 2013; Gouhier-Darimont et al., 2019). We thus tested 

whether the lack of ceramide synthases in loh2 and loh3 affected the production of these 

early signals. Remarkably, no difference in H2O2 and O2- production could be detected 

between Col-0 and mutant lines after EE treatment (Figure 5B,C), suggesting that LOH2 

and LOH3 act downstream of ROS production. 

 Furthermore, SA reached similar levels after EE treatment in Col-0 and loh2 or 

loh3, while loh1 displayed higher basal SA levels and reached higher levels than the other 

genotypes after EE treatment (Figure 5D). Moreover, EE-induced expression of the SA-

dependent marker gene PR1 and the partially SA-dependent marker SAG13 was similar 

between Col-0 and loh2 and loh3 plants (Figure 5E,F). Consistent with higher SA levels, 

loh1 displayed higher basal and induced transcript levels for these marker genes. 

 

FA hydroxylation modulates EE-induced responses 

2-hydroxylation of FA in ceramides is known to be crucial for complex sphingolipid 

synthesis (Markham et al., 2011; Ternes et al., 2011), and a link between 2-hydroxylation 

of FA and cell death was demonstrated (Nagano et al., 2012). The current model for 

sphingolipid synthesis suggests that α-hydroxylation occurs at the ceramide level through 

the activity of two isoforms of Fatty Acid Hydroxylase, FAH1 and FAH2 (König et al., 

2012; Nagano et al., 2012). More specifically, FAH1 was shown to specifically 

hydroxylate VLCFA whereas FAH2 preferentially uses C16:0 FA as substrates. 

Interestingly, hVLCFA but not h16:0 FAs accumulated upon H2O2 treatment, suggesting 

that hVLCFA play a role in the suppression of cell death (Townley et al., 2005; Nagano 
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et al., 2012). Based on our results demonstrating a role for ceramides in the induction of 

cell death following egg perception, we tested the contribution of sphingolipid FA 

hydroxylation in this response. We used the previously characterized fah1 

(SALK_140660) and fah2 (SAIL_862_H01) T-DNA insertion lines that have reduced 

sphingolipids with a-hydroxylated fatty acid moieties (König et al., 2012). After three 

days of EE treatment, cell death was slightly increased in the fah1 mutant and slightly 

reduced in fah2 (Figure 6A). Further experiments revealed that while EE-induced H2O2 

production was not altered (Figure 6B), basal and induced transcript levels of PR1 and 

SAG13 were higher in fah1 than in Col-0 (Figure 6C and D). Collectively, these data 

suggest that hydroxylation of VLCFA in ceramides negatively regulates egg-induced HR-

like and defense gene expression. 

 We next examined FA 2-hydroxylation by GC-MS using a previously published 

method (Cacas et al., 2016). Surprisingly, we found that EE did not cause changes in the 

global distribution of hydroxy-FA levels (Figure 6E). One explanation could be that 

hydroxy-FA profiles from specific sphingolipid species may be altered while the overall 

amount remains stable. 

 

Sphingolipidome is altered in response to EE in Arabidopsis and B. nigra 

Our results point to a role for C16:0-containing ceramides and hVLCFA-containing 

sphingolipids in modulating cell death in response to P. brassicae egg perception. 

However, the large number of sphingolipid species present in plants (> 200, Pata et al., 

2010) renders the interpretation of phenotypes in sphingolipid-related mutants difficult. 

To resolve this issue, we determined the sphingolipidome composition of Arabidopsis 

and B. nigra plants in response to EE treatment. For the analysis, we used an extended 

LC-MS/MS analytical method that covers all sphingolipid classes, with the exception of 

phosphorylated Cer (Mamode Cassim et al., 2021). Additionally, to explore the link 

between sphingolipid alterations and SA (Sánchez-Rangel et al., 2015), we included sid2-

1 in our analysis. 

 Initial data exploration was performed by using 1-dimensional self-organizing 

map (1D-SOM) clustering to compare lipid profiles between Arabidopsis and B. nigra 

plants treated with EE (Figure 7A). Among the different clusters, several of them showed 

a pattern corresponding to an accumulation of lipids in response to EE in both (cluster 3 

and 8) or in either plant species (cluster 2 for B. nigra and cluster 9 for Arabidopsis). 

Notably, cluster 3 and 8 contained three Cer 16:0 species as well as LCB t18:1, which are 
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known cell death inducers, together with other Cer and GIPC (Supplemental Table S3). 

In contrast, cluster 2 was dominated by hFA-containing Cer and GIPC, while cluster 9 

contained mainly non-hydroxy GIPC (Supplemental Table S3). Notably, no GluCer 

species were present in clusters associated correlating with HR-like cell death. 

 Surprisingly, only a few lipids had a different accumulation pattern between Col-

0 and sid2-1 plants (Figure 7B), indicating that SA does not play a substantial role in 

sphingolipidome remodeling in response to EE. This conclusion is further supported by 

the fact that no cluster in Figure 7A shows a SA-dependent pattern. Globally, we could 

observe a significant increase and decrease in GIPC and hGluCer levels, respectively, 

following EE treatment in Arabidopsis (Supplemental Figure S6, S7), however no 

difference could be observed for the other classes (Figure 7C). In order to identify 

putative HR-like lipid markers, we next performed a volcano plot analysis on the 

sphingolipidome of Arabidopsis and B. nigra. Based on this analysis, we found 17 

sphingolipids significantly accumulating in Col-0 plants following EE treatment (Figure 

7D), while only one was less abundant. Top accumulating lipids in Arabidopsis were Cer 

C16:0 and both hydroxyl- and non-hydroxy GIPC (Supplemental Figure S6, S8). A 

number of markers were found to accumulate to a similar extent in B. nigra, including 

Cer t18:0/ and t18:1/C16:0 (Supplemental Figure S9). In addition, several GIPC, 

including GIPC t18:0/h16:0, also accumulated in both species. However, no obvious 

pattern regarding chain length or hydroxylation could be observed in both species 

(Supplemental Figure S6, S10, S11). Interestingly, while Arabidopsis significantly 

accumulated GIPC of all types (long chain and very long chain FA, hydroxylated or not) 

upon EE treatment, the response of B. nigra plants mainly showed an accumulation of 

GIPC C16:0 and h16:0 (Supplemental Figure S6A). 

 Overall, we observed common responses in both Arabidopsis and B. nigra 

following treatment with EE. Notably, we found an accumulation of several potential cell 

death regulators, namely LCB t18:1 and Cer C16:0. In particular, the pattern of 

accumulation of Cer t18:0/ and t18:1/C16:0 was consistent with a role in cell death as 

shown by their strong accumulation in response to EE treatment in both species (Figure 

7E). Moreover, in B. nigra this pattern was associated correlated with HR intensity. In 

contrast, we could not observe such a pattern in LCB accumulation between both species, 

suggesting that they might not play a role in HR-like (Supplemental Figure S12). 

 

Sphingolipidome of ceramide synthase mutants in response to EE  
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In order to investigate the role of individual ceramide synthases, we next quantified all 

sphingolipids in loh1, loh2 and loh3 mutant plants following EE treatment in a separate 

experiment. We observed that mutations in loh1 and loh2 had a larger impact on 

sphingolipidome remodeling after EE treatment as compared to loh3 (Figure 8A-C). In 

particular, loh1 plants displayed largely higher constitutive and induced levels of long 

chain FA-containing species from all sphingolipid classes (Supplemental Figures S7-

S13), making any comparison with other mutants difficult. In addition, this renders the 

identification of any EE-related cluster using 1D-SOM impossible when considering all 

mutants, since previously reported species constitutively over-accumulate in loh1 

(Supplemental Figure S11, Supplemental Table S4). Based on 1D-SOM clustering of the 

data from loh2 and loh3 only, we observed the existence of two clusters (cluster 1 and 2) 

that show an accumulation pattern consistent with a role in HR-like (Figure 8D). These 

clusters contained mostly C16:0 containing sphingolipids, including all Cer C16:0 and 

LCB t18:1, further supporting our previous analysis. In particular, these clusters 

contained lipids present at very low levels in loh2 plants, consistent with the previously 

reported catalytic activity of LOH2 and with the cell death phenotype observed. However, 

these lipids were still accumulating after EE treatment in loh3 and no cluster could 

identify sphingolipids absent in both loh2 and loh3. In line with this conclusion, we 

observed a significant accumulation of Cer d18:0/, t18:0/ and t18:1/C16:0 in Col-0 and 

loh3 after treatment with EE which was absent in loh2 mutant plants (Welch t-test, 

P<0.05) (Figure 8E). In contrast, loh1 plants showed constitutive and induced levels of 

these lipids ~10 fold higher than Col-0 plants and no further accumulation occurred after 

treatment. 
 
Discussion 
We previously reported that induction of direct defenses against insect eggs in 

Arabidopsis involves the SA signaling pathway (Bruessow et al., 2010; Gouhier-

Darimont et al., 2013). In addition, a growing body of evidence indicates that the response 

triggered by P. brassicae eggs are conserved in both B. nigra and Arabidopsis 

(Geiselhardt et al., 2013; Fatouros et al., 2014; Bonnet et al., 2017). However, 

components required for HR-like induction downstream of SA accumulation are still 

unknown. Besides their role as structural components of membranes, sphingolipids 

regulate PCD throughout the eukaryotic kingdom (Young et al., 2013). By analyzing 

previously published transcriptomic data on plant response to oviposition (Little et al., 
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2007), we observed an upregulation of genes related to sphingolipid metabolism. 

Experimental validation of this observation confirmed that EE triggers transcriptional 

alterations of genes involved in sphingolipid metabolism in both Arabidopsis and several 

putative homologs in B. nigra. Furthermore, EE treatment led to the accumulation of 

various sphingolipid species. Despite differences in the profiles of other sphingolipids 

between Arabidopsis and B. nigra, a common and marked accumulation of Cer C16:0 

and several GIPCs could be observed. Remarkably, the accumulation of Cer C16:0 is a 

conserved hallmark of cell death induction in plants, animals and fungi (Saucedo-García 

et al., 2011; Berkey et al., 2012; Young et al., 2013; Ali et al., 2018). In addition to the 

fact that EE was removed prior to sampling, most of the accumulating Cer C16:0 

contained t18:0 or t18:1 LCB, which are not found in animals and GIPC are plant-specific 

lipids. It seems therefore unlikely that the observed increase is due to the potential 

presence of egg-derived lipids. Interestingly, even though a similar accumulation of 

C16:0 was observed in response to Botrytis cinerea and Pseudomonas syringae pv. 

tomato AvrRPM1, the level of other sphingolipids, in particular GIPC, were largely 

different (Magnin-Robert et al., 2015). The phylogeny of the main sphingolipid gene 

families shows that B. nigra genome harbours several putative paralogs of the genes 

studied in Arabidopsis. Differentiation of gene function between putative paralogs is 

expected and further work is needed to study the genetic organization of sphingolipid 

biosynthesis in B. nigra. 

 We observed that cell death induction is dependent on the ceramide synthases 

LOH2 and LOH3, raising the question of the specificity of each enzyme during this 

process. Previous work revealed that LOH2 is responsible for the production of most 

C16:0-Cer in planta, while LOH1 and LOH3 were described as producing mainly 

VLCFA-Cer. Sphingolipid profiling in these mutants showed that loh1 accumulated high 

levels of long chain-containing species whereas loh2 plants were devoid of most of the 

C16:0 containing sphingolipids, consistent with previous studies (Ternes et al., 2011; 

Markham et al., 2011). In vitro ceramide synthase activity shows that LOH3, in contrast 

to LOH1, can also accept C16:0 substrates (Luttgeharm et al., 2016). We thus postulated 

that part of the observed accumulation of Cer C16:0 after EE treatment may originate 

from LOH3 activity in addition to LOH2. However, loh3 mutants displayed mostly wild-

type constitutive and induced levels of nearly all species detected, in agreement with 

previous studies (Ternes et al., 2011), thereby leaving the question of its contribution 

unclear. A contribution of VLCFA-containing sphingolipid to cell death was shown by 
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the fact that acd5 loh2 double mutants have very low levels of C16:0-containing 

sphingolipids but still display spontaneous cell death (Bi et al., 2014). The accumulation 

of C16:0 in loh1 mutants was previously linked to the appearance of spontaneous cell 

death after 8-10 weeks of development (Ternes et al., 2011). Surprisingly, 4-5 weeks old 

loh1 plants had high levels of Cer C16:0 yet did not display constitutive cell death. 

Although the context and the timing of this accumulation is largely different between 

development and biotic interactions, further experiments are needed to investigate this 

apparent contradiction. These considerations together with the fact that only loh2 plants 

showed an association correlation between the levels of Cer C16:0 and the degree of cell 

death observed upon EE treatment may indicate that the potential role of Cer C16:0 during 

HR-like is complex. Alternatively, we cannot rule out that some of the observed 

phenotypes could be caused by non-catalytic activities of LOH and FAH genes. In 

agreement with this idea, FAH1 and FAH2 were previously shown to interact with the 

cell death suppressor BI-1 (Nagano et al., 2009). 

 In Arabidopsis, SPT interacts with inhibitory orosomucoid-like proteins AtORM1 

and AtORM2. Overexpression or knock-down of ORM1 and ORM2 leads to lower or 

higher C16-ceramide accumulation, respectively (Kimberlin et al., 2016; Gonzales-Solis 

et al., 2020). Also, AtORM RNAi lines display enhanced LOH2 activity, but decreased 

LOH3 activity (Kimberlin et al., 2016). In addition, SPT activity can be stimulated by 

small subunits of SPT, ssSPTa and ssSPTb in Arabidopsis (Kimberlin et al., 2013). These 

data indicate that post-transcriptional modulation of SPT is crucial for sphingolipid 

homeostasis. Furthermore, work in yeast showed that ceramides interact with ORM to 

regulate SPT (Davis et al., 2019). Although P. brassicae oviposition or treatment with 

EE does not enhance expression of Arabidopsis ORMs and ssSPTs (Little et al., 2007; 

Stahl et al., 2020), EE could modulate SPT activity, directly or via ORMs or ssSPTs, 

which in turn would lead to the production of C16 ceramides and transcriptional 

upregulation of LOH2. In support of this hypothesis, Pseudomonas syringae infection 

activates SPT and leads to elevated levels of the free sphingobase t18:0 (Peer et al, 2010). 

C16 ceramides might in turn interact with ORMs to modulate SPT activity and the 

production of cytotoxic sphingolipids. Thus, whether and how EE interact with the SPT 

complex is an intriguing hypothesis that will deserve further investigation.  

 How LCBs or ceramides induce cell death is still not clear (Berkey et al., 2012; 

De Bigault Du Granrut and Cacas, 2016) but studies from plants and other organisms may 

provide insights into their function. Sphingolipids, outside of their role as structural lipids 



 

16 

in plasma membranes (PM), are major constituent of lipid nanodomains (Mamode 

Cassim et al., 2019). Membrane nanodomains, or so-called “lipid rafts”, are patches of 

lipids and proteins that laterally segregates from the rest of the PM due to high degree of 

intermolecular interactions between sphingolipids and sterols (Cacas et al., 2012; De 

Bigault Du Granrut and Cacas, 2016). Proteomic studies of nanodomain-associated 

proteins show that many immune regulators accumulate in these structures (Morel et al., 

2006) and studies in rice showed that alterations in nanodomain sphingolipid composition 

can affect the abundance and function of PTI and cell death regulators in nanodomains 

(Ishikawa et al., 2015; Nagano et al., 2016). Additionally, phytoceramides were shown to 

perturb nanodomains in yeast (Pacheco et al., 2013). These results depict a dynamic 

relationship between sphingolipid metabolism and membrane nanodomains, suggesting 

that changes in the composition of certain sphingolipid classes could affect protein 

distribution and therefore nanodomain function. 

 Two recent studies in rice reported that alterations of hFA levels in nanodomains 

resulted in the depletion of certain PTI and cell death modulators (Ishikawa et al., 2015; 

Nagano et al., 2016). The role of sphingolipids in nanodomain structure and function may 

bring light on the observation that fah1 displayed a trend for increased cell death 

following EE treatment, which corresponded to correlated with a higher expression of 

SA-dependent markers PR1 and SAG13, and suggested a negative regulation of cell death. 

These data may be the result of altered signaling from plasma membrane nanodomains. 

Although we found no clear alteration in overall hFA levels and distribution in different 

sphingolipid classes upon EE treatment, further in-depth work should examine the precise 

role of hFA species during HR-like. 

 Our results reveal a common accumulation of GIPC species in both Arabidopsis 

and B. nigra in response to EE perception. GIPC are critical regulators of membrane 

organization (Mamode Cassim et al., 2021). Studies show that GIPC accumulate in 

membrane nanodomains (Gronnier et al, 2016) and account for a large fraction of 

extracellular vesicles lipids (Liu et al., 2020), however the function of complex 

sphingolipids such as GluCer and GIPC during biotic stresses is still poorly understood. 

Interestingly, it was recently shown that GIPC are receptors for fungal toxins (Lenarčič 

et al., 2017) and gate unknown Ca2+ channels upon binding of extracellular Na+ (Jiang et 

al., 2019). Whether GIPC play a role during HR-like is still not clear and work is needed 

to further explore this possibility.  
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 The hypothesis that SA signaling and sphingolipid metabolism are somehow 

connected was based on the observation that certain sphingolipid mutants or treatment 

with the fungal toxin fumonisin B1 lead to increased defense gene expression or SA 

signaling/accumulation (Asai et al., 2006; Wang et al., 2008; König et al., 2012; 

Luttgeharm et al., 2015; Sánchez-Rangel et al., 2015; Fang et al., 2016). This led to 

postulate that the rise in Cer might precede SA accumulation (Sánchez-Rangel et al., 

2015). We found that loh2 and loh3 mutant plants displayed wild-type ROS, SA and PR1 

levels, although they showed a significantly reduced cell death. These results thus suggest 

that ceramides function downstream of egg-induced SA signaling. However, we found 

no evidence that SA accumulation plays a role in the regulation of sphingolipid 

metabolism in the context of insect egg-triggered immunity as shown by the wild-type 

sphingolipid profile in sid2-1 plants treated with EE. Interestingly, a recent study showed 

that ceramide accumulation and spontaneous cell death in the acd5 mutant is abolished 

in several SA signaling mutants and in sid2-1 (Zeng et al., 2021). In addition, the authors 

found that accumulation of Cer following B. cinerea infection was also dependent on 

functional SA signaling, but the involvement of SA accumulation was not studied. 

Moreover, a fah1fah2loh2 triple mutant accumulated high levels of LCBs and displayed 

spontaneous cell death. Both responses were abolished in sid2-1, indicating that the SA 

pathway controls sphingolipid-dependent lesion formation in untreated plants (König et 

al., 2022). Overall, these findings may thus indicate that Cer accumulation may be 

controlled by different processes depending on the context considered and that SA 

signaling and sphingolipid metabolism may constitute a feedback loop. More data will be 

needed to better understand how sphingolipid metabolism is regulated during biotic 

interactions. 

 In conclusion, our results show that sphingolipid metabolism plays a central role 

in the execution of HR-like in Brassicaceae after Pieris brassicae egg perception. Further 

research should investigate other plant-insect egg interactions and aim at deciphering the 

exact mechanism by which sphingolipids participate in HR-like. 

 

 

Materials and methods 
 

Plant and insect growth conditions 
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All experiments described using Arabidopsis (Arabidopsis thaliana) were conducted in 

the Col-0 background. Seeds of the black mustard (Brassica nigra) were collected from 

a wild population in Wageningen (The Netherlands) as previously described (Fatouros et 

al., 2014; Bonnet et al., 2017). Plants were grown in growth chambers in short day 

conditions (10 h light, 22°C, 65% relative humidity, 100 μmol m-2 s-1) and were 4 to 5 

weeks old at the time of treatment. Seeds were stratified for 3 days at 4 °C after sowing. 

Larvae, eggs and butterflies of the Large White butterfly (Pieris brassicae) came from a 

population maintained on Brussels sprouts (Brassica oleracea) in a greenhouse as 

described previously (Reymond et al., 2000). 

 T-DNA insertion lines for loh1 (SALK_069253), loh2 (SALK_018608C), loh3 

(SALK_150849), fah1 (SALK_140660), fah2 (SAIL_862_H01) were kindly provided by 

Ivo Feussner (University of Göttingen); sid2-1 from Christiane Nawrath (University of 

Lausanne), myb30 from Dominique Roby (LIPM INRA, Toulouse); fad3fad7fad8 from 

Edward E. Farmer (University of Lausanne); tga2tga3tga5tga6 from Corné Pieterse 

(Utrecht University). 

 

Whole-genome expression data 

For in silico analysis of PCD (Figure 1) and lipid metabolism (Figure 2) marker gene 

expression, microarray data from Arabidopsis samples after 24 to 72 h of oviposition by 

P. brassicae (Little et al., 2007) were used. For in silico analysis of sphingolipid 

metabolism marker gene expression (Supplemental Figure S5), transcriptome data from 

Genevestigator public database (www.genevestigator.com) were used, except for data on 

Cabbage White butterfly (Pieris rapae) and Egyptian cotton leafworm (Spodoptera 

littoralis) feeding, which were from published microarray data (Reymond et al., 2004), 

and data on P. brassicae oviposition (Little et al., 2007). 

 

Treatment with egg extract 

P. brassicae eggs were collected and crushed with a pestle in Eppendorf tubes. After 

centrifugation (15' 000 g, 3 min), the supernatant (‘egg extract’, EE) was collected and 

stored at -20°C. Plants were 4-5 weeks old at the time of treatment. For each plant, two 

leaves were treated with 2 µl of EE. This amount corresponds to one egg batch of ca. 20 

eggs. A total of four plants were used for each experiment. After the appropriate time, EE 

was gently removed with a scalpel blade and treated leaves were stored in liquid nitrogen. 

Untreated plants were used as controls. 
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Histochemical staining  

For visualization of cell death, EE was gently removed and leaves were submerged in 

lactophenol trypan blue solution (5 ml of lactic acid, 10 ml of 50% (v/v) glycerol, 1 mg 

of trypan blue (Sigma), and 5 ml of phenol) at 28°C for 2–3 h. Hydrogen peroxide (H2O2) 

accumulation was measured with 3,3-diaminobenzidine (DAB; Sigma). Leaves were 

submerged in a 1.0 mg ml–1 DAB solution and incubated in the dark at room temperature 

for 6–8 h. Superoxide radical (O2.−) was visualized with the sensitive dye nitroblue 

tetrazolium (NBT; Sigma). Leaves were submerged in a solution containing 0.02% NBT 

and 10 mM NaN3 for 4 h at room temperature in the dark. 

 After each staining, leaves were destained in boiling 95% (v/v) ethanol. 

Microscope images were saved as TIFF files and processed for densitometric 

quantification with ImageJ version 1.64 (NIH). 

 

Salicylic acid quantification 

SA quantifications were performed using the bacterial biosensor Acinetobacter sp. 

ADPWH (Huang et al., 2005; Huang et al., 2006) according to (DeFraia et al., 2008; 

Zvereva et al., 2016). Briefly, 6 leaf discs (0.7 cm, ~20 mg) were ground in liquid nitrogen 

and extracted in 0.1M sodium acetate buffer (pH 5.6). Extracts were then centrifuged at 

4°C for 15min at 16’000 g. 50 µL of extract were incubated with 5 µL of β-Glucosidase 

from almonds (0.5 U/µl in acetate buffer, Sigma-Aldrich) during 90 min at 37°C to 

release SA from SA-glucoside (SAG). 20 µL of extract was then mixed with 60 µL of 

LB and 50 µL of a culture of Acinetobacter sp. ADPWH_lux (OD600 = 0.4), and incubated 

for 1 h at 37°C. Finally, luminescence was integrated using a 485 ± 10 nm filter for 1 s. 

A 0 to 60 ng SA standard curve diluted in untreated sid2-1 extract was read in parallel to 

allow quantification. SA amounts in samples were estimated by fitting a 3rd order 

polynomial regression on the standards. 

 

Determination of non-enzymatic lipid peroxidation  

Two leaves of each of three plants were treated for 3 days with EE and leaf discs (dia 0.7 

cm) were harvested. Frozen leaf material (25 mg) was ground on liquid nitrogen, mixed 

with 0.5 ml of 0.1 % (v/v) trichloroacetic acid (TCA), and centrifuged at 10'000 g for 15 

min. 0.25 ml of the supernatant was mixed with 0.5 ml of 20 % (v/v) TCA and 0.5 ml of 

0.5 % (v/v) thiobarbituric acid (TBA) and the mixture was incubated at 95 °C for 30 min 
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to react MDA with TBA. Thereby a TBA-MDA complex is formed which is reported to 

have a specific absorbance at 532 nm. The specific absorbance of 532 nm and a 

nonspecific of 600 nm were measured with a UV-VIS spectrophotometer and the 

nonspecific absorbance was subtracted from the specific absorbance. The concentrations 

of MDA were calculated using Beer-Lambert´s equation with an extinction coefficient 

for MDA of 155 mM-1 cm-1 (Heath and Packer, 1968) and expressed to the fresh weight. 

Because this assay is described to overestimate the absolute concentration of MDA (Stahl 

et al., 2019), we normalized data on MDA levels in untreated Col-0 leaves and reported 

them as fold-changes. 

 

Hydroxy-fatty acid quantification 

Hydroxy-FA quantification was performed based on a previously published protocol 

(Cacas et al., 2016). Briefly, 25 mg of frozen sample was spiked with 10 µg of 

heptadecanoic acid (C17:0) and 2-hydroxy-tetradecanoic acid (h14:0) as internal 

standards, and was transmethylated at 110°C overnight in 3 mL of methanol containing 

5% (v/v) sulfuric acid. After cooling, 3 mL of NaCl (2.5%, w/v) was added, and methyl 

ester FAs were extracted in 1 mL of hexane. The organic phase was collected in a new 

tube, buffered with 3 mL of saline solution (200 mM NaCl and 200 mM Tris HCl, pH 8), 

centrifuged and the organic phase was dried under a gentle stream of nitrogen at room 

temperature. Free hydroxyl FAs were derivatized at 110°C for 30 min in 100 µL of N,O-

bis(trimethylsilyl)trifluoroacetamide (BSTFA, Sigma) and pyridine (50:50, v/v), and 

surplus BSTFA was evaporated under nitrogen. Samples were finally dissolved in hexane 

and transferred into capped autosampling vials until analysis. 

 Quantitative analysis was performed using a HP-5MS capillary column (5% 

phenyl-methyl-siloxane (v/v), 30 m x 250 mm, 0.25 mm film thickness; Agilent) with 

helium carrier gas at 1.5 mL/min; injection was in splitless mode; injector temperature 

was set to 250°C; the oven temperature was held at 50°C for 1 min, then programmed 

with a 25°C/min ramp to 150°C (2 min hold), and a 10°C/min ramp to 320°C (6 min 

hold). Quantification of hydroxy-FAs was based on peak areas derived from specific ions 

in single-ion mode (SIM) and the respective internal standards. Ions used for 

quantifications are listed in the Supplemental Table S6. 

 

Sphingolipid analyses by LC-MS/MS 



 

21 

Frozen samples were lyophilized and weighed before analysis of sphingolipids by LC-

MS/MS according to Mamode Cassim et al. (2021). Lipids extracts were incubated 1 h at 

50°C in 2 mL of methylamine solution (7 ml methylamine 33% (w/v) in EtOH combined 

with 3 mL of methylamine 40% (w/v) in water (Sigma Aldrich) in order to hydrolyze 

phospholipids. After incubation, methylamine solutions dried at 40°C under a stream of 

air. Finally, were resuspended into 100 μL of THF/MeOH/H2O (40:20:40, v/v) with 0.1% 

formic acid containing synthetic internal lipid standards (LCB d17:1 [4.5 ng/µl], LCB-P 

d17:1 [4.5 ng/µl], Cer d18:1/C17:0 [4.5 ng/µl], GluCer d18:1/C12:0 [8.3 ng/µl] and GM1 

[87 ng/µl], Avanti Polar Lipids) was added, thoroughly vortexed, incubated at 60°C for 

20min, sonicated 2min and transferred into LC vials.  

 LC-MS/MS (multiple reaction monitoring mode) analyses were performed with a 

model QTRAP 6500 (ABSciex) mass spectrometer coupled to a liquid chromatography 

system (1290 Infinity II, Agilent). Analyses were performed in the positive mode. 

Nitrogen was used for the curtain gas (set to 30), gas 1 (set to 30), and gas 2 (set to 10). 

Needle voltage was at +5500 V with needle heating at 400°C; the declustering potential 

was adjusted between +10 and +40 V. The collision gas was also nitrogen; collision 

energy varied from +15 to +60 eV on a compound-dependent basis.  

 Reverse-phase separations were performed at 40°C on a Supercolsil ABZ+, 100 

x 2.1 mm column and 5 µm particles (Supelco). The Eluent A was THF/ACN/5 mM 

Ammonium formate (3/2/5 v/v/v) with 0.1% formic acid (v/v) and eluent B was 

THF/ACN/5 mM Ammonium formate (7/2/1 v/v/v) with 0.1% formic acid. The gradient 

elution program for LCB, Cer and GluCer quantification was as follows: 0 to 1 min, 1% 

eluent B; 40 min, 80% eluent B; and 40 to 42 min, 80% eluent B. The gradient elution 

program for GIPC quantification was as follows: 0 to 1 min, 15% eluent B;31 min, 45% 

eluent B; 47.5 min, 70% eluent B; and 47.5 to 49, 70% eluent B. The flow rate was set at 

0.2 mL/min, and 5mL sample volumes were injected. A list of transitions for all 

sphingolipid species scanned during this procedure is available in Supplemental Table 

S7. The number of analyzed molecules per subclass scanned were: 4 LCB; 4 LCB-P; 110 

Cer; 121 GluCer; 383 (64 GIPC serie A) GIPC.  

 The areas of LC peaks were determined using MultiQuant software (version 3.0; 

ABSciex) for sphingolipids quantification. Due to the lack of authentic standards for 

phytoceramides and GIPCs, the most abundant species present in plant tissues, absolute 

quantification is impossible without strong assumptions and was therefore avoided. 
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 Raw sphingolipid data can be found in Supplemental Table S8 and have been 

deposited in the public repository Zenodo (https://zenodo.org) under 

doi.org/10.5281/zenodo.6412864. 

 

Analysis of sphingolipid data 

Areas of LC peaks for specific transitions were normalized to the signal of the standard 

from the same class (Cer, hCer, GluCer or GIPC) and normalized to sample dry weight. 

Values are plotted as arbitrary units (AU)/g of dry weight (DW). In total, 173 sphingolipid 

species could be quantified in all Arabidopsis and B. nigra samples (Supplemental Table 

S8). Data clustering and heatmaps were generated using the 1-dimensional self-

organizing map (1D-SOM) algorithm implemented in the MarVis Cluster software 

(Kaever et al., 2009). Prior to clustering, replicate values were averaged and subsequent 

profiles were normalized to Euclidean unit length to allow comparison for all samples. 

The number of clusters was set to 10. 

 For volcano plots, comparisons between CTL and EE treated samples were 

performed using two-sided Welch T-test. For Arabidopsis datasets, initial data analysis 

was performed using a two-way ANOVA specifying genotype and treatment. B. nigra 

dataset was initially analyzed using a one-way ANOVA. Upon significant ANOVA 

analysis at P < 0.05, multiple comparisons were performed on the most informative 

sample pairs using two-sided Welch T-test without correction for multiple testing.  

 

RNA extraction and reverse-transcription quantitative PCR (RT-qPCR)  

Tissue samples were ground in liquid nitrogen, and total RNA was extracted using 

ReliaPrep™ RNA Tissue Miniprep (Promega) according to the manufacturer’s 

instructions, including DnaseI treatment. Afterwards, cDNA was synthesized from 500 

ng of total RNA using M-MLV reverse transcriptase (Invitrogen) and subsequently 

diluted eightfold with water. RT-qPCR reactions were performed using Brilliant III Fast 

SYBR-Green QPCR Master Mix on a QuantStudio 3 real-time PCR instrument (Life 

Technologies) with the following program: 95°C for 3 min, then 40 cycles of 10 s at 95°C, 

20 s at 60°C.  

 Values were normalized to the housekeeping gene SAND (At2g28390). The 

expression level of a target gene (TG) was normalized to the reference gene (RG) and 

calculated as normalized relative quantity (NRQ) as follows: NRQ = ECtRG /ECtTG. For 

each experiment, two leaves of each of four plants were collected and combined to 
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constitute one biological replicate. In total, three biological replicates were analyzed. A 

list of all primers used in experiments can be found in Supplemental Table S9. 

 Gene sequences for putative homologs in B. nigra were identified by BLAST 

using Arabidopsis CDS sequences on BrassicaDB (http://brassicadb.cn/). For RT-qPCR, 

primers were designed using the putative homolog of main sphingolipid biosynthetic 

genes in the B. nigra Ni100 genome sequence and then checked for specificity using 

Primer BLAST against the “Brassica” mRNA database. Primer pairs that had no 

unspecific binding in other Brassica were tested by PCR on gDNA and cDNA from B. 

nigra for size and specificity. 

 

Phylogenetic analysis 

Sequence alignment was performed using MUSCLE. Trees were calculated in IQ-TREE 

(http://iqtree.cibiv.univie.ac.at/, Trifinopoulos et al. 2016) using the best model (using 

BIC as criterion) as identified by the “model selection” function. Trees were visualized 

in iTOL (https://itol.embl.de/). 

 

Statistics 

Data were analyzed using R software version 3.6 or GraphPad Prism 9.0.1. 

 

Accession numbers 

Sequence data from this article can be found in TAIR (www.arabidopsis.org) and 

BrassicaDB (http://brassicadb.org/brad/index.php) under the following accession 

numbers: SAND (At2g28390); MYB30 (At3g28910); FATB (At1g08510); PR1 

(At2g14610); SAG13 (At2g29350); LOH1 (At3g25540); LOH2 (At3g19260); LOH3 

(At1g13580); LCB1 (At4g36480); LCB2a (At5g23670); LCB2b (At3g48780); FAH1 

(At2g34770); FAH2 (At4g20870); IPCS2 (At2g37940); GCS (At2g19880); SBH1 

(At1g69640); SBH2 (At1g14290); BnSAND (BniB06g017310.2N); BnPR2 

(BniB08g071960.2N); BnLOH1 (BniB04g001540.2N); BnLOH2 (BniB07g030490.2N); 

BnLOH3 (BniB02g008510.2N); BnLCB1 (BniB06g023510.2N); BnLCB2b 

(BniB05g048900.2N); BnFAH1 (BniB08g021900.2N); BnFAH2 (BniB05g016100.2N); 

BnIPCS2 (BniB01g006910.2N); BnSBH1 (BniB03g047260.2N); and BnSBH2 

(BniB06g039290.2N). 
 

Supplemental data 
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The following materials are available in the online version of this article. 

 Supplemental Figure S1. Expression of MYB30 and one of his target FATB. 

 Supplemental Figure S2. Maximum-likelihood phylogeny of sphingolipid gene 

families in Arabidopsis and B. nigra. 

 Supplemental Figure S3. Expression of sphingolipid metabolism genes in 

Arabidopsis. 

 Supplemental Figure S4. Expression of sphingolipid metabolism genes in Brassica 

nigra. 

 Supplemental Figure S5. Expression of sphingolipid metabolism genes in response 

to biotic stresses. 

 Supplemental Figure S6. Glycosyl inositol phosphoryl ceramide (GIPC) serie A 

levels in Arabidopsis wild-type and mutant lines and B. nigra plants following P. 

brassicae egg extract (EE) treatment. 

 Supplemental Figure S7. Hydroxy-glucosylceramide levels in Arabidopsis wild-type 

and mutant lines and B. nigra plants following P. brassicae egg extract (EE) treatment. 

 Supplemental Figure S8. Ceramides levels in Arabidopsis wild-type and mutant lines 

and B. nigra plants following P. brassicae egg extract (EE) treatment. 

 Supplemental Figure S9. Effect of P. brassicae egg extract (EE) treatment in B. nigra  

 Supplemental Figure S10. Hydroxyceramide levels in Arabidopsis wild-type and 

mutant lines and B. nigra plants following P. brassicae egg extract (EE) treatment. 

 Supplemental Figure S11. Effect of P. brassicae egg extract (EE) treatment on 

sphingolipid profiles in ceramide synthase mutants. 

 Supplemental Figure S12. Free long chain base (LCB and LCB-P) levels in 

Arabidopsis wild-type and mutant lines and B. nigra plants following P. brassicae egg 

extract (EE) treatment. 

 Supplemental Figure S13. Glucosylceramide levels in Arabidopsis wild-type and 

mutant lines and B. nigra plants following P. brassicae egg extract (EE) treatment. 

 Supplemental Table S1. Expression of PCD marker genes after Pieris brassicae 

oviposition. 

 Supplemental Table S2. Expression of lipid metabolism genes after Pieris brassicae 

oviposition. 

 Supplemental Table S3. 1D-SOM clustering results for Arabidopsis and B. nigra 

sphingolipid profiles. 
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 Supplemental Table S4. 1D-SOM clustering results for Arabidopsis loh1, loh2 and 

loh3 sphingolipid profiles. 

 Supplemental Table S5. 1D-SOM clustering results for Arabidopsis loh2 and loh3 

sphingolipid profiles. 

 Supplemental Table S6. List of ions used for FA and hFA identification and 
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Figure Legends 
 
Figure 1 Hypersensitive-like cell death following P. brassicae oviposition induces 

markers of biotic PCD. A, Expression of marker genes for biotic-related PCD in 

Arabidopsis plants following oviposition by P. brassicae butterflies for 24, 48 or 72 h. 

Marker genes were described in Olvera-Carrillo et al. (2015) and expression data were 

extracted from a previously published microarray study by Little et al. (2007). B, 
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Proportion of significantly induced genes in each cluster (log2 Fold-change ≥1; P<0.05). 

Raw data can be found in Supplemental Table S1. 

 
Figure 2 Transcriptomic alterations in lipid metabolism after insect egg deposition. A, 

Heatmap showing expression of genes involved in lipid metabolism after oviposition by 

P. brassicae on Arabidopsis plants. Microarray data were taken from Little et al. (2007) 

and a list of genes specifically involved in lipid metabolism was obtained from the AraLip 

database. Only genes that were differentially regulated between control and treated plants 

(Fold-change ≥ |1.5|, P<0.05) in at least one time-point are shown. B, Number of genes 

up- or down-regulated in each of the metabolic categories defined on the AraLip database. 

Euk, eukaryotic; FA, fatty acid; FAS, fatty acid synthesis; Mito, mitochondrial; Prok, 

prokaryotic; TAG, triacylglyceride. C, Expression of lipid metabolism genes in Col-0 and 

sid2-1 mutant plants three days after egg deposition. The dotted line indicates perfect 

correspondence in expression ratios between Col-0 and sid2-1 while the red line 

represents a regression analysis of the dataset (y = 0.72x + 0.16, R² = 0.71). Raw data can 

be found in Supplemental Table S2. 

 

Figure 3 EE-induced cell death is independent from MYB30 and oxylipins. A, C, D, Cell 

death after three days of P. brassicae egg extract (EE) treatments in different mutants. 

Date represent means ± SE (n=8-12 leaves from 4 to 6 plants). Plants were treated with 2 

μL of EE and cell death was quantitated by trypan blue staining. Untreated leaves were 

used as controls. All experiments were repeated twice with similar results. Different 

letters indicate significant differences at P<0.05 (ANOVA, followed by Tukey's HSD for 

multiple comparisons). B, Relative nonenzymatic lipid peroxidation levels were 

measured by the quantification of TBA reactive aldehydes in Col-0 plants treated with 

EE for three days. Data represent means ± SE of three independent experiments (n = 6 

leaf discs/experiment). Asterisks denote statistically significant differences (Welch t-test, 

*, P<0.05). TBA, thiobarbituric acid. 

 

Figure 4 Expression of sphingolipid biosynthetic genes is altered upon EE treatment. 

Genes involved in each biosynthetic step are indicated and substrates are indicated when 

appropriate. Results from expression analyses in Arabidopsis and B. nigra plants treated 

for three days with EE are indicated in color-coded boxes. More information on B. nigra 
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gene homologs is found in Supplemental Figure S2. Detailed expression data are shown 

in Supplemental Figure S3 and S4. 3KS, 3-ketosphinganine; d/tLCB, di/tri-hydroxy long 

chain base; VLCFA, very-long chain fatty acid; Cer, ceramide; hCer, 2-hydroxyceramide; 

GlcCer, glucosylceramide; GIPC, glycosyl inositol phosphoryl ceramide. 

 

Figure 5 EE-induced cell death is reduced in ceramide synthase mutants. A-C, Cell death 

(A), H2O2 (B) or O2.- (C) levels after three days of P. brassicae egg extract (EE) treatment 

in ceramide synthase mutants. Data represent mean ±SE of 12 to 16 leaves from 6 to 8 

plants. Plants were treated with 2 μL of EE. Untreated leaves were used as controls. 

Different letters indicate significant differences at P<0.05 (ANOVA, followed by Tukey's 

HSD for multiple comparisons). Upper case and lower case letters represent separate 

analyses for control and EE treatment. D, Total salicylic (SA + SA-glucoside) levels in 

ceramide synthase mutants after 3 days of EE treatment. Data represent mean ± SE of 

two independent experiments (n=8). FW, fresh weight. Different letters indicate 

significant differences at P<0.05 (ANOVA, followed by Tukey's HSD for multiple 

comparisons). Upper case and lower case letters represent separate analyses for control 

and EE treatment. E,F, Expression of the SA-dependent marker PR1 or the partially SA-

dependent marker SAG13 in ceramide synthase mutants after three days of EE treatment 

was monitored by RT-qPCR. Data represent means ± SE of three technical replicates. 

Gene expression was normalized to the reference gene SAND. Different letters indicate 

significant differences at P<0.05 (ANOVA, followed by Tukey's HSD for multiple 

comparisons). Upper case and lower case letters represent separate analyses for control 

and EE treatment. All experiments (except D) were repeated at least twice with similar 

results. 

 

Figure 6 Fatty acid 2-hydroxylation modulates EE-induced cell death. A, Cell death and 

B, H2O2 levels after three days of P. brassicae egg extract (EE) treatments in fatty acid 

hydroxylase mutants. Data represent means ± SE of 12 to 16 leaves from 6 to 8 plants. 

Palnts were treated with 2 μL of EE. Untreated leaves were used as controls. C,D, 

Expression of the SA-dependent marker PR1 and the partially SA-dependent marker 

SAG13 after three days of EE treatment was monitored by RT-qPCR. Data represent 

means ± SE of three technical replicates. Gene expression was normalized to the reference 

gene SAND. For panels A-D, different letters indicate significant differences at P<0.05 

(ANOVA, followed by Tukey's HSD for multiple comparisons). All experiments (A-D) 
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were repeated at least twice with similar results. E, 2-hydroxy fatty acid levels following 

three days of EE treatment were quantified by GC-MS. Data represent means ± SE from 

three biologically independent samples. AU, absorbance unit; FW, fresh weight. 

 

Figure 7 EE treatment induces changes in sphingolipid levels in both Arabidopsis and B. 

nigra. Leaves from either species were treated for three days with P. brassicae egg extract 

(EE), and sphingolipids were extracted and analyzed by LC-MS/MS as described in 

methods. A, 1D-SOM clustering and heatmap visualization of sphingolipid levels) using 

MarVis. Data were averaged over biological replicates (n=7), normalized using Euclidean 

unit length and the number of clusters was set to 10. The upper heatmap displays an 

average profile for each cluster and the one below displays all lipids individually. The list 

of markers found in each cluster can be found in Supplemental Table S3. B, Comparison 

of the impact of EE treatment on sphingolipid composition in Col-0 and sid2-1 plants. 

Each circle represents one sphingolipid species. Red filled circles are lipids whose level 

after EE treatment was significantly different between both genotypes (P<0.05); open 

circles are lipids whose level did not significantly change (P>0.05) (see Supplemental 

Table S8). The dotted line indicates perfect correspondence in accumulation between 

Col-0 and sid2-1. C, Levels of all major classes of sphingolipids in Col-0 plant treated or 

not with EE. Bars represent means ± SE from seven biologically independent samples 

and correspond to the sum of all lipid species of a given class by hydroxylation status of 

the FA side chain. LCB, long chain base; Cer, ceramide; hCer, hydroxy-ceramide, 

GluCer, glucosyl-ceramide, hGluCer, hydroxy-glucosyl ceramide; GIPC, glycosyl 

inositol phosphoryl ceramide; hGIPC, hydroxy-glycosyl inositol phosphoryl ceramide. D, 

Volcano plot of the sphingolipids detected in Col-0 plants. A threshold of P < 0.01 and a 

|FC| > 2 was used to identify molecules specifically changing upon EE treatment. Open 

circles indicate lipid species that did not significantly change, red and blue filled circles 

indicate lipid species that significantly changed upon EE treatment in B. nigra only or in 

both B. nigra and Arabidopsis, respectively. ID for the latter is shown. A list of all 

significant lipids is shown on the right (see Supplemental Table S8). E, Levels of the 

different C16-containing ceramides after EE treatment in Arabidopsis Col-0 plants (left) 

and B. nigra (right). Data represent means ± SE from four to ten independent samples. 

Asterisks in C and E denote statistically significant differences between EE treated 

samples and their respective controls (Welch t-test, *, P<0.05; **, P<0.01; ***, P<0.001). 
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HR-, weak HR-like response; HR+, strong HR-like response. CTL, control; AU, arbitrary 

unit; DW, dry weight. 

 

Figure 8 Sphingolipid levels in ceramide synthase mutants upon treatment with P. 

brassicae egg extract (EE). Leaves were treated for three days with EE, and sphingolipids 

were extracted and analyzed by LC-MS/MS. A-C, Comparison of the impact of EE 

treatment on sphingolipid composition in Col-0 and loh1 (A), loh2 (B) or loh3 (C) mutant 

plants. Each circle represents one sphingolipid species. Red filled circles are lipids whose 

level after EE treatment was significantly different between both genotypes (P<0.05); 

open circles are lipids whose level did not significantly change (P>0.05) (see 

Supplemental Table S8). The dotted line indicates perfect correspondence in 

accumulation between both genotypes. D, 1D-SOM clustering and heatmap visualization 

of sphingolipid levels using MarVis. Data were averaged over biological replicates (n=3-

4), normalized using Euclidean unit length and the number of clusters was set to 10. The 

upper heatmap displays an average profile for each cluster and the one below displays all 

lipids individually. The list of lipids found in each cluster can be found in Supplemental 

Table S5. E, Levels of the different C16-containing ceramides after EE treatment in 

Arabidopsis Col-0 and loh1, loh2, or loh3 plants. Data represent means ± SE from three 

to four independent samples. Asterisks denote statistically significant differences 

between EE treated samples and their respective controls (Welch t-test, *, P<0.05; **, 

P<0.01; ***, P<0.001). Lines indicate statistically significant differences between Col-0 

and mutant plants treated with EE. CTL, control; AU, arbitrary unit; DW, dry weight.  
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Supplemental Figure S1 Expression of Arabidopsis MYB30 and one of its target FATB. Expression after 
P. brassicae egg extract (EE) treatment was monitored by RT-qPCR. Data represent means ± SE of three 
technical replicates. Gene expression was normalized to the reference gene SAND. This experiment was 
repeated once with similar results. 
  



 
 
Supplemental Figure S2 Maximum-likelihood phylogeny of sphingolipid gene families in B. nigra and 
Arabidopsis. Trees were built for LOH (A), FAH (B) and SBH (C) using CDS sequences of homologous 
gene sequences from both species in IQ-TREE using the “model selection” feature to determine best 
substitution model. Trees were rooted using the midpoint method in iTOL. The scale bar indicates the 
number of substitution per site. Branch boostrap values greater than 70% are indicated with a circle. Gene 
names used in the paper are indicated before gene ID for B. nigra. Genes that were selected for expression 
analysis are highlighted with a red arrow. 
  



 

 
 
Supplemental Figure S3 Time-course expression of sphingolipid metabolism genes in Arabidopsis. A, 
Expression of target genes was monitored by RT-qPCR in Col-0 24 h to 72 h after P. brassicae egg extract 
(EE) treatment. B, Expression of target genes was monitored by RT-qPCR in Col-0 and sid2-1 72 h after 
EE treatment. Data represent means ± SE of three technical replicates. Gene expression was normalized to 
the reference gene SAND. Different letters indicate significant differences at P<0.05 (ANOVA, followed 
by Tukey's HSD for multiple comparisons). Experiments were repeated twice with similar results. 
  



 
 
Supplemental Figure S4 Expression of sphingolipid metabolism genes in B. nigra. A, Representative 
pictures of macroscopic HR-like symptoms triggered by P. brassicae egg extract (EE) after 3 days of 
treatment. Location of EE application is delineated by the white circles. B, Expression of target genes was 
monitored by RT-qPCR 72 h after EE treatment. Gene expression was normalized to the reference gene 
BnSAND. Data represent means ± SE of three to eight independent biological replicates. Asterisks denote 
statistically significant differences between EE treated and control plants (Welch t-test, *, P<0.05; **, 
P<0.01; ***, P<0.001). HR-, weak HR-like response; HR+, strong HR-like response. 
  



 
 

 
 
Supplemental Figure S5 Diverse biotic stresses induce transcriptional alterations in sphingolipid 
metabolism. Relative expression levels of the selected sphingolipid genes in response to different attackers 
(insects, bacteria, fungi, oomycetes and virus) were obtained from Genevestigator. When more than two 
time-points were available, one early and one late time points were selected. Whole-genome expression 
data for P. brassicae oviposition or insect feeding (Pieris rapae or Spodoptera littoralis herbivory) were 
obtained from previous publications (see Methods for details). 
  



 
 
Supplemental Figure S6 Glycosyl inositol phosphoryl ceramide (GIPC) serie A levels in Arabidopsis and 
B. nigra plants following P. brassicae egg extract (EE) treatment. A, Col-0 and sid2-1 mutant plants (upper 
panels) or B. nigra (lower panels) were treated with EE for three days. Sphingolipid levels are presented 
based on FA side-chain (left panel) or LCB (right panel) distribution. Bars represent means ± SE from 
seven (Arabidopsis) or four to ten (B. nigra) independent samples. B, Col-0, loh1, loh2 and loh3 mutant 
plants were treated as described in panel A. Bars represent means ± SE from three to four independent 
samples. Data were first analyzed using one-way (B. nigra) or two-way (Arabidopsis) ANOVA. Colored 
boxes indicate significant ANOVA at P < 0.05. Significant lipid markers were further analyzed using a 
selected number of pairwise comparisons: control (CTL) and EE; EE-treated mutants compared to EE-
treated Col-0. Asterisks denote statistical significance (Welch t-test between EE treated samples and their 
respective controls. *, P< 0.05; **, P< 0.01; ***, P<0.001). HR-, weak HR-like response; HR+, strong HR-
like response. AU, arbitrary unit; DW, dry weigth. 
  



 
 
Supplemental Figure S7 Hydroxy-glucosylceramide levels in Arabidopsis and B. nigra plants following 
P. brassicae egg extract (EE) treatment. A, Col-0 and sid2-1 mutant plants (upper panels) or B. nigra (lower 
panels) were treated with EE for three days. Sphingolipid levels are presented based on FA side-chain (left 
panel) or LCB (right panel) distribution. Bars represent means ± SE from seven (Arabidopsis) or four to 
ten (B. nigra) independent samples. B, Col-0, loh1, loh2 and loh3 mutant plants were treated as described 
in panel A. Bars represent means ± SE from three to four independent samples. Data were first analyzed 
using one-way (B. nigra) or two-way (Arabidopsis) ANOVA. Colored boxes indicate significant ANOVA 
at P < 0.05. Significant lipid markers were further analyzed using a selected number of pairwise 
comparisons: control (CTL) and EE; EE-treated mutants compared to EE-treated Col-0. Asterisks denote 
statistical significance (Welch t-test between EE treated samples and their respective controls. *, P< 0.05; 
**, P< 0.01; ***, P<0.001). HR-, weak HR-like response; HR+, strong HR-like response. AU, arbitrary 
unit; DW, dry weigth. 
  



 
 
Supplemental Figure S8 Ceramide levels in Arabidopsis and B. nigra plants following P. brassicae egg 
extract (EE) treatment. A, Col-0 and sid2-1 mutant plants (upper panels) or B. nigra (lower panels) were 
treated with EE for three days. Sphingolipid levels are presented based on FA side-chain (left panel) or 
LCB (right panel) distribution. Bars represent means ± SE from seven (Arabidopsis) or four to ten (B. 
nigra) independent samples. B, Col-0, loh1, loh2 and loh3 mutant plants were treated as described in panel 
A. Bars represent means ± SE from three to four independent samples. Data were first analyzed using one-
way (B. nigra) or two-way (Arabidopsis) ANOVA. Colored boxes indicate significant ANOVA at P < 0.05. 
Significant lipid markers were further analyzed using a selected number of pairwise comparisons: control 
(CTL) and EE; EE-treated mutants compared to EE-treated Col-0. Asterisks denote statistical significance 
(Welch t-test between EE treated samples and their respective controls. *, P< 0.05; **, P< 0.01). HR-, weak 
HR-like response; HR+, strong HR-like response. AU, arbitrary unit; DW, dry weigth. 
  



 
 
 

 
 
Supplemental Figure S9 Effect of P. brassicae egg extract (EE) treatment in B. nigra. Leaves were treated 
for three days with EE, and sphingolipids were extracted and analyzed by LC-MS/MS. A,B, Volcano plot 
of the sphingolipids detected in HR- (A) and HR+ (B) B. nigra plants. A threshold of P < 0.05 and a |FC| > 
2 was used to identify molecules specifically changing upon EE treatment. Open circles indicate lipid 
species that did not significantly change, red and blue filled circles indicate lipid species that significantly 
changed upon EE treatment in B.nigra only or in both B. nigra and Arabidopsis respectively (see 
Supplemental Table S8). A list of all significant lipids is shown on the right. C, Levels of all major classes 
of sphingolipids in B. nigra. Data represent means ± SE from four to ten biological replicates. Asterisks 
denote statistically significant differences between EE treated samples and their respective controls (Welch 
t-test, *, P<0.05; **, P<0.01; ***, P<0.001). HR-, weak HR-like response; HR+, strong HR-like response. 
CTL, control; AU, arbitrary unit; DW, dry weigth. LCB, long chain base; Cer, ceramide; hCer, hydroxy-
ceramide, GluCer, glucosyl-ceramide, hGluCer, hydroxy-glucosyl ceramide; GIPC, glycosyl inositol 
phosphoryl ceramide; hGIPC, hydroxy-glycosyl inositol phosphoryl ceramide. 
 
  



 
 
Supplemental Figure S10 Hydroxy-ceramide levels in Arabidopsis and B. nigra plants following P. 
brassicae egg extract (EE) treatment. A, Col-0 and sid2-1 mutant plants (upper panels) or B. nigra (lower 
panels) were treated with EE for three days. Sphingolipid levels are presented based on FA side-chain (left 
panel) or LCB (right panel) distribution. Bars represent means ± SE from seven (Arabidopsis) or four to 
ten (B. nigra) independent samples. B, Col-0, loh1, loh2 and loh3 mutant plants were treated as described 
in panel A. Bars represent means ± SE from three to four independent samples. Data were first analyzed 
using one-way (B. nigra) or two-way (Arabidopsis) ANOVA. Colored boxes indicate significant ANOVA 
at P < 0.05. Significant lipid markers were further analyzed using a selected number of pairwise 
comparisons: control (CTL) and EE; EE-treated mutants compared to EE-treated Col-0. Asterisks denote 
statistical significance (Welch t-test between EE treated samples and their respective controls. *, P< 0.05; 
**, P< 0.01). HR-, weak HR-like response; HR+, strong HR-like response. AU, arbitrary unit; DW, dry 
weigth. 
  



 
 
Supplemental Figure S11 Effect of P. brassicae egg extract (EE) treatment on sphingolipid profiles in 
ceramide synthase mutants. Leaves from Col-0, loh1, loh2 and loh3 plants were treated for three days with 
EE. A, 1D-SOM clustering and heatmap visualization of sphingolipid levels using MarVis. Data were 
averaged over biological replicates (n=3-4), normalized using Euclidean unit length and the number of 
cluster was set to 10. The upper heatmap displays an average profile for each cluster and the one below 
displays all lipids individually. The list of markers found in each cluster can be found in Supplemental 
Table S5. B, Levels of all major classes of sphingolipids. Bars represent means ± SE from three to four 
independent samples and correspond to the sum of all lipid species of a given class by hydroxylation status 
of the FA side chain. Asterisks denote statistically significant differences between EE treated samples and 
their respective controls (Welch t-test, *, P<0.05). CTL, control; AU, arbitrary unit; DW, dry weigth; 1D-
SOM, 1-dimensional self-organizing map. 
 
  



 
 
Supplemental Figure S12 Free long chain base (LCB and LCB-P) levels in Arabidopsis and B. nigra 
plants following P. brassicae egg extract (EE) treatment. A, Col-0 and sid2-1 mutant plants (upper panels) 
or B. nigra (lower panels) were treated with EE for three days. Bars represent means ± SE from seven 
(Arabidopsis) or four to ten (B. nigra) independent samples. B, Col-0, loh1, loh2 and loh3 mutant plants 
were treated as described in panel A. Bars represent means ± SE from three to four independent samples. 
Data were first analyzed using one-way (B. nigra) or two-way (Arabidopsis) ANOVA. Colored boxes 
indicate significant ANOVA at P< 0.05. Significant lipid markers were further analyzed using a selected 
number of pairwise comparisons: control (CTL) and EE; EE-treated mutants compared to EE-treated Col-
0. Asterisks denote statistical significance (Welch t-test between EE treated samples and their respective 
controls. *, P< 0.05; **, P< 0.01; ***, P<0.001). HR-, weak HR-like response; HR+, strong HR-like 
response. AU, arbitrary unit; DW, dry weigth. 
 
  



 
 
Supplemental Figure S13 Glucosylceramides levels in Arabidopsis and B. nigra plants following P. 
brassicae egg extract (EE) treatment. A, Col-0 and sid2-1 mutant plants (upper panels) or B. nigra (lower 
panels) were treated with EE for three days. Sphingolipid levels are presented based on FA side-chain (left 
panel) or LCB (right panel) distribution. Bars represent means ± SE from seven (Arabidopsis) or four to 
ten (B. nigra) independent samples. B, Col-0, loh1, loh2 and loh3 mutant plants were treated as described 
in panel A. Bars represent means ± SE from three to four independent samples. Data were first analyzed 
using one-way (B. nigra) or two-way (Arabidopsis) ANOVA. Colored boxes indicate significant ANOVA 
at P < 0.05. Significant lipid markers were further analyzed using a selected number of pairwise 
comparisons: control (CTL) and EE; EE-treated mutants compared to EE-treated Col-0. Asterisks denote 
statistical significance (Welch t-test between EE treated samples and their respective controls. *, P< 0.05; 
**, P< 0.01). HR-, weak HR-like response; HR+, strong HR-like response. AU, arbitrary unit; DW, dry 
weigth. 
 


