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Résumé 

Les sphingolipides (SLs) sont des molécules ubiquitaires diverses constituant au moins 40% des 

membranes plasmiques (PM) végétales, initialement connus comme modulateurs de l'intégrité 

membranaire. Ils sont aujourd'hui décrits chez Arabidopsis thaliana comme des acteurs 

importants dans les réponses aux stress (a)biotiques, les mutants dans la biosynthèse des SLs 

étant par exemple plus sensibles à Pseudomonas syringae. L'immunité innée des plantes repose 

sur la reconnaissance de motifs d'invasion des agents pathogènes par des récepteurs protéiques. 

L'interaction incompatible entre Arabidopsis et P. syringae pv. tomato (Pst) produisant un 

effecteur d’avirulence déclenche la réponse hypersensible (HR), une mort cellulaire programmée 

au site d'infection empêchant la propagation de la bactérie. Nous avons ici mis en évidence que 

la co-infiltration de Pst produisant soit l’effecteur AvrRpm1, AvrB ou AvrPphB et de la 

sphinganine (SL, d18:0) n’induit pas de HR chez Arabidopsis, en corrélation avec la sous-

expression du gène codant la N-myristoyltransférase responsable de l’ajout d’un acide gras sur 

ces effecteurs dans le cytoplasme de l'hôte. De plus, le d18:0 n'a pas eu d'effet antibactérien direct 

et les plantes co-infiltrées n'ont pas montré de signes typiques de réponse immunitaire tels que 

l'augmentation de la production d'acide salicylique et de ROS extracellulaires. Des études 

biophysiques ont montré que le d18:0 interagissait avec les lipides des PM de plantes et de 

bactéries. Le SL pourrait donc perturber la composition et l'organisation des PM des plantes, 

suggérant que cette interaction physique modifierait la reconnaissance des plantes ou leur 

réponse aux bactéries. 

  



Abstract  

Sphingolipids (SLs) are ubiquitous, highly diverse molecules constituting at least 40% of plant 

plasma membranes (PM). Initially known as modulators of membrane integrity, they now emerge 

as important players in plant responses to (a)biotic stresses. It was notably reported that 

Arabidopsis thaliana mutants in SLs biosynthesis were more susceptible to Pseudomonas 

syringae. Plant innate immunity mostly relies on the recognition of invasion patterns stemming 

from pathogens by proteinaceous receptors. In the incompatible interaction between Arabidopsis 

and P. syringae pv. tomato producing the effector AvrRpm1 (Pst AvrRpm1), this recognition 

quickly triggers the hypersensitive response (HR), a rapid programmed cell death at the site of 

infection preventing the spread of the bacterium. In this thesis, we highlighted that the co-

infiltration of Pst AvrRpm1 and the SL sphinganine (d18:0) suppressed HR on Arabidopsis leaves, 

which was also observable with two other bacteria carrying the effectors AvrB and AvrPphB. Such 

SL-induced HR suppression was correlated with the down-regulation of the gene encoding the N-

myristoyltransferase responsible for fatty acylation of these effectors in the host cytoplasm. In 

addition, d18:0 did not have a direct antibacterial effect and co-infiltrated plants did not display 

typical signs of immune response such as increased salicylic acid and extracellular ROS production. 

Biophysical studies showed that d18:0 interacted with plant and bacterial PM lipids. More 

specifically, it would seem that the SL could disturb plant PM composition and organization 

suggesting that this physical interaction could alter plant recognition of, or response to the 

bacteria. 
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Foreword 

Since the settlement of populations and the beginnings of agriculture, humans have 

had to deal with numerous pests that have had a direct impact not only on people and their 

nutrition but also on the economy.  

The latest IPCC (Intergovernmental Panel on Climate Change) report predicts that the 

increase in global temperature will lead to an increase in the number and intensity of heat 

waves with devastating effects on human health, ecosystems and consequently on 

agriculture (IPCC, 2021). A recent joint report by the IPCC and the FAO (Food and 

Agriculture Organisation of the United Nation, www.fao.org) also states that climate 

change will lead to an increase in plant health problems in agrosystems, while highlighting 

the lack of scientific research on the impact of climate change on pests and their effects on 

cropping practices (Gullino et al., 2021). In 2019, the FAO already estimated that pests and 

diseases were responsible for 20-40% of annual losses in agricultural production 

worldwide, amounting to some US$ 290 billion. With the population expected to grow to 

between 8 and 10.4 billion people by 2050, the FAO predicts that global agricultural 

production will need to increase by 70% to meet needs, which means increasing yields 

while adapting to a changing climate.  

Currently, the main way to control these pests is through the use of conventional plant 

protection products, or pesticides. Some 44 036 tonnes of pesticides were sold in 2020, an 

increase of 23% compared to the previous year, but still 20% less than between 2015 and 

2017 (www.agriculture.gouv.fr). However, more and more resistance to these molecules is 

being reported (Hawkins et al., 2019) and a decline in their effectiveness has also been 

highlighted, notably due to changing climatic conditions (Matzrafi, 2019). Furthermore, 

pesticides have also been widely criticised for their effects on human health (Sabarwal et 

al., 2018) and the environment (Tang et al., 2021). 

Various directives have been put in place to counter the problems caused by 

conventional plant protection products, such as the ECOPHYTO (I, II & II+) plan in 

France, which aims to reduce their use by 50% by 2025. The use of biocontrol products, 

alone or in combination with other plant protection products, is supposed to be more 

environmentally friendly and is also encouraged by the regulations. Indeed, in order to 

promote their development in France, these products benefit from accelerated procedures 

for their marketing and reduced taxes. This alternative to conventional products is 
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therefore increasingly popular and their sales are constantly increasing: 20% more in 2020 

than between 2015 and 2017 (www.ecologie.gouv.fr). These products include macro- and 

micro-organisms, chemical mediators and natural substances of animal, plant, or mineral 

origin, of which plant defence stimulators (PDS) or elicitors can be part 

(www.agriculture.gouv.fr).  

Numerous studies show that sphingolipids (SLs) play an important role in both human 

and plant metabolism. In addition to their important roles in signalling, growth and cell 

death (Hannun and Obeid, 2008), several benefits of their addition to the human diet have 

also been put forward, such as the prevention of certain diseases, including skin diseases, 

bacterial infections, cancers, and neurodegenerative diseases (Wang et al., 2021). In 

plants, their structural and biological roles, both during development and in response to 

stress, are well known and widely studied (Ali et al., 2018; Faure and Molino, 2017; 

Markham et al., 2013). Nevertheless, little research reports the effects of their exogenous 

application on plants. 

Although far from the technical aspect and applied research related to alternatives to 

pesticides, understanding the interaction between a pathogen, its host and a molecule of 

interest is complementary to them. It is in this context that this thesis was written, with 

the aim of deciphering the mechanisms of action of exogenous SLs and more particularly 

sphinganine in the Pseudomonas syringae / Arabidopsis thaliana pathosystem.  
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I. Plant immunity  

Plants are immobile organisms, constantly exposed to climatic variations, at the base of the food 

chain and targets of many pathogens and other pests. These can be of various kinds: viruses, 

bacteria, fungi, insects, nematodes, or even parasitic plants. Plants have therefore developed 

extremely complex and effective defence mechanisms to survive in this hostile environment 

(Figure 1.) (Bigeard et al., 2015). There are constitutive defences (spines, cuticles, resins, wall...), 

naturally present in the plant, and induced defences, resulting from their innate immune system.  

As plants do not have mobile defence cells or an adaptive immune system, the effectiveness of 

their resistance to their aggressors is therefore based on the innate immunity of each cell and the 

perception of signals emanating from the detection of pathogens (Couto and Zipfel, 2016; Jones 

and Dangl, 2006). In some cases, however, the set of systemic responses developed during an 

infection can constitute an immunological memory that will allow the plant to prepare its defences 

and improve its resistance to the pathogen (Martinez-Medina et al., 2016; Reimer-Michalski and 

Conrath, 2016).  

 

1. Innate immunity  

Several types of molecular patterns can be recognised by the plant immune system, PAMPs 

(Pathogen-associated molecular pattern), MAMPs (Microbe-associated molecular pattern), 

HAMPs (Herbivory-associated molecular pattern) or DAMPs (Damage-associated molecular 

pattern) (Boller and He, 2009). These are globally conserved between microorganisms, whether 

they are pathogenic or not. For example, flg22, a flagellin peptide making up the bacterial 

flagellum, the lipopolysaccharides (LPS) of bacterial membranes, or the chitin of fungal walls, are 

among the most studied DAMPs (Jones and Dangl, 2006; Ranf et al., 2015). 
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Figure 1: PTI signalling mechanisms (from Bigeard et al., 2015) 

Illustration of the complexity of the mechanisms involved in the perception of Flg22 by 

the PRR FLS2 involving notably a Ca2+ burst, the opening of other membrane channels 

(H+ influx, K+, Cl- and nitrate efflux), a production of ROS via RBOHD regulated by PA 

and NO the expression of genes involved in SA, JA and ET signalling, the synthesis of 

antimicrobial compounds. This complex signalling network ultimately leads to the 

implementation of plant-induced defences. Black arrows indicate enzymatic pathways or 

transport, and red arrows indicate regulation (direct or indirect activation/inhibition). 

Question marks indicate unidentified or unclear events. ABA: abscisic acid, ACS: 1-

aminocyclopropane-1-carboxylic acid synthase, AGB1: Gβ subunit, AGG1/2: Gγ subunit, 

BAK1: BRI1-associated receptor kinase, BIK1: Botrytis-induced kinase, Chrom: 

chromatin remodelers/modifiers, COI1: coronatine-insensitive 1, CPK: calcium-

dependent protein kinase, DGK: diacylglycerol kinase, ET: ethylene, FLS2: Flagellin-

sensitive 2, GPA1: Gα subunit; Med: mediator subunits, JA: jasmonic acid, JAZ: 

jasmonate ZIM domain, MEKK: MAPK kinase kinase, MKK: MAPK kinase, MPK: 

mitogen-activated protein kinase, NO: nitric oxide OXI1: oxidative-signal inducible 1 

,PA: phosphatidic acid, PBL: PBS1-like ,PLC: phospholipase C, PLD: phospholipase D, 

Pti1: Pto-interacting 1, RBOHD: Respiratory burst homolog D ,SA: salicylic acid, SOD: 

superoxide dismutase, TF: transcription factor.  
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The zig-zag coevolutionary model divides plant molecular defence strategies in two phases 

(Figure 2) (Jones and Dangl, 2006). The first uses the recognition of MAMP, PAMP or DAMP 

through plant cell surface-anchored pattern recognition receptors (PRRs) to induce a set of 

responses such as MAMP-triggered immunity (MTI), PAMP-triggered immunity (PTI), and 

DAMP-triggered immunity which are collectively referred to as pattern-triggered immunity (PTI; 

Saijo et al., 2018). The second requires the recognition of microbial effectors, or virulence factors 

that suppress PTI, through resistance (R) proteins which initiates effector-triggered immunity 

(ETI). PTI and ETI share many signals and components but their pathways are induced at a 

different scale and timing (Bjornson and Zipfel, 2021; Yuan et al., 2021a), although some recent 

studies are finding that PTI is required for full ETI induction and that ETI can in turn induce and 

stabilize some components of PTI (Ngou et al., 2021; Yuan et al., 2021b; Pruitt et al., 2021), also 

suggesting a mechanistic link between PTI signalling and ETI activation (Bjornson and Zipfel, 

2021).   

Although the "zig-zag" model has long been used and accepted by the scientific community, it 

does not include all the mechanisms involved in plant immunity, particularly the fact that some 

effectors are recognised by PRRs and not NLRs. In 2015, Cook et al. therefore proposed a new 

model grouping MAMPs, DAMPs and effectors under the term invasion factors (IP, Invasion 

pattern). The term IP includes for example double-stranded viral RNA and molecular signals from 

arbuscular mycorrhizal fungi and nitrogen-fixing rhizobia (van der Burgh and Joosten, 2019). 

According to this model, PTI and ETI become a single process that relies on the perception of IPs 

by IPRs (Invasion pattern receptors) and results in the induction of the plant immune response.  

 

a. PTI 

PTI is based on the recognition of molecular patterns by plasma membrane (PM)-associated 

pattern recognition receptors (PRRs). PRRs usually are receptor-like kinases (RLKs), which are 

the most numerous, and receptor-like proteins (RLPs), which do not have an intracellular kinase 

domain (Bentham et al., 2020; Couto and Zipfel, 2016; Ngou et al., 2021). These PRRs can be 

further subdivided according to the nature of their extracellular domain, among others (Zipfel, 

2014): 
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• Leucine rich repeat: preferentially bind proteins or peptides such as flagellin 

• Lysin motif: preferentially bind carbohydrate-containing molecules, such as chitin or 

bacterial peptidoglycans. 

• Lectin-type: bind ATP and bacterial lipids.  

• Epidermal growth factor (EGF): recognise oligogalacturonide derivatives of the plant cell 

wall (CW). 

Figure 2. The zig-zag model of plant immunity (adapted from Jones & 

Dangl 2006) 

Phase 1: M/PAMPs (Pathogen/Microbial-Associated Molecular Patterns) are perceived by PRRs 

(Pattern recognition receptors), induce PTI (PAMP/MAMP-triggered immunity). Phase 2: the 

pathogen translocates effectors into the target cell which alter the M/PTI, giving ETS (Effector-

triggered sensitivity). Phase 3: an effector is recognised by an NLR (Nucleotide binding-leucine 

rich repeat) protein triggering ETI (Effector triggered immunity), an accelerated and amplified 

version of PTI, resulting in HR (Hypersensitive response). Phase 4: Other effectors will block 

the ETI, leading once again to the ETS and if the plant has the NB-LRR corresponding to the 

effector, triggering a new ETI. 
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PRRs specifically interact with several types of molecules to trigger defence mechanisms in 

plants, for instance, FLAGELLIN INSENSITIVE 2 (FLS2) and elongation factor-Tu receptor (EFR) 

are PRRs that recognize flg22 (Bauer et al., 2001) and the bacterial elongation factor-Tu (Zipfel et 

al., 2006), respectively. The chitin elicitor receptor kinase 1 (CERK1) perceives chitin and 

peptidoglycan (Miya et al., 2007) and the Arabidopsis PRR, LIPOOLIGOSACCHARIDE-SPECIFIC 

REDUCED ELICITATION (LORE) perceives medium-chain 3-hydroxy fatty acid, the building 

block of bacterial LPS (Kutschera et al., 2019). Most non-adapted plant pathogens will not be able 

to pass this first line of defence (Couto and Zipfel, 2016).  

 

b. ETI 

In some cases, pathogens will have adapted and will be able to secrete effectors that interfere with 

the PTI. These effectors have various effects on the host plant cells and aim to hijack its metabolism 

to promote the growth of the pathogen. Pseudomonas syringae (P. syringae), for example, 

produces several of them, such as HopZ1 which targets tubulin or AvrPto which targets multiple 

kinases (Deslandes and Rivas, 2012). These effectors and their effects will be discussed in more 

detail in section VI. of the Introduction to this manuscript.  

In response, some plants have developed intracellular immune receptors, namely nucleotide 

binding (NB) leucine rich repeat (LRR) receptor (NLR) proteins, encoded by resistance (R) genes 

that recognize effectors or their activity to trigger the effector-triggered immunity (ETI) and thus 

restore an effective immune response (Couto and Zipfel, 2016; Jones and Dangl, 2006; Nguyen et 

al., 2021). Two main classes of NLRs can be distinguished, CC-NLRs, containing an N-terminal 

coiled-coil domain (CC) and TIR-NLRs, containing an N-terminal toll-interleukin 1 receptor (TIR) 

domain (Coll et al., 2011). NLR can induce ETI either by directly recognizing effectors or by 

indirectly recognizing host proteins that have been modified by effector activity (Ade et al., 2007; 

Wang et al., 2019). In indirect recognition model, NLR protein either recognize effector modified 

host target protein known as guardee, that is bound to and monitored by NLR protein, or recognize 

effectors modified plant decoy protein that mimic host target protein (Bentham et al., 2020; Block 

and Alfano, 2011). This phenomenon will be discussed in part VII. of the Introduction. 

If the plant has receptors adapted to the effectors of the pathogen, it will be qualified as 

“resistant”, and the pathogen will not develop. On the other hand, if the plant does not have the 

appropriate receptors and the pathogen can develop in it, it will be called "susceptible" (Jones and 

Dangl, 2006; Katagiri et al., 2002). Natural selection will cause pathogens to develop effectors that 

suppress or bypass the ETI, thus causing plants to co-evolve in parallel. 
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2. Signalling and defence responses 

a. Constitutive defences 

These defences constitute the first obstacle that pathogens will face. They are both physical and 

biochemical barriers that limit their entry into the plant. Physical barriers include spines, 

trichomes, hairs on the surface of the aerial parts, the cuticle, which is partly composed of waxes, 

and the plant wall (Bacete et al., 2018; Domínguez et al., 2017). Biochemical defences include 

compounds that serve to defend against herbivores or have antimicrobial activities, such as 

phytoanticipins (VanEtten et al, 1994). This includes odorous triterpenes (limonene, geraniol, 

etc.), whose role is to repel insects, alkaloids such as caffeine or nicotine, and other compounds 

resulting from the secondary metabolism of plants (Bennett and Wallsgrove, 1994; Kaplan et al., 

2008; Moore and Johnson, 2017). 

 

b. Signalling and inducible responses  

Several types of responses can be mounted by the plant to respond to pathogen attacks. These 

can be classified into two categories, early responses that occur within seconds to minutes of the 

perception of a MAMP, and late responses, which follow several hours later. 

 

Signalling phenomena and early responses 

Although their roles are not yet fully understood, signalling phenomena will first act as 

messengers and allow the modification of the plant's immune status in order to trigger underlying 

defence phenomena.  

The first observable phenomenon, triggered 30 seconds to 2 minutes after the perception of the 

pathogen by the plant, is an induction of ion flows in the cytosol, particularly calcium ions. Crucial 

for the continuation of the immune response, this influx will lead to the activation of multiple 

kinases, including calcium-dependent protein kinases (CDPK) (Coca and San Segundo, 2010; 

Singh et al., 2017). Several isoforms of CDPKs exist and allow the regulation of plant immunity 

through the production and accumulation of phytohormones followed by transcriptional 

reprogramming of defence genes (Bredow and Monaghan, 2019; Singh et al., 2017). For example, 

overexpression of AtCDPK1 is linked to an increase in the amount of the hormone salicylic acid 

(SA), followed by induction of the expression of SA-regulated defence genes, leading to increased 

resistance to Botrytis cinerea (B. cinerea) and the bacterium P. syringae (Coca and San Segundo, 

2010). 
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This is followed by the production of reactive oxygen species (ROS), which starts 4-6 minutes 

after the perception of the pathogen. ROS have not only major roles in plant adaptation to stress 

but also in plant development and growth (Qi et al., 2017). This class of molecules includes 

hydrogen peroxide (H2O2), superoxide anions (O2.-) and hydroxyl radicals (·OH). Of these, H2O2 is 

the most stable and often acts as an intra- and intercellular signal (Baxter et al., 2014). ROS are 

produced in different cellular compartments such as the CW, PM, mitochondria or even 

chloroplasts and peroxisomes (Qi et al., 2017). Under normal conditions, these ROS are natural 

by-products of plant metabolism and are detoxified to protect cellular functions from their 

powerful antioxidant capacities (Halliwell, 2006). Under stress conditions, ROS production is 

predominantly apoplastic, rapid and transient (Kadota et al., 2015; Yu et al., 2017). It acts either 

directly, as an anti-microbial agent (O'Brien et al., 2012) and in CW reinforcement (Kärkönen and 

Kuchitsu, 2015), or indirectly as a signalling agent during HR (Torres, 2010). This production is 

dependent on PM-related NADPH oxidases, known as Rboh (Respiratory burst oxidase homolog). 

In Arabidopsis thaliana (Arabidopsis), 10 members of this family have been identified and RbohD 

and F appear to be mainly responsible for the oxidative peaks observed in response to MAMPs and 

microbial agents (Sagi and Fluhr, 2006). Their localisation at the PM is well known (Simon-Plas et 

al., 2011) and other studies have specified their organisation in clusters at the microdomain level 

(Hao et al., 2014; Mongrand et al., 2004). Rbohs also possess a calcium-binding domain, 

suggesting regulation of ROS production by the calcium influx caused by pathogen perception 

(Kadota et al., 2015). Their signalling activity has also been shown to be dependent on nitric oxide 

(NO). Indeed, NO is synthesised by the plant at the same time as ROS after pathogen detection 

(Huang et al., 2019). It has been shown that a balanced synthesis of these two types of molecules 

is necessary for the triggering of the HR (Delledonne et al., 2001) and that NO-mediated S-

nitrosylation of AtRbohD governs a negative feedback loop limiting ROS production and 

consequently HR (Yun et al., 2011). 

After this production of ROS and NO follows the production of phosphatidic acid (PA). PA 

synthesis can be achieved either by phospholipid cleavage by an enzyme of the phospholipase D 

family or by phosphorylation of diacylglycerol (DAG) by the DAG kinase. DAG itself being 

produced by phospholipase C mediated degradation of phosphoinositide (Johansson et al., 2014; 

Li and Wang, 2019). PA is present in low proportions in PM under controlled conditions, but its 

content increases sharply in response to many stresses, including PTI and ETI (Bargmann and 

Munnik, 2006). This phospholipid is thought to play several roles in the regulation of the plant's 

immune defences, including an impact on hormone signalling and ROS production (Li and Wang, 

2019).  
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Finally, a few minutes after the perception of the pathogen, a phosphorylation cascade is 

triggered to transmit the information to the nucleus. These cascades are dependent on three kinds 

of kinases: MAPKKKs (Mitogen-activated protein kinase kinase kinases), MAPKKs and MAPKs 

(Asai et al., 2002; Yu et al., 2017).  

 

Signalling phenomena and late responses  

Transcription factors control many processes involved in plant immunity all the while 

maintaining the balance between growth and optimal defence. As such, they are subject to 

transcriptional and post-transcriptional control as well as post-translational modifications (Singh 

et al., 2002). In plants, there are several families of transcription factors involved in responses to 

biotic stresses, including bHLH (basic helix-loop-helix), MYB (myeloblastosis related), WRKY or 

NAC (No apical meristem, Arabidopsis transcription activation factor, cup-shaped cotyledon) (Ng 

et al., 2018). In response to biotic stresses, transcription factors transform external signals into 

intracellular signals, triggering hormonal signalling pathways and gene expression cascades for the 

activation and regulation of defence-related genes (Singh et al., 2002).  

Thus, a few tens of minutes after the triggering of early responses, the levels of phytohormones 

involved in defence phenomena are modulated (Yu et al., 2017). The two most studied hormones 

in plant defence phenomena are SA and jasmonic acid (JA). Numerous studies prove that SA and 

JA pathways communicate with each other and are even thought to be antagonistic (Li et al., 2019; 

Shigenaga et al., 2017; Zhou and Zhang, 2020). In Arabidopsis, SA is responsible for plant 

resistance to biotrophic pathogens that colonise living cells, while JA is associated with resistance 

to necrotrophic pathogens that invade dead cells (Betsuyaku et al., 2018). Often, when JA is 

involved in resistance phenomena, ethylene (ET) seems to enhance its action and thus increases 

resistance to necrotrophs (Penninckx et al., 1998). Other hormones are involved in plant defence 

phenomena and act by modulating the SA / JA - ET pathways, such as abscisic acid (ABA), auxin, 

brassinosteroids, gibberellic acid, cytokinins or strigolactones (Li et al., 2019).  

Variations in hormone content will lead, under the control of transcription factors, to changes in 

the expression of many genes, particularly those encoding PR (Pathogenesis related) proteins and 

peptides (Bari and Jones, 2009). This is the case, for example, for the genes PR1 and PR5, 

overexpressed in response to SA, PDF1.2 (Plant defensin 1.2), overexpressed in response to JA and 

ET and VSP1 (Vegetative storage protein 1) overexpressed in response to JA (Glazebrook, 2005; 

Guerineau et al., 2003). Finally, phytoalexins with antimicrobial properties can also be produced, 

such as camalexin by Arabidopsis (Zhang et al., 2014). One to several hours after pathogen 

perception, other responses are initiated, such as the deposition of callose (a β1-3 glucan polymer) 
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between the CW and the PM, as well as stomata closure to limit their entry into the plant (Yu et al., 

2017). 

Finally, as mentioned earlier, the specific effector/NLR recognition during ETI can result in a HR 

(Hypersensitive response), a form of programmed cell death (PCD) that aims to prevent the spread 

of the pathogen (Coll et al., 2011; Heath, 2000). As a result, this mode of defence is effective against 

(hemi)biotrophic pathogens but much less so against necrotrophs such as B. cinerea (Govrin and 

Levine, 2000). 

 

II. Plasma membranes of plants and bacteria 

PMs, whether of plants or bacteria, are much more complex entities than the simple model of 

lipid bilayers with embedded proteins. They are the point of exchange and communication between 

a cell and its environment and therefore have a major role in their functioning and adaptation to 

external changes. As the PM is a dynamic structure, any change resulting from the activity of a 

molecule, whether from a pathogen or not, will have repercussions on its function and integrity 

and consequently on its membrane proteins. Composed of a hydrophilic head and a hydrophobic 

body, the lipids of PMs are arranged in two sheets forming a bilayer and the lipid content of these 

sheets varies between organisms (van Meer et al., 2008). 

 

1. In plants 

The plant PM constitutes a physical barrier that is selectively permeable to certain solutes and 

macromolecules, allowing, among other things, the maintenance of cell homeostasis and acting as 

a platform for signal transduction, particularly in defence phenomena (Gronnier et al., 2016). The 

PM is extremely complex, composed of lipids and a large diversity of proteins, and must be stable 

but also fluid and adaptable (Mamode Cassim et al., 2019). Its organisation, originally proposed in 

1972 by Singer and Nicholson as a 'fluid mosaic' (Nicolson, 2014; Singer and Nicolson, 1972), has 

in fact been shown to be much more complex, with proteins and lipids being able to segregate to 

form heterogeneous asymmetric domains (Mamode Cassim et al., 2019).  

 

a. Lipid composition 

Plant PM is partly composed of glycerophospholipids, whose basic backbone is composed of a 

glycerol attached to two esterified fatty acid chains, and a phosphate moiety to which a specific 
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moiety is attached. Phosphatidylcholines (PC) and phosphatidylethanolamines (PE) alone 

represent nearly 50% of the total membrane lipids, making them the major phospholipids of the 

PM. Phosphatidylserines (PS), phosphatidylinositols (PI), phosphatidylglycerols (PG) and PA are 

present in the PM in a minority (Figure 3.) (Furt et al., 2011; Mamode Cassim et al., 2019; van 

Meer et al., 2008).  

SLs, especially their glycosylated forms, such as glucosylceramide (GluCer) or glycosyl inositol 

phosphoceramides (GIPC) (Figure 3.), are mainly concentrated in the outer leaflet of the PM and 

account for up to 40 mol% of the PM lipids in tobacco (Mamode Cassim et al., 2019). Their major 

structural and biological roles will be developed later (see IV.).  

Phytosterols, free or conjugated, whose quantity is relatively stable between species, accumulate 

in the PM, to represent up to 30% of its total lipids (Cacas et al., 2016). In plants there are many 

species, unlike the single sterols in animals, cholesterol, and in fungi, ergosterol. However, 

sitosterol (Figure 3.) appears as the main one in most species, including Arabidopsis. There are 

also glycosylated forms of sterols, steryl glucosides and their acylated forms, which are derivatives 

of membrane sterols and their amounts in plant cells vary greatly depending on the species and 

growth conditions (Mamode Cassim et al., 2019). Their role as structural components of the 

membrane has only recently been highlighted and not all their functions have yet been elucidated 

(Moreau et al., 2018). Phytosterols are the major contributors to PM stiffness, although each 

phytosterol contributes in different ways. For exemple stigmasterol, found in tobacco, shows a 

lower capacity to stiffen the PM than sitosterol. These molecules, in free and conjugated form, work 

synergistically within the membrane to order it (Grosjean et al., 2015). 



GENERAL INTRODUCTION 
 

 

25 
 

 

 

b. Organisation  

In terms of lipid composition, eukaryotic PMs are asymmetric (Figure 4.). In plants, the outer 

leaflet is mainly composed of SL and phytosterols while the inner leaflet comprises more 

phospholipids (Gronnier et al., 2018). These lipids can be in different states in the PM depending 

on the physiological conditions. In general, there are three distinct states (Mamode Cassim et al., 

2019):  

• A liquid-disordered phase, characterised by the presence of glycerophospholipids with 

unsaturated chains. The lipids are not highly condensed, their acyl chains are mobile and 

lateral diffusion is important.  

• A solid-gel phase, rich in SL, where the lipids are densely condensed and lateral diffusion 

is very slow.  

Figure 3: Structure of major lipids in Arabidopsis 

A. Basic phospholipid skeleton. The R-radical can correspond to choline (PC), ethanolamine 

(PE), serine (PS), inositol (PI) or glycerol (PG) (adapted from Furt et al. 2011). B. Structure of 

sitosterol C. Structure of a glucosylceramide (Ceramide 4,8-sphingadiene alpha-

hydroxypalmite). D. Structure of a glycosyl inositol phosphoceramide (GIPC). 
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• A liquid-ordered phase, formed by the association of SL and sterols, where the lipids are 

as condensed as in the solid-gel phase but with a lateral diffusion similar to that of the 

disordered liquid phase. 

Within the PM coexist particular domains formed by an assembly of lipids and proteins. The 

nanodomains (size < 1 µm) and microdomains (size > 1 µm) which seem to carry multiple proteins 

(Grosjean et al., 2015; Mongrand et al., 2010), some of which are related to plant defence 

(Shahollari et al., 2004), which will be developed later in this chapter (see IV.). 

 

Figure 4: Schematic representation of a plant plasma membrane 

(adapted from Cacas et al., 2016) 

The lipids of plant plasma membranes are distributed asymmetrically between the cytosolic and 

apoplastic layers. Some of these lipids are grouped in microdomains composed mainly of 

sphingolipids and sterols. Various proteins, transmembrane or not, are distributed in this 

membrane. 

Inner leaflet 

Outer leaflet 
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2. In bacteria 

Bacteria are generally divided into two categories according to their wall structure, Gram+ and 

Gram-. While Gram+ bacteria have a single PM surrounded by a thick wall of peptidoglycans, 

Gram- bacteria have two PMs, an inner and an outer, separated by a thin layer of peptidoglycans. 

The outer PM consists mainly of LPS. The inner PM is composed of glycerophospholipids, such as 

PS, PE, PG, PI, hopanoids or cardiolipin (CL) (Sohlenkamp and Geiger, 2016). 

Classically, for Gram- bacteria, PE is the most abundant, representing up to 70 or even 80% of 

the total lipids of the internal PM, PG represents about 15-20% and CL about 5%. These amounts 

can vary depending on the mitotic stage of the bacteria and the environmental conditions (Le et 

al., 2011). The presence of this outer membrane directly impacts the activity of certain antibacterial 

compounds, such as rhamnolipids, which would then be more effective on Gram+ bacteria 

(Naughton et al., 2019). 

 

III. Sphingolipids, ubiquitous and versatile molecules 

SLs are ubiquitous lipids in eukaryotes and can also be found in some bacteria. In the animal 

kingdom, they are particularly present in PMs, the major SL of which is sphingomyelin, essential 

for many biological phenomena such as nerve signal transduction, apoptosis, cell ageing and 

development (Hannun and Obeid, 2008; Ramstedt and Slotte, 2002). In plants, they are also found 

in tonoplasts and endomembranes. They account for nearly 40% of the lipids in the PM, where 

they are particularly concentrated in the outer leaflet and play a role in its integrity and 

permeability to ions (Cacas et al., 2016). In addition to their structural role, they also play a 

biological role, whether during PCD during plant development or immunity, ABA-dependent 

closure of stomatal guard cells or as mediators in (a)biotic stress responses (Ali et al., 2018; Huby 

et al., 2020; Markham et al., 2013). The review article summarising and detailing the biosynthetic 

pathway and roles of SLs in biotic and abiotic stresses is available in Appendix I (Huby et al., 

2020). 
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1. Biosynthesis, structure, and occurrence of sphingolipids 

a. Plant sphingolipids 

This class of lipids shows a very high structural diversity. For example, up to 168 types of SLs 

have been identified in the model plant Arabidopsis (Markham and Jaworski, 2007). The basic 

skeleton of SLs is formed by long chain bases (LCBs) composed of carbon chains (typically 18 

carbon atoms) characterised by the presence of a hydroxyl group in positions 1 and 4, and an amine 

group in position 2 (Figure 5. and 6.) (Merrill, 2011). This basic structure can be linked to a fatty 

acid (FA) to form ceramides. These FAs are separated into two categories, LCFAs (Long chain fatty 

acid: C14 to C20) or VLCFAs (Very long chain fatty acid: C20-36) (Lynch and Dunn, 2004; 

Markham et al., 2013). Finally, a ceramide can be more complex, either by simple variations in 

chain length, by methylation, hydroxylation, or desaturation of the LCB and/or FA parts, or by 

conjugation with polar groups in position 1 of the LCB. These include phosphoryl groups, mono- 

or multi-hexoses (glucosylceramide) or inositol phosphate groups (Figure 5.) (Berkey et al., 2012; 

Lynch and Dunn, 2004; Sperling and Heinz, 2003). 

Figure 5. Ceramide, the basic structure of more complex sphingolipids 

(from Berkey et al., 2012). 

Ceramide is composed of two structures, a long chain base (LCB) and a fatty acid (FA) linked by 

an amide group. A LCB typically has an 18-carbon chain, which can be hydroxylated at the 4-

position and can have a double bond at the 4- or 8-position. The FA has a chain of 14 to 36 

carbons, which can be hydroxylated at position 1 and have a double bond at position 9. This 

ceramide can then be modified by substitution of the R group at position 1 of the LCB. Other 

residues can be added to the inositol phosphate groups and GluCer to form other more complex 

SLs.  

LCB 

FA 

14-36 

R = H => Céramide  

R = Phosphate => Céramide-1-Phosphate 

R = (Glycosyl)Inositol-phosphate => (Glycosyl)Inositolphosphoryl céramide (GIPC)  
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Despite this great structural diversity, SLs are classified into four categories (Pata et al., 2010): 

• LCBs 

• Ceramides (Cer) 

• Glucosylceramides (GluCer) 

• Glycosyl Inositol Phosphoceramides (GIPC) 

In Arabidopsis, they represent 0.5%, 2%, 34% and 64% of total SLs respectively (Mamode Cassim 

et al., 2019). 

Their biosynthesis (Figure 7.) is shared between the endoplasmic reticulum and the Golgi 

apparatus. This can take place in two ways (Hannun and Obeid, 2008):  

• A de novo pathway, which starts with the condensation of a serine and a palmitoyl-CoA 

under the action of a key enzyme, serine palmitoyl transferase (SPT). Complete knockout 

of this gene results in lethality in mice, yeast, and plants (Chen et al., 2006; Hojjati et al., 

2005). 

• A "rescue" pathway that will allow the release and reuse of LCBs and ceramides from more 

complex SLs. 

 

In free or phosphorylated form (LCB-P, Cer-P) 

Phytoshingosine – t18:0 

Sphingosine – d18:1 

Sphinganine – Dihydrosphingosine – d18:0 

Figure 6. Example of LCB structure 

The LCBs d18:0, d18:1 and t18:0 are made up of 18 carbon atoms. Dihydrosphingosine has two 

hydroxyl groups in positions 1 and 4, sphingosine has two hydroxyl groups in positions 1 and 4 

and an unsaturation in position 4 and phytosphingosine has three hydroxyl groups in positions 1, 

4 and 5. 
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Figure 7. Schematic representation of the sphingolipid biosynthetic 

pathway in plants (from Huby et al., 2020) 

3-KSR, 3-Ketosphinganine Reductase; ACD5, Accelerated Cell Death 5; ACER, Alkaline 

Ceramidase; Cer, Ceramide; Ceramide-P, Ceramide-Phosphate; coA, CoenzymeA; DAG, 

Diacylglycerol; DPL1, Dihydrosphingosine-Phosphate Lyase; FA, Fatty Acid; FAH, Fatty Acid 

Hydroxylase; GC, Glucosylceramide; GINT1, Glucosamine Inositolphosphorylceramide 

Transferase 1; GIPC, Glycosyl Inositol Phospho Ceramide; GMT1, GIPC Mannosyl-Transferase 1; 

GONST1, Golgi Localized Nucleotide Sugar Transporter1; IPCS, Inositol Phosphorylceramide 

Synthase; IPUT, Inositol Phosphorylceramide Glucuronosyltransferase 1; LCB1,2, Subunit of 

Serine Palmitoyltransferase 1 and 2; LCB, Long-Chain Base; LCB-P, Long-Chain Base Phosphate; 

LOH, Lag One Homolog; NCER, Neutral Ceramidase; ORM, Orosomucoid-like Protein; PI, 

Phosphoinositol; SBH, Sphingoid Base Hydroxylase; SL, Sphingolipid; SLD, Sphingolipid Δ8 

Long-Chain Base Desaturase; SPHK, Sphingosine Kinase; ssSPT, Small Subunit of Serine 

Palmitoyl Transferase; SPT, Serine Palmitoyl Transferase.   
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b. Bacterial sphingolipids 

Bacterial SLs are predominantly present in the outer PM and, like plant SLs, have varied and 

complex structures whose base is also formed by LCBs. However, they are not universal in these 

organisms, as they have been identified in only a few groups of bacteria, such as Bacteroides, 

Prevotella, Porphyromonas, Fusobacterium, Sphingomonas, Sphingobacterium, Bdellovibrio, 

Cystobacter, Mycoplasma and Flectobacillus (Olsen and Jantzen, 2001). However, their biological 

role remains less known than in eukaryotes.  

In Pseudomonas, the bacteria used in this thesis, the most common lipids are phospholipids, 

which constitute up to 40% of the PM (PE, PG and CL), glycolipids, fatty acids, LPS and ornithine 

lipids. SLs are therefore not found in these bacteria, either in their membranes or free in their 

cytoplasm (Pinkart and White, 1998).  

 

2. Membrane role 

As mentioned earlier, SLs are major components of microdomains. Those specific domain play 

an important role in many cellular processes, such as signalling, protein aggregation and stress 

responses, both through the proteins they carry and their lipid composition (Cacas et al., 2012; 

Grennan, 2007; Pata et al., 2010). Indeed, with the development of sphingolipidomics and the 

improvement of lipid quantification techniques, many studies have demonstrated the involvement 

of SLs in biotic and abiotic stress response, as well as in programmed cell death (Ali et al., 2018; 

Berkey et al., 2012; Huby et al., 2020).  

As SLs are key components of PMs, their regulation and their relationships to its other 

components is particularly important (Carmona-Salazar et al., 2011). Indeed, some actors involved 

in cell death, such as Bax-inhibitor 1 (AtBI-1), interact with enzymes of the SL biosynthetic pathway 

(FAH1 and 2 - Fatty acid hydroxylase 1 and 2) (Figure 7.). Overexpression of the AtBI-1 gene leads 

to an increased GluCer concentration in membrane microdomains. This causes the loss of proteins 

normally located at these microdomains and that are essential for plant defence, especially for cell 

death related to oxidative stress or to SA (Ishikawa et al., 2015). The same is true in rice, where 

microdomains are less abundant in a knockout mutant OsFAH1/2, impaired in SL production. 

These mutant lines demonstrated that these microdomains, and consequently the proteins they 

contain such as the NADPH oxidase RbohB, were required for ROS production in response to the 

elicitor chitin in rice (Nagano et al., 2016).  
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3. Response to biotic stresses 

It has long been established that SLs play a role in both abiotic stresses (water, salt, cold, etc.), 

which will not be discussed here, and biotic stresses. Biotic stresses are caused by plant pathogens 

and are major threats to field crops. As mentioned earlier, plants have developed a defence arsenal 

to react to these attacks.  

It has also recently been shown that the membrane GIPCs (outer leaflet) of eudicotyledons act as 

receptors for NLPs (Necrosis and ethylene-inducing peptide 1-like protein), produced by bacterial 

and fungal pathogens to promote infection. This recognition occurs via the terminal hexoses of the 

GIPC. The GIPCs of eudicotyledons have two, so that NLPs, by binding to them, can reach the PM 

and induce conformational changes in the plant, leading to cell death. The GIPCs of monocots have 

three hexoses and NLPs bind to them but cannot reach the PM and are therefore not active 

(Lenarcic et al., 2017). SLs therefore play a role in plant defence and PCD through their structural 

role at the PM.  

The use of fungal toxins, FB1 (Fumonisin B1) produced by Fusarium monoliforme and AAL 

produced by the necrotrophic agent Alternaria alternata, has highlighted the numerous roles of 

LCB and ceramides in the signalling and regulation of cell death, particularly during the stress 

response. Indeed, these two toxins are structural analogues of sphingosine (LCB, d18:1) and inhibit 

ceramide synthases (Figure 7.), the enzymes responsible for the transformation of LCB into 

ceramides. This inhibition results in the accumulation of d18:0 (sphinganine) and t18:0 

(phytosphingosine) and subsequently PCD (Abbas et al., 1994; Peer et al., 2010; Saucedo-García 

et al., 2011; Tsegaye et al., 2007). Other studies using Arabidopsis mutants, such as CERK 

(Ceramide kinase) or ACD5 (Accelerated cell death 5), have also shown that the accumulation of 

free LCBs and ceramides, as well as the balance between phosphorylated and unphosphorylated 

forms, are associated with PCD (Liang, 2003; Simanshu et al., 2014). Similarly, Arabidopsis lines 

overexpressing AtORM1 & 2 (Orosomucoid-like protein, Figure 7.) proteins that negatively 

regulate SPT (Breslow and Weissman, 2010; Gururaj et al., 2013), show increased resistance to 

FB1-induced PCD (Kimberlin et al., 2016). Exogenous application of ceramides also correlates with 

PCD and is dependent on plant defence-related phenomena (ROS production, MPK6 activation), 

both in Arabidopsis and in tobacco cells (Lachaud et al., 2010; Saucedo-García et al., 2011; Shi et 

al., 2007). 

These studies have notably demonstrated the existence of a rheostat between LCBs/ceramides 

and their phosphorylated forms, showing their crucial role in PCD induction, determining cell fate, 

and linking SL metabolism to plant defence mechanisms (Figure 8.) (Alden et al., 2011; Saucedo-

Garcia et al., 2015; Shi et al., 2007; Townley et al., 2005). 
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In addition to their role as structural elements and in PCD via the LCB / long-chain base 

phosphate (LCB-P) and Cer / Cer-P rheostat, other studies have highlighted the relationship 

between SL and regulation of SA levels, a hormone involved in plant defence. For instance, the 

Arabidopsis AtFAH1 & 2 mutants (Figure 7.) showed constitutively high levels of SA (König et al., 

2012; Shi et al., 2015). The fah1/fah2/loh2 triple mutant (Lag one homolog 1, Figure 7.), which 

accumulates ceramides and the LCB d18:0, also showed a PCD that was dependent on SA and EDS1 

(Enhanced Disease Susceptibility1) and was probably linked to d18:0 accumulation (König et al., 

2021). Similarly, quadruple mutants that are impaired in both SL production (fah1/fah2/loh1) and 

SA production (sid2-2) or in SA-related signalling (eds1-2) suggest a reciprocal communication 

between these metabolites, as they accumulate less ceramide and LCB (König et al., 2021). This 

communication could be due to an action of MPK6 or an accumulation of ROS/NO or calcium, but 

these hypotheses are currently uncertain (Coursol et al., 2015; Sanchez-Rangel et al., 2015). As SA 

is considered essential for plant resistance to (hemi)biotrophic pathogens, an alteration in SL 

metabolism also induces changes in the plant response to these microorganisms. For example, a 

loss of function of ORM1 & 2 proteins (Figure 7.), causes constitutive induction of SA-related 

genes and tolerance to P. syringae strain DG3 compared to the WT (Li et al., 2016).  

Similarly, while infection of Arabidopsis with an avirulent strain of P. syringae pathovar (pv.) 

tomato (Pst) causes an increase in intra-cellular t18:0 and high PCD related to a HR at the site of 

infection (Peer et al., 2010), in an Atdpl1-1 (Dihydrosphingosine-1-phosphate lyase1, Figure 7.) 

mutant, it is the t18:0-P that accumulates. This accumulation is accompanied by a repression of 

Figure 8. Representation of the sphingolipid rheostat (Huby et al. 2020) 

The balance between LCBs/Ceramides and their phosphorylated derivatives determines cell fate. 
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the SA pathway in favour of the activation of the JA pathway, making the plants more susceptible 

to the pathogen (Magnin-Robert et al., 2015). 

 

IV. Elicitors and their perception by membrane lipids 

Several studies suggest the perception of some elicitors via PM lipids, and not via protein 

receptors such as PRRs (Gerbeau-Pissot et al., 2014; Lenarcic et al., 2017; Nasir et al., 2017; Xu et 

al., 2001). By interacting with, or even inserting into, membrane lipids, these elicitors can induce 

changes in the physical properties of the membrane, in terms of composition and/or lateral 

(influence on lipid rafts) and/or transverse (effect on membrane asymmetry) organisation. These 

changes can influence the properties of multiple membrane proteins, such as ion channels, 

receptors, or enzymes thus leading to the establishment of plant defence phenomena (Cordelier et 

al., 2021; Schellenberger et al., 2019).  

Most elicitors that interact with lipids are generally hydrophobic or amphiphilic in nature and 

have structures derived from lipids, proteins, or polysaccharides. Few elicitors of a purely lipidic 

nature, such as LCBs, are reported in the literature and their modes of action are even less 

described. Nevertheless, we can note the role of ergosterol, the major sterol of fungi, described as 

a general elicitor of plant defences (Klemptner et al., 2014). It is believed to be able to modify the 

NADPH-oxidase of Beta vulgaris and also inhibit the activity of its H+-ATPase. Due to its lipid 

nature and ability to form rafts, it is assumed that ergosterol would come into contact with or be 

adsorbed onto the PM, causing a modification of the plant's lipid rafts and consequently of the 

NADPH oxidases located there (Hao et al., 2014; Rossard et al., 2010). Several other elicitors are 

derived from lipids such as arachidonic acid or eicopolyenoic acid, produced by Phytophtora 

infestans (Bostock et al., 1981, 2011) or cerebroside, a glycosphingolipid that induces defence 

phenomena in rice (Umemura et al., 2002, 2004), but their modes of action are not yet elucidated.  

Other elicitors of amphiphilic nature such as cyclic lipopeptides, produced by beneficial 

microorganisms such as Streptomyces or Bacillus could be able to interact with PM. Lipopeptides 

include the iturin family, fengycin (Deleu et al., 2005, 2008; Ongena and Jacques, 2008) and 

surfactin (Henry et al., 2011), all produced by Bacillus subtilis. It has also recently been shown that 

rhamnolipids, glycolipids notably produced by Pseudomonas and Burkholderia species, elicit 

defence reactions in grapevine, Arabidopsis, and oilseed rape (Monnier et al., 2019; Sanchez et al., 

2012), and are capable of insertion into biomimetic artificial membranes of plants (Monnier et al., 

2019). Furthermore, these rhamnolipids have also proven to activate immune response influenced 

by the SL content of the PM (Schellenberger et al., 2021). 
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Elicitors of a protein nature are also able to interact with PM lipids. For instance, harpins which 

are secreted by Gram- bacteria, and form pores in PMs (Choi et al., 2013), cryptogein, secreted by 

the oomycete Phytophtora cryptogea, capable of increasing PM fluidity (Gerbeau-Pissot et al., 

2014) or NLPs, cytotoxins produced by bacteria, fungi, and oomycetes to facilitate their infection 

in plants. As mentioned earlier, these NLPs have been shown to bind to the terminal hexose part 

of GIPCs at the PM, which induces conformational changes in the NLP, allowing it to contact the 

membrane and become active (Lenarčič et al., 2017).  

 

V. Biophysical techniques applied to the study of plasma 

membrane/sphingolipid interaction 

1. Membrane models  

Both lipids and proteins of biological membranes are assembled in an extremely complex and 

asymmetric manner. Their organisation and composition vary according to time, environment, 

developmental stage of organisms and organs (Furt et al., 2011). In order to study the effect of 

bioactive molecules on membrane lipids at the molecular level, it is necessary to simplify these 

biological membranes into model membranes. These artificial systems have the advantage of being 

versatile. They can be composed of a complex mixture of lipids to best mimic the composition and 

arrangement of biological membrane lipids but can also be composed of one or two lipids to study 

a particular aspect of PMs such as the presence of a specific lipid or a particular phase. They all 

allow fine control of the experimental conditions. Three systems are mainly used, lipid monolayers, 

supported bilayers and liposomes (Figure 9.) (Deleu et al., 2014; Furlan et al., 2020; Le et al., 

2011). 
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Monolayers are simple models that aid to determine the ability of certain molecules to insert and 

interact with lipids of the outer leaflet of the membrane. Supported bilayers are flat bilayers spread 

on a solid support such as mica or glass. They are used, among other things, to study molecule / 

lipid head interactions and to predict the lateral and transverse molecular organisation of 

biological membranes. Finally, liposomes, which depending on the way they are prepared can be 

unilamellar (single bilayer) or multilamellar (multiple bilayers), can contain different types of 

aqueous contents, such as fluorophores. They are generally used to study various processes, such 

as membrane fusion, pore formation or cell adhesion (Deleu et al., 2014; Eeman and Deleu, 2010).  

It is therefore possible to vary several parameters, such as the composition of the lipids and their 

proportions, as well as the model used, in order to obtain additional information on the mechanism 

of action at the molecular level. 

Figure 9. Schematic of membrane models used in biophysics (from 

Furlan et al. 2020) 

A. The different types of liposomes, small unilamellar vesicle (SUV), large unilamellar vesicle 

(LUV), giant unilamellar vesicle (GUV) and multilamellar vesicle (MLV), and their diameters. 

This scaled representation allows the differences in membrane curvature to be highlighted. B. 

Oriented bilayers, where the lipid bilayers are supported on the glass slides and separated by thin 

layers of water. C. Orientation of lipids at the air-water interface forming monolayers. 
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2. Biophysical techniques and the information they provide 

Langmuir trough 

This technique aims to determine the adsorption or penetration capacity of a bioactive molecule 

on, or in, a monolayer of more or less ordered lipids. These measurements are based on lipids 

spread out in a monolayer at a given surface pressure (mN/m) on a buffer. The molecules of interest 

are injected into the subphase (the buffer), then a Wilhelmy plate tensiometer measures the surface 

pressure variations induced by the interaction of the bioactive molecule with the lipid monolayer 

at the air-liquid interface (Figure 10.) (Deleu et al., 2014; Eeman et al., 2006; Giner-Casares et 

al., 2014). It is therefore possible to measure adsorption kinetics but also to evaluate the lipid 

specificity of the interaction by playing on the nature of the lipids deposited at the interface. 

Fluorescence spectroscopy  

Study of membrane permeabilization 

This technique requires the use of liposomes in which a hydrophilic fluorescent probe has 

previously been encapsulated. Calcein is often used and is self-quenched at high concentration 

(Figure 11.) (Maherani et al., 2013; Shimanouchi et al., 2009). The leakage of calcein from the 

liposomes to the medium caused by the addition of a bioactive molecule will induce an increase in 

fluorescence due to the dilution of the probe and its dequenching, thus determining the ability of 

the bioactive molecule to permeabilise or destabilise membranes (Deleu et al., 2013). 

 

  

Surface pressure 

variations 

Bioactive 

molecule 

Buffer 

Lipid monolayer 

Wilhelmy 

plate 

Figure 10. Schematic diagram of a Langmuir cell 

This technique allows the measurement of variations in the surface pressure of a lipid monolayer, 

induced by the injection of a bioactive molecule. 
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Measurement of membrane fluidity 

The use of fluorescent probes, such as Laurdan for example, can highlight changes in membrane 

fluidity and more particularly changes in the state of the lipids (gel, liquid-disordered, coexistence 

of phases) (Deleu et al., 2013). Laurdan is added to a liposome solution and will insert itself into 

the bilayer uniformly within the outer and inner leaflet and without preference for the gel or fluid 

state of the lipids. The addition of a bioactive molecule can cause phase changes in the bilayer, 

thereby shifting the fluorescence emission spectrum of Laurdan (Parasassi and Gratton, 1995; 

Parasassi et al., 1991). This can cause its dipole moment to increase significantly, and nearby water 

molecules will reorient themselves according to this new dipole. If the membrane is in the fluid 

state, the reorientation rate will be faster than the emission process, so the Laurdan emission 

spectrum will be red-shifted. Conversely, if the bilayer density increases toward a gel state, the 

dipolar relaxation of the water molecules will be slower and the emission spectrum of the probe 

will be less red-shifted (Deleu et al., 2013). 

 

Isothermal Titration Calorimetry (ITC) 

ITC measures the heat released or absorbed when two compounds interact together in a given 

environment. One of the compounds is titrated into the solution containing the other compound 

and the heat fluxes associated with the interaction between the titrated and titrating solutions are 

determined as the titration proceeds, from which enthalpies changes can be determined. This 

Figure 11. Schematic of the membrane permeabilization measurement 

This technique allows to measure the variations in fluorescence of the medium induced by the 

addition of a molecule of interest. Depending on the action of the molecule on the membranes of 

the liposomes, these will release the hydrophilic fluorescent probe into the external environment 

to a greater or lesser extent. 

Bioactive 

molecule 

Buffer 

Liposome 

Fluorescent 

probe 
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technique is widely used in the pharmaceutical field for ligand-receptor, enzyme-substrate, or 

antibody-antigen interactions (Deleu et al., 2014). In the laboratory, it is typically used to study the 

interactions between a bioactive molecule of interest and liposomes. ITC provides a comprehensive 

characterisation of the thermodynamic parameters of the interaction between these two 

compounds, including binding affinities, enthalpy and entropy variations, stoichiometry 

parameters and critical membrane solubilisation concentrations (Deleu et al., 2013). These data 

are then used to assess the nature of the interaction between the molecule of interest and artificial 

and biological membranes (Ghai et al., 2012; Heerklotz and Seelig, 2000).  

 

Atomic Force Microscopy (AFM) 

Atomic force microscopy allows three-dimensional images to be obtained by scanning the surface 

of the sample using a lever fitted with a microscopic tip. In particular, this technique can image 

artificial samples (Morandat et al., 2013), such as model membranes or biological samples, under 

specific physiological conditions allowing biological samples to remain viable (Alessandrini and 

Facci, 2005). These biological samples can be DNA, proteins, adherent mammalian cells, 

protoplasts (usually fixed) or bacteria (living or not) (Louise Meyer et al., 2010; Yang et al., 2015). 

In addition to surface topography, it is possible to observe changes in the resistance of a sample to 

deformation and thus study changes in the state (fluid or rigid) of membranes caused by the 

addition of a molecule of interest. 

 

Dynamic Light Scattering (DLS) 

This technique is based on the measurement of the variation in light scattering by particles in 

solution subjected to Brownian movements (random movements due to their interactions with the 

solvent). This variation is described by the autocorrelation function g(t) which corresponds to the 

differences in scattered intensities between a time x and time zero. Depending on the 

hydrodynamic radius of the particle under consideration, the shape of the autocorrelation function 

differs, and its mathematical smoothing allows an estimate of its size to be obtained. In the case of 

molecules self-aggregating in aqueous solution (lipids, surfactants), it is also possible to determine 

their aggregation states (monomer or aggregates) and to measure their critical micellar 

concentration (CMC) or critical aggregation concentration (CAC). For the latter, the variation of 

size particle is determined by the scattered intensity of the sample as a function of the 

concentration of the molecule. The size range of molecules that can be measured in DLS ranges 

from nanometre to micron (Furlan et al., 2018; Topel et al., 2013). 
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VI. Pseudomonas syringae, a versatile and adapted plant pathogen 

The gamma subgroup of proteobacteria includes several important pathogens, including those 

infecting animals (Escherichia, Salmonella, Shigella and Yersinia spp.) or plants (Erwinia, 

Pantoea, Xanthomonas, Xylella and Pseudomonas spp.) (Buell et al., 2003). The genus 

Pseudomonas is divided into two phylogenetic lineages, Pseudomonas aeruginosa and 

Pseudomonas fluorescens. The P. fluorescens lineage contains 6 phylogenetic groups including P. 

syringae, which regroups the majority of plant pathogens of the genus Pseudomonas. Within this 

group is the species P. syringae, which itself contains more than 60 pathovars (Gomila et al., 2017). 

A table of many pathovars and their hosts is available in Supplemental Table S1 (Hwang et al., 

2005).  

P. syringae was first isolated from lilac (Syringa vulgaris) in 1902. It is a hemibiotrophic, rod-

shaped, Gram-, motile with a flagellum, strictly aerobic bacterium that produces fluorescent 

pigments when in an iron-poor environment (Hirano, 1985). It is one of the most studied plant 

pathogens and serves as a model for the study and understanding of many biological phenomena 

such as bacterial pathogenicity, interaction molecular mechanisms between plants and micro-

organisms, and microbial ecology and epidemiology. Each of the 60 identified pathovars infects a 

limited number of species or even only certain cultivars of a species (Gomila et al., 2017). 

Collectively, P. syringae infect the majority of crops of economic interest, including many fruits, 

vegetables, and ornamentals, making this bacteria one of the most common and devastating plant 

pathogens (Xin et al., 2018).  

Although this species was initially identified on diseased plants and their pathogenicity has long 

remained their most studied aspect, it has since been shown that many isolates belonging to the 

species, such as P. syringae pv. syringae B728a, grow epiphytically and have a commensal 

relationship with plants (Hirano and Upper, 2000; Xin et al., 2018).  

 

1. Life cycle 

The life cycle of P. syringae is generally divided into two phases, spatially and temporally 

connected. First, an epiphytic life phase, where the bacterium will grow on the surface of a healthy 

plant, followed by an endophytic phase where the bacterium will grow aggressively in the apoplast 

of the plant after entering through a natural opening or wound (Hirano and Upper, 2000). Most 

microorganisms fail in either of these phases, as the plant has developed effective strategies to 

restrict the entry and multiplication of these commensal bacteria.  
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a. Surviving as an epiphyte 

The plant surface is commonly considered a hostile environment for microorganisms. Nutrients 

are limited, there is direct exposure to UV light, temperature and humidity variations are drastic 

and finally, bacteria are in competition with other epiphytic organisms (Beattie and Lindow, 1995; 

Lindow and Brandl, 2003). The phyllosphere is thus a very heterogeneous environment, although 

some nutrient-rich niches favourable to microorganisms exist, for example along veins, around 

trichomes or stomata (Hirano and Upper, 2000). Bacteria found on other parts of the plant have 

therefore developed processes to survive in this hostile environment, notably by creating their own 

"microenvironment". Some strains of Pseudomonas can, for example, produce surfactants to 

increase the wetting of leaves, while others live in large biofilm aggregates to resist desiccation 

(Bunster 1989, Hutchinson 1993). Bacteria must therefore face several challenges: crossing the 

epidermis, growing, spreading, etc. in order to continue their life cycle. Some micro-organisms will 

infect their hosts by using their natural openings, such as stomata, others through wounds, caused 

for example by frost (Melotto et al., 2008). 

 

• Crossing the epidermal barrier 

Several factors favour the development of bacteria during their epiphytic life phase. For example, 

when a plant is weakened by another pathogen, or when environmental conditions are ideal for 

bacterial development (e.g., heavy rainfall, humidity, moderate temperatures). There are a number 

of natural openings through which bacteria can enter the plant. These include (Melotto et al., 

2008):  

• Hydathodes, water-exuding pores at the leaf tips (by Xanthomonas campestris pv. 

campestris). 

• Nectarthodes, nectar-secreting pores present at the emergence of the style and stamens 

(by Erwinia amylovora).  

• Lenticels, pores used for respiration and present on stems and roots (by Erwinia 

carotovora var Atroseptica). 

• Stomata, pores in the aerial parts of plants that control gas exchange and leaf 

transpiration. The closure of stomatal guard cells is regulated by the plant hormone ABA 

under water stress. These represent an ideal entry site for pathogens, notably P. syringae. 

In response and in order to preserve their integrity, plants have developed defence mechanisms, 

such as closing the stomata after the perception of MAMPs (Melotto et al., 2017). Bacteria in turn 

have developed attack strategies, notably via the secretion of phytotoxins such as coronatine, an 

analogue of OPDA (12-oxo-phytodienoic acid), a precursor of JA that can alter stomatal defence 

mechanisms thus allowing the reopening of stomata. Not all pathovars of P. syringae produce this 
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toxin, but some of them, such as P. syringae pv. tabaci, are still able to induce stomatal reopening 

after the initial defence reaction of the plant, suggesting that other mechanisms can bypass the 

stomatal defence (Melotto et al., 2006).  

In addition to these natural openings, bacteria may be satisfied with a wound on the plant to gain 

entry. These wounds can be mechanical or environmental, such as those caused by frost. 

 

• Inoculum sources 

The sources of inoculum, responsible for the appearance and spread of the bacteria, are many 

and varied, although their relative contributions to the occurrence of the disease remain unknown. 

Epiphytic bacteria may be a source of inoculum, as well as remnants of a systemic infection, or pre-

existing cankers, localised necroses of the bark and cambium. Pseudomonas also exists on the 

surface of many weeds and non-hosts, which can serve as vectors. The bacterium can also be spread 

by rain, wind, insects, infected budwood, transport of infected nursery stock, and pruning and 

harvesting equipment.  

 

b. Proliferating as an endophyte 

After the bacteria have entered the apoplasm, they must continue to develop to ensure their 

virulence. Protein secretion plays a major role in the interaction between bacteria and their 

environment but transporting proteins across cell membranes is a real challenge. In order to 

achieve this, some bacteria, mainly Gram-, have developed secretion systems (type I to VII). More 

than twenty-five species of bacteria interacting with other organisms, whether pathogenic or not, 

are carriers of this system. These include many pathogens responsible for serious human diseases 

such as Yersinia, Salmonella, Shigella spp. or Escherichia, but also bacteria with disastrous 

agronomic consequences such as certain species of Pseudomonas, Xanthomonas or Erwinia (Xin 

and He, 2013).  

The type III secretion system (T3SS) is the most studied and sophisticated. The first was 

identified in Salmonella typhymurium by Ginocchio et al (1994) who noted the formation of an 

appendage on the surface of the bacteria after its contact with a target cell. These are macro-

molecular complexes, embedded in bacterial membranes, whose purpose is to initiate the infection 

process in their hosts. These molecules modulate crucial molecular functions of their hosts such as 

immune responses, cytoskeletal dynamics, transport vesicles or transduction signals (Alfano et al., 

2000). Despite the diversity of hosts and effectors, the secretion system remains relatively 

conserved, and the pathogenicity of these bacteria relies on a functional T3SS (Cornelis, 2006; 

Matteï et al., 2011). 
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c. Structure of the T3SS 

The T3SS, or "injectisome", is structurally linked to the bacterial flagellum and is widely 

conserved between bacterial species (Cornelis, 2006; Woestyn et al., 1994). In animal biology, its 

structure is widely studied for therapeutic purposes, due to its predominant role in virulence, and 

has been characterised in some species, such as Salmonella Typhimurium (Hu et al., 2018), which 

is not yet the case for plant pathogens.  

The T3SS is composed of at least 20 distinct proteins that assemble into four major parts, the 

basal part, the cytosolic part, the export system and the needle or pilus (Figure 12.). 

• The basal part of this system is formed by two ring structures that cross the inner and 

outer bacterial membrane from side to side (Hu et al., 2018). At the outer membrane, the 

ring will be formed by proteins of the secretin family. Other proteins, the pilotins, 

facilitate the insertion, oligomerisation, and assembly of secretins (Diepold and Wagner, 

2014).  

• The cytosolic complex is associated with a membrane-associated ATPase in the 

bacterial cytoplasm. This is suspected to facilitate and regulate the entry of substrates to 

be exported into the secretory system (Diepold and Wagner, 2014).  

• The export system is located in the basal part of the bacterial inner membrane and is 

composed of five highly conserved proteins that are essential for secretion, although their 

precise roles are not elucidated (Diepold et al., 2011).  

• The needle, called pilus in plant pathogens such as P. syringae, must be longer than in 

animal pathogens, as it must also pass through the plant CW (Jin and He, 2001). Upon 

infection, the pilus is polymerised and serves as a tunnel for effectors (Figure 12.). After 

contact with the target cell, components will be secreted to form a pore called translocon 

in the host PM. Without a translocon, effectors cannot be released into the target cell and 

the bacteria are non-pathogenic (Diepold and Armitage, 2015; Diepold and Wagner, 

2014; Worrall et al., 2011; Yip et al., 2005). 
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d. The Hrp/Hrc system and the notion of pathogenicity island  

In P. syringae, the T3SS is encoded by the hrp (HR and pathogenicity) and hrc (HR conserved) 

genes assembled in a hrp/hrc cluster (Alfano and Collmer, 1997).  

This hrp/hrc cluster, which is required for the production and regulation of a functional T3SS as 

well as for the secretion of protein effectors, is located within a chromosomal cluster named 

“Pathogenicity island” (PAI) (Waite et al., 2017). The four most studied hrp clusters can be divided 

into two groups according to their gene similarity, operon structure and regulatory system (Alfano 

and Collmer, 1997). Group I is composed of the hrp clusters of P. syringae and Erwinia amylovora, 

and group II of those of Ralstonia solanacearum and Xanthomonas campestris (Alfano and 

Collmer, 1997).  

Within this PAI, the hrp/hrc cluster is surrounded by the CEL (Conserved effector locus) and the 

EEL (Exchangeable effector locus). The CEL, which is conserved between species, contains genes 

that encode effectors important in virulence. The EEL contains genes that encode both effectors 

and genetic element sequences (Alfano et al., 2000).  

Figure 12: Transmission electron microscope image of Pseudomonas 

syringae pv. tomato DC3000 (Katagari et al., 2002). 

The bacterium has flagella of about 15 nm in diameter and several pili about 8 nm in diameter. 

These pili produced by the type III secretion system are involved in the translocation of virulent 

or avirulent effectors into the cytoplasm of host plant cells. 
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e. Proteins secreted by the T3SS  

o Harpins and pilins  

Harpins are extracellular proteins secreted by the T3SS and specific to phytopathogens. They are 

glycine-rich, cysteine-poor, and capable of inducing HR when infiltrated in high doses into plant 

tissues. Although their action is poorly understood, they are thought to contribute to the 

translocation of effectors into target cells (He and Collmer, 1993; Kvitko et al., 2007).  

Pilins are also essential molecules for bacterial virulence, since they constitute the pilus that 

carries the effectors.  

 

o Effectors 

These effectors, hop (Hrp-dependent outer proteins) or avr (avirulence), vary in number and 

function among bacterial species, reflecting the need for a specific (symbiotic or pathogenic) 

interaction with a particular host. These can have dramatic consequences on their target cells. 

Indeed, they possess a wide range of biochemical activities that can modulate the crucial molecular 

functions of their hosts in order to promote the survival and colonisation of the bacteria. 

  

2. Symptoms and control  

P. syringae is generally considered to be a hemibiotrophic pathogen of low virulence, locally 

infecting aerial plant parts. Infection is initially limited to a few millimetres, before spreading when 

the bacterium reaches its maximum growth, causing extensive cell death of the affected tissues 

(Xin and He, 2013). It is therefore an opportunistic bacterium, which targets particularly weakened 

plants. 

The symptoms caused by P. syringae in host plants depend on the species and the part of the 

plant infected, the strain of the bacterium and the environmental conditions. Besides, more than 

one symptom can be observed on an affected plant. Symptoms are therefore most often observed 

on the aerial parts of the plant, including (Moore and Pscheidt, 2018): 

• Flower scald: Flowers/buds turn brown to black 

• Dead dormant buds: Common in cherries and apricots 

• Necrotic spots on leaves   

• Discoloured or blackened leaf veins due to systemic infection  

• Fruit blotches and blisters  

• Stem tip dieback, the most common symptom observed in 40 deciduous woody species 

from nurseries in the Pacific Northwest. 
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• Cankers on stems that appear as depressed areas in the bark that will darken over time. 

A gummy substance may exude from them if they are found on fruit.  

One strategy for controlling bacterial populations on plants is the use of copper-containing 

bactericides which are toxic to bacterial cells in high doses. However, in the case of Pst, the massive 

use of these products has led to the appearance of resistant strains, such as Pst PT23.2 (Buell et al., 

2003). 

 

VII. The Pseudomonas syringae pv. tomato – Arabidopsis thaliana 

pathosystem 

Pst is a bacterium of agronomic interest that causes bacterial speck on its host, the tomato, 

making the fruit unfit for consumption. In the mid-1980s, after searching for a strain of Pst that 

could be transformed relatively easily, Dr. Cuppels generated a strain in his laboratory that was 

resistant to the antibiotic rifampicin, derived from Pst DC52, which he named DC3000 (Cuppels, 

1986). After the discovery that this strain also had the ability to infect the model plant Arabidopsis, 

this bacterium became a model for the elucidation of plant / bacteria interactions (Whalen et al., 

1991), especially after the sequencing of its genome in 2003 (Buell et al, 2003).  

 

1. Genetic potential  

The complete genome of Pst DC3000 (Buell et al., 2003), shows that it is composed of one 

circular chromosome and two plasmids, for a total of 5,763 ORFs classified in different categories. 

In total, 5% of its genome encodes genes involved in virulence. Some of which are related to toxin 

secretion, bacterial attachment, flagella, siderophores, UV, ROS and heavy metal resistance, and 

protein secretion systems (Buell et al., 2003). 

Although many strains of P. syringae are well adapted to the epiphytic lifestyle, it would appear 

that Pst DC3000 grows preferentially endophytically and that its survival on the leaf surface is 

limited in time (Boureau et al., 2002). Indeed, other pathovars of P. syringae carry more genes 

related to DNA repair, UV resistance and the production of solutes associated with osmotolerance 

(Buell et al., 2003; Feil et al., 2005). 

This bacterium has genes that encode type I to VI secretion systems. In Pst DC3000, the T3SS 

allows the secretion of at least 29 active effectors (Cunnac et al., 2009). They participate in the 

virulence of the bacterium, by bypassing PTI, targeting phytoalexin or microtubule production 
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mechanisms, interfering with gene transcription and transport of immunity-related vesicles (Xin 

and He, 2013).  

Many studies conducted with this bacterium use it transformed with genes encoding avirulent 

effectors that it does not naturally possess and that will cause ETI in plants that possess the ability 

to recognise them. Genes enabling the secretion of the effectors AvrRpm1 (Pst AvrRpm1), AvrB 

(Pst AvrB), AvrRpt2 (Pst AvrRpt2), AvrPphB (Pst AvrPphB) and AvrRps4 (Pst AvrRps4) are 

among the most common (Wei et al., 2018).  

 

2. Effectors of the pathosystem  

a. AvrRpm1, AvrRpt2, AvrB and AvrPphB 

The effector AvrRpm1 was originally identified in P. syringae pv. maculicola (Psm) strain m2 

(Debener et al., 1991), AvrB was isolated from P. syringae pv. glycinea and AvrRpt2 was originally 

identified in Pst strain JL1065 (Whalen et al., 1991). In Arabidopsis, these effectors are recognised 

indirectly by the plant, as previously discussed with the "guard hypothesis" (Figure 13. and 14.). 

Indeed, the R genes of the plant encode the proteins associated with PM: RPM1 (Resistance to P. 

syringae pv. maculicola), and RPS2 (Resistance to P. syringae), are CC-NLRs associated at the 

PM with the RIN4 protein (RPM1 interacting protein4). In the absence of RPM1, phosphorylation 

of RIN4 would repress basal plant defences and promote pathogen growth (Mackey et al., 2002). 
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Figure 13. Schematic mode 

of action of AvrRpm1, AvrB 

and AvrRpt2 effectors in 

Arabidopsis 

A. Pst DC3000 enters the 

apoplasm of plant tissues. The R 

proteins, RPM1 (CC-NLR), 

RPS2 (CC-NLR) and RIN4 are 

located at the membrane and 

are not activated. B. Upon 

contact with the plant cell, the 

bacterium will secrete the pilus 

of the type III secretion system 

in order to translocate effectors 

promulgating its virulence into 

the cytoplasm of host cells. In 

the case where Pst DC3000 is 

transformed with genes 

allowing the secretion of 

avirulent effectors, these will 

react with plant R-proteins 

which will become activated and 

trigger ETI in the form of HR 

(Hypersensitive Reaction). 

AvrRpm1 and AvrB will interact 

with RIN4, causing its 

phosphorylation, which will 

allow the activation of RPM1 

and the HR. AvrRpt2 will 

interact with RIN4, causing its 

degradation, which will allow 

the activation of RPS2 and then 

the HR. The reaction is 

incompatible, and the plant is 

qualified as resistant.  
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Once translocated into the cytoplasm of the plant cell, the effectors AvrRpm1 and AvrB cause the 

phosphorylation of RIN4, inducing the activation of RPM1 and the triggering of the ETI leading to 

the HR (Nimchuk et al., 2000). AvrRpt2 will cause degradation of RIN4 which in turn will allow 

activation of RPS2 leading to the HR (Boyes et al., 1998; Chung et al., 2011; Lee et al., 2004; 

Mackey et al., 2002; Xin et al., 2018).  

The effector AvrPphB was isolated from P. syringae pv. phaseolicola. It induces ETI in 

Arabidopsis by interacting indirectly, via the PBS1 protein, with the RPS5 protein (Resistance to 

P. syringae protein 5). The latter is a CC-NLR, which like RPM1, is located at the plant PM (Warren 

et al., 1998) where it is associated with the PBS1 protein, a serine/threonine kinase (Ade et al., 

2007). AvrPphB will interact with PBS1 and cause its cleavage, inducing a conformational change 

in the protein which will then be recognised by RPS5, thus triggering the HR (Pottinger and Innes, 

2020). AvrPphB is a cysteine protease, which will autolyse to reveal a myristoylation site (Puri, 

1997), suggesting that the effector undergoes, like AvrRpm1 and AvrB, a myristoylation in the plant 

that allows it to be redirected to the PM, where RPS5 is located (Nimchuk et al., 2000) (Figure 

14.). AvrRpm1, AvrB and AvrPphB have no other similitude than their N-terminal sequence linked 

to myristoylation. This site would allow these effectors to be acylated by the plant, allowing them 

to be redirected to the membrane, where their target proteins, RIN4, RPM1 and PBS1, RPS5 are 

located (Nimchuk et al., 2000) (Table I.). 

 

  

Table I. P. syringae avirulence genes containing a consensus N-terminal 

sequence for fatty acid addition (from Nimchuck et al., 2000) 
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Figure 14. Schematic 

mode of action of AvrPphB 

and AvrRps4 effectors in 

Arabidopsis 

A. Pst DC3000 enters the apoplasm 

of plant tissues. The proteins, RPS5 

(CC-NLR) and PBS1 are located at 

the membrane. RPS4 (TIR-NLR) is 

located in the cytoplasm. The 

proteins are not activated. B. Upon 

contact with the plant cell, the 

bacterium will secrete the pilus of 

the type III secretion system in 

order to translocate effectors 

promulgating its virulence into the 

cytoplasm of host cells. In the case 

where Pst DC3000 is transformed 

with genes allowing the secretion of 

avirulent effectors, these will react 

with R proteins of the plant which 

will become activated and trigger 

ETI in the form of HR 

(Hypersensitive Reaction). 

AvrPphB will interact with PBS1, 

causing its cleavage, inducing a 

conformational change in PBS1 

which will be detected by RPS5, 

allowing the subsequent triggering 

of the HR. The mechanism of 

AvrRps4 is less known, but it seems 

that it interacts with EDS1 

(Enhanced Disease Suceptibility) in 

the cytoplasm, which causes the 

activation of RPS4 and then the HR. 

The reaction is incompatible, the 

plant is qualified as resistant. 
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b. AvrRps4  

The effector AvrRps4, isolated from P. syringae pv. phaseolicola, also induces ETI in 

Arabidopsis (Figure 14.). It will interact with the RPS4 protein, a TIR-NLR first reported to be 

cytoplasmic (Gassmann et al., 1999) and then nuclear, in an EDS1-dependent manner 

(Wirthmueller et al., 2007). It appears that AvrRps4 breaks the physical interaction between EDS1 

and RPS4, although one study showed that this interaction was not detectable in planta (Sohn et 

al., 2012). 

 

VIII. Thesis objectives and research strategies 

Previous research by Magnin-Robert et al. (2015) has investigated interconnections between 

sphingolipids, cell death, and plant defence in response to hemibiotrophic and necrotrophic 

pathogens. More specifically, this report explored how altering SL metabolism can affect 

Arabidopsis resistance to B. cinerea and Pst DC3000 infection. To that end, LCB-P lyase (Figure 

7.) Arabidopsis mutant (AtDPL1), disturbed in LCB/LCB-P accumulation, were analysed after 

infection. B. cinerea-inoculated Atdpl1-1 plants showed an increase in t18:0-P and a decrease in 

d18:0 amounts. These SLs were therefore exogenously applied to further test their ability to 

modulate cell death and ROS production in response to B. cinerea and Pst DC3000. This 

experiment highlighted the absence of HR in WT Arabidopsis when Pst AvrRpm1 was co-

infiltrated with d18:0 (Figure 15.). These experiments also demonstrated that this co-infiltration 

caused a decrease in extracellular ROS production by the plant in response to Pst AvrRpm1. 

Furthermore, while there is a wealth of data on the links between LCBs and PCD (Ali et al., 2018; 

Huby et al, 2020), very few report on the use of exogenously applied LCBs or their mode of action 

(Glenz et al., 2019; Gutiérrez-Nájera et al., 2020; Magnin-Robert et al., 2015; Saucedo-García et 

al., 2011; Shi et al., 2007), which further prompted this research project. The aim of this thesis was 

therefore to clarify the mechanisms responsible for this absence of HR, in particular by elucidating 

the role and mode of action of exogenous SLs in this phenomenon.  
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Figure 15. Exogenous effects of t18:0-P and d18:0 on electrolyte leakage in 

response to pathogen infection in wild-type Arabidopsis (from Magnin-Robert et 

al., 2015) 

A and B, B. cinerea conidia suspension was deposited on leaves of wild-type and Atdpl1-1 mutant 

plants 15 min after infiltration of either t18-0-P or d18:0 solution. Pst and either t18-0-P or d18:0 

solution were co-infiltrated into wild-type and Atdpl1-1 leaves. Photographs represent symptoms 

observed 60 or 72 h after infection by the fungus or Pst, respectively. C to F, Conductivity 

(mS/cm2) of solution containing t18:0-P- or d18:0-infiltrated leaf discs from the wild type 

inoculated by spraying B. cinerea (Bc) or PDB (Control) solution (C and D) or by infiltration of 

Pst DC3000, Pst AvrRpm1, or 10 mM MgCl2 (E and F). Each value represents the mean ±SD of 

three replicates per experiment. The experiment was repeated three times with similar results.  
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The first two years of this thesis were spent at the University of Reims Champagne-Ardenne and 

allowed the biological characterisation of the specificity of the interaction between Pst, Arabidopsis 

and exogenous SLs and to determine the effect of the latter on the plant and the bacterium. The 

next two years were spent at Gembloux Agro-Biotech where biophysical experiments were carried 

out to characterise, at the molecular level, the interaction of sphinganine with plant and bacterial 

PM.  

The results of this research work will be presented in four separate chapters, followed by a general 

discussion and conclusion.  

Chapter 1, "Characterisation of the specificity of the interaction between Pseudomonas 

syringae, Arabidopsis thaliana and sphinganine", will focus on determining the key elements 

involved in the absence of HR observed during the Pst AvrRpm1 / d18:0 co-infiltration. This will 

include the characterisation of the type of treatment, bacteria or SL used during this interaction.  

Chapter 2, "In vitro and in planta effects of sphinganine on Pseudomonas syringae", will detail 

how sphinganine acts directly on the bacteria. Its effects on morphology and motility, as well as its 

antibacterial action and on the virulence of P. syringae will be discussed.  

Chapter 3, "Effects of sphinganine and Pseudomonas syringae co-infiltration on defence 

mechanisms of Arabidopsis thaliana" will allow us to follow some defence parameters set up by 

Arabidopsis in response to P. syringae and how these are affected by the co-infiltration of 

sphinganine. 

Finally, Chapter 4 "Biophysical analysis of the interaction of sphinganine with lipids in plant 

and bacterial membranes" will focus on characterising the effect of sphinganine on PM, such as its 

ability to insert, permeabilise and modulate membrane fluidity. For this purpose, biomimetic 

membrane models representing lipid compositions of plant or bacterial membranes will be used. 
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I. Context 

The first part of this thesis aimed to determine if the absence of HR observed when Pst 

AvrRpm1 and d18:0 were co-infiltrated in Arabidopsis leaves was specific to the experimental 

conditions. To that end, several approaches were employed to determine if this phenomenon was 

specific to the treatment method (co-infiltration), the plant (Arabidopsis), the SL (d18:0) or to the 

bacteria (Pst AvrRpm1) used.  

There are several ways to inoculate a plant with bacteria: dipping, spraying and vacuum or 

syringe infiltration, to cite a few (Nimchuk et al., 2000; Wirthmueller et al., 2007; Jacob et al., 

2017). Here inoculation by spray were tested along with delayed infiltrations. The former, to 

experiment a type of infection requiring that bacteria go through the CW, unlike infiltration, and 

the later, to determine whether co-infiltration is paramount to the absence of HR.  

Next, two other model plants, tomato and tobacco were selected to highlight if using Arabidopsis 

was a key factor in the phenomenon. The former is the primary host of Pst DC3000 and is therefore 

highly susceptible to the pathogen, the latter is a non-host plant that can detect Pst DC3000 and 

set up defences against it, including the HR notably through the SA pathway (Liu et al., 2013).  

To elucidate the specificity of d18:0 in the interaction, other molecules stemming from the SL 

metabolism were tested. Sphingosine (d18:1), phytosphingosine (t18:0), and phytosphingosine 1-

phosphate (t18:0-P) were chosen to experiment on LCBs that possess or not a phosphate and a 

different hydroxylation and saturation degree. Two more complex SLs were selected based on their 

similarities of structure with d18:0. First dihydroceramide (DhCer - d18:0/18:0), to check whether 

adding a fatty acid could have an effect. Then glucosylceramide (GluCer - d18:2/16:0), to determine 

if adding a sugar could have an impact.  

Finally, avirulent bacteria producing other effectors were tested to determine if the absence of 

HR was specific to Pst AvrRpm1. Among them, effectors AvrB and AvrRpt2 were chosen because 

their mode of action is somewhat similar to that of Pst AvrRpm1. Indeed, both interact with RIN4 

and their corresponding R protein RPM1 and RPS2, respectively, are located at the PM (Boyes et 

al., 1998; Mackey et al., 2003; Xin et al., 2018). AvrRps4 was tested because the location of its 

target, RPS4, is located within the cytoplasm, unlike RPM1 (Gassmann et al., 1999; Wirthmueller 

et al., 2007). Effector AvrPphB was in turn chosen because it shares an N-myristoylation sequence 

within AvrRpm1 and AvrB, which allows them to be redirected to the PM once they enter their host 

(Nimchuk et al., 2000; Pottinger and Innes, 2020). Finally, two bacteria from the pathovar 

maculicola, closely related to the pathovar tomato, were picked to verify if the absence of HR was 

strain specific. The avirulent strain m2, which naturally produces AvrRpm1 (Debenert et al., 1991), 

and the virulent strain ES4326 transformed to produce AvrRpm1 (Stahl et al., 2016). Depending 

on whether the plant can recognize the bacterium or not, lesions are expected to appear at the 
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infiltration spot, either due to the HR or to the spread of the bacteria (Zipfel and Oldroyd, 2017). 

The two bacteria that should not be able to trigger a HR are Pst DC3000 and Psm ES4326, both 

carrying an empty vector.  

 

II. Material and methods 

1. Plant material and growth conditions  

Wild type seeds of Arabidopsis thaliana Columbia-0 (Col-0) were obtained from the Nottingham 

Arabidopsis Stock Center (http://Arabidopsis.info) and grown in soil under 12 h-light/12 h-dark 

conditions (150 µmol/m2/s, 20°C, and 60% humidity) for 5 weeks. Tomato (Solanum 

lycopersicum) and tobacco (Nicotiana tabacum) seeds were grown in soil under 14 h-light/10 h-

dark conditions (150 µmol/m2/s, 24°C, and 60% humidity) for up to 8 weeks. 

 

2. Chemicals  

Sphinganine (d18:0), sphingosine (d18:1), phytosphingosine (t18:0), Phytosphingosine 1-

phosphate (t18:0-P), glucosylceramide (GluCer) and dihydroceramide (DhCer) were purchased 

from Avanti Polar Lipids, dissolved in ethanol (100%), and used without further purification.  

 

3. Bacterial cultures 

Pst DC3000 transformed to express the effectors AvrRpm1 (noted Pst AvrRpm1), AvrRpt2 

(noted Pst AvrRpt2), AvrRps4 (noted Pst AvrRps4), AvrB (noted Pst AvrB) or AvrPphB (noted Pst 

AvrPphB) were provided by Prof. Jeff Dangl (University of North Carolina, USA) and Dr. Farid El-

Kasmi (University of Tübingen, Germany), Prof. Brian Staskawicz (University of California, USA), 

Prof. Jane Parker (Max-Planck Institute, Cologne, Germany) and Dr. Brad Day (Michigan State 

university, USA), respectively. Psm m2, Psm ES4326, carrying an empty vector, and Psm ES4326 

AvrRpm1 were provided by Prof. Philippe Reymond (University of Lausanne, Switzerland), and 

Prof. Christiane Gatz (University of Göttingen, Germany), respectively. 

Bacterial leaf pathogens Pst DC3000, Pst AvrRpm1, Pst AvrRpt2, Pst AvrRps4, Pst AvrB and Pst 

AvrPphB, were cultured overnight under agitation (180 rpm) at 28°C in liquid King’s B medium, 

supplemented with rifampicin (50 µg/mL) and kanamycin (50 µg/mL). Psm m2, Psm ES4326 and 

Psm ES4326 AvrRpm1, were cultured overnight at 28°C in liquid King’s B medium, supplemented 

http://arabidopsis.info/
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with streptomycin (50 µg/mL) for Psm m2, rifampicin (50 µg/mL) for Psm ES4326 and rifampicin 

and tetracycline (50 and 5 µg/mL, respectively) for Psm ES4326 AvrRpm1. 

 

4. Inoculations 

Upon treatments, bacterial cells were collected by centrifugation, washed two times, and 

resuspended in 10 mM MgCl2 to reach different optical densities at 600 nm (OD600). Final 

concentrations reached either 106, 107 or 108 CFU/mL, as specified further for each experiment. 

Bacterial solutions were either sprayed at 108 CFU/mL + 0.04% Silwet (v/v) or infiltrated (ca. 1 

mL) at 106 or 107 CFU/mL on the abaxial side of Arabidopsis leaves using a 1 mL syringe without 

needle. Co-treatment of bacteria with sphinganine at 1, 10, 100 µM or 1 mM, as specified further 

for each experiment, were performed likewise. Control inoculations were conducted with 10 mM 

MgCl2. At least four leaves per plant were treated for each condition on a minimum of three 

different plants. Each experiment was repeated at least three times. Lesions were estimated from 

pictures of the experiments that were taken 48 hours post infiltration (hpi), or 7 days post spraying. 

 

III. Results  

1. The absence of HR is dependent on co-infiltration 

Bacterial infiltration, as used by Magnin-Robert et al. (2015), is a very specific treatment method 

and is far from representing a natural infection process. Indeed, here, bacteria are directly 

infiltrated into the apoplasm of plants and do not have an epiphytic life phase where they must 

penetrate the plant by their own means. Therefore, these first experiments aimed to determine if 

the absence of HR observed during the co-infiltration of Pst AvrRpm1 and d18:0 was specific to 

this inoculation method.  

Bacterial infection by spray were tested on Arabidopsis leaves. They were conducted with 

bacteria resuspended at 108 CFU/mL and d18:0 at 100 µM, and lesions were observed 7 days post 

treatment. None of the control treatments (MgCl2 and ethanol) had an effect on the plant (data not 

shown). Spray bacterization with the bacteria alone or with d18:0 induced only a weak HR (Figure 

16A.). Unfortunately, given the weak immune response of the plant to the bacteria alone, it was 

not possible to properly determine if this treatment method can replicate the results observed with 

co-infiltration. This could originate from the experimental conditions (e.g., temperature, humidity, 

age of plants). 
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Delayed infiltrations were also tested to determine whether co-infiltration is an important factor 

in the absence of HR. In all conditions, infiltrations were performed with bacteria resuspended at 

107 CFU/mL and d18:0 at 100 µM, and lesions severity were estimated at 48 hpi. Once again, none 

of the control treatments (MgCl2 and ethanol) had an effect on the plant (data not shown). Finally, 

the delayed infiltrations showed that even very short delays between d18:0 or bacterial infiltration 

can result in a HR, albeit moderate (Figure 16B.). A 5-minute delay between the two infiltrations 

was sufficient to obtain a moderate HR and a 30-minute delay for a full HR, indicating that co-

infiltration of the bacteria and d18:0 appeared essential to the absence of HR. 

  

Figure 16. Phenotypes of Arabidopsis leaves after various treatments 

Visual estimation of cell death severity of Arabidopsis WT Col-0 leaves. A. 7 days post spray 

treatment with Pst AvrRpm1 (108 CFU/mL + 0,04% Silwet) and d18:0 (100 µM, ethanol 100%) 

B. 48 hours post delayed infiltration with Pst AvrRpm1 (107 CFU/mL in 10 mM MgCl2) and d18:0 

(100 µM, ethanol 100%). Control inoculations were conducted with 10 mM MgCl2 
and ethanol 

(0,1%, v/v) and did not present cell death (data not shown). At least four leaves per plant were 

treated for each condition on a minimum of three different plants (n=3). Colors and symbols 

translate the estimated severity of visible cell death.  

A B 

No lesions 

Symptoms/ 
disease HR Mild HR 

- +++ +++ ++ + 

Weak HR 
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2. Co-infiltration provokes a reduced cell death in tomato and tobacco 

Infiltration experiments were performed on both tomato and tobacco (Figure 17.). Tomato 

being the host of Pst, infiltration of the bacteria should cause necrosis due to its spreading. Tobacco 

being a non-host plant, it should be able to trigger defence phenomenon, including a HR at the site 

of infection. Pst DC3000 or Pst AvrRpm1 were infiltrated on the abaxial face of tomato and tobacco 

leaves at 107 CFU/mL, either alone or with d18:0 at 100 µM. Lesions were estimated 96 hpi for 

tobacco and 48 hpi for tomato. Tomato leaves were observed earlier because as host plant, its 

reaction to the bacterium was faster and stronger than that of tobacco. None of the control 

treatments (MgCl2 + ethanol) had an effect on the plant (data not shown).  

  

Figure 17. Summary of phenotypes of tobacco and tomato leaves after 

bacterial infiltration with or without d18:0 

A. Visual estimation of cell death severity of tobacco and tomato leaves. Leaves were collected, 

96 (tobacco) and 48 (tomato) hours post infiltration with Pst DC3000 or Pst AvrRpm1 (107 

CFU/mL in 10 mM MgCl2) with or without d18:0 (100 µM, ethanol 100%). Control inoculations 

were conducted with 10 mM MgCl2 
and ethanol (0,1%, v/v) and did not present cell death (data 

not shown). At least four leaves per plant were treated for each condition on a minimum of three 

different plants (n=3). Colors and symbols translate the severity of visible cell death. B. Tobacco 

leaves and C. tomato leaves co-infiltrated with Pst AvrRm1 and d18:0 show reduced necrosis.   

A 

B C 

AvrRpm1

/d18:0  

AvrRpm1 

AvrRpm1/d18:0 AvrRpm1 
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Both plants strongly reacted to Pst DC3000 infiltrated alone or with d18:0 and showed extensive 

cell death (Figure 17A.). When infiltrated with Pst AvrRpm1 they also both showed cell death 

although reduced in the case of tobacco (Figure 17B. and C.). However, when co-infiltrated with 

d18:0, both plants exhibited reduced cell death, suggesting the absence of HR might not be specific 

to Arabidopsis. 

 

3. The absence of HR is linked to the type of sphingolipid used and is dose 

dependent 

Experiments were performed to determine if the absence of HR previously observed by Magnin-

Robert et al. (2015) could be obtained with other SLs and if this phenomenon was dose dependent. 

SLs were therefore co-infiltrated at various concentrations with either Pst DC3000 or Pst AvrRpm1 

on Arabidopsis leaves at 106 or 107 CFU/mL and lesions estimated 48 hpi.  

None of the control treatments (MgCl2 + ethanol) had a visible effect on the plant, neither did all 

the SLs infiltrated alone (data not shown). 

Concerning the LCBs d18:1 and t18:0, all conditions tested yielded similar results to those 

observed with d18:0 (Figure 18.). Infiltration of Pst DC3000 alone or co-infiltrated with the LCBs 

provoked necrosis on Arabidopsis leaves. Co-infiltration of Pst AvrRpm1 with either LCBs did not 

result in a visible HR from the plant. Concentrations of LCBs up to 10 µM were sufficient to 

suppress the HR, but symptoms started to appear at lower concentrations. The co-infiltration of 

Pst AvrRpm1 and LCB-P, t18:0-P showed a completely different phenotype to that of LCBs. Even 

at a high concentration (100 µM), a strong HR was observable on treated leaves (Figure 18.).  

The co-infiltration of the more complex SLs, DhCer and GluCer at 100 µM with Pst DC3000 or 

Pst AvrRpm1 at 106 and 107 CFU/mL induced an HR on Arabidopsis leaves (Figure 18.). SLs were 

consequently co-infiltrated at a higher concentration (1 mM) with either bacterium at 106 or 107 

CFU/mL. While no difference was noted at 107 CFU/mL, reduced HR were observed on the leaves 

for both bacteria at 106 CFU/mL.  
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Figure 18. Summary of Arabidopsis leaves phenotypes after infiltration 

of Pst with or without sphingolipids at several concentrations 

Visual estimation of cell death severity of Arabidopsis WT Col-0 leaves, 48 hours post infiltration 

with Pst DC3000 or Pst AvrRpm1 (106 
or 107 CFU/mL in 10 mM MgCl2) with or without 

sphingolipids (various concentrations, ethanol). Sphinganine (d18:0), sphingosine (d18:1), 

phytosphingosine (t18:0), phytosphingosine 1-phosphate (t18:0-P), dihydroceramide (DhCer) 

and glucosylceramide (GluCer) were tested. Control inoculations were conducted with 10 mM 

MgCl2 
and ethanol (0,1%, v/v) and did not present cell death (data not shown). At least four leaves 

per plant were treated for each condition on a minimum of three different plants (n=3). Colors 

and symbols translate the severity of visible cell death.  
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4. The absence of visible HR is not specific to Pst AvrRpm1 

As effectors can function as both virulence and avirulence factors, they play deterministic roles 

in the outcome of plant–pathogen interactions (Alfano and Collmer, 2004). Here, Pst producing 

effectors other than AvrRpm1 and other pathovars of P. syringae producing AvrRpm1 have been 

selected to elucidate whether the absence of visible HR was dependent on the bacteria / effector 

used.  

Experiments were carried out on Arabidopsis leaves with bacteria at 106 or 107 CFU/mL 

infiltrated either alone or with d18:0 at 100 µM. Lesions severity was estimated 48 hpi.  

Once again, none of the MgCl2 + ethanol control treatments led to visible cell death (data not 

shown). At 106 or 107 CFU/mL, all bacteria infiltrated alone led to cell death, except Pst AvrB at 

106 CFU/mL, which we assumed was not concentrated enough to trigger a response from the plant 

(Figure 19.). Pst AvrRpm1 at 106 CFU/mL, Psm ES4326 at 107 CFU/mL and Pst AvrPphB at both 

concentrations all showed mild cell death. Co-infiltration of d18:0 with Pst DC3000 and Pst 

ES4326 also resulted in cell death, as expected since Arabidopsis is susceptible to both bacteria. 

Similarly, co-infiltration of d18:0 with Pst AvrRpt2, Pst AvrRps4 or Psm m2 had the same result 

as infiltration of the bacteria alone. Co-infiltration with Pst AvrB, Pst AvrPphB or Psm ES4326 

AvrRpm1, did, however, affect the onset of the HR. Indeed, no cell death was observed for the first 

two bacteria and only minor lesions were observed on leaves infected with the latter. The absence 

of HR can therefore be observed with two more effectors, AvrB and AvrPphB. The results obtained 

with Psm ES4326 AvrRpm1 suggest that the absence of HR is effector but not bacteria-dependent.  
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Figure 19. Summary of phenotypes of Arabidopsis leaves after 

infiltration of bacteria with or without d18:0 

Visual estimation of cell death severity of Arabidopsis WT Col-0 leaves, 48 hours post infiltration. 

Pst DC3000, Pst AvrRpm1, Pst AvrRpt2, Pst AvrRps4, Pst AvrB, Pst AvrPphB, Pst ES4326 

(noted ES), Psm ES4326 AvrRpm1 (noted ES AvrRpm1) and Psm m2 were infiltrated (106 
or 107 

CFU/mL in 10mM MgCl2) either with ethanol (0,1%, v/v) or with d18:0 (100 µM in ethanol). 

Control inoculations were conducted with 10 mM MgCl2 
and ethanol (0,1%, v/v) and did not 

present visible cell death (data not shown). At least four leaves per plant were treated for each 

condition on a minimum of three different plants (n=3). Colors and symbols translate the severity 

of visible cell death, ND (not determined).  
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IV. Discussion and conclusion  

Pst DC3000 is a known poor epiphyte in the field (Katagiri et al., 2002) and is therefore not 

considered a good model for the study of epiphytic interaction. This could explain why in our 

experiments, even when sprayed at high doses and in presence of a surfactant, only few symptoms 

were observable. Variations in the experimental setting (e.g., age of the plants, humidity…) might 

also be a possible explanation. The delayed treatments further confirmed that the absence of HR 

was specific to co-infiltration. Considering that even short infiltration delays have an impact on the 

onset of the HR, it would suggest that if d18:0 does have an effect on the bacteria and/or the plant, 

it must be very quick and / or transitory. Such rapid action can be observed in plant defence 

phenomena since some of them can be activated shortly after threat perception. The production of 

ROS or ion fluxes for instance occur within a few seconds (Bolwell and Wojtaszek, 1997) and it has 

already been shown in Arabidopsis cell cultures that the elicitor flagellin can induce 

phosphorylation of a protein within 30 seconds (Peck et al., 2001). Similarly, transitory effect of 

elicitors have already been demonstrated such as cryptogein which triggers a massive transitory 

clathrin endocytosis from the PM of elicited tobacco BY-2 cells (Leborgne-Castel et al., 2008). 

The response of tomato and tobacco to Pst DC3000 is well-known and leads to necrosis due to 

the propagation of the bacteria or to the HR, respectively. However, co-infiltration of the bacterium 

with d18:0 on both plants provoked less extensive cell death. The fact that this can be observed in 

host (tomato) and tobacco plants that do not possess neither RPM1 nor RIN4 suggest these 

proteins are not necessarily involved in the absence of HR.  

While some studies report LCBs can cause cell death at low concentrations on seedlings of 

Arabidopsis (Shi et al., 2007; Saucedo-García et al., 2011), such PCD was not observed with our 

experimental conditions. Furthermore, co-infiltration experiments with LCBs (d18:0, d18:1 and 

t18:0) suggest that carbon chain saturation and the number of hydroxyl groups does not alter their 

efficiency when co-infiltrated with Pst AvrRpm1 in Arabidopsis, since no HR is observable with 

these molecules. However, co-infiltrations with t18:0-P does not stop the onset of the HR, which is 

consistent with co-infiltration experiments performed by Magnin-Robert et al. (2015). It would 

therefore seem that the addition of a phosphate, which renders the LCB charged, makes it 

inefficient. The two other SLs tested, GluCer and DhCer appear to be able to reduce symptoms 

caused by both Pst DC3000 and Pst AvrRpm1. However, such effect is only visible when SLs are 

highly concentrated (1 mM) and bacteria are infiltrated at low concentrations, which may indicate 

an antibacterial action of the molecules; such aspect will be covered in Chapter 2.  

Concerning the different bacteria and effectors tested, the fact that a HR appeared when plants 

were treated with Pst AvrRpt2 would first suggest that RIN4 is not directly involved in the 
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phenomenon, since both Pst AvrRpt2 and Pst AvrRpm1 interact with this protein. However, since 

the effector AvrRpm1 induces phosphorylation of RIN4 and AvrRpt2 its degradation, this different 

mode of action could explain the difference in the plant’s response to Pst AvrRpt2 (Boyes et al., 

1998; Mackey et al., 2002). Absence of visible HR appeared with three of the tested bacteria. First 

with Psm ES4326 AvrRpm1, as expected since this bacterium produces the effector AvrRpm1. 

Since this result was observed with Psm, it suggests that Pst is not mandatory for the absence of 

HR. Then Pst AvrB and Pst AvrPphB, which, as previously mentioned, share an N-myristoylation 

sequence with AvrRpm1, allowing them to be redirected at the PM (Nimchuk et al., 2000). These 

results would suggest that the myristoylation process is somehow involved in the absence of HR. 

However, these assumptions are challenged by the fact that co-infiltration of Psm m2 with d18:0 

resulted in cell death while this strain is thought to naturally produce AvrRpm1 (Debenert et al., 

1991). This would suggest that there could be a redundancy mechanism between virulence factors 

that would allow Psm m2 to remain virulent. This has already been demonstrated in Pst, where 

effectors AvrPto and AvrPtoB both elicit a HR via their interaction with the tomato kinase Pto and 

thus both contribute to virulence (Lin and Martin, 2005; Cunnac et al., 2009). 

Other experiments have been conducted with Arabidopsis expressing dexamethasone (Dex)-

inducible AvrRpm1 (Dex:AvrRpm1-HA Col-0). Unfortunately, none of the treatments tested were 

successful (data not shown). d18:0 was either infiltrated before spraying Dex or sprayed along with 

Dex. However, independently of the presence of d18:0, dexamethasone spraying on these plants 

triggered a strong induction of AvrRpm1, a rapid HR-like response within 6 hours and a complete 

drying of the plant within 24 hours. Several factor could explain why adding d18:0 to these plants 

did not reduce AvrRpm1-triggered cell death. We previously demonstrated that co-infiltration was 

a paramount factor to the absence of HR, and we could not replicate to treatment method here. 

The induction of AvrRpm1 has also previously been described as very strong and rapid (Mackey et 

al., 2003; Kim et al., 2009) and was perhaps too potent for d18:0 to have an effect on. Overall, 

these preliminary experiments highlighted key factors to replicate the absence of HR obtained 

when Pst AvrRpm1 is co-infiltrated with d18:0. Among them, the SL used (LCBs), the method of 

treatment (co-infiltration) and the effectors employed (AvrRpm1, AvrB, AvrPphB).  
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Chapter 1 - Main Results 

Key factors in the absence of visible HR: 

✓ Specific to the LCBs: d18:0, d18:1, t18:0 

✓ Co-infiltration of the bacteria and the LCB 

✓ Efficient LCB concentrations range from 10 to 100 µM 

✓ Three effectors involved: AvrRpm1, AvrB, and AvrPphB 
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The in vitro and in planta effects of 

sphinganine on Pseudomonas syringae 
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I. Context 

While the effect of bacteria on plant SL metabolism is well studied (Ali et al., 2018; Huby et al., 

2020), exogen application of SLs on bacteria and its consequence on their metabolism and 

physiology is not well characterised. Various parameters were therefore followed to better decipher 

how d18:0 can affect Pseudomonas.  

When exposed to certain molecules, bacteria can suffer a morphological dissociation, also called 

smooth-to-rough mutation. This phenomenon is irreversible and mutated bacteria often fail to 

survive in a host with an intact immune system (Sułowicz et al., 2016; Butsenko et al., 2020). Such 

mutations are therefore frequently associated with decreased virulence. Since it has already been 

demonstrated that pesticides, such as deltamethrin, can induce the appearance of mutated colonies 

of Pst (Butsenko et al., 2020), a direct effect of d18:0 on the aspect of the bacteria could be 

envisaged. If such activity of d18:0 is expected, other factors linked to bacterial virulence that could 

be altered by d18:0 exposure are to be followed. Bacterial motility is one of these factors (Haefele 

and Lindow, 1987; Quiñones et al., 2005), as motile bacteria are more likely to efficiently infect 

their hosts. Another important trait for epiphytic fitness and virulence is exopolysaccharide (EPS) 

production. EPS, are carbohydrate polymers produced by bacteria and secreted into the growth 

medium to form a biofilm facilitating water and nutrients accumulation, and protection against 

toxic macromolecules (Yu et al., 1999). EPS production has proven to be paramount for virulence 

of P. solanacearum or Xanthomonas campestris, (Fett and Dunn, 1989; Arrebola et al., 2015). 

While infection by leaf infiltration should bypass the epiphytic life phase, an action of d18:0 on EPS 

production by Pst should not be excluded.  

As previously demonstrated, the absence of visible HR obtained when Pst AvrRpm1 is co-

infiltrated with d18:0 turned out to be dose dependent. This raised the question on a possible 

antibacterial and/or bacteriostatic effect of LCBs on Pst. Such activity has already been 

demonstrated against human pathogens (Fischer et al., 2012; Becam et al., 2017; Wu et al., 2021). 

Indeed, through their structural and functional diversity, SLs have proven to be key players in 

infection prevention due to their antibacterial roles. For instance, the LCBs t18:0 and d18:1 were 

shown to have a strong effect on biofilm formation and adherence of Streptococcus mutans, which 

is responsible for dental caries (Cukkemane et al., 2015). Besides, it was proven that d18:1 and 

synthetic short-chain ceramide analogue had a potent bactericidal activity against pathogenic 

Neisseriae, which can cause respiratory or sexual infections (Becam et al., 2017). Other studies also 

pointed LCB protective functions, notably against lung infection in mice caused by P. aeruginosa, 

(Pewzner‐Jung et al., 2014), and SARS-CoV-2 (coronavirus-2) (Wu et al., 2021). Considering these 

findings, in vitro bactericidal and bacteriostatic effects of d18:0 on Pst and Psm were therefore 
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tested. These results were completed by in planta studies to evaluate the presence and 

development of Pst AvrRpm1 in Arabidopsis leaves after co-infiltration with d18:0.  

The T3SS, as virulence apparatus embedded in the PM of Pst, could also be a target for 

exogenously added d18:0, especially since small molecules and antibodies capable of inhibiting the 

expression or function of the T3SS have already been discovered (Anantharajah et al., 2016). 

Furthermore, since many T3SS knockout strains are incapable of causing systemic infection, it has 

emerged as an attractive anti-virulence target for therapeutic design (Hotinger et al., 2021) and 

given the conserved nature of the T3SS and the hrp/hrc system among pathogens, redundancy 

between active molecules could be expected.  

 

II. Materials and methods 

1. Plant material and growth conditions 

Wild type seeds of Arabidopsis thaliana Columbia-0 (Col-0) were obtained from the Nottingham 

Arabidopsis Stock Center (http://Arabidopsis.info) and grown in soil under 12 h-light/12 h-dark 

conditions (150 µmol/m2/s, 20°C, and 60% humidity) for 5 weeks. 

 

2. Chemicals and culture medium 

Composition of bacterial culture media King’s B, LB, minimal medium m9, mannitol motility 

medium and yeast extract medium (YEM) is described in Supplemental Table S2. Chemical 

elements used for media and antibiotics were purchased from Sigma-Aldrich. Sphinganine (d18:0) 

was purchased from Avanti Polar Lipids, dissolved in ethanol (100%), and used without further 

purification. Extract-All was purchased from Eurobio Scientific. Verso cDNA synthesis kit and 

absolute blue SYBR Green Master Mix were purchased from Thermo Fisher Scientific. 

 

3. Bacterial cultures  

Pst DC3000, carrying an empty vector, Pst AvrRpm1, Pst AvrRpt2, Pst AvrRps4, Pst AvrB and 

Pst AvrPphB, were cultured overnight under agitation (180 rpm) at 28°C in liquid King’s B 

medium, supplemented with rifampicin (50 µg/mL) and kanamycin (50 µg/mL). Psm m2, Psm 

ES4326 and Psm ES4326 AvrRpm1, were cultured overnight at 28°C in liquid King’s B medium, 

http://arabidopsis.info/
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supplemented with streptomycin (50 µg/mL) for Psm m2, rifampicin (50 µg/mL) for Psm ES4326 

and rifampicin and tetracycline (50 and 5 µg/mL, respectively) for Psm ES4326 AvrRpm1. 

 

4. Morphological studies 

To determine the effect of d18:0 on colony morphology of Pst, bacteria were either plated at 106 

or 107 CFU/mL on King’s B medium containing d18:0 (100 µM in ethanol) or mixed with d18:0 

(100 µM in ethanol) prior to being plated. Morphology and structure of bacterial colonies were 

observed after a 48–72 hours incubation period at 28°C.  

Mannitol motility medium was used to assess the motility of Pst and its ability to ferment 

mannitol. The medium is prepared in glass tubes and bacteria are vertically stabbed in the middle 

of the soft agar medium. Motile bacteria will have a diffuse growth along the inoculation line while 

non-motile bacteria will grow only along it. Phenol red acts as a pH indicator: if bacteria are able 

to ferment mannitol, it will turn yellow (Islam, 2017). Pst DC3000 and Pst AvrRpm1 were 

inoculated as described at 106 or 107 CFU/mL either with ethanol (control) or with d18:0 (100 µM, 

ethanol 100%). Similar inoculations were also performed with medium containing d18:0 (100 µM, 

ethanol 100%). Tubes were observed after a 24-48 hours incubation period at 28°C.  

Finally, YEM was used to study EPS production by Pst in response to d18:0 (Bonet et al., 1993). 

Pst DC3000 and Pst AvrRpm1 were plated at 106 or 107 CFU/mL, either on YEM containing d18:0 

(100 µM, ethanol 100%) or mixed with d18:0 (100 µM, ethanol 100%) prior to being plated. EPS 

production in the different conditions was visually determined after a 48–72 hours incubation 

period at 28°C. 

 

5. In vitro antibacterial assays  

Bacteria were cultured as described (see II.3) before being distributed in 96 wells plates at 106, 

107 or 108 CFU/mL in King’s B medium supplemented with appropriate antibiotics, under agitation 

and at 28°C. Bacterium were plated either alone, with ethanol (0,1%, v/v) or with d18:0 (100 µM, 

ethanol 100%). The control was performed using culture medium and ethanol (0,1%, v/v). OD600 

measurements were performed using the TECAN Spark® absorbance reader, every hour for 50h. 

The data presented are obtained solely from growth curve experiments, from which the growth rate 

was extracted 
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6. Inoculations and pathogen assay in planta 

For bacterial count experiments, bacterial cells were cultured as described (see II.3), then 

collected by centrifugation, washed two times, and resuspended in 10 mM MgCl2 to a final 

concentration of 107 CFU/mL (OD600 = 0.01). Bacterial solutions (ca. 1 mL) were then infiltrated 

on the abaxial side of Arabidopsis leaves using a 1 mL syringe without needle. Co-infiltration of 

bacteria with sphinganine (100 µM, ethanol 100%) were performed likewise. Control inoculations 

were conducted with 10 mM MgCl2. At least four leaves per plant were treated for each condition 

on a minimum of three different plants. Inoculation pictures were taken, and lesion severity was 

estimated 48 hpi. Four inoculated leaves were weighted and ground in 1 mL of 10 mM MgCl2 using 

a mortar and pestle. Appropriate dilutions were plated on King’s B medium with suitable 

antibiotics, and bacterial colonies were counted. Data are reported as means ±SD of the log 

(CFU/mg fresh weight) of three replicates. Growth assays were performed three times with similar 

results. 

For minimal medium experiments, bacterial cells were cultured as described (see II.3) then 

collected by centrifugation, washed two times, and resuspended in liquid m9 medium to a final 

concentration of 107 CFU/mL (OD600 = 0.01). They were subsequently incubated at 28°C for 16 

hours before being collected by centrifugation, washed two times, and resuspended in 10 mM 

MgCl2. Briefly, bacterial solutions were infiltrated into Arabidopsis leaves as previously described 

with ethanol (0,1%, v/v) or d18:0 (100 µM). Control inoculations were conducted with 10 mM 

MgCl2 and ethanol (0,1%, v/v). Pictures of inoculated plants were taken 72 hpi. The experiment 

was repeated at least three times with similar results. 

 

7. RNA extraction and qRT-PCR 

For total RNA extraction, at least 3 leaves of 3 different inoculated plants were collected 6, 24 

and 48 hpi. Fresh material was flash frozen in liquid nitrogen and conserved at -80°C until further 

use. RNA isolation was consequently performed with Extract-all from Eurobio Scientific, following 

recommendations from the manufacturer. For qRT-PCR, 1 µg RNA was used for reverse 

transcription using the Verso cDNA synthesis kit from Thermo Fisher Scientific (USA) following 

the supplier’s recommendations. The transcripts were then quantified by qRT-PCR with a 

thermocycler CFX96 Real-Time system (Bio-Rad, USA) and the Absolute Blue SYBR Green Master 

Mis (Thermo Fisher Scientific, USA). Gene-specific primers are described in Supplemental 

Table S3. For each experiment, PCR was performed in duplicate. Transcript levels were 

normalized against those of the outer membrane porin F gene (oprF) and the 3-isopropylmalate 
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dehydratase small subunit gene (leuD), used as internal controls. Fold induction compared with 

sample treated with the bacterium alone was calculated using the ΔΔCt method: 

(CtGI[unknown sample]-CtGI[reference sample])-(CtREF[unknown sample]-CtREF[reference sample])  

where GI is the gene of interest. Data were analysed with Bio-Rad CFX Manager software v2.0.  

 

III. Results 

1. Sphinganine addition did not highly modify the morphology or in vitro 

growth of Pseudomonas 

Morphology of the colonies, motility of bacteria, ability to ferment mannitol or to produce EPS 

were tested on Pst DC3000, used as a control and Pst AvrRpm1, with or without d18:0. As results 

were similar for both bacteria at 106 and 107 CFU/mL, only results obtained at 107 CFU/mL are 

shown. Furthermore, adding d18:0 to the medium or to bacterial solutions prior to plating had no 

impact on any of the observed parameters, therefore, only results obtained with mixed bacteria / 

d18:0 solutions are shown (Table II.). Colonies of both treated and untreated Pst DC3000 and Pst 

AvrRpm1 were round, small, smooth, and white, meaning d18:0 had no visible effect on the 

morphology of the colonies. Similarly, presence of d18:0 had no effect on bacteria motility as the 

mannitol motility medium was turbid only around the inoculation line, indicating that bacteria 

barely strayed from it. Moreover, it did not change colour, implying that bacteria did not ferment 

mannitol. Finally, EPS production did not seem altered by co-treatment with d8:0 (Table II.).  

 Table II. In vitro effects of d18:0 on Pst DC3000 and Pst AvrRpm1 

Pst DC3000 and Pst AvrRpm1 were plated (107 CFU/mL) on various media, either with ethanol 

(Ctrl - 0,1%, v/v) or with d18:0 (100 µM, ethanol 100%) and incubated at 28°C. Morphology of 

the colonies, motility, capacity to ferment mannitol and exopolysaccharide (EPS) production were 

observed between 24 and 72 hours post inoculation.  
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The anti-bacterial effect of d18:0 was tested in vitro on Pst DC3000, Pst AvrRpm1, Pst AvrRpt2, 

Pst AvrRps4, Pst AvrB, Pst AvrPphB and Psm m2, Psm ES4326 and Psm ES4326 AvrRpm1 with 

or without d18:0 in the medium (Figure 20.). Ethanol had no effect on bacterial growth of all 

tested strains (data not shown). Out of all the bacteria tested, d18:0 significantly affected the 

growth rate of Pst AvrRpt2, Psm m2 and Psm ES4326. Surprisingly, all these bacteria do provoke 

cell death on leaves when co-infiltrated with d18:0. Interestingly, d18:0 had no antibacterial effect 

on bacteria that do not induce an HR when co-infiltrated, namely, Pst AvrRpm1, Pst AvrB, Pst 

AvrPphB and Psm ES4326 AvrRpm1 (Figure 20.).  

 

2. Co-infiltration of sphinganine slightly reduced the growth of Pst in planta 

To complete the in vitro data and determine the effect of the co-infiltration on bacterial growth 

in planta, bacterial populations were quantified 0 and 48 hpi (Figure 21.). Arabidopsis WT leaves 

were infiltrated with Pst DC3000 or Pst AvrRpm1, either with ethanol or d18:0. The growth of Pst 

AvrRpm1, the avirulent strain, was slightly reduced compared to the virulent strain, Pst DC3000. 

Figure 20. Effect of d18:0 on bacterial growth rates 

Pst DC3000, Pst AvrRpm1, Pst AvrRpt2, Pst AvrRps4, Pst AvrB, Pst AvrPphB, Psm m2, Psm 

ES4326 and Psm ES4326 AvrRpm1 (noted ES AvrRpm1) were cultivated at 28°C in King’s B 

medium (108 CFU/mL) with appropriate antibiotics, either with ethanol (Ctrl – 0,1%, v/v) or with 

d18:0 (100 µM in ethanol). The growth rate was estimated from growth curve data (OD600) over 

48 hours, ±SD. Stars indicate statistical differences (t-test, p<0,05, n=3). Stars indicate statistical 

differences (Wilcoxon-Mann-Whitney, **, p<0,01; *, p<0,05). 
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Furthermore, while the co-infiltration had no consequence on the development of Pst DC3000, it 

slightly reduced Pst AvrRpm1 growth at 0 and 48 hpi (Figure 21.). Interestingly, these results 

suggest that while Pst AvrRpm1 continues its development on the plant, it is however incapable of 

triggering an HR from the plant. 

 

3. Sphinganine could possibly interfere with the T3SS of Pst 

Some minimum media are known to stimulate the expression of T3SS genes and effector 

production. They are believed to mimic in planta conditions therefore preparing the bacterium to 

be virulent (Jiang et al., 2013). Here, we supposed that d18:0 could have an effect on the T3SS of 

Pst AvrRpm1 and thus maybe on effector secretion in the plant cells, which could have caused the 

absence of HR on Arabidopsis leaves. Bacteria Pst DC3000 and Pst AvrRpm1 were therefore grown 

in minimal medium m9 overnight before being infiltrated either with ethanol or d18:0. As 

expected, necrosis appeared due to the spread of the bacteria on leaves infiltrated with Pst DC3000 

alone or co-infiltrated with d18:0 (Figure 22.). Surprisingly, co-infiltration of Pst AvrRpm1 with 

d18:0 induced small symptoms on treated leaves, mostly at infiltration sites (Figure 22.).  
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Figure 21. Effect of d18:0 on the development of Pst DC3000 and Pst 

AvrRpm1 in planta 

Arabidopsis WT Col-0 leaves were harvested either directly or 48 hours post infiltration with Pst 

DC3000 or Pst AvrRpm1 (107 CFU/mL, 10 mM MgCl2) either with ethanol (Ctrl – 0,1%, v/v) or 

with d18:0 (100 µM, ethanol 100%). At least four leaves per plant were treated for each condition 

on a minimum of three different plants (n=3). Bacterial count and fresh weight of leaves were 

measured at each timing, ±SD. Control infiltration is performed with 10 mM MgCl2, and ethanol 

(0,1%) and no bacterial growth was observable (data not shown).  
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In order to further monitor the effect of d18:0 on the T3SS of Pst, several genes from the hrp/hrc 

system were selected for qRT-PCR (Supplemental Table S4). They were chosen based on their 

importance in the integrity of T3SS and in the virulence of the bacterium. Among all selected genes, 

suitable primers were found only for hrpA1, hopB1, hrcC and hrpJ. Issues stemmed from a lack of 

selectivity of the primers as well as the low amounts of bacterial DNA available in planta. Once 

again, Pst DC3000 was used as a control. Results are normalized on leaves treated with bacteria 

alone, meaning that the data reflect the difference in gene expression between bacteria alone and 

bacteria co-infiltrated with d18:0 (Figure 23.). For Pst AvrRpm1, co-infiltration induced an 

overexpression of hrpA1 (at 6 and 24 hpi), hrcC and hrpJ (at 6 hpi). It also downregulated the 

expression of hopB1 (at 6 and 24 hpi), and hrpJ (at 24 and 48 hpi). The expression pattern of these 

T3SS-associated genes seemed modified by d18:0 co-infiltration but data presented here are only 

preliminary as they originate from one experiment only. Therefore, further investigations would 

be needed to properly determine if d18:0 can affect the T3SS of Pst AvrRpm1 (Figure 23.).  

 

  

Figure 22. Phenotypes of Arabidopsis leaves after infiltration of bacteria 

grown in minimal medium 

Necrosis intensity of Arabidopsis WT Col-0 leaves, 72 hours post infiltration with Pst DC3000 or 

Pst AvrRpm1, grown overnight in minimal medium (107 CFU/mL, 10 mM MgCl2), either with 

ethanol (0,1%, v/v) or with d18:0 (100 µM, ethanol 100%). Control infiltration is performed with 

10 mM MgCl2 and ethanol (0,1%, v/v). At least four leaves per plant were treated for each 

condition on a minimum of three different plants (n=3).  

d18:0 

Pst DC3000 Pst AvrRpm1 
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IV. Discussion and conclusion 

For both Pst strains, the morphology of their colonies, their motility and their inability to ferment 

mannitol was consistent with previous findings on P. syringae (Islam, 2017) and were unchanged 

by addition of d18:0. Although Pst DC3000 is thought to be a poor epiphyte (Boureau et al., 2002), 

its EPS production remains important for host interaction and virulence (Farias et al., 2019). Our 

results show that EPS production is equivalent between the two strains and was unaltered by the 

presence of d18:0. Overall, our analyses showed that if d18:0 has an effect on Pst AvrRpm1 when 

co-infiltrated in Arabidopsis leaves, it is not visible in terms of morphology, motility, or capacity 

to produce EPS. 

In vitro antibacterial tests showed that d18:0 significantly impacted the growth rates of three 

bacteria, Pst AvrRpt2, Psm m2 and Psm ES4326. Surprisingly, their co-infiltration with d18:0 in 

planta leads to cell death, whereas growth rates of bacteria that did not induce cell death, namely 

Pst AvrRpm1, Pst AvrB, AvrPphB and Psm ES4326 AvrRpm1, do not appear altered by the 
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Figure 23. Effects of d18:0 on T3SS related genes of Pst in infected plants 

Relative expression of T3SS related genes: hopB1, hrpA1, hrcC and hrpJ was followed. Leaves of 

Arabidopsis were harvested 6, 24 and 48 hours post infiltration with either Pst DC3000 or Pst 

AvrRpm1 (107 CFU/mL, 10 mM MgCl2) with ethanol (0,1%, v/v) or with d18:0 (100 µM, ethanol 

100%). Results are normalized upon leaves treated with the bacterium alone.  
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presence of d18:0. LCBs and other SLs can have antibacterial effect on certain bacteria that infect 

humans (Dongfack et al., 2012; Becam et al., 2017; Wu et al., 2021), and Glenz et al. (2022) showed 

that 25 and 50 µM of t18:0 were sufficient to reduce Pst survival by 50 and 95%, respectively. In 

our experimental conditions, however, d18:0 did not have such a potent effect on bacterial growth.  

These in vitro data were subsequently completed by in planta experiments. Our results showed 

that even though Pst AvrRpm1 is not capable of inducing an HR when co-infiltrated with d18:0, it 

is still present on the plant and continues its development over time without causing visible defence 

reactions from the plant. For co-infiltrated bacteria, at 0 hpi, there is less Pst AvrRpm1 than Pst 

DC3000. Such diminution could perhaps be attributed to a slight antibacterial effect of d18:0 in 

planta. Considering this result, one might think that the absence of HR after co-infiltration could 

be due to the fact that the amount of bacteria present on the plant is not sufficient to trigger a HR. 

However, even when infected plants were cultivated for longer period than 48 hpi, no cell death 

could be observed.  

Studies performed with P. aeruginosa have shown that the NH2 residue of d18:1 must be 

protonated for the molecule to have an antibacterial effect, which occurs under neutral and slightly 

acidic conditions (Wu et al., 2021). It has also been demonstrated that the bactericidal activity of 

d18:1 relies on its binding to CL in the bacterial PM resulting in membrane permeabilization and 

thus death (Verhaegh et al., 2020). These findings, although not directly transposable to Pst, 

highlighted a possible mode of action for d18:0, through its interaction with bacterial PM. Although 

this hypothesis will be discussed in Chapter 4, it led us to question whether d18:0 could have an 

effect on the T3SS since it is imbedded into the bacterial PM.  

To explore this hypothesis, the first approach used was to stimulate the T3SS and effector 

production by incubating the bacteria in a minimal medium (Mudgett and Staskawicz, 1999; Jiang 

et al., 2013). Most hrp/hrc genes are expressed at a very low level in standard, nutrient rich 

medium as their expression is induced only when infection of their host occurs (Wei et al., 2000). 

Our experiments showed that incubation of Pst AvrRpm1 in minimal media prior its co-infiltration 

with d18:0 was sufficient to observe cell death, although not important, on Arabidopsis leaves. The 

T3SS stimulation of Pst AvrRpm1 was therefore sufficient to overcome the action that d18:0 might 

have had on the bacteria and / or the plant and to restore, at least partially, the HR. The two 

hypothesis that arose from this result were that this stimulation could either have reduce the direct 

effect of d18:0 on the T3SS of Pst AvrRpm1 or have promoted the virulence of the bacterium 

sufficiently for it to overcome the effect of d18:0. The first hypothesis was tested by selecting genes 

of the Pst DC3000 T3SS (Supplemental Table S4). Among all genes selected, only four could 

be quantified by qRT-PCR. Their corresponding proteins were HrpA, the structural protein of the 

pilus, responsible for the formation of the pilus and required for virulence of Pst DC3000 and for 

HR elicitation (Wei et al., 2000), HrcC and HrpJ, both located at the PM and required for virulence 
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and the secretion of some harpins (Deng and Huang, 1999) and HopB1, an effector that interacts 

with the host PM (Petnicki-Ocwieja et al., 2005). So far, our experiments have shown that d18:0 

co-infiltration modifies the expression levels of these genes. Particularly, the gene hopB1, which 

encodes an effector normally secreted through the T3SS, was down-regulated when Pst AvrRpm1 

was co-infiltrated with d18:0 but not when Pst DC3000 was. It stands to assess the expression 

levels of the corresponding protein would enable to confirm that d18:0 alters its secretion.  

Unfortunately, experiments on T3SS genes remained preliminary as qRT-PCR lacked specificity 

and very few data were available in the literature on the expression of these genes in bacteria, 

especially in Pst (Smith et al., 2018). So far, no connection between exogenously applied SLs and 

T3SS perturbation has been put forward. Some human pathogenic bacteria however are known to 

use the SL pool of their host PM to cause infection (Rolando and Buchrieser, 2019). For instance, 

the translocon protein IpaB of Shigella interacts with cholesterol and SLs of their host cell lipid 

rafts to mediate infection (McShan and De Guzman, 2015). It could therefore be conceivable that 

d18:0 has an effect on Pst AvrRpm1, either by interacting directly with its PM or by modifying how 

the bacteria interact with the Arabidopsis PM. 

 

  Chapter 2 - Main Results 

 

✓ d18:0 had no impact on morphology, motility, mannitol fermentation 

capacities and EPS production of Pst DC3000 and Pst AvrRpm1  

✓ In vitro tests showed d18:0 did not have an antibacterial effect on Pst 

AvrRpm1, Pst AvrB and Pst AvrPphB. 

✓ Co-infiltrated Pst AvrRpm1 continues to develop in planta without causing 

an HR 

✓ Pst AvrRpm1 incubation in minimal media prior to co-infiltration allowed 

the apparition of small lesions 
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I. Context 

Given the absence of HR when Pst AvrRpm1 is co-infiltrated with d18:0, questions about the 

regulation of plant defence responses arose. The protein RIN4 is well conserved among land plants 

and is an important hub in plant defence response (Toruño et al., 2019). It negatively regulates PTI 

since plant lacking or overexpressing RIN4 display enhanced or reduced defence responses, 

respectively (Kim et al., 2005). In Arabidopsis, RIN4 is the target of no less than four bacterial 

effectors, AvrRpm1, AvrRpt2, AvrB and HopF2 (Afzal et al., 2013) and has therefore been well 

characterised. In the “guard hypothesis”, plant NLRs can recognize pathogens by monitoring 

effector-induced perturbations of the guard protein (Dangl and Jones, 2001). In resistant plants, 

RIN4 guards proteins RPM1 and RPS2, which upon perceiving RIN4 phosphorylation or 

degradation, respectively, can trigger ETI and the HR (Mackey et al., 2002; Mackey et al., 2003). 

In Chapter 1, we demonstrated that co-infiltration of Pst AvrRpt2 with d18:0 induced PCD and 

that co-infiltration with Pst AvrB did not. While the first result led us to think RIN4 was not 

involved in the absence of HR, the latter suggested maybe RPM1 or the RPM1 / RIN4 complex was. 

Mutant approaches of RIN4, RPM1 and RPS2, have previously been used to decipher important 

plant defence signalling and response (Beckers et al., 2009; Liu et al., 2009; Lee et al., 2015; El 

Kasmi et al., 2017; Toruño et al., 2019) and have been employed here to elucidate their role in the 

absence of HR. 

Several markers of plant immunity were also followed. In particular, electrolyte leakage was 

studied to estimate plant cell death, as changes in conductivity may be associated with ion loss due 

to PM damages and thus cell death (Kawasaki et al., 2005). Extracellular ROS production was also 

monitored as it is one of the hallmark of plant immunity, is linked to cell death and is mostly 

produced by RbohD located at the PM (Kadota et al., 2015). Next, camalexin, the major phytoalexin 

of Arabidopsis was quantified since it has antifungal and antimicrobial activities (Zhang et al., 

2014). While camalexin is toxic to cultured cells of Arabidopsis, it does not contribute to cell death 

in bacteria-infected tissues (Rogers et al., 1996). Furthermore, since ETI is thought to be regulated 

by a concentration gradient of SA (Betsuyaku et al., 2018), we examined the expression of PR1, 

overexpressed in response to SA (Pieterse and van Loon, 1996; Glazebrook, 2005; Zienkiewicz et 

al., 2020). To test whether the jasmonate signalling pathway was affected by sphinganine co-

infiltration, the expression of VSP1, a JA-responsive gene (Guerineau et al., 2003) was also 

followed. To complement these data, SA and JA-Isoleucine (JA-Ile), the active form of JA (Li et al., 

2019), were also quantified in Arabidopsis leaves.  

In plants, myristoylation consists in the irreversible addition of a lipid, a myristate (C:14), on a 

specific protein sequence. This phenomenon concerns many proteins and aims to address them to 
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the PM. This reaction is catalysed by an enzyme, the N-myristoyltransferase (NMT). In 

Arabidopsis, two genes encode two homologs, namely AtNMT1 and AtNMT2 (Traverso et al., 

2008). In higher plants, as in mammals and fungus, determination of their localisation, roles at 

different developmental stages and whether these genes are redundant or not appeared difficult 

(Pierre et al., 2007). It was although demonstrated in mouse that the NMT genes were 

nonredundant (Yang et al., 2005). To our knowledge, myristoylation processes in plants are 

independent of SL metabolism. It can however be noted that in humans, part of the cardiac pool of 

the SLs, the d16:0, is synthesized from myristoyl-CoA instead of palmitoyl-CoA (Russo et al., 2013). 

Results presented in Chapter 1 showed that co-infiltration of Pst AvrB and Pst AvrPphB with d18:0 

did not induce a HR on Arabidopsis leaves, just like Pst AvrRpm1. Since the effectors AvrRpm1, 

AvrB, and AvrPphB each possess an amino acid N-myristoylation sequence that redirects them at 

the PM when inside their host (Nimchuk et al., 2000), questions about the effect of sphinganine 

on this process arose.  

 

II. Materials and methods 

1. Plant material and growth conditions 

Seeds of Arabidopsis thaliana reporter line PR1::GUS, T-DNA insertion mutants: rpm1-3 

(CS68739), rpm1-rps2-rin4 (CS68760), and the transgenic line RPM1-myc rpm1 (CS68778) were 

obtained from the Nottingham Arabidopsis Stock Center (http://Arabidopsis.info). Both mutants 

and wild type Columbia-0 were grown in soil under 12 h-light/12 h-dark conditions (150 

µmol/m2/s, 20°C, and 60% humidity) for 5 weeks.  

 

2. Chemicals and culture medium 

Composition of bacterial culture media King's B is described in Supplemental Table S2. 

Chemical elements used for media, antibiotics, luminol and horseradish peroxidase were 

purchased from Sigma-Aldrich. Sphinganine (d18:0) was purchased from Avanti Polar Lipids, 

dissolved in ethanol (100%), and used without further purification. The flagellin-derived peptide 

flg22 was obtained from Proteogenix (France) and dissolved in distilled water. Extract-All was 

purchased from Eurobio Scientific. Verso cDNA synthesis kit and absolute blue SYBR Green 

Master Mix were purchased from Thermo Fisher Scientific. 

 

http://arabidopsis.info/
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3. Bacterial cultures and inoculations 

Pst DC3000, carrying an empty vector, Pst AvrRpm1, Pst AvrRpt2, Pst AvrRps4, Pst AvrB and 

Pst AvrPphB, were cultured overnight under agitation (180 rpm) at 28°C in liquid King’s B 

medium, supplemented with rifampicin (50 µg/mL) and kanamycin (50 µg/mL).  

All strains were cultured overnight at 28°C in liquid King’s B medium, supplemented with 

rifampicin (50 µg/mL) and kanamycin (50 µg/mL). Bacterial cells were then collected by 

centrifugation, washed, and resuspended in 10 mM MgCl2 to a final concentration of 107 CFU/mL 

(OD600 = 0.01). Briefly, ca. 1 mL of bacterial solutions were infiltrated into Arabidopsis leaves as 

previously described with ethanol (0,1%, v/v) or d18:0 (100 µM). Control inoculations were 

conducted with 10 mM MgCl2 and ethanol (0,1%, v/v). At least four leaves per plant were treated 

for each condition on a minimum of three different plants. Lesions were estimated from pictures 

of the experiments taken 48 hours post infiltration.  

 

4. Immunoblotting assay 

Extraction of total proteins were performed on pre-treated leaves of RPM1-myc rpm1 plants 

collected 0, 2, 6 and 24 hpi. To that end, 20 mg of leaf tissues were ground in a homogenizer Potter-

Elvehjem with 40 µL of extraction buffer (0.35 M Tris-HCl (pH 6.8), 30% (v/v) glycerol, 10% (v/v) 

SDS, 0.6 M DTT, 0.012% (w/v) bromophenol blue) and were denatured for 7 min at 95°C. Next, 

they were centrifuged at 11 000g for 5 min and 30 µL of supernatant were separated by 12% SDS-

PAGE. Proteins were transferred onto PVDF membranes for 10 min at 25 V using iBLOT gel 

transfer system (Invitrogen). After 30 min in 5% saturation solution (50 g/L milk, TBS (137 mM 

NaCl, 2.7 mM KCl, 25 mM Tris-HCl), Tween20 0.05% (v/v)) and 3 times 5 min in 0.5% washing 

solution (5 g/L milk, TBS (137 mM NaCl, 2.7 mM KCl, 25 mM Tris-HCl), Tween 20 0.05% (v/v)). 

The membranes were incubated overnight with recombinant monoclonal Anti-c-myc epitope tag 

[Clone 9E10] Mouse IgG1 kappa (Cliniscience, 1:1000) at 4°C. Then, membranes were washed 3 

times 5 min with the washing solution and incubated 1 h with anti-mouse IgG HRP-conjugated 

secondary antibodies (Bio-Rad, 1:3000) at room temperature. Finally, washed membranes were 

developed with SuperSignal® West Femto using an odyssey scanner (ODYSSEY® Fc Dual-Mode 

Imaging System, LI-COR).  

To normalize protein loading, membranes were stripped 15 min with 0.25 M NaOH, blocked 30 

min in 5% non-fat milk. Then, membranes were incubated at room temperature for 1 h with plant 

monoclonal anti-actin primary antibodies (CusAb, 1:1000) and 1 h with anti-mouse IgG HRP-

conjugated secondary antibodies (Cell Signalling, 1:3000). Membranes were washed and 



ROLES OF SPHINGOLIPIDS IN THE INTERACTION BETWEEN PSEUDOMONAS AND ARABIDOPSIS 
 

 

88 
 

developed as previously described. Experiments were repeated at least three times with similar 

results. 

 

5. Electrolyte leakage 

To test the effect of d18:0 on ion leakage, bacteria were cultured and inoculated as described (see 

II.3), with or without d18:0 (100 µM). Ten minutes after bacteria inoculation, 9-mm-diameter leaf 

discs were collected using a cork borer from the infected area and washed extensively with distilled 

water for 1 hour. Two leaf discs were placed in each well of a 24 well plate containing 1 mL of 

distilled water. Conductivity measurements (three to four for each treatment) were then conducted 

over time using a B-771 LaquaTwin (Horiba) conductivity meter. Control inoculations were 

conducted with 10 mM MgCl2 and ethanol (0,1%, v/v). Experiments were repeated at least three 

times with similar results.  

 

6. Extracellular ROS production 

Measurements of extracellular ROS production were adapted from Smith and Heese (2014). 

Briefly, single half leaf discs were placed in wells of a 96-well plate containing 150 mL of distilled 

water and incubated overnight at room temperature. Just before ROS quantification, distilled 

water was replaced by 150 mL of an elicitation solution containing 20 mg/mL horseradish 

peroxidase, 0.2 mM luminol, and bacteria or flagellin. Bacteria were added to a final concentration 

of 108 or 109 CFU/mL, as specified further. Flg22 was added to a final concentration of 1, 0,1 or 

0.01 µM. In tests involving d18:0, the molecule was added at a final concentration of 100 µM 

concomitantly with the elicitation solution. Control inoculations were conducted with 10 mM 

MgCl2 and ethanol (0,1%, v/v). Experiments were repeated at least three times with similar results. 

 

7. RNA extraction and Real-Time RT-PCR 

For total RNA extraction, at least 3 leaves of 3 different inoculated plants were collected 6 and 48 

hpi. Fresh material was flash frozen in liquid nitrogen and conserved at -80°C until further use. 

RNA isolation was consequently performed with Extract-all from Eurobio Scientific, following 

recommendations from the manufacturer. For qRT-PCR, 1 µg RNA was used for reverse 

transcription using the Verso cDNA synthesis kit from Thermo Fisher Scientific (USA) following 
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the supplier’s recommendations. The transcripts were then quantified by qRT-PCR with a 

thermocycler CFX96 Real-Time system (Bio-Rad, USA) and the Absolute Blue SYBR Green Master 

Mix (Thermo Fisher Scientific, USA). Gene-specific primers for PATHOGENESIS RELATED 

GENE 1 (PR1), VEGETATIVE STORAGE PROTEIN 1 (VSP1) and N-MYRISTOYLTRANSFERASE 

1 (NMT1) are described in Supplemental Table S3. For each experiment, PCR was performed 

in triplicate or duplicate, as further specified. Transcript levels were normalized against those of 

the UBIQUITIN5 (UBQ5) gene, used as an internal control. Fold induction compared with 

untreated sample was calculated using the ΔΔCt method:  

(CtGI[unknown sample]-CtGI[reference sample])-(CtUBQ5[unknown sample]-CtUBQ5[reference sample])  

where GI is the gene of interest. Data were analysed with Bio-Rad CFX Manager software v2.0.  

 

8. Phytohormone and camalexin quantifications 

These experiments were conducted by Pr. Ivo Feussner and Dr. Cornelia Herrfurth (Alrbrecht 

von Haller Institute, Göttingen, Germany). The quantification of SA and JA-isoleucine and 

camalexin was performed at 0 and 48 hpi by UPLC-nano-ESI-MS/MS as previously described in 

Herrfurth and Feussner (2020). 

 

9. GUS reporter assays 

GUS enzyme activity of PR1::GUS Arabidopsis plants was determined histochemically on leaves 

of the reporter line, treated as previously described, collected at 48 hpi, placed in the GUS staining 

solution (50 mM sodium phosphate buffer - pH 7, 10mM EDTA, 1 mM K3Fe(CN)6, 2 mM X-GlcA, 

and 0,1% Triton X-100), vacuum infiltrated for 5 minutes and incubated for 4 hours at 37°C. Next, 

they were washed with milliQ water and put overnight at 4°C in a discoloration / fixation solution 

(ethanol:acetic acid, 3:1). Once the discoloration process was over, leaves were placed in 95% 

ethanol and observed. 

 

10. Statistical analyses 

Statistical analyses were performed in R (R Core Team, 2018). ANOVA and non-parametric tests, 

Kruskal-Wallis, and pair wise comparison Wilcoxon-Mann-Whitney, were conducted.  
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III. Results 

1. RPM1 and RIN4 are not directly responsible for the absence of HR  

It has been previously demonstrated that RPM1 is degraded within 4 to 6 hpi, coincidently with 

the onset of the HR (Boyes et al., 1998). To elucidate if RPM1 and / or RIN4 were involved in the 

absence of HR, inoculations of Pst AvrRpm1 on rpm1-3, rpm1-rps2-rin4 mutant and RPM1-myc 

rpm1 transgenic leaves were performed (Figure 24A.). Infiltration of the bacteria alone induced 

cell death, as expected. Despite lacking RPM1 and / or RIN4, all mutants showed the same 

phenotype as the WT when co-infiltrated with d18:0 as they did not exhibit visible cell death 

(Figure 24A.). To further elucidate the role of RPM1 and RIN4, RPM1-myc rpm1 plant was used 

to monitor the in planta degradation of RPM1 following inoculation. Western blot analysis showed 

that while RPM1 was degraded around 4 to 6 hpi when Pst AvrRpm1 was infiltrated alone, the 

protein was still intact 24 hpi when the bacteria is co-infiltrated (Figure 24B.). Collectively, these 

data suggest that neither RPM1 nor RIN4 are directly involved in the absence of HR observed 

during the co-infiltration of Pst AvrRpm1 and d18:0. 
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Figure 24. RPM1 is not involved in the absence of HR when Pst AvrRpm1 

is co-infiltrated with d18:0 

A. Representative leaves of Arabidopsis WT Col-0 or mutants rpm1-3, RPM1-myc rpm1, and 

rpm1-rps2-rin4 showing symptoms 72 hours post infiltration. Pst AvrRpm1 was infiltrated (107 

CFU/mL, 10 mM MgCl2) either with ethanol (0,1%, v/v) or with d18:0 (100 µM, ethanol 100%). 

Control inoculations were conducted with 10 mM MgCl2 and ethanol (0,1%, v/v) and did not 

result in visible cell death (data not shown). At least four leaves per plant were treated for each 

condition on a minimum of three different plants (n=3). B. To monitor the degradation of RPM1 

following the inoculation with Pst AvrRpm1, leaves from WT Col-0 and RPM1-myc rpm1 mutant 

were harvested either directly or 2, 6 or 24 hours post infiltration (hpi). NT refers to non-treated 

samples. Total proteins were then extracted, subjected to anti-myc antibodies, and put on a 

western blot. Actin was used as a loading control. All experiments were repeated at least 3 times 

with similar results. 
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2. Sphinganine co-infiltration with Pst modifies Arabidopsis defence 

responses  

a. Co-infiltration with Pst AvrRpm1 abolishes cell death linked to HR in 

Arabidopsis 

Previous data showed that the co-infiltration of Pst DC3000 with d18:0 into leaves of WT 

Arabidopsis increased electrolyte leakage and was linked to cell death caused by the spread of the 

bacteria (Magnin-Robert et al., 2015a). To further complete these data the experiment was 

repeated with Pst AvrRpm1 and Pst AvrRps4, infiltrated either alone or with d18:0. Pst AvrRps4 

was here used as a control since its co-infiltration with d18:0 triggers a HR from the plant. 

Electrolyte leakage from control infiltration was constant around 150 µS/cm throughout the 

experiment (Figure 25.). Treatments with Pst AvrRpm1 and Pst AvrRps4 infiltrated alone, and 

Pst AvrRps4 co-infiltrated with d18:0 provoked an increase in conductivity between 8 and 24 hpi. 

These findings were consistent with PCD previously observed on Arabidopsis leaves in the same 

conditions. No increase in electrolyte leakage was observed when Pst AvrRpm1 was co-infiltrated 

with d18:0, also in accordance with the absence of visible HR on infiltrated leaves. Indeed, in this 

condition, medium conductivity was stable over time, between 80 and 97 µS/cm, while it reached 

503 µS/cm at 24 hpi with Pst AvrRpm1 infiltrated alone (Figure 25.). These findings therefore 

show that cell death, here linked to HR, is accompanied by increased medium conductivity and 

corroborates the absence of symptoms in Pst AvrRpm1 co-infiltrated plants.  
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Figure 25. Electrolyte leakage from Arabidopsis in response to Pst 

Conductivity (µS/cm) was measured over 24 hours in solutions containing leaf discs of 

Arabidopsis WT infiltrated with Pst AvrRpm1 or Pst AvrRps4 (107 CFU/mL, 10 mM MgCl2), 

either with ethanol (0,1%, v/v) or with d18:0 (100 µM, ethanol 100%). Control inoculations were 

conducted with 10 mM MgCl2 
and ethanol (0,1%, v/v). Data are reported as means ± SD (n=3). 

The experiment was repeated three times with similar results. 
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b. Co-infiltration reduces extracellular ROS production by Arabidopsis in response 

to some strains of Pst 

Experiments performed by Magnin-Robert et al. (2015) showed a decreased extracellular ROS 

production when Arabidopsis was co-treated with d18:0 and Pst DC3000 or Pst AvrRpm1 

(Supplemental Figure S5.). Considering this result, extracellular ROS production by 

Arabidopsis in response to other bacteria was followed (Figure 26.). Pst AvrRpt2 and Pst AvrB 

had to be resuspended at 109 CFU/mL to induce ROS production by the plant while all other 

bacteria were concentrated enough at 108 CFU/mL to trigger a response. No significant statistical 

difference was found between ROS production triggered by bacteria alone or mixed with ethanol 

(data not shown). Co-treatment of Pst AvrRpm1, Pst AvrRps4, Pst AvrB and Pst AvrPphB with 

d18:0 significantly reduced extracellular ROS production by Arabidopsis (Figure 26A.). It was 

reduced by approximatively 6-fold for Pst AvrRpm1, 1.7-fold for Pst AvrRps4, 1.6-fold for Pst AvrB 

and 3-fold for Pst AvrPphB. Data obtained for Pst AvrRpm1 are in accordance with those of 

Magnin-Robert et al. (2015) (Supplemental Figure S5.). Interestingly, co-treatment of Pst 

AvrRpt2 with d18:0 had no significant impact on ROS production by the plant.  

In Chapter 1, we highlighted that the absence of HR was dose dependent, with d18:0 being active 

up to 10 µM. Extracellular ROS production was therefore measured in response to Pst AvrRpm1 or 

Pst AvrB without or with d18:0 at various concentrations (Figure 26B. and C.). Co-treatment of 

Pst AvrRpm1 with d18:0 at concentrations ranging from 10 µM to 100 µM resulted in a ~ 6-fold 

decrease of ROS production which is consistent with symptoms observed on leaves. This effect was 

however lost when d18:0 concentrations dropped to 5 µM and below. Interestingly, only co-

treatment of Pst AvrB with d18:0 at 100µM led to a decrease of ROS production (~ 2-fold) (Figure 

26C.), perhaps because, as previously explained, Pst AvrB was used at a higher concentration that 

Pst AvrRpm1.  

Considering d18:0 effects on ROS production in response to some of the tested bacteria, further 

experiments were conducted to determine if the molecule could also impact ROS production in 

response to another source of elicitation. Hence, the highly conserved and well characterized IP 

flg22, which is the N-terminal epitope of flagellin which constitutes the bacterial flagella, was used 

here (Boller and He, 2009). Flg22 was tested on Arabidopsis, at several concentrations, with or 

without d18:0 (Figure 26C.). d18:0 did not affect extracellular ROS production by the plant in 

response to any of the Fgl22 concentrations tested, suggesting that this phenomenon might be 

specific to bacterial effectors.  
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Figure 26. Co-infiltration of d18:0 alters extracellular ROS production by 

Arabidopsis in response to Pst 

Extracellular ROS production was measured by chemiluminescence on petioles of Arabidopsis 

WT (4–5-week-old). A. In presence of Pst AvrRpm1, Pst AvrRps4, Pst AvrRpt2, Pst AvrB or Pst 

AvrPphB (108 or 109 CFU/mL in 10 mM MgCl2), with ethanol (Ctrl - 0,1%, v/v) or with d18:0 (100 

µM, ethanol 100%) in the medium. B. In presence of Pst AvrRpm1 or C. Pst AvrB (108 CFU/mL, 

10 mM MgCl2) with ethanol (Ctrl - 0,1%, v/v) or with d18:0 at various concentrations (ethanol, 

100%). Stars indicate statistical differences (Wilcoxon-Mann-Whitney, **, p<0,01; *, p<0,05). D. 

In presence of flagellin with ethanol (Ctrl – 0,1%, v/v) or d18:0 (100 µM, ethanol 100%). Data 

were obtained with a Tecan Infinity F200 PRO and represent the sum of RLU (Relative light 

units) ± SEM (n = 6) over 90 minutes of measurements performed every 2 or 5 minutes. 

Experiments were performed three times with similar results.  



CHAPTER 3. EFFECTS OF D18:0 ON ARABIDOPSIS DEFENCES 

 

95 
 

c. Co-infiltration with d18:0 reduces camalexin production by Arabidopsis in 

response to Pst AvrRpm1 

Control infiltration did not induce camalexin production, at both timings (Figure 27.). At 48 

hpi, Pst DC3000 inoculation triggered camalexin accumulation by Arabidopsis up to ~62 nmol/g 

FW. d18:0 co-infiltration with the same bacteria did not significantly reduce camalexin level. It did 

however significantly reduce its production in response to Pst AvrRpm1. Indeed, at 48 hpi, it 

decreased from ~250 nmol/g FW to ~3 nmol/g FW (Figure 27.).  

 

d. Co-infiltration with d18:0 provokes changes in stress-related hormone content 

and gene expression  

Considering its effect on ROS production, other markers of plant defence were studied in 

response to co-infiltration, including the abundance of hormones SA and JA and the expression of 

PR1 and VSP1, the marker genes of either signalling pathways, respectively. Overexpression of PR1 

was observed 48h after infestation with either Pst strains (Figure 28A.), which correlated with 

the accumulation of SA (Figure 28C.).  

 

Figure 27. Sphinganine co-infiltration reduces camalexin production by 

Arabidopsis in response to Pst AvrRpm1 

Camalexin was quantified from leaves harvested either directly or 48 hours post infiltration with 

Pst DC3000 or Pst AvrRpm1 (107 CFU/mL, 10 mM MgCl2), either with ethanol (0,1%, v/v) or with 

d18:0 (100 µM, ethanol 100%) and analysed with UPLC-nanoESI-QTRAP-MS. Control 

inoculations were conducted with 10 mM MgCl2
 
and ethanol (0,1%, v/v). Different letters indicate 

statistical differences (ANOVA, p<0,05, one way, n=5). 
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Neither SA accumulation nor PR1 overexpression was detected at earlier timepoints, which 

suggests that ETI might indeed be regulated by a concentration gradient of SA (Betsuyaku et al., 

2018). The use of an Arabidopsis reporter line PR1::GUS confirmed the overexpression of PR1 in 

treated leaves (Figure 28B.). Both SA accumulation and PR1 overexpression were massively 

dampened when leaves were co-infiltrated with d18:0 (Figure 28A-C.). 

VSP1 is weakly expressed in response to Pst DC3000 but overexpressed when this bacterium is 

co-infiltrated with d18:0 (~ 9-fold and ~ 6-fold more at 6 and 48 hpi, respectively) (Figure 28A.). 

JA-Ile levels are however higher with the bacterium alone than co-infiltrated (Figure 28C.). When 

inoculated with Pst AvrRpm1, VSP1 is slightly overexpressed at 48 hpi but repressed in all other 

conditions (Figure 28A.) and JA-Ile levels are concomitantly low (Figure 28C.). Globally, co-

infiltration with d18:0 tends to lower the amount of both defence hormones for both Pst DC3000 

and Pst AvrRpm1.  

 

3. Co-infiltration of Pst AvrRpm1 with d18:0 down-regulates NMT1 relative 

expression  

We used qRT-PCR to determine expression patterns of NMT1 in response to infiltration of 

Arabidopsis WT leaves with Pst DC3000 or Pst AvrRpm1, either alone or with d18:0. This gene is 

one of the two genes encoding for the NMT, responsible for N-myristoylation in Arabidopsis, 

(Figure 29.). At 24 hpi, NMT1 expression is reduced in the control plants but is not significantly 

changed compared to non-treated plants. At 6 and 24 hpi NMT1 expression is similar to that of 

non-treated samples for plant infiltrated with Pst DC3000 alone or with d18:0.  

Figure 28. Sphinganine co-infiltration alters the salicylic acid pathway 

A. The relative expression of PR1, expressed in response to salicylic acid (SA), and VSP1 expressed 

in response to jasmonate (JA) was followed. Leaves of Arabidopsis were harvested 6 and 48 hours 

post infiltration with Pst DC3000 or Pst AvrRpm1 (107 CFU/mL, 10 mM MgCl2), either with 

ethanol (0,1%, v/v) or with d18:0 (100 µM, ethanol 100%). Results are normalized upon non-

treated leaves. Experiments were repeated 3 times with similar results. B. Leaves of PR1::GUS 

were treated as previously described, collected at 48 hpi, placed in a coloration solution, vacuum 

infiltrated for 5 minutes and incubated for 4 hours at 37°C before being placed in a discoloration 

solution. C. Hormones, SA, and JA-Isoleucine (JA-Ile) were quantified from leaves harvested 

either directly or 48 hours post infiltration in the same conditions and analysed using UPLC-

nanoESI-QTRAP-MS. Different letters indicate statistical differences (ANOVA, p<0,05, one way, 

n=5). For all experiments, control inoculations were conducted with 10 mM MgCl2 
and ethanol 

(0,1%, v/v).  
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At 48 hpi, when compared to its relative expression at 6 hpi, NMT1 appeared overexpressed in 

all tested conditions, except when plants are co-infiltrated with Pst AvrRpm1 and d18:0. Similarly, 

it increased ~ 2-fold for Pst DC3000 both without and with d18:0. For plants treated with Pst 

AvrRpm1 alone, NMT1 relative expression increased ~2.2-fold but is mostly similar when co-

infiltrated with d18:0 (Figure 29.). Thus, a decrease of ~1.7-fold could be observed between Pst 

AvrRpm1 infiltrated alone and with d18:0.  

Overall, it would seem that co-infiltration could slightly modify NMT1 expression although 

drawing conclusions with such small induction factors can be troublesome. However, since 

myristoylation is a key process for plant cells, as demonstrated by the hardly growing 

corresponding mutant, it should be fine-tuned regulated. 

 

IV. Discussion - Conclusion 

Experiments presented in Chapter 1. hinted that the absence of HR was probably not linked to 

RIN4. To further elucidate the rsole of proteins RPM1 and RIN4 in this phenomenon, mutants of 

their corresponding genes were infiltrated with Pst AvrRpm1 and d18:0 or not. Once again, co-

infiltrated leaves did not display a visible HR. Moreover, while RPM1-myc is supposed to be 

degraded 4 to 6 hours after Pst AvrRpm1 infection, corresponding to the onset of the HR (Boyes et 
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Figure 29. Sphinganine co-infiltration with Pst AvrRpm1 down-regulates 

NMT1 expression 

The relative expression of AtNMT1, (N-myristoyltransferase 1) was followed. Leaves of 

Arabidopsis were harvested 6, 24 and 48 hours post infiltration with Pst DC3000 or Pst AvrRpm1 

(107 CFU/mL, 10 mM MgCl2), either with ethanol (0,1%, v/v) or with d18:0 (100 µM, ethanol 

100%). Control inoculations were conducted with 10 mM MgCl2. Experiments were repeated two 

times with similar results.   
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al., 1998; Mackey et al., 2002), the protein was still detected by its corresponding antibody 24 

hours after the co-infiltration. Taken collectively, these data suggest that neither RPM1 nor RIN4 

are directly involved in the absence of HR and that the mechanism underlying the absence of HR 

must occur upstream of RPM1 degradation. 

Various markers have been evaluated to quantify plant defence responses following pathogen 

elicitation, such as electrolyte leakage, extracellular ROS production, which are considered as early 

defence events, expression of PR genes and stress-related hormone accumulation. 

The PCD induced by the HR is intimately associated with loss of electrolytes from dying cells 

due to PM perturbations (Kawasaki et al., 2005). Such measurements were therefore conducted to 

determine if the absence of visible HR observed when Pst AvrRpm1 is co-infiltrated with d18:0 was 

correlated with an absence of quantifiable cell death. The same experiments were performed with 

Pst AvrRps4 to highlight if such phenomenon was specific to the effector AvrRpm1. Pst DC3000 

was not tested here as previous experiments already showed the rapid growth of virulent Pst 

DC3000 causes necrotic host cell death and therefore electrolyte loss (Grant et al., 1995; Magnin-

Robert et al., 2015). Effectors AvrRpt2 and AvrRps4 are known to induce slower HR responses 

than AvrRpm1 (Johansson et al., 2015). This tendency was confirmed by our data where delayed 

electrolyte leakage was observed in samples inoculated with Pst AvrRps4 compared to Pst 

AvrRpm1. Furthermore, co-infiltration with d18:0 had no impact on electrolyte leakage caused by 

Pst AvrRps4, coinciding with the cell death previously observed on leaves. Cell death can be 

observed as soon as 3 hpi in Pst AvrRpm1 vacuum infiltrated Arabidopsis (Johansson et al., 2015). 

Here, infiltration of this bacteria alone started to increase medium conductivity as soon as 4 hpi. 

However, co-infiltration of the pathogen with d18:0 drastically reduced electrolyte leakage. 

Overall, our results suggest that the absence of visual HR in this condition is corroborated with an 

absence of cell death.  

 

ROS production can be detected during both PTI and ETI (Torres, 2010). Previous results showed 

that co-treatment of d18:0 with Pst DC3000 or with Pst AvrRpm1 drastically reduced extracellular 

ROS production by Arabidopsis (Magnin-Robert et al., 2015). In light of this and the results 

presented in Chapter 1, further experiments were undertaken to elucidate the impact of d18:0 on 

this production, notably in response to bacteria carrying effectors other than AvrRpm1. Our results 

demonstrate that d18:0 reduces ROS production in response to bacterium that do induce 

symptoms in planta (Pst AvrRps4) and bacteria that do not (Pst AvrRpm1, Pst AvrB and Pst 

AvrPphB). This production remained unchanged between plants treated with Pst AvrRpt2 alone 

or co-treated with d18:0. The hypothesis that LCBs could impact ROS production by plants has 

already been put forward in several studies, although some of them are somewhat contradictory. 
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Coursol et al. (2015), for example, showed that exogenous addition of LCBs (20 µM) reduced ROS 

production by Arabidopsis in response to cryptogein. But it has also been postulated that they were 

able to induce intracellular ROS production at low concentrations (0.5-2 µM) (Shi et al., 2007), as 

well as extracellular ROS at high concentrations (100 µM) over long periods of time (> 90 min) 

(Peer et al., 2011). Here, ROS production was significantly decreased in response to Pst AvrRpm1 

when d18:0 was added to a final concentration up to 10 µM. This result matches the studies 

performed in Chapter 1, where plants co-infiltrated with d18:0 at concentration lower than 10 µM 

started to exhibit a HR while higher concentrations did not. Similar results were obtained with Pst 

AvrB but only when d18:0 was at 100 µM. As previously suggested, this could be because Pst AvrB 

had to be used at a higher concentration than Pst AvrRpm1 to be able to trigger a HR. Taken 

together, these data hint that d18:0 effect on extracellular ROS production in response to Pst 

AvrRpm1, Pst AvrRps4, Pst AvrB, Pst AvrPphB and Pst DC3000 is dose dependent but that this 

phenomenon cannot be solely responsible for the absence of visible HR.  

In most plants, including Arabidopsis, perception of flagellin initiates the interaction of the RLK 

FLS2 (Flagellin sensing 2) with the RLK BAK1 (Brassinosteroid insensitive 1 – associated kinase 

1). This recognition then triggers a plethora of signalling response including rapid production of 

ROS by NADPH oxidases (Chinchilla et al., 2006; Chinchilla et al., 2007; Jeworutzki et al., 2010). 

Our results show that no matter the concentration of elicitor tested, d18:0 had no impact on ROS 

production in response to flg22. It has been shown that Pst-elicited ROS was only partly dependent 

of BAK1 (Smith and Heese, 2014). Furthermore, some studies point that fls2 null mutants are still 

able to elicit signalling cues, including ROS production, in response to crude boiled Pst DC3000 

extracts (Zipfel et al., 2004; Gimenez-Ibanez et al., 2009). Interestingly, another study showed 

that FLS2 is the predominant host receptor responsible for initiating early ROS production in 

response to Pst DC3000 (Smith and Heese, 2014). ROS production following a biotic interaction 

or contact with an isolated elicitor differs in term of perception and response. Indeed, several 

studies have hinted the existence of functional perception systems for IPs other than flagellin 

(Zipfel et al., 2004; Gimenez-Ibanez et al., 2009). This suggests that biotic interactions are much 

more complex and involve not only flagellin perception but also other external components of the 

bacterial surface (LPS, harpins or peptidoglycanes) (Torres, 2010). This difference could explain 

why d18:0 can reduce ROS production in response to some bacteria but not in response to flg22, 

although the underlying mechanism is not yet understood.  

How d18:0 can disrupt ROS production is still unknown, but a hypothesis can be put forward. As 

previously mentioned, ROS production in Arabidopsis is mainly related to RbohD, located at the 

plant PM and more particularly into lipid rafts (Mongrand et al., 2004; Yu et al., 2017). Hao et al. 

(2014) notably showed that RbohDs are organised as clusters at the PM by using GFP-RbohD 

transformed Arabidopsis. They also demonstrated that GFP-RbohD is internalized via clathrin-
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dependent and membrane raft-associated pathways following salt stress. A number of studies have 

suggested that RbohD-derived ROS production is not directly involved in plant cell death, but is 

rather involved in the signalling pathways associated with plant defence responses (Torres et al., 

2005; Lherminier et al., 2009). Indeed, mutation of AtRbohD eliminated pathogen-induced ROS 

production but had only a modest effect on the HR (Torres et al., 2005). This means that even 

though d18:0 can perturbate ROS production, this activity may not have any impact on PCD and 

would therefore not be responsible for the absence of HR previously observed. Concerning its mode 

of action, another lipidic elicitor, the fungal sterol ergosterol, has been proven to modify H+ flux by 

inhibiting H+-ATPase activity in Beta vulgaris, due to its interaction with lipid rafts (Rossard et 

al., 2010). It could therefore be assumed that LCBs might interact with the PM of Arabidopsis and 

have a similar effect on the Rboh proteins it harbours. The effect of d18:0 on plant and bacterial 

PM will be approached in Chapter 4.  

 

Some studies suggest a link between sphingolipid metabolism, SA levels and other plant defence 

markers such as camalexin production. For instance to study plant defence in response to 

herbivory, Begum et al. (2016) showed that overexpression of OsLCB2a in Arabidopsis led to the 

accumulation of LCBs and ceramides compared to the WT. These plant also exhibited an increased 

callose and wax deposition, an induction of SA-dependent and camalexin-dependent genes, a 

reduction of JA-dependent genes and a lower aphid infestation (Begum et al., 2016; Huby et al., 

2020). It was also demonstrated that, when challenged with Pst, Atdpl1 (Dihydrosphingosine-1-

phosphate lyase1) mutant exhibited higher t18:0-P accumulation than the WT, as well as repressed 

expression of SA-dependent genes and increased JA-dependent gene expression. This mutant 

consequently was more sensitive to Pst (Magnin-Robert et al., 2015). Moreover, FB1, the d18:1 

analogue that causes LCB accumulation (Abbas et al., 1994; Saucedo-García et al., 2011; Gutiérrez-

Nájera et al., 2020), also triggers HR-like lesions accompanied by callose deposition, ROS and 

camalexin production and expression of PR genes in Arabidopsis (Stone et al., 2000). Here, 

Arabidopsis challenged with Pst DC3000 accumulated less camalexin at 48 hpi than those 

inoculated with Pst AvrRpm1, which is consistent with previous findings (Qiu et al., 2008). d18:0 

co-infiltration appeared to significantly diminish camalexin accumulation in response to Pst 

AvrRpm1. Since no HR is visible on leaves receiving this co-treatment, one could argue that this 

lower accumulation of camalexin is somewhat involved in this phenomenon. Camalexin 

biosynthesis is induced by a wide variety of plant pathogens, including P. syringae, but its growth-

inhibiting capacities have been so far reported for a much narrower range of species (Glawischnig, 

2007). More specifically, Arabidopsis mutants pad1, pad2 and pad3 (Phytoalexin deficient), 

impaired in camalexin synthesis, were equally capable of restricting the growth of avirulent Pst as 

the WT was (Glazebrook and Ausubel, 1994). This strongly suggests that camalexin biosynthesis is 
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not required for resistance to avirulent Pst (Glazebrook and Ausubel, 1994). Therefore, since lower 

camalexin accumulation is not believed to mediate plant resistance to Pst, it is here probably not 

the cause for the absence of HR but rather a consequence of it.  

Hormonal crosstalk are vital regulators of plant response to pathogens (Shigenaga et al., 2017). 

As previously stated, SA and its signalling pathways are triggered in response to a hemibiotrophic 

pathogen, such as Pst, whereas JA, and its active form, JA-Ile, are involved in infection by 

necrotrophic pathogens (Li et al., 2019). In Arabidopsis, the two pathways antagonize each other 

(Mur et al., 2006; Li et al., 2019). Higher SA quantities in plants infected with virulent bacteria 

than with avirulent one are consistent with previous findings (Heck et al., 2003). It would seem 

here that d18:0 co-infiltration negatively impacts PR1 relative expression in response to Pst 

DC3000 and even more drastically in response to Pst AvrRpm1. This coincides with lower SA 

accumulation. Considering these results, it may be conceivable that d18:0 repressed, directly or 

not, the SA pathway particularly in response to avirulent bacteria. However, SA repression is 

commonly associated with promotion of bacterial development (Moore et al., 1989; Zhou et al., 

1998; Brooks et al., 2005). Indeed, P. syringae produces coronatine, a phytotoxin that mimics JA-

Ile and acts by inhibiting the accumulation of SA in order to promote bacterial growth (Zheng et 

al., 2012). This is therefore contradictory with the absence of HR observed on leaves when d18:0 

is co-infiltrated with Pst AvrRpm1. Moreover, in Arabidopsis, coronatine insensitive mutants that 

are resistant to Pst, display higher levels of SA (Block et al., 2005). Besides, still in Arabidopsis, 

mutants deficient in SA-induction genes tend to accumulate camalexin after Pst inoculation 

(Nawrath and Métraux, 1999), which was not the case in our conditions. Furthermore, in the same 

mutants, only the expression of PR1 was diminished and not PR5 following Pst infection (Nawrath 

and Métraux, 1999), whereas both gene expressions are reduced in our conditions 

(Supplemental Figure S6.).  

Plants co-infiltrated with d18:0 and Pst DC3000 showed an increased VSP1 expression and 

slightly, but not significantly, more elevated levels of JA-Ile compared to the infiltration of the 

bacteria alone. Considering its role in defence against necrotrophic pathogens (Li et al., 2019), low 

quantities of JA-Ile are expected upon infiltration of Pst. In plants co-inoculated with Pst DC3000 

and d18:0, the repression of the SA pathway could be the reason why VSP1 is overexpressed, 

because of the antagonistic effects between these hormones (Leon-Reyes et al., 2010). This 

overexpression however does not modify the symptoms observed on treated leaves.  

Interestingly, it is unclear whether decreased SA accumulation and SA-dependent gene 

expression are the result of a direct action of d18:0 on the plant, or whether they are the 

consequences of a more upstream action of the molecule, such as a lowered bacterial virulence, a 

decreased susceptibility or an altered perception of the pathogen.   
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As previously mentioned, co-infiltration of Pst AvrRpm1, Pst AvrB or Pst AvrPphB with d18:0 

did not induce a visible HR on Arabidopsis leaves. Moreover, all effectors possess a consensus N-

terminal fatty acylation sequence (Nimchuk et al., 2000). Therefore, our first hypothesis was that 

d18:0 co-infiltration would provoke a decrease in NMT activity and possibly the relative expression 

of NMT1 & 2. This would supposedly interfere with AvrRpm1, AvrB and AvrPphB myristoylation, 

preventing them from being redirected to the PM where they should be active, consequently 

reducing the effect the bacteria had on Arabidopsis. Indeed, site-specific amino acid substitution 

in the fatty acylation sequence in both AvrRpm1 and AvrB (particularly residues G2A and S6A, see 

Figure 15. for the sequence) proved that myristoylation sites are required for maximal avirulence 

function in plant cells. Indeed, plants inoculated with these mutated bacteria showed fewer 

responding leaves (Nimchuk et al., 2000). This suggest that when the myristoylation process is 

perturbated, the HR also is. Due to difficulties finding efficient NMT2 primers, the relative 

expression of only NMT1 was followed here. Interestingly, whereas its expression is induced when 

plants are infiltrated with Pst AvrRpm1 alone, no significant change could be observed after co-

infiltration with the SL. Thus, NMT1 expression is slightly reduced at 24 hpi with a more 

pronounced effect at 48 hpi compared to infection with bacteria alone. Only a limited set of data is 

available on NMT1 expression in the literature and is primarily linked to investigations of NMT 

roles in Arabidopsis (Pierre et al., 2007). Furthermore, to the best of our knowledge, none actually 

studied the response to P. syringae or even a pathogen, so data comparison was not possible in 

this case. Myristoylation is a fine-tuned process so small variations in NMT1 expression could be 

significant. To confirm this, studying NMT enzymatic activity would help figuring out its role in 

the absence of HR. This aspect will notably be further developed in the General Discussion - 

Perspective section of this manuscript.  

 

Chapter 3 - Main Results 

 

✓ RPM1 and RIN4 are not directly involved in the absence of HR when Pst 

AvrRpm1 is co-infiltrated with d18:0 

✓ No increase in medium conductivity was observed in this condition 

suggesting the infiltration of the bacteria did not lead to cell death 

✓ Co-treatment of Pst AvrRpm1, Pst AvrRps4, Pst AvrB, and Pst AvrPphB 

with d18:0, but not Pst AvrRpt2, significantly reduced ROS production by 

Arabidopsis 

✓ Co-infiltration of d18:0 and Pst AvrRpm1 reduced SA levels and lowered 

PR1 expression, an SA related gene expression 

✓ Co-infiltration of d18:0 and Pst AvrRpm1 slightly reduced NMT1 expression 

compared to the infiltration of the bacteria alone 
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I. Context 

PMs, whether of plants or of bacteria, are paramount in a variety of phenomenon connected to 

cell survival such as cell protection, nutrient exchanges regulation and signal perception and 

transduction. They are extremely complex and harbour many molecular species of lipids and 

proteins (Mamode Cassim et al., 2019). Many of their roles are sustained by their proteinaceous 

content but their lipid components are just as important. Indeed, the composition and physical 

state of the lipid bilayer greatly impact lipid-protein and protein-protein interactions, membrane 

bound enzyme activity and membrane transport capacity (Furt et al., 2011).  

Plant PM is the most diversified membrane in the plant cell, composed of three main types of 

lipids: glycerophospholipids (mainly phospholipids such as PC, PE or PG), sterols (mainly 

sitosterol, stigmasterol, campesterol but also conjugated sterols) and SLs (mainly GIPC and 

GluCer) (Furt et al., 2011; Cacas et al., 2012; Mamode Cassim et al., 2019) (see Introduction. II. 

for further information). SLs are critical components of this PM in plants, acting as structural 

elements, PCD regulators or signalling messenger in stress responses (Huby et al., 2020). 

However, only few researches have reported their mechanism of action and effects when applied 

exogenously (Saucedo-García et al., 2011; Glenz et al., 2019; Gutiérrez-Nájera et al., 2020). Few 

studies suggest that lipidic elicitors are actually perceived, not by PRRs, but by plant PM lipids 

(Cordelier et al., 2021). For instance, ergosterol, the main sterol of fungi, is described as a general 

elicitor of plant defences (Klemptner et al., 2014). LCB effect on animal membranes has already 

been demonstrated in a few studies. d18:1, for example, has been shown to increase the 

permeability of liposomes and erythrocyte ghost membranes to aqueous solutes (Contreras et al., 

2006). Also, adding d18:1 to healthy Chinese Hamster Ovary cells resulted in a rapid decrease in 

PM and lysosome membrane fluidity, which was linked to a direct impact of the LCB (Carreira et 

al., 2021).  

Bacterial membranes are also extremely diverse, especially for Gram-negative bacteria like Pst. 

They possess two membranes, separated by a middle layer of peptidoglycan in the periplasmic 

space. The outer membrane (OM), which is mainly made up of LPS and some 

glycerophospholipids, the inner membrane (IM), composed of glycerophospholipids (mainly PE, 

PG and CL) (Lohner, 2009). SLs are only present in a subset of bacteria and have, so far, not been 

described in Pst. However, the effects of sphingosine on bacterial PMs of human pathogenic 

bacteria, such as P. aeruginosa or S. aureus, have already been investigated. Its biocidal activity 

against such bacteria was notably explained by its binding to CL in the PM, causing membrane 

permeabilization and ultimately bacterial death (Parsons et al., 2012; Verhaegh et al., 2020). 

Previous findings in this work suggested that sphinganine could possibly interact with or trigger 

changes in the plant PM. This hypothesis was prominently advanced with the lowering of 



ROLES OF SPHINGOLIPIDS IN THE INTERACTION BETWEEN PSEUDOMONAS AND ARABIDOPSIS 
 

 

108 
 

extracellular ROS production by Arabidopsis in response to Pst and d18:0 co-infiltration. As such, 

complementary in vitro and in silico biophysical approaches have been used to unravel the 

relations between plant or bacterial PM lipids and d18:0. Indeed, biophysical approaches using 

simplified PM lipid models that imitate a desired membrane without its protein content (see 

Introduction. V. for further information) can help in understanding at a molecular level the 

interactions between plant or bacterial PM lipids and a molecule of interest. Using commercially 

available model lipids, complex membrane models mimicking plant PM are commonly composed 

of palmitoyl-linoleoyl-phosphatidylcholine (PLPC), as model phospholipid, GluCer, as model 

sphingolipid and sitosterol (sito) as model sterol (Deleu et al., 2014). Similarly for bacteria, 

palmitoyl-oleoyl-phosphatidylethanolamine (POPE), palmitoyl-oleoyl-phosphatidylglycerol 

(POPG) and CL are often used as model lipids to represent the IM (Le et al., 2011).  

 

II. Materials and methods 

1. Chemicals  

Sphinganine (d18:0) was purchased from Avanti Polar Lipids, dissolved in ethanol (100%) or 

DMSO (100%), as later precised, and used without further purification. Palmitoyl-2-linoleoyl-sn-

glycero-3-phosphocholine (PLPC), sitosterol (sito), D-glucosyl-ß-1,1′-N-palmitoyl-D-erythro-

sphingosine (d18:1/16:0 - GluCer or Glucosylceramide), palmitoyl-oleoyl-

phosphatidylethanolamine (POPE), palmitoyl-oleoyl-phosphatidylglycerol (POPG) and 

cardiolipin (CL) were purchased from Avanti Polar Lipids and used without further purification. 

Calcein and laurdan were obtained from Sigma-Aldrich.  

 

2. Lipid composition for plant and bacterial biomimetic membranes  

To mimic the lipid composition of plant PM, PLPC, sito and GluCer were used, either in a mix 

(60:20:20, molar ratio) or alone, depending on the experiment. For bacterial PM, POPE, POPG 

and CL were used, either mixed (65:23:12, molar ratio) or alone. These lipid compositions were 

previously used to mimic plant and Arabidopsis PM (Deleu et al., 2014, 2019; Deboever et al., 

2022) and bacterial PM, including that of P. aeruginosa (Mary et al., 2011; Rivera-Sanchez et al., 

2022). 
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3. Determination of the CAC of d18:0  

Determination of the CAC by tensiometry with Langmuir trough 

CAC and adsorption experiments at constant surface area were performed in a KSV (Helsinki, 

Finland) Minitrough (190 cm3) placed on a vibration-isolated table and equipped with a Wilhelmy 

plate as previously described (Nasir et al., 2016). Experiments were performed in the absence of 

lipids to determine the CAC of d18:0. To that end, d18:0 was injected at various concentrations in 

the subphase (10 mM Tris buffer, pH 7.4). For each concentration, the surface pressure increase 

induced by d18:0 adsorption at the air-water interface was recorded over time until a plateau was 

reached. 

Determination of the CAC by DLS 

A d18:0 stock solution was diluted at various concentrations in filtered buffer (Tris-HCl, 10mM, 

pH 7.4) and samples were placed in a dry bath at 25°C. Each sample was then run through the DLS, 

and the light scattering was measured between 20 and 100 times for each sample. The data was 

then processed to obtain a normalised intensity which reflects the scattered intensity of the 

molecules allowing the determination of their CAC and therefore their state in solution as a 

function of their concentration. 

 

4. Adsorption of d18:0 onto lipid monolayers using Langmuir trough  

Adsorption experiments at constant surface area were performed in a KSV (Helsinki, Finland) 

Minitrough (190 cm3) placed on a vibration-isolated table and equipped with a Wilhelmy plate as 

previously described (Nasir et al., 2016). Lipids of either plant or bacteria were prepared 

individually or mixed in chloroform/methanol (2:1, v:v). Solutions were spread at the air-subphase 

interface to reach the desired initial surface pressure. After a 15 minutes wait for solvent 

evaporation and film stabilization, d18:0 was injected in the subphase (10 mM Tris buffer, pH 7.4), 

underneath the pre-formed lipid monolayer to a final concentration of 1.25 μM. The adsorption of 

d18:0 to the lipid monolayer was followed with the increase of surface pressure as previously 

described (Nasir et al., 2016; Deleu et al., 2019).  

For all experiments, injection of ethanol (0,1%) was used as control. The maximal insertion 

pressure (MIP) and the differential П0 (dП0) were determined, indicating the penetration power 

of d18:0 into the lipid monolayer and the attracting effect the lipids have on d18:0, respectively. 

The MIP was obtained by linear regression of the plot ΔП vs Пi, dП0 was calculated as follow:  

dП0 = ΔП0 – Пe  
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ΔП0 corresponds to the y-intercept of the linear regression of the plot, and Πe is the surface 

pressure of d18:0 at the equilibrium when there is no lipid at the interface.  

 

5. MLVs and liposome preparation 

Multilamellar vesicles 

Multilamellar vesicles (MLVs) were prepared as follow, with lipid mixtures of either plant or 

bacteria lipids. They were dissolved in a chloroform/methanol mix (2:1, v:v). Solvents were 

evaporated and maintained under vacuum overnight to obtain a dry lipid film. Tris-HCl buffer (10 

mM, pH 7.4) was then added to hydrate the lipid film. The lipid dispersion was maintained at 37°C 

for 1 h, vortexed every 10 min followed by 5 cycles of freeze-thawing. 

 

Small unilamellar vesicles 

To obtain small unilamellar vesicles (SUVs), this suspension was sonicated to clarity (10 cycles 

of 2 min) using a titanium probe with 400 W amplitude. Leftover titanium particles were removed 

from the solution by centrifugation, 10 min at 6200 rpm. Unencapsulated calcein was removed 

from the SUV solution by the Sephadex G65 mini-column separation technique (Fu and Singh, 

1999).  

 

Large unilamellar vesicles 

To obtain LUVs, the MLV suspension was extruded 13 times through a 0,1 µM membrane filter 

using Liposofast extruder (AVESTIN®). Diameter and stability of the LUVs were confirmed by 

DLS measurements.  

 

6. Membrane permeabilization 

MLVs of plant or bacterial lipids (see Chapter 4. II.2) were prepared as previously described 

except that film hydration was performed using 10 mM calcein in Tris-HCl buffer (10 mM, pH 7.4) 

(see Chapter 4. II.5). SUVs were obtained as previously described (see Chapter 4. II.5) and 

their concentration was adjusted for each experiment to 15 μM in Tris-HCl buffer (10 mM, pH 7.4).  

Calcein fluorescence was measured as previously described (Bartlett, 1958) with a Perkin Elmer 

(model LS50B) fluorescence spectrometer. Excitation and emission wavelengths set at 467 nm and 

517 nm, respectively. d18:0, dissolved in ethanol (100%) was added to the SUV solution at various 

concentrations without ever exceeding 0,1% of the final volume. Ethanol (0,1%) was used as 
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control. Maximal calcein release was determined by adding Triton-X100 (0.2%) to the SUV 

suspension which dissolved the lipid membrane without interfering with the fluorescence signals. 

The amount of calcein released or RF was calculated according to Shimanouchi et al., 2009: 

RF (%) = 100 (It − Io)/(Imax − Io)  

where It corresponds to the fluorescence intensity measured over three minutes after sphinganine 

addition, and I0 and Imax the fluorescence intensities of the negative control and of the maximal 

calcein release after Triton-X100 addition, respectively. All experiments were carried out at least 

three times, each time with freshly prepared SUVs. 

 

7. Measurement of PM fluidity  

For Laurdan generalized polarization experiments, LUVs of either plant or bacterial lipids were 

prepared (see Chapter 4. II.2 & 5). LUVs were resuspended to reach a final concentration of 50 

µM in Tris-HCl buffer (10 mM, pH 7.4) 

Laurdan was dissolved in DMSO and added to the LUV solution (750 µl) at a final concentration 

of 0,75 mM. d18:0, dissolved in ethanol (100%) was added at various concentrations up to a ratio 

lipid/sphinganine of 5/1, without ever exceeding 0,1% of the final volume. Ethanol (0,1%) was used 

as a control. Fluorescence of Laurdan in LUVs was monitored at 20°C with a Perkin Elmer LS50B 

fluorescence spectrometer. Samples were placed in 10 mm pathlength quartz cuvettes under 

continuous stirring and the cuvette holder was thermostated with a circulating bath. Samples were 

equilibrated at 20°C for 10-15 min prior to the measurements. The excitation wavelength was set 

to 360 nm (slit = 2,5 nm), and at least 10 measurements of emission intensities at 440 nm and 490 

nm were recorded and averaged for each sample and the control. Generalized polarization (GP) of 

Laurdan was then calculated according to (Harris et al., 2002)):  

GP = I440 − I490/I440 + I490  

where I440 and I490 are the control-subtracted emission intensities at 440 nm and 490 nm, 

respectively. All experiments were carried out at least three times, each time with freshly prepared 

LUVs. 

 

8. Thermodynamic parameters of d18:0 interaction with lipid bilayers by 

isothermal titration calorimetry  

For ITC measurements, LUVs were prepared with lipids of either plant or bacteria as previously 

described (see Chapter 4. II.2 & 5). and resuspended to reach a final concentration of 1 mM in 
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Tris-HCl buffer (10 mM, pH 7.4). A VP-ITC microcalorimeter (Microcal Inc., Northampton, MA, 

USA) was used for all measurements. d18:0 was dissolved in DMSO (100%). All previous 

experiments were performed with ethanol as solvent but interactions between water and ethanol 

are exothermic and would have temper with the results, hence its dissolution in DMSO here. All 

experiments were performed at 26°C. The reference cell was filled with degassed mQ water. The 

sample cell (V= 1,4565 mL) was filled either with buffer (blank - Tris-HCl, 10 Mm, pH 7.4), buffer 

+ d18:0 (at a final concentration of 20 µM) or buffer + DMSO (control – 0,01%). This cell is 

continuously stirred at 305 rpm. The syringe (V= 300 µL) was filled with the LUV suspension + 

DMSO (1 mM in buffer + 0.01%). Both the LUV solution and the content of the sample cell were 

degassed by ultrasonication before use. The first injection of LUVs suspension was 2 µL and was 

not used in data analysis. Then, every 600 s, 10 µL of the suspension were injected in the sample 

cell. ITC data were analysed using Origin 7.0 (Microcal) software following a previously described 

method (Heerklotz and Seelig, 2000; Lebecque et al., 2018). 

 

9. Propensity of d18:0 to insert into a bilayer determined by the Impala 

procedure 

First, the structure of d18:0 was constructed using HyperChem software (Hypercube, Inc.). The 

molecular geometry was optimized by systematic analysis of the torsion angles using the structure 

tree method as previously described (Lins et al., 1995). The most probable structure corresponding 

to the lowest conformational energy was used. 

The Impala procedure uses a Monte Carlo approach to simulate the insertion of d18:0 in an 

implicit lipid bilayer, as previously described (Ducarme et al., 1998; Franche et al., 2020). Briefly, 

this method employs an empirical forcefield to depict membrane physicochemical features while 

taking into account two types of restraints, the hydrophobic effect and lipid disturbances. The Z 

axis is assumed to be the only variable in membrane properties. The two restraints were calculated 

at each place by moving the d18:0 molecules the Z axis by 1 Å steps from one side of the implicit 

membrane to the other and later added to determine the total energy restraint. 

 

10. Interaction energies between d18:0 and lipids determined by the 

Hypermatrix docking method 

The hypermatrix docking method was employed, as previously described (Deleu et al., 2014; 

Deleu et al., 2019) in order to dock a molecule of sphinganine to a lipid system composed of either 
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plant or bacterial lipids. Briefly, a molecule of d18:0 is fixed at the centre of the system and oriented 

at the hydrophilic/hydrophobic interface. The lipid molecules, which are also orientated at the 

interface, are positioned around the centre molecule and over 107 positions (translations and 

rotations) are tested. Interactions such as Van der Waals, electrostatic, and hydrophobic are all 

taken into account when calculating the interaction energies. The energy of interaction along the 

coordinates of all assembly are gathered in a matrix and sorted according to decreasing values. The 

assembly with the lowest energy value is considered the energetically most stable. 

 

11. Modelling of sphinganine/plant lipids monolayer interactions with Big 

Monolayer method 

The big monolayer method was used as described by Deleu et al., 2019 to visualize lipid 

domains. Briefly, the initial stage consisted in aligning each pair of molecules in the system at the 

hydrophilic/hydrophobic interface according to Hypermatrix. Then, their interaction energies 

were computed, considering Van der Waals, electrostatic, and hydrophobic interactions. The 

second phase involved creating a grid of 200 × 200 molecules and utilizing a Monte Carlo 

procedure to minimize the system using the interaction energies computed in the previous step. 

Each molecule is represented by a pixel, producing an image of the molecular domains formed. 

Three repetitions of the system were calculated. The simulations were performed using plant or 

bacterial lipid mixture (see Chapter 4. II.2) without or with d18:0 (88% lipids, 12% d18:0).  

 

III. Results 

1. Depending on its concentration, d18:0 exists in various forms in solution  

As amino alcohols with an unsaturated hydrocarbon chain, LCBs are amphiphilic lipids and as 

such, are able to form micelles or aggregates above a threshold concentration defined as critical 

aggregation concentration (CAC) (Brogden et al., 2019; Yi et al., 2021). Experiments were 

performed to determine the aggregation state of d18:0 in solution at various concentrations, 

notably to select the appropriate concentration for further biophysical experiments (Figure 30.).  

To that end, two approaches were employed. The first one used the Langmuir trough to 

determine the CAC of d18:0 (Figure 30A.). The injection of ethanol (0,1%) was used as a control 

and did not influence surface pressure (data not shown). The injection of the molecule at various 

concentrations in a buffer modified the measured surface pressure. It reached a plateau for 
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concentrations of d18:0 over 2 µM. Therefore, with this method, the CAC was estimated between 

1,5 and 2 µM. At concentrations above this threshold, d18:0 supposedly forms aggregates. 

 

 

The second method used DLS where the normalised intensity is calculated for each concentration 

of d18:0 tested (Figure 30B.). The results allow two linear regression curves to be made, one for 

low concentrations at which the normalised intensity does not increase and one for higher 

concentrations, where the normalised intensity starts to increase. The intersection of these two 

curves allows us to determine the CAC. With this method, the CAC of d18:0 was estimated between 

2 and 10 µM. The DLS also allowed to estimate the size of d18:0 aggregates in solution at 100 µM, 

which was around 1 µm (data not shown). Another measure was performed with d18:0 at 1,25 µM 
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Figure 30. Critical aggregation concentration of d18:0 determined by 

tensiometry and dynamic light scattering  

A. DLS size distribution of 100 µM of d18:0 in solution (Tris-HCl, 10 mM, pH=7,4) at 25°C. 

Particle size is expressed in nm and was around 1 µM. C. Estimation of the CAC of d18:0 by 

tensiometry using the Langmuir trough technique. The molecule is injected at multiple 

concentrations in a sub-phase (Tris HCl, 10 mM, pH 7,4) without lipids at the interface air-liquid. 

The resulting surface pressure at the equilibrium is recorded. The CAC is determined by the 

intersection of the two linear regression curves. This experiment was repeated two times with 

similar results. B. Variation of the normalized intensity as a function of d18:0 concentration in a 

buffer (Tris-HCl, 10 mM, pH=7,4). Light scattering induced by various concentrations of d18:0 

was measured, and the normalised intensity calculated. The CAC is determined by the 

intersection of two linear regression curves: one for low concentrations where the normalised 

intensity does not increase and one for higher concentrations where it begins to increase. 
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and it was not possible to determine particle size suggesting d18:0 was not aggregated at this 

concentration. 

 

2. Interaction of d18:0 with plant plasma membrane-mimicking models 

The Impala procedure was used to predict the ability of d18:0 to insert into an implicit model 

lipid bilayer and to determine the preferable location and positioning of d18:0 within the bilayer 

(Figure 31A.). A sharp drop of energy from the aqueous phase to the membrane surface was 

observed (up to ~-10 Kcal/mol), which indicates the insertion of d18:0 into membranes is 

favourable. The energy is approximately 0 Kcal/mol in the hydrophobic region of the membrane 

which suggested a less favourable interaction than with the hydrophilic region. Nevertheless, the 

non-positive value of the energy in the hydrophobic region of the bilayer suggests the flip-flop 

potential of d18:0 between the two bilayer leaflets. The preferable positioning of d18:0 within the 

membrane, is shown in Figure 31B. The lipid chain of d18:0 lies within the hydrophobic part of 

the membrane while the amine and alcohol groups are located at its hydrophilic part. Altogether, 

this would indicate that d18:0 can penetrate membranes and possibly cross them. 
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Figure 31. Propensity of d18:0 to insert into an implicit modelled bilayer 

A. The Impala simulation calculates the energy restraints of a lipid bilayer as d18:0 goes through 

it. The X-axis corresponds to the position of the center of mass along the Z-axis. From left to right: 

the interface between the bilayer and the aqueous phase (orange), the interface between the polar 

head and the alkyl chain (purple) and the center of the bilayer (yellow). The more the negative the 

energy is, the more favourable the insertion will be B. Modelling of the most probable 

conformation of d18:0. The lines represent the same planar surfaces as in A. 



ROLES OF SPHINGOLIPIDS IN THE INTERACTION BETWEEN PSEUDOMONAS AND ARABIDOPSIS 
 

 

116 
 

Simulation results were completed by experimental data using ITC experiments that provided 

typical raw data (Figure 32 A.) and thermodynamic parameters of the interaction between d18:0 

and plant PM-mimicking LUVs (Figure 32 B.).  

The negative and decreasing heat flow observed after each LUV injection into the d18: containing 

solution indicates that the molecule interacts spontaneously with PM-like lipids (Figure 32 A.) 

The binding coefficient K was relatively high (>80 m/M) compared to a study on linoleic and 

linolenic acid hydroperoxides interactions with plant PM-like liposomes (<3 m/M; Deleu et al., 

2019), and a study on bolaamphiphiles interaction with mammalian-like liposomes (<25 m/M; 

Nasir et al., 2016). This suggests d18:0 has a high affinity for plant mimicking lipid membranes. 

The binding reaction to liposomes was spontaneous as the molar free energy ΔG was negative, 

exothermic as the molar enthalpy change ΔH was negative and generated a positive change of the 

molar entropy (TΔS>0). These interactions are mostly of hydrophobic nature since the value of the 

molar entropy (TΔS>0) is greater than the value of the molar enthalpy change (ΔH), indicating the 

interactions are entropy driven. Altogether, these results suggest that d18:0 is attracted by and can 

interact with plant lipid membranes.  
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Figure 32. Ability of d18:0 to interact with plant liposomes determined by 

isothermal titration calorimetry  

A. Raw data from ITC experiments at 26°C, each peak corresponds to a single injection of a 1 mM 

PLPC, GluCer and sito (60:20:20, molar ratio) LUV suspension to a solution containing 20 µM of 

d18:0. B. Calculated thermodynamic parameters for this interaction. These values are means of 

two independent experiments. K represents the binding coefficient (the affinity of d18:0 for the 

LUVs), ΔG represents the molar free energy, ΔH, the molar enthalpy change, and TΔS, the molar 

entropy change. 
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3. Lipid specificity of the interaction  

The adsorption capacity of sphinganine into monolayer of individual or ternary mixture of lipids 

representative of the plant or bacterial PM was analysed to determine if lipid specific interactions 

occurred (Figure 33A. and C.). To that end, the Langmuir trough technique was used, where a 

monolayer of lipids is initially formed at an air-water interface, and d18:0 is injected into the 

subphase. The adsorption of d18:0 at into the lipid monolayer at different initial surface pressures 

(Пi) was monitored by the increase of the surface pressure (ΔП0) at a constant trough area (Figure 

33B. and D.). The differential П (dП0) gives information on the attractive effect of the lipids on 

d18:0, and the maximal insertion pressure (MIP), reflects the penetration capacity of d18:0 into 

the lipid monolayer (Deleu et al., 2014; see II.4 for calculation details).  

Upon addition of d18:0 to monolayers formed with plant PM lipids, dП0 values were all positive 

and similar for all tested compositions, indicating that all tested lipids exert a comparable 

attraction on d18:0 (Figure 33A.).  

MIP values were all higher than the lateral pressure supposed to prevail into biological 

membranes (30 – 35 mN/m) (Marsh, 1996), meaning that d18:0 could possibly adsorb onto 

natural plant membranes. MIP value is higher for GluCer, but the wide standard deviation does 

not allow to conclude on a specific interaction of d18:0 with this lipid (68 mN/m ± 17,5)” (Figure 

33A.). Collectively, these data suggest that d18:0 is attracted by and can adsorb onto monolayers 

of plant mimicking PM lipids, without a particular affinity for any lipid tested.  

dП0 values were also similar upon addition of d18:0 on monolayers formed with bacterial PM 

lipids (Figure 33B.), which once again indicates that all lipid tested attract d18:0 in a similar way. 

The MIP values were also above the threshold of 30-35 mN/m meaning that d18:0 has a propensity 

to insert into a natural bacterial membrane (Marsh, 1996).  

The comparison between data on bacterial and plant model membranes indicates that although 

d18:0 is more attracted by bacterial lipids than plant lipids, it is more able to insert into plant 

membrane than bacterial membrane. 
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Figure 33. Lipid specificity of the interaction between d18:0 and lipids 

representative of plant and bacterial plasma membrane 

A. Adsorption of d18:0 into monolayers of plant PM lipids: PLPC, GluCer and sito, either pure or 

mixed (60:20:20, molar ratio). B. Plot of the maximal surface pressure variation (ΔП) vs the 

initial pressure upon d18:0 addition into a PLPC:GluCer:sito monolayer. C. Adsorption of d18:0 

into monolayers of bacterial PM lipids: POPE, POPG and CL, pure or mixed (65:23:12, molar 

ratio). D. Plot of the maximal surface pressure variation (ΔП) vs the initial pressure upon d18:0 

addition into a POPE:POPG:CL monolayer. d18:0 was injected at 1,25 µM in a subphase (Tris 

HCl, 10 mM, pH 7,4), underneath the lipid monolayer. The maximal insertion pressure (MIP) 

reflects the penetration power of the sphinganine into the lipid monolayer and the differential П 

(dП0) indicates the attracting effect the lipids have on the molecule.  
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Lipid specificity of the interaction was further studied by an in silico approach using the 

Hypermatrix docking method. This method is used to calculate the energy of interaction between 

d18:0 and plant or bacterial individual lipids at an hydrophilic/hydrophobic interface, and to help 

determine whether this interaction is favourable or not (Brasseur et al., 1987; Deleu et al., 2014).  

The results obtained (Figure 34.) show that the interaction between d18:0 and all plant or 

bacterial lipids was favourable as all interaction energies are negative. These interactions are more 

favourable than the interaction of d18:0 with itself as the energy values are lower (higher negative 

value) with lipids than with d18:0 itself (represented by the dashed line in Figure 34.). However, 

it can be seen that the interaction between d18:0 and PLPC and GluCer, for plants, and POPG and 

particularly CL, for bacteria, appeared more favourable than with other lipids.  

Altogether, these data show that d18:0 is attracted by and can interact with lipids of both plants 

and bacteria. There is however no clear trend in the data to determine a preferential interaction of 

d18:0 with a particular lipid. 

 

4. Effect of d18:0 on the structure and organization of plant and bacterial PM 

After determining if d18:0 could interact with lipids of plant or bacterial PM, further 

experimentations were employed to elaborate on the effects these interactions could have on the 

structure and organization of the model PMs.  
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Figure 34. Total energies of interaction of d18:0 with itself or with 

representative lipids of the plant and bacterial plasma membrane 

The total energies of interaction were calculated with the Hypermatrix docking method. Lipids 

representative of the plant PM are PLPC, sito and GluCer. Lipids representative of bacteria are 

POPE, POPG and CL.  



ROLES OF SPHINGOLIPIDS IN THE INTERACTION BETWEEN PSEUDOMONAS AND ARABIDOPSIS 
 

 

120 
 

First, the Big Monolayer simulation was used to examine the behaviour of a molecule in a lipid 

monolayer. Each pixel represents a molecule. For the plant lipid composition: PLPC in green, sito 

in orange and GluCer in blue. For bacterial lipid composition: POPE in yellow, POPG in black and 

CL in red. The representations are either without d18:0 in pink (100% lipids) (Figure 35A. and 

C.) or with (88% lipids, 12% d18:0) (Figure 35B. and D.).  

As suggested by the previous results, d18:0 is predicted to interact with lipids from plants and 

bacteria. Interestingly, it seemed to interact preferentially with the lipid domains formed by sito 

and GluCer and caused their fragmentation (Figure 35B.).  

Concerning bacterial lipids, d18:0 is predicted to interact preferentially with POPG and CL 

(Figure 35D.), as suggested by the Hypermatrix results (Figure 34.). Without completely 

disrupting these lipid domains, it nevertheless appeared to be able to remodel them by inducing 

POPE entry into the CL domains.  
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C D 

Figure 35. Modulation of membrane organization by d18:0 

Monolayer simulations of lipid-d18:0 interactions performed with Big Monolayer where each 

pixel represents a molecule. A. Plant lipid model with PLPC in green, GluCer in blue and sito in 

orange (60:20:20, molar ratio). B. The same lipids after addition of d18:0 in pink (88% lipids, 

12% d18:0). C. bacterial lipid model with POPE in yellow, POPG in black and CL in red (65:23:12, 

molar ratio). D. The same lipids after addition of d18:0 in pink (88% lipides, 12% d18:0). 
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Bacterial membrane lipids are one of the target of choice for antimicrobial agents (Epand and 

Epand, 2011), and many of them are of amphiphilic nature (Jung et al., 1999; Verhaegh et al., 

2020). Furthermore, some amphiphilic plant defence elicitors are able to interact with the plant 

PM (Furlan et al., 2020; Cordelier et al., 2021). This led us to investigate the capacity of d18:0 to 

permeabilize artificial plant and bacterial model membranes (Figure 36.). To that end, liposomes 

in which the fluorescent probe calcein had been previously encapsulated were used. Our results 

showed that d18:0 is able to induce an increase in the permeability of bacterial liposomes, up to 

60% for a concentration of 13 µM (Figure 36A.). For plant liposomes, we first observed a liposome 

permeabilization (~10% at 1,3 µM) then a slight negative permeability for concentrations ranging 

from 5 to 15µM (Figure 36 A. and B.). There is no increased leakage observed at the estimated 

CAC (between 2 and 10 µM). In this experiment, when d18:0 is concentrated at 15 µM, the ratio is 

already 1, which is not very representative of the biological reality and such results are therefore to 

be taken with caution. 

  

Figure 36. Leakage properties of d18:0 on liposomes mimicking plant or 

bacterial plasma membrane 

Mean relative calcein leakage plant PM-like liposomes composed of PLPC, sito and GluCer 

(60:20:20, molar ratio), or bacteria PM-like liposomes composed of POPE, POPG, and CL 

(65:23:12, molar ratio) induced by a range of sphinganine concentrations. Experiments were 

repeated 3 times. 
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Finally, the effect of d18:0 on membrane order was measured by evaluating the fluidity of the 

bilayer with Laurdan (Figure 37.). The shift in the maximum emission wavelength of this 

solvatochromic probe can be attributed to membrane fluidity. A more ordered lipid environment 

causes a blue shift in the maximum Laurdan emission wavelength while in the presence of more 

fluid lipid environments, a red shift in the maximum Laurdan emission is observed. Such 

modifications can be quantified by calculating the Laurdan GP, where the greater the GP values, 

the higher the order of the membranes (Deleu et al., 2014; Carreira et al., 2021). On both plant and 

bacterial liposomes, our findings revealed that d18:0 addition at very high concentrations (80 µM) 

increased the GP value, translating to an increased membrane order. One could link this increase 

to the state of d18:0 in solution since this concentration is above its CAC, but another factor is to 

be considered. Indeed, at this concentration, the ratio d18:0/lipids reached 8/5 and d18:0 which 

could temper with the results (Figure 37A. and B.). At lower concentration, there is no change 

in the GP value, even at the supposed CAC of d18:0 (2 or 10 µM), which suggests d18:0 does not 

have an impact on membrane fluidity of both plant PM-like and bacterial PM-like liposomes.  

 

  
Figure 37. Effect of d18:0 on the order and fluidity of the bilayer 

Laurdan generalized polarization (GP) on A. plant PM-like liposomes composed of plant lipids: 

PLPC, sito and GluCer (60:20:20, molar ratio), or B. bacteria PM-like liposomes composed of: 

POPE, POPG, and CL (65:23:12, molar ratio). The temperature was fixed at 20°C. The GP of the 

control is measured with ethanol (0,1%).  
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IV. Discussion  

Discrepancies can be found in the literature as to whether or not LCBs can cause cell death, and 

if so, at which concentrations. For instance, low concentrations of d18:0 and t18:0 (between 0.5 

and 2 µM) could induce ROI production and cell death in Arabidopsis leaves (Shi et al., 2007). 

Interestingly, 5 µM of d18:0 on Arabidopsis seedlings could induce cell death while the same 

concentration of t18:0 could not (Saucedo-García et al., 2011). However, high concentrations of 

d18:0, d18:1 and t18:0 (20 µM) had no effect on the viability of BY-2 cells (Coursol et al., 2015) and 

similarly, infiltration on Arabidopsis leaves of d18:0 at 100 µM did not lead to cell death (Magnin-

Robert et al., 2015a). Our results, presented in Chapter 1., also show that infiltration of d18:0 at 

concentrations between 1 to 100 µM did not cause cell death. Some studies also reported their 

bactericidal effects: d18:1 (1-10 µM) was reported to have such effect on P. aeruginosa and t18:0 

(25 to 50 µM) on Pst (Glenz et al., 2022). Our results, presented in Chapter 2, show however no 

clear antibacterial effect of d18:0 at 100 µM on Pst, both in vivo and in vitro. Considering the 

amphiphilic nature of LCBs and their capacities to form aggregates, one could think that these 

differences could be ascribed to the aggregation state of the LCBs in solution and that their CAC 

can differ with the experimental setup (i.e., buffer, pH, biological model).  

Multiple CAC have been reported for d18:1 in the literature, ranging from 18 µM (Contreras et 

al., 2006) to 112 µM (Deguchi et al., 2004). These CAC have been previously estimated through 

fluorescence measurements, which involves the partitioning of fluorophores into micelles. These 

types of techniques possess however a few limitations including the assumptions that the 

fluorophore and the molecule mix ideally and that the fluorophore does not perturbate the CAC 

itself (Sasaki et al., 2009). Furthermore, it has been highlighted that the aggregation behaviour of 

d18:1 was pH dependent. Its CAC was estimated at 0,99 ±0,12 µM at physiological pH and could 

range from 0,70 ±0,02 µM to 1,71 ±0,24 µM when deprotonated and protonated, respectively 

(Sasaki et al., 2009). These data are somewhat closer to our findings for d18:0. Indeed, our 

experiments with DLS estimated a CAC between 2 and 10 µM while the ones with tensiometry 

placed it around 2 µM. It is however noteworthy that DLS measurements with low d18:0 

concentrations were quite difficult, as correlated by the low R2 (R2= 0.51) and must therefore be 

taken with caution. Cryogenic transmission electron microscopy has previously been used to image 

structure formed by amphiphile molecule in aqueous environments (Almgren et al., 1996; Almgren 

et al., 2000) and could help here to determine the aggregation state (aggregated structure) of d18:0 

in solution at different concentrations. 

 

The final localization of d18:0 when exogenously applied to Arabidopsis by infiltration is so far 

still unknown. Glenz et al., (2019) suggested that t18:0 crossed the PM by passive diffusion. This 
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phenomenon is propelled by the solute concentration and electric gradient and does not require 

energy. In its most basic form, passive diffusion is a three-step process in which the permeant 

partitions into the membrane, diffuses across it, and is released into the cytosol (Yang and Hinner, 

2015). This hypothesis was tested using in vitro tests in which t18:0 partitioning between an 

aqueous and organic phase was quantified using HPLC-MS/MS and showed t18:0 was more 

present in the aqueous medium. Other studies have proven that ceramides can induce a generalized 

flip-flop motion in model and cell membranes (Goñi and Alonso, 2006). Here, the data obtained 

by the Impala simulation suggested the flip-flop potential of d18:0 between the two bilayer leaflets, 

which means that on top of perturbating the PM, exogenous d18:0 could also be added to the 

intracellular LCB pool and modify the SL metabolism.  

 

Monolayer adsorption experiments showed that d18:0 could interact with bacterial model lipids 

without highlighting a preferential attraction from any of the lipids tested. Hypermatrix 

simulations however, hinted a preferential interaction of d18:0 with CL. This was already reported 

to explain the bactericidal effect of d18:1 on P. aeruginosa, where the NH2 group of the LCB is 

thought to bind to the highly negatively charged CL in bacterial membranes (Verhaegh et al., 

2020). They notably showed that the binding of d18:1 led to the permeabilization of the PM, and 

we did observe a similar pattern for low concentrations of d18:0. Indeed, here the permeabilization 

was maximal when d18:0 reached 13 µM. This concentration is not only higher than the estimated 

CAC but also corresponds to a ratio d18:0/lipid of almost 1, which is really elevated. It is also 

noteworthy that concentration below and above the estimated CAC did not impact the fluidity of 

bacterial PM-like liposomes, meaning that even though d18:0 permeabilized the liposomes and 

modified the lipid organization, according to the Big Monolayer data, this did not affect the global 

order of the PM.  

 

Concerning plant model lipids, unlike what is usually found for detergents (Helenius and Simons, 

1975), no increase in calcein efflux was observed at the assumed CAC. A drop of the leakage 

percentage can be observed for values above 1,5 µM, even reaching low negative values for 

concentrations above 7 µM. It could be assumed that this phenomenon is due to d18:0, forming 

aggregates above its CAC and re-encapsulating leaked calcein from the plant PM-like liposomes. 

However, this does not seem to apply to bacterial PM-like liposomes. Contreras et al., 2006 

reported that d18:1 could permeabilize liposomes and erythrocytes ghost membranes due to its 

capacity to stabilize gel domains in membranes. According to them, it is “structural defects” 

between the “more rigid” and “less rigid” part of the membrane that likely are the sites of leakage. 

It could therefore also be assumed that d18:0 could create such structural defect within the plant 

PM-like liposomes which would lead to a slight leaking of calcein. This could be correlated by the 
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simulations we performed on Big Monolayer. Indeed, while the data obtained by tensiometry and 

Hypermatrix showed that d18:0 could interact with plant PM lipids without showing a preference 

for any of the lipids tested, the Big Monolayer simulation showed d18:0 could interact more 

specifically with its microdomain (composed of sterol and SL), notably by disorganizing and 

fractioning them. This interaction could eventually perturbate defence related proteins located 

within these domains. Indeed, following the CW, the PM is the first point of contact between plant 

cells and pathogens and many proteins involved in plant defence are embedded in it. Furthermore, 

the dynamic between membrane microdomains, and the stress-related proteins they harbour 

appears crucial for immunity (Gronnier et al., 2016; Nagano et al., 2016; Gronnier et al., 2018; 

Mamode Cassim et al., 2019; Huby et al., 2020). Among these proteins, RbohD, involved in ROS 

production, has previously been localized to microdomains in tobacco (Lherminier et al., 2009). It 

could therefore be hypothesized that d18:0, by interacting with these microdomains, would 

perturbate the activity of RbohD which explain the absence of extracellular ROS production we 

observed in response to Pst (see Chapter 2.). 

Overall, our results showed that d18:0 can interact with lipids of the plant PM. Other 

amphiphilic-lipid-based molecules are also thought to be recognized by the plant PM's lipid 

fraction, such as rhamnolipids or surfactins, iturins, and fengycins, which are cyclic lipopeptides 

generated by Bacillus subtilis and are known to activate plant defences and interact with 

membrane lipids (Deleu et al., 2008; Nasir et al., 2010; Vatsa et al., 2010; Henry et al., 2011; Deleu 

et al., 2013). Further linking biophysical data, obtained from biomimetic membranes, with 

biological ones, obtained from living plant cells or tissues harbouring complex dynamic PM and 

CW, appears to be of major interest to the scientific community. To that end, plant protoplasts have 

emerged as a potential medium to experiment with. Indeed, plant protoplasts are cells devoid of 

CW and as such, offer an interesting point of view on the PM (see the review - Protoplasts: a 

valuable toolbox to investigate plant stress perception and response - in the Annex). This aspect 

will be further developed in the Chapter “General Discussion – Perspectives”  
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Chapter 4 - Main Results 

 

✓ Depending on its concentration d18:0 exists in various forms in solution 

✓ Its activity might vary based on its state in solution 

✓ d18:0 can interact with both plant and bacterial representative PM lipids  

✓ d18:0 could act by disorganizing and fractioning membrane microdomains 

which could eventually perturbate defence related proteins located within 

these domains, including RbohD, involved in extracellular ROS production. 
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I. Thesis Overview 

As sessile organisms, plants are exposed to myriads of potential stresses that can be harmful to 

their development. These adverse environmental conditions include both biotic and abiotic 

stresses that increasingly threaten agricultural plant productivity at a worldwide scale. In response, 

plants have developed an array of mechanisms to survive tough environmental conditions such as 

drought, heat, cold, nutrient deficiency, pollutants, pathogens, and herbivore attacks.  

Among the different actors of the plant immune system, SLs have fundamental functions. They 

form a significant proportion of the lipids present in higher plants. Studies suggest they constitute 

up to 40% of lipids in the PM of plant cells (Cacas et al., 2016). More comprehensive extraction 

techniques have been developed over recent years that, when coupled with technological advances 

in mass spectrometry and chromatography, have allowed improved SL identification and the 

discovery of novel structures from smaller quantities of material (Cacas et al., 2016). This has 

enabled researchers to determine the contribution of SL metabolites in different cellular processes. 

Among them, the existence of a rheostat between ceramides/LCBs and their phosphorylated 

counterparts, already described in animal cells, is thought to exist in plants to control cell fate. 

According to this model, ceramides and LCBs are able to trigger cell death, whereas ceramide 

phosphates and LCB-Ps promote cell survival (Shi et al., 2007; Alden et al., 2011; Huby et al., 

2020). Plant LCBs are therefore increasingly studied (Shi et al., 2007; Chen et al., 2008; Saucedo-

Garcia et al., 2015; Glenz et al., 2019; Glenz et al., 2022). 

Previous research in our lab showed that co-infiltration of Pst AvrRpm1 with the LCB d18:0 on 

Arabidopsis leaves resulted in an unusual phenotype. Indeed, instead of developing an HR on the 

infiltrated leaves, they showed no evidence of cell death, indicating that the plant PM was still intact 

and that there was no cell lysis (Magnin-Robert et al., 2015a).  

This thesis aimed to characterize the role of d18:0 in the interaction between bacteria and plants, 

and more specifically in the Pst DC3000 - Arabidopsis pathosystem. This work required the use of 

a wide range of complementary techniques, mixing both biological and biophysical studies, 

therefore giving an original overview on this interaction.  

Some key factors in the absence of HR observed when Pst AvrRpm1 is co-infiltrated with d18:0 

were put forward (Figure 36.). First, the method of choice for bacterial inoculation appeared to 

be co-infiltration. Then, the specificity of LCBs (d18:0, d18:1 and t18:0) in this phenomenon was 

also reported, along with their range of concentration for optimum results (10 - 100 µM). Other 

effectors producing similar results as the ones described with effector AvrRpm1 were put forward, 

namely AvrB and AvrPphB. The impact of d18:0 directly on Pst was also explored. More 

specifically, it was demonstrated that d18:0 had no impact on the morphology, motility, mannitol 

fermentation capacities and EPS production of Pst DC3000 and Pst AvrRpm1. In vitro tests 
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showed that the LCB did not have an antibacterial effect on Pst AvrRpm1, Pst AvrB and Pst 

AvrPphB. It was also showed that d18:0 co-infiltration with multiple bacteria, including ones 

triggering symptoms, reduced extracellular ROS production by Arabidopsis. The investigation of 

the plant defence mechanisms in response to co-infiltration of Pst AvrRpm1 with d18:0 has notably 

shown that RIN4 and RPM1 were probably not directly involved in the absence of HR. This co-

infiltration also negatively impacted camalexin production, SA levels and SA related gene 

expression. It remains however unclear whether those phenomena are the causes or the 

consequences of the absence of HR. Finally, the co-infiltration of d18:0 with Pst AvrRpm1 down-

regulated the expression of NMT1. In Arabidopsis, the NMT is responsible for the N-myristoylation 

of effectors AvrRpm1, AvrB and AvrPphB which relocates them at the PM where they can be actives, 

this down-regulation could therefore mean that the enzymatic activity of NMT is also perturbated 

by d18:0 addition, therefore altering the virulence of bacteria carrying these effectors.  

Such activity of d18:0 would suppose that the molecule can interact with the plant cell. 

Considering the amphiphilic nature of d18:0 it was hypothesized that it could be recognized by the 

lipid fraction of the PM, as already suggested for other molecules such as fatty acid hydroperoxides, 

rhamnolipids, surfactins, iturins, and fengycins that interact with lipids of plant PMs (Deleu et al., 

2008; Nasir et al., 2010; Vatsa et al., 2010; Henry et al., 2011; Deleu et al., 2013; Deboever et al., 

2022). Biophysical studies have shown that d18:0 was attracted by and could interact with 

biomimetic PMs of both plants and bacteria. These findings were subsequently supported by in 

silico analyses that notably showed d18:0 could perturbate the lateral organization of these 

mimetic membranes and more specifically of its microdomain. While it was suggested that 

exogenous LCB could cross the PM by passive diffusion (Glenz et al., 2019), our results suggested 

d18:0 actually possessed a flip-flop potential meaning that exogenous addition of d18:0 could 

perturbate the PM and/or this d18:0 could be added to the intracellular LCB pool and/or modify 

the plant SL metabolism. As previously stated, this interaction could eventually perturbate defence 

related proteins located within these domains (Gronnier et al., 2016; Nagano et al., 2016; Gronnier 

et al., 2018; Mamode Cassim et al., 2019; Huby et al., 2020). Indeed, RbohD, involved in ROS 

production, has previously been localized to microdomains in tobacco (Lherminier et al., 2009). It 

was therefore hypothesized that d18:0, by interacting with these microdomains, could perturbate 

the activity of RbohD, which could possibly explain the absence of extracellular ROS production 

we observed in response to Pst.  
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Figure 38. Working hypothesis: effects of d18:0 when co-infiltrated with 

Pst 

The co-infiltration of d18:0 with Pst AvrRpm1, Pst AvrB or Pst AvrPphB does not induce an HR 

on treated Arabidopsis leaves. It is unclear whether d18:0 could have an effect by directly 

targeting the bacteria or its T3SS. It is however clear that it has no effect on the RPM1/RIN4 

complex in Arabidopsis. Preliminary data suggests that d18:0 down-regulated the NMT1 gene 

and therefore might impact the activity of NMT. This could stop or reduce the addition of 

myristate (M) to the effectors AvrRpm1, AvrB and AvrPphB in the cytoplasm, blocking their 

relocalisation to the PM and therefore preventing their perception by Arabidospis. Whether d18:0 

can interact with PM or relocate within plant or bacterial cells remains to be determined. 

Biophysical studies have however shown d18:0 can interact with lipids of both plant and bacterial 

PM. More specifically, it was supposed that it could disorganise plant PM microdomains. It 

remains to be determined whether d18:0, through this interaction, could disturb the activity of 

membrane proteins such as RbohD, partly responsible for extracellular ROS production.  
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This study has shed light on the absence of HR and provided some leads to explain it, it has also 

raised questions that could be worth investigating (Figure 38.). Indeed, while biophysical studies 

have brought some insight on the mode of action of d18:0, further linking these data obtained with 

biomimetic PM with biological ones could bring even more explanation on the absence of HR. In 

this direction, protoplasts could be at the crossroads of biophysical and biological studies as they 

retain the complexity of living cells while being less complex that whole tissues or plants.  

 

II. How much further can we go to elucidate the absence of HR?  

1. Plant protoplasts as an innovative tool to connect the biophysical and 

biological effect of d18:0 on PMs?  

(Partially adapted from Protoplasts: a valuable toolbox to investigate plant stress perception and response, 

Gilliard et al., 2021) 

Single cell approaches, including live-cell imaging methods, have advanced rapidly in recent 

years. Single-cell systems are a simplified model for studying the function of mechanical forces in 

vivo, removing the added complexity of the tissue context (e.g., chemical signals, impact of 

neighbouring cells, complex mechanical stress patterns) (Colin et al., 2022).  

There are many ways to study elicitor perception and stress signals in plant, and among them, 

protoplasts appear to provide a unique experimental system (see the review - Protoplasts: a 

valuable toolbox to investigate plant stress perception and response - in the Annex.). As plant cells 

devoid of CW, protoplasts allow observations at the individual cell level. They also offer a prime 

access to the PM and an original view on the inside of the cell. In this regard, protoplasts could be 

valuable plant PM models to study the perception of bioactive molecules such as d18:0 by plant 

cells that are supposed to directly interact with the PM. Indeed, as previously mentioned, they 

could link data obtained by biophysics studies on biomimetic PM models containing representative 

lipids with the ones provided by biological assays on living plant cells or tissues with complex 

dynamic PM and CW (Gilliard et al., 2021).  

During this thesis, a number of effects of d18:0 on plant and bacterial biomimetic PM were 

determined, but many parameters remain to be determined on plant protoplasts. Several 

experiments using Arabidopsis protoplasts were therefore engaged. The viability of these 

protoplasts when in contact with d18:0 was first determined in order to assert which concentration 

of the molecule would best suit our experiments (Supplemental Information & 
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Supplemental Figure S3.). These results are obtained after a 15 min incubation period that has 

now been reduced to minimize d18:0-related cell death.  

Some tests were carried out but were unfortunately unsuccessful and would require deep 

equipment and protocol adaptations to potentially work. For instance, Laurdan was added to 

protoplasts and fluorescence measurements were conducted with a spectrofluorometer to study 

the impact of d18:0 on PM fluidity. However, protoplasts were too dense and not staying in 

suspension long enough for proper measurement. Even though the machine offered a setting for 

light vortexing, which could have kept the protoplasts in suspension, it would often result in 

membrane breakage and protoplast death which would highly temper with the results.  

Two other approaches have been undertaken with protoplasts. The first involved AFM 

measurements to examine whether d18:0 is capable of deforming membranes and thus to assess 

its effect on the mechanical properties of the membrane (e.g., Young’s modulus, viscoelastic 

properties) (Alessandrini and Facci, 2005). Many studies are available on model membranes 

(Morandat et al., 2013), animal cells (Francis et al., 2010), live thylakoids (Clausen et al., 2014), 

dead plant protoplasts (Yang et al., 2015) and more recently on live plant cell wall (Pu et al., 2021). 

To the best of our knowledge, there is no mention in the literature of AFM conducted on living 

protoplasts which renders this work all the more interesting. The second approach was confocal 

microscopy of living protoplasts with the fluorescent dye Laurdan, previously used in this thesis to 

assess membrane fluidity by spectrophotometer. Indeed, the absence of CW makes possible the 

accurate visualisation of events at the protoplast PM using fluorescent probes. Such experiments 

have already been implemented in living protoplasts (Blachutzik et al., 2012) but were only recently 

developed in our laboratory.  

On top of Laurdan, other fluorescent probes could be used on protoplast and monitored with 

confocal microscopy to further determine the effect of d18:0 on plant PMs. However, while a lot of 

probes exist to study lipid organisation and dynamics into artificial model membranes which are 

deprived of proteins, they often cannot be directly applied to living cell and protoplast PMs which 

are far more complex and require deep protocol adaptations in terms of concentration and 

incubation time (Klymchenko and Kreder, 2014). Every probe will have its specificities and are 

used by themselves or combined. For instance, FM4-64 ((N-(3-Triethylammoniumpropyl)-4-(6-

(4-(Diethylamino) Phenyl) Hexatrienyl) Pyridinium Dibromide) and LRB-PE (Lissamine 

Rhodamine B-Phosphoethanolamine) have been employed to specifically stain phospholipid 

enriched areas of protoplast PM and BD-SM (Bodipy Sphingomyelin FL C12) has been used to stain 

sphingolipid enriched domains (Blachutzik et al., 2012). FM4-64 and BD-SM were also used in 

combination with FRAP (Fluorescence Recovery After Photobleaching) experiments to visualise 

lipid redistribution. Similarly to Laurdan, the solvatochromic dye di-4-ANEPPDHQ can 
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distinguish the ordered from the disordered domains of the PM by a change of its fluorescence 

colour (Blachutzik et al., 2012; Klymchenko, 2017). Di-4-ANEPPDHQ has notably been used on 

protoplasts from rice transgenic plants that lack FAH1/2, enzymes responsible for the formation 

of 2-hydroxy sphingolipids (2-OH-SL), precursors of GIPC, that are both located at the PM in 

Arabidopsis. They notably demonstrated that a disordered PM was concomitant with a lower 

amount of 2-OH-SL and less abundant microdomains which gave rise to an increased sensibility 

to rice blast fungus infection (Nagano et al., 2016). The probes Rhod-PE (Lissamine rhodamine B 

sulfonyl) and NBD- PE (N-(7-Nitrobenz-2-Oxa-1,3-Diazol-4-yl)-1,2-Dihexadecanoyl-sn-Glycero-

3-Phosphoethanolamine) can also mark the disordered and ordered phases of the PM, respectively 

(Verstraeten et al., 2019). Finally, advanced solvatochromic probes based on DMA-3HF and Nile 

Red can simultaneously stain the outer leaflet of PMs while reporting its lipid order (Niko and 

Klymchenko, 2021).  

Tracking the fate of the exogenous d18:0 within the cell could also provide valuable information 

and help determine if d18:0 actually penetrates the cell and incorporates its pre-existing SL pool. 

A commercially available fluorescent d18:0 (nitrobenzoxadiazole-sphinganine) could be used 

although this probe is usually dissolved in chloroform, a solvent with which protoplasts do not cope 

well. Deuterated probes could also be considered as they distinguish between endogenous and 

exogenous SLs using mass spectrometry (Murai et al., 2022).  

There are still a few challenges for live plant cell imaging. Indeed, while there are many 

advantages to use fluorescent probes directly on protoplasts, its PM remains an active, dynamic 

structure, which can cause issues. It has been reported that some probes could be internalized in 

the cytoplasm, such as DiIC12 (1,1'-Didodecyl-3,3,3',3'-Tetramethylindocarbocyanine Perchlorate) 

and DiIC18 (1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindodicarbocyanine-5,5'-Disulfonic Acid) , 

which stains phospholipids, leading to a decrease of fluorescence in the PM (Blachutzik et al., 

2012).  

 

Finally, using protoplasts, or even whole plants to follow effector (AvrRpm1, AvrB or AvrPphB) 

secretion from Pst to the cytoplasm of Arabidopsis could be envisaged to determine if they actually 

are delivered in the cell and if they are redirected to the PM. Despite the importance of bacterial 

effectors and their delivery by the T3SS in host-microbe interaction, direct effector secretion has 

only recently been achieved. Fluorescent protein-based approach to monitor this secretion directly 

from bacteria to host cells appears impossible because the size of fluorescent proteins would 

prevent effector delivery through the T3SS (Park et al., 2017). Spatiotemporal monitoring of 

effectors was however possible using effectors fused to the 11th β-strand of super folder GFP and 

plant cells expressing 1-10 β strand of super-folder GFP. When delivered into plant cells, 
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interaction of both GFP proteins reconstituted its fluorescence (Henry et al., 2017; Park et al., 

2017).  

 

2. Is the NMT really involved in the absence of HR and how to determine it?  

In the present study, we began investigating the implication of the NMT in the absence of HR 

when d18:0 is co-infiltrated with Pst AvrRpm1. No data concerning the activity of NMT2 is 

available in the literature, and this enzyme appears to only accumulates in only small amounts 

(Pierre et al., 2007) which makes it challenging to study. Our data showed that co-infiltration of 

d18:0 and Pst AvrRpm1 had a significant impact on the expression levels of NMT1. The fact that 

effectors AvrB and AvrPphB also possess a N-myristoylation sequence and that their co-infiltration 

does not trigger a HR in Arabidopsis strongly suggests that investigating this lead could provide 

significant breakthrough in this research.  

Several approaches could be considered to see if LCB could interrupt this myristoylation process. 

First, testing other bacterial effectors that possess the specific myristoylation sequence could be 

interesting, such as AvrC, AvrPto (Nimchuk et al., 2000), or HopF2, which causes an avirulent 

reaction in tobacco (Robert-Seilaniantz et al., 2006). A mutant approach could also be considered 

but NMT1 was found to be essential throughout organ development, at both early and later stages 

so NMT1-null mutants are excluded, inducible NMT1 mutants could therefore be considered. 

NMT2 was found to be essential only for the transition to flowering but is supposedly not the main 

responsible for N-myristoylation (Pierre et al., 2007).  

It is relatively difficult to detect the addition of a fatty acid to a protein. A method, however, 

employs a new, rapid, and efficient technique for detecting myristoylation of a protein in planta, 

which could potentially be applied to the current study. This method, described by Boyle et al. 

(2016), uses a plant cell, typically a protoplast, that has been transformed to express an epitope-

tagged metabolite of interest which is expected to undergo myristoylation in planta. The cells are 

then treated with a myristate analogue, and the metabolite is extracted using affinity 

chromatography. A “click” chemistry step follows, which involves a biocompatible reaction 

between the myristate analogue and a reporter. Electrophoresis is then used to detect metabolites 

that have been myristoylated and thus carry the reporter (Boyle et al., 2016).  

The mechanisms by which d18:0 exogenous application could perturbate the myristoylation 

process is so far still unknown. Particularly since, in plants, it would seem the myristoylation 

process is independent of the SL metabolism. However, it can be noted that in humans, part of the 
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cardiac pool of SLs, d16:0, is synthesised from myristoyl-CoA instead of palmitoyl-CoA (Russo et 

al., 2013). 

 

3. How much is the SL metabolism implicated in the absence of HR and could 

exogen application of d18:0 disrupt it? 

LCB accumulation has been previously linked to cell death (Berkey et al., 2012; Yanagawa et al., 

2017; Zienkiewicz et al., 2020). Glenz et al. (2022) hypothesised that LCB treatment could induce 

cell death by blocking SL biosynthesis, leading to increased cellular levels of LCB. Here, LCB 

treatment did not lead to cell death, but it is still possible that it had an effect on the SL metabolism. 

Indeed, other studies suggested exogenously added LCBs could cross the PM by passive diffusion 

(Glenz et al., 2019). Our results showed d18:0 could interact with plant biomimetic PMs, possibly 

rearrange them before crossing them. This could suggest that once infiltrated in leaves, d18:0 

might end up in Arabidopsis cytoplasm and therefore join its free LCB pool. It would therefore be 

interesting to determine if d18:0 infiltration, with or without Pst, could have affected free LCB 

levels in Arabidopsis leaves. Other SLs, such as ceramides, are also suspected to play a role in cell 

death induction (Huby et al., 2020; Zienkiewicz et al., 2020), it could therefore be interesting to 

quantify them as well. 

Many studies have used mutants of the SL pathway to study their implication in plant defence 

mechanisms (Shi et al., 2007; Nagano et al., 2012; König et al., 2012; Nagano et al., 2016; Li et al., 

2016; König et al., 2021). loh and fah mutants are most commonly used since deregulation of SL 

synthesis in other part of the pathway often leads to SA-related cell death (Wang et al., 2008; Li et 

al., 2016; Yanagawa et al., 2017; Zienkiewicz et al., 2020) and this mutations often leads to 

modifications of the plant PM. Indeed, in Arabidopsis the double mutant fah1fah2 appeared to 

have modified nanodomain organization, leading to a decreased expression level of several defence 

related proteins including RbohD (Ukawa et al., 2022). Di-4-ANEPPDHQ has been used in these 

mutants, to show a lower order of the PM compared to the WT, suggesting an altered PM 

organization when its content in GIPC is low (Lenarčič et al., 2017). Here, they could be employed 

to determine if d18:0 co-infiltration with Pst DC3000 in PM-altered and sphingolipidome-altered 

plants would still not induce an HR. 

Alternatively, chemical inhibitors (Table III.), such as FB1 (Tsegaye et al., 2007; Luttgeharm et 

al., 2016; Yanagawa et al., 2017), could be used to strategically modify in vivo the plant lipid pool 

(Mamode Cassim et al., 2019).  
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4. Other aspects worth considering  

The targeting of effectors to specific targets within plant cells, particularly the internal face of the 

host PM, is critical for their virulence function. But Pst DC3000, even transformed to express 

AvrRpm1, still produces no less than 29 other effectors along with toxins such as coronatine 

(Cunnac et al., 2011). Therefore, elucidating the specific role of each effector independently, in the 

same genetic background appeared important, especially since all tested strains were provided by 

different laboratories and constructed differently. Based on advice and strains given by Dr. Laurent 

Deslandes (CNRS-INRA - Laboratoire des interactions plantes-microbes-environnement), we used 

P. fluorescens strain Pf0-1 possessing a stably integrated T3SS-encoding region to perform 

bacterial transformations. This strain is devoid of any endogenous type-III effector genes and lacks 

most, if not all, necessary virulence factors required for in planta growth. Thus, any observed 

phenotypes can be attributed to the delivered type-III effector protein of interest (Thomas et al., 

2009). Co-infiltrations were carried out with Pf0-1 transformed to express AvrRpm1 and yielded 

the same results as the ones obtained with Pst AvrRpm1, as no HR was observable on leaves (data 

not shown). It would be interesting to test Pf0-1 expressing effectors AvrB, AvrPphB and AvrRpt2 

(that would be used as positive control for HR).  

Table III. Examples of inhibitors used to modify in vivo the pools of lipids 

and some recent related references (from Mamode-Cassim et al. 2019). 

The used concentration of the inhibitors is indicative and must be tested for each plant species or 

tissues. To address the modification of the PM lipid pool, a phase partition to purify PM vesicles 

must be conducted coupled with a dedicated lipidomic approach. PLD, Phospholipase D; PLC, 

Phospholipase C, DAG, Diacylglycerol; VLCFAs, Very Long Chain Fatty Acids; HMG-CoA 

reductase, 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase. 
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Finally, the mitogen-activated protein kinase MPK6 and the calcium-dependent protein kinase 

the calcium-dependent protein kinase CPK3 have also been identified as possible signalling 

components of LCB-mediated programmed cell death in plants (Lachaud et al., 2013; Saucedo-

García et al., 2011). Furthermore, considering the mutual interplay between calcium and ROS 

signalling in plant immune response (Marcec et al., 2019), the study of calcium fluxes could be 

considered. Measurement of calcium after infiltration of d18:0 with or without Pst could be 

performed using aequorin technology based on bioluminescence (Mithöfer and Mazars, 2002; 

Jeworutzki et al., 2010; Coursol et al., 2015).  

 

III. Concluding remarks  

Throughout this thesis, we have addressed various aspects of the effect of d18:0 on both Pst and 

Arabidopsis. Our research ranged from investigating its bactericidal and its effect on plant 

defences to determining how it can interact with plants and bacteria through their PM. This has 

allowed to narrow down the possible explanations for the absence of HR when d18:0 is co-

infiltrated with Pst AvrRpm1. It notably paved the way for future experimentations on the role of 

NMT in this phenomenon and the impact d18:0 can have on membranes, and more specifically on 

microdomains, organisation and function, including the protein it harbours.  
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Supplemental Table S1. Strains of P. syringae (Hwang et al., 2005)  
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Supplemental Table S2. Composition of media and solutions used in this study 

Bacterial Culture 

 

Protoplasts formation 
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Supplemental Table S3. Primers used in this study 
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Supplemental Table S4. T3SS genes of Pst 
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Supplemental Figure S1. Transient ROS production in response to 

pathogen infection in wild-type and Atdpl1-1 mutant plants (from Magnin-

Robert et al., 2014) 

Transient ROS production in response to pathogen infection in wild-type (WT) and the 

Arabidopsis mutant Atdpl1-1 (Dihydrosphingosine-1-phosphate lyase1 mutant that exhibit 

susceptibility to Pst). The time course of ROS production in wild type and Atdpl1-1 mutant plants 

is shown in response to B. Pst DC3000, or C. Pst AvrRpm1 infection. Leaf discs were immersed 

in a solution containing either 105 spores/mL B. cinerea or 108 CFU/mL Pst. Error bars represent 

SE from 12 biological repetitions. Three independent experiments were performed with similar 

results. RLUs, Relative light units. 
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Supplemental Figure S2. Expression of PR5 in response to Pst DC3000 and 

Pst AvrRpm1 infiltrated alone or with d18:0 

The expression of PR5, expressed in response to salicylic acid (SA) was followed. Leaves of 

Arabidopsis were harvested 6 and 48 hours post infiltration with Pst DC3000 or Pst AvrRpm1 

(107 CFU/mL,10 mM MgCl2), either with ethanol (0,1%, v/v) or with d18:0 (100 µM, ethanol 

100%). Results are normalized upon non treated leaves. Experiments were repeated 3 times with 

similar results. Control inoculations were conducted with 10 mM MgCl2 
and ethanol (0,1%, v/v).  
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Supplemental Information. Protoplasts formation and viability tests in presence of 

d18:0 

Plant material and growth conditions 

Seeds of Arabidopsis thaliana WT Columbia-0 were obtained from the Nottingham Arabidopsis 

Stock Center (http://Arabidopsis.info) and grown in soil under 12 h-light/12 h-dark conditions 

(150 µmol/m2/s, 20°C, and 60% humidity) for 5 weeks.  

 

Protoplast formation and viability tests  

The composition of all solutions used are described in Supplemental data 2. Leaves of 

Arabidopsis were harvested, their abaxial side abrased with a scalpel blade and place abaxial face 

down in an enzymatic solution. They were left overnight, at room temperature, and in the dark in 

this solution. The next day the digested solution was filtrated with a gauze and centrifuged at 300g 

for 2 minutes. The supernatant was removed, and a rinsing solution was added. This operation was 

repeated two times. The last supernatant was discarded, and the protoplasts were resuspended at 

106 protoplast/mL in the storage solution until further use.  

Protoplast's viability was estimated with fluorescein diacetate (FDA). The dye, which highlights 

living cells, was prepared by diluting 2 mg of FDA in 1 mL of acetone in a glass vial covered with 

foil. In the dark, 1 µL of this mixture was added to 1 mL of protoplasts. Images were observed with 

a fluorescence microscope with a maximum excitation wavelength of 490 nm and a maximum 

emission wavelength of 526 nm.  
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Supplemental Figure S3. Viability of Arabidopsis protoplasts in presence 

of d18:0 

5-week-old Arabidopsis leaves were harvested and digested to obtain protoplasts that were 

resuspended at 106 protoplast/mL. d18:0 was prepared at various concentrations in ethanol 100%. 

Protoplasts were consequently treated with either ethanol 100% (Ctrl) or with d18:0. Viability was 

estimated by adding fluorescein diacetate to the medium and counting living cells under a 

fluorescence microscope after addition of d18:0.  

http://arabidopsis.info/
http://arabidopsis.info/
http://arabidopsis.info/
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Summary

Plants exist in an environment of changing abiotic and biotic stresses. They have developed a

complex set of strategies to respond to these stresses and over recent years it has become clear

that sphingolipids are a key player in these responses. Sphingolipids are not universally present in

all three domains of life. Many bacteria and archaea do not produce sphingolipids but they are

ubiquitous in eukaryotes and have been intensively studied in yeast and mammals. During the

last decade there has beena steadily increasing interest in plant sphingolipids. Plant sphingolipids

exhibit structural differences when compared with their mammalian counterparts and it is now

clear that they perform some unique functions. Sphingolipids are recognised as critical

components of the plant plasma membrane and endomembrane system. Besides being

important structural elements of plant membranes, their particular structure contributes to the

fluidity and biophysical order. Sphingolipids are also involved in multiple cellular and regulatory

processes including vesicle trafficking, plant development and defence. This reviewwill focus on

our current knowledge as to the function of sphingolipids during plant stress responses, not only

as structural components of biological membranes, but also as signalling mediators.

Introduction

The strategies that plants employ to endure stressful conditions are
varied and involve a multitude of molecular, metabolic and
physiological adaptations. There is now a significant body of work
to indicate that sphingolipids are an important part of the arsenal of
tools the plant has at its disposal to respond to stress. Sphingolipids
are an incredibly diverse group of compounds (Pata et al., 2010)
with a vast array of physical properties that facilitate their function
in a variety of cellular processes. Sphingolipids form a significant
proportion of the lipids present in higher plants. Studies suggest
sphingolipids constitute up to 40% of lipids in the plasma
membrane of plant cells (Cacas et al., 2016) and are enriched in the
endosomes and tonoplasts (Moreau et al., 1998). More compre-
hensive extraction techniques have been developed over recent

years that, when coupled with technological advances in mass
spectrometry and chromatography, have allowed improved sphin-
golipid identification and the discovery of novel structures from
smaller quantities of material (Cacas et al., 2016). This situation
has enabled researchers to determine the contribution that
sphingolipid metabolites make in different cellular processes.

An overview of the sphingolipid biosynthetic pathway is
presented in Fig. 1. The term sphingolipid covers a class of lipids
whose defining component is a long-chain or sphingoid base (LCB;
for ease of reference, Supporting Information Table S1 lists the
abbreviations used in this review). The LCB is a carbon amino-
alcohol backbonemost commonly of 18 carbons that is synthesised
by the condensation of serine and palmitoyl-CoA catalysed by
serine palmitoyl transferase (SPT) in the endoplasmic reticulum
(ER) (Chen et al., 2006). The product of this reaction, 3-
ketosphinganine, is then reduced by the action of the 3-ketosph-
inganine reductase to sphinganine (d18:0) (Beeler et al., 1998).*These authors contributed equally to this work.
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The LCB is considered the simplest functional sphingolipid and
can have a range of modifications including phosphorylation,
desaturation and hydroxylation. It is sometimes referred to as the
free LCB. The LCB may be linked to a very-long-chain fatty acid
via an amide bond to form a ceramide. The fatty acyl component is
usually 16–26 carbons. This reaction is catalysed by ceramide
synthase. In Arabidopsis thaliana (hereafter Arabidopsis) three
ceramide synthases have been identified, LOH1–3. Ceramidases
catalyse the reverse reaction and are a component in regulating the
ceramide pool and sphingolipid homeostasis (Pata et al., 2008).
Ceramides can be phosphorylated in the endoplasmic reticulum
(ER) by ceramide kinases (CerK) or ACD5 (accelerated cell death
5) or further modified to form the complex sphingolipids
glycosylceramides (GlcCers) in the ER and glycosyl inositol
phosphorylceramides (GIPCs) by the addition of simple or
multiple sugars on ceramide at the C1 position in the Golgi. These
reactions are catalysed by glucosylceramide synthase (GCS) and at
least three functional IPC-synthases and several glycosyl or
glucuronyl transferases (Wang et al., 2008; Mina et al., 2010;
Rennie et al., 2014; Msanne et al., 2015). The complex sphin-
golipids can exhibit very high levels of sugar decoration. One study
of 23 plant species identified at least 21 different patterns showing
variation in number, type and order of glycan substitutions (Cacas
et al., 2013). The biosynthesis of complex sphingolipids is tightly
controlled and the GIPC pool is regulated by the hydrolysis of
GIPC to phytoceramide-1 phosphate by the action of a phospho-
lipase D (PLD) (Tanaka et al., 2013). Functional characterisations
of enzymes of the sphingolipid biosynthetic pathway have also
pointed to the controls on the pathway and the specific pool sizes
and structures that are generated. This flexibility enables sphin-
golipids to constitute both a structuralmembrane component and a
signalling molecule from the same basic lipid backbones. For more
details about sphingolipid biosynthesis, see the recent reviews by
Luttgeharm et al., 2016; Michaelson et al., 2016 and Mamode
Cassim et al., 2019.

In plants, the size of the different sphingolipid pools tends to vary
in a species-specific and tissue-dependentmanner. For example, the
occurrence of the LCB d18:2 containing GlcCer in Arabidopsis is
mainly confined to floral andpollen tissue (Michaelson et al., 2009)
and sphingolipid distribution changes during fruit development
and ripening (Ines et al., 2018). However outside the Brassicaceae
family d18:2 production occurs throughout the plant and, in
species such as tomato and soybean, it is themost abundantGlcCer
(Markham et al., 2006). Wheat was found to contain much higher
levels of d18:1 in its LCBs when compared with rice (Goto et al.,
2012). In addition, the different tissues in rice have been found to
contain a similar quantity of sphingolipids, but distribution across
the lipid classes was altered. A survey of 21 different plant species
from different phylogenetic groups found d18:1D4 to be present in
nonseed land plants and monocots but absent from Arabidopsis
and soybean (Islam et al., 2012).

The functional significance of variations in sphingolipid chem-
ical diversity and abundance is still in the early stages of
investigation. The different classes andmodifications offer a variety
of differing solubility, charge, shape and size. It is this array of
properties that confers the potential of sphingolipids to function

both as bio-active components of cells involved in regulating
cellular processes and as integral components involved in the
structural integrity of the membranes. Regulation of sphingolipid
metabolism enables plants to facilitate cell growth and to
appropriately respond to stress, both biotic and abiotic, using
different metabolites to modulate its response.

Here, we summarise our current knowledge on the role of
sphingolipids in plants in response to environmental cues and
stress.

Signals in programmed cell death

Recent work utilising genetically altered plants and plants
exposed to sphingolipid biosynthesis inhibitors have revealed
that sphingolipids are regulators of programmed cell death
(PCD) occurring either during plant development or immunity.
Perception of a stress often occurs at the plasma membrane
level. Therefore its integrity is essential for cell signalling and
survival. Sphingolipids are major structural constituents of plant
plasma membrane microdomains and their relationship with
other components of the plasma membrane is crucial. Changes
in sphingolipid biosynthesis therefore affect the microdomain
composition and this could affect protein content and distri-
bution due to altered interactions between plasma membrane
components. For example, Bax-inhibitor-1 (AtBI-1, an
inhibitor of Bax-induced cell death) interacts with both FAH1
and FAH2 (fatty acid 2-hydroxylase). Plants overexpressing
AtBI-1 therefore displayed enrichment in 2-hydroxy fatty acid-
containing GlcCer in microdomains as well as a loss of two
proteins that are usually specifically localised to microdomains
(Ishikawa et al., 2015). These two proteins feature in plant
defence, both being involved in cell death triggered by salicylic
acid (SA) or oxidative stress. This reduction in protein content
led to an enhanced tolerance to SA or oxidative stress in AtBI-
1-overexpressing plants (Ishikawa et al., 2015). These data
suggest that the integrity of microdomains is critical to cell
death and sphingolipids are central to these structures.

Sphingolipids are involved in the control of PCD, either as
structural components of membranes but also as initiators in the
cell death regulatory pathway. The existence of a rheostat between
ceramides/LCBs and their phosphorylated counterparts, already
described in animal cells, is thought to exist in plants and similarly
to control cell fate. According to this model, ceramides and LCBs
are able to trigger cell death, whereas ceramide phosphates and
LCB-Ps promote cell survival (Shi et al., 2007; Alden et al., 2011)
(Fig. 2). The induction of PCDbyLCBwas based on the activation
of protein kinases, MPK6 (Saucedo-Garcia et al., 2011) or 14-3-3-
regulated CPK3 (Lachaud et al., 2013). The spontaneous PCD
observed in the acd5mutant, defective in ceramide kinase and with
enhanced levels of ceramides, was due to a strong accumulation of
mitochondrial reactive oxygen species (ROS) (Bi et al., 2014). This
finding suggests that ROS are a component of sphingolipid-
induced PCD. The mycotoxin fumonisin B1 (FB1) has been
widely used to study both sphingolipid biosynthesis and PCD.
Indeed, FB1 is a strong inhibitor of ceramide synthase and has been
shown to induce PCD.When applied to plants, FB1 also triggered
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the accumulation of LCBs and LCB-Ps (Shi et al., 2007; Tsegaye
et al., 2007; Saucedo-Garcia et al., 2011; Yanagawa et al., 2017).
Overexpression of AtLCBK1 (Arabidopsis sphingoid LCB
kinase) in a recent study in plants induced resistance to FB1
treatment and, conversely, AtLCBK1 knockdown plants exhibited
a sensitivity to such a treatment (Yanagawa et al., 2017).Moreover,
the authors demonstrated that transgenic alteration of proteins
involved in LCB/LCB-P homeostasis (AtLCBK1, AtSPP1 and
AtDPL1) resulted in a positive correlation between the levels of free
LCBs and the degree of FB1-induced cell death (Yanagawa et al.,
2017).

Increase in SPT activity, by overexpression of AtssSPTa (small
subunit of SPT), resulted in an accumulation of LCBs and reduced
tolerance to FB1, whereas AtssSPTa suppression lines displayed
lower levels of LCBs but enhanced tolerance to FB1 (Kimberlin
et al., 2013). It was recently demonstrated by two independent
studies that orosomucoid-like proteins AtORM1 and AtORM2
physically interact with the core SPT complex and function as a
repressor of SPT activity (Kimberlin et al., 2016; Li et al., 2016).
ORM proteins therefore regulate sphingolipid homeostasis by
differently modulating functionally different ceramide synthase
activities (Kimberlin et al., 2016). AtORM1 and AtORM2

Fig. 1 Schematic representation of the sphingolipid biosynthetic pathway in plants. 3-KSR, 3-ketosphinganine reductase; ACD5, accelerated cell death 5;
ACER, alkaline ceramidase; Cer, ceramide; ceramide-P, ceramide-phosphate; CoA, coenzyme A; DAG, diacylglycerol; DPL1, dihydrosphingosine phosphate
lyase; ERH1, enhancing RPW8-mediated HR-like cell death; FA, fatty acid; FAH, fatty acid hydroxylase; GC, glucosylceramide; GINT1, glucosamine inositol
phosphorylceramide transferase 1; GIPC, glycosyl inositol phosphoceramide; GMT1,GIPCmannosyl-transferase 1; GONST1,Golgi localized nucleotide sugar
transporter 1; IPC, inositol phosphorylceramide; IPUT, inositol phosphorylceramideglucuronosyltransferase 1; LCB1,2, subunit of serinepalmitoyltransferase 1
and 2; LCB, long-chain base; LCB-P, long-chain base phosphate; LOH, LAG1 homolog; NCER, neutral ceramidase; ORM, orosomucoid-like protein; PI,
phosphoinositol; SBH, sphingoid base hydroxylase; SL, sphingolipid; SLD, sphingolipidD8 long-chain base desaturase; SPHK, sphingosine kinase; ssSPT, small
subunit of serine palmitoyl transferase; SPT, serine palmitoyl transferase.

Fig. 2 Sphingolipid rheostat. The equilibrium
between ceramides/long-chain bases (LCBs)
and ceramidephosphates (ceramide-Ps)/LCB-
Ps defines cell fate.
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overexpressing plants were more tolerant to FB1 treatment when
compared with wild-type (WT) plants. This tolerance is accom-
panied by a lower accumulation of C16 ceramides, LCBs and their
phosphorylated counterparts. Conversely, AtORM RNAi lines
weremore sensitive to such treatment, anddisplayedhigher content
of C16 ceramides, LCBs and LCB-Ps (Kimberlin et al., 2016).
Similarly, the ceramide synthase LOH2 overexpressing lines
resulted in the accumulation of ceramides containing C16 fatty
acids and dihydroxy LCBs and had reduced accumulation of free
LCBs and LCB-Ps in response to FB1. This overexpression also
resulted in constitutive induction of PCD and increased resistance
to FB1 (Luttgeharm et al., 2015). These findings suggested that
FB1-induced PCD is primarily due to the accumulation of free
LCBs rather than the accumulation of ceramides containing C16
fatty acids/dihydroxy LCBs. Curiously, growth and increased cell
divisionwere promoted inLOH1 andLOH3overexpressing plants,
which displayed enhanced production of ceramides with very-long-
chain fatty acids (VLCFAs) and trihydroxy LCBs (Luttgeharm
et al., 2015). These unexpected outcomes for growth and devel-
opment could be due to a ceramide synthesis with a certain chain
length fatty acid and quantity and in response to the correct stimuli.
It is also known that VLCFA ceramides are important for Golgi
trafficking and cell plate or phragmoplast formation during cell
division inArabidopsis (Molino et al., 2014). It is therefore possible
that increased cell expansion could be due to sphingolipid targeting
to plant membranes that contributes directly to cell expansion. In
addition, the fatty acid hydroxylase double mutant fah1/fah2 fails
to form spontaneous lesions under standard culture conditions,
despite an accumulation in free trihydroxy LCBs, C16 ceramides
and VLCFA ceramides and SA (K€onig et al., 2012). Moreover, the
gonst1 (Golgi localised nucleotide sugar transporter1, involved in
glycosylation of GIPCs) mutant displayed spontaneous hypersen-
sitive reaction (HR)-like lesions but did not accumulate ceramides
or LCBs (Mortimer et al., 2013). One potential explanation for
these observed differences is that several different mechanisms
could be responsible for inducing cell death.

Sphingolipids as structural components in response to
abiotic stress

Several studies have recently reported a role for sphingolipids in
response to temperature stress. Acclimation capacity was correlated
with changes in the content of TAGs (triacylglycerols), MGDG
(monogalactosyldiacylglycerol), DGDG (digalactosyldiacylglyc-
erol) and a GlcCer (Degenkolbe et al., 2012). Analysis of oat, rye
and Arabidopsis lipid profiles during cold acclimation demon-
strated that GlcCer contents decreased in the plasma membrane,
whereas they were unchanged in microdomains (Minami et al.,
2009; Takahashi et al., 2016). These changes could contribute to a
greater hydration of the plasma membrane that could, in turn,
increase membrane stability during cold stress. In a study focusing
on grapevine leaves, it was found that high levels of t18:1 (8Z) in
complex sphingolipids were correlated with freezing tolerance
(Kawaguchi et al., 2000). The sphingolipid D8 long-chain base
desaturases (SLD), which desaturate the LCB at theD8 position in
both cis and trans orientations, appear to play a role in cold

tolerance in Arabidopsis (Chen et al., 2012) and tomato (Zhou
et al., 2016). In Arabidopsis, the sld1sld2 double mutant is sensitive
to cold stress (Chen et al., 2012). Similarly, SlSLD knockdown
tomato plants displayed greater membrane damage and physio-
logical indicators of chilling damage after stress than WT plants.
Chloroplasts are the main organelle affected by cold and many
studies have reported that chloroplast morphology is affected by
changes in lipid unsaturation. Chloroplasts in SlSLD knockdown
were more severely damaged than in WT plants and the surviving
organelles were not surrounded by an extramembrane (Zhou et al.,
2016). GlcCers, believed to stabilise membranes, were detected in
the envelope membrane of chloroplasts (Spassieva & Hille, 2003),
suggesting that sphingolipids are structurally important for
chloroplast membrane for cold tolerance. This finding illustrated
that disrupting SlSLD transcript accumulation reduced chilling
tolerance of tomato. Lipid desaturation is a way for plants to
mitigate the effects of chilling or freezing temperatures. SlSLD
knockdownplant sensitivity to chilling could therefore be related to
membrane properties such as fluidity, which is diminished due to
depletion of sphingolipids with unsaturated LCBs. Another
explanation for the decrease in cold tolerance could be a change
in the formation and content ofmicrodomains in themembrane. It
is conceivable that activity of somemicrodomain-localised proteins
important for cold tolerance could be modified in perturbed
microdomains (Chen et al., 2012). There has been no characterised
function for sphingolipids in tolerance of high temperature by
contrast with the high concentration of trienoic fatty acids in the
thylakoid membranes that have been shown to be involved in both
chilling and high temperature tolerance (Murakami et al., 2000;
Routaboul et al., 2012; Tovuu et al., 2016).

Sphingolipids as structural components in response to
biotic stress

The rice Osfah1/2 plants displayed similar SA levels to WT and a
decreased tolerance to the hemibiotrophic fungus Magnaporthe
oryzae. Nagano and colleagues demonstrated that products of these
enzymes, 2-hydroxy-sphingolipids, were critical in the formation
of microdomains and disruption of OsFah1/2 activity disturbed
organisation of defence proteins localized in these microdomains,
such as theNADPHoxidase RbohB, required for ROS production
involved in rice immunity (Nagano et al., 2016).

Recent work has identified three genes involved in GIPC
glycosylation: GONST1, IPUT1 (inositol phosphorylceramide
glucuronosyltransferase1) and GMT1 (GIPC mannosyl-trans-
ferase1) (Mortimer et al., 2013; Fang et al., 2016; Tartaglio et al.,
2017). These three mutants displayed high SA and ROS levels
coupled to a constitutive HR and defence-gene induction,
suggesting a constitutive biotic stress response. Interestingly,
gmt1 also had a decrease in cellulose accompanied by an increase
in lignin content, a well known process in disease resistance.

Eudicot plant-specific GIPCs appeared to act as NLP (necrosis
and ethylene-inducing peptide 1-like protein) cytolysin receptors
(Lenarcic et al., 2017). NLP are produced by bacterial, fungal and
oomycete plant pathogens. Monocots did not develop necrotic
lesions upon challenge with NLP. The difference between the two
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clades resides in the length of terminal hexose residues in GIPCs
(two for eudicots and three formonocots). TheGIPC sugar moiety
is exposed at the surface of the plasma membrane and is therefore
accessible to NLP binding. The presence of a third hexose unit in
monocots impededNLP insertion into the plasmamembrane. The
structural and molecular consequences for the plasma membrane
that could occur downstream of this recognition requires further
study. These studies demonstrate that GIPC glycosylation and the
identity of the glycan headgroup are important for the plant
immune response.

Sphingolipids as signalling messengers in abiotic
stress

The sessile nature of plants has driven them to develop a myriad of
strategies to resist cell damage. Abiotic stress affects plant growth
and development, resulting in loss of vigour and ultimately death.
The altered physical and chemical composition of cell membranes
under temperature, salt stress or hypoxia is a problem the plant
must manage. As a major component of plasma membranes,
sphingolipids are significant in mitigating abiotic stress, both in
plasma membrane remodelling, and as signal transduction
molecules (Ali et al., 2018). A summary of the available data on
the enzymes and genes of the sphingolipid pathway involved in
response to both abiotic and biotic stress is presented in Table 1.

Temperature stress

Sphingolipids are involved in cold acclimation as structural
components of membranes and also as signalling molecules. In
Arabidopsis WT plants, low temperatures trigger an accumulation
of total sphingolipids, whereas the ratio of unsaturated LCBs is not
increased by low temperatures (Nagano et al., 2014). This situation
suggests that sphingolipids containing unsaturated LCBs are
potential candidates for natural resistance to low temperatures
but not for induced tolerance to cold. The cell death suppressor
AtBI-1 is involved in sphingolipid synthesis in response to cold by
interacting with AtSLD1, AtFAH1, AtSBH2 (a LCB C-4 hydrox-
ylase) and AtADS2 (acyl lipid desaturase 2) through Arabidopsis
cytochrome b5 (Nagano et al., 2014).Moreover, chilling induced a
decrease in LCB production (especially t18:1) (Guillas et al.,
2013). An Arabidopsis mutant exhibiting low levels of nitric oxide
(NO) displayed an accumulation of t18:1. A rapid and transient
production of t18:0-P and ceramide phosphates is induced by cold.
This accumulation was negatively regulated by NO (Cantrel et al.,
2011) and was specifically impaired in lcbk2 (but not in lcbk1) or
acd5mutants, respectively (Dutilleul et al., 2012, 2015). Whether
NO is able to directly regulate enzymes involved in LCB/LCB-P
and Cer/Cer-P rheostat or their substrate availability is still
unknown. lcbk2 displayed a constitutive activation of a cold-
responsiveMAPK,AtMPK6, at 22°C.AtMPK6 activationwas also
stimulated by t18:0-P treatment (Dutilleul et al., 2012). The
expression of some cold-responsive genes and phenotypical cold
responses were impaired in the lcbk2 mutant but not in acd5. In
addition, acd5 seed germination was hypersensitive to cold and
abscisic acid (ABA), however gibberellic acid (GA) treatment

reverted the acd5 germination phenotype at 4°C. Germination is
regulated by ABA and GA, two hormones that function antago-
nistically. This finding suggests that defects in the ABA/GAbalance
and CerK activity could be responsible for acd5 seed hypersensi-
tivity (Dutilleul et al., 2015). Therefore, some responses are
regulated by phosphorylated sphingolipids, ABA and NO sig-
nalling during cold stress. Recent data have described a role for
LCBK1 in Arabidopsis freezing tolerance (Huang et al., 2017).
Typical responses including osmolyte accumulation, induction of
cold- and membrane lipid-related genes occurring during this
abiotic stress are all impaired in the lcbk1 mutant. This situation
suggested a fine-tuned regulation inwhichLCBK1acts as a signal in
response to freezing temperatures and LCBK2 in response to
chilling temperatures.

There are only a small number of studies indicating that
sphingolipid metabolism is also involved in heat stress. It was
shown that exogenous LCB-phosphate contributed to heat stress
tolerance inArabidopsis cell culture (Alden et al., 2011).Moreover,
a recent transcriptome analysis showed that AtSLD1 expression is
significantly decreased in response to a combination of heat wave
and drought at ambient and elevated CO2, mimicking global
changes in climate (Zinta et al., 2018).

Hypoxia and oxidative stress

Hypoxia leads to an increase in ceramides, hydroxyceramides,
GlcCers and GIPCs (Xie et al., 2015a,b). In hypoxic conditions,
GIPCs are elevated in Arabidopsis and increased further inAtacbp3
(acyl-CoA binding protein 3), whereas AtACBP3-overexpressors
were hypersensitive to submergence (Xie et al., 2015b; Lung &
Chye, 2019). Similarly, a reduction of unsaturated VLC-ceramides
in loh1, loh2 and loh3 mutants due to the disruption of ceramide
synthase is accompanied by an enhanced sensitivity to dark
submergence. The loh1-1 loh3-1 double mutant displayed a
reduction in unsaturated very-long-chain (VLC)-ceramides and
impaired tolerance to dark and light submergence. Unsaturated
VLC ceramides are therefore seen as defence molecules for plant
tolerance to hypoxia (Xie et al., 2015a).Themechanismunderlying
this tolerance involves themodulation of ethylene signalling. These
molecules were shown to interact with constitutive triple response1
(CTR1; a negative regulator in ethylene signalling) and to inhibit
its kinase activity (Xie et al., 2015a) and subsequent ethylene
signalling. Furthermore, the hypersensitivity of lohmutants to dark
submergence was rescued by introduction of the crt1-1 mutation
that constitutively induces the ethylene response. Overexpression
of long-chain base kinase (OsLCBK1) in tobacco led to an
increased tolerance to oxidative stress provoked by treatment with
eithermethyl viologen orH2O2, accompaniedwith an induction of
oxidative stress-related gene expression (Zhang et al., 2013). orm1
amiR-ORM2 plants exhibited an early senescence phenotype
accompanied by ROS production and they displayed higher
survival rates to oxidative stress (Li et al., 2016). Measurement of
sphingolipids showed an increase in LCBs and ceramides and an
active vesicular transport that could contribute to the onset of the
senescence phenotype and the resistance to oxidative stress. A
homolog of human ceramidase, the neutral ceramidase nCer1, was
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recently characterised. ncer1 Arabidopsis plants accumulated
hydroxyceramides and were more sensitive to oxidative stress.
Conversely, nCer1 overexpressing plants were more tolerant to
oxidative stress (Li et al., 2015). Loss of AtACER, encoding an
alkaline ceramidase, inhibited autophagy and its overexpression

stimulated autophagy under oxidative stress (Zheng et al., 2018).
TheAtacermutant is highly sensitive to oxidative stress, whereas the
complementation line showed a similar tolerance to this stress as the
WT plant (Zheng et al., 2018). This result suggests that AtACER
improves adaptation to oxidative stress by regulating autophagy.

Table 1 Enzymes and genes of sphingolipid metabolism involved in response to (a)biotic stress.

Enzyme Name Mutant/transgenic plants Phenotype under (a)biotic stress References

SphingolipidΔ8 long-chain
base desaturases

SLD sld1sld2 (Arabidopsis) Sensitive to cold Chen et al. (2012)
SlSLD-KD (tomato) Sensitive to chilling Zhou et al. (2016)

Long-chain base kinase LCBK1 lcbk1 (Arabidopsis) Freezing tolerant Huang et al. (2017)
lcbk1-KD (Arabidopsis) Sensitive to FB1 treatment Yanagawa et al. (2017)
OsLCBK1-OE (rice) Tolerance to oxidative stress Zhang et al. (2013)
AtLCBK1-OE (Arabidopsis) Tolerance to FB1 treatment Yanagawa et al. (2017)

Long-chain base kinase LCBK2 lcbk2 (Arabidopsis) Tolerance to intermediate cold
(12°C)

Dutilleul et al. (2012)

Long-chain base kinase SPHK1 SPHK1-OE (Arabidopsis) Sensitive to ABA treatment Worrall et al. (2008)
Ceramide kinase ACD5 acd5 (Arabidopsis) Seed germination sensitive to cold Dutilleul et al. (2015)

Tolerance to powdery mildew Wang et al. (2008)
Susceptibility to B. cinerea Bi et al. (2014)

Ceramide synthase LOH1LOH2LOH3 loh1, loh2, loh3 (Arabidopsis) Sensitivity to dark submergence Xie et al. (2015a)
loh1-1 loh3-1 (Arabidopsis) Sensitivity to dark and light

submergence
Xie et al. (2015a)

LOH2-OE (Arabidopsis) Tolerance to FB1 treatment Luttgeharm et al. (2015)
Neutral ceramidase nCER1 ncer1 (Arabidopsis) Sensitivity to oxidative stress Li et al. (2015)

nCer1-OE (Arabidopsis) Tolerance to oxidative stress Li et al. (2015)
Alkaline ceramidase AtACER Atacer (Arabidopsis) Sensitivity to oxidative stress Zheng et al. (2018)

Susceptibility to P. syringae strain
DG3

Wu et al. (2015a)

Atacer, AtACER RNAi (Arabidopsis) Sensitivity to salinity Wu et al. (2015a)
AtACER-OE (Arabidopsis) Tolerance to salinity Wu et al. (2015a)

Sphingosine-1 phosphate
lyase

OsSPL1 OsSPL1-OE (rice) Sensitivity to salinity Zhang et al. (2012)
Susceptibility to P. syringae pv.
tabaci

Zhang et al. (2014)

Sphingoid phosphate
phosphatase1

AtSPP1 Atssp1 (Arabidopsis) Sensitive to ABA treatment Nakagawa et al. (2012)

Dihydrosphingosine-1-
phosphate lyase1

AtDPL1 Atdpl1 (Arabidopsis) Susceptibility to P. syringae pv.
tomato and tolerant to B. cinerea

Magnin-Robert et al.
(2015)

Fatty acid alpha-
hydroxylase

FAH1FAH2 fah1/fah2 (Arabidopsis) Tolerance to powdery mildew K€onig et al. (2012)
OsFah1/OsFah2 (rice) Susceptibility toMagnaporthe

oryzae

Nagano et al. (2016)

Enhancing RPW8-
mediated HR-like cell
death

ERH1 erh1 (Arabidopsis) Tolerance to powdery mildew Wang et al. (2008)

Glucosamine inositol
phosphorylceramide
transferase1

AtGINT1 Atgint1 (Arabidopsis) Tolerance to moderate salinity Ishikawa et al. (2018)

Serine
palmitoyltransferase

SPT SPT-silenced (tobacco) Susceptibility toAlternaria alternata
f. sp. lycopersici

Rivas-San Vicente et al.
(2013)

Small subunit of serine
palmitoyltransferase

ssSPTa AtssSPTa-OE (Arabidopsis) Sensitivity to FB1 treatment Kimberlin et al. (2013)
AtssSPTa RNAi (Arabidopsis) Tolerance to FB1 treatment Kimberlin et al. (2013)

Subunit of serine
palmitoyltransferase

LCB2a1 OsLCB2a-OE (rice) Tolerance toMyzus persicae infes-
tation

Begum et al. (2016)

Orosomucoid-like proteins ORM1ORM2 orm1 amiR-ORM2 (Arabidopsis) Tolerance to P. syringae strain DG3 Li et al. (2016)
Tolerance to oxidative stress Li et al. (2016)

AtORM1-OE, AtORM2-OE (Ara-
bidopsis)

Tolerance to FB1 treatment Kimberlin et al. (2016)

AtORM1 RNAi, AtORM2 RNAi(Ara-
bidopsis)

Sensitivity to FB1 treatment Kimberlin et al. (2016)

KD, knocked-down; OE, overexpressing line.
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Salt stress

During the early stage of salt stress in Carex rigescens, an iTRAQ-
based proteome study showed a reduction of the enzyme that
catalyses the second step of the biosynthesis of phytosphingosine, 3-
ketosphingosine reductase (KDSR) (Li et al., 2017). Based onwork
performed in yeast where 3-ketosphinganine reductase suppressed
Ca2+ sensitivity (Beeler et al., 1998), the authors hypothesised that
KDSR acts as a suppressor of the calcium signal during salt stress.
Seeds of Atgint1 (glucosamine inositol phosphorylceramide trans-
ferase1, responsible for the glycosylation of some GIPCs) mutants
displayed a higher germination rate than WT in response to salt
stress, although this difference disappeared at higher salt concen-
trations (Ishikawa et al., 2018). The Atacer mutant and AtACER
RNAi lines displayed high ceramide levels but reduced LCBs due to
a disruption of an alkaline ceramidase gene (Wu et al., 2015a).
Whereas these plants showed increased sensitivity to salinity,
AtACER overexpression led to an increased tolerance to such a
stress, highlighting the involvement of ceramides in response to salt
stress. More precisely, it has recently been shown that AtACER
regulates autophagy induced by high salt stress (Zheng et al., 2018).
Overexpression of a rice S1P (sphingosine-1-phosphate) lyase gene
in tobacco led to a decrease in tolerance to salt and changes in salt
stress related genes (Zhang et al., 2012). By contrast, overexpres-
sion of OsLCBK1 in tobacco plants triggered no alteration in
expression of salt stress-related genes or tolerance/sensitivity
phenotype compared with control plants in response to salt stress
(Zhang et al., 2013), suggesting that this enzyme is not involved in
salt stress responses in rice. Bioinformatic analysis supported the
hypothesis that there are at least two OsLCBKs (Zhang et al.,
2013). No sphingolipidomic analysis has been performed to reveal
how the LCB content could vary between these two overexpressing
plants. Previously published papers suggested that the sphingolipid
metabolism could be adjusted, so that length chain, concentration
and threshold are important for sphingolipid function.

Interplay with ABA signalling pathway

ABA has a key function in cold/drought stress responses. Pioneer-
ing work on sphingolipids showed that d18:1-P and t18:0-P were
rapidly induced by drought and were involved in ABA signalling
pathway to control guard-cell turgor and therefore stomatal

aperture (Ng et al., 2001; Coursol et al., 2003, 2005). This
sphingolipid signalling pathway involved Ca2+ mobilisation,
modification of ion channel activity, and heterotrimericG-protein.
Consistent with this, AtLCBK1was reported to be induced by low-
humidity or ABA treatments (Imai & Nishiura, 2005). Moreover,
ABA also induces the accumulation of several LCB-Ps (Guo et al.,
2012). SPHK1 is an enzyme that phosphorylates d18:1 and t18:0.
Stomata of SPHK1-OE and of Atspp1mutant (which accumulates
d18:1-P) displayed a higher sensitivity than WT to ABA (Worrall
et al., 2008; Nakagawa et al., 2012). Therefore, LCB-P content
regulated by LCB kinases and phosphatases plays a key role in the
ABA signalling pathway.

Interplay with phospholipid metabolism

Similar to sphingolipids, phosphatidic acid (PA) is considered as a
lipid messenger involved in plant response to both biotic and
abiotic stress. Like sphingolipids, PA interacts with MPK6 during
salt stress response in Arabidopsis (Yu et al., 2010) and NADPH
oxidase to regulate ROS production during ABA-regulated
stomatal closure (Zhang et al., 2009). ThePAbiosynthetic pathway
responds to temperature and salt stress and interacts with
sphingosine kinases (Guo et al., 2011). Moreover, addition of
exogenous PA induced LCB-P production and LCB-P levels are
diminished in plda1 in response to ABA (Guo et al., 2012).
Overexpression of sphingosine kinase increased PA accumulation.
Altogether, the crosstalk between PA and sphingolipids should be a
critical point to coordinate a stress response that needs to be
elucidated (Fig. 3) (Guo & Wang, 2012; Ng & Coursol, 2012).
DAG is a by-product of the IPC synthase and is known to promote
stomatal opening (Lee & Assmann, 1991; Peters et al., 2010).
Although there is no direct evidence for a relationship between
sphingolipids and DAG (Fig. 3), lipidome remodelling under
stress could yet prove a link.

Signalling messengers in biotic stress

Biotic stress caused by plant pathogens and insects is a major threat
to both plant survival and productivity. Plants have developed a
complex set of defenceswhen challenged by pathogens. A successful
innate immune response depends on the capability of the plant to
recognise its invader and then to translate the different stimuli to an

Fig. 3 Interplay between sphingolipid and
phospholipid metabolisms and their
involvement in stomatal aperture.
Phospholipid compounds are highlighted in
blue. Solid arrows represent enzymatic
reactions and dashed arrows indicate a
stimulation reaction. Cer, ceramide; DAG,
diacylglycerol; FA, fatty acid; GIPC, glycosyl
inositol phosphoceramide; IPC, inositol
phosphorylceramide; LCB, long-chain base;
LCB-P, long-chain base phosphate; PA,
phosphatidic acid; PI, phosphoinositol.
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adaptive response. As structural plasma membrane components,
sphingolipids are important molecules on the front line of
pathogen recognition. Sphingolipid disruption also has an impact
onPCDand accumulation of severalwell knowndefencemolecules
(such as ROS,MAPK, and hormones) and sphingolipids therefore
act as mediators in the defence signalling cascade.

Very recently, metabolomic profiling identified changes in the
sphingolipid pool after exposure to biotic stress. Xanthomonas
campestris pv. campestris infection on Brassica oleracea triggered
dynamic changes in sphingolipid metabolism including a reduc-
tion in the levels of ceramide N-palmitoylsphinganine (Tortosa
et al., 2018). Treatment of tomato fruit with the b-aminobutyric
acid elicitor increased the detected levels of ceramide phos-
phatidylinositol (Wilkinson et al., 2017). These metabolomic
studies suggested that biotic stresses could impact sphingolipid
metabolism.

Interplay with SA signalling pathway

Genetic and biochemical data suggest that sphingolipids are
involved in the regulation of SA levels. Several mutants with altered
sphingolipid metabolism displayed higher SA content and activa-
tion of SA-dependent responses. Conversely, both SA and its
analogue benzothiadiazole affected sphingolipid metabolism (Shi
et al., 2015). The Arabidopsis fah1/2 mutant displayed SA
accumulation in addition to an increase in ceramides but moderate
changes in LCB accumulation (K€onig et al., 2012). This suggests
that elevated ceramide levels lead to an increase in salicylate levels.
By contrast, the Arabidopsis loh1 mutant displayed an accumula-
tion of C16-ceramides but no changes in SA levels (Ternes et al.,
2011). This discrepancy suggests the sphingolipid trigger for SA
accumulation may be more complicated than initially expected. It
is noteworthy that these mutants displayed other changes in
sphingolipid homeostasis (e.g. fah1/2 also shows a decrease in
glucosylceramides) that maybe have previously been overlooked.
The induction of SA could therefore be due to alterations in
sphingolipid classes other than LCBs or ceramides. The link
between sphingolipid metabolism and SA may rely on MPK6,
ROS/NO and/or calcium accumulation but this is still unclear
(Sanchez-Rangel et al., 2015). For example, overexpression of
LCBK1 in tobacco cell culture triggered the accumulation of ROS
in response to cryptogein. Loss of LCBKactivity by using inhibitors
resulted in a decrease in ROS production in elicited tobacco cells
(Coursol et al., 2015).

In conjunctionwith activation of the SA pathway, several studies
revealed that plants disrupted in sphingolipid biosynthesis are also
affected in their ability to tolerate biotrophic pathogens. Whereas
SA is considered essential for resistance to biotrophic and
hemibiotrophic pathogens, it has been demonstrated that jasmonic
acid (JA) and ethylene (ET) signalling pathways are important for
resistance to necrotrophic pathogens in Arabidopsis (Thomma
et al., 2001; Glazebrook, 2005). In Arabidopsis, it is now
acknowledged that SA has a reciprocal antagonistic effect on JA
signalling (Glazebrook, 2005). Using orm1 amiR-ORM2 plants, Li
et al. (2016) demonstrated that the loss of ORM function triggered
a constitutive induction of SA-dependent gene and a tolerance to

Pseudomonas syringae strain DG3 compared withWT plants. acd5,
erh1 (enhancing RPW8-mediated HR-like cell death) and fah1/2
mutants also exhibited a constitutive activation of SA pathway and
enhanced resistance to powdery mildew. However, they had a
similar phenotype to WT after challenge with the hemibiotrophic
pathogens P. syringae pv. maculicola or Verticillium longisporum
(Wang et al., 2008;K€onig et al., 2012). Similarly, overexpression of
OsSPL1 in tobacco dramatically reduced SA-dependent gene
expression and increased susceptibility to P. syringae pv. tabaci.
Conversely, PDF1.2, a JA-dependent gene, expression is slightly
enhanced (Zhang et al., 2014). SA-dependent pathogenesis-related
(PR) gene expressions were constitutively lower in Atacer-1 plants
compared withWT plants. This profile was similar, but enhanced,
when these plants were infected by the P. syringae strain DG3. As a
consequence, Atacer-1 plants were found to be more susceptible to
the biotrophicP. syringae strainDG3 (Wu et al., 2015a). In light of
the antagonistic relationship between SA and JA, it would be
interesting to analyse SA and JA levels alongside JA-responsive
genes in Atacer-1 plants.

Few studies have analysed the role of sphingolipids during plant/
necrotrophic pathogen interaction. Tobacco plants in which SPT
was silenced accumulated SA, constitutively expressed SA-induced
genes and showed an increased susceptibility to the necrotrophic
fungus Alternaria alternata f. sp. lycopersici (Rivas-San Vicente
et al., 2013). Similarly, the SA accumulating acd5 showed increased
susceptibility to B. cinerea (Bi et al., 2014).

The role of sphingolipid metabolism in response to herbivory
has been analysed (Begum et al., 2016). Overexpression of
OsLCB2a in Arabidopsis led to the accumulation of LCB and
ceramides compared with WT. These transgenic plants also
displayed increased callose and wax deposition, an induction of
SA-dependent and camalexin-dependent genes but a reduction of
JA-related genes, and inhibited aphid infestation (Begum et al.,
2016).

Interplay with JA signalling pathway

The Atdpl1 mutant displayed a sensitivity towards the
hemibiotrophic bacterium Pseudomonas syringae pv. tomato but a
tolerance when infected by the necrotrophic fungus Botrytis cinerea
(Magnin-Robert et al., 2015). However, SA levels were similar or
even reduced compared with WT, whereas JA levels and JA-
dependent gene expression were higher in the Atdpl1 infected
mutant.This situation suggested a linkbetween the sphingolipid and
JA pathway. By using SPHK1 overexpressing plants, SA production
was enhanced in response to FB1 treatment.ConverselySPHK1-KD
plants displayed an increase in JA-related transcripts andmetabolites
(Qin et al., 2017). Therefore, it was suggested that the balance
between LCBs and LCB-Ps modulated by the activity of SPHK1
acted as a signal upstream of the SA/JA signalling pathways during
FB1-induced cell death (Qin et al., 2017).

Interplay with ethylene signalling pathway

It was recently shown that sphingolipid metabolism has connec-
tions with not only SA and JA pathways but also with ethylene
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signalling. Ethylene or its precursor (1-aminocyclopropane car-
boxylic acid) inhibits sphingolipid biosynthesis.Mutants disturbed
in ethylene biosynthesis or signalling displayed constitutive
modifications in sphingolipid content (Wu et al., 2015b). For
example, ctr1-1mutants, which have enhanced ethylene signalling,
contained lower levels of ceramides and hydroxyceramides com-
pared with WT. Some constitutive ethylene response mutants
displayed a higher tolerance to FB1, and mutants deficient in
ethylene signalling exhibited more sensitivity to FB1, showing that
enhanced ethylene signalling rescues FB1-induced cell death.

Conclusions and future directions

Over the last few decades we have learned much about the role of
sphingolipids during the plant stress response. Functional analyses
have demonstrated that sphingolipids are involved in the response
to environmental cues. The role of sphingolipids during PCD is
well studied. Significant progress has been made but the precise
identity of sphingolipids involved in this process is not clearly
defined. It is clear that PCD is tightly regulated and further
consideration should be given to the different stresses triggering
PCD and also the plant species in question. The plasmamembrane
mediates contact with the environment and is the likely initial
source of signal transduction. Recent evidence has shown that
GIPC glycosylation involved different regulation processes in the
plasma membrane. The composition, distribution and dynamic
association of sphingolipids are therefore of high importance for
plasma membrane function. It is essential to unravel the dynamic
association between sphingolipids, plasma membrane lipids and
proteins to better understand the recognition step of the immune
response. While a body of evidence has revealed functions for
LCBs/LCB-Ps, ceramides and GIPCs, the roles of GlcCers in
plants have yet to be fully investigated, other than the observation
that they are essential for normal plant growth and development.
The relationship between sphingolipids and SA is long acknowl-
edged and recent studies have shown interconnections with other
defence signalling pathways such as JA and ethylene.The regulation
of stomatal aperture is of crucial importance during plant defence
responses, especially in response to foliar pathogens. ABA-medi-
ated stomatal closure inhibits pathogen penetration to the apoplast.
As the sphingolipid signalling pathway has some interconnections
during this process in response to drought stress, the relationship
between sphingolipids and ABA in response to foliar pathogens
remains to be elucidated.

Despite the range of different structures of sphingolipids and
differing physical properties they exhibit, understanding sphin-
golipid regulation and function is not comprehensive. The
interactions with other cellular lipids are also yet to be fully
resolved but there are known relationships with several other lipid
classes. The wider lipidome is subject to remodelling when the
plant is under stress and it is likely that sphingolipids form part of a
coordinated response. The mechanisms for action and whether
sphingolipids regulate stress responsive gene expression or are
themselves regulated by stress responsive transcription factors are
not yet fully understood. There is still a gap in understanding the
role of sphingolipids in the plant stress response, but the advent of

genome editing technology opens the possibility to develop crops
with a greater ability to tolerate stress based on the manipulation of
their sphingolipid biosynthetic pathway.
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Plants are constantly facing abiotic and biotic stresses. To continue to thrive in their 
environment, they have developed many sophisticated mechanisms to perceive these 
stresses and provide an appropriate response. There are many ways to study these stress 
signals in plant, and among them, protoplasts appear to provide a unique experimental 
system. As plant cells devoid of cell wall, protoplasts allow observations at the individual 
cell level. They also offer a prime access to the plasma membrane and an original view 
on the inside of the cell. In this regard, protoplasts are particularly useful to address 
essential biological questions regarding stress response, such as protein signaling, ion 
fluxes, ROS production, and plasma membrane dynamics. Here, the tools associated 
with protoplasts to comprehend plant stress signaling are overviewed and their potential 
to decipher plant defense mechanisms is discussed.

Keywords: plant stress response, protein signaling, ion fluxes, cell membrane dynamics, plant protoplasts

INTRODUCTION

As sessile organisms, plants are exposed to myriads of potential stresses that can be  harmful 
to their development. These adverse environmental conditions include both biotic and abiotic 
stresses that increasingly threaten agricultural plant productivity at a worldwide scale. In response, 
plants have developed an array of mechanisms to survive tough environmental conditions 
such as drought, heat, cold, nutrient deficiency, pollutants, pathogens, and herbivore attacks. 
The first crucial step in plant defense is the perception of the stress so that they can respond 
in a rapid and effective manner (Couto and Zipfel, 2016). While the underlying sensing 
mechanisms of abiotic stress are not fully elucidated, mostly due to functional redundancy in 
genes encoding sensor proteins or mutant lethality (Zhu, 2016; Gong et  al., 2020), it is believed 
they are perceived by primary sensory mechanisms (Lamers et  al., 2020). Several putative 
sensors have been ascribed to abiotic stresses perception and are often linked to membrane-
associated proteins of the cells, organelles, or nucleus membrane proteins (Zhu, 2016). These 
sensors will then translate the changing environment into a signaling cascade allowing the 
plant to coordinate an appropriate response for acclimation. Similarly, plants have evolved an 
innate immune system to counteract the deleterious effects of biotic stresses (Jones and Dangl, 
2006; Saijo and Loo, 2020; Zhou and Zhang, 2020). Once the constitutive plant defenses such 
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as the cuticle, the cell wall (CW) and other physical and 
biochemical barriers are overrun, the plant plasma membrane 
(PM) is then at the frontline of stress perception. Through 
cell surface and intracellular protein receptors, the plant is 
capable of sensing multiple molecular stress factors, such as 
MAMPs (microbe-associated molecular patterns), PAMPs 
(pathogen-associated molecular patterns), and DAMPs (damage-
associated molecular patterns), thus initiating a cascade of 
signal transduction leading to a rapid and effective response 
from the plant (Cook et  al., 2015; Couto and Zipfel, 2016). 
Both biotic and abiotic stresses share some early signaling 
events such as the production of reactive oxygen species (ROS) 
by NADPH oxidases, activation of protein kinases, receptors, 
or co-receptors through phosphorylation (Kadota et  al., 2015; 
Yu et  al., 2017; Zipfel and Oldroyd, 2017; Bigeard and Hirt, 
2018), and rapid and transient change of ion fluxes (Jones 
and Dangl, 2006; Bigeard et  al., 2015; Lamers et  al., 2020). 
These fluxes can act on PM potential regulation and activation 
of Ca2+-dependent or K+-dependent enzymes (Jeworutzki et al., 
2010; Bose et  al., 2011; Demidchik, 2014; Wu et  al., 2014b; 
Zipfel and Oldroyd, 2017; Sze and Chanroj, 2018; Yoshioka 
and Moeder, 2020). Then, activation of transcription factors 
(TFs) leads to the production of stress-related hormones such 
as abscisic acid, salicylic acid, jasmonic acid, and ethylene. 
Upon pathogen attacks, positive and negative crosstalks 
(Glazebrook, 2005) between these signaling molecules trigger 
the accumulation of an array of antimicrobial compounds such 
as pathogenesis-related proteins and phytoalexins (Delaunois 
et  al., 2014).

How plants perceive and respond to these stress signals are 
essential biological questions and many of them are now 
investigated through innovative techniques that employ 
protoplasts as proxy for whole tissue, or even for whole plants. 
A protoplast refers to a spherical cell whose CW has been 
removed by digestive enzymes. The first protoplast isolations 
were developed in bacteria (Weibull, 1953) and fungi (Eddy 
and Williamson, 1957; Barbara and Bonner, 1959), before being 
transposed to plants (Cocking, 1960). They are usually obtained 
from enzymatic digestion of leaf and root tissues or even from 
cultured cells of a wide variety of species (Fowke et  al., 1983; 
Yoo et  al., 2007; Lin et  al., 2018; Sangra et  al., 2019; Zhao 
et  al., 2019; Cheng and Nakata, 2020). With transformation 
methods already developed and microscopy techniques fast 
expending, the protoplast system could ultimately be considered 
as convenient screening platform to better target future whole 
plant analyses (Li et  al., 2014). Moreover, freshly isolated 
mesophyll protoplasts are believed to retain the physiological 
properties of whole plants (Yoo et  al., 2007).

Protoplasts have already been described as a useful and 
versatile system to study plant cell reprograming during 
development (Pasternak et al., 2020) and plastid transformation 
(Yu et al., 2020). In this review, we will focus on the different 
approaches and techniques that use protoplasts to study 
plant responses to both biotic and abiotic stresses and 
particularly on transient expression assays (TEA), on the 
use of fluorescence probes and on patch-clamp assays 
(Figure  1 for an overview). We  will also enlighten and 

discuss the advantages and the limitations of protoplasts as 
a proxy for whole tissues or plants.

PROTOPLASTS AS TOOLS IN 
BIOMOLECULAR STUDIES

Protoplasts represent cell populations that are adapted for 
synchronous pharmacological and biochemical treatments and 
efficient genetic transformation (Sheen, 2001; Yoo et  al., 2007; 
Xing and Wang, 2015). As TEAs in protoplasts can provide 
results in less than 36 h (Yoo et  al., 2007), they are a useful 
system to investigate early and transient events in plants during 
stress response at the biomolecular scale. TEAs are performed 
by isolating protoplasts from plant tissues, transfecting them 
in the presence of polyethylene glycol and calcium (Yoo et  al., 
2007; Lin et  al., 2014) or through electroporation (Miao and 
Jiang, 2007) and incubating them for 2–24 h. They have been 
developed in several plant species such as Arabidopsis thaliana 
(Asai et  al., 2002; Boudsocq et  al., 2004, 2010; Bethke et  al., 
2009; Li et  al., 2019), maize (Kovtun et  al., 1998), rice (Takai 
et  al., 2007; Wang et  al., 2014; Liu et  al., 2018), barley (Saur 
et  al., 2019), wheat (Hahn et  al., 2020), strawberry (Gou et  al., 
2020), banana (Wu et  al., 2020b), and rubber tree (Zhang 
et  al., 2016). This system can be  used for high-throughput 
analysis of plant signaling pathways and regulatory mechanisms 
(Figure  1).

Functional Screening of Proteins
Plant signaling involves several large protein families which 
contain many members. For example, in Arabidopsis, mitogen-
activated protein kinase (MAPK), MAPK kinase (MAPKK), 
and MAPKK kinase families contain 20, 10, and 60 members, 
respectively (Bigeard and Hirt, 2018), calcium-dependent protein 
kinase (CDPK) family has 34 members (Boudsocq et al., 2010), 
and TFs families such as MYB TFs, WRKY TFs, and basic 
leucine zipper transcription TFs comprise more than 176, 75, 
and 78 members, respectively (Dubos et al., 2010; Dröge-Laser 
et  al., 2018; Wani et  al., 2021). However, depending on the 
type of stress, the proteins involved in the signaling cascade 
may differ and a better understanding of plant defense 
mechanisms is therefore linked to the identification of its 
signaling components.

By avoiding time-consuming whole plant transformation, 
protoplasts offer a useful system to perform functional genomic 
screen among a group of proteins and determine which of 
them are able to activate defense genes. The screening is 
performed with reporter gene assay comprising a number of 
TEAs equal to the number of proteins or combination of 
proteins tested. In each TEA, protoplasts are transfected with 
2 or 3 vectors simultaneously. One vector expresses the gene 
coding a protein of interest and has therefore a different 
sequence in each TEA. Then, a reporter gene often associated 
with a control gene, both constant between TEAs, can 
be  expressed either in one (Hellens et  al., 2005; Liu et  al., 
2018) or two different vectors (Asai et  al., 2002; 
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Boudsocq et  al., 2010). The reporter gene is under a stress-
inducible promoter that allows the detection of defense gene 
induction, while the control gene is under a constitutive promoter 
and allows the normalization of the reporter gene activity by 
taking into account experimental variation such as differences 
in cell number, in cell viability, and transformation efficiency 
(Kovtun et  al., 1998). The firefly luciferase or the GFP gene 
is commonly used as reporter gene, while the ß-glucuronidase 
(GUS) or the Renilla luciferase gene is often used as control 
gene (Kovtun et  al., 1998; Sheen, 2001; Asai et  al., 2002; Yoo 
et  al., 2007; Wehner et  al., 2011; Thévenin et  al., 2012; Liu 
et  al., 2018). The choice of the stress-inducible promoter 
represents the main limitation of the reporter gene assay as 
it has to be  determined either based on the literature, or by 
detecting gene activation with PCR (Asai et al., 2002; Boudsocq 
et  al., 2010; Chen et  al., 2010). Finally, using the microtiter 
plate-based protoplast transactivation (PTA) system established 
by Wehner et  al. (2011), high-throughput functional genomic 
screening can be performed to rapidly analyze up to 96 proteins.

Using this approach, screening of protein kinase families, 
such as MAPK and CDPK, and TFs has been performed to 
identify the one(s) involved in plant response to a specific 
biotic (Asai et  al., 2002; Boudsocq et  al., 2010; Sheikh et  al., 
2016) or abiotic stress (Chen et  al., 2010; Wehner et  al., 2011). 
When combined with RT-qPCR analysis, TEAs in protoplasts 
can also reveal potential synergic or antagonist effect between 
signaling pathways of signaling proteins (Asai et  al., 2002; 
Boudsocq et al., 2010). Moreover, the use of vectors expressing 
structural variants of the protein of interest could evidence 
structural motifs compulsory for the signaling function of 
proteins (Mueller et al., 2012; Pecher et al., 2014). Such variants 
have provided clues on how allele selection plays a role in 
climate adaptation of some subspecies (Liu et al., 2018). Reporter 
gene assays in Arabidopsis protoplasts have also demonstrated 
the complex regulation between catalytic and regulatory subunit 

of sucrose non-fermenting1-related Kinase1 (SnRK1), involved 
in metabolic stress response and development (Ramon 
et  al., 2019).

Protein Location and Trafficking
Besides the functional role of proteins in gene regulation, TEA 
can also provide information on their subcellular locations 
and dynamics (i.e., their mobility) into the cell when protoplasts 
are expressing both the studied protein fused with a fluorescent 
one, such as YFP, GFP, CFP, or mCherry, and a fluorescent 
marker specific of a cellular compartment. To that end, several 
markers have been developed to mark specifically plant organelles 
(Nelson et  al., 2007; Zhang et  al., 2021), and their diversity 
for the different organelles has been recently reviewed (Zhu 
et  al., 2020). These information may help to elucidate protein 
function (Nelson et  al., 2007), since TFs are expected to 
be  found in the nucleus (Asai et  al., 2002; Sheikh et  al., 2016; 
Moon et  al., 2019), protein receptors in the PM (Li et  al., 
2017; Liu et  al., 2017; Pham et  al., 2020), and proteins with 
a more versatile function can be  found both in the cytosol 
and in cellular organelles (Boudsocq et  al., 2010). Fluorescent-
tagged proteins in protoplasts have also been used to investigate 
the influence of the CW on PM protein dynamics (Daněk 
et  al., 2020), the importance of membrane lipid composition 
in protein cell location (Nagano et  al., 2016), and protein 
trafficking during signaling (Underwood et  al., 2017; Menzel 
et  al., 2019). TEA in protoplasts can also bring additional 
information on protein trafficking with secretion assays to 
identify and study vacuolar sorting receptor (daSilva et  al., 
2005; Shen et  al., 2013) or signal peptide (Denecke et  al., 
1990) involved in the regulation of secretory pathways in plant.

Detection of Protein–Protein Interaction
The study of protein–protein interaction (PPI) through TEAs 
in protoplasts can also bring crucial information to decipher 

FIGURE 1  |  Overview of techniques associated with protoplasts to study plant stress perception and response and the information they provide. The biomolecular-
related assays are in purple, fluorescence probes-associated techniques are in orange – see text for further information on the probes, and electrophysiological 
approaches are in blue.
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kinase signaling in plant cells (Pecher et al., 2014; Cheng et al., 
2015; Liu et  al., 2017; Ye et  al., 2019; Li et  al., 2020; Takahashi 
et  al., 2020), the activation and interaction of TFs (Pecher 
et  al., 2014; Liu et  al., 2018; Ye et  al., 2019), or even the 
interaction between immune receptors and co-receptors (Halter 
et  al., 2014; Yeh et  al., 2015; Fliegmann et  al., 2016; Gong 
et  al., 2019; Li et  al., 2019).

The yeast two-hybrid (Y2H) is a widely used high-throughput 
method to detect putative PPI and screen a broad range of 
interactions between proteins (Pecher et  al., 2014; Wang et  al., 
2014; Liu et  al., 2017, 2018; Gong et  al., 2019; Ye et  al., 2019). 
However, the physiology of the yeast cell differs from that of 
the plant cell. To get a system more representative of plant 
cell physiology, a protoplast two-hybrid (P2H) system has been 
developed. This approach studies PPI by transferring the GAL4-
based two-hybrid system into plant protoplasts instead of yeast 
cells (Figure  2A; Ehlert et  al., 2006; Iven et  al., 2010). Hence, 
the P2H system identifies PPI between two proteins by fusing 
one of them with the binding domain (BD) and the second 
protein with the activation domain (AD) of the transcriptional 
activator Gal4. With the use of GAL4-UAS4:GUS reporter 
plasmid, the PPI is detected when a higher GUS activity is 
observed. When studying interaction between leucine zipper 
TFs, this method was able to detect some weak interactions 
not detected in Y2H system, suggesting that P2H studies may 
be more representative of in planta conditions than Y2H (Ehlert 
et  al., 2006; Xing and Wang, 2015). P2H has also been used 
to analyze PPI involved in the regulation of heat shock response 
in Arabidopsis (Hsu et  al., 2010) and in auxin signaling in 
tobacco (Böttner et  al., 2009). Furthermore, in a similar way 
as it was developed for functional genomic screening, a high-
throughput PPI screening can be performed with the combination 
of P2H and a microtiter plate-based system (Wehner et al., 2011).

Nevertheless, since both Y2H and P2H studies are performed 
in the nucleus, they are therefore possibly limited to specific 
classes of proteins such as TFs (Ehlert et  al., 2006) and 
complementary approaches using TEA in protoplasts should 
be  considered to confirm PPI in planta. These additional 
techniques comprise co-immunoprecipitation assays (co-IP; 
Figure 2B; Li et al., 2019; Ye et al., 2019), protein complementation 
assays (PCA), including bimolecular fluorescence 
complementation (BiFC; Pecher et  al., 2014; Liu et  al., 2018; 
Takahashi et  al., 2020; Yang et  al., 2020) and split luciferase 
complementation (SLC; Figure  2C; Cheng et  al., 2015; Gong 
et  al., 2019) and Förster Resonance Energy Transfer (FRET) 
experiments (Figure  2D; Halter et  al., 2014; Fliegmann 
et  al., 2016).

To study PPI with co-IP (Figure  2B), protoplasts are 
transformed with two vectors, each containing one of the 
proteins of interest fused with a different epitope, such as the 
hemagglutinin (HA) tag or the FLAG tag (Cheng et  al., 2015; 
Li et al., 2019). The protoplasts are then lysed, and the proteins 
are immunoprecipitated using one of the two epitopes. The 
resulting extract is then analyzed by western blot to detect 
the second epitope and confirm the PPI. This approach has 
been used in Arabidopsis protoplasts to demonstrate the 
association of the receptor-like kinase (RLK) BAK1 with a 

calcium channel when studying plant cell death (Yu et  al., 
2019). Still in Arabidopsis, it highlighted the negative effect of 
the RLK NIK1, involved in antiviral immunity, on bacterial 
immunity by showing its impact on the formation of the 
complex between FLS2 and its co-receptor BAK1, paramount 
in the sensing of the bacterial PAMP flagellin22 (flg22; Li 
et  al., 2019). Co-IP experiments on protoplasts also evidenced 
the importance of ubiquitination of another RLK, BIK1, for 
plant immune response regulation (Ma et al., 2020). Nevertheless, 
co-IP does not provide spatial nor temporal information on 
PPI. Besides, it is an in vitro approach and the lysis process 
may disrupt weak interaction or induce interaction between 
proteins that would never be brought together under physiological 
conditions (Struk et  al., 2019). Hence, if the PPI studied is 
transient, other in vivo approaches should be  considered such 
as PCA or FRET (Cui et al., 2019; Struk et al., 2019; Takahashi 
et  al., 2020).

In PCA (Figure  2C), one of the studied proteins is fused 
with the amino-terminal part and the other one with the 
carboxy-terminal part of a fluorescent protein, such as YFP 
or mCherry, for BiFC (Pecher et  al., 2014; Cheng et  al., 2015; 
Li et  al., 2020) or a luciferase enzyme, such as the firefly 
luciferase, for SLC (Chen et  al., 2008; Cheng et  al., 2015; 
Gong et  al., 2019). In BiFC, when the two proteins interact, 
the combination of the two parts of the fluorescent protein 
restores the fluorescence enabling the visualization and the 
spatial location of protein complexes. In SLC, the interaction 
of the two proteins restores the luciferase activity which can 
be  detected in the presence of luciferin by the measurement 
of chemiluminescence. Thanks to PCA on protoplasts, 
information on in vivo PPI can be obtained, but both techniques 
have their specificities. With BiFC, the location of both long-
standing and transient PPI can be  observed, while the high 
background signal observed with SLC prevents such observation 
(Fujikawa and Kato, 2007; Cui et  al., 2019). In Arabidopsis, 
BiFC has shown the PM location of the interaction between 
proteins involved in stress response. For instance, it evidenced 
the interplay between the ATP-recognition receptor DORN1 
and the NADPH oxidase RBOHD, involved in ROS production 
and stomatal closure (Chen et  al., 2017). It also showed the 
nitrate-sensing mechanism where transceptor NRT1.1, that acts 
as nitrate transporter and sensor, interacts with the calcium 
channel CNGC15 (Wang et al., 2021). However, the irreversible 
recombination of fluorescent proteins used in BiFC limits its 
ability to study PPI dynamics and SLC offers a better alternative 
in that regard (Kerppola, 2006; Kudla and Bock, 2016; Cui 
et  al., 2019; Struk et  al., 2019). Indeed, the reversibility of 
luciferase recombination allows detection of both the association 
and dissociation of two proteins in less than 1 min following 
treatment (Li et  al., 2011; Wang et  al., 2020b).

Another way to study PPI dynamics and location in vivo 
with protoplasts is the use of FRET. Here, two putative 
interacting partners are fused with a fluorophore (Halter et al., 
2014; Fliegmann et  al., 2016; Rios et  al., 2017; Long et  al., 
2018). One partner is fused with a donor fluorophore, while 
an acceptor fluorophore is fused to the putative interacting 
partner (Figure  2D). The donor fluorophore displays an 
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emission spectrum that overlaps with the excitation spectrum 
of the acceptor fluorophore. When the proteins interact, it 
brings the donor in close proximity to the acceptor allowing 
a transfer of energy from the first fluorophore to the second. 
This leads to a decrease in fluorescence intensity and lifetime 
of the donor concomitant with an increase in fluorescence 
intensity of the acceptor. As FRET is based on a remote 
interaction and not a physical interaction between the tags 
of the proteins of interest, this approach allows the study of 
PPI dynamics with information on protein location. It has, 
for instance, been used in Arabidopsis protoplasts to show 
the early disruption of the interaction between the ethylene 
factor ERF104 and MAPK6 following treatment with flg22 
(Bethke et  al., 2009). The implementation of FRET analysis 
first requires an optimization of the labeling condition. In 

this regard, TEAs in protoplast represent a convenient tool 
to test a large number of FRET pair combinations before 
transposing it to whole plants or tissues (Long et  al., 2018). 
Nevertheless, FRET measurements require a high accumulation 
level of the protein of interest and advanced equipment to 
detect the signal, explaining its limited use in PPI studies 
(Cui et  al., 2019; Struk et  al., 2019).

In summary, TEAs in protoplasts associated with the 
aforementioned techniques provide useful tools to study PPI 
in plant cells. Each technique has its own characteristics and 
limitations hence why a complementary use of several of them 
should be  envisaged to get a reliable and comprehensive view 
of PPI. PPI studies are, however, not restricted to protoplasts, 
and readers interested in PPI analysis in other systems may 
refer to recent reviews (Cui et  al., 2019; Struk et  al., 2019).

A

B

C D

FIGURE 2  |  Schematic representation of techniques associated with protoplasts to study protein–protein interaction. (A) In the protoplast two-hybrid (P2H) system, 
the protoplasts are transformed with the GAL4-UAS4:GUS reporter plasmid and the two putative interacting partners are fused to the binding domain (BD) and the 
activation domain (AD) of the transcriptional activator Gal4. An interaction between the partners leads to the transcription of the glucuronidase (GUS) gene and to a 
higher GUS activity. (B) In co-immunoprecipitation (co-IP), the two putative interacting partners are fused to two different epitopes [e.g., hemagglutinin (HA)-tag and 
FLAG-tag]. The proteins are then extracted from protoplast lysate with a co-IP using one of the two tags (here, the HA-tag). If the proteins are interacting, both HA-
tagged and FLAG-tagged proteins are extracted which can be observed with a western blot (WB; upper box). If the proteins do not interact, only the HA-tag is 
detected in the western blot (bottom box). (C) In protein complementation assay (PCA), such as bimolecular fluorescence complementation (BiFC) or split luciferase 
complementation (SLC) assay, two fragments (the carboxy-terminal and the amino-terminal parts) of a reporter protein are fused to two putative interacting partners. 
In BiFC, the fragments come from a fluorescent protein and in SLC, from a luciferase enzyme. The interaction between partners leads to the association between 
the N- and C-ter fragments and restores fluorescence (for BiFC) or luciferase activity detected in the presence of luciferin (for SLC). (D) In Förster Resonance Energy 
Transfer (FRET), each of the two putative interacting partners is fused with one different fluorophore, either a donor or an acceptor. When the partners are 
interacting, the donor can transfer its energy of excitation to the acceptor, inducing a change in fluorescence intensity of the fluorophores and in the fluorescence 
lifetime of the donor.
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Detection of Kinase Activity and Protein 
Phosphorylation
Following the identification of PPI, one could be  interested 
in understanding its consequences, such as the activation of 
kinases or protein phosphorylation. To that end, crude or 
immunoprecipitated protein extracts are collected from lysates 
of protoplasts or plant seedlings having undergone biotic or 
abiotic stress. Compared to experiments in plant seedlings 
which require mutant generation, protoplasts transiently 
expressing the studied protein(s) provide a high-throughput 
system to perform explorations as well as hypothesis-driven 
tests as results can be  obtained in a few days (Yoo et  al., 
2007). For instance, Arabidopsis protoplasts have been used to 
study flg22-induced phosphorylation of the RLK BIK1 (Li et al., 
2019) and investigate the importance of amino acid residue 
for protein phosphorylation in PAMPs-triggered immunity 
(Menzel et  al., 2019) and in cold stress (Ye et  al., 2019). The 
assessment of kinase activation is then performed either by 
the detection of the kinase activity through the phosphorylation 
of kinase substrate or by detecting phosphorylated kinases as 
their activation is linked to their phosphorylation state.

To detect kinase substrate phosphorylation, proteins extracted 
from protoplasts are incubated with the radioactive marker 
γ[32P]ATP and a substrate, which can be  a protein, such as 
a histone of myelin basic (Asai et  al., 2002; Boudsocq et  al., 
2004, 2010; Liu et  al., 2017), a kinase, such as MAPK for 
MAPKK (Asai et  al., 2002; Wang et  al., 2014), or even a lipid 
(Menzel et  al., 2019). Once incubated, the kinase activity is 
determined by measuring the incorporation of the radioactive 
marker into the kinase substrate. To avoid the use of radioisotopes, 
an alternative method to measure the phosphorylation of kinase 
substrate has been developed using a phosphate-binding tag 
(Phos-Tag) assay (see below; Kinoshita et  al., 2006).

Finally, protein phosphorylation can be detected either with 
specific antibody or by observing mobility shift of proteins 
with SDS-PAGE (Pecher et  al., 2014; Li et  al., 2019; Yu et  al., 
2019; Ma et  al., 2020). To perform immunodetection, crude 
protein extract is analyzed by western blot with a primary 
antibody recognizing phosphorylated amino acids (Gong et al., 
2019; Li et  al., 2019) or motifs such as dual phosphorylation 
specific to active MAPKs detected with anti-pERK antibody 
(Cheng et  al., 2015; Zhang et  al., 2016; Gong et  al., 2019). 
For the mobility shift assay, Phos-Tag can be  added into the 
SDS-gel to improve the separation between non-phosphorylated 
and phosphorylated proteins (Kinoshita et al., 2006; Kinoshita-
Kikuta et al., 2007; Bekesová et al., 2015). Thanks to protoplast-
associated Phos-Tag mobility shift assay, the phosphorylation 
of kinases (Bi et  al., 2018; Menzel et  al., 2019), TFs (Ye et  al., 
2019), or other proteins (Liu et  al., 2017) involved in the 
signaling process in biotic and abiotic stress has been detected. 
Hence, while being an alternative to radioisotopes, Phos-Tag 
assays are also a suitable alternative to antibody recognizing 
phosphorylated proteins, which are costly or even not always 
commercially available, to detect protein phosphorylation and 
kinase activation (Bekesová et al., 2015; Kinoshita et al., 2015). 
Finally, to confirm that the mobility shift observed is due to 

phosphorylation, treatment with phosphatase to abrogate the 
mobility shift is often performed (Pecher et al., 2014; Liu et al., 
2017; Bi et  al., 2018; Li et  al., 2019). Additionally, TEA in 
protoplasts can also provide information on the consequence 
of phosphorylation such as the degradation of calcium channels 
(Yu et al., 2019) or TFs that regulate stress-related genes (Sheikh 
et  al., 2016; Liu et  al., 2017).

Complementarity of Biomolecular Assays 
Performed on Protoplasts and Whole Cells
As presented above, many biomolecular assays have been 
developed with protoplasts to decipher plant signaling 
mechanisms in biotic or abiotic stress conditions. All these 
different types of assays offer a useful toolbox to analyze plant 
responses and get new insights to better understand the signaling 
cascade in plants, starting from the perception by a protein 
receptor to the activation of TFs and genes, passing by the 
kinase signaling cascade.

The use of these tools is not restricted to protoplasts, and 
TEA can be  performed directly in plant tissues using particle 
bombardment or Agrobacterium infiltration (Cheng et al., 2015; 
Liu et  al., 2017, 2018; Bi et  al., 2018; Pham et  al., 2020; 
Takahashi et  al., 2020). The latter is used either to transform 
only specific plant tissue or to produce transgenic plant lines 
constitutively expressing the gene of interest (Wu et  al., 2014a; 
Sharma et al., 2018). Nevertheless, all these approaches present 
advantages and limitations. Therefore, TEAs performed in 
protoplasts are complementary to TEAs performed in intact 
plant tissues and constitutive expression in mutant plants 
(Denecke et  al., 2012; Sharma et  al., 2018). Indeed, protoplasts 
are obtained from the digestion of tissues containing a mixture 
of differentiated cell types that can display different locations 
of specific proteins (Faraco et  al., 2011). Even though some 
protocols exist to isolate protoplasts of specific cell types such 
as guard cell (Zhao et  al., 2019), aleurone layer cell (Daneri-
Castro and Roberts, 2016), or from various root tissues 
(Demidchik et  al., 2003), the complementary use of transgenic 
plants is recommended if a tissue-specific behavior of the 
process studied is anticipated (Sharma et  al., 2018). Instead, 
if no tissue-specificity is expected, protoplasts offer a valuable 
model to study physiological processes as it is less time-
consuming to obtain than transgenic plant and can be performed 
in a broad range of plant species, contrary to agroinfiltration 
in leaves that are mainly restricted to the plant host Nicotiana 
benthamiana (Sharma et  al., 2018). Furthermore, in 
agroinfiltration experiments, the moment when the gene transfer 
occurs is not well defined. On the contrary, with protoplasts 
transformation, the moment where the DNA transfer happens 
is well known and gene products can be  detected as early as 
4 h after gene transfer (Denecke et al., 2012). Hence, protoplasts 
are a useful system to perform time-course experiment of gene 
expression (Babu et  al., 2008), which are more difficult to 
carry out in infiltrated cells (Denecke et  al., 2012).

Even though TEA in protoplasts or intact cells can bring 
precious findings, some cautions must be  taken when using 
these tools. The experiment must be carefully designed to avoid 
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overexpression artifacts which can lead to artificial cytosolic 
location, or even aggregation of the protein (Sharma et  al., 
2018). This can be  done by adapting the amount of DNA 
plasmid used for transformation or the incubation time of 
protoplasts for gene expression, usually less than 24 h, to obtain 
low-expressing protoplasts for experimental purpose (Yoo et al., 
2007; Denecke et  al., 2012). Moreover, the enzymatic CW 
digestion performed to isolate protoplasts may stress the cell 
which could alter the expression levels of some genes (Birnbaum 
et  al., 2003; Takai et  al., 2007; Jeworutzki et  al., 2010). As an 
example, in a screen of more than 22,000 Arabidopsis genes, 
356 were found to be  induced at least twice more by the CW 
digestion (Birnbaum et  al., 2003) and some flagellin-inducible 
genes have also shown higher expression following protoplast 
isolation in rice (Takai et  al., 2007). Such induction of genes 
in protoplasts may alter cell responses to stimulus such as the 
activation of ion channels (Jeworutzki et al., 2010). In addition 
to altered gene expression, protoplast isolation can change the 
sensitivity of cell enzymes to its inhibitor, as shown for 
phosphoenolpyruvate carboxylase regarding malate inhibition 
(Petropoulou et  al., 1990). It is therefore important to assess 
that the biological response in protoplasts is not disturbed 
compared to intact plant cells. Gene induction or protein 
accumulation similar to whole plants levels (Asai et  al., 2002; 
Boudsocq et  al., 2004; Underwood et  al., 2017) and the 
verification with fluorescent probes of protoplast integrity are 
possible controls.

THE VERSATILITY OF FLUORESCENT 
PROBES ON PROTOPLASTS

With the advent of cell imaging technologies, fluorescence 
microscopy has been increasingly used for the visual insight 
it provides. While many probes can be  used on plant tissues, 
autofluorescence and probe specificity have turned out to be an 
issue. Some dyes also tend to accumulate within the CW 
microfibrils, tempering with the imaging process (Blachutzik 
et  al., 2012). Fluorescent probes applications on protoplasts 
appear then as particularly useful since they allow observations 
at the single cell level without the issues caused by the presence 
of the CW (Figure  1 for an overview).

Cell Viability and DNA Damages
Fluorochromes are often used to discriminate between living 
and dead protoplasts and to assess their viability and the 
damages they might have suffered. Indeed, protoplast isolation 
procedures and the culture conditions that follow, may induce 
cell stress or damage (Neelakandan and Wang, 2012), which 
should be  avoided if one wants to study the effect of biotic 
and abiotic stresses. One of the most referenced dyes is FDA 
(fluorescein diacetate), which highlights living cells (Bertini 
et  al., 2019; Sangra et  al., 2019; Qiu et  al., 2020) or Evan’s 
blue, which highlights dead ones (Kollárová et al., 2019). Other 
fluorochromes can be  used, such as PI (propidium iodide), 
DAPI (4'6-diamidino-2-phenylindole, dichloride), and 7-AAD 

(7-amino-actinomycin D) that do not cross intact PMs. Issues 
have previously been raised regarding techniques using 
fluorescence microscopy, as the quantification is linked to the 
viewer’s perception of fluorescence (Aoyagi, 2011; Badaró Costa 
et  al., 2018). Thus, new automated measurements, such as 
flow cytometry (FCM; Zhou et al., 2019; González-García et al., 
2020) and Muse cell analyzer, a compact FCM, allowing screening 
and sorting of protoplasts, along with measures on smaller 
volumes have been developed (Badaró Costa et  al., 2018).

DNA damage evaluation is another frequently employed 
marker to assess protoplast viability or the effect of genotoxicity 
of environmental pollutants and abiotic stresses on protoplasts. 
In these procedures, protoplasts are used as a direct source 
of nuclei to perform gel electrophoresis with ethidium bromide 
staining in order to detect DNA laddering (Poot-Poot et  al., 
2016). Identically, single cell gel electrophoresis assay (SCGE), 
also called Comet assay, allows the study of DNA damage on 
protoplasts at the single cell or nuclei level (Kuzminsky et  al., 
2016; Badaró Costa et  al., 2018; Choury et  al., 2018). While 
this technique is amply used on animal cell cultures which 
are easily lysed, the presence of the CW makes it technically 
difficult to transpose on plant tissue or cell culture. Hence, 
nuclei isolation through protoplast formation or mechanical 
destruction of the CW is here preferred (Gichner et  al., 2009; 
Santos et  al., 2015; Choury et  al., 2018). Finally, DAPI, which 
has a high affinity for DNA double strand, has also been used 
to study apoptosis-like cell death and more specifically chromatin 
condensation and DNA fragmentation in Brassica napus leaves 
(Watanabe et  al., 2002).

Cell Wall Dynamics
The CW has a direct role at the frontline of plant defense 
along with other chemical and physical barriers such as waxes, 
hairs, and secondary metabolites (Malinovsky, 2014; Engelsdorf 
et  al., 2018). It also possesses an indirect role in plant defense 
systems, as during a pathogen invasion, cell wall integrity can 
be  modified, parts of the CW can be  broken down and their 
fragments (referenced as DAMPs) can activate plant immune 
responses (Souza et al., 2020). As protoplasts are cells deprived 
of CW, they offer a unique point of view on the complete de 
novo synthesis of the CW by providing an excellent support 
for visualizing its regeneration dynamics and characterizing 
the cellular proteins involved in the process (Yokoyama et  al., 
2016). Although changes in CW composition are often studied 
through biochemical analyses, histochemical staining with 
fluorochromes is increasingly used to bring a visual insight 
on these changes. For instance, calcofluor white is employed 
to preferentially stain cellulose and aniline blue to stain callose 
(Yokoyama et  al., 2016; Kollárová et  al., 2019). Using these 
probes, it has, for instance, been demonstrated that when 
cultivated in stressful conditions, cellulose microfibrils were 
not deposited on the surface of white birch protoplasts and 
only callose deposition could be observed (Tagawa and Kondo, 
2018; Tagawa et  al., 2019). Calcofluor white has also been 
used to study the deleterious effect of cadmium on maize 
protoplast CW regeneration (Kollárová et  al., 2019). Another 
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method also emerged using S4B (Pontamine Fast Scarlet 4 
BS) in combination with spinning disk confocal microscopy 
to stain cellulose patterning on living cells. As calcofluor has 
toxic properties that might injure cells, this method appears 
to be  more suited to real-time imaging of living protoplasts 
(Anderson et al., 2010; Yokoyama et al., 2016; Kuki et al., 2017).

Similarly, CW components and callose deposition are known 
to block the migration of trace metals within cells, such as 
aluminum which binds to calcium pectate in the CW (Lee 
et  al., 2001). Therefore, protoplasts are often combined with 
specific fluorochromes to study the effects and uptake of trace 
metals directly on cells (Krzesłowska, 2011). For instance, 
Leadmium was used to visualize the uptake of cadmium by 
protoplasts and its deleterious effects on CW regeneration of 
wheat (Greger et  al., 2016) and maize (Kollárová et  al., 2019). 
Similarly, morin was used to study aluminum toxicity on coffee 
protoplasts, along with DAPI to monitor its localization into 
their nuclei (Poot-Poot et al., 2016). It was also used to examine 
its toxicity on root protoplasts of transgenic camelina (Park 
et  al., 2017).

Plasma Membrane Dynamics
Along with the CW, the PM also plays a major role in plant 
resistance to both biotic and abiotic stresses. Whether it is by 
regulation of ion exchanges, perception of PAMPs/MAMPs/
DAMPs, or signal transduction, both lipids and proteins of 
the PM are key players in its physiological function (Lim 
et  al., 2017; Mamode Cassim et  al., 2019; Schellenberger et  al., 
2019; Huby et  al., 2020; Saijo and Loo, 2020). Moreover, 
following the CW, the PM is the first point of contact between 
plant cells and pathogens and many proteins involved in plant 
defense are embedded in it. More specifically, the dynamic 
between membrane microdomains, which are highly ordered 
domains rich in sphingolipids and sterols, and the stress-related 
proteins they harbor is crucial for immunity (Gronnier et  al., 
2016, 2018; Nagano et  al., 2016; Mamode Cassim et  al., 2019; 
Huby et  al., 2020).

The absence of CW makes possible the accurate visualization 
of events at the protoplast PM using fluorescent probes. However, 
while a lot of probes exist to study lipid organization and 
dynamics into artificial model membranes which are deprived 
of proteins, they often cannot be  directly applied to living cell 
and protoplast PMs which are far more complex and require 
deep protocol adaptations in terms of concentration and 
incubation time (Klymchenko and Kreder, 2014). Every probe 
will have its specificities and are used by themselves or combined. 
For instance, FM4-64 [N-(3-Triethylammoniumpropyl)-4-(6-(4-
(Diethylamino) Phenyl) Hexatrienyl) Pyridinium Dibromide] 
and LRB-PE (Lissamine Rhodamine B-Phosphoethanolamine) 
have been employed to specifically stain phospholipid enriched 
areas of protoplast PM and BD-SM (Bodipy Sphingomyelin 
FL C12) has been used to stain sphingolipid enriched domains 
(Blachutzik et  al., 2012). FM4-64 and BD-SM were also used 
in combination with FRAP (fluorescence recovery after 
photobleaching) experiments to visualize lipid redistribution. 
The identification of ordered and disordered regions of the 

PM is also possible with the solvatochromic dyes di-4-
ANEPPDHQ and laurdan that show a shift in emission 
wavelength when lipids undergo phase transition from gel to 
fluid state (Blachutzik et  al., 2012; Klymchenko, 2017). Di-4-
ANEPPDHQ has notably been used on protoplasts from rice 
transgenic plants that lack fatty acid hydroxylase 1 and 2 
(FAH1/2), enzymes responsible for the formation of 2-hydroxy 
sphingolipids (2-OH-SL), precursors of glycosylinositol 
phosphorylceramides (GIPC), that are both located at the PM 
in Arabidopsis. They demonstrated that a disordered PM was 
concomitant with a lower amount of 2-OH-SL which gave 
rise to an increased sensibility to rice blast fungus infection 
(Nagano et  al., 2016). Di-4-ANEPPDHQ has also been used 
in Arabidopsis FAH1/2 mutants, to show a lower order of the 
PM compared to the wild type, suggesting an altered PM 
organization when its content in GIPC is low (Lenarčič 
et  al., 2017).

While there are many advantages to use fluorescent probes 
directly on protoplasts, its PM remains an active, dynamic 
structure, which can cause issues. It has been reported that 
some probes could be  internalized in the cytoplasm, such as 
DiIC12 (1,1'-Didodecyl-3,3,3',3'-Tetramethylindocarbocyanine 
Perchlorate) and DiIC18 (1,1'-Dioctadecyl-3,3,3',3'-
Tetramethylindodicarbocyanine-5,5'-Disulfonic Acid), which 
stains phospholipids, leading to a decrease in fluorescence in 
the PM (Blachutzik et  al., 2012). By using calcofluor and di-4-
ANEPPDHQ on tobacco protoplasts, it has been shown that 
the absence of a CW does not affect the organization of 
PM-ordered domains (Grosjean et  al., 2018), suggesting that 
the PM microdomain functions of a protoplast remain highly 
similar to that of an intact tissue. However, in Arabidopsis, 
FRAP analysis proved that the removal of the CW increased 
the overall dynamics and mobility of the PM proteins (Martinière 
et  al., 2012), including proteins involved in response to 
extracellular stimuli flotilin2 proteins (AtFLOT2) and 
hypersensitive induced reaction proteins (AtHIR1; Daněk 
et  al., 2020).

Detection of Early Stress Signaling Events
Fluorescent probes can also be  useful to detect specific early 
stress signaling events like ROS production and ions fluxes. 
For instance, in Arabidopsis, the molecular probe ContPY1 
was used to detect the intracellular accumulation of a ROS, 
hydrogen peroxide (H2O2) in response to the elicitor COS-OGA. 
The comparison between protoplasts and cell suspensions 
evidenced the relative contribution of CW peroxidases and 
membrane dehydrogenases to H2O2 production (Ledoux et  al., 
2014). On maize, the Amplex red reagent, which reacts with 
H2O2 to produce the highly fluorescent resorufin, and the 
rhodamine dye DHR123 (Dihydrorhodamine 123) were used 
to measure ROS in both organelles and protoplasts and link 
their quantities to DNA damage in developing mitochondria 
and plastids (Tripathi et  al., 2020).

Similarly to ROS production, ion fluxes can be easily studied 
with fluorescent probes associated with protoplasts. For instance, 
K+ efflux was monitored with the fluorescent probe PBFI-AM 
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(Potassium-Binding Benzofuran Isophthalate Acetoxymethyl 
ester) and cytosol acidification with the pH-sensitive probe BCECF- 
AM [2',7-Bis-(2-Caboxyethyl)-5-(and-6)-Carboxyfluorescein 
Acetoxymethyl ester] in wheat and rice protoplasts to study 
anoxia-induced events (Yemelyanov et  al., 2020). Furthermore, 
protoplasts loaded with the probe SBFI-AM (Sodium Binding 
Benzofuran Isophthalate Acetoxymethyl ester) were used to 
study salt stress on wheat. They helped to demonstrate that 
the application of a moderate amount of K+ was concomitant 
with a decrease in cytosolic Na+ alleviating its toxic effects 
on cells (Gul et al., 2019). Regarding Ca2+ fluxes, their induction 
has been monitored in elicited protoplasts expressing the 
genetically encoded reporter system aequorin, a bioluminescent 
protein (Maintz et  al., 2014). This technique can, however, 
be  lengthy, especially for slow growing plants such as fruit 
trees since it requires plant transformation (Qiu et  al., 2020). 
So small dyes like fluo-8/AM, fluo-4/AM (fluo-8/4 
acetoxymethylester) and rhod-2/AM (rhod-2 acetoxymethylester) 
can be  preferred. These molecules are flexible, rapid, and 
non-cytotoxic. They have been used for calcium imaging on 
protoplasts of “Fuji” apples (Qiu et  al., 2020). Fluo-4/AM has 
also been used with FCM and confocal microscopy on rice 
protoplasts to evaluate ceramide-induced programmed cell death 
(Zhang et  al., 2020). While there are many advantages to 
fluorescent probes to study ion fluxes in protoplasts, there are 
still some limitations such as the commercial availability of 
probe sensitive to anions.

PROTOPLASTS AND PATCH-CLAMP 
ELECTROPHYSIOLOGY

Complementary to fluorescent probes, plant ion fluxes can 
be  studied using patch-clamp electrophysiology that measures 
ion currents flowing through a membrane (Demidchik et  al., 
2006; Elzenga, 2012). This technique is a powerful tool to 
identify and characterize ion channel and non-channel proteins, 
such as H+-ATPases, present in biological membranes (Demidchik 
et  al., 2006; Elzenga, 2012; Hamilton et  al., 2015). To measure 
the ionic current with patch clamp, a high resistance contact, 
the so-called gigaOhm seal, has to be  performed between a 
glass micropipette and a patch of a membrane containing the 
ion transporter of interest (Demidchik et  al., 2006; Elzenga, 
2012). The access to a CW-deprived plant cell is particularly 
important to measure PM ionic current (Elzenga, 2012). Hence, 
protoplasts are the model of choice to perform patch-clamp 
electrophysiology on plant.

Four patch-clamp configurations exist, and readers interested 
in this technique may refer to previous reviews for more details 
on their specificities (Demidchik et  al., 2006; Elzenga, 2012). 
This technique has provided important insights in the 
understanding of anion channels involved in immunity (Zheng 
et  al., 2018; Chan et  al., 2020) and ABA signaling during 
osmotic stress (Takahashi et  al., 2020). It also contributed to 
a better comprehension of mechanoperception in plant (Nakagawa 
et al., 2007; Haswell et al., 2008), potassium and calcium fluxes 
involved in salt stress (Fuchs et  al., 2005; Liya et  al., 2012). 

It also helped to elucidate calcium fluxes involved in H2O2 
perception (Demidchik et al., 2007; Tian et al., 2019; Wu et al., 
2020a), in extracellular ATP perception (Demidchik et  al., 
2009), in cold stress (Carpaneto et  al., 2007), and in stomatal 
immunity (Yekondi et  al., 2018).

Patch-clamp electrophysiology is the gold standard technique 
to study ion channels and fluxes even though the process to 
isolate the cell and remove its CW can be considered a limitation 
(Demidchik et  al., 2006; Hamilton et  al., 2015). However, 
combination of patch clamp with other electrophysiological or 
physiological techniques using intact plants such as 
microelectrode ion flux estimation or the use of fluorescent 
probes can be  considered to improve the robustness of the 
results (Demidchik et  al., 2006; Hamilton et  al., 2015; 
Demidchik, 2018).

CHALLENGES AND FUTURE 
PERSPECTIVES

The current and upcoming rise of pests, diseases, and changes 
of agricultural practices caused by environmental perturbations 
will put an increasing pressure on agricultural productivity. 
This will require specific tools allowing fast, high throughput, 
or even automated systems, to provide reliable and efficient 
solutions for crop and genetic engineering.

With the advent of quick and reliable transformation and 
microscopy methods, protoplasts arise as useful and powerful 
tools for a wide range of stress-related studies (Figure  1). 
We  have argued in this review that the use of protoplasts 
could turn out to be  both an advantage and a limitation 
(Figure 3). While it has been previously stated that protoplasts 
maintain a similar physiological cellular activity to whole plants 
(Sheen, 2001; Wang et  al., 2020a; Shaw et  al., 2021), they 
ultimately serve as proxy to whole plants studies, implying 
that complementary experiments are often necessary to connect 
the phenomena observed on protoplasts to plants. Nonetheless, 
the single cell level allows for specific, rapid, and high-throughput 
analysis along with time-course experiments. In addition, even 
though protoplasts isolation and maintenance require specific 
conditions that can eventually cause stress, these techniques 
are improving for a wide range of species or organs (Sangra 
et  al., 2019; Shan et  al., 2019; Davis et  al., 2020). Furthermore, 
their formation is still deemed necessary to bypass time-
consuming plant culture and whole plant transformation, 
especially for recalcitrant species or plants with a long 
reproductive cycle (Du and Bao, 2005). Moreover, somatic 
hybridization mediated by protoplast fusion has been employed 
to circumvent sexual incompatibility encountered in plant 
breeding (Watanabe et  al., 2002; Du and Bao, 2005).

Protoplasts possess multiple assets for the upcoming challenges 
in plant biology. Many technologies employing them are being 
developed, and these techniques could ultimately facilitate plant 
stress-related studies. For instance, protoplasts have been 
employed to assess the efficiency of CRISPR-associated protein 
9 (Cas9) mutagenesis, bypassing or preceding stable 
transformation which can be  time-consuming (Lin et al., 2018; 
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Hahn et  al., 2020; Guyon-Debast et  al., 2021; Nicolia et  al., 
2021). Another example is the adaptation of efficient and 
low-cost microfluidic techniques to perform spatiotemporal 
studies of plant protoplasts physiology during their development 
(Sakai et  al., 2019) and to apprehend the electrical resistance 
of CW-regenerated protoplasts (Chen, 2020). Similarly, the 
usefulness of protoplasts for high-throughput RNA sequencing 
has also been put forward due to its many advantages over 
traditional RNA-seq. Indeed, protoplasts being single cells, they 
can give spatiotemporal information on gene dynamic expression 
in heterogeneous tissues (Li et  al., 2021).

Protoplasts also provide a facilitated access to the plant 
PM, and pioneering studies have proven their crucial role in 
growing biotechnologies such as nanoparticles. These particles 
have the ability to passively penetrate the PM, but their use 
in plants is limited due to the presence of the CW (Torney 
et  al., 2007; Liu et  al., 2009; Lew et  al., 2018). As they are 
believed to have the potential to overcome current limitations 
in plant genetic transformation, their effect on plants and their 
PMs are increasingly studied (Lew et  al., 2018). With their 
easily accessible PM, protoplasts can therefore help understand 
the fundamental interactions between nanoparticles and plants, 
as such knowledge is of paramount importance for nanoenabled 
agriculture. Protoplasts have, for instance, been used to determine 
the impact of nanopesticides or nanofertilizers, on plant 
photosynthesis (Wang et al., 2020a). Likewise, protoplast cultures 
have been used to study gold nanoparticles uptake by plants 
as their use in industrial areas leads to their release into the 
environment, which can cause an invisible danger to the 
ecosystem (Milewska-Hendel et  al., 2019). Furthermore, 
nanoparticles have been previously used to deliver drugs, 

imaging agents, and DNA for genetic transformation into 
protoplasts (Torney et  al., 2007).

Concomitantly, protoplasts could be valuable plant PM models 
to study the perception of bioactive molecules such as elicitors 
by plant cells. Indeed, they could link data obtained by biophysics 
studies on biomimetic PM models containing representative 
lipids (Deleu et  al., 2014) with the ones provided by biological 
assays on living plant cells or tissues with complex dynamic 
PM and CW. Protoplasts-associated technologies and techniques 
should help improve our fundamental knowledge on plant 
perception and response to (a)biotic stresses and hence ultimately 
contribute to develop reliable and efficient solutions for agriculture.
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FIGURE 3  |  Summary of the advantages and limitations of working with protoplasts to study plant stress perception and response comparatively to whole plants.
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