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Abstract
Lipids and fatty acids play crucial roles in plant immunity, which have been highlighted over the past few decades. An 
increasing number of studies have shown that these molecules are pivotal in the interactions between plants and their diverse 
pathogens. The roles played by plant lipids fit in a wide spectrum ranging from the first physical barrier encountered by the 
pathogens, the cuticle, to the signalling pathways that trigger different immune responses and expression of defence-related 
genes, mediated by several lipid molecules. Moreover, lipids have been arising as candidate biomarkers of resistance or 
susceptibility to different pathogens. Studies on the apoplast and extracellular vesicles have been highlighting the possible 
role of lipids in the intercellular communication and the establishment of systemic acquired resistance during plant–pathogen 
interactions. From the pathogen perspective, lipid metabolism and specific lipid molecules play pivotal roles in the pathogen’s 
life cycle completion, being crucial during recognition by the plant and evasion from the host immune system, therefore 
potentiating infection. Studies conducted in the last years have contributed to a better understanding of the language of lipids 
during the cross-talk between plants and pathogens. However, it is essential to continue exploring the knowledge brought up 
to light by transcriptomics and proteomics studies towards the elucidation of lipid signalling processes during defence and 
disease. In this review, we present an updated overview on lipids associated to plant–pathogen interactions, exploiting their 
roles from the two sides of this battle.
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Introduction

Through the different types of plant immunity, including 
pathogen-associated molecular patters (PAMP) triggered 
immunity (PTI) [1] and effector triggered immunity (ETI) 
[2], lipids and fatty acids (FA) play a crucial role, which 
has been brought to light over the past few decades [3]. The 
first barrier found by pathogens when encountering the host 
is the cuticle. This structure is mainly composed by cutin 
monomers and oligomers, consisting of hydroxy and epoxy-
hydroxy C16 and C18 FA [4]. After entering the plant tissue, 
pathogens find one of the most important cellular compart-
ments in defence, the apoplast. This compartment includes 
the extracellular matrix and the apoplastic fluid (APF) [5]. 
In plant–microbe interaction, pathogens secret molecular 

effectors into the apoplast, triggering a broad modulation on 
this compartment [6]. Protein composition alterations of the 
apoplast were reported to occur both qualitatively and quan-
titatively [7–9], but the modulation of lipids in the apoplast 
during plant–pathogen interaction remains a black box [10]. 
Nonetheless, there are a few evidences of the importance of 
apoplastic lipids in plant–pathogen interactions in systemic 
acquired resistance (SAR) establishment [11].

Considering the whole cell, it is known that upon patho-
gen challenge the plant’s lipidic profile may suffer alterations 
often associated with modification of membrane fluidity, and 
enzymatic and non-enzymatic synthesis of bioactive lipid 
mediators such as lipid and FA oxidation products, oxylipins 
[12]. This modulation was pointed out as a key factor to trig-
ger plant immunity [13–15]. Lipids may be also considered 
as possible biomarker tools for susceptibility or resistance 
[16, 17] or even for disease, before the first visual symp-
toms appear [18]. Some lipids interact with defence-associ-
ated proteins in order to exert their role in plant–pathogen 
interaction, namely with lipid transfer proteins (LTP) and 

Cellular and Molecular Life Sciences

 *	 Andreia Figueiredo 
	 aafigueiredo@fc.ul.pt

1	 Biosystems and Integrative Sciences Institute (BioISI), 
Faculty of Science, University of Lisbon, Lisbon, Portugal

http://orcid.org/0000-0001-8364-655X
http://orcid.org/0000-0002-3495-2195
http://orcid.org/0000-0001-8156-7700
http://crossmark.crossref.org/dialog/?doi=10.1007/s00018-021-03791-0&domain=pdf


4400	 A. R. Cavaco et al.

1 3

fibrillins [19–23]. Upon pathogen challenge, the synthesis 
and hydrolysis of different lipid species is necessary to trig-
ger several defence mechanisms. These reactions are neces-
sary so that lipids such as phosphatidic acid (PA) and free 
fatty acids (FFA) exert signalling roles and activate the jas-
monic acid (JA) signalling pathway, programmed cell death 
(PCD), among others. Phospholipases A, C and D [24] are 
activated and contribute to release signalling lipids and FA 
from membranes. Recently, it was shown that pathogen-
induced accumulation of nitric oxide (NO) and reactive 
oxygen species (ROS) promotes the production of azelaic 
acid (AzA), a lipid derivative that primes plants for salicylic 
acid (SA)-dependent defences [25]. The oxidation leads to 
the formation of oxylipins, which participate in a myriad of 
signalling pathways. These oxidation reactions can be either 
enzymatic or ROS mediated [26]. Most plant oxylipins are 
formed via enzymatic activity of the lipoxygenase (LOX) 
pathway. LOX enzymes catalyse the oxidation of linoleic 
acid (C18:2) and α-linolenic acid (C18:3) at the carbon posi-
tion 9 or 13, resulting in the formation of 9- and 13-hydrop-
eroxides, respectively [27]. Oxylipins play an important role 
in a variety of functions including growth, aging, develop-
ment, and defence responses to environmental stimuli [28].

In the cross-talk between plants and pathogens, lipids 
play an important role mainly in: (1) pathogen development 
and life cycle completion [29, 30]; (2) pathogen recognition 
and defence response triggering by the host [31–33, 47] and 
(3) hindering host defence systems and overcoming resist-
ance [35–38]. During plant–pathogen interaction, some lipid 
metabolism alterations occur also in pathogens including 
in FA biosynthesis, elongation and degradation and glycer-
ophospholipid metabolism, which are necessary for the path-
ogen’s development and lifecycle completion [29]. In the 
case of pathogenic fungi and oomycete that form invasive 
hyphae, surrounded by an extra-invasive hyphal membrane 
(EIHM), the enrichment of this structure with phospho-
inositides (PI) is essential to build a conductive environ-
ment [30]. There is increasing evidence that lipids are part 
of a language that is transversal to all life kingdoms, which 
opens new insights into the studies of lipid metabolism and 
signalling both in plant and pathogen. Understanding lipid 
dynamics in the field of plant–pathogen interactions is argu-
ably essential to complete the knowledge brought up to light 
by proteomics and transcriptomics. The analysis of lipids 
and their derivatives enables the possibility of describing the 
cross-talk between plants and pathogens and the discovery 
of pathogen combined strategies targeting lipid pathways. 
Ultimately, a thorough and complete uncovering of the role 
of lipids and their signalling pathways may allow finding 
new control strategies and therapeutic targets for plant dis-
eases. This review compiles the latest important discover-
ies that took place in the field of lipids in plant–pathogen 
interactions and provides a renewed look on the significance 

of these biomolecules in the fight against plant diseases. 
A different perspective, the pathogen-derived lipids, is 
explored, as well as virtually uncharted areas concerning 
lipids, including their presence in the apoplast and the extra-
cellular vesicles lipids.

Fatty acids and lipids’ role in plant–pathogen 
interaction

In order to survive, plants must perceive and transduce sig-
nals to elicit appropriate responses to environmental stimuli. 
Plant defence responses require energy and activation of sig-
nalling molecules, primarily supplied by primary metabo-
lism of carbohydrates, organic acids, amines, amino acids, 
and lipids [39].

In plant–pathogen interactions, the first barrier found 
by pathogens before entering the host is the cuticle. This 
structure protects plants against drought, extreme tempera-
tures, UV radiation, chemical attack, mechanical injuries, 
and biotic stress [40]. It is mainly made up of cuticular 
wax and cutin (Table 1) [41], C16 (C16:0-palmitic acid) 
and C18 (e.g. C18:1-oleic acid) FA, produced in the chlo-
roplast are exported to the endoplasmic reticulum (ER) [42] 
as Acyl-CoA esters and extended to form very-long-chain 
FA (VLCFA; C > 20). The acyl chain extension is catalysed 
by the FA elongase (FAE) complex, on the ER membrane 
[43]. In the process of FA elongation with the FAE com-
plex, malonyl-CoA is the two-carbon donor [44] contrarily 
to plastidial FA biosynthesis where this role is played by 
malonyl-acyl carrier protein (ACP) [42]. The VLCFA are 
then converted into cuticular waxes either by deactivation 
of acyl-CoA thioesters to release free acids, by conversion 
of aliphatic esters via the condensation of an acyl moiety 
with a primary alcohol, or via reductive pathways that con-
vert acyl-CoAs to primary alcohols or aldehydes. The other 
component of the cuticle, cutin, is a polyester of C16 and 
C18 diacids, and ω- and mid-chain hydroxy FA [45]. Cutin 
is formed by the polymerization of the hydroxy group of C16 
and C18 ω-hydroxy FA [41]. Cutin biosynthesis requires the 
activity of FA oxidases, acyl-activating enzymes [long-chain 
acyl-coenzyme A synthetase (LACS)] and acyltransferases 
[glycerol-3-phosphate (G3P) acyltransferase (GPAT)] [41]. 
Plant cuticle may have multiple roles during plant–patho-
gen interactions, which can be affected by its thickness, 
permeability, or specific cuticular components in different 
tissues [40]. Increasing evidence indicates that the cuticle is 
actively involved in plant defence [46]. Xia and collaborators 
observed that Gibberellin-treated Arabidopsis plants respond 
with increased levels of cuticular wax and cutin components, 
in association with improved plant immunity responses 
against Pseudomonas syringae [47]. A number of studies 
have been associating the plant cuticle with PTI, includ-
ing from PAMP and damage-associated molecular pattern 
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(DAMP) and ETI. Therefore, the plant cuticle seems to have 
a role in the activation of both local and systemic defence 
[46, 48]. During plant–pathogen interactions, the compo-
sition of the plant cuticle may be affected by pathogens. 
Plant leaf wax components, such as very-long-chain C26 
aldehydes of Zea mays could affect spore germination and 
penetration of Blumeria graminis f. sp. hordei in barley [49]. 
Upon barley inoculation with Fusarium graminearum, the 
causal agent of Fusarium head blight, the regulation of genes 
involved in FFA biosynthesis by the WAX INDUCER1 
(HvWIN1) transcription factor occurs. As a result, part of 
the FFA are channelled to the reinforcement of the cuti-
cle, leading to disease resistance [50]. In addition to wax 
and cutin, plant cuticle contains terpenoids and flavonoids, 
which have antifungal activities [51, 52]. Although struc-
tural lipids drawn from primary metabolism limit pathogen 
entry, in some situations the basal defence mechanisms are 
overcame by pathogens. Therefore, plants also reshape their 
composition of lipids in response to biotic stress to produce 
metabolites that function as signals or antimicrobial agents.

Sphingolipids (Table 1) are present in cell membranes and 
have both structural and regulatory roles [53]. These mole-
cules are key players in signalling pathways related to devel-
opment and responses to abiotic and biotic stresses and are 
vital for pathogen recognition [54]. These nonglycerol lipids 
contain a ceramide backbone and a FA attached to a long-
chain amino alcohol [53]. The long-chain base (LCB) of the 
sphingolipid may vary in length, which is usually between 
16 and 20 carbons. The balance between sphingolipid bioac-
tive molecules, including LCB and its phosphate (LCB-P, 
as further discussed in this review) are determining for the 
regulation of the cell survival death equilibrium [54]. Cera-
mide is the basic component of sphingolipids and can be 
modified, forming more complex sphingolipids, for instance 
glucosyl-ceramide and inositol-phosphorylceramide [53]. 
Ceramide can also be converted to inositol-phosphoryl-
ceramide by transfer of inositol phosphate (IP) from PI 
[53]. A high degree of sphingolipid variety is also due to 
long-chain base and acyl chain modifications [53]. Highly 
hydroxylated sphingolipids increase membrane stability and 

Table 1   Plant lipid molecules involved in plant–pathogen interactions that contributed to major breakthroughs in the last years

Molecule Function References Example of pathosystem

Cutin Physical barrier [115] Solanum lycopersicum–Botrytis cinerea
C16 and C18 fatty acids Structural and signalling lipid constituents [13] Vitis vinifera–Plasmopara viticola

Signalling
α-Linolenic acid (C18:3) JA synthesis precursor [13] Vitis vinifera–Plasmopara viticola
7,8,9-, 9S,10S,11R-Octadecenoic acid Pathogen growth inhibition [116] Boehmeria nivea–Phytophthora capsici
2,13,17-Trihydroxy-octadecenoic acid
Hexadecatrienoic acid JA synthesis precursor (C16:3 plants) [117] Arabidopsis thaliana–Pseudomonas syringae
Sphingolipids Structure [53] Arabidopsis thaliana–Pseudomonas syringae

Regulation of membrane permeability
PCD [53] Arabidopsis thaliana–Botrytis cinerea

[55] Arabidopsis thaliana–Pseudomonas syringae
α-Hydroxylated ceramides PCD [57] Arabidopsis thaliana–Golovinomyces 

cichoracearum
Trihydroxy-LCB LCB-induced PCD [57, 58] Arabidopsis thaliana–Golovinomyces 

cichoracearum
PA Signalling [59] Arabidopsis thaliana–Botrytis cinerea

ROS production Triticum aestivum–Puccinia striiformis
Defence gene expression Arabidopsis thaliana–Botrytis cinerea
PCD Triticum aestivum–Puccinia striiformis

PI, e.g. PI 4,5-bisphosphate Signalling [118] Arabidopsis thaliana–Pseudomonas syringae
Lysophospholipids Signalling [119] Arabidopsis thaliana–Botrytis cinerea

PR and LOX gene expression [78] Nicothiana benthamiana–Phytophtora 
parasiticaROS production

PCD
JA, active form JA-Ile Signalling [120] Arabidopsis thaliana–Pseudomonas syringae

Defence gene expression
DAG Signalling [113] Nicothiana benthamiana–Ralstonia solan-

acearumPA synthesis
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decrease membrane permeability, providing a higher toler-
ance to fungal pathogens [53]. Sphingolipids are known to 
have a role in pathogen-associated PCD [55]. This defence 
process could be associated either with increased levels of 
long-chain bases or the ratio of long-chain bases to cera-
mides [56]. Moreover, the transfer of sphingosine between 
membranes also plays a key role in PCD [55]. However, 
König and collaborators observed that double mutants for 
fatty acid hydroxylase1/2 (Atfah1/Atfah2) (responsible for 
the hydroxylation of ceramide FA on the α position) that 
accumulate SA and ceramides are more tolerant to the bio-
trophic fungus Golovinomyces cichoracearum but do not 
display a PCD-like phenotype. These observations indicate 
that ceramides alone are not involved in the induction of 
PCD, being hydroxylation of the ceramides FA in the α posi-
tion important for this process [57]. Moreover, a sphingoid 
base hydroxylase sbh1/sbh2 double mutant completely lack-
ing trihydroxy-LCBs showed enhanced expression of PCD 
marker genes [58], suggesting that hydroxylated forms of 
LCB are primary mediators for LCB-induced PCD.

Glycerolipids play a critical role in plant defence against 
pathogens. Particularly, PA, one of the central molecules in 
lipid defence signalling, induces defence responses like ROS 
production, expression of defence genes and PCD [59]. PA 
can derive from several glycerophospholipids, including the 
hydrolysis of phosphatidylcholine (PC), phosphatidyletha-
nolamine (PE) and PI [59]. This lipid facilitates transport 
of lipids across membranes [60], as binding of PA to the 
enzyme monogalactosyldiacylglycerol synthase 1 (MGD1) 
stimulates monogalactosyldiacylglycerol glycerol (MGDG) 
biosynthesis in the chloroplasts [61], and binding of PA to 
trigalactosyldiacylglycerol proteins (TGD), facilitates the 
import of lipids from ER into chloroplasts [62]. Due to its 
small head group and bulky acyl chains, PA forms a conical 
shape and induces negative curves in membranes [63, 64]. A 
local increase in membrane PA levels may impact membrane 
structure and charge, thereby affecting protein or cofactor 
docking, vesicle formation, and membrane fusion [65]. 
PA also presents a regulatory role in abscisic acid (ABA)-
mediated stomatal closure [66]. Upon pathogen challenge 
in Nicotiana benthamiana, increased amounts of PA induce 
immune responses including programmed cell death, accu-
mulation of ROS, and induction of PR-4 expression [67].

Phosphoinositides (Table  1) also plays an important 
role in plant defence. This lipid hydrolysis catalysed by PI-
specific phospholipase C (PI-PLC) originates the signalling 
molecules IP and diacylglycerol (DAG) [68]. PI may also be 
processed by kinases and phosphatases, originating deferent 
phosphoinositide species. As an example, PI 4,5-bisphos-
phate [PI(4,5)P2], often called PIP2, is the principal sub-
strate of PLC [69]. The hydrolysis of glycerophospholipids 
catalysed by phospholipases A (PLA) generates FFA and 
lysophospholipids. These molecules include, for example, 

lyso-PA and lyso-PC (Table 1) [68]. The signalling activity 
of lysophospholipids is dependent on the length and posi-
tion of acyl chain, degree of saturation, and presence of the 
phosphate head group [70]. FFA can exert different roles 
in plant–pathogen interaction, from antifungal activity to 
signalling towards the octadecanoic pathway that leads to 
the formation of JA [71].

Galactolipids also play a major role in plant defence, 
namely in modulation of the JA pathway. An increased 
MGDG:DGDG ratio induces JA overproduction and 
changes chloroplast shape [72]. Mutations in DGD1, the 
major DGDG-synthesizing enzyme, severely reduce DGDG 
content and induce JA overproduction, resulting in stunted 
growth [72]. MGDG and DGDG also regulate SA levels 
and SAR [73]. While DGDG is responsible for NO and SA 
accumulation during SAR, MGDG (Table 1) regulates the 
biosynthesis of AzA (Fig. 2) and G3P that function down-
stream of NO [73].

The major players in lipid metabolism 
and lipid‑associated signalling pathways

Upon pathogen challenge, the synthesis and hydrolysis of 
different lipid species is activated, which is necessary for the 
triggering of several defence mechanisms. These reactions 
are necessary so that lipid molecules such as PA (Table 1) 
and FFA exert signalling roles and activate defence-related 
genes, the JA-signalling pathway, PCD, among others. The 
first step to trigger lipid and FA signalling is the activation 
of the enzymes phospholipases A, C and D [24].

Phospholipases A (PLA), which comprehend the patatin-
like, defective in anther dehiscence (DAD)-like and secre-
tory PLA, catalyse the hydrolysis of phospholipids and 
glycolipids for the formation of lysophospholipids and FFA 
(Fig. 1) [74]. FFA, namely C18:3 (Table 1) may act as sec-
ond messengers or as precursors of various oxylipins such 
as JA (Table 1) [75] (Fig. 1). In pepper leaves, a patatin-like 
PLA, CaPLP1 is strongly up-regulated during Xanthomonas 
campestris pv. vesicatoria infection, especially in the incom-
patible interactions. In this interaction, CaPLP1 is involved 
in PCD-mediated defence signalling in response to infective 
microbial pathogens [76]. Also, in Arabidopsis patatin-like 
PLAs were shown to be involved in pathogen response [77]. 
Upon inoculation of N. benthamiana with Phytophtora para-
sitica, higher transcription levels of PLA2 as well as higher 
levels of lysophosphatidylcholine (lyso-PC) are observed 
[78]. Upregulation of several PLA-encoding genes includ-
ing patatin-like, defective in anther dehiscence (DAD)-like 
and secretory PLA were up-regulated in grapevine leaves 
infected with Plasmopara viticola [13].

Phospholipase C catalyses, among other, the hydrolysis 
of PI, mainly PIP2, to produce Ca2+, inositol trisphosphate 
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(IP3), a mobilizing second messenger, and DAG (Table 1), 
which is further phosphorylated in a reaction catalysed by 
DAG kinase (DGK) to produce PA [59, 79] (Fig. 1). In the 
presence of the fungal effector xylanase, there is an acti-
vation of the enzyme phosphatidylinositol-phospholipase 
C, SlPLC2. This enzyme is required for xylanase-induced 
expression of the SA-defence gene marker pathogenesis 
related1 (SlPR1) and the HR tomato gene marker Hyper-
sensitive response 203 J [80]. Also, pathogen-induced 
lyso-PC production is mediated by PLA hydrolysis of oxi-
dized phospholipids, which are the products of free radical 
damage to unsaturated acyl chains of glycerophospholipids 
in response to pathogen infestation. The increased levels of 
this lipid lead to the expression of defence-related genes, 
like pathogenesis-related (PR) and LOX. Moreover, this 
lyso-PC leads to a higher ROS production and contributes 
to cell death [78].

Phospholipase D (PLD) catalyses the hydrolysis mainly 
of PC and PE to form PA [59] (Fig. 1). Some PLD can act 

as positive or negative regulators of plant immunity [59, 81]. 
PLDs (α, β, γ, δ, ε and ζ) can be differentiated depending on 
their requirements and/or affinities for Ca2+, PIP2 and FFA 
[82]. The predominant isoenzyme is the α-type PLD, which 
can be detected in both the leaves and seeds of plants and 
is responsible for the majority of the baseline PLD activity 
found therein. PLDα does not require phosphoinositides for 
its activity when assayed in the presence of mM levels of 
Ca2+ ions. In contrast, the β, γ, δ and ε PLD isoenzymes 
from Arabidopsis show their highest activity at μM Ca2+ 
concentrations and require the presence of PIP2 to be fully 
active [83]. Recently, Schlöffel and co-workers observed 
that Arabidopsis knock-out mutants for the PLDγ1 (but not 
PLDγ2 or 3) gene showed a higher resistance to P. syringae 
pv. DC3000 (biotrophic) and Botrytis cinerea (necrotrophic) 
[84]. Since the immune response to pathogens with differ-
ent infection strategies involves antagonistic signalling cas-
cades, SA and JA pathways [85], PLDγ1 may act as a central 
signalling hub that modulates plant immune responses to 

Fig. 1   Lipid signalling events in plant–pathogen interactions. PIP2 
phosphatidylinositol 4,5-bisphosphate, PLA phospholipase A, PI-
PLC phosphatidylinositol specific phospholipase C, DAG diacylglyc-
erol, DGK diacylglycerol kinase, PA phosphatidic acid, PLD phos-
pholipase D, PC phosphatidylcholine, PE phosphatidylethanolamine, 
PI phosphatidylinositol, IP3 inositol-3-phosphate, lyso-PL lysophos-
pholipid, FFA free fatty acid, ROS reactive oxygen species, MGDG 
monogalactosyldiacylglycerol, DGDG digalactosyldiacylglycerol, 
FAD fatty acid desaturase, PG phosphatidylglycerol, 12-OPDA 

12-oxo-phytodienoic acid, AOC allene oxide cyclase, AOS allene 
oxide synthase, LOX lipoxygenase, ONA 9-oxononanoic acid, AzA 
azelaic acid, JA jasmonic acid, JA-Ile jasmonic acid conjugated with 
isoleucine, JAR1 jasmonates-amide synthetase, NO nitric oxide, SA 
salicylic acid, SAR systemic acquired resistance, SSI2 SA-inducible 
2, C16:0 palmitic acid, C16:1t trans-hexadecanoic acid, C18:0 stearic 
acid, C18:1 oleic acid, C18:2 linoleic acid, C18:3 α-linolenic acid. 
The blue arrows indicate induction
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different pathogens, working as a negative modulator of the 
plant immune system [84]. Upon elicitation with the flagellin 
flg22, mutant plants respond with a twofold increase in ROS 
production, which indicates that PLDγ1 acts as a negative 
regulator of plant immunity. This PLD functions indepen-
dently of SA and JA and is not related to PA production [84].

FA desaturation is also a highly important process for 
plant defence [3]. The unsaturation of newly formed FA is 
carried out by the stromal enzyme SACPD (or Δ9 desatu-
rases), which introduces a cis double bond into the acyl-ACP 
at C9 position [86]. The substrate specificity of the different 
SACPD isoforms depends on the acyl chain length and the 
position of the double bond [87]. Among them, the suppres-
sor of SA-inducible (SSI2)-SACPD shows higher specific 
activity and preference towards C18:0 than for C16:0 [88]. 
Reactions catalysed by SACPD originate the monounsatu-
rated FA C18:1 and the unsaturated palmitic acid, C16:1 
(Fig. 1). Hydrolysis of unsaturated and saturated FA-ACP 
is preferentially catalysed by the FA acyl-ACP-thioesterases 
FATA and FATB, respectively [89]. FFA are activated as 
CoA esters by acyl-CoA synthetase and exported to the cyto-
plasm. These lipid species are then processed in the ER [90].

The desaturation of FA present in membrane lipids is cat-
alysed by membrane-bound FA desaturase (FAD) enzymes 
present in the chloroplast or ER membranes [91]. FAD2 
and FAD3 catalyse the desaturation of C18:1 and C18:2, 
respectively, esterified both at sn-1 and sn-2 positions of 

glycerolipids in the ER [92, 93] (Fig. 1). Desaturation of 
C18:1 and C18:2 in plastidial membranes is catalysed by 
FAD6 and FAD7/FAD8, respectively. The FAD6 and FAD7/
FAD8 enzymes can catalyse FA desaturation in glycerolip-
ids containing either C16 or C18 FAs at sn-1 or sn-2 posi-
tions [94] (Fig. 1). Two other plastidial desaturases, FAD4 
and FAD5 specifically catalyse the synthesis of trans C16:1 
or Δ7 C16:1 on phosphatidylglycerol (PG) or MGDG, 
respectively [73, 95] (Fig. 1). Soria-García and co-workers 
observed that the Arabidopsis desaturase AtFAD8 showed 
a JA-dependent response both at the gene expression and 
protein levels, suggesting that this enzyme is coordinated 
in defence responses [96]. Moreover, ABA induced the 
decreasing of AtFAD7 mRNA and protein levels, controlling 
AtFAD7 desaturase activity. This result suggests a higher 
specialization of FAD7 on biotic and defence responses 
(as supplier of JA biosynthesis precursors), that could be 
blocked antagonically by ABA [96].

In early plant–pathogen interaction, lipid and FA oxida-
tion is one of the most important processes. The oxidation 
process leads to the formation of oxylipins, which participate 
in a myriad of signalling pathways. These oxidation reac-
tions can be either enzymatic or ROS mediated [26]. Most 
plant oxylipins identified until now are formed via enzymatic 
activity of the LOX pathway. LOX catalyses the oxidation 
of C18:2 and C18:3 at the carbon position 9 or 13, result-
ing in the formation of 9- and 13-hydroperoxides, respec-
tively [27]. Recently, it was shown that pathogen-induced 
accumulation of NO and ROS promotes the production of 
AzA, a lipid derivative that primes plants for SA-dependent 
defences [25]. Oxylipins play an important role in a vari-
ety of functions including growth, aging, development, 
and defence responses to environmental stimuli [28]. For 
instance, the 7,8,9-, 9S,10S, 11R-, and 12,13,17-trihydroxy-
octadecenoic acids (Table 1) showed to inhibit the growth of 
the plant pathogens B. graminis, Phytophthora infestans, and 
B. cinerea [97]. Interestingly, the oxylipin 2(R)-hydroxy-
9(Z),12(Z),15(Z)-octadecatrienoic acid (2-HOT) was 
also found to be produced in Arabidopsis leaf oil bodies 
upon inoculation with Colletotrichum higginsianum via 
α-dioxygenase (α-DOX) [98].

The LOX pathway has been proposed to act directly 
in plant defence by producing antimicrobial compounds 
[99] or by signalling molecules such as JA that regulates 
gene expression in plant defence and cell death [100]. Jas-
monic acid (JA) is one of the most studied plant oxylipins. 
Its biosynthesis occurs through different pathways includ-
ing the octadecanoid pathway starting from C18:3 and the 
hexadecanoid pathway starting from hexadecatrienoic acid 
(C16:3) (Table 1) in 16:3 plants such as Arabidopsis [101]. 
The sequential steps of these pathways take place in differ-
ent cellular compartments: chloroplasts, peroxisome, and 
cytoplasm (Fig. 1). The synthesis of 12-oxo-phytodienoic 

Fig. 2   Extracellular vesicle secretion in the interaction between plant 
and fungal or oomycete pathogens. CW cell wall, EIHM extra-inva-
sive haustorial membrane, PEN1/3 syntaxin/PENETRATION1/3. 
Blue circles indicate callose
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acid (12-OPDA) or deoxymethylated vegetable dienic acid 
(dn-OPDA) from the oxidation unsaturated FA occurs in 
the chloroplast in reactions catalysed by LOX, allene oxide 
synthase (AOS) and allene oxide cyclase (AOC) (Fig. 1). JA 
is formed as a result of subsequent β-oxidation reactions that 
occur in the peroxisome. In the cytoplasm, JA is metabolized 
to different structures, such as methyl jasmonate (MeJA), the 
bioactive form of JA conjugated with isoleucine (JA-Ile), 
cis-jasmone (CJ), and 12-hydroxyjasmonic acid (12-OH-
JA). The bioactive form of JA will then induce the expres-
sion of resistance-related genes [102]. Recent results show 
that JA-signalling pathway may be suppressed by unchar-
acterized factors derived from virulent Xanthomonas ory-
zae pv. oryzae [103]. A transcriptomic study on rice leaves 
infected with black streaked dwarf virus showed that the 
expression of JA synthesis-related genes, OsLOX, OsAOS 
and jasmonate O methyltransferase (OsJMT1) was signifi-
cantly increased while the hydroperoxidelyase (OsHPL3), a 
competitor of AOS for the same substrate, was down-regu-
lated [104]. Moreover, in response to Aspergillus parasiticus 
infection in peanut seeds, accumulation of free fatty acids 
and induction if LOX activity and gene expression was also 
observed. This signalling mechanism operates rapidly in 
resistant cultivars [14]. Recent results show that after wheat 
inoculation with pathogens of the Fusarium genus, there is 
a transcript accumulation mainly of TaLox2, TaJAZ9 and the 
putative PR genes TaPR-4b [105]. The activation of these 
genes showed that the JA pathway occurs in the defence 
responses in wheat–fusarium pathosystems. The enzyme 
LOXd showed to be highly up-regulated in tomato plants 
inoculated with Fusarium solani [106].

Also, lipid peroxidation products, such as malondial-
dehyde (MDA) or 4-hydroxy-2-nonenal (4-HNE), were 
reported to regulate stress-associated transcription fac-
tors [107]. After grapevine inoculation with P. viticola, an 
increase of the lipid peroxidation was observed, including 
an increase of the MDA levels in a resistant cultivar [21]. 
In contact with the bacterial effector AvrRpm1, during HR, 
oxidized derivatives of MGDG, DGDG, sulfoquinovosyl 
diacylglycerol (SQDG), PG and PI were identified in Arabi-
dopsis [108]. Among these lipid oxidized forms were the 
OPDA-containing lipids. Despite the fact that the function 
of the OPDA-containing lipids remains uncertain, it had pre-
viously been proposed that Arabidopsis OPDA-containing 
galactolipids (arabidopsides) might act as chemical defen-
sive compounds against microorganisms as well as function 
for delayed release of OPDA [109].

Lipid signalling is a key process for the long-distance 
communication of several stimuli and, therefore, for the 
establishment of SAR (reviewed in [107, 110]). A non-
specific LTP (nsLTP) have been described to participate in 
SAR through the interaction with lipid-derived molecules 
like JA [111]. A nsLTP from Brassica rapa displayed both 

antifungal and antibacterial activity [111]. Moreover, a 
nsLTP from Arabidopsis thaliana has been implicated in 
the AzA-dependent development of SAR [20]. In Arabidop-
sis transgenic lines expressing wheat LTP4, it was observed 
that this protein induced a higher resistance to the fungi B. 
cinerea and Alternaria solani. TdLTP4 showed to be impli-
cated in JA signalling since it is responsive to this oxylipin 
and upon its expression there is downregulation of Jas-
monate ZIM-domain (JAZ) encoding genes [112]. Another 
lipid-associated protein, fibrillin, belongs to a family called 
plastid lipid-associated proteins. It can be found at higher 
levels in plants during defence responses. Upon grapevine 
inoculation with P. viticola, this protein was observed at 
higher levels in a resistant cultivar [21]. These proteins act 
as scaffolds for building lipid droplets that contain FFA, 
pigments and other lipophilic compounds [19]. There is a 
correlation between the levels of fibrillin and JA synthe-
sis. Plastoglobules may function as a specialized platform 
for the synthesis of early JA precursors, storing enough FA 
(with a prevalence of C18:3) to trigger its synthesis after 
local oxidative stress [22]. Moreover, upon inoculation of N. 
benthamiana with the bacteria Ralstonia solanacearum the 
protein SEC14, a phospholipid transfer protein is induced 
[113]. This protein exhibits phospholipid transfer activities 
[114], and may be involved in plant immune response via 
phospholipid-turnover.

Important discoveries on the role of lipids 
in defence and disease: an update 2013–2020

The importance of lipids and FA in plant–pathogen interac-
tions has been previously revised [3, 121]. From 2013, an 
increasing number of studies have shown that plant lipids 
and FA play key roles in the interaction with pathogens.

Pathogen lipids may act as PAMP and PAMP recognition 
by the host trigger immunity responses associated with the 
alterations in the composition of the plant lipid membrane, 
modification of membrane fluidity, and enzymatic and non-
enzymatic genesis of bioactive lipid mediators such as lipid 
and FA oxidation products, oxylipins [12]. These molecules 
also integrate tailored defence mechanisms against a diverse 
array of pathogens with different lifestyles.

Necrotrophic pathogens extract nutrients from dead cells 
killed prior to or during colonization [122]. On the other 
hand, plant biotrophic pathogens establish a long-term feed-
ing relationship with the living cells of their hosts, rather 
than killing the host cells as part of the infection process 
[123]. Hemibiotrophic pathogens start by having a bio-
trophic lifestyle and then change to a necrotrophic mode 
[124]. Saprophytes obtain nutrients from dead and decaying 
organic matter [125]. Müler and co-workers observed that 
in the incompatible interaction between peanut seed and the 
necrotrophic fungus A. parasiticus there is an activation of 
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the LOX pathway [14]. This result reinforces that the pro-
duction of oxylipins is an important process in in the defence 
mechanisms against necrotrophs [126, 127]. Recently, sev-
eral works have shown strong evidences that grapevine tol-
erance to the biotrophic oomycete P. viticola could also, in 
the first hours, be mediated by JA and lipid-associated sig-
nalling. After pathogen challenge, JA biosynthesis, JA-Ile 
synthesis, H2O2 accumulation, and lipid peroxidation were 
observed [21, 128, 129]. FA and lipids were shown to be 
modulated upon inoculation of the tolerant grapevine Vitis 
vinifera cv. Regent with P. viticola, particularly at 6 and 
12hpi. Both C16:0 and C18:0 relative content decreased 
when compared to mock-inoculated samples, while the 
relative content of the unsaturated FA, C18:1, C18:2 and 
C18:3 increased [13]. Since C18:3 is a biosynthetic precur-
sor of JA [130], the increase of its levels in the first stages of 
plant–pathogen incompatible interaction might be associated 
to the triggering of JA-signalling pathway. Furthermore, this 
alteration might be related to the protection of the photosyn-
thetic machinery during the invasion [13]. In fact, leaf C18:3 
is mostly present in the galactolipids, MGDG and DGDG, 
which account for more than 85% of thylakoid lipids [131]. 
The ability to adjust membrane lipid fluidity by changing 
the levels of unsaturated fatty acids is a feature of stress 
response, which allows to maintain the function of integral 
proteins, such as the photosynthetic machinery [132]. Dur-
ing grapevine–P. viticola incompatible interaction, a signifi-
cant increase of the levels of MGDG and DGDG as well as 
the double bound index, which reflects membrane fluidity, 
occurs [13]. Leaf lipids from V. vinifera cv. Bianca, tolerant 
to P. viticola, showed the greatest differences among the 
differently accumulated metabolites. Among the accumu-
lated lipid compounds, were arachidic acid, oleanolic acid, 
and uvaol [16]. Additionally, a decrease in some unsaturated 
fatty acids after P. viticola infection was observed, which 
may be linked to the activation of JA pathway [16]. JA sig-
nalling was also found to be activated in rice defence against 
the hemibiotrophic fungus Magnaporthe oryzae [133].

Sphingolipids are key players in the induction of PCD 
[134]. These lipids are structurally characterized by a sphin-
goid base acyl chain amide linked to a FA, forming cera-
mide. The different physical properties of sphingolipids are 
due to the different structures that can present in plants. The 
LCB of the sphingolipid may vary in length, which is usually 
between 16 and 20 carbons. The amide-linked FA or VLCFA 
can also undergo modifications, varying in length from 16 to 
30 carbons and can be hydroxylated at the C2 position and 
desaturated at the ω-9 position leading to high variability of 
sphingolipids [53]. The balance between sphingolipid bioac-
tive molecules, including LCB and its phosphate (LCB-P) 
are determining for the regulation of the cell survival death 
equilibrium [54]. Magnin-Robert and co-workers observed 
in Arabidopsis that when this equilibrium was disrupted 

by knocking down the gene encoding for LCB-P lyase, a 
survival/death imbalance occurs favouring cell survival. 
As a result, the mutant plant showed higher susceptibility 
to the hemibiotrophic pathogen P. syringae pv. tomato in 
comparison to wild-type plants [54]. Liu and co-workers 
also observed that there is an activation of PCD upon N. 
benthamiana inoculation with P. syringae pv. maculicola. 
Furthermore, the authors observed that accompanying the 
induction of PCD there is a synergistic coordination of JA 
and SA signalling, which may also leave the plant less vul-
nerable to necrotrophic pathogens [135].

In the interaction between citrus and the bacteria Can-
didatus Liberibacter asiaticus, causal agent of Huanglong-
bing disease, metabolites including four FA and two lipid 
oxidation products including of C18:3 and PA were reliably 
decreased. In this case, the pathogen may cause the altered 
metabolism of long-chain fatty acids, possibly leading to the 
manipulation of the host FA associated defence, including 
the synthesis of JA [15]. The results described above show 
that lipids and FA not only play central roles in defence and 
disease, but also may be considered as candidates for resist-
ance/susceptibility molecular biomarkers.

Untargeted metabolite analysis of tomato leaves inocu-
lated with the biotrophic fungus Cladosporium fulvum 
revealed that falcarindiol, a diacetylenic FA possessing two 
triple bonds, is among three major metabolites present. After 
incubation with bacterial effectors, falcarinidol synthesis 
was also induced, indicating that it is involved in both bacte-
rial and fungal interactions with tomato [136]. This unusual 
FA had been reported to be biosynthesized in response to 
pest and pathogen stress (reviewed in [129]).

Regarding saprophyte pathogens as the case of A. para-
siticus, after inoculation of peanut seeds Müller and col-
laborators observed significant differences of FFA contents 
between infected and control seeds [14]. Lipids and FA were 
also identified as defence markers in maize grain inoculated 
with the fungus Fusarium verticillioides [17]. In this patho-
system, a metabolome analysis revealed that several lipid 
compounds correlated with the mycotoxin fumonisin accu-
mulation. 25 discriminant metabolites, all belonging to lipid 
classes, have been putatively identified. Moreover, the most 
significantly altered pathways upon infection with F. verticil-
lioides are involved in lipid synthesis, such as phospholipid 
and FA biosynthesis, glycerophospholipid metabolism, and 
linoleic acid metabolism [17]. Furthermore, Ludovici et al. 
reported a significant increase of oxylipins in maize ears 
after F. verticillioides infection, suggesting the triggering 
of defence responses [12].

The enrichment of subcellular regions in certain phospho-
lipids, mainly phosphatidylserine (PS) may also be impor-
tant for an efficient defence response against viruses. This 
process was observed in the interaction between A. thali-
ana and cucumber mosaic virus. It is vital for the formation 
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vesicle-like membrane invaginations and the recruitment 
of the molecular machinery to form viral and host siRNA. 
Arabidopsis mutants lacking the lipid flippases ALA1 and 
ALA2 were not able to form vesicle-like membrane invagi-
nations and showed an enhanced susceptibility to the cucum-
ber mosaic virus [137].

Over the last years, the role of the plant cuticle in 
plant–pathogen interactions as more than just a physical 
barrier has been gaining attention. DAMP, such as cutin 
monomers have shown to serve as signals that activate plant 
defences against pathogens [40]. In response to infection 
with Colletotrichum gloeosporioides, tomato fruit cuticle 
was remodelled, and fruit cuticle biosynthesis was up-
regulated during appressorium formation even before pen-
etration [138]. In another study, inoculation of citrus petals 
with Colletotrichum acutatum, caused the epidermal cells to 
increase lipid synthesis, which altered the cuticle structure 
[139].

Pathogen lipids: a different perspective

Lipid metabolism in plant pathogens during infection plays 
an important role either in: (1) development and life cycle 
completion; (2) pathogen recognition and defence response 
triggering in the host; (3) hindering host defence systems 
and overcoming resistance.

Botero et  al. (2018) observed, in the context of the 
hemibiotrophic P. infestans infection of potato leaves, the 
importance of FA biosynthesis, elongation, and degrada-
tion pathways. FA elongation pathways showed active fluxes 
during the early biotrophic phase and changed to a null 
flux at later time points. On the other hand, in the necro-
trophy phase of infection, the glycerophospholipid metabo-
lism was altered and their metabolic fluxes changed [29]. 
Upon plant infection, an accumulation of pathogen-specific 
lipids and FA molecules may also occur, which indicate 
that these molecules can be used as molecular biomarkers 
for infection. One example of this was reported by Negrel 
and co-workers during the interaction between grapevine 
and P. viticola [18]. In this work, P. viticola-specific lipids 
and FA were detected from very early stages of the infec-
tion process before the first external symptoms. P. viticola-
specific lipids, which include eicosapentanoic acid (C20:5) 
and arachidonic acid (C20:4)-containing lipids and C16:1 
ceramides including Cer (d16:1/16:0) were identified [18]. 
C20:5 and C20:4 had been previously detected in oomy-
cetes [140]. P. viticola-specific lipid accumulation in the 
fully susceptible variety V. vinifera cv. Syrah was signifi-
cantly higher than in V. vinifera cv. Bianca [18] which is 
partially resistant [141]. The pattern of lipid accumulation 
was modified along the infection process. At early stages, 
C20:4 and C20:5 were more accumulated as FFA, whereas 
in later stages, the triacylglycerols containing these FA, and 

especially trieicosapentaenoyl-glycerol (TEPG), were more 
accumulated. Lipid accumulation pattern may therefore be 
used as an indicator of the infection developmental stage 
[18].

Recently published reports on the mechanisms of the 
entry of oomycete RxLR effectors have revealed that these 
effectors bind to phosphoinositol-3-phosphate (PI3P) known 
as an intracellular molecule [142].

One of the ways by which some pathogens (mainly bio-
trophs) overcome plant defence is the arresting of PCD 
through the action of effectors. Elicitation of A. thaliana 
plants with the mycotoxin fumonisin B1 (FB1) resulted not 
only in the accumulation of LCB and of C16 FA-containing 
sphingolipids, but also in a decrease in the sphingolipid 
content containing VLCFA [143]. Furthermore, studies of 
Arabidopsis mutants with disruptions in gene loci governing 
sphingolipid metabolism confirmed a link between sphin-
golipid homeostasis and PCD associated with plant defence 
[144].

Defensins constitute an ancient and diverse set of natural 
antimicrobial proteins [145]. Different pathogen lipids bind 
to plant defensins, which causes the permeabilization of fun-
gal membranes [146]. The engagement with specific fungal 
membrane phospholipids affects the ability of certain plant 
defensins to kill fungal cells [147, 148]. Furthermore, dif-
ferent phospholipids trigger the formation of discrete defen-
sin–phospholipid complexes with unique topologies [147, 
148]. Sphingolipids like glycosylceramides and mannosyl 
diinositolphosphoryl ceramides also bind to plant defensins 
forming complexes necessary for these proteins antifungal 
activity, although these interactions are still poorly under-
stood [34]. Saragram and co-workers observed that a fungal 
PA interacts with a Medicago truncatula defensin (MtDef4) 
[33]. When fungal membrane lipids interact with defen-
sin oligomers, a combination of curvature stress and lipid 
sequestration occurs, resulting in complete structural desta-
bilization and subsequent permeabilization of the membrane 
[32].

In bacteria, PAMP are conserved cell-surface structures 
including flagellin, lipopeptides, peptidoglycans and lipopol-
ysaccharides (LPS) [149]. LPS, with a major role in bacte-
rial growth and survival [150], can trigger PTI [151]. LPS 
from plant pathogenic bacteria could induce a PCD in Arabi-
dopsis leaves in a dose-dependent manner, depending on an 
early ROS production. Moreover, these molecules were able 
to induce PR1 gene expression [152]. LPS are composed 
of a hydrophilic heteropolysaccharide (comprising the core 
oligosaccharide and O-specific polysaccharide or O-chain) 
covalently linked to a lipophilic moiety termed lipid A, 
which anchors these macromolecules to the outer membrane. 
LPS without the O-chain are lipooligosaccharides (LOS) 
[153]. During Arabidopsis infection with X. campestris pv. 
campestris (Xcc), LOS promoted pathogen recognition. LOS 
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induced the upregulation of the PR1 and PR2 genes in Arabi-
dopsis leaves [154]. The LOS lipid A moiety was found to 
be active in a later phase of the interaction, contrarily to the 
oligosaccharide, which induced gene upregulation early in 
the interaction [154]. Although both Xcc lipid A and core 
oligosaccharide are active in defence gene induction, it is 
possible that they are recognized by different plant receptors 
[153]. Xcc LOS interacts with two members of the F-box 
protein family involved in pathogen recognition, namely 
F-box and F box-LRR. F box-LRR might be involved in 
the recognition of Xcc LOS by activating a proteasome-
mediated hydrolysis of repressor proteins that negatively 
regulate target genes with a role in plant defence. LOS also 
interacts with two protein kinases involved in cellular signal 
transduction pathways and nsLTP1 [154]. Furthermore, LOS 
was found to promote the activation of ROS signalling [154].

Fungal lipases seem to play an important role in the 
establishment of their virulence [155]. It was reported that 
FFA analyses during wheat infection with the F. gramine-
arum revealed that there was an enrichment in unsaturated 
FA, namely C18:1, C18:2 and C18:3 derived by the fungal 
secreted lipase FGL1 activity and that they could inhibit cal-
lose synthase [35]. It is likely that the FFA resulting from the 
fungal lipase activity have a plant lipid source. By promoting 
the inhibition of callose synthase, these pathogen-induced 
FFA inhibit the deposition of callose, allowing the fungi 
to overcome this layer of type II resistance. The growth of 
the fungus in the host implicates a challenge to lipid integ-
rity due to the generation of ROS via mitochondrial activity 
[156]. The bacterial effector RipAL from R. solanacearum 
has lipase activity (containing a putative lipase domain that 
shared homology with the Arabidopsis PLA DAD1, which 
contributes to JA formation) and is among the type III effec-
tor proteins called Rips (Ralstonia-injected proteins) [157]. 
This effector induced the expression of marker genes for JA 
signalling in N. benthamiana and suppressed SA-mediated 
signalling [38]. Moreover, RipAL targets chloroplast lipids 
and causes chlorosis accompanied by the reduction of chlo-
rophyll content when expressed in plant leaves [38]. There-
fore, this effector might induce a disorder in chloroplasts 
by catalysing its lipids hydrolysis. RipAL contributes to 
the development of disease symptoms caused by R. solan-
acearum in pepper leaves through its putative lipase activity 
[38].

Fungal phospholipases (PL) have also been shown to 
counteract oxidative damage by removing oxidized fatty 
acids from phospholipids in membranes [37]. Corn seedlings 
infected with the biotrophic fungi Ustilago maydis mutant 
with depletion on the PL lip2 gene exhibited a reduction 
in the severity of disease symptoms. It is possible that lip2 
plays a protective role against the oxidative stress encoun-
tered on host by removing detrimental oxidized polyunsat-
urated fatty acids from the cell membrane, mitigating the 

damage caused by plant ROS-triggered lipid peroxidation. It 
seems that lip2 is important for supporting lipid homeostasis 
during U. maydis to proliferation in the host tissue. Given 
the increased susceptibility of the lip2 mutant to inhibitors of 
respiration, it is also likely that lip2 supports mitochondrial 
function by influencing the integrity of the mitochondrial 
specific lipid cardiolipin, in the mitochondrial inner mem-
brane [37].

Pathogenic fungi can form invasive hyphae, which are 
surrounded by an extra-invasive hyphal membrane (EIHM) 
(Fig. 2). This structure is a plant cell-derived membrane 
and continuous with the plant plasma membrane [158]. The 
fungi induces an enrichment of PI in the EIHM, which is 
crucial for the pathogen development [30]. During C. hig-
ginsianum infection in Arabidopsis, an enrichment of PI(4,5)
P2 in the EIHM occurs. Since the exocytic factor EXO84b 
also accumulated at the EIHM, but not endocytic factors, 
the enrichment of PI(4,5)P2 may associated with an exocytic 
trafficking event rather than with endocytosis. The enrich-
ment of PI(4,5)P2 in the EIHM might reflect the general 
importance of this phosphoinositide moiety in rapid secre-
tion [30]. The enrichment of PI(4,5)P2 was also found in 
EIHM upon inoculation with Colletotrichum orbiculare, 
but not with Golovinomyces orontii or Hyaloperonospora 
arabidopsidis, which indicates a pathogen-specific strategy 
for the modulation of the phospholipid contents of the inter-
facial membrane to generate an environment conducive to 
the pathogen [30].

As discussed above, oxylipin production is a vital pro-
cess in plant defence mechanisms. Nonetheless, oxylipin 
production showed also to be important for the develop-
ment of some pathogens. In fact, in the interaction between 
maize and F. Verticillioides, fungal oxylipin production, 
including 9- and 13-hydroxyoctadecadienoic acid (HODE) 
showed to be important during pathogenesis [12]. In another 
work focusing on the same pathosystem, different fungal 
oxylipins, namely 9S-DOX-AOS products showed to be 
pathogenicity promoters by inducing the expression of maize 
pathogenicity-promoting LOX3 (ZmLOX3) [159]. Moreo-
ver, 10-HOME and 7,10-DiHOME also showed to play an 
important role in the establishment of virulence of P. aer-
uginosa in lettuce [160]

Apoplast: an important compartment with still 
much left to unveil

One of the most important cellular compartments in the first 
moments of plant–pathogen interaction is the apoplast. This 
compartment includes the extracellular matrix and the APF 
[5]. It is involved in several functions during normal growth 
and under biotic and abiotic stress conditions, including 
pathogen interaction, pollutants, drought, salinity and tem-
perature [10, 161, 162]. In plant–microbe interaction, upon 
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pathogen secretion of molecular effectors to the apoplast that 
trigger the host immune system, a metabolism modulation 
occurs [6]. It was already observed that stress conditions 
lead to the alteration of the protein composition of the apo-
plast both qualitatively and quantitatively [7, 9]. However, 
to this day, studies concerning the modulation of lipid in the 
apoplast during plant–pathogen interaction are very scarce, 
causing the picture of the role of lipids in the apoplast to be 
rather blurry [10]. Nonetheless, at a constitutive level, lipids 
were already identified in the grapevine leaf apoplast [163]. 
Moreover, different studies have been evidencing the impor-
tance of apoplastic lipids in plant–pathogen interactions.

Lipids, extremely hydrophobic molecules, need to pass 
through the apoplastic compartment or the highly hydro-
philic cell wall. This transference process is mediated by 
nsLTP. As already discussed above, these proteins are asso-
ciated with diverse plant functions and may be up-regulated 
in response to infection and exhibit antimicrobial activity 
[111, 112, 164]. Maldonado and collaborators identified a 
putative LTP protein in Arabidopsis and hypothesized that 
the protein may bind a lipid molecule and suggested that a 
plasma membrane receptor may also play a role in the LTP-
mediated long-distance signalling during SAR [165].

PLA, a vital protein family in plant lipid signalling, was 
also described to be translocated to the apoplast during 
pathogen infection. Translocation of the secretory PLA2α 
to the apoplast was rapidly enhanced in response to inoc-
ulation of Arabidopsis leaves with P. syringae pv. tomato 
DC3000 carrying the effector avrRpm1. This result suggests 
that PLA2α secretion to apoplast and lipid signalling upon 
bacterial infection may play a role in host defence responses, 
where host cells first encounter invading pathogens [166].

Another evidence of the importance of this compartment 
in lipid signalling during plant–pathogen interactions is that 
it was previously observed that, in response to JA, a modula-
tion of phospholipids levels of the sunflower apoplast occurs. 
In this study, JA treatment resulted in significant changes in 
the phospholipid profile, showing the accumulation of PG 
and a decrease in PI [11]. Considering the role of phospho-
inositides in plant signalling, the modulation of its levels by 
JA supports the participation of apoplastic phospholipids in 
intercellular communication events.

Within the apoplast, extracellular vesicles (EV) con-
tribute to innate immunity and may mediate intercellular 
communication in plants as well as in animals. EV can be 
defined as spherical particles enclosed by a phospholipid 
bilayer that are released from cells into their environment 
and are composed of bioactive molecules, including RNAs, 
DNAs, proteins, and lipids [167]. To this day, there are only 
a few studies on the EV role in plant–pathogen interactions. 
However, EV are reported to be mobilized in response to 
pathogen infection and enriched in defence-related proteins. 
The secretion of EV was observed to be enhanced during 

Arabidopsis infection with a virulent strain of the bacterial 
pathogen P. syringae and in response to SA treatments [168].

In the past years, a few evidences that EV may be impor-
tant for lipid signalling arose. Furthermore, being EV lipid 
bilayer structures, their lipid composition is likely pivotal 
to their function.

Many fungal and oomycete pathogens enter plant cells by 
penetrating the host cell wall and differentiating specialized 
intracellular feeding structures, haustoria, by invagination 
of the plant plasma membrane [169]. As a result, the plant 
host may promote the formation of a cell wall thickening 
structure, the papillae and haustorial encasements in order 
to limit pathogen development [170] (Fig. 2). In order to 
form these structures, the defined components, including 
the proteins syntaxin AtSYP121/PENETRATION1 (PEN1) 
and soluble N-ethylmaleimide-sensitive factor adaptor pro-
tein 33 (SNAP33), the ATP-binding cassette (ABC) trans-
porter PEN3, callose and membrane lipids are transported 
through exosomes [171] (Fig. 2). Meyer and co-workers 
observed that upon powdery mildew infection in Arabidop-
sis, not only integral membrane proteins such as PEN1, but 
also membrane lipids become incorporated into haustorial 
encasements. This phenomenon is not restricted to powdery 
mildew fungi, since membrane lipids were also detected in 
oomycete haustorial encasements [171] (Fig. 2). Recently, 
Regente and collaborators found that some protein fami-
lies are enriched in EV upon fungal inoculation, including 
lipase, acyl hydrolases and LTPs [172]. Lipoxygenases were 
also found in the EV of Turnip mosaic virus 1-infected N. 
benthamiana leaves [173]. The enrichment of these proteins 
in EV is indicative that these particles and lipids have an 
important role in the establishment of SAR.

As lipid structures, it is possible that extracellular vesicles 
contain different lipids that confer membrane fluidity and 
can compress as they move through pores in the cell wall 
[173].

A thorough study of the apoplast, particularly concerning 
EV lipids may allow completely unveiling the role of this 
structure in plant–pathogen interactions, being a key element 
to uncover molecules that participate in intercellular com-
munication and transport.

Conclusion

Lipids and FA molecules are key players in the different pro-
cesses of plant–pathogen interaction. This review evidences 
that studying lipid metabolism and signalling both in plant 
and pathogen is arguably essential to completely uncover the 
knowledge brought up to light by proteomics and transcrip-
tomics. The analysis of lipids and their derivatives enables 
the possibility of describing the cross-talk between plant and 
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pathogen and the discovery of pathogen combined strategies 
targeting lipid pathways.

An increasing number of studies have described lipid 
modulation events that are important in defence and dis-
ease processes. Plant lipids play important roles from the 
first physical barrier against pathogens, the cutin, to sig-
nalling pathways that trigger different immune responses 
and defence-related genes. Lipids were also shown to be 
candidate biomarkers of resistance or susceptibility to differ-
ent pathogens. Furthermore, studies on the apoplast and EV 
have highlighted the possible role of lipids in the intercel-
lular communication and the establishment of SAR during 
plant–pathogen interactions. From the pathogen perspective, 
it is evidenced that lipid molecules and lipid metabolism 
play a pivotal role in the pathogen’s life cycle completion, 
triggering of recognition (e.g. bacterial LPS and LOS) and in 
evading the host immune system and potentiating infection.

The latest studies summarized in this review indicate that 
it is highly important to continue pointing the research direc-
tion towards the lipid signalling processes in plant–pathogen 
interaction to completely unveil the molecular mechanisms 
behind plant disease susceptibility and resistance. Concern-
ing the apoplast, a deep knowledge of the lipid modula-
tion events that take place in this compartment may allow 
unencrypting the first moments of pathogen perceiving and 
immune response.
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