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In plants, jasmonate signaling regulates a wide range of processes from growth and
development to defense responses and thermotolerance. Jasmonates, such as jasmonic
acid (JA), (+)-7-iso-jasmonoyl-L-isoleucine (JA-Ile), 12-oxo-10,15(Z)-phytodienoic
acid (OPDA), and dinor-12-oxo-10,15(Z)-phytodienoic acid (dn-OPDA), are derived
from C18 (18 Carbon atoms) and C16 polyunsaturated fatty acids (PUFAs), which are
found ubiquitously in the plant kingdom. Bryophytes are also rich in C20 and C22
long-chain polyunsaturated fatty acids (LCPUFAs), which are found only at low levels
in some vascular plants but are abundant in organisms of other kingdoms, including
animals. The existence of bioactive jasmonates derived from LCPUFAs is currently
unknown. Here, we describe the identification of an OPDA-like molecule derived
from a C20 fatty acid (FA) in the liverwort Marchantia polymorpha (Mp), which we
term (5Z,8Z)-10-(4-oxo-5-((Z)-pent-2-en-1-yl)cyclopent-2-en-1-yl)deca-5,8-dienoic
acid (C20-OPDA). This molecule accumulates upon wounding and, when applied
exogenously, can activate known Coronatine Insensitive 1 (COI1) –dependent and
–independent jasmonate responses. Furthermore, we identify a dn-OPDA–like mole-
cule (Δ4-dn-OPDA) deriving from C20-OPDA and demonstrate it to be a ligand
of the jasmonate coreceptor (MpCOI1–Mp Jasmonate-Zinc finger inflorescence
meristem domain [MpJAZ]) in Marchantia. By analyzing mutants impaired in the
production of LCPUFAs, we elucidate the major biosynthetic pathway of C20-OPDA
and Δ4-dn-OPDA. Moreover, using a double mutant compromised in the production
of both Δ4-dn-OPDA and dn-OPDA, we demonstrate the additive nature of these
molecules in the activation of jasmonate responses. Taken together, our data identify a
ligand of MpCOI1 and demonstrate LCPUFAs as a source of bioactive jasmonates
that are essential to the immune response ofM. polymorpha.
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The jasmonate family in plants consists of a subset of oxylipins derived primarily from
plastid-derived fatty acids (FAs) (1). Jasmonate hormones activate a plethora of responses
involved in the defense, growth, and development of the plant (2, 3). Most studies on
jasmonate signaling have been performed in vascular plants, where it has been shown
that the bioactive hormone, (+)-7-iso-jasmonoyl-L-isoleucine (JA-Ile), is perceived by a
coreceptor complex consisting of the F-box protein Coronatine Insensitive 1 (COI1) and
a transcriptional repressor Jasmonate-Zinc finger inflorescence meristem domain (JAZ)
protein (4–8). JA-Ile–mediated formation of the COI1–JAZ coreceptor triggers the
ubiquitination and subsequent degradation of the JAZ, thus allowing for an extensive
reprogramming of jasmonate-responsive genes (JRGs) (5, 9). In the bryophyteMarchantia
polymorpha (Mp), a liverwort that represents a sister lineage to vascular plants, a different
ligand, dinor-12-oxo-10,15(Z)-phytodienoic acid (dn-OPDA), is perceived by a conserved
COI1–JAZ coreceptor complex to activate a similar set of jasmonate responses (10–12).
dn-OPDA is a cyclopentenone ring–containing molecule, which in Marchantia exists in
two major isomeric forms, namely “cis” and “iso,” both of which act as COI1 ligands
(10). In addition to binding COI1, dn-cis-OPDA, along with the structurally similar
12-oxo-10,15(Z)-phytodienoic acid (OPDA), has been shown to have direct signaling
capabilities on account of its electrophilic cyclopentenone ring (13–15). These COI1-
independent functions of electrophilic jasmonates have been shown to contribute to ther-
motolerance and are emerging as important to the evolutionary history of plants, likely
having played a key role in plants’ colonization of land (15).
In the model vascular plant Arabidopsis thaliana, the production of JA-Ile occurs

through two parallel biosynthetic routes: either from OPDA through the octadeca-
noid pathway or from dn-OPDA, which is produced from the hexadecanoid pathway
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(3, 16). These begin with the lipase-dependent release of C18
(octadecanoid) or C16 (hexadecanoid) ω-3 polyunsaturated
fatty acids (PUFAs; α-linolenic acid [ALA; 18:3] and hexadeca-
trienoic acid [HTA; 16:3]) from plastid membranes. The ALA
and HTA molecules are oxygenated by 13- and 11-lipoxygenase
(13-/11-LOX) enzymes, respectively, to produce 13- and
11-hydroperoxide intermediates, which then undergo coupled
dehydration–cyclization reactions catalyzed by allene oxide syn-
thase (AOS) and allene oxide cyclase (AOC) enzymes, ultimately
giving rise to the cyclopentenones OPDA and dn-OPDA (3, 16,
17). Jasmonic acid (JA) synthesis occurs in the peroxisome,
where OPDA and dn-OPDA are reduced by the 12-oxo-
10,15(Z)-phytodienoic acid–reductase 3 (OPR3) enzyme before
undergoing three or two successive rounds of β-oxidation, respec-
tively, resulting in the production of (+)-7-iso-JA, which may
epimerize to the more stable “trans” form (�)-JA (18, 19). In
addition to the canonical JA biosynthesis, an OPR3-independent
route to JA was recently reported, in which OPDA undergoes
three rounds of β-oxidation, giving rise to dn-OPDA, tetranor-
OPDA, and then, 4,5-didehydro-JA before being reduced by
cytosolic OPR1 or OPR2 to produce JA (20). The hormone
JA-Ile is formed in the cytoplasm by the conjugation of JA to the
amino acid Isoleucine by a JA-amido synthetase, the JA–Resistant
1 enzyme (21). Bryophytes cannot produce JA-Ile and instead uti-
lize both dn-OPDA isomers as COI1 ligands (10, 22, 23). A
recent study in Marchantia has shown that while a small portion
of dn-OPDA comes from octadecanoid pathway–produced
OPDA, the main source of dn-OPDA is HTA (i.e., the hexadeca-
noid pathway) (24).
Despite a reasonably comprehensive understanding of the

biosynthetic pathways that give rise to JA-Ile and dn-OPDA,
many questions still remain about the breadth and depth of
FA-derived signals in plants. This is highlighted by the fact that
different plant species exhibit distinct oxylipin signatures: that is,
natural differences in the presence and proportions of oxidized
FA derivatives (16, 25). PUFAs are generated from saturated
FAs through sequential desaturation steps performed by sub-
strate-specific fatty acid desaturase (FAD) enzymes (26). Interest-
ingly, bryophytes, in addition to C16 and C18 PUFAs, possess
relatively high amounts of C20 and C22 long-chain polyunsatu-
rated fatty acids (LCPUFAs) along with the corresponding FAD
genes involved in their synthesis (22, 27). These LCPUFAs,
which include arachidonic acid (AA; 20:4n6) and eicosapentae-
noic acid (EPA; 20:5n3), are not generally found in vascular
plants, but they are present in animals, bacteria, fungi, and algae.
AA and EPA are important dietary supplements for animal health
(including humans), and as such, recent years have seen an increase
in research around their production in plants (27–30). However,
very little is currently known about LCPUFA derivatives (e.g., oxy-
lipins) and their potential as signaling molecules in plants. Studies
in red algae have identified prostaglandin-like molecules (PGLs)
with structural similarity to jasmonates that are derived from AA
(31, 32), but while these PGLs were seen to accumulate during
immune activation in the alga Chondrus crispus (33), experimental
limitations in algae hinder a complete dissection of the functional
relevance of these molecules. Furthermore, it remains unclear if
similar compounds exist in green plant lineages.
A recent study in Marchantia has exemplified the need to

search for novel PUFA-derived jasmonates. Mutants in the
MpFAD5 gene were unable to produce HTA and consequently,
produced compromised levels of dn-OPDA (24). Given that
Marchantia plants have no known COI1 ligands besides
dn-OPDA, it was interesting to observe that wounded Mpfad5
plants displayed only minor deficiencies in JRG activation, and the

performance of insects (measured as larval weight) fed on Mpfad5
plants was no different from those fed on wild-type (WT) plants
(24). While this could be explained by the low levels of dn-iso-
OPDA that do accumulate in Mpfad5 plants, these data could also
be indicative of as of yet unidentified signaling molecules that acti-
vate the jasmonate pathway alongside dn-OPDA.

In this study, we identify a ligand of COI1, which we name
Δ4-dn-OPDA. We demonstrate this oxylipin to be a dn-OPDA–
like molecule derived primarily from the C20 LCPUFA, EPA
(20:5n3), via a (5Z,8Z)-10-(4-oxo-5-((Z)-pent-2-en-1-yl)cyclopent-
2-en-1-yl)deca-5,8-dienoic acid (C20-OPDA)–like molecule. Our
data indicate that Δ4-dn-OPDA contributes to jasmonate responses
in Marchantia and offers key insights into the chemical nature and
evolution of jasmonate hormones in plants.

Results

Identification of a 20-Carbon OPDA-Like Molecule Derived
from EPA. Given that Mpfad5 mutant plants were not compro-
mised in the activation of jasmonate-related responses, despite
having only 5 to 10% of the WT level of dn-OPDA (24), we
hypothesized that alternate ligands of COI1 may exist. Several
studies have addressed the biosynthetic pathways of n3 and n6
LCPUFAs, such as EPA and AA, in bryophyte plant lineages (SI
Appendix, Extended Data Fig. 1) (27, 29). However, while it has
been demonstrated that C6 and C8 volatiles can be generated
from these molecules (34, 35), it is currently unknown if LCPU-
FAs can act as a source of bioactive jasmonates, as is observed for
their C18 and C16 PUFA analogs. Jasmonates accumulate to
maximum levels 30 to 60 min after mechanical wounding (36,
37). Therefore, we mined chromatograms (high-performance liq-
uid chromatography–high-resolution mass spectrometry [HPLC-
HRMS]) from wounded WT (Takaragaike-1 [Tak-1]) Marchantia
tissue with the aim of identifying OPDA-like molecules that could
derive from C20 LCPUFAs—that is, cyclopentenones that differ
from OPDA in the number of carbons, the number of double
bonds, or both (Fig. 1A and SI Appendix, Extended Data Fig. 1).
Interestingly, we found a wound-inducible peak (m/z [mass over
charge] = 315.1966) that suggested the presence of an OPDA-
like molecule that could originate from EPA (Fig. 1B). Content
of this molecule peaked around 30 min after wounding and
remained elevated at all time points tested (Fig. 1C). To confirm
the existence of such a molecule, we incubated Marchantia whole
extracts with EPA or AA as a control. Incubations of Marchantia
extracts with AA produced an enriched peak (peak 3 in SI
Appendix, Extended Data Fig. 2A) with a retention time (r.t.) of
17.00 min and an m/z of 422.4 (molecular ion) in the gas chro-
matography – mass spectrometry chromatogram; this peak was
identified as the α-ketol (methyl ester and trimethylsilyl derivat-
ized) produced by the sequential action of a 15-LOX and AOS
on AA. However, no OPDA-like compound was detected. On
the contrary, upon EPA incubation, a peak with an r.t. of 16.40
min (peak 4 in SI Appendix, Extended Data Fig. 2B) and an m/z
of 330.2 (methyl ester derivative) indicated the presence, along
with the corresponding α-ketol (peak 3 in SI Appendix, Extended
Data Fig. 2B), of an OPDA-like molecule that we termed C20-
OPDA. C20-OPDA possesses two more carbons than OPDA on
its carboxyl-containing side chain and has two additional double
bonds at the Δ5- and Δ8-positions (Fig. 1B). The structure of
C20-OPDA was confirmed by comparison (HPLC-HRMS, both
full scan and product ion) (SI Appendix, Extended Data Fig. 3)
with an original synthetic standard (38). Taken together, these
data demonstrate the occurrence of an OPDA-like molecule
derived from the n3 LCPUFA, EPA (20:5n3).
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C20-OPDA Activates COI1-Dependent and -Independent Jasm-
onate Responses. As C20-OPDA accumulates in a wound-
responsive manner (Fig. 1 B and C), it may be involved in
jasmonate signaling. Growth inhibition is a well-established
effect of exogenous jasmonate treatment on plants and has been
shown to be largely dependent on the COI1 receptor (3, 10, 39).
Thus, we analyzed the growth of WT and Mpcoi1 plants in
media containing increasing concentrations of OPDA or C20-
OPDA (Fig. 2 A and B). WT plants responded to increasing con-
centrations of C20-OPDA similarly to OPDA, with C20-OPDA
even displaying a tendency toward being a slightly more potent
growth inhibitor (Fig. 2A). As expected, Mpcoi1 mutants were
largely insensitive to OPDA treatments. Similar to OPDA, low
concentrations of C20-OPDA showed limited effects on Mpcoi1
mutants, demonstrating that the growth inhibitory effect of
C20-OPDA acts through COI1. At higher tested concentrations,
C20-OPDA promoted greater growth inhibition than OPDA in
Mpcoi1 (Fig. 2B).
In addition to observing its effects in COI1-dependent

processes, we also tested the ability of C20-OPDA to activate

COI1-independent responses using thermotolerance assays. OPDA
and dn-cis-OPDA have been shown to protect both WT and
Mpcoi1 mutant Marchantia plants against heat stress through their
electrophilic properties (15). We observed the same effect
when plants were exogenously treated with C20-OPDA (Fig. 2 C
and D), confirming that C20-OPDA regulates jasmonate responses
both dependent and independent of the COI1 receptor.

To examine the extent to which C20-OPDA– and OPDA-
induced responses overlap, we utilized microarrays to obtain
transcriptomic profiles of C20-OPDA– or mock-treated WT
and Mpcoi1 plants and compared these data with existing micro-
array analyses on COI1-dependent and -independent OPDA-
responsive genes (Fig. 2E) (10). In both WT and Mpcoi1
mutant plants, C20-OPDA–regulated genes largely followed a
similar pattern to those responsive to OPDA, demonstrating
that C20-OPDA activates both COI1-dependent and -indepen-
dent branches of the jasmonate pathway (Fig. 2E, compare col-
umns 1 and 2 [for WT] and columns 3 and 4 [for Mpcoi1]).
Collectively, these data demonstrate that C20-OPDA regulates
similar responses to OPDA.

Fig. 1. (A) Structure of potential OPDA-like
jasmonates that could derive from major
PUFAs and LCPUFAs found in Marchantia: ALA,
AA, and EPA. Hypothesized compounds are
squared in red. Dashed lines indicate that the
compound was not found under our experi-
mental conditions. (B) EIC (extracted ion chro-
matogram) for m/z = 315.1965 (full scan,
negative mode, sample of Marchantia WT
plants under mock conditions [black line] and
30 min after wounding [red line]), which may
correspond to the OPDA-like molecule C20-
OPDA. (C) Accumulation of cis-OPDA and
C20-OPDA in WT (Tak-1) Marchantia plants at
indicated time points after mechanical wound-
ing. The experiment was repeated three times
with similar results. Error bars represent SEM
(n = 3 independent samples, each containing a
pool of 12 plants).
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Fig. 2. Effect of increasing concentrations of OPDA and C20-OPDA on the growth of WT (Tak-1; A) and Mpcoi1-2 (B) plants. Error bars represent SEM (n = 18
plants). *Statistically significant differences between percentage growth in OPDA- and C20-OPDA–treated plants at the indicated concentrations (Student’s t
test, P < 0.05). (C) Effect of 2 h of heat stress at 37 °C on plant survival of WT (Tak-1) and Mpcoi1-2 gemmalings pretreated or not with OPDA or C20-OPDA
(25 μM). The experiment was repeated three times with similar results (n = 24 plants). (D) Quantification of plant phenotypes shown in C. Each phenotype
(alive, delayed, dead) is represented as a percentage of the total number of plants per experiment (n = 24 plants). The experiment was repeated three
times. Error bars represent SEM (n = 3). (E) Analysis of microarray data by hierarchical clustering of differentially expressed [evaluated by the nonparametric
algorithm “Rank Product”] genes in response to 2 h of exogenous treatment with mock, OPDA, or C20-OPDA (25 μM) in indicated genotypes. Microarrays
were performed after C20-OPDA treatment in WT (WT C20-OPDA vs. WT mock; log ratio > 1/< �1; FDR < 0.001) and Mpcoi1 mutant plants (Mpcoi1 C20-
OPDA vs. Mpcoi1 mock; log ratio > 1/< �1; FDR < 0.005), and differentially expressed genes, up- or down-regulated, were compared with available microar-
ray data for the same genes after OPDA treatment in WT or Mpcoi1 plants (WT OPDA vs. WT mock and Mpcoi1 OPDA vs. Mpcoi1 mock) or in the Mpcoi1
mutant compared with WT [Mpcoi1 OPDA vs. WT OPDA (10)]. The analysis is organized into three clusters. Clusters in Top and Middle represent genes
up-regulated after oxylipin treatment (Top; COI1-dependent genes; Middle, COI1-independent genes), and the cluster in Bottom represents down-regulated
genes. The total number of genes equals 171; n = 4 independent biological replicates formed from six different plants. Hierarchical clustering used Pearson
correlation and average linkage.
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C20-OPDA Gives Rise to a dn-ODPA–Like Molecule, Δ4-dn-OPDA.
A previous study in Marchantia showed that although exogenous
OPDA treatment of plants triggers jasmonate responses, OPDA
itself cannot bind the MpCOI1 receptor (10). Instead, two
dn-OPDA isomers, dn-cis-OPDA and dn-iso-OPDA, act as
MpCOI1 ligands activating jasmonate signaling (Fig. 3A) (10).
Given the structural differences between C20-OPDA and dn-
OPDA (Figs. 1B and 3A, respectively), we hypothesized that C20-
OPDA would not be able to bind the COI1 receptor directly.
Indeed, a pull-down assay between plants overexpressing MpCOI1
and recombinant MpJAZ confirmed that C20-OPDA was unable
to induce coreceptor interaction (SI Appendix, Extended Data Fig.
9E). Thus, we supposed that C20-OPDA could be the precursor
of a dn-OPDA–like molecule (Fig. 3A) (Δ4-dn-cis-OPDA and
-iso-OPDA), which may act as an additional MpCOI1 ligand. We
then mined samples of wounded WT Marchantia in order to iden-
tify a C16 dn-OPDA–like molecule that could be produced from
C20-OPDA after two rounds of β-oxidation. Indeed, we found
two peaks that matched the exact mass (m/z = 261.1496) of such
a molecule in the extracted ion chromatograms of wounded
Marchantia samples. One of the peaks (r.t. of 12.98 min) was
clearly wound inducible, while the other peak (r.t. = 13.13 min)
remained largely unchanged upon wounding (Fig. 3B and SI
Appendix, Extended Data Fig. 4A). These data are consistent with
what is observed in the case of dn-OPDA, which exists as two

positional isomers, namely dn-cis-OPDA and dn-iso-OPDA (Fig.
3A and SI Appendix, Extended Data Fig. 5A). We named the mol-
ecule Δ4-dn-OPDA. Δ4-dn-OPDA possesses the same number of
carbon atoms as dn-OPDA but with an additional double bond at
the fourth carbon (Δ4) position (Fig. 3A). To unambiguously
establish the existence of Δ4-dn-OPDA, we attempted the chemi-
cal synthesis of standards for both isomers, Δ4-dn-cis-OPDA and
Δ4-dn-iso-OPDA. While the chemical synthesis of the cis isomer
was straightforward (SI Appendix, SI Text), we were unable to
synthesize the iso form; instead of Δ4-dn-iso-OPDA, we obtained
Δ5-dn-iso-OPDA. Most likely, the double-bond migration from
the Δ4- to the Δ5-position occurred to form a more stable trans
and conjugated double bond, with the double bond in the cyclo-
pentenone ring (SI Appendix, Extended Data Fig. 4B and SI Text).
Nonetheless, we were able to employ the synthetic standards in a
series of HPLC-HRMS experiments to establish first that the peak
with r.t. of 13.13 min corresponds to Δ4-dn-cis-OPDA (full coin-
cidence of r.t. and fragmentation pattern with the synthetic origi-
nal standard) and second, that the wound-inducible peak that
elutes earlier is the iso form of this molecule (i.e., Δ4-dn-iso-
OPDA) (SI Appendix, Fig. S1; SI Appendix, SI Text has a detailed
structure elucidation). Given the difficulty of synthesizing Δ4-dn-
iso-OPDA, the larger availability of synthetic Δ4-dn-cis-OPDA,
and the proven functional equivalence between the cis and iso
forms of the canonical hormone dn-OPDA (10, 11), hereafter, we

A B

C D

E F

Fig. 3. (A) Chemical structures of dn-cis-OPDA,
dn-iso-OPDA, Δ4-dn-cis-OPDA, and Δ4-dn-iso-
OPDA. (B) Accumulation of Δ4-dn-OPDA isomers
in WT (Tak-1) Marchantia plants at indicated time
points after mechanical wounding. The experi-
ment was repeated three times with similar
results. Error bars represent SEM (n = 3 indepen-
dent samples, each containing 12 plants). (C and
D) Accumulation of C20-OPDA (C) and Δ4-dn-
OPDA (D) in WT (Tak-1), Mpdes6-1, Mpdes6-2,
Mpdes5-1, and Mpdes5-2 plants at indicated time
points after mechanical wounding. The experi-
ment was repeated three times with similar
results. Error bars represent SEM (n = 3 indepen-
dent samples, each containing six plants). Tukey’s
HSD (honestly significant difference) ANOVA tests
were performed to determine statistically signifi-
cant differences between the five genotypes at
any given time point (α = 0.05, n = 3), and aster-
isks are used to indicate where a sample differs
significantly from WT at the same time point.
(E and F) Measurements of LCPUFAs, EPA (E), and
ETA (F) in WT (Tak-1), des6-1, and des5-1 Marchan-
tia plants. Error bars represent SD of the mean
(n = 3 independent samples, each containing six
plants). ND denotes that the molecule was not
detected.
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employ Δ4-dn-cis-OPDA in exogenous treatments. However,
endogenous measurements of Δ4-dn-OPDA from plants refer to
the sum of both isomers. To confirm C20-OPDA as a direct
source of Δ4-dn-OPDA, we treated WT Marchantia plants with
C20-OPDA and measured the accumulation of both molecules.
Exogenous treatment with C20-OPDA produced a strong burst of
Δ4-dn-OPDA (SI Appendix, Extended Data Fig. 5B), thus support-
ing that Δ4-dn-OPDA is derived from C20-OPDA and accumu-
lates upon wounding (Fig. 3B).

The LCPUFA EPA Is a Major Source of Δ4-dn-OPDA in Marchantia.
Next, we further explored the biosynthetic pathway of Δ4-dn-
OPDA. Since C20-OPDA was shown to accumulate in March-
antia crude extract upon treatment with EPA (SI Appendix,
Extended Data Fig. 2B), we propose that biosynthesis of Δ4-dn-
OPDA occurs via the n3 pathway of LCPFUAs. The compo-
nents of the n3 pathway are well characterized in Marchantia;
ALA is converted to EPA in a series of reactions catalyzed by Δ6-
desaturase (MpDES6), Δ6-elongase (MpELO1), and Δ5-desatur-
ase (MpDES5) enzymes (SI Appendix, Extended Data Fig. 1)
(27, 40). Thus, we first created mutants of MpDES5 and
MpDES6 genes using CRISPR-Cas9 technology (SI Appendix,
Extended Data Fig. 6) (41, 42). We measured PUFA and jasmo-
nate content in Mpdes6 and Mpdes5 mutants to explore the ori-
gins of C20-OPDA and Δ4-dn-OPDA (Fig. 3 C–F). Consistent
with our prediction, neither Mpdes6 nor Mpdes5 plants accumu-
lated C20-OPDA after wounding (Fig. 3C), which can be
explained by their inability to produce EPA (Fig. 3E). Surpris-
ingly, while no Δ4-dn-OPDA was found in Mpdes6 mutant
plants, Mpdes5 mutants accumulated this molecule after wound-
ing in a similar pattern to WT plants, albeit at lower quantities
(Fig. 3D), demonstrating that Δ4-dn-OPDA can also be pro-
duced through an EPA- and C20-OPDA–independent route.
MpDES5 converts eicosatetraenoic acid (ETA) into EPA (SI
Appendix, Extended Data Fig. 7), and so, while Mpdes5 mutants
did not accumulate EPA (Fig. 3E), they hyperaccumulated ETA
(Fig. 3F), indicating that ETA could be a direct source of Δ4-dn-
OPDA (SI Appendix, Extended Data Fig. 7). However, it cannot
be ruled out that Δ4-dn-OPDA could also be produced directly
from stearidonic acid (SDA) via a single round of β-oxidation (SI
Appendix, Extended Data Fig. 7). Since Mpdes6 mutants pro-
duced neither EPA nor ETA (Fig. 3 E and F) and are not
expected to accumulate SDA (SI Appendix, Extended Data Fig.
7), they cannot produce any Δ4-dn-OPDA (Fig. 3D). Given that
decreased Δ4-dn-OPDA levels occur in the absence of EPA in
Mpdes5 mutants (Fig. 3D), despite a vast increase in ETA produc-
tion (Fig. 3F), we propose that EPA is a major source of Δ4-dn-
OPDA in Marchantia. While both SDA and ETA could act as
alternate direct sources of Δ4-dn-OPDA, their relative contributions
to the overall levels of this hormone remain to be elucidated.
Our measurements showed small decreases in OPDA, dn-cis-

OPDA, and dn-iso-OPDA in Mpdes6, which were slightly more
pronounced in Mpdes5 mutants (SI Appendix, Extended Data Fig.
8). These differences likely reflect the effects of disrupting
the natural equilibrium of the FA profile of the plant, includ-
ing molecules from the n6 pathway, which are also expected
to be affected in Mpdes5 and Mpdes6 mutants (SI Appendix,
Extended Data Fig. 7). Overall, our results indicate that Δ4-
dn-OPDA is synthesized in the n3 biosynthetic pathway of
LCPUFAs, primarily from EPA-derived C20-OPDA.

Δ4-dn-OPDA Is a Ligand of MpCOI1. Given the structural
homology between Δ4-dn-OPDA and dn-OPDA and that like
dn-OPDA, Δ4-dn-OPDA is wound responsive (Fig. 3B and

SI Appendix, Extended Data Fig. 5A), we hypothesized that
Δ4-dn-OPDA may be a ligand of the jasmonate coreceptor
complex (MpCOI1–MpJAZ) and have a role in signal trans-
duction. To assess the effect of Δ4-dn-OPDA on jasmonate-
regulated processes, we analyzed its growth inhibition effects
compared with OPDA and dn-iso-OPDA (Fig. 4 A and B). dn-
iso-OPDA was used for comparison because it was previously
shown to interact more strongly in pull-down assays than
dn-cis-OPDA (10). Δ4-dn-cis-OPDA behaved as OPDA and
dn-iso-OPDA, inhibiting the growth of WT plants, and like
dn-iso-OPDA, it was seen to be a more potent growth inhibitor
than OPDA at 50 μM treatments (Fig. 4A). Mpcoi1 mutants
were much less sensitive to these molecules than WT plants,
although both dn-iso-OPDA and Δ4-dn-OPDA showed a stron-
ger growth inhibitory effect than OPDA at higher tested concen-
trations (Fig. 4B). Next, we performed qPCR analysis of known
JRG in WT and Mpcoi1 plants treated with Δ4-dn-cis-OPDA
or dn-cis-OPDA or mock treated. In this case, dn-cis-OPDA was
used as a positive control since unlike dn-iso-OPDA, it activates
both COI1-dependent and -independent genes (15). Consistent
with the overlapping gene expression patterns of C20-OPDA
and OPDA (Fig. 2E), our data suggest that Δ4-dn-cis-OPDA
activates the same set of JRG as dn-cis-OPDA and acts on both
COI1-dependent and -independent genes (SI Appendix, Extended
Data Fig. 9 A–D).

Both dn-OPDA isomers have been demonstrated to bind the
MpCOI1 receptor and trigger its interaction with the MpJAZ repres-
sor (10). To determine if Δ4-dn-OPDA is a ligand of MpCOI1, we
performed pull-down assays between Flag-tagged MpCOI1 expressed
in planta and recombinant MpJAZ protein (Fig. 4C). Since dn-iso-
OPDA triggers stronger coreceptor interaction than its cis counterpart
(10), we used dn-iso-OPDA as a positive control and OPDA, which
does not promote MpCOI1–MpJAZ interaction, as a negative con-
trol. As expected, we did not identify MpCOI1 in OPDA-treated
samples but observed increasing levels of MpCOI1 retention by
MBP–MpJAZ correlated to greater concentrations of dn-iso-OPDA.
Importantly, we observed that the addition of Δ4-dn-cis-OPDA was
able to facilitate MpCOI1–MpJAZ interaction even more strongly
than dn-iso-OPDA (Fig. 4C). Although it was not possible to synthe-
size Δ4-dn-iso-OPDA, we demonstrated that Δ5-dn-iso-OPDA, a
compound structurally similar to Δ4-dn-iso-OPDA, was able to
induce MpCOI1–MpJAZ interaction (SI Appendix, Extended Data
Fig. 9E). Taken together, our data indicate that Δ4-dn-OPDA is a
bona fide bioactive hormone, capable of activating jasmonate-
dependent responses.

Both Δ4-dn-OPDA and dn-OPDA Are Required to Fully Activate
Jasmonate Responses. We next sought to investigate the role
of endogenous Δ4-dn-OPDA in jasmonate signaling. Recent
findings have demonstrated that the main source of dn-OPDA
in Marchantia is HTA (16:3n3), and as such, the Mpfad5
mutant (MpFAD5 specifically synthesizes HTA) is impaired in
dn-OPDA accumulation, with an almost complete absence of
the cis form and vast reduction of the iso form (24). Conse-
quently, it was somewhat surprising that Mpfad5 mutants did
not appear substantially affected in jasmonate-dependent
responses (24). Now, considering the identification of Δ4-dn-
OPDA as a bioactive ligand of MpCOI1, we hypothesized that
the weakly compromised jasmonate responses in Mpfad5 could
be explained by the presence of Δ4-dn-OPDA in this mutant.
To test this, we analyzed the accumulation of Δ4-dn-OPDA in
Mpfad5 mutants and discovered levels comparable with that of
the WT (Fig. 5B). Since Mpfad5 mutant plants are largely
impaired in dn-OPDA accumulation (Fig. 5 D and E) (24) and
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Mpdes6 plants lack Δ4-dn-OPDA completely (Figs. 3D and
5B), we used CRISPR/Cas9 to obtain Mpdes6fad5 double
mutants to limit both sets of molecules. (SI Appendix, Extended
Data Fig. 10). We measured the accumulation of OPDA, C20-
OPDA, both isomers of dn-OPDA and Δ4-dn-OPDA in the
double Mpdes6fad5 mutant, Mpdes6 and Mpfad5 single
mutants, and WT controls (Fig. 5). While OPDA levels were
only slightly reduced from WT levels in Mpdes6fad5 plants and
very low levels of dn-iso-OPDA persisted (produced directly
from OPDA), dn-cis-OPDA, C20-OPDA, and Δ4-dn-OPDA
did not accumulate in the double mutant. We, therefore, col-
lected tissue of WT, Mpcoi1, and Mpdes6fad5 mutant plants
90 min after wounding (or mock conditions) and performed

RNA-seq (next-generation sequencing technique) analysis (Fig.
6 A and B). We specifically looked at wound-responsive genes
and found that from a total of 325 COI1-dependent genes that
were differentially expressed after wounding (log ratio > j1.5j,
false discovery rate [FDR] < 0.05) (Fig. 6A, clusters 1 and 2),
about 40% were down-regulated in the Mpdes6fad5 double
mutants compared with WT plants (Fig. 6A, cluster 1). Consis-
tent with the jasmonate profile of the Mpdes6fad5 mutant plants
(Fig. 5) and known jasmonate responses, these genes were specifi-
cally related to “jasmonate, FA, and oxylipin biosynthesis” and
“response to wounding” (Fig. 6B). A selection of genes from
cluster 1 was confirmed by qPCR, and their expression was com-
pared with that observed in the respective single mutants, with

A

C

B

Fig. 4. (A and B) Effect of increasing concentrations of OPDA, dn-iso-OPDA, and Δ4-dn-cis-OPDA on the growth of WT (Tak-1; A) and Mpcoi1-2 (B) plants.
Error bars represent SEM (n = 18 plants). Different letters indicate statistically significant differences between the percentage of growth in OPDA-, dn-iso-
OPDA–, and Δ4-dn-cis-OPDA–treated plants at the indicated concentration (Tukey’s HSD [honestly significant difference] ANOVA test; α = 0.05, n = 18). (C)
35S:MpCOI1-Flag–expressing Arabidopsis plant extracts were incubated with MpJAZ–MBP (maltose binding protein) protein or MBP alone with OPDA, dn-iso-
OPDA, Δ4-dn-cis-OPDA, or mock treatment in the pull-down buffer (the indicated concentrations). (Upper) Immunoblot with anti-Flag antibody. (Lower) Coo-
massie blue staining of MpJAZ–MBP after cleavage with Factor Xa. The experiment was repeated three times with similar results. CBB, Coomassie Brilliant Blue.
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and without wounding (Fig. 6 C–F). For all genes tested, we
observed that knocking out FAD5 or DES6 alone produced little
or no reduction in gene expression (and in some cases, an
increase compared with WT), but significant decreases compara-
ble with expression in Mpcoi1 were seen in the double Mpdes6-
fad5 mutant plants. In addition to these affected wound
up-regulated genes, several genes that were down-regulated dur-
ing wounding in WT plants were not down-regulated in the
double mutant, similarly to Mpcoi1 (Fig. 6A, cluster 4). Interest-
ingly, a subset of COI1-independent genes was seen to be
up-regulated in the Mpdes6fad5 mutant (Fig. 6A, cluster 3).
These genes are likely a result of the electrophilic effects of
OPDA (14, 15), for which levels remain high in the double
mutant (Fig. 5C). Despite a large proportion of wound-inducible
genes being down-regulated in the Mpfad5des6 double mutant,
there was also a significant portion that was unaffected (Fig. 6A,
cluster 2). This may be indicative of further as of yet undiscov-
ered bioactive molecules that are involved in the wound-induced
signaling pathway, such as those derived from the n6 biosyn-
thetic pathway (43, 44), but most likely, it highlights the sig-
nificance of the small quantity of OPDA-derived dn-iso-OPDA
that accumulates in these plants. Overall, our transcriptomic
analyses indicate that both dn-OPDA and Δ4-dn-OPDA are
required for a complete activation of JRG in Marchantia.
To examine the biological relevance of the altered gene

expression profile of Mpdes6fad5 mutants in comparison with
WT and the respective single mutants (Fig. 6 A–F) (24), we
studied well-known jasmonate-mediated defense responses:

those against herbivory and fungal pathogen infections. In the
herbivory assays, larvae of the beet armyworm (Spodoptera exi-
gua; Lepidoptera) were allowed to feed on thalli of 6-wk-old
WT, Mpcoi1, Mpfad5, Mpdes6, and Mpdes6fad5 plants, and
their performance (larval weight) was analyzed after 7 d. As pre-
viously found, we observed significantly higher larval weight in
larvae fed on Mpcoi1 plants than on WT and Mpfad5 single
mutants due to the compromised defense response of Mpcoi1
mutants against insect attack (Fig. 6G) (10, 24). Larvae from
Mpdes6 plants were slightly larger than those from WT and
Mpfad5. Remarkably, larvae fed on Mpdes6fad5 double-mutant
plants were significantly larger than those fed on WT and the
Mpfad5 mutant alone, almost to the level of the Mpcoi1
mutants (Fig. 6G). These data indicate that the double
Mpdes6fad5 mutant plants were more susceptible to insect
feeding than the WT plants or the respective single mutants.
Next, we studied the response of the same set of plants to the
hemibiotrophic fungus Fusarium oxysporum (Fo), for which a
pathosystem with Marchantia has recently been established
(45). Defense responses against hemibiotrophic pathogens,
such as Pseudomonas syringae, are mediated by the phytohor-
mone salicylic acid (SA). In defense responses, jasmonate and
SA signaling have generally been shown to be antagonistic to
one another, and thus, activation of the jasmonate pathway
with the aim of lowering SA defenses has evolved as a key
mechanism employed by pathogens (46). Indeed, in the case of
Fo, it has previously been observed in Arabidopsis that an inabil-
ity by the plant to perceive JA is correlated with an increase in

A B

C

E

D

Fig. 5. Accumulation of C20-OPDA (A), Δ4-dn-
OPDA (B), cis-OPDA (C), dn-iso-OPDA (D), and dn-
cis-OPDA (E) in WT (Tak-1), Mpfad5-3, Mpdes6-1,
Mpdes6fad5-1, and Mpdes6fad5-2 plants at indi-
cated time points after mechanical wounding.
Error bars represent SEM (n = 3 independent sam-
ples, each containing six plants). Tukey’s HSD
(honestly significant difference) ANOVA tests were
performed to determine statistically significant dif-
ferences between the five genotypes at any given
time point (α = 0.05, n = 3), and asterisks are used
to indicate where a sample differs significantly
from WT at the same time point. ND, not detected.
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Fig. 6. (A) Analysis of RNA-seq data by K-means clustering of genes differentially expressed [evaluated by EdgeR (68)] in response to mechanical wounding
(90 min) in the genotypes indicated (log ratio > 1.5/< �1.5; FDR < 0.05). Six clusters were generated and grouped for gene ontology (GO) analysis. (B) Signifi-
cant GO terms (biological process) associated with each of the clusters indicated in A. GO terms correspond to the most similar genes in Arabidopsis. FE, fold
enrichment of the term in the cluster. (C–F) Analysis by qPCR of wound-responsive genes in WT (Tak-1), Mpcoi1-2, Mpfad5-3, Mpdes6-1, Mpdes6fad5-1, and
Mpdes6fad5-2 Marchantia plants under mock conditions or 90 min after mechanical wounding. Expression of genes coding for an aromatic L–amino acid/
L-tryptophan decarboxylase (Mp7g06530), LOX4 (MpLOX4; Mp5g21680), Cytochrome P450 CYP94 like (MpCYP94L; Mp2g10330), and a Patatin-like phospholi-
pase (Mp5g21760) was normalized against MpAPT (Mp3g25140). Error bars represent SD (n = 3). Asterisks represent statistically significant differences
between the indicated sample and WT after wounding (Student’s t test). *P < 0.05; **P < 0.005. M (mock conditions), W (90 min after mechanical wound-
ing). (G) Larval weight of S. exigua after 7 d feeding on thalli of WT (Tak-1), Mpcoi1-2, Mpfad5-3, Mpdes6-1, and Mpdes6fad5-1 plants. Error bars represent
SEM (n = 24 plants). Different letters indicate statistically significant differences between the five genotypes tested (Tukey’s HSD ANOVA test; α = 0.05).
The experiment was repeated three times with similar results obtained. (H) Quantification by qPCR of Fo gene Six1 in DNA obtained from thallus of WT
(Tak-1), Mpcoi1-2, Mpfad5-3, Mpdes6-1, and Mpdes6fad5-1 plants 2 d after dip inoculation with Fo (106 spores mL�1). DNA levels were normalized against
MpEF1α. Error bars indicate SD (n = 3). Different letters indicate statistically significant differences between the five genotypes tested (Tukey’s HSD [hon-
estly significant difference] ANOVA test; α = 0.05). The experiment was repeated three times with similar results.
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resistance to Fo. Thus, we hypothesized that biosynthetic
mutants of dn-OPDA and Δ4-dn-OPDA may exhibit increased
resistance to Fo. Plants were treated with Fo by dip inoculation
(106 spores mL�1), and fungal DNA isolated from thallus tis-
sue was quantified 2 d postinfection (Fig. 6H and SI Appendix,
Extended Data Fig. 10B). Consistent with previous reports on
the role of jasmonates in hemibiotrophic pathogen infection
(47), Mpcoi1 plants were found to be more resistant to Fo than
WT. Interestingly, both Mpfad5 and Mpdes6 single mutants
displayed resistance comparable with or greater than Mpcoi1,
indicating that plant-produced jasmonates are crucial to Fo
activity in Marchantia. Remarkably, fungal DNA levels taken
from Mpdes6fad5 double-mutant plants were significantly
lower than both single mutants alone (Fig. 6H), indicating that
the effects of removing dn-OPDA and Δ4-dn-OPDA on plant
defenses against Fo are additive.
Together, these data suggest that both dn-OPDA and Δ4-dn-

OPDA contribute to jasmonate-regulated defense responses in
Marchantia.

Discussion

For decades, vascular plant model systems, such as A. thaliana
and Solanum lycopersicum, have dominated studies on the jasm-
onate signaling pathway. However, in recent years, work in a
variety of nonvascular plant species has begun to elucidate
novel components of jasmonate signaling and shed light on the
evolutionary history of the pathway (48). A breakthrough find-
ing was the discovery that the bioactive jasmonate in vascular
plants, JA-Ile, is not shared in the model bryophyte, Marchantia,
which instead utilizes the JA-Ile precursor, dn-OPDA, as the hor-
mone (10). dn-OPDA and JA-Ile are produced from C16 and
C18 PUFAs, which are found ubiquitously across the plant king-
dom (16, 49). However, LCPUFAs can also be found in algae,
bryophytes, and some lycophytes but are not commonly found in
angiosperms (50, 51). LCPUFAs, such as AA and EPA, are also
present in fungi, bacteria, and animals. Indeed, due to their bene-
ficial role in human health and potential as a source of biofuel
production, a comprehensive understanding of the biosynthetic
pathways of these molecules is available in the scientific literature
(30). However, since molecular studies on signaling pathways
have largely been confined to vascular plants, the downstream
products of these LCPUFAs and their role in signal transduction
have remained vastly understudied. Here, we report the identifi-
cation of a dn-OPDA–like molecule derived from LCPUFAs
(primarily EPA, via C20-OPDA), which we name Δ4-dn-OPDA
(Figs. 1 and 3). We demonstrate Δ4-dn-OPDA to be a ligand of
MpCOI1, an essential component in the plant’s response to
wounding and insect attack and important in producing a WT
response during fungal pathogen infection (Figs. 4C and 6).
The potential for the existence of novel bioactive jasmonates

working alongside dn-OPDA was recently highlighted in a study
in Marchantia. It was found that Mpfad5 mutant plants, which
accumulate negligible levels of dn-cis-OPDA and just 5 to 10%
of the WT level of dn-iso-OPDA, had only minor disturbances
in the transcriptomic response to wounding and were able to
defend against insects as well as WT plants in herbivory assays
(24). Two main possibilities were proposed to explain these find-
ings: first, that the small amount of dn-iso-OPDA in the plant,
presumed to form directly from OPDA, was sufficient to acti-
vate the majority of the JRGs and provide a robust defense
against insect feeding and second, that dn-OPDA was not the
only MpCOI1 ligand capable of activating jasmonate responses

(24). The discovery of Δ4-dn-OPDA and the data presented in
this paper demonstrate that both explanations merit some credit.

We show that LCPUFA-derived Δ4-dn-OPDA is a bona fide
MpCOI1 ligand and that it activates similar responses to
dn-OPDA (Figs. 4–6). Furthermore, using mutants of two
desaturase enzymes in the biosynthetic pathway of LCPUFAs,
Mpdes6 and Mpdes5, we determine that Δ4-dn-OPDA is pro-
duced in a separate parallel pathway to dn-OPDA (Fig. 3).
These two pathways utilize the same set of enzymes, some of
which are specific, like the FADs involved, and others are gen-
eral, such as LOX, AOS, and AOC enzymes (3). It should be
noted that in order to be processed by these general enzymes,
endoplasmic reticulum (ER)-localized LCPUFAs are predicted
to move first to the plastids, as has previously been described
for the exchange of metabolites (52). Since Δ4-dn-OPDA and
dn-OPDA originate from independent sources (i.e., different
PUFAs or LCPUFAs), the two pathways are independent. As
such, the effects of removing one of these pathways are likely to
be compensated for by the actions of the other, which may
partly explain the unexpected canonical jasmonate-regulated
responses seen in the Mpfad5 single mutant (24). Indeed, when
we removed Δ4-dn-OPDA production in the Mpfad5 back-
ground (using Mpdes6fad5 double mutants), we observed
an additive effect on wound-responsive gene expression and
defense against herbivory and fungal infection, indicating that
both molecules are required for a complete jasmonate response
(Fig. 6). Interestingly, while Mpdes6fad5 double mutants were
more susceptible to insect feeding than both Mpfad5 and
Mpdes6 single mutants, their difference from Mpdes6 mutant
plants was less marked than Mpfad5 mutants (Fig. 6G). This is
likely a result of the increased flavonoid content of Mpfad5 sin-
gle mutants since flavonoids are known to have antifeedant
activity (24, 53). However, it is also possible that some specific-
ity exist between Δ4-dn-OPDA and dn-OPDA with regard to
their role in different jasmonate responses. Indeed, the kinetics
of the molecules’ accumulation after wounding were seen to be
slightly different, with Δ4-dn-OPDA appearing more slowly
than dn-OPDA but continuing to rise at later time points (Fig.
3B and SI Appendix, Extended Data Fig. 5A). Moreover, at the
times tested, Δ4-dn-OPDA concentrations were lower than
those of dn-OPDA (Fig. 3B and SI Appendix, Extended Data
Fig. 5A). Interestingly, biosynthetic FADs that produce the two
molecules reside in different subcellular compartments; Δ6- and
Δ5-desaturases involved in Δ4-dn-OPDA production, such as
MpDES6 and MpDES5, are found in the ER, whereas the
Δ7-desaturase MpFAD5, which produces the majority of the
dn-OPDA in Marchantia (24), is plastid localized (29, 54).
The endogenous concentrations of Δ4-dn-OPDA and dn-
OPDA, therefore, likely differ between cellular compartments,
and this may impact their transportation to the cytoplasm and
nucleus, where they interact with COI1. In pull-down assays,
Δ4-dn-OPDA was a stronger ligand than dn-iso-OPDA (Fig.
4C), although the relevance of this in planta remains to be inves-
tigated. One potential explanation for this is the presence of the
double bond at the Δ4-position, which may limit the flexibility
of the carboxyl-containing side chain, therefore facilitating the
packing of the molecule in the binding pocket of MpCOI1. Fur-
ther studies are needed to determine the relative contributions of
each molecule to specific responses and in different cellular com-
partments to fully analyze the interplay between the two hor-
mones in activating COI1-medidated signaling.

Despite having a clear contributory role in jasmonate responses
alongside dn-OPDA, the existence of Δ4-dn-OPDA alone is not
sufficient to explain the Mpfad5 phenotype 24. While our results
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demonstrated that around 40% of the COI1-dependent wound-
inducible genes studied were down-regulated in Mpdes6fad5
double-mutant plants compared with WT (Fig. 6A), that still
leaves a significant portion of genes that were unaffected, despite
the double mutant having only a minor portion of the WT levels
of dn-iso-OPDA and a complete absence of both dn-cis-OPDA
and Δ4-dn-OPDA (Fig. 5). This result indicates that a small
quantity of dn-iso-OPDA alone may be sufficient to activate a
large part of the transcriptomic changes that result from
mechanical wounding. It is known that the precursors of bioac-
tive jasmonates, OPDA and JA, accumulate to much higher lev-
els than the corresponding hormones, dn-OPDA and JA-Ile
(10, 55, 56). This pattern is also observed here between C20-
OPDA and Δ4-dn-OPDA (Figs. 1A and 3B). Given this infor-
mation, it appears that hormone contents are maintained at
relatively low levels and that their accumulation is dependent
on several factors, such as the perceived stimuli and the particu-
lar organelle in which they are produced. In this way, an addi-
tional layer of regulation that may aid plant resilience and
plasticity can be achieved. While the threshold level of the hor-
mone that is required to activate jasmonate signaling through
the COI1 receptor remains unknown, our transcriptomic data
suggest that the normal physiological concentrations of bioactive
jasmonates may be much higher than the signaling needs of the
plant. An additional possibility is that derivatives of dn-OPDA
and Δ4-dn-OPDA (such as the hydroxylated or methylated
forms) are accumulating and contributing to jasmonate
responses. Indeed, in Arabidopsis, it has been shown that the
hydroxylated form of JA-Ile, 12-OH-JA-Ile, is a bioactive COI1
ligand, and its absence in cytochrome P450 mutant b1b3 causes
a compromised response to wounding, despite an overaccumu-
lation of JA-Ile (37, 57, 58). Obtaining knowledge on the exis-
tence of chemical derivatives of dn-OPDA–like molecules and
their contribution to jasmonate signaling is thus an important
consideration for future studies. Besides dn-OPDA and Δ4-dn-
OPDA (and their possible derivatives), the potential for other
COI1 ligands cannot be ruled out, and further research into the
downstream products of PUFAs and LCPUFAs is essential before
drawing concrete conclusions on these data. Indeed, it would be
interesting to analyze oxylipin levels and jasmonate responses in
mutants of enzymes that are general to the biosynthetic pathways
of both dn-OPDA and Δ4-dn-OPDA, such as MpAOC and ω3-
FADs, in order to determine the likelihood of such molecules.
The molecules described here represent the identification of

LCPUFA-derived jasmonates in green-lineage plants, and thus,
the existence of equivalent molecules in other LCPUFA-
containing plants should be considered. Furthermore, the sig-
nificance of these molecules in the evolutionary arms race
between plants and pathogens (e.g., fungi), which may also
produce LCPUFA-derived oxylipins, presents an interesting
question for future studies. The existence of LCPUFAs pro-
ducing bioactive jasmonates also has potential implications in
biotechnology. Given the importance of some LCPUFAs in
human health, scientists have begun to investigate the use of
transgenic crop plants that ectopically express FAD genes, with
the aim of producing plants rich in dietary LCPUFAs (includ-
ing EPA) (27, 51, 59). That these plants may also (over-)pro-
duce downstream signaling jasmonates must be considered to
avoid detrimental growth inhibitory effects.
Interestingly, while we were able to identify both cis and iso

forms of Δ4-dn-OPDA, the cis form occurred at extremely low
levels, close to the limit of detection. Furthermore, unlike its iso
counterpart, Δ4-dn-cis-OPDA did not accumulate in response
to wounding (Fig. 3B). This is somewhat reminiscent of the

wound-induced kinetics of dn-OPDA isomers, in which the cis
isomer is not induced by wounding to the same extent as the
iso form and is generally found at lower concentrations (Fig. 5
and SI Appendix, Extended Data Fig. 8). Due to the reactive
nature of the double-bond position in the cyclopentenone rings
of dn-cis-OPDA and cis-OPDA, these molecules have a specific
role in electrophilic signaling (13, 15). Despite being utilized in
this way, because of their high reactivity, electrophilic molecules
may also cause cell damage. Indeed, it has been shown that in
some insects, cis-OPDA is rapidly converted into the more stable
and less reactive iso counterpart to avoid the toxicity conferred
by the electrophilic character of the cis form (60, 61). In plants,
jasmonates from C16 and C18 PUFAs, such as dn-cis-OPDA
and cis-OPDA, are formed in the chloroplast, which as a result
of its role in photosynthesis, hosts an abundance of detoxifica-
tion enzymes that help to buffer the reactive nature of these
molecules (62, 63). Oxylipins derived from LCPUFAs likely
originate in the ER, which is similarly prepared for oxidative
stress linked to the process of oxidative protein folding (64).
Jasmonate hormones, however, must act in the cytoplasm and
nucleus, areas of the cell that may be more susceptible to the
damaging effects of electrophilic groups (62). It is possible,
therefore, that electrophilic oxylipins, such as dn-cis-OPDA and
Δ4-dn-cis-OPDA, do not accumulate in response to wounding
in the same way as their iso forms due to their reactive nature.
The accumulation patterns of Δ4-dn-OPDA thus reinforce the
idea that cis and iso forms of dn-OPDA–like molecules have dis-
tinct specialized functions as well as overlapping ones.

In this study, using the nonvascular model plant M. polymor-
pha, we have identified bioactive jasmonates that are derived
from LCPUFAs: C20-OPDA and Δ4-dn-OPDA. Furthermore,
we have demonstrated that Δ4-dn-OPDA is a ligand of the
MpCOI1 receptor and shown that both Δ4-dn-OPDA and the
previously identified dn-OPDA are required for full jasmonate
response activation. The data presented here highlight the need
to look beyond classical plant model systems to uncover
unidentified branches of known phytohormone pathways and
piece together their evolutionary histories.

Materials and Methods

Materials and methods, including those for chemical and enzymatic synthesis,
are described in Supplementary Information file.

Data, Materials, and Software Availability. RNA-seq and microarray data
have been deposited in the Gene Expression Omnibus (accession nos. GSE195837
and GSE195838) (65, 66). All other data are included in the article and/or support-
ing information.
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