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Abstract

Metabolic enzymes tend to evolve towards catalytic efficacy, precision and speed. This seems
particularly true for ancient and conserved enzymes involved in fundamental cellular processes
that are present virtually in every cell and organism and converting and producing relatively
limited metabolite numbers. Nevertheless, sessile organisms like plants have an astonishing
repertoire of specific (specialized) metabolites that, by numbers and chemical complexity, by
far exceed primary metabolites. Most theories agree that early gene duplication, subsequent
positive selection and diversifying evolution have allowed relaxed selection of duplicated
metabolic genes, thus facilitating the accumulation of mutations that could broaden
substrate/product specificity and lower activation barriers and kinetics. Here, we use oxylipins,
oxygenated fatty acids of plastidial origin to which the phytohormone jasmonate belongs, and
triterpenes, a large group of specialized metabolites whose biosynthesis is often elicited by
jasmonates, to showcase the structural and functional diversity of chemical signals and
products in plant metabolism.
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Introduction

Metabolites provide more than just structural roles. They can carry different types of
information, not only because they may act as signaling molecules sensu stricto, but also
because their physiochemical properties may dictate how enzymes have to evolve to interact
with handed-down templates of biomolecular structures [1]. As a result, metabolic and genetic
complexity (i.e. comprising both the number of coding sequences and regulatory connections)
frequently go hand in hand, and linking structures to functions means deciphering another layer
of communication and evolution of plants. Although new organisms may emerge or go extinct
during evolution, membranes will typically be built the same way, hormones will frequently work
identically and, ultimately, the showcase metabolites of this review, i.e. oxylipins and
triterpenes, will remain present in every member of the Viridiplantae.

Conventionally, plant metabolites are often divided into primary and specialized metabolites.
The first are ubiquitously present in most organisms, being products of enzymes that normally
have a high substrate and product specificity and are Kkinetically efficient. These are
indispensable for plant growth and survival, and constitute the metabolic heritage of evolution
and the results of macro-evolutionary processes. In contrast, enzymes involved in specialized
metabolite biosynthesis, which ancestrally originated from duplication of genes involved in
primary metabolism [2], tend to be more promiscuous and kinetically slower, and sometimes
produce not only one but a bouquet of metabolites, only some of which will confer evolutionary
advantages [2]. In this perspective, we speculate that once a certain metabolite confers a
specific advantage to plant fitness, it may become a fixed part of the core metabolic toolkit,
allowing evolution to select enzymes that will produce this product more efficiently [2]. Also,
the more we move away from primary metabolism, the more frequently enzymes can have
multiple substrates or products that will allow to explore metabolic possibilities and sometimes
develop new functions. In this review, we will highlight these hypotheses by discussing the
evolution of plant oxylipin and triterpene metabolites.

Structural and functional diversity of oxylipins

Oxylipins are molecules that originate from oxygenated fatty acids [3]. In humans, oxylipins
are critical bioactive mediators of physiology and inflammation, and more than 500 distinct
oxylipin entities have recently been detected in human samples [4]. In plants, oxylipins play
essential roles in stress signaling and development. One of the best-characterized examples
is the phytohormone jasmonate (JA), regulating responses to (a)biotic stresses, the production
of specialized metabolites (including most triterpenes), but also several aspects of plant growth
and development [3,5,6].

JA biosynthesis in plants starts in the chloroplast and ends in the peroxisome. In Arabidopsis
thaliana (Arabidopsis), a-linoleic acid is the predominant unsaturated fatty acid composing the
lipid bilayer of the thylakoid membrane and it represents the starting molecule for the
biosynthesis of JA. In the chloroplast, a-linoleic acid is oxidized by 13-lipoxygenase, forming
13-hydroperoxy-octadecatrienoic acid, which is cyclized and rearranged by allene oxide
synthase and allene oxide cyclase to form 12-oxo-phytodienoic acid (OPDA). Then, OPDA is
exported to the peroxisome where it undergoes reduction by the 12-oxophytodienoate
reductase 3 (OPR3) enzyme and rounds of p-oxidations forming JA that is released in the
cytosol [3]. It is worth mentioning that recent studies on OPR3 loss-of-function mutants
revealed that parallel OPR3-independent pathways are capable of circumventing peroxisomal
OPR3-dependent biosynthetic steps so that, in the absence of OPR3, B-oxidized derivatives
of OPDA are released and reduced to JA in the cytosol by the action of the OPR3-related



enzyme OPR2 [7]. JA represents the basic structure that is metabolized into multiple bioactive
compounds. For example, JASMONATE RESISTANT 1 (JAR1) conjugates JA with isoleucine
to form jasmonoyl-isoleucine (JA-lle), which binds to the coreceptor complex consisting of the
F-box protein coronatine-insensitive 1 (COI1) [8] and a repressor jasmonate-ZIM domain (JAZ)
protein [9,10]. JA-lle perception unleashes key transcriptional regulators, such as MYC2, from
inhibition by JAZ, ultimately leading to the onset of defense responses, such as biosynthesis
of specialized metabolites [6,11,12]. Whereas JA-lle is considered as the main and most
efficient bioactive form of JA [13,14], several other JA conjugates, mostly with hydrophobic
amino acids, have been identified [15,16]. Yet, the latter conjugates are less potent than JA-
lle in triggering JA-mediated responses and are the products of enzymes that show higher
promiscuity than the canonical JAR1 [15]. However, the bioactivity of JA derivatives may go
beyond the binding to the COI1-JAZ coreceptor complex and structural JA variants may have
a specific function. A suitable example is the methylated form of JA (MeJA), which is not
considered active per se because it does not bind the coreceptor complex. Yet, this highly
volatile JA ester may be involved in the communication between plants or in the systemic
triggering of a prompt JA response [17-20]. Notably, whereas hydroxylation of JA to 12-OH-JA
was initially proposed as a mechanism linked to hormone catabolism and thus inactivation [21],
recent findings have shown that, in its conjugated form, 12-OH-JA-lle also has bioactive
properties promoting the formation of the COI1-JAZ coreceptor complex and thereby inducing
defense responses [22,23]. Nevertheless, upon stimulus perception, the timing of the
production of oxidized JA derivatives and their strength in inducing the JA response may differ
from the canonical JA-lle pathway, hence the formation of these derivatives may be ways to
tune the intensity of the JA response. Furthermore, conversion of 12-OH-JA into cis-jasmone
triggers volatile defenses against aphids in potato [24]. These examples illustrate that novel
JA variants have been arising during evolution (Fig. 1), and plausibly the identity and function
of many of them remain to be revealed and elucidated.

Some recent studies on oxylipin signaling in non-vascular plant lineages revealed that JA-lle
was not the ancient bioactive oxylipin in plants. Earlier lineages of land plants, such as the
bryophytes Marchantia polymorpha, Physcomitrella patens, and Calohypnum plumiforme, use
OPDA instead of JA as the actual signaling hormone, given they miss most of the JA
biosynthetic machinery [25-28]. Here, the OPDA derivative dinor-12-oxo-phytodienoic acid
(dn-OPDA) exerts the function of JA-lle in binding and activating the COI1-JAZ coreceptor
complex, suggesting dn-OPDA to be the ancestral phytohormone. Contrary to JA derivatives,
little is known about OPDA derivatives, except for a few reports that found C20-OPDA and iso-
12-OPDA to accumulate upon wounding in M. polymorpha and P. patens, respectively [29,30].

Accordingly, recent studies revealed that in contrast to most vascular plants, bryophytes such
as Marchantia are rich in long-chain C20 and C22 polyunsaturated fatty acids. In this species,
the exogenous application of C20-OPDA is able to activate COI1-dependent and -independent
responses, as it is the precursor of A*-dn-OPDA, the direct ligand of the MpCOI1-MpJAZ
coreceptor [30].

As life gained complexity, so did the signals necessary to fine-tune developmental programs.
For example, differently from liverworts, the genome of the lycophyte Selaginella moellendorffii
already contains JA biosynthetic enzymes, similar to those of Arabidopsis [31]. Besides the
enzymes, also the components of the COI1-JAZ coreceptor complex coevolved to
accommodate the new ligands. In fact, a single amino-acid change in the receptor protein
MpCOI1 (V377A) of M. polymorpha was found to be responsible for switching ligand specificity
from dn-OPDA into JA-lle [25]. Similarly, specific residues of the JAZ proteins in bryophytes
and lycophytes enable the perception of dn-OPDA ligands, which does not occur in vascular
plants in which JAZ proteins recognize only JA-lle [32]. MpMYC from Marchantia was shown



to be capable of directly interacting with the Arabidopsis JAZ proteins and to upregulate
defense responses in Marchantia by binding G-boxes of promoters of genes encoding
biosynthetic enzymes involved in the production of specialized metabolites such as
sesquiterpenes [33]. So, although the components and dynamics of COI-JAZ—-MY C regulatory
modules are functionally conserved, different ligands determine their (specific) behavior.

The fact that different plant lineages use related but non-identical molecules and molecular
complexes to address the same type of developmental and environmental challenges, raises
intriguing questions regarding the advantage for angiosperms to evolve and produce JAs. Do
OPDA derivatives work in the same way as JA derivatives? Has OPDA lost its function in
flowering plants? Chances are that OPDA as well as other, non-OPDA linoleic acid derivatives
have partially conserved stress signaling functions in angiosperms as well. For example,
oxylipins produced from linoleic acid by 9-lipoxygenase, such as (9S,10E,127,15Z7)-9-hydroxy-
10,12,15-octadecatrienoic acid, regulate defense responses against the nematode
Meloidogyne spp. in tomato [34], while in the monocot Epipremnum aureum, OPDA displays
a scavenging activity that reduces reactive oxygen species levels in the chloroplast [35].
Likewise, OPDA has recently been found to tune the activity of thioredoxins and peroxiredoxins
in plant stress responses by covalently binding thiols. This type of post-translational
modification has been termed OPDAylation [36]. It is therefore likely that OPDA in vascular
plants is not merely a JA precursor [37], and that some of its ancient functions, such as a COI1-
independent function in thermotolerance [38], may have persisted. Considering that OPDA-lle
was proposed as a new alternative and independent signal from JA [39], it is clear that many
structure—activity relationships of plant oxylipins remain to be discovered.

Structural and functional diversity of triterpenes

It has been reported that specialized metabolic enzymes are on average thirty times less active
than those involved in central metabolism [1]. Therefore, varying levels of substrate
permissiveness, catalytic promiscuity and reduced kinetics would explain how single enzymes
could perform multiple reactions and synthesize multiple compounds [1]. For instance,
squalene-derived triterpenes are among the largest group of plant specialized metabolites,
accounting for thousands of distinct structures [40-42] with disparate functions, ranging from
structural or defensive roles [40,43] to the modulation of root microbiota and plant growth
[44,45]. Ultimately, these molecules result from three main biosynthetic steps: cyclization of the
terpene precursor 2,3-oxidosqualene by oxidosqualene cyclases (OSCs) yielding apolar
aglycones such as sterols and triterpenes, oxidation of specific positions of the carbon
backbone by cytochrome P450s (P450s) and decoration of the resulting aglycone with, e.g.
sugar moieties by UDP-glycosyltransferases (UGTs) (Fig. 2). This last step confers polarity
and turns triterpenes into amphipathic saponins. Generally speaking, a genome of an
angiosperm plant would harbor around ten OSCs and between hundred and several hundreds
of P450s and UGTs, the latter being active on many other substrates beside triterpenes. In
turn, this translates into hundreds of mono- to hexacyclic scaffolds deriving from OSC activities
[46], thousands of different oxygenated aglycones produced by P450s and tens of thousands
of glycosylated saponins resulting from UGT activities [41]. Importantly, here not only enzyme
promiscuity, but also the combinatorial interconnection between and within the biosynthetic
networks greatly expands the number of possible metabolic outcomes. Although intricate
dynamics render it hard to infer metabolic from genetic complexity, genomic analysis of the
unicellular algae Chlamydomonas reinhardtii and the moss P. patens revealed the presence
of only one OSC resembling a cycloartenol synthase required for sterol biosynthesis [47].
Simplifying, we could speculate, as experimental evidences are mostly lacking, that from this



ancestral, yet essential monofunctional enzyme, cycles of gene duplication and fixation have
recurrently first tested newly arisen multifunctional enzymes (and their products) and then
embedded in the basic metabolic core only those enzymes whose products would prove
advantageous [2].

These evolutionary dynamics are clearly found among the P450s performing oxidations of
pentacyclic triterpenes. P450s that oxidize the C28 position are among the most represented
members of this family and show a relatively high degree of specificity and efficiency [48,49]
as compared with others that target less common positions of the carbon skeleton. C28
oxidation is indeed the first and most common decoration found in saponins and a prerequisite
for further oxidizing or glycosylating steps. Therefore, C28 oxidases of the CYP716A subgroup
are considered the earliest members of triterpene-modifying enzymes in land plants [48],
whose products became part of the plant’s default metabolic repertoire. Accordingly, evolution
had enough time to select more efficient C28 oxidases. In contrast, P450s active on other
positions are sometimes slower and more promiscuous [50], because their products may still
be developing peculiar functions, conquering a functional niche. The promiscuity of some
triterpene-modifying enzymes becomes evident, especially when enzymes are tested for
functional characterization in heterologous systems or in vitro. Here, we frequently see that in
addition to a main substrate or product, enzymes are active on several substrates and/or
accumulate by-products or intermediates [51] that in endogenous systems would be scarcely
produced or promptly catabolized through conversion by competing pathways.

It should be noted though that chemical diversity does not just arise when duplicated enzymes
gain new functions towards completely new substrates or residues. Sometimes redundant
enzymes can perform the same reaction but with different kinetics/affinity, thus accumulating
different products. For example, some P450s catalyze a three-step sequential oxidation going
from the hydroxyl to the carboxyl moiety via an aldehyde intermediate [48,51]. Redundant
enzymes catalyzing the same reaction may have less proclivity to finalize the three oxidative
steps, thus resulting in the preferential accumulation of specific intermediates.

For years, Medicago truncatula has been the benchmark for triterpene studies. This model
legume accumulates among others triterpenes with 3-amyrin derived oleanane (OA) aglycone
backbones such as hederagenin (C23-OH OA), gypsogenic acid (C23-COOH OA) or
medicagenic acid (C23-COOH, C2-OH OA). Aglycones carrying the aldehyde moiety at C23,
such as gypsogenin (C23-COH OA) or quillaic acid (C23-COH, C16-OH QA), are barely
detectable as intermediates or absent in M. truncatula extracts, meaning that the carbon on
this position is fully oxidized to the carboxyl moiety [51]. In contrast, plants belonging to the
Caryophyllaceae family tend to predominantly accumulate gypsogenin and quillaic acid
characterized by the aldehyde moiety on C23 [52]. Together, this suggests that plants evolved
multiple versions of C23 oxidases, some of which will complete the oxidation to the carboxyl
group, while others, having reduced affinity for the third oxidative step, accumulate aldehyde-
bearing compounds. Although little is known about the functions of these different but related
molecules in plants, studies on structure—activity relationships revealed that subtle changes
can have a big impact on bioactivity [53]. For instance, hederagenin monoglucoside, bearing
a hydroxyl on C23 and a glucose on C3, is more toxic to herbivorous caterpillars as compared
with gypsogenic acid or oleanolic acid monoglucoside carrying a carboxyl or hydrogen on
position 23 [54]. 3D modeling predicted that the C23 hydroxyl group may cause a 90° rotation
of the sugar residue at C3 with respect to the aglycone plane, thus increasing its lytic properties
towards insect membranes [40].

The ability of plants to synthesize saponins that can disrupt the integrity of biological
membranes while avoiding self-toxicity through compartmentalization, relies on a different
affinity of these compounds towards plant (e.g. B-sitosterol, campesterol, stigmasterol) or
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animal (e.g. cholesterol) sterols. Studies with different plant saponins revealed that plasma
membrane cholesterol is essential for its permeabilization activity [55-57]. Accordingly, it was
shown that by replacing cholesterol with other sterols, such as A7 and A9 sterol, the cell
membranes of sea cucumbers, which represent some of the few animal clades capable of
synthesizing triterpene saponins, can tolerate their own cytotoxic triterpenes [58]. Cholesterol
and phospholipid composition, therefore, seems to dictate the toxicity of these types of
saponins. Considering that Golgi and endoplasmic reticulum membranes contain a lower
amount of cholesterol than the plasma membrane [59], this would also explain why the lytic
activity of saponins is particularly effective towards the plasmalemma [60,61]. Although sugar
residues are essential to confer Iytic properties to saponins [40,56,62,63], functional moieties
on aglycones also play a role [53]. For example, carboxyl and hydroxyl groups on aglycones
are likely priming cholesterol-independent electrostatic binding to positively charged choline
heads of phospholipids [57,62], while the backbone types seem to drive the depth and
orientation of their insertion within the bilayer [57]. Hence, the great structural diversity in
aglycones may result in different affinities for membranes (i.e. bacterial, fungal or animal)
based on their lipid composition. Yet, the permeabilizing activity of saponins seems to be
related mainly to their extent and type of glycosylation. Comparison between a- and &-hederin,
having respectively two or one sugar residue(s) on the C3, indicated that the first is much more
effective for pore formation, likely because the two sugars confer a bigger hydrophilic surface
and upon insertion cause curvature until disruption of the lipid bilayer [62]. Also, bidesmosidic
saponins, in which the carbohydrate chains are linked to the C3 and C28 via glycosidic and
ester bonds, respectively, display a lower toxicity than their monodesmosidic counterparts,
having sugars only on C3 [53,57,61]. Accordingly, chemical or enzymatic hydrolysis of glycosyl
residues on C28, which restores the carboxyl moiety, greatly enhances saponin toxicity, for
instance against fungal pathogens [64,65]. Although saponins are mainly known as defensive
compounds that are mostly toxic in their monodesmosidic form, plants still synthesize highly
glycosylated bidesmosidic saponins [66,67]. One may therefore wonder what the function of
such complex compounds could be. Can they have a dual purpose: being synthesized when
resources are not limiting as energetic investment by storing sugars on defensive compounds
to be promptly hydrolyzed upon cell damage, releasing toxic monodesmosidic saponins
together with sugars to sustain energy metabolism? This question is still far from being
answered as the structural and biosynthetic complexity of highly glycosylated saponins
represents major hurdles for functional studies.

Outlook

Although technical advances considerably increased the throughput of metabolomics
compared with proteomics, transcriptomics and genomics, the unambiguous identification of
metabolites remains scarce and labor intensive because it largely relies on purification followed
by structure elucidation via nuclear magnetic resonance [41].

Platforms like Global Natural Product Social Molecular Networking (GNPS) [68] are innovative
open-source repositories for interconnecting mass spectrometry datasets of natural
compounds with streamline functional annotation. However, especially for plant metabolites,
the efficiency falls a long way short for the hundreds of thousands of estimated compounds
[69]. Likewise, with regard to both structural and functional characterization, large-scale
screenings for metabolic phenotypes are hampered by the lack of development of efficient
read-out methods or by the limited availability of collections of pests, such as microbial
pathogens or insects, both in numbers and species [70]. Nonetheless, new techniques keep
on emerging that will help us to tackle this huge challenge. Particularly noteworthy are the
many emerging protein—metabolite interactomics platforms, such as limited proteolysis-
coupled mass spectrometry or protein—metabolite interactions using size separation [71-73],



which will help reveal how the interactome of diverse metabolites evolves, thus shedding new
light on how structures and functions are connected to create new variability and increase in
the complexity of the plant’s developmental programs.

Acknowledgements

We thank Annick Bleys for critically reading the manuscript. This research was supported by
the European Union’s Horizon 2020 research and innovation program under Grant
Agreements No 825730 (Endoscape) and the Research Foundation Flanders (FWO) through
the projects G008417N and G004320N, all assigned to A.G.



References

1. Bar-Even A, Noor E, Savir Y, Liebermeister W, Davidi D, Tawfik DS, Milo R: The moderately efficient
enzyme: evolutionary and physicochemical trends shaping enzyme parameters. Biochemistry
2011, 50:4402-4410.

2. Weng J-K, Philippe RN, Noel P: The rise of chemodiversity in plants. Science 2012, 336:1667-1670.

3. Wasternack C, Feussner |: The oxylipin pathways: biochemistry and function. Annu Rev Plant Biol
2018, 69:363-386.

4. Watrous JD, Niiranen TJ, Lagerborg KA, Henglin M, Xu Y-J, Rong J, Sharma S, Vasan RS, Larson MG,
Armando A et al.: Directed non-targeted mass spectrometry and chemical networking for
discovery of eicosanoids and related oxylipins. Cell Chem Biol 2019, 26:433-442.

5.HusS, YuK, Yan J, Shan X, Xie D: Jasmonate perception: ligand-receptor interaction, regulation, and
evolution. Mol Plant 2023, 16:23-42.

6. Howe GA, Major IT, Koo AJ: Modularity in jasmonate signaling for multistress resilience. Annu Rev
Plant Biol 2018, 69:387-415.

7. Chini A, Monte |, Zamarrefio AM, Hamberg M, Lassueur S, Reymond P, Weiss S, Stintzi A, Schaller A,
Porzel A et al.: An OPR3-independent pathway uses 4,5-didehydrojasmonate for jasmonate
synthesis. Nat Chem Biol 2018, 14:171-178.

8. Sheard LB, Tan X, Mao H, Withers J, Ben-Nissan G, Hinds TR, Kobayashi Y, Hsu F-F, Sharon M, Browse
J et al.: Jasmonate perception by inositol-phosphate-potentiated COI1-JAZ co-receptor.
Nature 2010, 468:400-405.

9. Chini A, Fonseca S, Fernandez G, Adie B, Chico JM, Lorenzo O, Garcia-Casado G, Lopez-Vidriero |,
Lozano FM, Ponce MR et al.: The JAZ family of repressors is the missing link in jasmonate
signalling. Nature 2007, 448:666-671.

10. Thines B, Katsir L, Melotto M, Niu Y, Mandaokar A, Liu G, Nomura K, He SY, Howe GA, Browse J: JAZ
repressor proteins are targets of the SCF® complex during jasmonate signalling. Nature
2007, 448:661-665.

11. Nguyen TH, Goossens A, Lacchini E: Jasmonate: a hormone of primary importance for plant
metabolism. Curr Opin Plant Biol 2022, 67:102197.

12. Lacchini E, Goossens A: Combinatorial control of plant specialized metabolism: mechanisms,
functions, and consequences. Annu Rev Cell Dev Biol 2020, 36:291-313.

13. Staswick PE, Tiryaki I: The oxylipin signal jasmonic acid is activated by an enzyme that conjugates
it to isoleucine in Arabidopsis. Plant Cell 2004, 16:2117-2127.

14. Fonseca S, Chini A, Hamberg M, Adie B, Porzel A, Kramell R, Miersch O, Wasternack C, Solano R:
(+)-7-iso-Jasmonoyl-L-isoleucine is the endogenous bioactive jasmonate. Nat Chem Biol
2009, 5:344-350.

15. Delfin JC, Kanno Y, Seo M, Kitaoka N, Matsuura H, Tohge T, Shimizu T: AtGH3.10 is another
jasmonic acid-amido synthetase in Arabidopsis thaliana. Plant J 2022, 110:1082-1096.

This report identifies the promiscuous enzyme jasmonoyl-amino acid synthetase AtGH3.10 that
conjugates JA into isoleucine, alanine, leucine, methionine, and valine, increasing the diversity of JA
derivatives. The authors also found that AtGH3.10 is partially redundant with the known jasmonoyl-
amino acid synthetase JASMONATE RESISTANT 1 (JAR1).

16. Fu W, Jin G, Jimenez-Aleman GH, Wang X, Song J, Li S, Lou Y, Li R: The jasmonic acid-amino acid
conjugates JA-Val and JA-Leu are involved in rice resistance to herbivores. Plant Cell Environ
2022, 45:262-272.

17. Tamogami S, Noge K, Abe M, Agrawal GK, Rakwal R: Methyl jasmonate is transported to distal
leaves via vascular process metabolizing itself into JA-lle and triggering VOCs emission as
defensive metabolites. 2012, 7:1378-1381.



18. Yamashita F, Rodrigues AL, Rodrigues TM, Palermo FH, Baluska F, Rolim de Almeida LF: Potential
plant-plant communication induced by infochemical methyl jasmonate in sorghum
(Sorghum bicolor). Plants 2021, 10:485.

19. Jang G, Shim JS, Jung C, Song JT, Lee HY, Chung PJ, Kim J-K, Choi YD: Volatile methyl jasmonate is
a transmissible form of jasmonate and its biosynthesis is involved in systemic jasmonate
response in wounding. Plant Biotechnol Rep 2014, 8:409-419.

20. Jiang Y, Ye J, Li S, Niinemets U: Methyl jasmonate-induced emission of biogenic volatiles is
biphasic in cucumber: a high-resolution analysis of dose dependence. J Exp Bot 2017,
68:4679-4694.

21. TangJ, Yang D, Wu J, Chen S, Wang L: Silencing JA hydroxylases in Nicotiana attenuata enhances
jasmonic acid-isoleucine-mediated defenses against Spodoptera litura. Plant Diversity 2020,
42:111-119.

22. Poudel AN, Holtsclaw RE, Kimberlin A, Sen S, Zeng S, Joshi T, Lei Z, Sumner LW, Singh K, Matsuura
H et al.: 12-Hydroxy-jasmonoyl-L-isoleucine is an active jasmonate that signals through
CORONATINE INSENSITIVE 1 and contributes to the wound response in Arabidopsis. Plant
Cell Physiol 2019, 60:2152-2166.

23. Hazman M, Siihnel M, Schéfer S, Zumsteg J, Lesot A, Beltran F, Marquis V, Herrgott L, Miesch L,
Riemann M et al.: Characterization of jasmonoyl-isoleucine (JA-lle) hormonal catabolic
pathways in rice upon wounding and salt stress. Rice 2019, 12:45.

24. Sobhy IS, Woodcock CM, Powers SJ, Caulfield JC, Pickett JA, Birkett MA: cis-Jasmone elicits aphid-
induced stress signalling in potatoes. / Chem Ecol 2017, 43:39-52.

25. Monte |, Ishida S, Zamarrefio AM, Hamberg M, Franco-Zorrilla JM, Garcia-Casado G, Goubhier-
Darimont C, Reymond P, Takahashi K, Garcia-Mina JM et al.: Ligand-receptor co-evolution
shaped the jasmonate pathway in land plants. Nat Chem Biol 2018, 14:480-488.

This remarkable work revealed how the JA coreceptor complex involving COI1 is conserved in the
bryophyte Marchantia polymorpha to perceive the endogenous ligands, i.e. the two OPDA derivatives
dn-iso-OPDA and dn-cis-OPDA. This research demonstrates that bryophytes and vascular plants share
the signaling machinery but use different signaling molecules. The authors also show how a single
amino-acid change in COI1 switches ligand specificity, allowing late diverging plants such as
Arabidopsis to use JA as ligand but not dn-OPDA or vice versa.

26. Bowman JL, Kohchi T, Yamato KT, Jenkins J, Shu S, Ishizaki K, Yamaoka S, Nishihama R, Nakamura
Y, Berger F et al.: Insights into land plant evolution garnered from the Marchantia
polymorpha genome. Cell 2017, 171:287-304.

27. Stumpe M, Gobel C, Faltin B, Beike AK, Hause B, Himmelsbach K, Bode J, Kramell R, Wasternack C,
Frank W et al.: The moss Physcomitrella patens contains cyclopentenones but no
jasmonates: mutations in allene oxide cyclase lead to reduced fertility and altered
sporophyte morphology. New Phytol 2010, 188:740-749.

28. Inagaki H, Miyamoto K, Ando N, Murakami K, Sugisawa K, Morita S, Yumoto E, Teruya M, Uchida K,
Kato N et al.: Deciphering OPDA signaling components in the momilactone-producing moss
Calohypnum plumiforme. Front Plant Sci 2021, 12:688565.

29. Mukhtarova LS, Lantsova NV, Khairutdinov BI, Grechkin AN: Lipoxygenase pathway in model
bryophytes: 12-0x0-9(13),15-phytodienoic acid is a predominant oxylipin in Physcomitrella
patens. Phytochemistry 2020, 180:112533.

30. Kneeshaw S, Soriano G, Monte |, Hamberg M, Zamarrefio AM, Garcia-Mina JM, Franco-Zorrilla M,
Kato N, Ueda M, Rey-Stolle MF et al.: Ligand diversity contributes to the full activation of the
jasmonate pathway in Marchantia polymorpha. Proc Natl Acad Sci USA 2022,
119:e2202930119.

This research revealed the bioactive oxylipins in Marchantia polymorpha. These are derived from 20-
and 22-long chain polyunsaturated fatty acids (LCPUFAs), in contrast to the bioactive jasmonates from

9



vascular plants that derive from polyunsaturated fatty acids containing 16 or 18 carbons. The authors
also demonstrate that one of these bioactive compounds, a dn-OPDA-like molecule derived from
LCPUFAs, is a ligand of COI1, one of the proteins of the JA coreceptor complex, thus activating stress
responses.

31. Pratiwi P, Tanaka G, Takahashi T, Xie X, Yoneyama K, Matsuura H, Takahashi K: Identification of
jasmonic acid and jasmonoyl-isoleucine, and characterization of AOS, AOC, OPR and JAR1 in
the model lycophyte Selaginella moellendorffii. Plant Cell Physiol 2017, 58:789-801.

32. Monte |, Caballero J, Zamarrefio AM, Fernandez-Barbero G, Garcia-Mina JM, Solano R: JAZ is
essential for ligand specificity of the COI1/JAZ co-receptor. Proc Natl Acad Sci USA 2022,
119:e2212155119.

This report shows that JASMONATE-ZIM-DOMAIN (JAZ) proteins, which form part of the JA coreceptor
complex, are essential for ligand recognition. The authors discovered that specific residues of JAZ
proteins in bryophytes and lycophytes enable the perception of dn-OPDA ligands, but in vascular plants
beyond lycophytes, JAZ evolved to bind JA-lle, thus impeding dn-OPDA recognition. Additionally, they
found that the lycophyte Huperzia selago represents an intermediate evolutionary step presenting JAZ
features from the ancestral bryophytes but COI1 features from angiosperms.

33. Pefiuelas M, Monte |, Schweizer F, Vallat A, Reymond P, Garcia-Casado G, Franco-ZorrillaJM, Solano
R: Jasmonate-related MYC transcription factors are functionally conserved in Marchantia
polymorpha. Plant Cell 2019, 31:2491-2509.

34. Fitoussi N, Borrego E, Kolomiets MV, Qing X, Bucki P, Sela N, Belausov E, Braun Miyara S: Oxylipins
are implicated as communication signals in tomato—root-knot nematode (Meloidogyne
javanica) interaction. Sci Rep 2021, 11:326.

35. Sun Y-H, Hung C-Y, Qiu J, Chen J, Kittur FS, Oldham CE, Henny RJ, Burkey KO, Fan L, Xie J:
Accumulation of high OPDA level correlates with reduced ROS and elevated GSH benefiting
white cell survival in variegated leaves. Sci Rep 2017, 7:44158.

36. Knieper M, Vogelsang L, Guntelmann T, SproR J, Gréger H, Viehhauser A, Dietz K-J: OPDAylation of
thiols of the redox regulatory network in vitro. Antioxidants 2022, 11:855.

In this report, the authors demonstrate that OPDA is able to tune the activities of thioredoxin and
peroxiredoxin enzymes by covalently binding thiols, as such modifying the accessibility of cysteinyl
thiols in proteins, thus naming this post-translational modification "OPDAylation".

37. Jimenez Aleman GH, Thirumalaikumar VP, Jander G, Fernie AR, Skirycz A: OPDA, more than just a
jasmonate precursor. Phytochemistry 2022, 204:113432.

38. Monte |, Kneeshaw S, Franco-Zorrilla JM, Chini A, Zamarrefio AM, Garcia-Mina JM, Solano R: An
ancient COIl1-independent function for reactive electrophilic oxylipins in thermotolerance.
Curr Biol 2020, 30:962-971.

39. Wasternack C, Hause B: OPDA-lle — a new JA-lle-independent signal? Plant Signal Behav 2016,
11:e1253646.

40. Cardenas PD, Almeida A, Bak S: Evolution of structural diversity of triterpenoids. Front Plant Sci
2019, 10:1523.

41. Wang S, Alseekh S, Fernie AR, Luo J: The structure and function of major plant metabolite
modifications. Mo/ Plant 2019, 12:899-919.

42. Miettinen K, Ifiigo S, Kreft L, Pollier J, De Bo C, Botzki A, Coppens F, Bak S, Goossens A: The TriForC
database: a comprehensive up-to-date resource of plant triterpene biosynthesis. Nucleic
Acids Res 2018, 46:D586-D594.

43. Moses T, Papadopoulou KK, Osbourn A: Metabolic and functional diversity of saponins,
biosynthetic intermediates and semi-synthetic derivatives. Crit Rev Biochem Mol Biol 2014,
49:439-462.

10



44

45

Th

. BaiY, Fernandez-Calvo P, Ritter A, Huang AC, Morales-Herrera S, Bicalho KU, Karady M, Pauwels L,
Buyst D, Njo M et al.: Modulation of Arabidopsis root growth by specialized triterpenes. New
Phytol 2021, 230:228-243.

. Huang AC, Jiang T, Liu Y-X, Bai Y-C, Reed J, Qu B, Goossens A, Nitzmann H-W, Bai Y, Osbourn A: A
specialized metabolic network selectively modulates Arabidopsis root microbiota. Science
2019, 364:eaaub6389.

e authors discovered that the triterpene thalianol, product of a root-expressed biosynthetic gene

cluster from Arabidopsis, is able to selectively shape the microbial community of the Arabidopsis

rhi

tai

46
47

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

zosphere. This work revealed that secretion of thalianol and its derivatives is able to specifically
lor the bacterial community, favoring specific phyla, while hindering others.

. Hill RA, Connolly JD: Triterpenoids. Nat Prod Rep 2020, 37:962-998.

. Sawai S, Akashi T, Sakurai N, Suzuki H, Shibata D, Ayabe S-i, Aoki T: Plant lanosterol synthase:
divergence of the sterol and triterpene biosynthetic pathways in eukaryotes. Plant Cell
Physiol 2006, 47:673-677.

Miettinen K, Pollier J, Buyst D, Arendt P, Csuk R, Sommerwerk S, Moses T, Mertens J, Sonawane
PD, Pauwels L et al.: The ancient CYP716 family is a major contributor to the diversification
of eudicot triterpenoid biosynthesis. Nat Commun 2017, 8:14153.

Sandeep SG: Triterpenoids: structural diversity, biosynthetic pathway, and bioactivity. Studies in
Natural Products Chemistry 2020, 67:411-461.

Sun W, Xue H, Liu H, Lv B, Yu Y, Wang Y, Huang M, Li C: Controlling chemo- and regioselectivity of
a plant P450 in yeast cell toward rare licorice triterpenoid biosynthesis. ACS Catal 2020,
10:4253-4260.

Tzin V, Snyder JH, Yang DS, Huhman DV, Watson BS, Allen SN, Tang Y, Miettinen K, Arendt P, Pollier
J et al.: Integrated metabolomics identifes CYP72A67 and CYP72A68 oxidases in the
biosynthesis of Medicago truncatula oleanate sapogenins. Metabolomics 2019, 15:85.

Bottger S, Melzig MF: Triterpenoid saponins of the Caryophyllaceae and lllecebraceae family.
Phytochem Lett 2011, 4:59-68.

Vo NNQ, Fukushima EO, Muranaka T: Structure and hemolytic activity relationships of
triterpenoid saponins and sapogenins. J Nat Med 2017, 71:50-58.

Liu Q, Khakimov B, Cardenas PD, Cozzi F, Olsen CE, Jensen KR, Hauser TP, Bak S: The cytochrome
P450 CYP72A552 is key to production of hederagenin-based saponins that mediate plant
defense against herbivores. New Phytol 2019, 222:1599-1609.

Fan HY, Heerklotz H: Digitonin does not flip across cholesterol-poor membranes. J Colloid Interface
Sci 2017, 504:283-293.

Armah CN, Mackie AR, Roy C, Price K, Osbourn AE, Bowyer P, Ladha S: The membrane-
permeabilizing effect of avenacin A-1 involves the reorganization of bilayer cholesterol.
Biophys J 1999, 76:281-290.

Garza DL, Hanashima S, Umegawa Y, Murata M, Kinoshita M, Matsumori N, Greimel P: Behavior of
triterpenoid saponin ginsenoside Rh2 in ordered and disordered phases in model
membranes consisting of sphingomyelin, phosphatidylcholine, and cholesterol. Langmuir
2022, 38:10478-10491.

Claereboudt EJS, Eeckhaut I, Lins L, Deleu M: How different sterols contribute to saponin tolerant
plasma membranes in sea cucumbers. Sci Rep 2018, 8:10845.

Holthuis JCM, Menon AK: Lipid landscapes and pipelines in membrane homeostasis. Nature 2014,
510:48-57.

Smith WS, Johnston DA, Wensley HJ, Holmes SE, Flavell SU, Flavell DJ: The role of cholesterol on
triterpenoid saponin-induced endolysosomal escape of a saporin-based immunotoxin. Int J
Mol Sci 2020, 21:8734.

11



61. Lorent JH, Quetin-Leclercq J, Mingeot-Leclercq M-P: The amphiphilic nature of saponins and their
effects on artificial and biological membranes and potential consequences for red blood and
cancer cells. Org Biomol Chem 2014, 12:8803-8822.

62. Lorent J, Le Duff CS, Quetin-Leclercq J, Mingeot-Leclercq M-P: Induction of highly curved structures
in relation to membrane permeabilization and budding by the triterpenoid saponins, a- and
6-Hederin. J Biol Chem 2013, 288:14000-14017.

63. Orczyk M, Wojciechowski K, Brezesinski G: The influence of steroidal and triterpenoid saponins
on monolayer models of the outer leaflets of human erythrocytes, E. coli and S. cerevisiae
cell membranes. J Colloid Interface Sci 2020, 563:207-217.

64. Savarino P, Contino C, Colson E, Cabrera-Barjas G, De Winter J, Gerbaux P: Impact of the hydrolysis
and methanolysis of bidesmosidic Chenopodium quinoa saponins on their hemolytic activity.
Molecules 2022, 27:3211.

65. Lacchini E, Erffelinck M-L, Mertens J, Marcou S, Molina-Hidalgo F, Tzfadia O, Venegas-Molina J,
Cardenas P, Pollier J, Tava A et al.: The saponin bomb: a nucleolar localized B-glucosidase
hydrolyses triterpene saponins in Medicago truncatula. New Phytol 2023, first published on
23/01/2023 (doi: 10.1111/nph.18763).

66. Sama S, Jerz G, Schmieder P, Woith E, Melzig MF, Weng A: Sapofectosid - Ensuring non-toxic and
effective DNA and RNA delivery. Int J Pharm 2017, 534:195-205.

In this work, the authors elucidate the structure of a highly glycosylated triterpenoid saponin from
Saponaria officinalis by NMR and demonstrate that this type of compound is able to boost the
transfection efficiency of cell lines with therapeutics using protein- or DNA-based methods. The
authors also gathered preliminary evidences about the mechanism of action. Highly glycosylated
saponins seem capable of destabilizing endosomal membranes, allowing the release of therapeutics
from endosomes and the delivery into the cytosol, thus greatly enhancing drug efficacy.

67. Sama S, Jerz G, Schmieder P, Joseph JF, Melzig MF, Weng A: Plant derived triterpenes from
Gypsophila elegans M.Bieb. enable non-toxic delivery of gene loaded nanoplexes. J
Biotechnol 2018, 284:131-139.

68. Aron AT, Gentry EC, McPhail KL, Nothias L-F, Nothias-Esposito M, Bouslimani A, Petras D, Gauglitz
JM, Sikora N, Vargas F et al.: Reproducible molecular networking of untargeted mass
spectrometry data using GNPS. Nat Protoc 2020, 15:1954-1991.

69. Fang C, Fernie AR, Luo J: Exploring the diversity of plant metabolism. Trends Plant Sci 2019, 24:83-
98.

70. Baldwin IT: What five insects told us about how a native plant copes with real-world problems. C
R Biol 2019, 342:263-265.

71. Venegas-Molina J, Molina-Hidalgo FJ, Clicque E, Goossens A: Why and how to dig into plant
metabolite—protein interactions. Trends Plant Sci 2021, 26:472-483.

72. Luzarowski M, Sokolowska EM, Schlossarek D, Skirycz A: PROMIS: co-fractionation mass
spectrometry for analysis of protein—metabolite interactions. Methods Mol Biol 2023,
2554:141-153.

73. Venegas-Molina J, Van Damme P, Goossens A: ldentification of plant protein-metabolite
interactions by limited proteolysis-coupled mass spectrometry (LiP-MS). Methods Mol Biol
2023, 2554:47-67.

12


https://doi.org/10.1111/nph.18763

Figures and figure legends

» D LA \ A}
oo o0 0o LA A J
+ |0(yllplna OPDA-derivatives JA-derivatives | New functions

Structural Diversity

| @ oroA 0 JA W ? | "Core"molecules
- Bryophytes Vascular plants
Evolution

Figure 1. Evolution model of oxylipins. Concept of how plant metabolites may evolve new structures
and (signaling) functions. Once a molecule gains new functions, it becomes (i) part of the core elements
of the system and (ii) the chemical skeleton that can be further modified to produce a variety of new
molecules. In the given example, out of many oxylipins, 12-oxo-phytodienoic acid (OPDA) (i) gained
essential functions and became part of the core oxylipin signaling module for non-vascular plants, and
(i) constituted the starting point for a multitude of OPDA derivatives. Afterwards, among all OPDA
derivatives, jasmonic acid (JA) became the core signaling molecule in vascular plants and continued to
diversify into new derivatives that will “explore” new evolutionary possibilities and functions. During
evolution, cycles of expansions and fixations have likely produced well-established signaling molecules
as well as numerous derivatives that may have partially redundant or complementary functions, or are
still gaining new ones. Colored dots represent metabolites and their derivatives that cyclically arose

and got embedded into developmental programs along evolution.
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Figure 2 Snapshot of the diversity of 2,3-oxidosqualene-derived metabolites. The figure reports an
exemplifying portion of the virtually infinite array of triterpenes that can derive from 2,3-
oxidosqualene (central circle) by the consecutive action of cyclases (OSCs), cytochrome P450s (P450s)
and UDP-glycosyltransferases (UGTs). Both the diversity of the structures and the catalytic promiscuity
of the enzymes involved in their biosynthesis increase while moving from the center to the periphery.
This figure should be considered as a general concept, and we would like to point out that there may
be cases where P450s have more promiscuity, and conversely, that UGTs are more specific. Yet, with
regard to those involved in triterpenes, in most cases P450s are more specific than UGTs, with the
notable exception of those involved in ‘check-points’, such as for instance the UGTs that initiate the
glycosylation path, being the first enzymes to grant higher solubility to the hydrophobic oxidized
aglycone.
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