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ABSTRACT

Sesquiterpene lactones (STLs) are bitter tasting plant specialized metabolites derived from
farnesyl pyrophosphate (FPP) that contain a characteristic lactone ring. STLs can be found in
many plant families that are distantly related to each other and outside the plant kingdom.
They are especially prevalent in the plant families Apiaceae and Asteraceae, the latter being
one of the largest plant families besides the Orchidaceae. The STL diversity is especially
large in the Asteraceae, which made them an ideal object for chemosystematic studies in
these species. Many STLs show a high bioactivity, for example as protective compounds
against herbivory. STLs are also relevant for pharmaceutical applications, such as the treat-
ment of malaria with artemisinin. Recent findings have dramatically changed our knowledge
about the biosynthesis of STLs, as well as their developmental, spatial, and environmental
regulation. This review intents to update the currently achieved progress in these aspects.
With the advancement of genome editing tools such as CRISPR/Cas and the rapid acceler-
ation of the speed of genome sequencing, even deeper insights into the biosynthesis, regu-
lation, and enzyme evolution of STL can be expected in the future. Apart from their role as
protective compounds, there may be a more subtle role of STL in regulatory processes of

plants that will be discussed as well.

1. Introduction

The sesquiterpene lactones (STL) are a group of speci-
alized plant metabolites with a 15-carbon backbone
and a characteristic lactone ring. From the more than
11,000 reported sesquiterpenes more than 5,000 are
STLs (Schmidt, 2006). Most of the reported STLs can
be found in the Asteraceae (Rodriguez et al, 1976;
Picman, 1986). STLs also occur in a few other angio-
sperm families such as Apiaceae, Magnoliaceae, and
Illiciaceae, nonangiosperm land plants such as gymno-
sperms (ginkgo) and liverworts, but also in basidiomy-
cetes and corals (Knoche et al, 1969; Magnusson
et al., 1973; Bifulco et al., 1993; Huang et al, 2003).
The plant lineages that produce STL are only distantly
related, indicating several possible evolutionary origins

of STL biosynthesis. The vast diversity of STLs, espe-
cially in the Asteraceae family, makes them an ideal
target for chemosystematic, evolutionary and eco-
logical investigations. STL can contain 5-membered
y-lactone rings, or 6-membered J-lactone rings. The
knowledge of the antimalarial effect of artemisinin (a
o-lactone) (23) that was dormant in ancient Chinese
medical textbooks and re-discovered in the 1970s (Tu,
2016) is the most notable example for the pharmaco-
logical potential of STLs. In most other biologically
active STLs the bioactivity is based on a highly react-
ive o-methylene-y-lactone group (Kupchan et al,
1970; Schmidt, 1999). Reported biological activities of
STLs include potential pharmaceutical applications as
well as their roles in the natural environment of the
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producing plant. STLs are also appreciated as the bit-
ter tasting ingredients of chicory, lettuce, and other
Asteraceae species. In recent years, the amount of
data on STLs has dramatically increased in the fields
of (1) reported STL structures and spectroscopic data
(https://mona.fiehnlab.ucdavis.edu), (2) elucidated STL
biosynthesis  genes  (https://erda.dk/public/vgrid/
PlantP450/), (3) transcriptome and whole genome
sequences of STL-producing plants (https://www.ncbi.
nlm.nih.gov/genome?term=Asteraceae) and (4) bio-
logical activities of STLs. For STL with a y-lactone
ring, biosynthetic pathways leading to all four possible
ways for the formation of a lactone ring are known
today. In addition, the decoration as well as the back-
bone conversion of costunolide (3), one of the key
metabolites in STL biosynthesis, are understood.
There are excellent reviews on the occurrence and
chemosystematics of STL (Seaman 1982), their
pharmacological applications (Ghantous et al, 2010),
and their roles in protecting plants against herbivores,
microbes, viruses and competitors (Picman, 1986;
Padilla-Gonzalez et al., 2016). This review will shed
light on some crucial aspects of STLs that have not
yet been reviewed in detail: (1) the biosynthesis as
well as the developmental, spatial, and environmental
regulation of STL production and accumulation, (2)
the opportunities for genomics and genome editing in
STL research, (3) the role of STLs as potential signal-
ing molecules in plants.

2. Structural diversity and Stereochemistry of
sesquiterpene lactones

2.1. STL lactone rings and backbones

The chemical diversity of STL is based on a variety of
backbone structures, different formation of the lactone
ring and a plethora of decorations of the STL core back-
bones. Most STL are y-lactones. That means that they
are the product of an intramolecular esterification (lacto-
nization) of a carboxy-group with a hydroxyl-group in
the y-position. The y-lactones can be realized in four
different ways—®6,7 cis (1a) or trans (1b) and 7,8 cis (2a)
or trans (2b) and contain in most cases an o-methylene
moiety (Figure 1A). According to Seaman (1982), the
more than 30 STL backbones observed in the Asteraceae
can be grouped into four complexity levels (derivable
from the same number of modifications of the carbon
skeleton) Examples for these backbones are germacrano-
lides such as costunolide (3) for level I, guaianolide for
level II (4), xanthanolide (5) for level III and 3,4-
secoambrosanolide (6) backbones for level IV
(Figure 1B).

2.2. Examples for STL diversity

Argophyllin B (7) (Figure 1C) is a 6,7-trans germacra-
nolide STL from sunflower trichomes. Dehydrocostus
lactone (8) and lactucopicrin (9) are 6,7-trans and
thapsigargin (10) is a 6,7-cis guaianolide STL. 8-epi-
xanthatin (11) and tomentosin (12) are 7,8-cis xantha-
nolide STL that only differ in one double bond.
20-acetoxy-inuviscolide (13) is a 7,8-trans guaianolide
from Inula hupehensis. Costunolide (3), dehydrocostus
lactone, tomentosin and 8-epi-xanthatin (3, 8, 11, and
12) are germination inducers of the parasitic plant
Orobanche cumana and appear, like strigolactones, to
have physiological roles in the plant. Thapsigargin
(10) is the major toxic compound in Thapsia gargan-
ica roots and is a potential pro-drug for the treatment
of prostate cancer. Argophyllin B and lactucopicrin
(9) are defence compounds that can be found in the
trichomes of sunflowers, or the laticifers of chicory
respectively. The o-methylene present in most STL
(3-9, 11-13) is often responsible for their bioactivity
enabling Michael-type addition reactions (Michael,
1887) to biological nucleophiles such as the thiol
group of cysteine (Cavallito and Haskell, 1945).
However, in some STLs which lack the a-methylene
group (e.g., dihydrohelenalin, artemisinin (23) and
thapsigargin (10)), other functional groups such as a
cyclopentenone ring or a peroxide group may account
for the reported biological and pharmacological activ-
ities. Hydroxy groups decorating the backbone of the
STL can be esterified to a variety of aliphatic and aro-
matic organic acids, as can be observed for com-
pounds (7, 9, 10 and 13). These few examples show
some of the complexity and diversity of STL found in
nature raising the following questions: How are the
different STL backbones produced? How are the y-lac-
tone rings with different configurations synthesized?
Are there conserved biochemical pathways across sev-
eral evolutionary lineages? What enables the stereo-
specific decorations of the backbones? Recent results
have shed light on the biosynthesis of STL and begun
to provide answers to these questions.

3. STL biosynthesis
3.1. Enzyme characterization

3.1.1. How to identify and characterize new
enzymes in STL biosynthesis

Candidate enzymes for STL biosynthesis have been

identified using comparative transcriptomics of differ-

ent stages of secretory tissues (Gopfert et al., 2009;

Liu et al, 2011, 2014) or genome sequences (De
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Figure 1. Sesquiterpene Lactones (A) Stereochemistry of o-methylene-y-lactone sesquiterpene lactones, (1a) 6,7 cis lactone, (1b)
6,7 trans lactone, (2a) 7,8 cis lactone (2b) 7,8 trans lactone. (B) Examples for sesquiterpene lactone backbones of increasing com-
plexity levels as defined by Seaman, (1982). (3) germacranolide (here: costunolide), (4) guaianolide, (5) xanthanolide, (6) 3,4-
secoambrosanolide. (C) Examples for chemical STL diversity found in nature: (7) argophyllin B, (8) dehydrocostus lactone, (9) lactu-
copicrin, (10) thapsigargin, (11) 8-epi-xanthatin, (12) tomentosin, (13) 2«-acetoxy-inuviscolide. Ac: acetate, Ang: angelate.

Bruyn et al., 2023) as well as phylogenetic analyses of
P450 enzymes (Figure 2). The genes for the biosyn-
thesis of plant specialized metabolites are often found
in genomic clusters (Niitzmann and Osbourn, 2014).
No such gene cluster for the biosynthesis of STLs was
identified for a complete pathway, but there are hints
to a gene cluster for higher oxidized STLs in sun-
flower and chicory (Frey et al., 2019; De Bruyn et al.,

2023). The methods of choice for the identification
and characterization of enzymes involved in the bio-
synthesis of STL have been summarized in detail
before (Frey, 2020). Briefly, the options for STL
enzyme characterization are: (1) Agrobacterium-medi-
ated transient expression and the in vivo reconstruc-
tion of the metabolic pathway in Nicotiana
benthamiana (Liu et al, 2011). (2) The in vivo
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reconstruction of the metabolic pathway in yeast
(Saccharomyces cerevisiae)(Ro et al., 2006; Baek et al.,
2021). (3) In vitro enzyme assays: Sesquiterpene syn-
thases can be purified for in vitro assays from E. coli
cultures (Gopfert et al, 2010), whereas the in vitro
characterization of CYPs wusually requires the

, yellow (CYP71BZ), orange (CYP71BL), red (CYP71CB and AX),
oxidized carbons of the substrate are indicated by a red aster-

preparation of yeast microsomes (lkezawa et al,
2011). (4) Identification by loss-of-function mutations
in planta (CRISPR/Cas for KLS and LCS in chicory).
Other hosts for the heterologous production of STL
include Nicotiana tabacum (Fuentes et al., 2016), the
moss Physcomitrium patens (King et al., 2016) and



E. coli (Chang et al., 2007). Depending on the expres-
sion and extraction system, rearrangements, and con-
jugation reactions can occur that need to be
considered when analyzing the STL enzyme products.
They include conjugation to glucose, cysteine, and
glutathione as well as heat- and acid induced rear-
rangements (Frey, 2020).

3.1.2. Sesquiterpene synthases

All STLs are derived from the universal precursor far-
nesyl pyrophosphate (FPP) (14) (Figure 3A). In the
first step of STL biosynthesis, FPP (14) is converted
by a sesquiterpene synthase (STS) to one or several
sesquiterpene backbones. Most STL that have been
elucidated to this date derive from the germacrene
backbone of germacrene A (16), produced by a ger-
macrene A synthase (GAS) (Bouwmeester et al., 2002;
Nguyen et al., 2016). Two other STS, amorphadiene
synthase (Mercke et al., 2000; Wallaart et al., 2001a)
producing amorphadiene (15) and kunzeaol synthase
(TgKS), producing kunzeaol (17) (Pickel et al., 2012)
are involved in the generation of STL. Plant STS are
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sesquiterpene backbones. Many of these backbones
can be found in the STL (Degenhardt et al., 2009).
However, early biochemical models for the STL bio-
synthesis in the Asteraceae (Figure 1B) suggested cos-
tunolide (3) as a common precursor for STL of many
different backbones, requiring a conversion of the
backbone after the formation of the lactone ring
(Fischer et al, 1979; Seaman, 1982). Indeed, such
backbone rearrangement after the formation of the
lactone ring has been observed for the conversion of
costunolide (3) (germacrene backbone) into kaunio-
lide (37) (guaiane backbone) (Liu et al., 2018). Also,
the pH dependent conversion from germacranolide to
eudesmanolide backbone was observed in planta (Frey
et al., 2018).

3.1.3. Cytochrome P450 monooxygenase enzymes
(CYPs)

Cytochrome P450 monooxygenases (P450s or CYPs)

constitute a diverse and large enzyme superfamily,

which typically cleave a molecule of molecular oxygen

and insert one oxygen atom to the substrate, but they

often multi-product enzymes producing various can also catalyze diverse reactions, including carbon
A
. Thapsia
Artemisia (Apiaceae)
TgKS
\ \
All Asteraceae | GAS
OH
17

16

B .
Artemisia AaAMO
(CYP7T1AV1)

22 O

Figure 3. Sesquiterpene synthase reactions and artemisinin biosynthesis. (A) Sesquiterpene synthase reactions involved in STL bio-
synthesis pathways leading from farnesyl pyrophosphate (FPP, (14)), to amorphadiene (15), germacrene A (16) and kunzeaol (17).
(B) Artemisinin biosynthesis from amorphadiene (15) via artemisinic aldehyde (19) to artemisinin (23) with the side product arte-

misinic acid (20).
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cleavage and rearrangements. All 55 plant enzymes
that oxidize sesquiterpenes belong to the CYP71 clan
(Hansen et al, 2021) (https://erda.dk/public/vgrid/
PlantP450/index.html, Supporting Data S1). Twenty-
three published CYPs can oxidize sesquiterpenes but
are not involved in sesquiterpene lactone biosynthesis.
They are derived from the CYP families 71 (BE, D,
Z), 76 (AE, AJ, F), 706 (M) and 736 (A) and oxidize
various sesquiterpene backbones such as premnaspiro-
diene, drimenol or zingiberene (Takahashi et al., 2007;
Henquet et al., 2017; Zabel et al., 2021). The 32 CYP
enzymes reported to be involved in STL biosynthesis
carry out the formation of hydroxy-, keto-, carboxy-,
lactone- and epoxy-groups, as well as rearrangement
reactions of the STL backbone (Table 1). Interestingly,
CYPs involved in STL biosynthesis are very similar to
each other: All CYPs involved in the biosynthesis of
Asteraceae STL belong to the CYP71 family, one CYP
involved in STL biosynthesis in the Apiaceae belongs
to the CYP76 family (Figure 2, Table 1). Moreover,
CYPs from the same subfamily often have similar sub-
strates and carry out similar reactions in STL biosyn-
thesis: Enzymes from the CYP71AV subfamily, for
instance, carry out multi-step oxidations of olefinic
sesquiterpene backbones (18, 25) and enzymes from
the CYP71BL subfamily carry out a single hydroxyl-
ation of germacrene A acid (28) (Figure 2).

3.1.4. Other enzymes

Plant CYP enzymes require a redox partner in form
of a cytochrome P450 reductase (CPR) and/or a cyto-
chrome b5 (CYB5) that facilitates the supply of elec-
trons required for the oxidation of their substrates.
For example, the production of artemisinic acid in
yeast was facilitated by co-expression of AaCPR and
further improved through AaCYB5 (Ro et al., 2006;
Paddon et al., 2013). A double bond reductase (DBR)
(Zhang et al, 2008) was shown to be required for
reduction of the exocyclic methylene group in

Table 1. CYP enzymes involved in STL biosynthesis.

artemisinin (23) formation. The esterification of
hydroxylated STL backbones to organic acids requires
enzymes such as BAHD acyltransferases, however, no
such enzyme has been identified in STL biosynthesis
pathways yet.

3.2. Biosynthetic pathways

3.2.1. Asteraceae

With over 25,000 species accounting for >10% of all
Angjosperm plant species (Mandel et al, 2019), the
Asteraceae is one of the largest plant families and con-
tains a rich structural diversity of more than 5,000
STL. STL can be found in all larger Asteraceae sub-
families, except for the two basal lineages
Barnadesioideae and Stifftioideae (Table 2) and in
most tribes of the Asteroideae, the by far largest sub-
family of the Asteraceae (Table 3).

3.2.1.1. The biosynthesis of artemisinin. Due to its
pharmacological potential, most notably as an anti-
malarial drug (Tu, 2016), the elucidation of artemisi-
nin (23) formation was one of the first targets in the
research on STL biosynthesis (Figure 3B). In the first
step, farnesyl pyrophosphate (14) is converted to
amorphadiene (15) by the Artemisia annua amorpha-
diene synthase (AaADS)(Wallaart et al., 2001b). The
Artemisia annua amorphadiene oxidase (AaAMO,
CYP71AV1) oxidizes amorphadiene (15) via artemi-
sinic alcohol (18) and artemisinic aldehyde (19) to
artemisinic acid (20) (Ro et al, 2006; Teoh et al,
2006). The Artemisinic aldehyde double-bond reduc-
tase (DBR2) (Zhang et al., 2008) converts the AMO
intermediate artemisinic aldehyde (19) to dihydro-
artemisinic aldehyde (21). Subsequently, the aldehyde
dehydrogenase 1 (Aldhl) oxidizes dihydro-artemisinic
aldehyde (21) to dihydro-artemisinic acid (22) (Teoh
et al., 2009). Downstream dihydro-artemisinic acid,
the last steps to the STL artemisinin (23) in Artemisia

CYP subfamily Enzyme(s) # Substrates Reactions
CYP71AV GAO 8 Germacrene A Multi-step oxidations of olefinic backbones
AaAMO 1 Amorphadiene
Civo 1 Valencene
CYP71AX HaC14H 1 Costunolide & Parthenolide STL hydroxylation
CYP71BL COoS 8 Germacrene A acid Lactonization (6-7 trans)
1h8H 1 Hydroxylation/ lactonization (7-8 trans)
HaG8H 1 Hydroxylation/ lactonization (7-8 cis)
CYP71BZ KLS 4 Kauniolide STL backbone rearrangement
CYP71CA CpPTS 1 Costunolide STL epoxidation
CYP71CB Tp8878 1 Costunolide & Parthenolide STL hydroxylation
CYP71DD HaES 1 8[3-OH-GAA Kauniolide Lactonization (6-7 trans)
KO 1 8-deoxylactucin STL hydroxylation
CiLCS 1 STL hydroxylation
CYP76AE CYP76AE2 1 Kunzeaol Lactonization (6-7 cis)

"Number of characterized homologous enzymes from different species catalyzing the same reactions.
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trichomes remain elusive but they are most likely the
result of nonenzymatic photoreactions (Sy and Brown,
2002; Czechowski et al., 2016).

3.2.1.2. The biosynthesis of germacrene A acid.
Germacrene A synthase (GAS) converts FPP (14) to
the sesquiterpene backbone germacrene A (16).
Germacrene A (16) is converted in a three-step oxida-
tion, via germacrene A alcohol (24) and germacrene
A aldehyde (25) to germacrene A acid (26) by the
germacrene A oxidase (GAO, CYP71AV2-8) (Nguyen
et al, 2010; Liu et al, 2011; Ramirez et al., 2013;
Eljounaidi et al., 2014; De Bruyn et al., 2023) (Figure
4A). The three-step oxidation reaction of GAO resem-
bles the reaction of AMO. Indeed, GAO homologs
can be found in most lineages of the Asteraceae family
and AMO is hypothesized to be derived from an
ancestral GAO (Nguyen et al, 2010). Also, several
GAO:s from diverse Asteraceae plants accept amorpha-
diene as a substrate to produce artemisinic acid
(Nguyen et al, 2010, 2019). Both GAS and GAO
homologs were characterized throughout the
Asteraceae family indicating that germacrene A acid is
a key intermediate in the biosynthesis of Asteraceae
STL. They were even found in the most ancestral

Asteraceae lineage Barnadesioideae (Nguyen et al.,
2010, 2016), from which no STL has been reported
yet (Table 2). Germacrene A acid (26) has been
observed to undergo acid-induced rearrangement
reactions in unbuffered yeast media as well as in the
Nicotiana benthamiana expression system, thereby
forming the eudesmanolide backbone of costic acids
(Nguyen et al, 2010; Frey et al, 2018). This
rearrangement reaction might also occur in the nat-
ural cellular environment. Another enzyme from the
CYP71AV family, the Cichorium intybus valencene
oxidase (CiVO), carries out the same reactions as
GAO and AMO, but can also convert (+)-valencene
to +)-nootkatone (Cankar et al, (2011).

3.2.1.3. The Lactonization of germacrene A acid. In
the metabolic grid of STL biosynthesis, germacrene A
acid (26) is a key branching point from which the
biosynthesis of STL with different lactone configura-
tions can occur (Figure 4B). CYP enzymes from the
CYP71BL subfamily can oxidize GAA (26):
Costunolide synthase (COS, CYP71BL2-5,7-11) con-
verts GAA (26) to 6a-hydroxygermacrene A acid (27)
that spontaneously lactonizes to the 6,7-trans lactone
costunolide (3). This reaction occurs in many species
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16 25 26
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Figure 4. Lactonization reactions in Asteraceae STL. (A) Conversion of germacrene A (16) to germacrene A acid (26).
(B) Lactonization of germacrene A acid (26) to the STL inunolide (29), eupatolide (30), epi-inunolide (32) and costunolide (3).



and is conserved in most Asteraceae lineages (Ikezawa
et al, 2011; Liu et al, 2011; Ramirez et al., 2013;
Eljounaidi et al, 2014; Frey et al, 2020; De Bruyn
et al., 2023). In Helianthus, GAA (26) can be oxidized
by the Helianthus annuus germacrene A acid 8-
hydroxylase (HaG8H, CYP71BL1) to 8f-hydroxy-ger-
macrene A acid (28) (Ikezawa et al, 2011).
Interestingly, when the expression system was changed
from yeast to a plant, N. benthamiana, a subsequent
lactonization to the 7,8-cis lactone inunolide (29) was
observed (Frey et al, 2018). In Inula, GAA (26) can
be oxidized by the nonstereoselective Inula hupehensis
8-hydroxylase (Ih8H, CYP71BL6) to either 8p-
hydroxy-germacrene A acid (28) or 8x-hydroxygerma-
crene A acid (31), of which the latter spontaneously
lactonizes to the 7,8-trans lactone epi-inunolide (32).
Epi-inunolide could be the precursor of other 7,8-
trans lactones such as 2o-acetoxy-inuviscolide (13) in
Inula hupehensis (Gou et al., 2017). In sunflower capi-
tate glandular trichomes, an alternative route to 6,7-
trans lactones is realized by the Helianthus annuus
eupatolide synthase (HaES, CYP71DD6), that converts
8-hydroxy-germacrene A acid (28) to eupatolide (30)
(Frey et al., 2018).

3.2.1.4. Oxidation reactions of costunolide.
Costunolide (3) has been proposed to be a central
precursor of the many STL with a 6,7-trans stereo-
chemistry (Figure 5A). The H. annuus costunolide
14-hydroxylase (HaC14H, CYP71AX36) converts costu-
nolide to 14-hydroxycostunolide (33), but also converts
small amounts of parthenolide (34) to 14-hydroxypar-
thenolide (Frey et al, 2019). The Tanacetum parthe-
nium parthenolide synthase (TpTPS, CYP71CAl)
catalyzes the epoxidation of costunolide (3) to parthe-
nolide (34) (Liu et al, 2014). A 3f-hydroxylase from
Tanacetum (Tp8878, CYP71CB1) can introduce a 3f-
hydroxy group to both costunolide and parthenolide
(34), yielding either 3f-hydroxycostunolide (35) or 3f-
hydroxyparthenolide (36) (Liu et al., 2014).

3.2.1.5. Biosynthesis of kauniolide and lactucin. The
kauniolide synthase (KLS, CYP71BZ6X, 25-27) con-
verts costunolide (3) to 3f-hydroxycostunolide (35),
similar to CYP71CB1 (Tp8878) (Figure 5A). However,
in the case of KLS, 3f-hydroxycostunolide (35) is
only an intermediate, and the hydroxylation at C3 is
followed by a rearrangement reaction to the guaiano-
lide backbone of kauniolide (37) (Liu et al., 2018;
Cankar et al., 2022). A similar mechanism could also
lead to the formation of the kauniolide isomer dehy-
drocostus lactone (8). Kauniolide synthases were
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characterized from Tanacetum and Cichorium, and it
is expected that KLS homologs are responsible for the
conversion from germacrene to guaiane backbone in
other Asteraceae lineages as well. The Tanacetum par-
thenium kauniolide oxidase (TpKO, CYP71DD5) can
introduce a hydroxy group to kauniolide (37) (Figure
5B), but the position of the hydroxylation in this
hydroxykauniolide enzyme product (38) is not known
(Liu et al., 2018). Following the conversion of kaunio-
lide (37) to 8-deoxylactucin (39) by yet unknown
enzymatic steps, 8-deoxylactucin (39) is oxidized to
lactucin (40) by the Cichorium intybus lactucin syn-
thase (CiLCS, CYP71DD33) in chicory (Cankar et al.,
2023). The generation of the 8a-hydroxy group ena-
bles the esterification to the side chain required for
the biosynthesis of lactucopicrin (9). The biosynthesis
of 8-epi-xanthatin (11) and tomentosin (12) is still
enigmatic; one hypothesis could be that kauniolide
synthase can also convert inunolide (30) to a guaiano-
lide, and there is a subsequent conversion to the xan-
thanolide backbone by an opening of the C5 ring.

3.2.2. Other plant families

The occurrence of STLs in distant plant lineages raises
the question of the evolutionary origin of STL biosyn-
thesis in these clades, and it is possible, that the bio-
synthesis of STL has evolved independently in several
plant lineages. Thus, structurally different CYPs may
have been recruited for STL biosynthesis in these line-
ages. When looking for CYPs involved in STL biosyn-
thesis outside the Asteraceae family, it makes sense to
compare candidate sequences to all CYPs reported to
oxidize sesquiterpenes (Figure 2, clades with grey
color, Supporting Data S1) (Andersen et al, 2017).
The conversion of kunzeaol (17) to epi-dihydrocostu-
nolide (41) in Thapsia garganica (Apiaceae) (is the
only so far reported enzymatic reaction outside the
Asteraceae (Andersen et al., 2017) (Figure 5C) and
the only example where a CYP enzyme from a family
other than CYP71 is involved. Interestingly, the for-
mation of a 6f5-hydroxyl-group (by water quenching
of the terpene synthase reaction) precedes the forma-
tion of the acid group that is then followed by the for-
mation of a 6,7-cis lactone. Similar to AMO and GAO
(CYP71AV1-8), the C12 carbon is oxidized in a three-
step oxidation reaction. The product epi-dihydrocostu-
nolide (41) is a likely precursor in the biosynthesis of
thapsigargin (10) that requires a multitude of add-
itional enzymatic reactions. Andersen et al. (2019)
found a similar CYP enzyme, TICYP76AE4, that
introduces an 8a-hydroxy group to epi-kunzeaol to
yield tovarol. Outside of the Asteraceae and Apiaceae
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Figure 5. Biosynthesis pathways downstream costunolide in Asteraceae and STL biosynthesis in Apiaceae. (A) Conversion of costu-
nolide (3) to 14-hydroxycostunolide (33) and 3f-hydroxycostunolide (35) (via hydroxylation), to parthenolide (34) (via epoxidation)
and kauniolide (37) (via backbone rearrangement). (B) Oxidation of kauniolide (37) to lactucin (40). C Conversion of kunzeaol (17)

to epi-dihydrocostunolide (41).

plant families, to the best of our knowledge, there is
no report for a species where the biosynthesis of STL
was elucidated.

4, Accumulation of STL and modulation of STL
biosynthesis

Given the reactivity of STL, it is not surprising that
their accumulation has often been associated with
secretory structures, such as oil bodies - the most
ancient secretory structures in land plants (Lange,
2015) - resin ducts, laticifers, and glandular trichomes.
Occurrence of STL has for instance been observed in
oil bodies of liverworts (He et al, 2013) and resin
ducts of Apiaceae (Andersen et al, 2017). In this
review, we will focus on STL in glandular trichomes

and laticifers in the Asteraceae family, that have been
thoroughly studied over the last decades and that can
be found in many Asteraceae lineages (Table 2).
These secretory structures, that often play a role in
plant defence, can be veritable STL production facto-
ries and show extremely high local accumulation of
STL. In the glandular trichomes, we now have a com-
prehensive understanding of how their development is
connected to the development of the leaf or flower
(detailed in chapter 4.1. and Figure 6). In the latici-
fers, the spatial distribution of STL production and
gene expression across different tissue types has been
investigated in detail in recent years (detailed in chap-
ter 4.2. and Figure 7). We will also discuss the occur-
rence of STL outside of secretory tissues. The
accumulation of STL in these tissues is lower than in
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Figure 6. Helianthus annuus (sunflower) as a model for the developmental regulation of sesquiterpene lactone (STL) biosynthesis
in (biseriate) capitate glandular trichomes (CGT) of Asteraceae. Scheme of CGT in (A) pre-secretory and (B) in secretory stage,
respectively. Fully developed trichomes consist of 5-6 biseriate layers of stalk cells and 2 layers of secretory cells. STL are seques-
tered between cell wall and cuticle of secretory cells forming an extracellular glandular globe. (C) Scheme of (I) disk floret develop-
ment in the capitulum. (Il) Development of CGT on anthers, (lll) biosynthetic STL gene expression (yellow/green gradient) in
secretory cells and (IV) STL accumulation (red/blue gradient) in the glandular globe are tightly co-regulated. When the outermost
disk floret opens, CGTs of the outer half of disk floret rows are already in the post-secretory stage while the innermost disk florets
are still in the pre-secretory stage. (Gopfert et al. 2005, 2009). Note: The scheme of a glandular trichome in Figure 4B is modified
from Spring et al. (2020), The scheme of the cross section of a capitulum (flower head) in Figure 4C is modified from Gopfert
et al. (2005). Both original figures were published under the Creative Commons Attribution License.

secretory structures, by several orders of magnitude,
indicating a more subtle role that is not fully under-
stood yet (detailed in chapters 4.3. and 6).

4.1. Glandular trichomes

4.1.1. Occurrence of STL in capitate glandular tri-
chomes (CGT)

After more than half a century of research, most line-
ages of the Asteraceae have been investigated both for
the presence of STLs as well as for the presence of
glandular trichomes (Table 2, Table 3). A large sys-
tematic screening for STL in Asteraceae started in the
1960s with the emergence of improved chromato-
graphic and spectroscopic techniques. Within only
two decades, hundreds of species were investigated,

and more than 1,300 different STL compounds could
be identified and were used for chemosystematic
interpretation (Seaman, 1982). Amazing amounts of
up to 5% of the dry weight of extracted plant material
(Picman, 1986) were gained from solvent washings of
aerial plant parts, hence suggesting their origin from
secretory tissues located on the surface such as tri-
chomes observed in Parthenium  hysterophorus
(Rodriguez et al, 1976) and many other taxa.
Glandular trichomes are very common in Asteraceae
and various different morphological types exist in this
huge plant family (Werker, 2000). Not all of them are
involved in the production, secretion, or storage of
STL. Among the most frequent types found on
Asteracean plant surfaces are uniseriate multicellular
glandular trichomes which, for instance, produce
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Figure 7. Schematic representation of the spatial distribution of gene expression (yellow/green gradient map) and STL accumula-
tion (red/blue gradient map) over a schematic root structure from chicory based on data of previous publications (Bogdanovic
et al., 2019; Cankar et al., 2022; 2023; Vahabi et al., 2024). Genes involved in early steps of STL biosynthesis are expressed outside
of the laticifers. Downstream of costunolide the expression pattern of STL biosynthesis genes is higher in the latex relative to other
tissues (yellow/green gradient map). The accumulation of STLs is higher in the laticifers (red/blue gradient map) than in the other

root tissues.

mono-and sesquiterpenes (Aschenbrenner et al,
2013), and biseriate capitate glandular trichomes
(CGTs), which were shown to synthesize and store
STL (Spring et al., 1987; Duke et al., 1994), sometimes
in combination with flavonoids (Schilling, 1983;
Gopfert et al., 2006), myo-inositol (Spring et al., 1994)
or other compounds. CGTs mostly occur on aerial
parts of Asteraceae, often on leaves and flowers, less
frequently on stems, and very seldom on roots as
reported from Chrysolaena (Appezzato-da-Gléria
et al., 2012). However, the occurrence of CGTs
appears to be sporadic, even among closely related
taxa. This sometimes impeded the detection of STL in
former studies but can be overcome by close micro-
scopic observation prior to selective extractions of
CGT-bearing plant parts (Spring, 2000). Thus, several
previous negative reports on the presence of STL in
Helianthus species could be revised after detection
and extraction of CGTs solely located on anther
appendages (Spring and Schilling, 1991). On the other
hand, a recent review on Asteraceae mentioned the
lack of glandular trichomes in 24 of the 35 investi-
gated tribes (Martinez-Quezada et al., 2023), implying
that other secretory structures such as canals, cavities
or laticifers could be alternative sources if STL could

be found in these taxa. Four of the most basal tribes
(Barnadesieae, = Hecastocleideae, = Hyalideae  and
Stifftieae) seem to lack any type of secretory structures
and so far have not been reported to contain any STL.
Interestingly, homologous genes for germacrene A
acid biosynthesis (GAS and GAO) have been identi-
fied in Barnadesioideae (Nguyen et al., 2010, 2016,
2019), indicating that the pathway down to germa-
crene A acid is evolutionary basal in Asteraceae and
independent from the formation of secretory struc-
tures (Table 2). In the Asteroideae, the evolutionarily
most advanced and by far largest subfamily of the
Asteraceae, most larger tribes contain CGTs and STLs
(Table 3). One exception are the Tageteae, which con-
tain neither STL nor biseriate CGT (Martinez-
Quezada et al., 2023).

4.1.2. Developmental regulation of STL production
and gene expression in trichomes

The formation of capitate glandular trichomes (CGT)
usually starts at a very early developmental stage of
the plant organ, be it a leaf or the flower. In the pre-
secretory glandular trichome the cuticle is still
attached to the cell wall of the secretory cell (Figure
6A). The CGT formation is often completed before



the leaf or flower has fully emerged (Werker, 2000).
STL-producing biseriate CGT are composed of stalk
cells, secretory cells, and a glandular globe, that accu-
mulates the STLs (Figure 6B). Fully developed tri-
chomes consist of 5-6 biseriate layers of stalk cells and
2 layers of secretory cells. STLs are sequestered
between the cell wall and the cuticle of secretory cells
forming an extracellular glandular globe (Figure 6B).
The developmental process of biseriate CGT in
Asteraceae has been documented in detail particularly
in two plants, Artemisia annua (Duke and Paul, 1993)
and sunflower (Helianthus annuus) (Spring and
Bienert, 1987; Aschenbrenner et al, 2015). In sun-
flower, the development of the trichomes as well as
the induction of STL genes and the accumulation of
STLs therein is tightly correlated with the develop-
ment of the flower (Gopfert et al., 2005, 2009) (Figure
6C). This correlation was also observed for the devel-
opment of trichomes on leaf primordia
(Aschenbrenner et al., 2015; Frey et al., 2018). A simi-
lar time course for the expression of enzymes involved
in STL biosynthesis was reported for flower heads of
Tanacetum cinerariifolium by Ramirez et al. (2013)
and in Tanacetum parthenium by Liu et al. (2014).
Using a laser microdissection pressure catapulting
technique, Olsson et al (2009), located the site of
artemisinin (23) biosynthesis in A. annua by tracing
the activity of three cytochrome P450 enzymes
involved in the conversion of FPP to artemisinin (23)
in the two apical cells of biseriate CGT. This was later
amended by Olofsson et al. (2012) who detected gene
expression of STL biosynthesis genes in sub-apical
cells as well. The latter is in accordance with fluores-
cence immunolabelling experiments which showed the
presence of germacrene A monooxygenase (HaGAO),
a key enzyme of sunflower STL biosynthesis in secre-
tory as well as in stalk cells (Amrehn et al., 2016).
Moreover, these experiments showed that enzyme
occurrence temporally correlates with the separation
of the cuticle from the cell wall of the secretory cells
and the
Furthermore, immunogold labeling in secretory and
stalk cells of sunflower CGT showed that HaGAO is
localized on the smooth endoplasmic reticulum
(Amrehn et al, 2016). Extensive accumulation of
smooth ER in the peripheral plasma of secretory and
upper stalk cells suggests participation in vesicular

beginning of metabolite sequestration.

transport of STL into the subcuticular space of tri-
chomes. As proposed by Fahn (2000), this appears to
be a common mode for the secretion of lipophilic
compounds in glandular trichomes of many plant

CRITICAL REVIEWS IN PLANT SCIENCES . 143

families and ensures the elimination of highly reactive
compounds from the cytoplasm.

4.2. Laticifers

4.2.1. Occurrence of STL in laticifers

Laticifers are long, tube-like cells that run through
plant tissues and produce and store latex, a milky
cytoplasmic liquid that contains various specialized
metabolites. Laticifers can be classified into the follow-
ing two types: articulated, which are composed of a
series of cells joined together, and nonarticulated,
which consist of one long coenocytic cell (Hagel et al.,
2008). This network of elongated cells can be found
in the proximity of vascular bundles of all plant tis-
sues. In chicory, articulated laticifers compose an
anastomosing network that is tightly associated with
the phloem in the vascular bundles (Vertrees and
Mahlberg, 1978). Laticifers can be found in many
plant genera of distantly related plant lineages, such as
Euphorbia, Papaver and Ficus (Hagel et al., 2008). A
wide range of plant specialized metabolites, such as
benzylisoquinoline  alkaloids in opium poppy
(Desgagné-Penix and Facchini, 2012) or phorbol esters
in Euphorbiaceae (Tostes et al., 2021), can be pro-
duced in laticifers; in the Asteraceae they accumulate
mainly natural rubber (cis-1,4-polyisoprene) and STLs
(Hagel et al, 2008; Kwon et al, 2022, 2023). The
occurrence of laticifers has been reported for 1,800
Asteraceae species (Gutiérrez and Luna, 2013) that all
belong to the four tribes of the Cichorioideae subfam-
ily: Arctotideae, Cichorieae, Liabeae, and Vernonieae
(Martinez-Quezada et al., 2023) (Table 2). In chicory
roots, lactucin, 8-deoxylactucin, lactucopicrin (9, 39-
40), and their oxalate conjugates are the major STLs
that accumulate primarily in the latex (Figure 7)
(Cankar et al.,, 2023). The STL oxalates are unstable
and may on decomposition lead to the accumulation
of oxalic acid in the latex released by leaf damage
which may contribute to the sensory and antifeedant
properties (Sessa et al., 2000). In the latex of Lactuca
species STL are mainly found as oxalate and sulfate
conjugates (Sessa et al., 2000).

4.2.2. Spatial and developmental regulation of STL
production and gene expression in laticifers
In morphine biosynthesis in opium poppy, although
laticifers are the site for morphine accumulation, other
cells surrounding the laticifers (e.g., sieve elements
and vascular parenchyma cells) contribute to the early
parts of morphine biosynthesis (Bird et al, 2003;
Weid et al, 2004; Onoyovwe et al, 2013). Similarly,
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the biosynthesis of STL is spatially separated in dis-
tinct cell types, and such a cellular compartmentaliza-
tion has been best studied in chicory and lettuce. In
chicory, the genes for the early biosynthetic steps
CiGAS and CiGAO, that convert FPP to GAA (26)
are expressed outside of the laticifers (Figure 7)
(Bogdanovi¢ et al., 2019; Cankar et al., 2022; Vahabi
et al., 2024). The genes for the late STL pathway, cos-
tunolide synthase (CiCOS) as well as the kauniolide
synthase (CiKLS) and the lactucin synthase (CiLS) are
expressed in the laticifers, where the accumulation of
the STL lactucin, deoxylactucin and STL oxalates is
observed (Figure 7) (Cankar et al., 2022; 2023; Vahabi
et al., 2024). In lettuce, a molecular approach using
LsGAS1/2 promoters fused to [-glucuronidase (GUS)
provided evidence that LsGASI/2 are not
expressed in laticifers but expressed in the vascular
parenchyma cells surrounding the laticifers (Kwon
et al., 2022). This is a stark contrast to the same GUS
assays using the promoters of natural rubber biosyn-
thetic genes (i.e., cis-prenyltransferase (CPT3) and
CPT-binding protein (CBP2)), in which exclusive
expression of CPT and CBP is observed in the lettuce
laticifers (Qu et al., 2015; Barnes et al., 2021). It has
been a mystery how lettuce laticifers biosynthesize
and accumulate high concentrations of both natural
rubber and STLs that share the same precursor, iso-
pentenyl pyrophosphate (IPP). It appears that lettuce
laticifers avoid the competition for IPP between the
two biochemical pathways for natural rubber and STL

clear

biosynthesis by recruiting adjacent parenchyma cells
as a separate cell-factory to produce STL backbones
from a distinct IPP pool (Kwon et al, 2022). STLs
with their o-methylene-y-lactone moiety are highly
reactive compounds. Thus, the specific localization of
STL pathway enzymes in the laticifers that are
required for the formation of the lactone ring consti-
tutes a strategy to reduce toxicity for the rest of plant.
Validating this interpretation, knocking-out the chic-
ory kauniolide synthase gene leads to the accumula-
tion of costunolide, but mostly in forms conjugated to
cysteine and glutathione that neutralize the reactive
o-methylene group (Cankar et al, 2022). Thus, the
compartmentalization in laticifers offers two advan-
tages: preventing auto-toxicity and providing protec-
tion for the vascular tissues that they surround.
Recently, major latex proteins (MLPs) in opium
poppy laticifers have shown alkaloid-binding activities
for sequestration and some simple catalysis (Ozber
et al, 2022). It would be interesting to examine
whether MLPs in chicory and lettuce laticifers, which

are also highly expressed there, are also able to
sequester reactive STLs.

4.3. Roots and inner tissues of seedlings

For long time, secretory tissues such as CGT, laticifers
or resin ducts were thought to be the exclusive sites
of production and accumulation of STL in the
Asteraceae and this was in accordance with the sug-
gested protective function of the compounds.
Although interference of STL with auxin-induced
plant growth in sunflower hypocotyls had been
observed already in the 1960s (Shibaoka, 1961;
Morimoto et al., 1966) indicating a possible additional
physiological role of the compounds, the identification
of STL in nonsecretory tissues failed due to the low
concentrations and poorly sensitive detections meth-
ods. It was the detection of 8-epi-xanthatin (11) in
phototropically stimulated hypocotyls (Yokotani-
Tomita et al, 1997; 1999) and of three additional
STLs in root exudates of sunflower (Joel et al., 2011;
Raupp and Spring, 2013) which indicated the exist-
ence of further sources for the biosynthesis of STL in
inner tissues of the plant. HPLC and MS analysis
showed that the four compounds, costunolide (3),
dehydrocostus lactone (8), 8-epi-xanthatin (11) and
tomentosin (12) exist in micromolar concentrations in
oil from dry seeds (Spring, 2021) and also can be
extracted in low amounts from cotyledons, hypocotyls
and roots of seedlings during the first days after ger-
mination (Spring et al., 2020). Interestingly, the iden-
tified compounds belong to three different skeletal
types (germacranolides, guaianolides, xanthanolides),
which are rare or not represented in the STL profile
known from sunflower trichomes (mostly harboring
heliangolides). Gene expression studies for the key
enzymes HaG8H (essential for the synthesis of the
xanthanolides tomentosin (12) and 8-epi-xanthatin
(11)), and HaCOS (necessary for the germacranolide
costunolide (3) and the guaianolide dehydrocostus lac-
tone (8)) confirmed the early existence of two inde-
pendent pathways of the endogenous STL in these
organs (Spring et al., 2020).

4.4. Effect of external factors on STL production

Research indicates that plant STL accumulation is pri-
marily driven by developmental factors. However,
both abiotic and biotic factors can impact gene
expression associated with STL biosynthesis and the
accumulation of specific metabolites with protective
or signaling roles. Therefore, understanding the



complex interplay between these abiotic and biotic
factors is crucial for uncovering the ecological and
physiological importance of STL accumulation in
plants, which holds implications for both agricultural
and pharmaceutical industries.

4.4.1. Abiotic factors
Among abiotic factors, the accumulation of STLs in
plants is mainly influenced by light intensity, tempera-
ture, and soil composition (Spring et al., 1986; Scavo
et al., 2020; Greinwald et al., 2022). An early investi-
gation from the mid-1980s provided the first valuable
insights into this phenomenon (Spring et al, 1986).
High-intensity light significantly increased niveusin C
and 15-hydroxy-3-dehydrodesoxyfruticin accumula-
tion in sunflower seedlings compared to low-intensity
light (Spring et al., 1986). However, in field conditions
STL accumulation can also be induced by shading: A
recent study with Cynara cardunculus L. plants sub-
jected to 60% shading in the field showed increased
STL accumulation compared to control plants in nat-
ural light (Scavo et al., 2020). Additionally, maintain-
ing illumination during chicory (Cichorium intybus L.)
storage led to a significant rise in STL levels and bit-
terness (Wulfkuehler et al., 2014). These studies col-
lectively highlight that lower-than-natural light
exposure leads to higher STL accumulation, contrast-
ing with the impact of light intensity. Besides light
treatments, soil composition, temperature, and altitude
strongly correlate with STL accumulation (Perry et al.,
2009; Seemann et al., 2010; Lu et al., 2013; Greinwald
et al, 2022). Transcriptome studies on Artemisia
annua revealed that key genes for artemisinin (23)
biosynthesis increased over two-fold with high-tem-
perature exposure (40 °C), leading to increased artemi-
sinin contents (Lu et al, 2013). Studies on flower
heads of Arnica montana L. concluded that the
response of STL to climatic factors is compound spe-
cific, and that some of them, such as 6-O-isovalerylhe-
lenalin, exhibit more pronounced and statistically
significant correlations with specific climatic variables
(Seemann et al., 2010). A follow-up study on different
soil types in the same region and altitude for Arnica
montana L. showed that habitat conditions and abiotic
and biotic soil parameters influence STL accumulation
in flower heads (Greinwald et al., 2022). These find-
ings highlight the variable responses of different STLs
to climatic conditions and the significant influence of
abiotic factors on STLs biosynthesis.

Also, the application of exogenous substances can
modulate the expression of STL genes in different
plant species (Pu et al., 2009; Maes et al., 2011; Majdi
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et al., 2013, 2015). Plant hormones like jasmonic acid,
abscisic acid, and salicylic acid increase the artemisi-
nin (23) content in A. annua (Pu et al., 2009; Maes
et al, 2011), parthenolide (34) in feverfew
(Tanacetum parthenium) (Majdi et al., 2015), and
guaianolide STLs in Cichorium intybus (via methyl
jasmonate) (De Bruyn et al., 2023). Transcriptome
studies revealed that these phytohormones share a
similar mechanism of STL induction, by upregulating
key genes in STLs biosynthesis. Similar results have
been obtained by treatment with other substances.
Feverfew (T. parthenium) plants treated with 2,4-
dichlorophenoxyacetic acid showed a significant
increase in parthenolide (34) and costunolide (3)
(Majdi et al., 2013). Microbial fertilizers (EM Aktiv
and Vital Tricho) boost lactucopicrin (9) and other
STLs in lettuce (Lactuca sativa) (Stojanovi¢ et al,
2023). While most studies focus on germination and
growth bioassays in controlled laboratory conditions,
field investigations aiming to determine the impact of
environmental conditions on STL biosynthesis and
accumulation in nature are limited (Scavo et al.,
2020). Prior research by Padilla-Gonzalez et al. (2019,
2020) explored field conditions over six months for
yacon (Smallanthus sonchifolius) but could not draw
definitive conclusions about STLs due to the consist-
ent levels seen from the first collection. Hence, add-
itional field studies or simulations mimicking natural
conditions are essential to understand how the envir-
onment regulates STL biosynthesis. These studies
should encompass natural light, temperature varia-
tions, and soil compositions during early seedling and
leaf development, to answer long-standing questions
like: How does the environment regulate the STL bio-
synthesis and accumulation in nature? Is it possible to
select optimal locations and seasons for maximizing
the production of biologically important STL?

4.4.2. Biotic factors

Another key determinant for the accumulation of STL
in plants lies in the intricate interplay of biotic factors.
Interactions with herbivores and symbiotic microor-
ganisms correlate with increased accumulation of STL
in plants (Rozpadek et al., 2014; Huber et al., 2016).
In lettuce, incompatible interaction (successful
defence) with the pathogen Bremia lactucae rapidly
induces the biosynthesis of lettucenin A (a guaianolide
STL) in infected tissues, while no such induction of
lettucenin A could be detected in compatible (disease-
causing) interaction (Bennett et al., 1994). Lettucenin
A exhibited potent antimicrobial activities against B.
lactucae and P. syringae at low puM concentrations,
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implying its defensive role. Increased Melolontha
melolontha infestation in Taraxacum officinale corre-
lated with higher taraxinic acid f-D-glucopyranosyl
levels in root latex (Huber et al., 2016). The discovery
of heritable variations in the levels of taraxinic acid
p-D-glucopyranosyl within T. officinale populations by
Huber and coworkers (2016) implies that STL concen-
tration is subject to M. melolontha-imposed divergent
selection pressures. The stereochemistry of the STL
ring also influences herbivore resistance, with cis-fused
STL-producing plants experiencing more damage than
trans-fused lactone producers (Ahern and Whitney,
2014). Apart from their role in herbivore response,
STLs serve as signaling compounds in the rhizosphere,
facilitating communication among plants, soil micro-
organisms, and parasitic weeds (Macias et al., 1996;
Macias et al, 1999; Andolfi et al, 2013; Padilla-
Gonzalez et al., 2016). For example, chicory root STL
accumulation correlates positively with arbuscular
mycorrhiza fungal associations (Rozpadek et al., 2014).

4.5. Manipulation of STL pathway in planta

The manipulation of the biosynthetic pathway of STL
in Asteraceae plants has been documented in species
that produce STLs in both latex and trichomes. In
Taraxacum officinale the silencing of the germacrene
A synthase gene ToGASI by RNAI resulted in 90%
reduction of taraxinic acid f-D-glucopyranosyl ester
levels and a significant increase in M. melolontha
feeding, clearly demonstrating the role of a latex STL
in plant fitness under herbivore attack (Huber et al.,
2016). In chicory, prevention of STL accumulation in
latex is relevant for inulin extraction. Inulin is a pre-
biotic and sweetener commercially extracted from tap-
roots of industrial chicory (Roberfroid, 2007). During
the extraction procedure the bitter tasting STLs need
to be removed, resulting in additional processing costs
(Hingsamer et al, 2022). Additionally, manipulation
of bitter STL content is relevant in the case that the
reduction of bitterness in leaf chicory varieties is
desired (e.g., Belgian endive, radicchio). The first step
of the STL pathway in chicory is catalyzed by the
CiGAS enzyme which is encoded by 4 genes in the
chicory genome (Bogdanovic et al., 2019). Silencing of
the CiGAS gene by artificial microRNAs in chicory
resulted in reduction of CiGAS expression and
decreased STL accumulation (Bogdanovic, 2020).
Using CRISPR/Cas genome editing all 4 gene copies
of CiGAS were interrupted successfully, resulting in
elimination of STL production of chicory (Cankar
et al., 2021). In these lines, squalene accumulation was

observed, indicating that the FPP precursor pool was
at least partially channeled to the production of this
triterpene and phytosterol precursor which is nor-
mally not found to be accumulated in chicory taproots
(Cankar et al., 2021). To reduce bitterness by inacti-
vating downstream biosynthetic enzymes, a number of
CYP71-clan enzymes were simultaneously targeted by
CRISPR/Cas genome editing (De Bruyn et al., 2023).
Elimination of STLs was achieved by simultaneous
interruption of the three CiKLS paralogs, while other
mutants showed shifts in STL compound concentra-
tions, indicating that mutation effects of single copies
of genes may be masked due to activity of intact
paralogs. Additionally, gene editing of several genes
encoding CYPs involved in the chicory STL pathway
was carried out, with the intention of accumulating
medicinal terpenes in chicory taproots. Thus, knock-
ing-out the three copies of CiKLS genes resulted in
accumulation of costunolide (3) in taproots that nor-
mally does not accumulate in this tissue (Cankar
et al., 2022). Next to free costunolide (3), accumula-
tion of costunolide conjugated to cysteine and gluta-
thione was observed, presumably due to the reactivity
of the «-methylene-y-lactone moiety of costunolide.
To specifically accumulate the anti-inflammatory 8-
deoxylactucin (39) the activity of the lactucin synthase
CiLCS was interrupted by genome editing (Cankar
et al., 2023) of the CiLCS gene. This resulted in inter-
ruption of the lactucin (40) and lactucopicrin (9) pro-
duction and increased the accumulation of 8-
deoxylactucin (39) and its derivatives. Interestingly, in
this case no conjugation was observed, presumably
due to the localization of this endogenous STL in the
latex. These examples show that silencing and genome
editing approaches are useful to identify STL biosyn-
thetic genes, eliminate STL biosynthesis, change latex
STL chemotypes and enable study the role of latex
STLs in plant defence. Regarding manipulation of the
terpene pathway in trichomes, large efforts were dedi-
cated to the engineering of increased production of
artemisinin (23) in glandular trichomes of Artemisia
annua. The approaches taken include targeting trans-
gene expression to subcellular compartments, the
overexpression of upper pathway genes (e.g. HMGR,
FPS), overexpression of the genes for key biosynthetic
enzymes (e.g. ADS, AMO, DBR2), downregulation of
genes for competitive pathway enzymes (e.g. squalene
synthase, copalyl diphosphate synthase), overexpression
of transcription factor genes (e.g. AaWRKY, A4ERF,
AaORA, AaMyc2, AaNACI) and other genes indirectly
stimulating secondary metabolite production, such as
for example the Agrobacterium rol genes, as



previously reviewed (Majdi et al, 2016; Zakariya
et al, 2023). By now, over 30 distinct transcription
factors are reported to independently regulate artemi-
sinin biosynthesis in Artemisia trichomes (see table 2
in Zakariya et al., (2023), which might be unrealistic
and should be taken with caution. In addition, the
approaches can be combined to simultaneously over-
express transcription factors and biosynthetic enzymes
(Hassani et al., 2023). Most successful engineering
approaches yielding artemisinin (23) at more than
20mg/g (DW) were achieved by overexpression of
fused FPS and ADS (Han et al., 2016), downregulation
of SQS (Zhang 2009) and overexpression of the tran-
scription factor AcNACI (Lv et al., 2016). Next to
overexpression and silencing of genes, genome editing
may in the future provide a new tool for engineering
of trichome STL content by interrupting genes or
changing promoters of endogenous transcription fac-
tors and biosynthetic genes. However, some
Asteraceae species such as sunflower are recalcitrant
to in vitro culture and regeneration which may pose a
limitation in the application of new plant breeding
techniques and additional efforts are needed to
develop efficient protocols.

5. Genomic organization of STL production

The pace of genome sequencing in the Asteraceae has
accelerated in the past few years. As of January 2024,
reference sequences for 50 Asteraceae taxa were pub-
licly available (https://www.ncbinlm.nih.gov/genome?-
term=Asteraceae). These include a representative
genome for most of the major subfamilies and tribes of
the family (Table 2, Supporting Table 2). Examples are
sunflower (Helianthus annuus, Heliantheae tribe) and
annual absinthe (Artemisia annua, Anthemideae tribe)
for the Asteroideae subfamily, lettuce (Lactuca sativa)
and chicory (Cichorium intybus) for the Cichorioideae
subfamily, and globe artichoke (Cynara cardunculus)
for the Carduoideae subfamily (Acquadro et al., 2017;
Badouin et al., 2017; Fan et al, 2022; Liao et al, 2022;
Shen et al., 2023a). In addition, a high-quality genome
was recently published for the Goodeniaceae (Shen
et al., 2023b), which is closely related to the Asteraceae
and can be employed as an outgroup for comparative
analyses. These many new genomes open up opportu-
nities to rapidly identify new homologous enzymes
encoded by STL pathway genes in other species,
explore the genomic organization and regulation of
STL biosynthesis, and perform targeted knock-out of
genes in these species (Catania et al., 2018; Frey et al,
2019; Cankar et al., 2021, 2022). Genomic information
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may also permit inferences about the origin and evolu-
tion of STL genes, as well as possible impacts of inno-
vations in STL biosynthesis on the diversification of the
family. The genes and pathways underlying STL bio-
synthesis have been explored most thoroughly in
Artemisia (Shen et al, 2018; Liao et al., 2022; Chen
et al., 2023) and Cichorium (Fan et al, 2022; Zhang
et al., 2022; Waegneer et al., 2023; Shen et al., 2023a).
In Artemisia, the main interest has been in artemisinin
(23) biosynthesis. In a draft assembly of the Artemisia
annua genome, Shen et al. (2018) identified 122 terpene
synthase (TPS) genes, which is similar in number to
those found in the H. annuus genome (Badouin et al.,
2017), but much higher than that reported for most
other plant species. For example, only 34 terpene syn-
thases are found in the Arabidopsis thaliana genome.
Phylogenetic analyses further showed that most
Asteraceae TPS genes have arisen by gene and genome
duplication after divergence from the lineages that con-
tain the Solanaceae and Brassicaceae, represented by
the model plants tomato and Arabidopsis, respectively.
More recently, fully haplotype-resolved genomes were
published for low and high artemisinin lines (Liao
et al., 2022), which offered additional insights into the
origins and diversity of genes contributing to artemisi-
nin biosynthesis. These included the discovery of an
additional 14 TPS genes, as well as differences in tan-
dem duplication patterns between haplotypes and lines.
Gene duplication was common throughout the artemi-
sinin biosynthetic pathway, with at least one tandem or
dispersed copy of all committed genes in all four
haplotype genomes. However, only for ADS (amorpha-
4,11-diene synthase), which encodes the enzyme that
performs the first dedicated step in the artemisinin bio-
synthetic pathway, were there consistent differences in
copy number between the high and low artemisinin
lines. Resequencing of a diversity panel further demon-
strated a strong correlation between ADS copy number
and artemisinin (23). Interestingly, the loss of ADS
homologs in a close relative (Artemisia argyi) appears
to have resulted in the lack of artemisinin production
in this species (Chen et al., 2023). These observations
are consistent with an earlier RNAi experiment that
reduced artemisinin (23) content by >95% by silencing
all 12 ADS copies in the HAP variety of Artemisia
annua (Catania et al.,2018). Thus, ADS copy number
could be targeted by breeding programs aimed at
increasing artemisinin content. In Cichorium, high
quality reference genomes have been developed for the
two main crops in the genus: chicory (Cichorium inty-
bus), which is cultivated for both its leaves and roots,
and endive (Cichorium endivia), which is mainly grown
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for its leaves (Fan et al, 2022; Zhang et al, 2022;
Waegneer et al, 2023; Shen et al., 2023a). Leaves of
chicory and endive are popular in salads because of
their bitter taste, which is caused by STLs. Thus, it is
perhaps unsurprising that there has been a significant
expansion of gene families associated with the terpen-
oid production in the Cichorioideae. This includes dis-
covery of 30 HMGR genes, which exceeds that reported
for most other representative plant species, both within
and outside of the Asteraceae (Zhang et al., 2022; Shen
et al., 2023a). Interestingly, twenty of the HMGR copies
are found in a single cluster on chromosome 2; analy-
ses of patterns of sequence divergence among paralogs
indicate that they originated via a combination of
whole genome duplications and tandem duplications.
There also appears to be a recent burst of tandem
duplications in a sub-clade of TPS genes (the TPS-a
clade) that code for sesquiterpene synthases. Of 48 TPS
genes in chicory, 26 (58%) belong to the TPS-a clade,
of which 61% were generated by recent tandem dupli-
cations. Thus, Shen et al. (2023a) suggested that dupli-
cation of HMGR and TPS-a genes may be responsible
for sesquiterpene accumulation in chicory. Similarly,
Zhang et al. (2022) reported higher expression of sev-
eral TPS-a paralogs (along with correlated sequence
changes) in more bitter varieties of endives, possibly
accounting for differences in STL accumulation
between varieties. Of course, many gaps remain in our
understanding of the origins, diversity, and evolution
of genes contributing to the STL biosynthesis in the
Asteraceae. Some of these could be addressed by ana-
lyzing existing genomes, which would allow us to fill in
the gaps in Table 2, as well as to explore the genomic
distribution of STL genes in the context of synteny
relationships and whole genome duplications across the
family. By comparison with the newly published gen-
ome for the Goodeniaceae (Shen et al, 2023b), it
would be possible to determine whether homologs of
GAS and GAO likely existed in the ancestor of the
Asteraceae. The sequencing and assembly of new
genomes would be useful as well, especially for
Barnadesia, which represents the basal subfamily of the
Asteraceae and Calyceraceae, which is sister to the
Asteraceae and shares a paleotetraploid ancestor with it
(Barker et al., 2016).

6. The biological role of sesquiterpene
lactones in plant-plant interaction and in
phototropism

STL play a crucial and well-described role in plant
defense against herbivores, phytopathogens, and as
allelochemicals in competition with other plants
(Picman, 1986), which has attracted considerable

attention for several decades. Interestingly, STLs are
also involved in intra-plant physiological processes
and in plant-plant interactions (Padilla-Gonzalez
et al, 2016), that deserve a closer look: After the
detection of the growth-inhibiting effect of STLs in
the 1960s (Shibaoka, 1961; Morimoto et al., 1966), the
way that STL affect growth was further investigated.
The inhibition of auxin-induced elongation growth of
Avena coleoptiles was observed, (Spring et al., 1981;
Spring and Hager, 1982) as well as the STL induced
increase of root growth in Phaseolus aureus seedlings
(Kalsi et al., 1979; Singh et al., 1992). An involvement
of STL in the auxin-mediated phototropism response
was demonstrated by studies of Yokotani-Tomita
et al. that showed a significantly higher accumulation
of 8-epi-xanthatin (11) on the side of light exposure
combined with inhibition of growth on the applica-
tion side, leading to curvature and tropism toward
that side (Yokotani-Tomita et al., 1997, 1999). In add-
ition, external application of costunolide (3) resulted
in directed growth of sunflower (H. annuus) hypoco-
tyls toward the application side (Spring et al., 2020).
Taken together, these results further support the
hypothesis that STL may be involved in auxin-medi-
ated growth regulation in plants. Although the inhib-
ition of auxin-mediated growth has been known for a
long time, the underlying mechanisms are so far not
well understood. Based on experimental data and in
silico analyses, some hypotheses can be formulated.
STL growth-inhibition effect could be abolished by
treatment with dithiothreitol, which suggests that the
o-methylene-y-lactone moiety, as a characteristic
structural element of STL, could be required for the
functional activity (Spring and Hager, 1982).
Exogenous application of the dehydrocostus lactone
(8) to etiolated epicotyls of pea (Pisum sativum)
showed an effect on the gene expression level of the
auxin influx and efflux proteins PsAUX1 and PsPINI,
respectively (Toda et al., 2019). In addition, molecular
docking analysis with the hydrolase Karrikin-insensi-
tive 2 (KAI2) from sunflower revealed a high affinity
for 8-epi-xanthatin (11) and tomentosin (12), provid-
ing a first indication that these STLs may be the elu-
sive endogenous ligands of the karrikin receptors
(Rahimi and Bouwmeester, 2021). KAI2 signaling reg-
ulates many developmental processes in plants,
including germination, seedling photomorphogenesis,
and root/root hair growth, and the endogenous ligand
(KL) has not yet been identified (Varshney and
Gutjahr, 2023). Recognition of endogenous STL by
KAI2 could be a reasonable mechanism to integrate
the growth inhibitory effects of STL. However, clear



experimental evidence for STL as endogenous ligand
or for other potential mechanisms for the integration
of STL into plant growth regulation is still lacking
and remains a worthwhile goal for further research.
Besides their accumulation in trichomes and endogen-
ous plant tissues, STLs are also known to be exuded
from plant roots into the rhizosphere (Joel et al.,
2011; Raupp and Spring, 2013; Wu et al., 2022). It is
not yet clear, whether this exudation of STL is neces-
sary for the plant itself, e.g. as a protective mechanism
(antimicrobial/antifungal activity) or for a beneficial
interaction (arbuscular mycorrhiza). However, the
exudation of STL is used by parasitic plants for host
recognition and specific germination only in the
immediate vicinity of the host plants rhizosphere (Joel
et al., 2011; Raupp and Spring, 2013; Wu et al, 2022).
Four STLs have been identified in sunflower root exu-
dates and have been shown to induce germination of
the host-specific root-parasite Orobanche cumana
(Joel et al., 2011; Raupp and Spring, 2013; Wu et al.,
2022). Furthermore, the exuded STLs not only
induced germination of O. cumana seeds, but also led
to a chemotropic growth of the O. cumana germ tube
toward the exogenous application side of the STL
(Krupp et al., 2021). Similar experiments with the syn-
thetic strigolactone GR24 only induced germination of
O. cumana seeds, but failed to induce the chemotropic
response of the corresponding germ tube (Krupp
et al., 2021). Thus, these data indicate a STL-specific
perception and chemotrophic growth response in O.
cumana, but the underlying mechanisms are not yet
known. It is tempting to speculate that STLs may be
able to induce curvature and tropism toward the host
plant by lateral inhibition of growth in the germ tubes
of the parasitic plants in a manner similar to that in
the endogenous tissues of the host plants. The unilat-
eral growth inhibition of the germ tubes may lead to
a curvature toward the host plant. Recent research has
shown that parasitic plants have evolved a group of
o/ f-hydroxylases derived from the KAI2 clade of non-
parasitic plants, termed the Karrikin-insensitive 2
divergent clade (KAI2d) (Conn et al., 2015; Toh et al.,
2015; Tsuchiya et al., 2015). KAI2d family members
have been identified for instance in Striga hermonthica
and Orobanche minor, where they function as strigo-
lactones receptors for host plant recognition (Conn
et al., 2015; Toh et al, 2015; Tsuchiya et al, 2015;
Takei et al., 2023). A recent study examined the inter-
action of the STL with members of the O. minor
KAI2d clade but showed only a lower affinity of the
candidates for the tested STL compared to strigolac-
tones (Takei et al, 2023). This suggests that factors
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other than KAI2d members are required for STL per-
ception in O. minor. In this context, an interesting
question for further research would be to study the
emergence and functional specificity of the candidates
of the KAI2d clade in O. cumana, a host-specific para-
site on the STL-exuding sunflower. The results
obtained could further contribute to a better under-
standing of the mechanism of perception and directed
growth in response to STL in parasitic plants.

7. Concluding remarks and outlook

Many of the secrets of STL biosynthesis have been
unraveled in the past two decades, including the for-
mation of the different lactone rings, the STL back-
bone conversion and the decoration of the STL
backbone. It will be interesting to see what next steps
in the biosynthesis of STL will be elucidated in the
future. The vast datasets produced by the ever-increas-
ing speed of cutting-edge genome sequencing plat-
forms as well as new methods for the transformation
of plants such as improved CRISPR/Cas techniques
(Schreiber et al., 2023) will contribute to the elucida-
tion of further STL pathways. Elucidation of homologs
of STL genes across many Asteraceae lineages and
studies of STL biosynthesis enzyme family expansion
will help us understand the evolution of STL biosyn-
thesis. A more fine-tuned resolution of STL gene
expression and accumulation as well as knock-out of
potential STL metabolism regulating genes will help
understand the mechanism of their formation in lati-
cifers in the future. The intriguing role of STL as sig-
naling molecules inside plants and their potential role
in the search for the so far elusive endogenous
Karrikin-insensitive ligand will add a new dimension
to our view of this class of specialized metabolites.
Understanding the regulation, compartmentalization,
and evolution of STL biosynthesis will also help us
understand those central aspects for other classes of
compounds in plant specialized metabolism.
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