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Summary

New Phytologist (2020) 225: 2251-2266
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Glandular trichomes are epidermal outgrowths that are the site of biosynthesis and storage of
large quantities of specialized metabolites. Besides their role in the protection of plants against
biotic and abiotic stresses, they have attracted interest owing to the importance of the
compounds they produce for human use; for example, as pharmaceuticals, flavor and fragrance
ingredients, or pesticides. Here, we review what novel concepts investigations on glandular
trichomes have brought to the field of specialized metabolism, particularly with respect to
chemical and enzymatic diversity. Furthermore, the next challenges in the field are
understanding the metabolic network underlying the high productivity of glandular trichomes
and the transport and storage of metabolites. Another emerging area is the development of
glandular trichomes. Studies in some model species, essentially tomato, tobacco, and Artemisia,
are now providing the first molecular clues, but many open questions remain: How is the
distribution and density of different trichome types on the leaf surface controlled? When is the
decision for an epidermal cell to differentiate into one type of trichome or another taken? Recent
advances in gene editing make it now possible to address these questions and promise exciting
discoveries in the near future.

Key words: development, glandular
trichomes, Solanaceae, specialized
metabolism, tomato.

l. Introduction

Most plant species have hair-like epidermal structures below and/or
above ground. When present on the aerial parts, they are usually
referred to as trichomes, which is derived from the Greek word
trichos, meaning hair. Trichomes are extensions of the epidermis,
originating from epidermal cells, and they can be made of a single or
multiple cells. Their size can range from a few micrometers to
several centimeters, and they can have diverse shapes (Payne, 1978).
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The criterion that is most frequently used to classify them is
whether they are nonglandular or glandular. Nonglandular
trichomes are widely distributed in the plant kingdom, including
in angiosperms, gymnosperms, lycophytes, ferns, and bryophytes
(Uphof & Hummel, 1962; Johnson, 1975; Wagner et al., 2004;
Lange & Turner, 2013). Arabidopsis has only unicellular,
nonglandular trichomes that can have up to five branches.
Glandular trichomes are usually multicellular, made of differen-
tiated basal, stalk, and apical cells, and produce considerable
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amounts of different classes of specialized metabolites (Wagner
etal., 2004; Schilmiller ez al., 2008; Tissier, 2012a). Plants produce
these glandular trichomes and their specialized metabolites for their
interaction with the environment. They play essential roles in, for
instance, the defense against herbivores and pathogens and provide
protection against abiotic factors such as UV, high light, or drought
stress (Wagner ¢t al., 2004). Many of these specialized metabolites
have become commercially important as natural pesticides, as food
additives, fragrance ingredients, or pharmaceuticals. For instance,
mint, basil, lavender, oregano, and thyme are cultivated for the
essential oils produced in their glandular trichomes (Maleci Bini &
Giuliani, 2006); Artemisia annua, annual wormwood, produces the
sesquiterpene lactone artemisinin in its glandular trichomes that is
used for the treatment of malaria (Lommen ez al, 20006);
psychoactive cannabinoids are produced in the glandular trichomes
of hemp (Cannabis sativa; Happyana er al., 2013); sesquiterpenes
produced by wild tomato (Solanum habrochaites) glandular
trichomes have strong anti-herbivore activity and are potential
natural pesticides (Glas ez al, 2012). Given the diversity of
structures and types of glandular trichomes, their evolutionary
origin is difficult to assign with precision. However, structures that
are akin to glandular trichomes can be detected in fossil and extant
ferns but not in bryophytes, suggesting that they are an invention of
vascular plants (Tissier, 2012a).

Despite the diversity in the morphology of glandular trichomes,
several types seem to occur repeatedly across various plant species
and families. Their morphology appears to be adapted to the type of
compounds they produce, particularly with respect to volatility.
Nonvolatile and often sticky resinous substances, such as acylsugars
or certain diterpenoids, are usually produced in capitate trichomes
(Wagner eral.,2004). They typically consist of one basal cell, one to
several stalk cells, and one or a few secretory cells at the tip of the
stalk. The compounds are exuded directly onto the surface of the
trichome by the cells at the tip of the trichome (Tissier, 2012a).
Trichomes that produce volatile compounds typically contain a
storage space allowing the retention of the volatiles in their liquid
state, which are released only when the trichomes are damaged (e.g.
upon herbivory). This space can be subcuticular, that is, located
between the secretory cells and the cuticle. This is the case in the
peltate trichomes of the Lamiaceae (mint family) or the biseriate
trichomes of the Asteraceae (daisy family) (Turner ez 4/, 2000).
The storage space can also be located between the secretory cells, as
in the type VI or type VII trichomes of tomato (Bergau ez a/., 2015).
Because the space in these trichomes is generated by the partial
separation of the secretory cells, and by analogy to the schizogenous
oil glands or resin canals found in various species, we propose to
name these trichomes ‘schizogenous’.

A search in the literature database Web of Science using the
terms ‘glandular trichomes’ revealed a total of 2323 registered
publications from 1919 to the present (Fig. 1). Because the term
glandular trichomes may have been used routinely only in more
recent years, this is most likely not the complete list of
publications on this topic. Particularly in the late 19™ and early
20™ centuries, research on glandular trichomes may have been
published either in languages other than English or using other
terms, such as ‘secretory glands’ for example. Nonetheless, this
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graphic shows the major trends since the 1950s. One can
distinguish three phases. The first corresponds to the eatly years of
research on glandular trichomes, with a modest increase until
1990. Then there was a surge in the early 1990s, which rapidly
plateaued at around 50 publications per year until around 2003.
This period coincides with the identification of the first genes
involved in the biosynthesis of metabolites produced in glandular
trichomes, initially from mint by the group of Rodney Croteau —
for a review, see Croteau et al. (2005). Then a third period,
starting around 2005 until now, has seen a sharp and steady
increase. This reflects the larger number of species investigated
and the use of high-throughput sequencing technologies that now
allow the production of transcriptome datasets with unprece-
dented depth of any species. Certainly, the societal relevance of
plants such as A. annua and C. sativa has increased the general
interest of the plant scientific community in glandular trichomes.
But reducing trichome studies to these two species does not reflect
the diversity of topics and fascinating science on glandular
trichomes. The purpose of this review is to report on this thematic
diversity and to contemplate what, in our opinion, the challenges
of the future are.

Il. Metabolite and enzyme diversity from glandular
trichomes

Glandular trichomes are typically the site of biosynthesis of the
compounds they store or secrete — for example, see Glas ezal. (2012)
and Tissier (2012b) for reviews. There are some exceptions, such as
nicotine and related compounds in tobacco species. They are
synthesized in the roots and transported to the leaves and the
trichomes, where in some species, such as Nicotiana repanda, they
are acylated upon herbivory. This modification makes the
nornicotines significantly more toxic, indicating a specific defense
mechanism against herbivory (Laue ez al, 2000). Compounds
produced in glandular trichomes accumulate at particularly high
levels and can represent up to 20% of the leaf DW (Wagner ¢t al.,
2004). This is confirmed by the typically highly specific expression
of genes encoding enzymes of the trichome pathways. Once
transcriptome data from the glandular cells became available, this
greatly facilitated the elucidation of many biosynthetic pathways,
and many more are likely to be solved in the future. Our purpose
here is not to exhaustively review all these pathways, but rather to
highlight what concepts have emerged from these studies.
Specialized metabolites produced in glandular trichomes, as in
other tissues, despite the dominance of specific compounds, rarely
come alone but rather as groups of structurally related compounds.
Strikingly, compounds secreted by glandular trichomes are often
hydrophobic, such as fatty acid derivatives, flavonoids, or
terpenoids. Terpenoids constitute the largest and most diverse
class of plant specialized metabolites. Their olefinic backbone is
made of multiples of the five-carbon (C) isoprene unit, with the
major groups being monoterpenes (10C), sesquiterpenes (15C),
and diterpenes (20C). For example, peppermint (Mentha O piper-
ita) produces the monoterpene ( )-menthol as a dominant
compound but also other menthol diastereoisomers and mentho-
furan as an undesirable off-flavor compound that accumulates

© 2019 The Authors
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Fig. 1 Plot of the number of publications per year on glandular trichomes. Data is from the Web of Science (https://apps.webofknowledge.com) using

‘glandular trichomes' as a search term.

under unfavorable conditions (Croteau ez 2/, 2005). Furthermore,
related mint species produce different sets of similar compounds.
Spearmint (Mentha spicata), for example, accumulates ( )-
carvone. All these monoterpenes derive from ( )-limonene.
Interestingly, this chemical diversity was made possible by the
repeated use of enzymes acting on related but different substrates or
of related enzymes having different activities on the same or related
substrates. For example, limonene 3-hydroxylase in the ( )-
menthol pathway of peppermint is a cytochrome P450 (CYP)
oxygenase of the CYP71 family (CYP71D15) whose most closely
related sequences in the Uniprot database (https://www.uniprot.
org/) are the isoforms of limonene 3-hydroxylase, but also the
limonene 6-hydroxylase (CYP71D18) of spearmint (Lupien ez 4/,
1999). CYP71D18 and CYP71D15 are 70% identical at the amino
acid level, and a single amino acid change (F363I) was sufficient to
convert the 6-hydroxylase to a 3-hydroxylase (Schalk & Croteau,
2000), highlighting the close relatedness of these two sequences.
The subsequent step in both carvone and menthol biosynthesis is
carried out by a short-chain dehydrogenase/reductase activity
leading to carvone and isopiperitone, respectively. The enzymes in
peppermint and spearmint are almost identical (99% identity) and
can both use indiscriminately ( )-#rams-carveol or ( )-trans-
isopiperitenol as substrates, so that they can be considered
orthologues (Ringer ez al., 2005). Since these early studies, many
other monoterpene biosynthesis pathways have been clarified from
the Lamiaceae, and it is striking to see the repeated involvement of
similar enzyme classes, be they monoterpene synthase, CYPs, or
reductases. For further reading on this specific topic of monoter-
pene biosynthesis in glandular trichomes, we refer the readers to the
excellent recent review of Lange & Srividya (2019).

This feature of the repeated involvement of enzyme classes in the
diversification of metabolic pathways is actually not specific to
glandular trichomes but rather to specialized metabolism in
general. This has been discussed and theorized in several reviews,
and gene duplication (whether within genomic clusters or not)
followed by neo or subfunctionalization is most certainly a major
contributor to the emergence and evolution of this diversification of
plant specialized metabolic enzymes (Kliebenstein & Osbourn,
2012; Weng er al, 2012; Leong & Last, 2017). Nonetheless,
examples of such chemical diversification driven by the evolution of
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specific enzyme families are particularly frequent in glandular
trichome metabolic pathways and concern a wide range of
metabolites. Acylsugars from the Solanaceae provide a nice example
of how a set of related BAHD acyl-transferases contributes across
this plant family to the diversity of conjugated acyl groups and
acylation positions and thereby to the huge diversity of this
compound class (Moghe ez al., 2017; Fan ez al., 2019; Fig. 2). The
Solanaceae provide another example of such chemical diversifica-
tion for trichome-based terpenoids. Here, related enzymes with
similarity to the kaurene synthases and all expressed in trichomes
were found to synthesize labdane-related diterpenoids in tobacco
(Nicotiana tabacum), and monoterpenes and sesquiterpenes in
tomato (Solanum lycopersicum and related wild species), the latter
from the unusual cisprenyl diphosphates (Sallaud ez 4/, 2009;
Schilmiller ez al., 2009; Bleeker ez al., 2012; Sallaud ez al., 2012;
Fig. 2). Notably, all the genes coding for these related terpene
synthases are located in a genomic cluster, which is conserved
throughout the Solanaceae but has evolved by acquiring additional
genes for the production of the cis-prenyl diphosphate precursors in
tomato (Matsuba er al, 2013). Yet another example are the
diterpenoids produced in the trichomes of a number of Lamiaceae
species. Carnosic acid is a diterpenoid with an abietane scaffold
with the C-ring being aromatic. The presence of a catechol
structure around this ring makes it a powerful antioxidant that is
approved in a number of countries as a natural preservative in foods
and cosmetics (Birtic ez al., 2015). It is synthesized in glandular
trichomes in young leaves of rosemary (Rosmarinus officinalis) and
some sage species (e.g. Salvia fruticosa and Salvia officinalis) and
then transported into the leaves where it protects chloroplasts
against photo-oxidative stress (Munne-Bosch ez /., 1999; Munne-
Bosch & Alegre, 2001; Bréickner ez al., 2014; Bozic et al., 2015;
Scheler et al., 2016; Loussouarn ez al., 2017). The biosynthesis of
carnosic acid was recently elucidated and involves two distinct CYP
activities that oxidize either on the C-ring to make hydroxy-
ferruginol (CYP76AH22-24) or on the C-20 position
(CYP76AK6-8) to produce carnosic acid (Ignea et al, 2016;
Scheler ez al., 2016). These two CYP subgroups are closely related
and provide another illustration of the evolution within an enzyme
family to create chemical diversity by changing the position of the
modification it introduces onto a substrate. In the Lamiaceae, the
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CYP76 family seems to have specifically evolved for the oxidation
of diterpenes, as the recent elucidation of the forskolin biosynthesis
further confirms (Pateraki ez al., 2017).

The involvement of phylogenetically closely related enzymes in
the biosynthesis of structurally similar compounds within a plant
family opens up opportunities for the systematic exploration of
these to produce chemical libraries using synthetic biology
approaches by combining enzymes from different species in a
modular fashion. This has now been attempted in the case of
triterpenoids and diterpenoids. This was done by combining class I
and class II diterpene synthases (Andersen-Ranberg ez al., 2016; Jia
et al., 2019) but also by combining terpene synthases and CYP
oxidases for triterpenoids or diterpenoids (Mafu ez al., 2016; Reed
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et al., 2017; Bathe er al., 2019). As more plant genomes and
transcriptomes become available, this strategy can be employed ina
systematic and high-throughput manner to explore the chemical
space of specialized metabolic pathways.

lll. Insights into metabolic regulation and networks

1. Photosynthetic glandular trichomes may carry out CO,
refixation

One feature that was noticed early on is the capacity of plant
glandular trichomes to produce large quantities of metabolites
(Wagner et al., 2004; Schilmiller ez al., 2008; Tissier, 2012a). Until

@

Solanum pennellii
Solanum lycopersicum
Petunia axillaris

Salpiglossis sinuata

_—
~

R1
R6’

< /K

O. o o
OH
O,
R3
2

[e]

Os(
R4
¢}
R3

T A0

(b) IPP + DMAPP GGPP
NtCPSZl
zFPS NDPS1
OPP >_/—>JOPP
Z,2-FPP neryl-PP labda-13-en-8-ol-PP
ShSBS Shzs TPSe/f | SIPHS NtABS

7-epizingiberene

(+)-o-santalene

(+)-endo-B-bergamotene

Nicotiana tabacum

cis-abienol

B-phellandrene

T T
Solanum habrochaites Solanum lycopersicum

Fig. 2 Examples of the chemical diversity generated by related enzymes in metabolites produced by glandular trichomes. (a) Acylsugars produced in capitate
trichomes of the Solanaceae generally consist of a molecule of sucrose esterified by acyl groups at various positions. The acylations are carried out by a family of
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recently this was investigated essentially at the level of the
expression of the genes involved in the steps of the specialized
metabolic pathways. However, the specialized metabolite pathways
need to be supplied with precursors that are connected to central
metabolism. Therefore, one important question is to understand
how central and energy metabolisms are organized to deliver an
adequate precursor supply for the biosynthesis of specialized
metabolites in glandular trichomes. The availability of ‘omics’
datasets made this possible, especially by combining transcrip-
tomics and metabolomics. In a pioneering study, Balcke er al.
(2017) investigated central and energy metabolism in tomato
glandular  trichomes using transcriptomics,  proteomics,
metabolomics, and 13C—lawbeling. One major finding was that
tomato glandular trichomes, despite being photosynthetic, essen-
tially rely on leaf-imported sucrose for their C supply. *C-CO,
labeling also indicated that CO, fixation from the atmosphere
was around 100 times lower in trichomes than in leaves. This
suggests that in trichomes the ‘light reactions’ of photosynthesis are
used to produce chemical energy and reducing power to fuel the
metabolic reactions rather than to fix CO; and that CO, produced
from these reactions could be refixed by an incomplete Calvin cycle
(Balcke ez al., 2017; Fig. 3). The existence of such a CO, refixation
mechanism was also postulated by Laterre e al. (2017), who
discovered an isoform of the small subunit of the ribulose
bisphosphate carboxylase (abbreviated as NtRbcS-T), which is
specifically expressed in tobacco glandular trichomes (Laterre ez al.,
2017). The Rubisco enzyme containing NtRbcS-T has a higher
specific activity and works better at lower pH values than the
enzyme with the mesophyll isoform of RbcS, a property that would
be useful in an environment where large quantities of CO, are
produced (Laterre ez al., 2017). The NtRbcS-T isoform actually
belongs to a cluster of sequences phylogenetically distinct from the
leaf isoforms, and many sequences from this cluster come from
plants that have glandular trichomes or secretory structures such as
oil glands (Laterre er al., 2017). Interestingly, a sequence from
Amborella trichopoda, a species that stems from a basal branch of the
angiosperm phylogeny, belongs to the RbcS-T cluster, indicating
that these RbcS-T isoforms evolved early on in the angiosperm
lineage (Laterre ez al, 2017). The importance of functional
chloroplasts in tobacco trichomes was confirmed by the analysis of
the Virgin A mutant (VAM), which carries a large deletion in
chromosome 21. This mutant is resistant against potyviruses but
also has glandular trichomes that have no chloroplasts and do not
produce any exudate, thereby making the plants highly susceptible
to insect pests (Nielsen ez al., 1982, 1991; Fischer & Rufty, 1993).
Another mutant, va, also has the virus resistance but a normal
trichome phenotype. Mapping of the deletions in both mutants
defined a large chromosomal region on chromosome 21, which is
responsible for the trichome phenotype (Dluge ez al., 2018). In this
region, the genes coding for the cembratrienol synthases, which are
involved in the production of some the major tobacco trichome
diterpenes, are present, butintroducing them back into VAM failed
to complement the trichome phenotype, therefore ruling them out
as candidates for the trichome phenotype. The list of candidates
contains several genes encoding proteins involved in chloroplast
biology, such as Light-harvesting complex protein b or Early light-
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induced protein 1, which could explain the trichome phenotype
observed (Dluge ez al., 2018).

2. Genome-scale metabolic modeling provides further
insights

Modeling of metabolic networks can be helpful in generating
hypotheses and identifying enzymes or pathways that play a key role
in providing precursors or cofactors for downstream pathways.
Recently, flux balance analysis was used to model the metabolic
network of glandular trichomes from several plant species (Zager &
Lange, 2018). Here, it should be noted that not all plant glandular
trichomes are photosynthetic. Probably the best-investigated
species with nonphotosynthetic trichomes are mints, particularly
peppermint (Mentha O piperita). In mint peltate trichomes the
monoterpenes are synthesized in multiple compartments, starting
with the terpene synthases in leucoplasts and followed by
oxygenation, oxidation, and reduction outside the plastids
(Croteau et al., 2005). The first genome-scale modeling studies
pointed to a major role of oxidative phosphorylation and ethanol
fermentation in supplying ATP (Johnson er al, 2017; Fig. 3).
Furthermore, the maintenance of an appropriate redox balance
appeared to be highly dependent on ferredoxin, a prediction
confirmed by the high-level expression of trichome-specific
isoforms of ferredoxin and ferredoxin—-NADP" reductase (Johnson
et al., 2017). This modeling approach was further extended to
several species for which trichome-specific transcriptomes were
available. This confirmed that, regardless of whether trichomes are
photosynthetic or not, import of sugars from the leaves is likely to
play a substantial role in the supply of C (Zager & Lange, 2018).

Based on these studies, the next steps should consist of testing the
role and contribution of specific enzymes in shaping the metabolic
network of glandular trichomes. For genes that encode trichome-
specific isoforms, knockouts created by CRISPR-based gene
editing should provide valuable information while genes that are
expressed in trichomes and in other parts of the plants should be
downregulated using gene silencing approaches with trichome-
specific promoters. Such promoters are now available for a number
of these species, making this approach a realistic endeavor (Tissier,
2012b; Kortbeek ez al., 2016). Metabolic profiling of these lines
with mutations or altered expression levels in genes involved in
central metabolism will provide data that can be fed into the
metabolic models, thereby confirming hypotheses or generating
novel leads to further refine and improve our understanding of
these metabolic cell factories.

3. Mutations in specialized metabolism pathways highlight
complex regulatory processes

Forward genetics could also prove useful to identify genes
supporting the high productivity of glandular trichomes. So far,
the identification of genes involved in glandular trichome biology
by forward genetics has been based on existing natural variation or
on mutants. With the exception of the anthocyanin free (af') and
hairless mutants of tomato (see later), all the genes identified so far
are involved in trichome development or density to our knowledge.
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and AcCoA by ATP-citrate lyase (ACL). The C4 dicarboxylic acids can then be either converted back to a C3 (in this case phosphoenol pyruvate) through the
activity of phosphoenolpyruvate carboxykinase (PEPCK) or imported back to the mitochondria. C3 triose-phosphates can also be transported to the

chloroplasts, where they will be used as precursors for the MEP pathway. In the chloroplast, photosynthesisis active and supplies the chemical energy (ATP) and
reducing power that are needed to fuel the metabolic reactions. In addition, it is suspected that the large quantities of CO, released by the various reactions
taking place (highlighted in red) are refixed via the activity of Rubisco in the so-called Rubisco bypass. (b) Model of a nonphotosynthetic trichome (e.g. from
peppermint) based on previously published data (Zager & Lange, 2018; Johnson et al., 2017). As in tomato trichomes, carbon is imported from the leaf, but
mostly in the form of raffinose, a trisaccharide. After hydrolysis, C6 sugars undergo glycolysis in the cytosol and further oxidative degradation in the

mitochondria to generate chemical energy. Triose-phosphates (or possibly also C6 sugar-phosphates) are transported to the leucoplasts, where they serve as
precursors for the MEP pathway. The oxidative pentose phosphate pathway (oPPP), converts C3 back to C6 sugars and at the same time generates NADPH,
which can be used to reduce a trichome-specific isoform of ferredoxin (Fd) via a trichome-specific ferredoxin NADP*-reductase (FNR). The reduced Fd then

supplies electrons for the reductases of the MEP pathway. DMAPP, dimethylallyl pyrophosphate; IPP, isopentenyl pyrophosphate.

An unbiased screen involving metabolic profiling of trichome
exudates across a saturating mutant population (e.g. induced by
ethyl methanesulfonate or ionizing radiation) is likely to uncover as
yet unknown genes playing crucial roles in the metabolic network
of trichomes. To our knowledge this has not been done yet,
although such mutant resources are available in different species
including tomato and A. annua (Graham ez al., 2010; Saito ez al.,
2011; Shikata et al., 2015; Garcia et al., 2016). Mapping by
sequencing is now an established method and should allow the
identification of the underlying mutations (Garcia et /., 2016).
Characterization of existing mutants with described trichome
defects could also provide information, although most of these
affect development (see next section) and will not provide
information on the metabolic network of glandular trichomes.
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However, one of the examples of mutants affecting metabolism is
the af line, which has a null allele ofthe CHALCONE
ISOMERASE 1 (CHII) gene of tomato (Kang ez al., 2014). The af
mutants have drastically reduced levels of flavonoids and, intrigu-
ingly, of terpenes that are produced in type VI trichomes, as well as
led to a reduced size and density of type VI trichomes (Kang ez a/.,
2014). This observation raised the issue of cross-talk between
metabolic pathways, and one hypothesis proposed was that
accumulation of naringenin chalcone may negatively impact
terpenoid biosynthesis and/or trichome development by per-
turbing the redox balance of glandular cells due to the presence of a
reactive @,b-unsaturated carbonyl group (Kang ez al, 2014).
However, in A annua, null mutants in the CHALCONE
ISOMERASE I gene (chil-1) completely lost the ability to produce
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flavonoids and had only moderately reduced levels (1.5 to two-fold)
of artemisinin and dihydroartemisinic acid (precursor of
artemisinin) (Czechowski et 4/, 2019). This is not as dramatic as
the case of the tomato afmutant, where at most 15% of the terpenes
accumulate compared with wild-type (Kang ezal., 2014). However,
the density and morphology of trichomes in the chil-1 Artemisia
mutant were not determined, making it difficult to assign the
reduction in artemisinin levels to a developmental or a metabolic
defect. Therefore, it remains to be seen whether the impact of
mutation in chalcone isomerase on terpenoid metabolism is a
general phenomenon or is specific to tomato. These reports also
highlight the fact that glandular trichomes are complex metabolic
factories that produce a variety of compounds. We tend to associate
glandular trichomes in a particular species with one type or even a
single compound; for example, artemisinin and related sesquiter-
penes in A. annua, menthol and related monoterpenes in pepper-
mint, monoterpenes and sesquiterpenes in tomato type VI
trichomes, or acylsugars in type I/IV trichomes in tomato. The
reality, of course, is much more complex, as shown by
metabolomics studies performed on glandular trichomes (Iijima
et al., 2004; McDowell et al, 2011; Balcke et al, 2017). As
mentioned earlier, flavonoids, as well as fatty acids (particularly
polyunsaturated ones), are often present in glandular trichomes
(Schmidt ez al, 2011; Kim er al, 2014; Balcke er al, 2017).
Understanding how these different metabolite classes and pathways
interact with each other and what their role is in the homeostasis of
the secretory cells of glandular trichomes constitutes one of the
future challenges in the field. Furthermore, transcriptomics of
glandular trichomes reveal a large number of genes encoding
metabolic enzymes whose functions are not known. Unravelling
the complexity of this network will require exhaustive metabolic
characterization of mutants inactivating these genes of unknown
function.

Knocking out enzymes of known function can also be highly
informative on metabolic processes happening in glandular
trichomes. Enzymes of specialized metabolism, and particularly
those from glandular trichomes that come from nonmodel species,
are often only characterized 7 vitro or in microbial hosts, such as
yeast or Escherichia coli. The example of the amorphadiene oxidase
(CYP71AV1) is a beautiful illustration of the importance of in
planta investigations. Artemisia annua plants with a knockout in
CYP71AV1 did not accumulate artemisinin but instead another
oxidized sesquiterpene, named arteannuin X, whose structure
suggested a similar synthesis pathway to that of artemisinin.
Through a series of elegant labeling experiments, the authors came
to the conclusion that the synthesis of artemisinin from dihy-
droartemisinic acid, or of arteannuin X from amorphadiene, takes
place in the subcuticular storage space of the glandular trichomes
and is most likely a nonenzymatic oxidation process (Czechowski
etal., 2016).

IV. Transport and storage

Transport and storage have been neglected so far in trichome
research. Regardless of whether the metabolites are volatile or not,
they are exported outside of the secretory cells either into a
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dedicated extracellular storage space or onto the outer surface of the
cells. Thus, transport of the metabolites has to occur first across the
plasma membrane and possibly through the cell wall or the cuticle.
Furthermore, since biosynthesis of the compounds may occur
across several subcellular compartments — including plastids,
cytosol, mitochondria, peroxisomes, or endoplasmic reticulum —
transport between these compartments will be required as well.
Observations of glandular cells of trichomes by transmission
electron microscopy point to the existence of subcellular structures
likely dedicated to transport. For example, in peppermint
trichomes, smooth endoplasmic reticulum (SER) is particularly
abundant and makes numerous contact points with plastids, where
the biosynthesis of monoterpene olefins takes place (Lange &
Turner, 2013). The abundance of SER was also observed in a
number of glandular cells of trichomes or other secretory structures
that produce lipophilic compounds (Lange & Turner, 2013).
Additionally, in peppermint the conversion of ( )-menthone to
( )-menthol takes place over weeks, thereby implying transport of
( )-menthone back from the storage space to the cytosol where itis
reduced to ( )-menthol (McConkey et al., 2000; Turner ez al.,
2012). Whether these transport processes are active or passive is still
open to debate. Using an elegant approach involving trans-
organellar complementation, Mehrshahi ez a/. (2013) showed that
substrates of the tocopherol and carotenoid pathways can be
accessed outside their original compartment. Because compounds
would have to be shuttled back and forth between compartments,
the authors’ favorite hypothesis involves passive diffusion at
membrane contact points between organelles via hemifused
membranes (Mehrshahi ez @/, 2013). Although this was done in
leaves, the abundance of contact points between SER and plastids in
peppermint trichomes (as already noted) suggests this could be a
general mechanism. Nonetheless, a recent study modeling physical
parameters of volatile transport predicted the necessity of active
processes between different cellular compartments, the plasma
membrane, and the cell wall (Widhalm ez 4/, 2015). The
identification of an ABC transporter required for the emission of
volatiles in petunia flowers partly confirmed this model, at least for
the transport across the plasma membrane (Adebesin ez 4/, 2017).
Even though this is not in glandular trichomes, itis likely thatactive
transport is also taking place in trichomes. Transcriptome data
from glandular trichomes of a variety of species invariably indicate
the presence of transporters or proteins associated with transport
that are highly and specifically expressed in glandular trichomes.
Knockdown and overexpressing lines showed that a lipid transfer
protein is involved in the transport of diterpenoids in tobacco
trichomes (Choi ez al., 2012). Also, an ABC transporter of lavender
was shown to confer resistance to geraniol to yeast cells depleted of
their own ABC transporters (Demissie ez al, 2019). Another
indirect demonstration of the involvement of active transport
processes was made in the case of artemisinin biosynthesis in a
transient expression system in Nicotiana benthamiana. Here, co-
expression of a lipid transfer protein (LTP) and a pleiotropic drug
resistance (PDR) protein significantly increased the accumulation
of free dihydroartemisinic acid in the apoplast of transfected cells
(Wang ez al., 2016). The function of these genes in A. annua,
however, remains to be validated. Volatiles are typically stored in
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dedicated storage spaces in glandular trichomes (see the Develop-
ment and gene regulation section). In a recent opinion paper, it was
postulated that in addition to polarized transport processes
involving, for example, LTPs and membrane transporters, the
storage cavities would need to have a certain structure that allows
the import of the volatile compounds but prevents their untimely
release (Tissier et al., 2017). This most likely involves cell wall
components, particularly pectin, which are hydrophilic and would
therefore prevent reimport of the volatiles back to the secretory
cells. The presence of pectin at the interface of the storage cavity of
tomato type VI trichomes and in cannabis trichomes supports this
hypothesis (Kim & Mahlberg, 2000; Bergau ez /., 2015). In the
case of nonvolatile compounds, the issue of storage does not seem to
be so important because the compounds are often secreted at the tip
of the trichome, where they accumulate in the form of droplets.
These can often be seen dripping along the stalk of the trichome. So
far, the only transporters identified that are involved in this type of
processes are NpPDRI1 (Nicotiana plumbaginifolia) and its homo-
logue NtPDRI1 (from Nicotiana tabacum), which are ABC-cassette
type transporters. They can transport diterpenes, particularly those
that are produced in the glandular trichomes of these Nicotiana
species (Stukkens ez al., 2005; Crouzet ez al., 2013; Pierman ez al.,
2017). Furthermore, the ATPase activity of NtPDR1 was also
shown to be stimulated by capsidiol (a sesquiterpene phytoalexin),
and NtPDRI expression, normally restricted to the glandular
trichomes, is induced in the leaves upon treatment with methyl
jasmonate (Pierman ez /., 2017). This indicates that NtPDR1 is
likely to transport diterpenes as well as sesquiterpenoids. This
promiscuity, the genetic redundancy of ABC transporters, and the
notorious difficulty in expressing them in heterologous systems still
constitute important obstacles to the functional characterization of
this important class of transporters.

V. Development and gene regulation

1. Knowledge on the development of nonglandular
trichomes in Arabidopsis

The most detailed knowledge of trichomes comes from the
development of single-celled, nonglandular trichomes in the model
plant A. thaliana, which has no glandular trichomes; for example,
see Pattanaik ez /. (2014) for a recent review. These trichomes are
evenly distributed on the leaf. The current model entails a set of
transcription factors that act as positive regulators of trichome
formation, a set of transcription factors that act as negative
regulators, several regulators upstream of these two groups of
regulators, and several components acting downstream (Pesch
et al., 2014; Robinson & Roeder, 2015; Tian et al., 2017). The
three transcription factors that act as a positive module are a basic
helix—loop—helix (b HLH), a WD-40, and an R2R3-MYB protein;
respectively, GLABRA3 (GL3) or its redundant partner
ENHANCER OF GLABRA3, TRANSPARENT TESTA
GLABRA1 (TTG1), and GLABRAI1 (GL1). This module is
expressed in epidermal cells, where it activates the expression of a
second module consisting of several R3-MYB repressors (e.g. TRY,
TCL1, and CPC) that move out of the differentiating epidermal
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cells that will become a trichome to neighboring epidermal cells.
This second module will, in these neighboring cells, outcompete
GLI and, together with GL3 and TTG, form an inactive complex
to prevent these epidermal cells becoming trichomes. GL1 and
GL3 are cell autonomous, but TTGI is not, and TTG1 is kept in
the initiated trichome cells through interaction with GL3. Two of
the R3-MYB repressors are regulated by NTL8, an NAC
transcription factor (Tian et al, 2017). The active bHLH-
WD40-MYB complex activates several homeodomain (HD-ZIP
class IV) transcription factors; for example, GL2. Several C2H2
zinc finger protein transcription factor genes, including
GLABROUS INFLORESCENCE STEMS (GIS) controlling GL1
and GL3 of the core bLHLH-WD40-MYB, have also been identified
(Gan etal.,2006; Zhou et al.,2011; Sun et al., 2015). Furthermore,
as Arabidopsis trichomes are polyploid, many trichome mutants
have been identified in genes involved in endoreduplication (Ishida
et al., 2008; Sun ez al., 2013; Héllskamp, 2019).

Recent findings also point to a role for microRNAs (miRNAs)
and epitranscriptomic marks in regulating trichome development
in Arabidopsis. Yu et al. (2010) showed that the miRNA156-
targeted SQUAMOSA PROMOTER BINDING PROTEIN
LIKE9 (SPL9) can activate the expression of two R3-MYB
repressors (TCL1 and TRY1). They established a link between the
transition to flowering stage and altered trichome patterning, as
expression of miRNA156 decreases as the plant ages. Plants
overexpressing miRNA156 developed ectopic trichomes on stems
and floral organs of Arabidopsis plants. miRNA171-targeted
LOST MERISTEMS proteins interact with SPL proteins to
regulate their activity (Xue ez al, 2014). miRNA156 and
miRNA171 seem to function antagonistically in regulating age-
dependent trichome formation. Interestingly, another develop-
mental timer, miRNA172, is involved in the appearance of abaxial
trichomes that only appear after the sixth leaf is produced. Together
with the leaf polarity regulator KANADII and the miRNA172-
targeted APETALA2 (AP2), it regulates the expression of GL1 (L.
Wang et al., 2019). Three recent papers show that correct
methylation of the N6 position of adenosine (mCA) is important
for the morphology of trichomes in Arabidopsis, as mutants in
decoding this epitranscriptomic mark show aberrant trichome
branching (Arribas-Hernandez ez al., 2018; Scutenaire et al., 2018;
Wei et al., 2018). Finally, histone acyltransferases also play a role in
trichome branching and initiation (Kotak er 4/, 2018; T. Wang
et al., 2019).

2. Development of glandular trichomes in tomato

By contrast, knowledge of the development of glandular trichomes
is very limited. In spite of the fact that they produce very interesting
and important metabolites, the genetic components steering their
development have not been well studied. Most attention has
focused on the biosynthetic pathways leading to the production of
these, sometimes very important, specialized metabolites. What we
know about glandular trichome development is mostly from work
on Artemisia, tobacco, and tomato.

The trichomes of Solanum species have been studied in detail,
not least because of their role in herbivore resistance. The
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morphology of the Solanum spp. trichomes was originally
described by Luckwill (1943) and later refined by Channarayappa
et al. (1992). Typically, eight different trichome types are
distinguished, of which types I, IV, VI, and VII are glandular and
types 11, III, V, and VIII nonglandular (Fig. 4). Of the glandular
trichomes, types I and IV are capitate, whereas types VIand VIl are
schizogenous (see eatlier). The glandular trichome types differ in
number of stalk and secretory cells, as well as in their chemical
contents — for a review, see Glas ¢z /. (2012). For instance types |
and IV glandular trichomes are the main production sites of
acylsugars (McDowell et al., 2011; Li ez al., 2014). The type VII
trichomes may make certain alkaloids in the wild tomato
S. habrochaites (McDowell et al., 2011). Using a variety of cell
imaging techniques, the anatomy and developmental stages of
type VI trichomes in the cultivated tomato (S. fycopersicum) and
S. habrochaites have recently been studied (Bergau ez al., 2015).
They consist of a stalk cell, an intermediate cell, and four glandular
cells that are all connected to the intermediate cell. There is an
intercellular space between the four glandular cells for storage of
specialized metabolites thatis significantly larger in the wild species.

Acylsugars

Terpenes

Mixta-like

Fig. 4 Model for the regulation of type | and type VI glandular trichome
development in cultivated tomato. The trichomes are an artistic impression
and not scaled to size. The transcription factors Hair and Woolly physically
interact and are both necessary for the development of the two types of
glandular trichomes. Woolly regulates the expression of the SICyclinB2 gene
(CycB2), which is important for type | glandular trichome development and
potentially also for type VI. The transcription factor MIXTA-like | not only
regulates cuticle deposition but has also been shown to be involved in the
initiation of type I glandular trichomes. SIMYC1 is involved in both
controlling the development of type VI glandular trichomes and regulating
terpene synthasesin the glandular cells. The R3-MYB SITRY has been shown
to inhibit trichome formation in Arabidopsis and probably acts similarly in
tomato by moving from the initial trichome cell to the neighboring epidermal
cell to maintain its identity. Hairless, encoding a subunit of a regulatory
complex that controls the nucleation of actin filaments that s essential for the
proper development of the two types glandular trichomes, acts most likely
downstream of the transcription factors and is not depicted.
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Genes important for the development of typel glandular
trichome development have been identified by characterizing
spontaneous mutations in tomato. These typel glandular tri-
chomes have a multicellular base, a long multicellular stalk, and a
small single glandular cell. The Woolly (Wo) gene was identified
using classical mapping (Yang ez @/, 2011b) and shown to be an
HD-ZIP protein, a homeodomain transcription factor, with high
similarity to GL2 of Arabidopsis. Wo regulates the expression of the
tomato CyclinB2 gene, SICycB2, and RNA interference (RNAI)
lines of S/CycB2 have fewer typel trichomes but more type V
nonglandular trichomes, which become branched (Yang ez al,
2011a,b). A careful analysis of the Woo/ly mutant in the tomato cv
Micro-Tom showed that its effects are dependent on the develop-
mental stage, with more type IV glandular trichomes in the juvenile
stage and more typeV trichomes later during development
(Vendemiatti et al., 2017). In ‘Micro-Tom’, which is a brassinos-
teroid mutant (Marti et al., 2006; Campos ¢t al., 2010), the Wo
mutation leads to increased formation of the nonglandular types I11
and V and to less type VI glandular trichomes (Vendemiatti ez 4/,
2017). Genome-wide association studies combined with map-
based cloning led to the discovery that Hair, a C2H2 zinc-finger
protein, is also involved in the initiation of type I trichomes (Chang
et al., 2018). Interestingly also, the density of type VI glandular
trichomes was lower in the Aair mutant. Crossing the Aair mutant
with the Wo mutant led to the conclusion that Hair might act
downstream of Woolly. Conversely, biochemical studies showed
that Hair can physically interact with Woolly (Chang ez al., 2018).
In addition, through mapping and identification of the Hairless
gene, which encodes a subunit of WAVE regulatory complex that
controls the nucleation of actin filaments, it has become clear that
actin plays a role in the development of not only type I glandular
trichomes but also in several other types, including type VI
trichomes (Kang ez al., 2010, 2016). Interestingly, hairless mutants
are deficient in the production of sesquiterpenoids and flavonoids
but not of monoterpenoids (Kang ez al., 2016). This suggests that,
in addition to its role in trichome development, the WAVE
complex also plays arole in the regulation of specialized metabolism
in glandular trichomes (Kang ¢t a/., 2016; Stratmann & Bequette,
2016).

Other tomato trichome mutants that require further character-
ization are Lanatawith a Woolly-like phenotype on chromosome 3
(https://tgrc.ucdavis.edu/Images/In"g,-t,-up-cv.jpg), dialytic on
chromosome 8, and odorless-2 on chromosome 11 (Kang ez al.,
2010; Chang et al., 2016; Vendemiatti ez al., 2017). The dialytic
multicellular trichomes are shorter than wild-type, quite often with
two parallel cells on the stalk, whereas the odorless-2 plants have
type I trichomes that do not taper to the tip and type VI trichomes
with smaller heads.

Specifically for type VI glandular trichomes, only a few genes
have been identified. Interestingly, disturbances in trichome
metabolism, either in flavonoid biosynthesis in the anthocyanin
free (af’) mutant (see earlier) or in volatile terpene biosynthesis in a
DXS2-silenced line (1-deoxy-D-xylulose 5-phosphate synthase) led
to changes in the density of type VI glandular trichomes (Paetzold
et al., 2010; Kang e al., 2014). The af mutant had a type VI
glandular trichome density that was only 30% of the wild-type and
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had smaller glandular cells, whereas downregulation of DXS2led to
50% more type VI glandular trichomes than in wild-type plants
with a similar phenotype. Clear explanations as to how, intrigu-
ingly, these disturbances in metabolism cause fewer or more type VI
glandular trichomes to initiate and develop are not yet available.

Most recently, it has been discovered that the bHLH transcrip-
tion factor SIMYCI1 is essential for the development of type VI
glandular trichomes, as knockouts of SIMYC1 (slmycl) have none
(Xu etal., 2018). Interestingly, downregulation of SIMYC1 led not
only to lower densities of type VI glandular trichomes but also to
smaller stalks and glandular cells. Concomitantly, downregulation
of SIMYC1led to more type IV glandular trichomes on the stems of
younger plants, whereas more type VII-like glandular trichomes
appeared on older plants. This type-VII-like trichome has a similar
morphology to that of the type VII glandular trichomes, but it
stood right up instead of bending downward at an angle of ¢. 45°.
Further investigations are necessary to determine if this is not a
modified type VI glandular trichome, as also appeared in the simycl
mutant. However, the density of the type-VII-like trichomes in the
SIMYCI knockdown or knockout lines is not similar to that of the
type VI glandular trichomes, indicating that this might not be the
case (Xu et al., 2018). One avenue of investigation could be the
short glandular trichomes in tobacco, which are analogous to the
tomato type VII andsecrete the small peptides phylloplanins
(Shepherd ez al., 2005; Kroumova ez al., 2007, 2013; Shepherd &
Wagner, 2007).

Also, very recently, the role of MIXTA-like proteins in the
formation of trichomes in tomato has been investigated as MIXTA
(MYB transcription factors) can control outgrowth formation of
epidermal cells (Glover ez al, 1998; Serna & Martin, 20006;
Lashbrooke ez al., 2015). Ectopic expression led to more type I
trichomes in tomato, and RNAI plants had fewer type I trichomes
(Ewas er al., 2016); but pleiotropic effects were also observed, such
as a thicker and thinner leaves, respectively. Ectopic expression of
SIMixta also led to modified type III trichomes, whereas type VII
trichomes were absent in RNAI lines (Ewas ez /., 2017).

3. Potential models for glandular trichome formation in
tomato

Other studies using the cauliflower mosaic virus (CaMV) 35S
promoter to drive the expression of Woolly or Hair in transgenic
tomato or tobacco plants, respectively, showed that this sufficed to
increase trichome densities (Yang ez al., 2011b; Chang ezal., 2018).
For SIMYCI, such studies have not been published. Since no
precise studies have been done to determine whether the newly
developing trichomes are phenotypically and metabolically iden-
tical to the original trichomes it is difficult to conclude that these
transcription factors really suffice to induce their complete
development. Collectively, these data lead us to believe that, in
tomato, for the development of type I glandular trichomes the three
transcription factors Woolly, Hair, and Mixta-like are necessary,
whereas Woolly, Hair, and Mycl are necessary for type VI
glandular trichome development (Fig. 4). The Wooly HD-ZIP
protein interacts with the Hair C2H2 protein with CyclinB2 acting
downstream. Whether this points to analogous or different
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complexes in Arabidopsis remains to be seen, the latter being more
likely as already in Arabis alpine, a related crucifer species of
Arabidopsis, a very different gene regulatory network for nonglan-
dular trichome development exists (Chopra et al., 2019). We
simply do not know enough about the interactions between the
tomato proteins at this point, but a model with bBHLH, a WD-40,
and an R2R3-MYB protein with downstream HD-ZIP and C2H2
proteins remains possible. However, this complex might be made
up of different partners for each glandular and nonglandular
trichome type. The tomato TRY orthologue also inhibits trichome
formation in neighboring cells in Arabidopsis, indicating that part
of the complex might be conserved in tomato (Tominaga-Wada
etal.,2013). One of the major challenges will be to identify players
downstream of these transcription factors that are actually involved
in the different stages of the developmental processes such as the
development of the intermediate cell and the glandular cells as in
detail described for type VI glandular trichomes (Bergau et al,
2015). This would require either identification and characteriza-
tion of mutant trichomes with particular morphological defects,
such as stalks without glandular heads, or genomic approaches with
the current mutants.

4. Trichome diversity and density in tomato

The tomato wild species Solanum pennellii and  Solanum
galapagense have a high density of type IV trichomes, endowing
these species with high levels of acylsugars; this protects the plants
both via their toxicity and their stickiness, thereby trapping and
immobilizing the insects (Mirnezhad et al., 2010; Vosman et al.,
2019). Introgressing these traits from these wild species into
cultivated tomato requires detailed knowledge of the genes
involved, which can be identified in recombinant populations by
quantitative trait locus (QTL) mapping. Recently, a locus on
chromosome 2 was found to be strongly associated with the
production of acylsugars and type IV trichomes in S. galapagense
(Firdaus et /., 2013; Lucatti et al., 2013; Vosman et al., 2019). In
another recent study, a phenotypic screen on S. pennellii introgres-
sion lines based on scanning electron microscopy identified
genomic loci involved in controlling trichome densities, including
some on chromosome 2 (Galdon-Armero et al., 2019).

Another aspect is the shape and the metabolic capacity of the
glands of type VI glandular trichomes in different Solanum species.
Solanum habrochaites, for example, can accumulate 100 times more
terpenoids in its type VI trichomes than cultivated tomato (Balcke
etal.,2017). One reason for this is the shape of the trichomes, which
are round in the wild species and have a four-leaf clover shape in
S. lycopersicum. This difference in shape correlates with the size of
the intercellular storage cavity where these metabolites are stored
(Bergau ez al., 2015). By phenotyping and genotyping a back-cross
population between S. habrochaites LA1777 and S. lycopersicum
Wval06, two major QTLs on chromosomes 1 and 7 controlling
the shape and the size of this cavity were identified (Bennewitz ez al.,
2018).

Whereas Arabidopsis has only one type of trichome, plants with
glandular trichomes typically have several trichome types, includ-
ing nonglandular and glandular, but also different types within
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those classes. Tomato, with its eight distinct types of trichomes, is
particularly well suited to study not only the presence and
development of different types of trichomes, but also complex
traits such as trichome density and the diversity of different
trichomes on different tissues or organs, such as the stem and the
adaxial and abaxial sides of leaves, during different life stages of the
plant. This diversity comes with vastly increased complexity in
terms of the distribution of the different types on the leaves, stems,
and flowers, but also in terms of ‘competition’ between these
trichome types. Work by Vendemiatti ez al. (2017) showed that the
type IV glandular trichomes are the only trichomes present on
cotyledons in cultivated tomato, and in cv Micro-Tom they are also
present in low densities on the abaxial side of the second juvenile
leaf. Leaves formed subsequently have types I, I1I, V, VI, and VIl in
different densities not only on the different leaves but also on the
adaxial and abaxial sides. Overexpression of miR156, which in
Arabidopsis is involved in age-dependent trichome formation (see
earlier), leads to the development of type IV glandular trichomes on
both adult leaf surfaces (Vendemiatti ez al., 2017), indicating not
only that this is a juvenile trait but also supporting an analogous
function of this miRNA in tomato. Interestingly, type IV glandular
trichomes are also present on stems of cultivated tomato, and their
density increases in young plants when SIMYCI is downregulated
but not in older plants (Xu ez al, 2018). Also, within
S. lycopersicum, our own observations indicate that in some
genotypes the type VI trichomes can be relatively homogeneously
distributed onto the leaf surface but in others they are restricted to
the veins (M. Devi and A. Tissier, unpublished results). Generally,
these studies and observations raise questions about the determin-
ism of differentiation of epidermal cells: which factors determine
which type of trichome differentiate and where? Are there types of
trichomes that have common initiation phases in their develop-
ment but that then diverge after a certain stage?

5. Transcriptional regulation of trichome biosynthesis genes

In A. annua, anumber of transcription factors were studied for their
capacity to regulate genes of the artemisinin pathway. For all of
these reported so far, overexpression, typically using the CaMV 35S
promoter, leads to increased expression of artemisinin biosynthesis
and consequently of artemisinin, whereas downregulation by gene
silencing has the opposite effect (Yu er al., 2012; Lu ez al., 2013;
Han ez al., 2014; Ji er al., 2014; Tan et al., 2015; F. Zhang ez al.,
2015; Jiang ez al., 2016; Shen ez al., 2016; Chen ez al., 2017; Lv
et al., 2019). These transcription factors include members of the
MYB, WRKY, bHLH, bZIP, and ERF families. There is
comparatively little information in other species. Only for terpene
biosynthesis in tomato has some progress been made by the
identification of SIEOT1 (Expression of Terpenoids1) and
SIWRKY73 as transactivators of promoters of terpene synthases,
but perturbations of these two genes to determine their effect iz
planta have not been done yet (Spyropoulou et al., 2014a,b).
Strikingly, the SIMYC1 that controls type VI glandular trichome
development also regulates the transcription of several terpene
synthases (Xu ezal., 2018). Using an elegant approach by expressing
a more stable SIMYC1 under the control of a promoter specific to
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type VI glandular trichomes, the authors showed that this directly
affects the transcripts levels of certain terpene synthases. This led to
different outcomes in leaves and stems, where type VI glandular
trichomes produce different blends of terpenes. Thus, SIMYC1
seems to have a function in both the development of the type VI
glandular trichomes and in the production of the major specialized
metabolites there, the terpenes.

6. Development of glandular trichomes in Artemisia and
tobacco

Unfortunately, in most studies mentioned thus far, trichome
density and morphology were not documented, so it is not possible
to know if the transcription factor 7z planta only affects transcrip-
tion of the artemisinin pathway or also alters the density of
trichomes or their development. In the case of AaWRKY1 and
AaMYC2, no effect on either density or development of trichomes
could be observed, and ectopic expression of AaMYBI or
Homeodomain protein I (AaHD1) was found to lead to higher
numbers of glandular trichomes (Matias-Hernandez ez al., 2017;
Yan ez al., 2017) whereas downregulation of the AP2 transcription
factor TAR1 leads to malformed trichomes (Tan ez 4/, 2015).
Additional ectopic expression and RNAi studies with AaMIXTAI
in Artemisia established its role in glandular trichome development
as well (Shi ez al, 2018). AaMIXTA1 interacts with the HD-ZIP
transcription factor AaHDS8, which acts upstream of AaHD1 (Yan
eral.,2018). In tobacco, the role of MIXTA was already tested quite
a while ago, with ectopic expression of MIXTA from Antirrhinum
majus leading to more glandular trichomes (Glover ez al., 1998;
Payne et al., 1999). Ectopic expression of a C2H2-zinc-finger
transcription factor, Nb6GIS, or the tomato Woollygene both lead to
more glandular trichomes in tobacco (Yang ez al., 2015; Liu ez al,
2018). Collectively, this indicates that, in tomato, tobacco, and
Artemisia, similar types of transcription factors control glandular
trichome initiation and development.

7. The role of hormones in initiating glandular trichome
development in tomato

For tomato it has become clear that jasmonic acid (JA) plays an
important role in the development of type VI glandular trichomes,
as mutants in JA biosynthesis or the JA-Ile receptor have fewer of
them (Li ez al., 2004; Yan ez al., 2013; Bosch ez al., 2014). Recently,
it was shown that SIMYCI1 is an essential component downstream
of JA, as JA cannot restore the formation of type VI trichomes in
slmycl mutant plants and it also cannot increase the size of the
smaller type VI trichomes in plants in which SIMYC1 was
downregulated (Xu ez al, 2018). Interestingly, the increase in
density of type VI glandular trichomes by application of exogenous
JA in tomato is larger in developing leaves than in fully developed
leaves (Chen ezal., 2018). Downregulation of two auxin-responsive
genes, SIAA15and SIARF3, in tomato indicates that these genes are
also important for (glandular) trichome development (Deng ez .,
2012; X. L. Zhang er al., 2015). For SIARF3, this might be
explained by the fact that its downregulation led to fewer epidermal
pavement cells, whereas downregulation of SIAA15 led to many
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pleiotropic effects. Interestingly, cytokinins might also play an
important role in controlling the density of type VI glandular
trichomes in tomato, as application of the cytokinin 6-benzy-
laminopurine led to much higher densities (Maes & Goossens,
2010).

VI. Conclusions and perspectives

The interest in glandular trichomes has steadily increased over the
years, especially since sequencing technologies now allow rapid
access to comprehensive genome and transcriptome information
from species that until recently had been considered nonmodel.
The sheer diversity of metabolites synthesized in glandular
trichomes will ensure that glandular trichomes will remain a
constant source of novel enzymes involved in specialized metabolic
pathways. However, in our opinion, the big challenges of the future
in glandular trichome research lie beyond the elucidation of
metabolite biosynthesis pathways. We identified three major areas:
(1) transport and its corollary storage; (2) the global metabolic
networks of glandular trichomes and how they support high
metabolic productivity; and (3) development and differentiation,
including factors that control the trichome landscape, in terms of
density, distribution, and diversity. All these areas will require long-
term fundamental work but also should open up opportunities for
applications in areas as diverse as metabolic engineering or
resistance against plant pests. For example, knowledge on transport
and storage processes as well as the metabolic network can be
transposed to other organisms, such as yeasts or microalgae, to
develop metabolic engineering strategies for valuable compounds.
Also, a detailed understanding of trichome development, in its
broadest meaning, can be the basis to develop crops with
customized glandular trichome landscapes tailored to provide
adequate defense against herbivore pests or pathogens. Implemen-
tation of such strategies will most certainly rely on genome editing
technologies. The repertoire of these is now expanding rapidly
beyond gene knockouts (Zhang ez al., 2019). Here, the ability, for
example, to introduce targeted mutations in a gene or to insert
promoter elements to alter the expression of a gene using sequences
from the same or closely related species will bypass the need to
introgress valuable traits from related wild germplasm using
traditional crossing and breeding. Given the complexity of the
trichome traits, which has prevented their application in traditional
breeding programs so far, precision breeding based on genome
editing will make such goals possible and, in addition, avoid the
negative effects of linkage drag.
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