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Abstract Trichomes, originating from epidermal cells,
are present on nearly all terrestrial plants. They exist in
diverse forms, are readily accessible, and serve as an
excellent model system for analyzing the molecular
mechanisms in plant cell differentiation, including cell fate
choices, cell cycle control, and cell morphogenesis. In
Arabidopsis, two regulatory models have been identified
that function in parallel in trichome formation; the acti-
vator—inhibitor model and the activator—depletion model.
Cotton fiber, a similar unicellular structure, is controlled by
some functional homologues of Arabidopsis trichome-
patterning genes. Multicellular trichomes, as in tobacco
and tomato, may form through a distinct pathway from
unicellular trichomes. Recent research has shown that cell
cycle control participates in trichome formation. In this
review, we summarize the molecular mechanisms involved
in the formation of unicellular and multicellular trichomes,
and discuss the integration of the cell cycle in its initiation
and morphogenesis.
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Introduction

Trichomes are easily accessible appendages originating

from the aerial epidermal cells of leaves, stems, and floral
organs in plants. Although not essential for plant growth,
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they serve a variety of important functions, e.g., protection
against insect and pathogen attack, reducing water loss, and
increasing tolerance to abiotic stress conditions, including
extreme temperatures and UV irradiation [1-5]. Further-
more, glandular trichomes provide chemical protection by
synthesizing and secreting specialized metabolites [6-8].
There are many types of trichomes characterized by their
morphology, location, and nature; they may be unicellular
or multicellular, branched or non-branched, glandular or
non-glandular. Although trichomes vary considerably in
morphology, the cells destined to become trichomes must
undergo similar transition from the mitotic cell cycle to an
endoreduplication cycle [9]. In Arabidopsis, trichomes are
typically unicellular structures and their formation in the
epidermis involves three different stages: cell fate deter-
mination, cellular specification, and morphogenesis [10].
The cells forming trichomes are specified, and while the
other epidermal cells continue to divide, trichome cells
enter a phase of four endoreduplication cycles, reaching an
average DNA content of 32C [11]. In contrast, multicel-
lular trichomes in tobacco and tomato are formed by a
change in the growth orientation of epidermal cells, which
divide and grow perpendicular to the leaf surface [12].

In the last two decades, molecular mechanisms involved
in the initiation and development of trichomes have been
investigated with the objective of analyzing factors con-
trolling cell fate and differentiation in plant cells. With the
availability of a large number of trichome-related mutants
in Arabidopsis, many key regulators controlling trichome
formation have been identified. The GLABROUSI (GLI)
gene, which encodes an R2R3 MYB transcription factor,
was the first to be cloned [13, 14], and a MYB/bHLH/
WD-repeat complex consisting of GL1, TRANSPARENT
TESTA GLABRA1 (TTG1), GLABRA3 (GL3), and
ENHANCER OF GLABRA3 (EGL3) was determined,
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providing significant insight into the genetic control of
unicellular trichome formation [15-18]. These regulators
also shed light on the regulation of cotton fiber formation.
For instance, GaMYB2, a homologue of GLI in cotton, can
induce fiber initiation in cotton and trichome formation in
Arabidopsis, respectively [19]. However, our knowledge of
the regulatory mechanisms in multicellular trichome for-
mation is much less known. Different developmental
events in unicellular and multicellular trichomes suggest
that the latter are likely controlled by different molecular
mechanisms. Moreover, genetic studies in tobacco, which
produce multicellular trichomes, support the view that
different types of trichomes are induced by distinct path-
ways [20, 21].

In recent years, it has become clear that cell cycle reg-
ulation plays a pivotal role in the differentiation of plant
structures. During trichome formation, many important
regulators participating in cell cycle control have been
cloned and characterized, e.g., SIAMESE (SIM), TRIPTY-
CHON (TRY), SICycB2, and the cell cycle-related factors
[22-24]. This review summarizes the research progress on
the molecular mechanisms in unicellular and multicellular
trichome formation, and the regulation of the cell cycle in
its initiation and morphogenesis.

Arabidopsis trichomes: a model of trichome
development and regulation

In Arabidopsis, trichomes are produced on nearly all the
aerial organs except for the hypocotyl and the cotyledons
[25]. Trichomes on rosette leaves are large single cells,
usually with three branches, and until now have been the
subject of research. The initiation of trichomes occurs at
the base of young leaves, in which all cells are potentially
equivalent to develop into trichomes [26], but trichomes
are spaced at a regular interval of three or four cells from
each other [10]. Trichome clusters are never observed in
leaf epidermis, implying that there must be a mechanism
regulating the spacing pattern. It is hypothesized that
the establishment of the trichome pattern is based on
the activator—inhibitor mechanism: initial epidermal cells
equivalently express trichome-promoting factors, which
can activate repressors but result in different cell fate in the
neighboring cells [27, 28]. Numerous trichome-related
mutants have enabled the identification of many trichome-
patterning genes, which can be divided into two types:
trichome-positive and trichome-negative regulators. The
positive regulators include the R2R3 MYB transcription
factor GLI and its functionally equivalent counterparts
WEREWOLF (WER) and MYB23, the bHLH factor GL3
and its close homolog EGL3 and the WD40-repeat factor
TTGI1 [14, 16, 18, 29, 30]. GL1 and TTG1 interact with
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GL3/EGL3, respectively, forming a MYB/bHLH/WD-
repeat complex [15] (Fig. 1). This regulatory complex
stimulates epidermal cells to differentiate into trichomes by
activating the expression of its downstream activators
GLABRA2 (GL2) and TRANSPARENT TESTA GLABRA2
(TTG2), which encodes a homeodomain-leucine zipper
(HD-Zip) and a WRKY transcription factor individually
[31-34] (Fig. 1). The negative regulators are represented
by six redundantly acting genes: CAPRICE (CPC), TRY,
ENHANCER OF TRY AND CPC 1 (ETCI), ETC2, ETC3
and TRICHOMELESSI (TCL1I), all of which encode single-
repeat R3 MYB proteins [23, 35-40] (Fig. 1). These small-
sized inhibitors can move laterally into neighboring cells
and compete with GL1 for binding to GL3/EGL3 [41],
forming an inactivating complex, which cannot promote
GL2 and TTG?2 expression, thereby inhibiting trichome fate
[15].

Analysis of the transcriptional regulation of these
patterning genes is very important for unfolding the
underlying mechanisms of trichome formation. It was
reported that GL1 and GL3 contain a DNA-binding
domain, respectively [42], and deletion of the DNA-bind-
ing domains completely represses the expression of their
downstream gene GL2, suggesting that GL2 may be posi-
tively regulated by them through DNA-protein binding
[42]. Thereafter, it was suggested that GL1 directly binds
to the promoters of GL2, TTG2, CPC, ETCI, and ETC3,
which corresponds to the finding that 77G2 is directly
regulated by GL1 [15, 32, 43] (Fig. 1). Simultaneously,
both TTG1 and GL3 were demonstrated to interact with the
promoters of TTG2, CPC, and ETCI [15, 31]. The acti-
vation of CPL3 and TRY promoters requires direct binding
of GL3 [44] (Fig. 1). More importantly, using the chro-
matin immunoprecipitation (ChIP)-chip method, some
novel direct targets of GL1 and GL3 were determined, i.e.,
MYCI and SCLS8 acting as transcription factors, and SIM
and RETINOBLASTOMA RELATEDI (RBRI), which are
involved in cell cycle regulation [44] (Fig. 1). These reg-
ulatory relationships suggest that these factors are major
downstream targets for the MYB/bHLH/WD-repeat com-
plex. Compared with the double-mutants g/2 and single
myb repressors, the glabrous phenotype in the gi2 single
mutants was partially rescued, indicating single MYB
genes may not act solely via GL2 [45]. SQUAMOSA
PROMOTER BINDING PROTEIN LIKE (SPL) promotes
TCLI and TRY expression by direct binding with their
promoters, which participate in temporal control of
trichome differentiation [46]. In addition to these rela-
tionships, the interaction network between the members of
the MYB/bHLH/WD-repeat complex was also investigated
in some studies. Neither GLI rescued the phenotype of gi3
mutant, nor GL3 the phenotype of g/l mutant, suggesting
that these two genes function at the same hierarchical level
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Fig. 1 Model of trichome cell fate determination in Arabidopsis.
GL3 physically interacts with GL1 and TTG1 separately, forming a
MYB/bHLH/WD-repeat complex. Three phytohormones (GA, CK,
and JA) participate in the control of trichome initiation. GA activates
the expression of ZFP5, and then ZFP5 induces GIS (C2H2)
expression (green arrows). In addition, ZFP8 (C2H2) and GIS2
(C2H2) are simultaneously activated by ZFP5 and CK (green
arrows). The transcription of GLI is enhanced by C2H2. JA regulates
trichome formation by degrading JAZ proteins and then abolishing
the interactions of JAZ proteins with bHLH and MYB factors (brown
inhibitory line). The MYB/bHLH/WD-repeat complex stimulates
trichome formation by activating the expression of its direct targets
(SIM and RBRI as cell cycle regulators, GL2 and TTG2 as
transcription factors, and CPC, TRY, ETCI, ETC2, ETC3, and
TCL] as inhibitors). SIM and RBRI induce trichome differentiation by

[47, 48]. TTGI can directly activate the GL3/GLI tran-
scription, indicating that 77GI may act upstream of GL3
and GLI [15] (Fig. 1). Moreover, GL3 was found to bind to
its own promoter and an auto-inhibition was shown for this
gene using co-transfection assays in protoplasts [31]
(Fig. 1). These findings further our understanding of the
activator—inhibitor mechanism of trichome formation.
The model described above cannot explain the para-
doxical genetic evidence that strong 77GI alleles exhibit
glabrous, whereas weak alleles trichome clusters pheno-
types, suggesting this gene functions as both a negative and
positive regulator [49]. The TTG1 protein has been shown
to move between epidermal cells of young Arabidopsis
leaves and bind to GL3 [26, 49]. Initially, all cells ubig-
uitously express TTGI, whereas the expression level was
dramatically decreased in the cells adjacent to the devel-
oping trichomes. Consequently, cells with high GL3/TTG1

repressing the expression of cell cycle-related genes, CYCD3;1 and
CYCBI;2, which triggers the transition of mitosis to endoreduplica-
tion cycles. How GL2 and TTG2 regulate trichome initiation remains
uncharacterized. Maybe they also control the expression of cell cycle-
related genes (CYC). Inhibitors (represented by the blue rectangle)
move to the neighboring cells and substitute GL1 in the complex,
resulting in the loss of the activation activity of CYCD3;l and
CYCBI;2 and then leading to mitosis. Note, TTG! acts upstream of
GL3 and GLI, and can activate their transcription (purple arrows); an
auto-inhibition was observed for GL3, which can bind to its own
promoter (red circle); TRY and TCLI also participate in the organ-
specific control of trichome formation (brown circle). Five phases
during cell cycle: M (mitosis), G1 (gap 1), S (synthesis), and G2 (gap 2),
endoreduplication (E)

levels are more competent, whereas their neighbors lacking
TTG1 are less competent for trichome cell fate determi-
nation [26]. Thus, an activator—depletion model for
trichome patterning was conceived based on the GL3-
dependent depletion of TTG1 in trichome neighboring
cells, and it may function in parallel to the activator—
inhibitor mechanism [49]. Balkunde et al. [50] further
studied the molecular basis of this trapping mechanism and
found that TTG1 mobility was regulated by GL3, and that
the trapping in different tissue layers depended on direct
interaction between them and recruitment in the nucleus.
Trichome formation is clearly a complicated but a pre-
cisely regulated biological process, which cannot be fully
explained by the two models discussed above. Moreover,
some observations pose new challenges and demand fur-
ther explanations. For example, it remains unclear why the
mutation in TRY results in trichome clusters and other
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inhibitors participate in trichome density control, and it
also remains unexplained which signals determine the
movement direction of these regulators between epidermal
cells. Furthermore, it is still not known how organ-specific
differences in trichome formation are achieved. Fortu-
nately, new findings shed additional light on trichome-
patterning mechanisms. Pesch and Hiilskamp [51] analyzed
the transcriptional regulation of TRY and identified a cis-
element in its promoter region required for the repression
of TRY auto-repression, revealing specific properties of this
gene for clustering regulation (Fig. 1). Wang et al. [40]
demonstrated that overexpression of 7CL/ can completely
suppress trichome initiation on all aerial organisms,
whereas loss-of-function mutation in this gene activates
unique, ectopic trichome formation on the inflorescence
stems and pedicels. Interestingly, the expression of GLI is
directly suppressed by TCLI through binding with its
promoter, indicating a novel regulatory loop and a new
insight into the organ-specific control in trichome pattern-
ing (Fig. 1) [40]. TCL2, which encodes a previously
uncharacterized single repeat MYB protein exhibiting
80 % amino acid identities with TCL1, negatively regu-
lates trichome formation like other single-repeat MYBs
[52]. Ectopic expression of TCL2 under the control of
TCLI promoter did not fully rescue the mutant phenotype
of tcll, suggesting that these two genes do not function
equivalently [52]. 1-Deoxy-d-xylulose-5-phosphate reduc-
toisomerase (DXR) plays an important role in trichome
formation in Arabidopsis [53], as the dxr mutant and
co-suppression of transgenic lines produced much less
trichomes. It was pointed out that DXR is a key enzyme
involved in the 2-C-methyl-derythritol-4-phosphate (MEP)
pathway [53]. Further studies showed that trichome initi-
ation-related genes (GLI, TTGI, TRY, and SPINDLY) and
phytohormones gibberellins (GAs) were also affected in
dxr mutant [53] and that GA was synthesized from
the plastidial geranyl-geranyl diphosphate precursor in the
MEP pathway. We thus inferred that DXR affects trichome
formation by regulating the synthesis of GA, which con-
trols trichome-patterning gene expression. Recently, an
amino acid substitution in both ETC2 and AtMYCI,
respectively, was identified, and was shown to be respon-
sible for trichome density variation in natural populations
[54, 55]. This suggests that much remains unknown in the
coding sequences of the patterning genes, which may not
be characterized merely by overexpression and suppression
of regulators. Surprisingly, new experiments have revealed
that epigenetic factors are also associated with trichome
density. In Mimulus guttatus, parental leaf damage can
induce increased trichome density in progeny by down-
regulating the expression of MYB MIXTA-like 8, which is
correlated with an epigenetic mechanism [56]. It would be
interesting to determine whether there is epigenetic
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regulation of trichome-patterning genes. Kryvych et al.
[57] and Lieckfeldt et al. [58] analyzed the gene-expression
profiles of Arabidopsis trichomes and identified some novel
genes involved in their initiation and development, indi-
cating that comprehensive transcriptional studies should
help us unfold new regulators of trichome formation.
Phytohormones, e.g., GAs, cytokinins (CKs), and
jasmonates (JAs), play important roles in plant growth and
development. However, not much is known of their roles in
the regulation of trichome formation. Application of GA
was first reported to stimulate trichome formation in the
glabrous GA-deficient mutant gal-3 [59, 60] and the GA
content was positively correlated with trichome branch
number in Arabidopsis [61]. Exogenous CK causes tri-
chome proliferation on the inflorescence stem, indicating
that CK also participates in trichome initiation [46].
However, stimulation of trichome initiation by GA is
inhibited by CK application, demonstrating important
interactions between them in trichome formation [62]. JA
and its derivative compounds function as key signaling
molecules in trichome formation and exogenous JA causes
an increase in the number of leaf trichomes in Arabidopsis
[63]. Interestingly, GA and JA have a synergistic effect on
trichome induction. Thus, these three phytohormones
positively regulate trichome initiation, whereas salicylic
acid had a negative effect on trichome production [63].
Despite these relationships, the molecular mechanisms by
which phytohormones control trichome formation still
remain elusive. It would be useful to determine whether the
effects of these phytohormones are mediated by regulating
the expression of the essential components of MYB/bHLH/
WD-repeat transcriptional complex. GLI was the first gene
which was shown to be up-regulated by GA [61]; its
transcription was repressed in GA-deficient mutant, but
activated by exogenous GA [64]. Moreover, the tran-
scription levels of GL3, TTG1, and TRY were also regulated
by GA. Both GA and CK are integrated by GLABROUS
INFLORESCENCE STEMS (GIS), GIS2, and ZINC FIN-
GER PROTEIN 8 (ZFPS8), all of which encode the C2H2
zinc-finger transcription factors with equivalent functions,
and they collectively control GLI transcription [65]. A new
zinc-finger protein, ZFP5, also acts as an activator in
controlling trichome production through GA signaling,
which functions upstream of GIS, GIS2, ZFPS, GLI, and
GL3 [66] (Fig. 1). In Arabidopsis, jasmonate ZIM-domain
proteins repress trichome formation by binding with GL3,
EGL3, and GLI, key partners of the activation complex
[67]. Also, JA participates in trichome initiation by
degrading JAZ proteins and then abolishing the inter-
actions of JAZ proteins with bHLH and MYB factors,
which activate the transcription of trichome activators [68]
(Fig. 1). In addition, GL3 coordinately promotes trichome
cell fate in response to JA with GLI [69]. These new
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findings extend our knowledge of the molecular mechanisms
in the phytohormone regulation of trichome formation.

Cotton fiber: another type of unicellular trichome
and its regulation

Cotton fibers, a useful material for the textile industry, are
single-celled structures originating from the ovule epider-
mis. Cotton fibers elongate via a linear growth model [70],
their developmental process consists of four overlapping
stages: initiation, elongation, secondary wall deposition,
and maturation. Molecular investigations of cotton fiber
formation have provided valuable data on our under-
standing of plant cell fate. Several transcription factors are
expressed in developing fibers, some of which display high
sequence identities with Arabidopsis trichome pattering
genes. For example, two R2R3 MYB genes GhMYBI and
GaMYB?2 with high sequence similarities to GLI, control
fiber cell determination [19, 70]. Ectopic expression of
either GhMYB1 or GaMYB2 under control of the GLI
promoter can restore trichome formation in g// mutant [19,
20]. The downstream gene of GaMYB2, cotton fiber-related
GhRDL, could activate trichome initiation in Arabidopsis
seed [71]. Two other MYB regulators, GhAMYB25 and
GhMYB25-like, have been reported, and suppression of
their expression in cotton results in reduction of fiber
number [72, 73]. An L1 box binding protein, GbMLI,
interacting with GbMYB25, was also identified to activate
cotton fiber initiation [74]. Moreover, two cotton genes
homologous to Arabidopsis TTGI rescue trichome pheno-
type when expressed in the fzg/ mutant of Arabidopsis,
indicating that they are functional homologues of TTGI
[75]. Functional homologues of GL2 have also been
reported in cotton. Three HD-ZIP transcriptional factors
(GaHOX1, GaHOX3 and GaHOX3) were cloned and
characterized in cotton and GaHOXI! could functionally
substitute GL2 when introduced into Arabidopsis [76].
Although no homologues of GL3 or EGL3 have been
identified in cotton fiber initiation, we speculate a tran-
scriptional complex similar to the MYB/bHLH/WD-repeat
complex in Arabidopsis in cotton. However, whether the
expression of GaHOX]I is regulated by the putative acti-
vating complex remains unknown. Unlike Arabidopsis, the
negative regulators like single-repeat R3 MYB transcrip-
tion factors have not been identified in cotton, and it is
unknown whether fiber cell fate depends on the activator—
inhibitor mechanism. Cotton PROTODERMAL FACTOR 1
(GbPDF1) is exclusively expressed in the L1 layer of many
tissues, encoding a putative extracellular proline-rich
protein [75], and GbPDF1 together with interaction part-
ners functions in cotton fiber initiation through its core
cis-element HDZIP2ATATHB?2 [77]. Further research is

needed to fully understand the molecular mechanisms in
cotton fiber formation.

Multicellular trichome formation and its regulation

The majority of flowering plants produce multicellular
trichomes, which undergo three processes: initial commit-
ment, expansion, and morphogenesis, with some similarity
to unicellular trichomes. The epidermal cells destined to
become multicellular trichomes first enlarge, and then
divide perpendicular to the epidermal surface with con-
tinued cell division [78] (Fig. 2). However, there is no
experimental evidence documenting the transition from
mitosis to endoreduplication in multicellular trichomes,
and little is known of the molecular mechanisms in their
initiation and development. Tobacco (Nicotiana tabacum)
produces short- and long-stalked multicellular trichomes,
and these two types of trichomes are produced by different
developmental programs [20]. MIXTA, an R2R3-type MYB
transcription factor controlling petal conical cell formation
in snapdragon (Antirrhinum majus), could trigger long-
stalked trichome formation when ectopically expressed in
tobacco [20], suggesting that conical cells and multicellular
trichomes share some common elements. Two homo-
logues of MIXTA, MYB MIXTA LIKE 1 (AmMYBMLI)
from snapdragon, and CotMYBA from cotton could also
promote multicellular trichome formation when overex-
pressed in tobacco [20, 79]. These results suggested that
unidentified MIXTA-like genes inducing multicellular
trichome formation likely exist in tobacco. Interestingly,
two MIXTA-like genes activating trichome differentiation
in woody nightshade (Solanum dulcamara) and petunia
(Petunia hybrida) have been characterized [21, 80]. As
these R2R3 MYB-related transcriptional regulators contain
the conserved DNA-binding domain similar to that of GL.1,
we presume that the molecular basis of trichome formation
in these species is similar to that in Arabidopsis and cotton.
However, over-expression of GLI in tobacco had no effect
on trichome formation [20]. In addition, ectopic expression
of MIXTA in Arabidopsis gll-1 mutant failed to restore the
trichome phenotype [20]. These data, together with the
absence of amino acid signature in MIXTA and MIXTA-
like proteins required for the interaction with GL3 and
EGL3, suggest that trichome formation in tobacco may not
be controlled by the MYB/bHLH/WD-repeat complex
[81]. This view is supported by the finding that over-
expression of a bHLH factor triggers excess trichomes
differentiation in Arabidopsis, whereas it has no effect in
tobacco and tomato (Solanum lycopersicum) [82].
Tomato produces seven types of trichomes, types I-VII,
and in tomato woolly mutant type I trichomes increase but
other types are not affected, indicating that this type of
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Fig. 2 Development process of multicellular trichome formation.
The formation process of multicellular trichomes is divided into three
different stages: cell fate determination, endoreduplication, and

trichomes develops via distinct regulatory pathways.
Woolly (Wo) gene encodes a homeodomain-leucine zipper
(HD-Zip) protein and contains a single point mutation [24].
Three alleles were identified at this locus, each of which
was with one amino acid replacement, e.g., Arg-to-Leu
substitution takes place in Wo™, Pro-to-Arg in Wo ™~ and
Ile-to-Thr in Wo™” [24]. As for ETC2 and AtMYC1, the
sites of the mutation in these alleles are highly conserved,
which possibly change the stability or activity of the pro-
teins [24]. The woolly phenotype was produced in CaMV
35S8::Wo transgenic plants and suppression of Wo expres-
sion by RNAi decreased the number of type I trichomes
[24]. As for MIXTA, the overexpression of Wo in Arabid-
opsis has no effect on trichome initiation. These molecular
data demonstrate that multicellular trichomes in tobacco
and tomato and unicellular trichomes in Arabidopsis and
cotton are not homologous structures and that their initia-
tions are controlled by different regulatory pathways. For
example, in Arabidopsis PROTODERMAL FACTOR2
(PDF2), which has 73 % amino acid sequence identity to
Wo, regulates shoot epidermal cell differentiation but not
trichome formation [83]. This suggests that during the
course of evolution, PDF2 and Wo acquired differential
biological functions. In angiosperm phylogeny, Arabidop-
sis and cotton belong to the Rosids, while tobacco,
snapdragon, and tomato belong to the Asterids. Ectopic
expression of the bHLH transcription factor LC from maize
induced ectopic trichome formation in Arabidopsis,
whereas it failed to do so in tobacco and tomato [84].
Phylogenetic analysis indicated that unicellular trichome-
related genes GLI and GaMYB?2 fall into one clade, and
multicellular trichome-related gene MIXTA and its homo-
logues, into another [81]. Therefore, we infer that
regulatory pathways for trichome formation in Rosids and
Asterids evolved independently. In another Rosid, poplar
(Populus euphratica), overexpression of PtaMYBI86,
which is correlated with a trichome initiation regulator
AtMYBI06 in Arabidopsis, increases trichome density [85],
and transformation of Arabidopsis GL3 into Brassica
napus induces trichome formation on seedling tissues [86].
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mitosis. The epidermal cells destined to become trichomes enlarge
first and then divide in line perpendicular to the epidermal surface in
the context of continuing cell division

Taken together, these molecular data demonstrate that
species in the Rosids share the common regulatory net-
work, but whether different species in Asterids do is
unknown. Different types of multicellular trichomes in
Asterids species may be controlled by distinct protein
complexes. As stated above, phytohormones modulate
unicellular trichome differentiation, but whether the
regulatory role of phytohormones in unicellular and mul-
ticellular trichome formation is conserved remains unclear.
Application of methyl jasmonate could promote the for-
mation of type VI trichomes in tomato [87], and the
jasmonic acid-insensitivel mutant in tomato showed
reduced trichome number, indicating JA participates in
multicellular trichome formation [88]. In addition, CK and
GA also promote trichome formation in tomato, however,
different types of trichomes are stimulated by different
hormones, without one triggering all types simultaneously.
For example, type VI trichome in tomato was specifically
activated by JA, and type VII by CK [87]. This is consis-
tent with the notion that in a species with several types of
trichomes, different trichome types are controlled by dif-
ferent pathways. Thus, phytohormones play similar
promoting roles in the initiation of multicellular trichomes
and may share common signaling channels in trichome
formation in Rosids and Asterids.

HD-Zip IV transcription factors in trichome formation

HD-Zip proteins are specific to the plant kingdom, with a
bZip motif immediately downstream of the HD domain
[89]. The former is involved in DNA binding and the latter
in protein—protein interactions [90]. Based on their struc-
tural characteristics and additional conserved domains,
these proteins are classified into four subgroups (HD-Zip
I-IV) and members of each subgroup participate in dif-
ferent biological processes [91]. HD-Zip I-III proteins
usually play significant roles in abiotic stress response,
auxin signaling, embryogenesis, and lateral organ initiation
[92]. In this review, we mainly focus on the HD-Zip IV
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proteins, the majority of which have an epidermis-specific
expression pattern [93], and they generally regulate the
processes related to epidermal cell differentiation, trichome
formation, and anthocyanin synthesis. In maize, outer cell
layer4 (OCL4) encodes a HD-Zip IV protein, which not
only inhibits trichome patterning in maize but also in
Arabidopsis [94]. GaHOX1, characterized by the four
conserved domains of the fourth subgroup, is a functional
homolog of GL2 in trichome initiation in cotton [76] and
shows high amino acid similarities with GbML, which also
participates in cotton fiber control [74]. Tomato Wo gene
encodes a HD-Zip protein containing a START motif and a
SAD domain, which is responsible for the woolly pheno-
type by activating type I trichome initiation [24]. All alleles
at this locus take place in their C terminus, suggesting that
this region hides important information for functions and is
consistent with the finding that an amino acid replacement
in the same region of CD2 results in functional defect [95].
Since there is a close relationship between HD-Zip IV
transcriptional factors and epidermal cell differentiation,
we consider HD-Zip IV as the common regulator for the
formation of unicellular and multicellular trichomes,
however, it is not known why the homologous genes are
involved in different pathways. During evolution, the four
highly conserved domains rarely change, suggesting that
diversiform function may lie in the altered part of these
genes. As HD-Zip IV members generally act as transcrip-
tion factors, it is reasonable to infer that they function
through binding with other partners and regulating their
downstream genes expression, and these putative partners
and targets may help us to construct the crosslink in dif-
ferent trichome patterning. SICycB2, which is similar to a
hypothetical B-type cyclin AT5G06270.1 in Arabidopsis,
works together with Wo through direct protein—protein
interaction in the regulation of the type I trichome forma-
tion in tomato [24]. Furthermore, the bZip domain is highly
conserved and responsible for the protein-protein interac-
tion, and therefore, we speculate that the interaction
between HD-Zip proteins and B type cyclins may be
conserved and exist broadly during trichome formation.

Cell cycle regulation in trichome formation

Plant tissue and organ differentiation is closely coordinated
with the production of different cell types, involving spe-
cific cell fates depending on their position and internal and
external signals in plants. Cell fate determination and
maintenance mainly lies in the control of the cell cycle, and
these processes are usually accompanied by the transition
from mitosis to endoreduplication, as evidenced for tri-
chome formation [96]. The number of trichome branches is
also positively correlated with the DNA content [97];

elevated ploidy levels result in more branches, whereas
reduced levels in fewer branches. Hence, we believe that
the basic mechanism for cell cycle control plays an
important role in both trichome initiation and branch
formation.

Many regulators have been identified for trichome pat-
terning, but whether these genes control trichome initiation
and development through regulating the cell cycle is not
known. It is noteworthy that two members of the regulatory
network discussed above, GL3 and TRY, also participate in
the regulation of branch formation. g/3 mutants produce
trichomes with reduced branches, whereas ¢ry mutants have
multi-branch trichomes [10, 41]. This suggests that these
two trichome-patterning genes possess dual functions of
trichome initiation and branching. In our view, there is a
direct relationship between patterning genes and the
endoreduplication cycle. A putative plant-specific CDK
inhibitor, SIM, inhibits the switch from mitosis to endore-
duplication [98] and in sim mutants in Arabidopsis
multicellular trichomes are formed with fewer leaf tric-
homes [99]. Also, mitosis has an opposite effect on the
trichome-cell number compared with trichome number,
i.e., increased mitotic cycle inhibits trichome initiation and
activates the formation of multicellular trichome. Grebe
[100] inferred that the inhibition of trichome initiation in
Arabidopsis with increased mitosis results from the acti-
vating complex not reaching the threshold level to promote
trichome cell fate. However, since the cells chosen to be
trichomes must exit mitosis and enter the endoreduplica-
tion cycle, we consider that the enhancement of mitosis in
epidermis may interfere with the exit from mitosis and
trichome cell fate determination. This is consistent with the
observation that the ectopic expression of an endoredupli-
cation activator CCS52A1 triggers some trichome-like
structures in gl2gl3 mutants [101], and the loss-of-function
mutations in CCS52A1 enhance the phenotype of sim
mutants [102]. Since cell-cycle control acts as downstream
targets of the regulatory complex of trichome cell fate and
morphogenesis we speculate that this complex induces
trichome differentiation by directly or indirectly control-
ling the expression of some cell cycle-related factors.
Based on ChIP experiments, it was indicated that SIM and
RBR1 may be the direct targets of two trichome patterning
genes GLI and GL3 through DNA—protein interaction [44]
and function-defect mutation in RBR with increased
endoreduplication cycles resulted in the formation of multi-
branch trichomes [103]. These data provide a direct link
between the MYB/bHLH/WD-repeat complex and cell
cycle in trichome formation.

Plant cell morphogenesis is determined by the precisely
regulated expansion of the cell wall and direction of cell
growth, and depends mainly on the cytoskeleton. In Ara-
bidopsis, trichomes are characterized by special cell shapes
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with three branches, and the incipient trichomes succes-
sively undergo four endoreduplication cycles. Trichome
branching is coordinated by genes classified into two types
based on their different regulatory roles, one type partici-
pates in controlling the number of endoreduplication cycles
and thus the branch number, and the other affects branch
number without altering endoreduplication. Recent results
suggest that four independent pathways participate in
trichome branching, including endoreduplication, microtu-
bules, Golgi/transcription, as well as STI-dependent
processes [104]. The genes related with DNA levels, GL3,
TRY, SPY, KAKTUS (KAK), POLYCHOME (PYM), and
RASTAFARI (RFI), affect trichome branch number through
altering DNA levels [105, 106]. Since both GL3 and TRY
act as regulators in trichome initiation and branching, it is of
interest to determine whether the rest of these genes are
involved in the regulation of trichome patterning. KAK
encodes a HECT protein that specifically represses endo-
reduplication in trichomes through the degradation of
specific proteins by an ubiquitin system, implying that
ubiquitin-mediated protein degradation functions in tri-
chome branching [105]. Endoreduplication also plays an
important role in maintaining cell fate, as reduced endore-
duplication causes trichomes to lose their identity [101].
Cell-cycle progression is governed by many cyclin-
dependent kinases (CDKs) and the activity of CDKs is
associated with their binding activators and inhibitors
[107]. Cyclins, as essential activators of CDKs, exists
extensively in various species and are classified into many
distinct types based on their sequence similarities, which
regulate the transition between different phases of the cell
cycle. For example, B-type cyclins mainly control the
transition of G2-to-M, and D-type the G1-to-S transition
[9]. Cyclins not only activate CDKs but also contribute to
the substrate specificity of the CDK-cyclin complexes
[108]. Distinct CDK—cyclin complexes promote the onset
of DNA replication by phosphorylating their substrates at
the G2-to-M and G1-to-S transition points [108]. Although
many cell cycle regulators have been identified in the past
two decades, little is known of their roles in trichome
differentiation and development. The ectopic expression of
CYCLIN BI1;2, which encodes a B-type mitotic cyclin
controlling the G2-M transition, induces the formation of
multicellular trichomes in Arabidopsis [109]. Interestingly,
the sim mutants activate the additional expression of
CYCLIN BI;2, whereas wild-type trichomes do not, sug-
gesting that the expression of this gene is normally
inhibited by SIM [108] (Fig. 1). Also, specific expression
of the D-type cyclin CYCD3;1 in Arabidopsis trichomes
induced cell divisions, implying D-type cyclins function
similar to B-type cyclins in trichome formation [110]. In
addition, as cyclin D can be repressed by a paralog of SIM
from rice when expressed in yeast, this suggests that
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Fig. 3 Cell-cycle regulation during the process of multicellular
trichome formation. In tomato and some other species producing
multicellular trichomes, mitosis needs to be repressed and endoredu-
plication (E) needs to be activated during trichome cell fate
determination, and thereafter the protrichome cells will continue
several mitosis cycles, resulting in the formation of multicellular
forms. Mitosis is inhibited during trichome development, leading to
unicellular forms. There may be a similar regulatory model before
trichome initiation both in unicellular and multicellular trichome
formation, and the dimerization of HD-Zip proteins and B-type
cyclins (CycB) must play important roles in these processes

CYCD3;1 may be a second target of SIM [111] (Fig. 1).
Strikingly, a B-type cyclin SICycB2 was also characterized
in tomato multicellular trichome formation, which has no
obvious similarity with CYCLIN B1;2, but a 53 % sequence
identity with AT5G06270.1, a hypothetical B-type cyclin in
Arabidopsis [24]. This suggests that SICycB2 shows a sim-
ilar function to CYCLIN BI;2, but it is completely a novel
gene. Formation of multibranch type V-like trichomes in
SICycB2-RNAi transformants and increased trichome
numbers in woolly mutants suggests this gene participates in
trichome cell-fate determination and subsequent develop-
ment [24]. However, the function of AT5G06270.1 in
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Arabidopsis trichome formation remains unclear. Future
studies of SICycB2 and AT5G06270.1, which may be the
common factors in unicellular and multicellular trichome
formation, may provide us the potential direct link between
two different types of trichomes. Based on all these findings,
we conclude that in Arabidopsis, mitosis needs to be
inhibited and endoreduplication activated during trichome
cell fate determination, and that mitosis remains inhibited
during further development, leading to unicellular forms. In
tomato and other species that produce multicellular tric-
homes, there may be a similar regulatory model before
trichome initiation, but the pro-trichome cells continue
several mitotic cycles, resulting in the formation of multi-
cellular forms (Fig. 3).

In animals and yeast cells, it was reported that cyclin
degradation is essential for cell cycle progression [112].
Apcllp, an E3 ubiquitin ligase, can mediate the ubiquiti-
nation of B-type cyclin in vitro [113]. An ubiquitin-
conjugating enzyme Ubc4-APC/C can transfer several
ubiquitins to cyclin B [114]. Interestingly, the concentra-
tion of mitotic cyclins fluctuates throughout the cell cycle
[115]. These results demonstrate that cyclins are degraded
through the ubiquitin-dependent proteasome pathway.
However, little is known about the pathway of cyclin-
degradation in plants. KRP1, a cyclin-dependent kinase
inhibitor in Arabidopsis, regulates the G1-S transition, and
its degradation involves two ubiquitin protein ligases,
SCF%P2 and RKP [116]. Furthermore, some plant cyclins
contain a destruction box essential for the cyclin proteol-
ysis by the ubiquitin/proteasome pathway [117]. Thus, it is
reasonable to speculate that cyclins and CDKs in trichome
formation are also mediated by the same pathway.

Perspectives

The temporal and spatial control of the cell cycle is
essential for plant cell differentiation. Distinct cell types
arise from precursor cells and become committed to
specified cells during differentiation. Plant trichomes are
excellent model systems, which can provide valuable
information for understanding cell fate determination and
maintenance. Although many trichome-patterning genes
have been identified and two regulatory models have been
proposed, the new findings provide new challenges and
require further investigation. Also, the mechanisms by
which phytohormone signaling pathways are integrated
with the known regulators of trichome formation remain
unknown. It would be of interest to ascertain whether the
genes responsible for phytohormones synthesis and/or
signaling participate in trichome formation and whether
phytohormones play similar roles in unicellular and mul-
ticellular trichomes. It is clear that both unicellular and

multicellular trichomes cannot be formed without the cell
cycle control. Therefore, it will be very interesting to reveal
whether some cell cycle-related genes, e.g., AT5G06270 and
SICycB2, function as identical activators for different types
of trichomes. In addition, as members of HD-Zip IV trigger
trichome formation in different species, the sequence char-
acterization and the regulatory information of their four
conserved domains will help us determine the roles of dif-
ferent genes. Genetic studies have shown that HD-Zip IV
proteins usually function through activating their down-
stream target genes, and in this case, the ChIP analysis may
reveal the unknown targets. Further research is also required
to explain whether the protein—protein interaction between
HD-Zip IV proteins and CycBs is conserved in the regula-
tion of different types of trichomes.
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