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Abstract
Trichomes are specialized epidermal cells that act as barriers against biotic and abiotic stresses. Although the formation
of trichomes on hairy organs is well studied, the molecular mechanisms of trichome inhibition on smooth organs are
still largely unknown. Here, we demonstrate that the CINCINNATA (CIN)-like TEOSINTE BRANCHED1/CYCLOIDEA/PCF
(TCP) transcription factors inhibit the formation of trichomes on cotyledons in Arabidopsis (Arabidopsis thaliana). The
tcp2/3/4/5/10/13/17 septuple mutant produces cotyledons with ectopic trichomes on the adaxial sides. The expression
patterns of TCP genes are developmentally regulated during cotyledon development. TCP proteins directly interact with
GLABRA3 (GL3), a key component of the MYB transcription factor/basic helix–loop–helix domain protein/WD40-repeat
proteins (MYB–bHLH–WD40, MBW) complex essential for trichome formation, to interfere with the transactivation
activity of the MBW complex in cotyledons. TCPs also disrupt the MBW complex–R3 MYB negative feedback loop
by directly promoting the expression of R3 MYB genes, which enhance the repression of the MBW complex. Our
findings reveal a molecular framework in which TCPs suppress trichome formation on adaxial sides of cotyledons
by repressing the activity of the MBW complex at the protein level and the transcripts of R3 MYB genes at the
transcriptional level.

Introduction
Trichomes are specialized epidermis cells that act as physical
barriers against insect herbivores, photoinhibition, ultraviolet
light, and water loss (Hülskamp et al., 1994; Hauser, 2014).
Trichomes are varied in morphologies in highly organ-
specific and tissue-specific manners. As unicellular structures,
Arabidopsis (Arabidopsis thaliana) trichomes have been
used as ideal models to answer fundamental biological

questions, including those regarding cell fate determination
(Ishida et al., 2008). The presence and density of trichomes
on different organs varies considerably in Arabidopsis. The
adaxial surfaces of true leaves, cauline leaves, stems, and
sepals are densely covered with trichomes in general.
However, the abaxial surfaces of the first few true leaves,
cotyledons, hypocotyls, petals, stamens, and pistils always
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lack trichomes. The organ-specific developmental schedules
of trichomes suggest that the regulation of trichome cell
fate determination and differentiation in plants is compli-
cated. The Arabidopsis trichome cells are first specified from
an epidermal cell precursor and then undergo rounds of
endoreduplication to produce an elongated stalk and tri-
chome branches (Hülskamp et al., 1994). Genetic analysis
has identified many factors participating in leaf trichome ini-
tiation and patterning. Among them, the key factors form a
MYB transcription factor/basic helix–loop–helix domain
protein/WD40-repeat proteins (MYB–bHLH–WD40, MBW)
complex consisting of the R2R3 MYB-related transcription
factor GLABRA1 (GL1; Oppenheimer et al., 1991), the basic
helix–loop–helix transcription factor GL3 (Payne et al., 2000)
or ENHANCER OF GL3 (EGL3; Zhang et al., 2003), and the
WD40 protein TRANSPARENT TESTA GLABRA1 (TTG1;
Walker et al., 1999). The MBW complex directly activates
the expression of GL2 (Rerie et al., 1994), which encodes a
homodomain leucine zipper transcription factor essential
for trichome development. The gl1 and ttg1 single mutants
each exhibit severe deficiency in trichome initiation on leaf
surfaces, stems, and sepals (Oppenheimer et al., 1991;
Walker et al., 1999; Payne et al., 2000). The gl3 mutant only
produces a modest reduction in trichome number on leaf
surface (Payne et al., 2000) and the single egl3 mutant has
normal trichomes (Zhang et al., 2003). However, the dou-
ble mutant gl3 egl3 is completely hairless, demonstrating that
the two bHLH transcription factors function redundantly in
control of trichome formation in true leaves (Zhang et al.,
2003). However, because the cotyledons of wild-type
Arabidopsis have no trichomes, the glabrous phenotypes of
these mutants could not indicate the functions of these genes
in cotyledons. In addition to having or not having trichomes,
cotyledons have other differences in comparison to the true
leaves. For examples, cotyledons are initiated in embryo dur-
ing seed development, while the leaves are from shoot apical
meristem after seed germination. Cotyledons connect plant
embryogenesis and juvenile vegetative growth, and function
as storage organs of nutrients to support the early seedling
growth, while leaves are the major photosynthetic organs at
the later growth stage (Chandler, 2008). Also, cotyledons pro-
duce simpler vasculatures than the leaves (Meinke, 1992).
Although the regulation of trichome formation on the leaves
has been thoroughly illustrated, the molecular mechanisms
causing glabrous cotyledons are neglected.

The MBW complex is negatively regulated by repressors,
such as single-repeat R3 MYB transcription factors (Ishida
et al., 2008), DELLAs, and JASMONATE-ZIM DOMAINs
(JAZs; Qi et al., 2011, 2014). Single-repeat R3 MYB transcrip-
tion factors include CAPRICE (CPC; Wada et al., 1997);
TRIPTYCHON (TRY; Schellmann et al., 2002); ENHANCER
OF TRY AND CPC1, 2, 3 (ETC1, ETC2, and ETC3; Esch et al.,
2004; Kirik et al., 2004a, b; Tominaga et al., 2008); and
TRICHOMELESS1, 2 (TCL1 and TCL2; Wang et al., 2007; Gan
et al., 2011). R3-MYB repressors lack activation domains, and
have redundant functions in an organ-specific manner. The

single cyc mutant produces denser trichomes on true leaves.
The triple etc1 try cpc and etc3 try cpc mutants have clus-
tered trichomes on both true leaves and hypocotyls, while
cpc etc1 etc3 produces trichomes on pedicels. The quadruple
try cpc etc1 tcl1 mutant displays trichomes on siliques, and
the quintuple try cpc etc1 etc3 tcl1 mutant produces ectopic
trichomes on cotyledons (Wang et al., 2008). These findings
suggest that the R3 MYB proteins are required for suppress-
ing trichome formation in different glabrous organs.
However, the molecular mechanisms by which R3 MYB pro-
teins are regulated in glabrous organs to repress trichome
formation are not well understood.

TEOSINTE BRANCHED1/CYCLOIDEA/PCF (TCP) tran-
scription factors play central roles in many aspects of plant
development (Martı́n-Trillo and Cubas, 2010). TCP proteins
are conserved in the plant kingdom and are classified into
Classes I and II based on the conserved TCP domain
(Cubas et al., 1999; Supplemental Figure S1). Class II TCP
transcription factors are further divided into CINCINNATA
(CIN)-like TCPs and TB1/CYC-like TCPs. Arabidopsis CIN-
like TCPs include TCP2, TCP3, TCP4, TCP5, TCP10, TCP13,
TCP17, and TCP24, and play essential roles in leaf develop-
ment (Nath et al., 2003; Koyama et al., 2007, 2010, 2017;
Efroni et al., 2008, 2013; Guo et al., 2010; Martı́n-Trillo and
Cubas, 2010), thermomorphogenesis (Han et al., 2019;
Zhou et al., 2019), photomorphogenesis (Dong et al., 2019),
and other processes (Sarvepalli and Nath, 2011; Vadde
et al., 2018; Challa et al., 2019; Lan and Qin, 2020).
Overexpression of TCP4 causes a reduced number of tri-
chomes and trichome branches in Arabidopsis (Efroni
et al., 2008, 2013; Vadde et al., 2018, 2019). Recently, TCP4
has been reported to directly bind to the promoter regions
of TCL1 and TCL2 and activate their expression in repres-
sion of the trichome formation on early true leaves (Vadde
et al., 2019). Ectopic cotyledon trichomes have been ob-
served in Pro35S:miR319A tcp3/4/5/10/13 in which a
microRNA gene MIR319A targeting TCP2, TCP3, TCP4,
TCP10, and TCP24 was overexpressed in the tcp3/4/5/10/13
mutant (Koyama et al., 2010). However, the molecular
mechanisms of TCPs in control of trichome formation on
cotyledons are still elusive.

In this article, by generating high-order tcp mutants, we
discover that CIN-like TCP transcription factors play impor-
tant roles in inhibiting Arabidopsis cotyledon trichome for-
mation. The cotyledons of a septuple tcp2/3/4/5/10/13/17
mutant have ectopic trichomes on the adaxial sides of coty-
ledons. Biochemical and genetic analysis demonstrate that
TCPs negatively regulate the transactivation activity of the
MBW complex to repress GL2 expression by interacting with
GL3 at the protein level. We further show that TCPs directly
activate the expression of a group of trichome-negative reg-
ulators including CPC, ETC1, ETC3, and TCL2 in cotyledons
at the transcriptional level. We suggest that TCPs may use
different molecular mechanisms in suppressing trichome for-
mation on cotyledons.
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Results

CIN-like TCP transcription factors inhibit cotyledon
trichomes
TCP transcription factors have dosage-dependent and highly
redundant functions in regulating many aspects of plant de-
velopment (Nath et al., 2003; Koyama et al., 2007, 2010,
2017; Efroni et al., 2008, 2013; Guo et al., 2010; Martı́n-Trillo
and Cubas, 2010). To further reveal the important roles of
CIN-like TCPs, we generated high-order tcp mutants and
obtained a septuple tcp2/3/4/5/10/13/17 mutant (Figure 1A;
Supplemental Figure S1). We observed ectopic trichomes
produced on the adaxial sides of cotyledons in the tcp2/3/4/
5/10/13/17 septuple mutant (Figure 1A). To test whether
the loss of TCP functions could be responsible for the pro-
duction of cotyledon trichomes in tcp2/3/4/5/10/13/17, we
performed genetic complementation by generating
TCP4pro-TCP4-Flag and TCP10pro-TCP10-Flag constructs, in
which TCP4 or TCP10 genomic DNA was fused with a flag
tag and was driven by a 2,821-bp TCP4 or a 986-bp TCP10
promoter, respectively. We transformed either TCP4pro-
TCP4-Flag or TCP10pro-TCP10-Flag into tcp2/3/4/5/10/13/
17. The ectopic trichomes disappeared on the cotyledons of
tcp2/3/4/5/10/13/17 transformants with either TCP4pro-
TCP4-Flag (Figure 1, B and C) or TCP10pro-TCP10-Flag
(Figure 1, B and D), indicating that TCPs are very important
for suppressing the trichome formation on cotyledons.

To investigate the developmental stage at which the ec-
topic trichomes could be initiated on the adaxial sides of
cotyledons in tcp2/3/4/5/10/13/17, we first observed embry-
onic development of the septuple mutant. The results
showed that no trichomes were formed on the cotyledons
of tcp2/3/4/5/10/13/17 mutants during embryogenesis, and
the embryonic development of tcp2/3/4/5/10/13/17 dis-
played no obvious differences from that of the wild-type
control (Supplemental Figure S2). We then observed the
cotyledons after germination using scanning electronic mi-
croscopy. No trichome initiation was found on the cotyle-
dons of 3-d-old tcp2/3/4/5/10/13/17 mutants (Figure 1, E
and H). However, the trichome stalks emerged on the coty-
ledons of 4-d-old tcp2/3/4/5/10/13/17 mutants (Figure 1, F
and I). Mature trichomes with branches were formed on the
cotyledons of 6-d-old tcp2/3/4/5/10/13/17 mutants (Figure 1,
G and J). No trichomes were observed on the cotyledons of
wild-type controls (Figure 1, E–G). These ectopic trichomes
on the cotyledons of tcp2/3/4/5/10/13/17 mutants were
identical in appearance to those on true leaves (Figure 1J).
The mature trichomes carried three branches and exhibited
papillae on their surfaces (Figure 1J). These results indicate
that tcp2/3/4/5/10/13/17 mutants produce cotyledon tri-
chomes during cotyledon growth after germination.

To examine the possible different contributions of the
seven TCPs in the suppression of ectopic cotyledon tri-
chomes in tcp2/3/4/5/10/13/17 mutants, we crossed tcp2/3/
4/5/10/13/17 mutants with wild-type plants to segregate dif-
ferent combinations of tcp multiple mutants. The tcp4 single
mutant (Supplemental Figure S3B), tcp4/10 double mutant

(Supplemental Figure S3C), tcp3/4/10 triple mutant (Figure
S3D), and tcp3/4/5/10/13 quintuple mutant (Figure S3E) did
not produce ectopic trichomes on cotyledons, indicating
that the TCPs had highly redundant functions in inhibiting
trichomes on cotyledons. We further obtained different
combinations of tcp sextuple mutants. The tcp2/3/4/10/13/17
(Supplemental Figure S3F), tcp2/4/5/10/13/17 (Supplemental
Figure S3G), tcp2/3/4/5/13/17 (Figure 1K), and tcp3/4/5/10/
13/17 (Figure 1L) mutants did not generate ectopic tri-
chomes on cotyledons, but the cotyledons of the tcp2/3/4/5/
10/13 mutant (Figure 1M) exhibited trichomes, but the num-
ber was less than that of the septuple tcp2/3/4/5/10/13/17
mutant (Figure 1, A and B; Supplemental Figure S3H). This is
consistent with the observation of the ectopic cotyledon tri-
chomes of the tcp3/4/5/10/13 mutant transformed with
Pro35S-miR319A (Koyama et al., 2010). These results indicate
that the seven CIN-like TCPs contribute to the repression of
trichome formation on cotyledons and that the contribu-
tions may be variant.

TCP4 interacts with transcription factor GL3
in vitro and in vivo
To decipher the molecular mechanisms by which TCPs re-
press trichome formation in cotyledons after seed germina-
tion, we used TCP4 as a bait to screen an Arabidopsis
transcription factor library by yeast-two-hybrid assays (Ou
et al., 2011). As the full-length TCP4 self-activated the re-
porter genes, we split TCP4 near the TCP domain into
TCP4DC and TCP4DN. TCP4DC contains the TCP domain,
and was made by deleting the C-terminal 313 amino acid
(aa) residues. TCP4DN was obtained by deleting the N-ter-
minal 107 aa residues (Figure 2A). We found that GL3, a key
the basic helix-loop-helix (bHLH) transcription factor in the
MBW complex, interacted with TCP4DN in yeasts
(Figure 2B). As the EGL3 is a homolog of GL3 and the two
proteins share 475% similarity in aa sequence (Zhang et al.,
2003), and EGL3 showed no self-activation activity in yeasts,
we tested whether EGL3 could also interact with TCP4 using
the full-length EGL3 protein as a bait. The results showed
that EGL3 did not interact with TCP4 in yeasts (Figure 2B),
suggesting that GL3 and EGL3 may be divergent in functions
due to the dissimilarity in their sequences.

To determine whether TCP4 can interact with GL3 in
planta, we used the firefly luciferase complementation imag-
ing assays using the 35S promoter to drive both the C-ter-
minus of luciferase (cluc) fused with the miR319-resistant
mTCP4, or the GL3 protein fused with the N-terminus of lu-
ciferase (nluc; Figure 2C). The fluorescence was obviously
detected in the co-transformation of mTCP4 and GL3, but
not in the controls, suggesting that TCP4 interacted with
GL3 in vivo (Figure 2C). To further confirm the interaction,
we preformed the co-immunoprecipitation (Co-IP) assays by
co-expressing the flag-tagged mTCP4 and myc-tagged GL3
proteins using the transient expression system in Nicotiana
benthamiana. The results showed that TCP4 was clearly
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pulled down by GL3 protein (Figure 2D). These results indi-
cate that TCP4 interacted with GL3 in vivo.

To determine which region in GL3 could be required
for the interaction with TCP4, we first divided GL3 into
two parts near the bHLH domain as previously described

(Wang and Chen, 2008). GL3DC was made by deleting the
C-terminal region from 451 aa to the stop codon. GL3DN
containing the bHLH domain was obtained by deleting the
N-terminal region from 1 to 430 aa (Figure 2E). The yeast-
two-hybrid assays suggested that GL3DC interacted with

Figure 1 CIN-like TCP transcription factors participate in repressing cotyledon trichome formation. A, Six-day-old seedlings of wild-type and tcp2/
3/4/5/10/13/17 mutant plants. The red boxes indicate close-up views of the cotyledons. The ectopic trichomes are clearly produced on cotyledons
of tcp2/3/4/5/10/13/17 mutants. Bars = 1 mm. B–D, Images of the 6-d-old seedlings of the TCP4pro-TCP4-Flag (C) or TCP10pro-TCP10-Flag (D)
lines showing that TCP4 or TCP10 complements the ectopic trichomes on cotyledons of tcp2/3/4/5/10/13/17 (B). Bars = 1 mm. E–J, Scanning elec-
tronic micrographs of the cotyledon trichome cells of 3-, 4-, and 6-d-old wild-type plants (E–G) and tcp2/3/4/5/10/13/17 mutants (H–J). The red
arrows indicate the initiated trichome stalks on the 4-d-old tcp2/3/4/5/10/13/17 cotyledons I, Bars = 50 lm. K–M, CIN-like TCP transcription fac-
tors have redundant and different contributions to inhibiting trichome formation on cotyledons. The tcp2/3/4/5/10/13 sextuple mutant (M) pro-
duced fewer trichomes (red arrow) on cotyledons than the tcp2/3/4/5/10/13/17 septuple mutant, while the tcp2/3/4/5/13/17 (K) and tcp3/4/5/10/
13/17 (L) sextuple mutants displayed no trichomes on cotyledons. Bars = 1 mm.
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Figure 2 TCPs interacted with the bHLH transcription factor GL3. A, Schematic diagrams of TCP4 protein and truncated forms. The black rectan-
gles represent the TCP domain. B, The yeast-two-hybrid assays of GL3, EGL3, and TCP4 proteins. The transformed yeasts were spotted on selection
medium (SD–Leu–Trp–His) containing 5 mM 3-AT at dilutions of 10-, 100-, and 1,000-fold. The TCP4DN had weak self-activation activity in yeast,
so 5 mM 3-AT (3-amino-1, 2, 4-triazole) was used to inhibit the self-activation for the cotransformed yeasts using TCP4DN as the bait. The selec-
tion medium used for TCP4DC and EGL3 as baits did not contain 3-AT. AD, activation domain; DBD, DNA-binding domain. C, Firefly luciferase
complementation assay to test the interaction between TCP4 and GL3 in N. benthamiana. The miR319-resistant TCP4 protein was fused with
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TCP4DN, while GL3DN containing the bHLH domain could
not (Figure 2F). We further truncated GL3DC into GL3DC1
(from 1 to 250 aa) and GL3DC2 (from 244 to 452 aa). The
results showed that GL3DC2, but not GL3DC1, interacted
with TCP4DN (Figure 2F). These data demonstrate that
TCP4 interacts with GL3 and that the TCP domain of TCP4
and the bHLH domain of GL3 are dispensable for their
interaction.

To test whether the other members of CIN-like TCPs
could interact with GL3, we performed yeast-two-hybrid
assays using GL3 as the bait and CIN-like TCPs as the prey.
The results showed that all the eight CIN-like TCPs inter-
acted with GL3 (Figure 2G). These results are consistent
with the highly redundant function of CIN-like TCP in
repressing ectopic trichomes on cotyledons.

TCP4 and GL3 genes are developmentally regulated
and have overlapping expression patterns in
cotyledons
The phenotype of tcp2/3/4/5/10/13/17 and the interaction
between TCP4 and GL3 implied that the genes encoding
components of the MBW complex may also be expressed in
cotyledons, but that the activity of the complex could be re-
pressed by TCPs, causing glabrous cotyledons in wild-type
Arabidopsis. To test this hypothesis, we first investigated the
expression of GL1, GL3, TTG1, and EGL3 in cotyledons and
true leaves. The results showed that all four genes were
expressed in the cotyledons of 3-d-old and 6-d-old wild-type
plants (Figure 3A). We then examined the expression pat-
tern of GL3 in cotyledons by generating a GL3pro-GUS con-
struct, in which the GUS reporter gene was driven by a
2,135-bp-long GL3 promoter. Similar GUS staining patterns
were observed in eight independent transgenic GL3pro-GUS
lines. Detailed GUS analysis showed that GL3 was expressed
in whole cotyledons in the 3-d-old plants (Figure 3B).
Interestingly, as cotyledons grew, the GUS staining faded
away from the proximal to distal ends and from the central
to marginal areas of cotyledons (Figure 3, D, F, H, and J).
The expression of GL3 was mainly found in the marginal
areas of cotyledons in 6- and 7-d-old plants (Figure 3, H and
J).

We next investigated the expression pattern of TCP4 in
cotyledons. We generated TCP4pro-TCP4-GUS using a
2,821-bp-long TCP4 promoter to drive TCP4 genomic DNA
fused with the GUS reporter gene. Five TCP4pro-TCP4-GUS
transgenic lines displayed similar expression patterns over-
lapping with that of GL3 (Figure 3, B–K). Obvious GUS
activity was detected in the whole cotyledons of young
seedlings (Figure 3, C and E). Similar to the expression

pattern of GL3, the accumulation of TCP4 proteins was also
gradually restricted to the marginal areas of cotyledons as
cotyledons grew (Figure 3, B–K). The overlapping expression
patterns of TCP4 and GL3 in cotyledons further support the
interaction of TCP4 and GL3 and are consistent with the
development of ectopic trichomes at the marginal areas of
cotyledons in the tcp2/3/4/5/10/13/17 septuple mutants.

TCP4 disrupts the transactivation activity of the
GL1–GL3–TTG1 complex
To explore the significance of the interaction between TCP4
and GL3, we tested whether TCP4 could disrupt the
integrity of the GL1–GL3–TTG1 complex. We used the
Arabidopsis protoplast transient expression system to detect
the interaction kinetics between GL1 and GL3 based on
firefly luciferase complementation assays. The counts of
fluorescence detected per second were used to indicate the
strength of the interaction. We first generated GL3-nluc and
cluc-GL1 constructs in which GL3 or GL1 was fused with the
nluc or cluc and driven by CaMV 35S promoter, respectively.
The results showed that high levels of fluorescence were
detected in the co-transformation of GL3-nluc and cluc-GL1,
but not in the controls (Figure 4A). Interestingly, when the
construct 35Spro-mTCP4, in which the microRNA319-
resistant TCP4 gene was driven by the CaMV 35S promoter,
was co-expressed with GL3-nluc and cluc-GL1, the levels of
fluorescence were substantially decreased (Figure 4A),
suggesting that TCP4 disrupted the interaction between
GL1 and GL3.

To test whether the interference of the GL1 and GL3 in-
teraction by TCP4 affected the transactivation activity of
GL1–GL3–TTG1 complex, we used Arabidopsis protoplasts
to transiently express the reporter GL2pro-LUC, in which
the Luciferase (LUC) gene was driven by a promoter of the
GL2 gene, because GL2 is a direct target of GL1 and GL3 in
control of trichome formation. The results showed that co-
expression of 35Spro-GL3 and 35Spro-GL1 with GL2pro-LUC
could obviously activate LUC activity as previously described
(Qi et al., 2014; Figure 4B). Co-expression of the blank con-
struct or 35Spro-mTCP4 with the GL2pro-LUC reporter
could not activate LUC activity. However, when the 35Spro-
mTCP4 was co-expressed with 35Spro-GL3, 35Spro-GL1, and
GL2pro-LUC, the LUC activity was significantly decreased
(Figure 4B). These results suggested that the transcription
factor TCP4 might not directly regulate the expression
of GL2, but possibly disrupted the transactivation activity of
the MBW complex to repress the expression of GL2.

We then tested the expression level of GL2 in the cotyle-
dons of tcp2/3/4/5/10/13/17 mutants at different cotyledon

nLUC at its C-terminus and GL3 protein was fused with cLUC at its N-terminus. nLUC and cLUC fused with GAL4BD were used as negative
controls. D, Co-IP assay to confirm the interaction between TCP4 and GL3 in vivo. E, Schematic diagrams of GL3 protein and truncated forms.
The black rectangles in the schematic diagrams of GL3 represent the bHLH domain. F, Yeast-two-hybrid assays of truncated GL3 and TCP4. The
selection medium contained 5 mM 3-AT. G, Yeast-two-hybrid assays of GL3 and CIN-like TCPs (including TCP2, TCP3, TCP4, TCP5, TCP10,
TCP13, TCP17, and TCP24). GL3 was fused with the DNA-binding domain (DBD) as bait. The transformed yeasts were spotted on selection
medium (SD–Leu–Trp–His) containing 5 mM 3-AT at dilutions of 10-, 100-, and 1,000-fold.
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growth stages. The GL2 expression levels in the cotyledons
of tcp2/3/4/5/10/13/17 mutants were significantly higher
than those in wild-type controls after growing 6 d, consis-
tent with the observation that ectopic mature trichomes
started to appear in the cotyledons of the 6-d-old tcp2/3/4/
5/10/13/17 mutants (Figure 4C). These data demonstrate
that the transactivation activity of the MBW complex is
negatively regulated to suppress the fate of trichome cells in
Arabidopsis cotyledons via the interaction of TCP proteins
with GL3.

Because the cotyledons of wild-type Arabidopsis are gla-
brous, it is difficult to determine by mutant analysis whether
the signaling pathway of trichome formation exists in cotyle-
dons. The ectopic trichomes on the cotyledons of tcp2/3/4/
5/10/13/17 provide a good material for elucidating the tri-
chome formation pathway in cotyledons using genetic
analysis. We disrupted the key components of the signaling
pathways including GL1, GL3, and GL2 in the background of
tcp2/3/4/5/10/13/17, respectively. The results showed that
the deletions of large fragments of GL1 and GL3 genomic
regions caused early translation terminations of each protein
(Supplemental Figure S4). The octuple mutants gl1 tcp2/3/4/
5/10/13/17 (Figure 4E) and gl3 tcp2/3/4/5/10/13/17
(Figure 4F) produced no trichomes on cotyledons (Figure 4,
D–F). We also observed that gl2 tcp2/3/4/5/10/13/17 still
produced trichomes with no branches and in lower densities

when GL2 gene was mutated in different alleles
(Supplemental Figure S5). The abnormal and fewer tri-
chomes in gl2 tcp2/3/4/5/10/13/17 were consistent with
those observed in the true leaves of gl2 single mutant (Rerie
et al., 1994). These data indicate that the signaling pathway
of trichome formation exists in cotyledon and is required
for the ectopic trichomes on tcp2/3/4/5/10/13/17 cotyledons.

TCP4 directly promotes the expression of R3 MYB
genes
To further reveal the molecular mechanisms by which TCPs
repress cotyledon trichomes, we re-analyzed our previous
chromatin immunoprecipitation (ChIP)-seq data of TCP4
(Dong et al., 2019). Interestingly, we found that CPC, ETC1,
ETC3, and TCL2 were bound by TCP4 (Figure 5A). There
are seven R3 MYB proteins in Arabidopsis and they can be
classified into two groups according to the similarity of their
protein sequences (Gan et al., 2011; Wang and Chen, 2014).
TCL1, TCL2, ETC2, and TRY are clustered into one group,
ETC1, ETC3, and CPC are classified as the other group (Gan
et al., 2011; Wang and Chen, 2014; Supplemental Figure
S6A). The ChIP-seq data showed that TRY and ETC2 were
not bound by TCP4 in seedlings and there was only a weak
enrichment peak at the 50-untranslated region (UTR) regions
of TCL1 (Supplemental Figure S6B). As TCL1 gene is not
expressed in cotyledons (Gan et al., 2011), we focused on

Figure 3 TCP4 and the members of the MBW complex are expressed ubiquitously in cotyledons after germination. A, Relative expression levels
of GL1, GL3, TTG1, and EGL3 in 3- and 6-d-old wild-type cotyledons. The expression levels of corresponding genes in the fifth true leaves of 21-d-
old wild-type plants were set as 1. ACTIN8 was used as the reference gene. The data are the mean (±SE) of three biological replicates. B–K,
Expression patterns of GL3 and TCP4 in 3- to 6-d-old wild-type cotyledons with GUS histochemical staining. Bars = 200 lm. B and C, Expression
pattern of GL3 (B) and TCP4 (C) in 3-d-old cotyledons. D and E, Expression pattern of GL3 (D) and of TCP4 (E) in 4-d-old cotyledons. F and G,
Expression pattern of GL3 (F) and TCP4 (G) in 5-d-old cotyledons. H and I, Expression pattern of GL3 (H) and TCP4 (I) in 6-d-old cotyledons. J and
K, Expression pattern of GL3 (J) and TCP4 (K) in 7-d-old cotyledons.
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CPC, ETC1, ETC3, and TCL2 to detect whether they were
candidate targets of TCP4 in regulating trichome formation
on cotyledons.

We identified the potential TCP4-recognizing motif
GGACCA in the upstream regions of these genes
(Figure 5B). By performing ChIP-PCR assays using 5-d-old

Figure 4 TCP proteins disrupt the function of the MBW complex in repressing trichome formation on cotyledons. A, Firefly luciferase comple-
mentation assay showed that TCP4 interfered with the interaction between GL1 and GL3 in Arabidopsis protoplasts. The combinations are listed
at the upper right corner. The combinations including GAL4BD-nluc and cluc-GL1, GL3-nluc and cluc-GAL4BD, and GAL4BD-nluc and cluc-
GAL4BD were used as negative controls. The data are the means (±SE) of three biological replicates. B, The transient expression assay showed that
the activation of GL2 expression by GL1/GL3 was repressed by TCP4. The schematic diagram shows the constructs used in the transient expres-
sion assays. The GL2pro-LUC reporter was cotransformed with corresponding constructs. The data are the means (±SE) of four biological replicates.
The asterisks represent Student’s t test significance compared with GL1 + GL3. ***P50.001. C, The relative expression levels of GL2 in the 3- to 8-
d-old cotyledons of wild-type and tcp2/3/4/5/10/13/17 plants. The expression level of GL2 in 3-d-old wild-type cotyledons was set as one. ACTIN8
was used as the reference gene. The data are the means (±SE) of three biological replicates. The asterisks represent Student’s t test significance.
**P5 0.01; ***P5 0.001. D–F, The genetic complementation of ectopic trichome on cotyledons of tcp2/3/4/5/10/13/17 mutants by loss-of-func-
tion of GL1 or GL3. Cotyledons of 6-d-old gl1 tcp2/3/4/5/10/13/17 (E) and gl3 tcp2/3/4/5/10/13/17 (F) mutants were glabrous. White arrows indi-
cate the trichomes on tcp2/3/4/510/13/17 cotyledons (D). Bars = 500 lm.
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Figure 5 TCPs directly promote the expression levels of R3 MYB genes. A, Peak graphs showing the ChIP-seq raw reads at the potential TCP4-
bound gene loci using 4-d-old dark-grown wild-type and 35S-Myc-mTCP4 seedlings. The black bars indicate the genomic regions of the genes.
The blue arrows indicate the transcriptional directions. Thin bars = 500 bp. B, Schematic diagrams of the upstream regions of CPC, ETC1, ETC3,
and TCL2. The vertical lines indicate the potential TCP4-binding motif GGACCA. The black arrows represent the transcriptional start sites. CPC-I:
–2,675 to –2,670 bp; CPC-II: –746 to –741 bp; CPC-III: –736 to –731 bp; ETC1-I: –923 to –918 bp; ETC1-II: –794 to –789 bp; ETC1-III: –232 to –227
bp; ETC3-I: –900 to –895 bp; ETC3-II: –857 to –852 bp; TCL2-I: –1,985 to 1,980 bp; TCL2-II: –1,962 to 1,957 bp; TCL2-III: –892 to –877 bp. The blue
arrows indicate the primers used for ChIP-PCR assay. C, ChIP-PCR assays using 5-d-old whole wild-type or 35S-Myc-mTCP4 seedlings grown
under normal conditions. The promoter regions containing TCP4-binding motif were amplified with the primer pairs named as in Figure 5B
(blue arrows). The relative enrichment of the wild-type group was set to 1.0. The TA3 transposon locus was used as a negative control. The data
are the means (±SE) of three biological replicates. The asterisks indicate the Student’s t test significance. **P5 0.01; ***P5 0.001. D–G, The relative
expression levels of R3 MYB genes (D: ETC1; E: ETC3; F: CPC; G: TCL2) in 3- to 7-d-old cotyledons of wild-type and tcp2/3/4/5/10/13/17 plants. The
expression level of each gene in 3-d-old wild-type cotyledons was set as 1.0. ACTIN8 was used as the reference gene. The data are the means (±SE)
of three biological replicates. The asterisks indicate the Student’s t test significance. **P5 0.01; ***P5 0.001.
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seedlings, we further confirmed that TCP4 was significantly
enriched near these cis-elements (Figure 5C). We then tested
the expression levels of these genes in the cotyledons of
tcp2/3/4/5/10/13/17 septuple mutants and wild-type control.
The expression levels of CPC, ETC1, and ETC3 genes were
higher in young cotyledons and gradually decreased as coty-
ledons grew (Figure 5, D–F). Interestingly, the three genes
were significantly downregulated in the early developmental
stages in the cotyledons of tcp2/3/4/5/10/13/17 (Figure 5,
D–F). The other sub-clade TCL2 gene did not show decreas-
ing expression level in cotyledons as cotyledons grew, but
the expression level of TCL2 was also significantly downregu-
lated in the cotyledons of tcp2/3/4/5/10/13/17 (Figure 5G).
Both TRY and ETC2 were not significantly regulated in coty-
ledons of tcp2/3/4/5/10/13/17 (Supplemental Figure S6, C
and D), consistent with the finding that they were not tar-
geted by TCP4 in cotyledons (Supplemental Figure S6B).
These results suggested that TCP4 positively regulates CPC,
ETC1, ETC3, and TCL2 by directly binding to the promoters
of these genes in cotyledons.

ETC1 and ETC3 are developmentally regulated and
have expression patterns similar to that of TCP4
during cotyledon development
To provide further evidences to support that TCP4 regulates
R3 MYB-negative regulators of trichomes on cotyledons, we
generated ETC1pro-ETC1-GUS and ETC3pro-ETC3-GUS
transgenic lines using a 1,611-bp-long ETC1 and a 2,023-bp-
long ETC3 promoter to drive ETC1 or ETC3, respectively,
each fused with the GUS reporter gene. GUS staining analy-
sis showed that ETC1 and ETC3 were strongly expressed in
young cotyledons (Figure 6, A, B, G, and H). Very interest-
ingly, the expression of ETC1 gradually decreased as cotyle-
dons grew (Figure 6, A–F), while the expression of ETC3
disappeared gradually from the proximal to distal ends and
from the central to marginal areas as cotyledons developed
(Figure 6, G–L). The developmentally regulated expression
patterns of ETC1 and ETC3 were similar to that of TCP4 dur-
ing cotyledon development (Figure 3, E, G, I, and K) and
were consistent with the results of reverse transcription
quantitative PCR (RT-qPCR; Figure 5, D and E), further
supporting that TCP4 promotes the expression of ETC1
and ETC3.

We then generated 35Spro-GFP-ETC1 and 35Spro-GFP-
ETC3, in which the CaMV 35S promoter was used to drive
GFP fused with ETC1 and ETC3, respectively. We trans-
formed 35Spro-GFP-ETC1 or 35Spro-GFP-ETC3 into the
tcp2/3/4/5/10/13/17 septuple mutants. The results showed
that overexpression of either ETC1 or ETC3 completely res-
cued the ectopic trichomes on the cotyledons of tcp2/3/4/5/
10/13/17 mutants (Figure 6, M–O). These results provide an-
other layer of TCP repression of trichome formation on
cotyledons by directly enhancing the expression of genes
encoding R3 MYB transcription factors during cotyledon
development.

Discussion
In this study, we demonstrated that CIN-like TCPs repress
trichome formation on cotyledons. We showed that the
septuple tcp2/3/4/5/10/13/17 mutant produces ectopic tri-
chomes during cotyledon growth after seed germination.
We demonstrate that the key components of the MBW
complex are all expressed in cotyledons and that TCP genes
have overlapping expression patterns with the GL3 gene.
TCP4 suppresses the transactivation activity of the MBW
complex by directly interacting with GL3 to repress the ex-
pression of GL2, which positively regulates trichome forma-
tion. We further showed that TCP4 binds to the promoters
of genes encoding single R3 MYB proteins, including ETC1,
ETC3, CPC, and TCL2, which act as negative regulators in tri-
chome formation, while TCP4 has recently been identified
to directly bind to the promoters of TCL1 and TCL2 in con-
trol of trichome formation in true leaves (Vadde et al.,
2019). We have proposed a working model for the function
of TCPs in the determination of trichome formation on
cotyledons (Figure 7, A and B). In wild-type cotyledons, on
one hand, TCPs directly promote trichome-negative regula-
tors, including CPC, ETC1, ETC3, and TCL2 at the transcrip-
tional level. On the other hand, TCPs directly interact at the
protein level with the key component GL3 in the MBW
complex. TCPs, CPC, ETC1, ETC3, and TCL2 interfere with
the formation of the MBW complex, and the downstream
gene GL2 cannot be activated to promote trichome forma-
tion on wild-type cotyledons (Figure 7A). In septuple tcp2/
3/4/5/10/13/17 cotyledons, disruption of TCPs causes low ex-
pression levels of CPC, ETC1, ETC3, and TCL2. The lack of
TCPs and these R3 MYB proteins causes the expressed GL3,
GL1, and TTG1 to form an active MBW complex to pro-
mote the formation of trichomes on cotyledons (Figure 7B).
Our findings demonstrate that the machinery of trichome
formation exists in cotyledons, and provide molecular mech-
anisms by which TCPs function redundantly and additively
to suppress the activity of the machinery and thus repress
trichome formation in Arabidopsis cotyledons. It is worth
mentioning that the ectopic formation of trichomes is
observed only on the adaxial side but not on abaxial sides
of cotyledons in tcp2/3/4/5/10/13/17, suggesting that TCPs
may specifically control the trichome formation on the ad-
axial cotyledons. This implies that the inhibitor mechanisms
of ectopic trichomes may be strictly different between
the abaxial sides and the adaxial sides of cotyledons.

Although the cotyledons of Arabidopsis are glabrous, it
has been reported that some species in the Brassicaceae
family produce trichomes on cotyledons (Beilstein et al.,
2006; Chandler, 2008). As trichomes are the specialized epi-
dermis cells that act as physical barriers against insect herbi-
vores, photoinhibition, UV light, and water loss (Hülskamp
et al., 1994; Hauser, 2014), the cotyledon trichomes may re-
flect adaptation strategies to the environment according to
the different responsibilities of cotyledons after germination
in different species. However, the knowledge about the
molecular mechanisms in determining the presence or the

Plant Physiology, 2021, Vol. 186, No. 1 PLANT PHYSIOLOGY 2021: 186; 434–451 | 443

https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab053#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab053#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab053#supplementary-data


Figure 6 The expression pattern of ETC1 or ETC3 overlaps with that of TCP4, and overexpression of ETC1 or ETC3 rescues the ectopic trichome
phenotype of tcp2/3/4/5/10/13/17. A–F, The expression patterns of ETC1 in 2- to 7-d-old wild-type cotyledons with GUS histochemical staining.
The coding region of ETC1 was driven by its native promoter and fused with GUS gene. Bars = 200 lm. G–L, The expression patterns of ETC3 in
2- to 7-d-old wild-type cotyledons with GUS histochemical staining. The coding region of ETC3 was driven by its native promoter and fused with
GUS gene. Bars = 200 lm. M–O, Overexpression of ETC1 or ETC3 rescued the ectopic trichomes on the cotyledons of the tcp2/3/4/510/13/17 mu-
tant. White arrows indicate the trichomes on tcp2/3/4/510/13/17 cotyledons. Bars = 1 mm.
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absence of trichomes on cotyledons is still limited. Few
mutants carrying ectopic trichomes on cotyledons have
been identified. As discontinuous-growth organs, cotyledons
establish primary morphology during embryogenesis and, af-
ter germination, resume development programs interrupted
by seed dormancy. The previously reported mutants with
cotyledon trichomes including leafy cotyledon1 (lec1;
Meinke, 1992; Braybrook and Harada, 2008; Pelletier et al.,
2017; Tao et al., 2017, Jo et al., 2019), lec2 (Meinke, 1994;
Stone et al., 2001; Tao et al., 2019), fusca3 (Keith et al., 1994;
Meinke et al., 1994; Tao et al., 2019), and hydra1 (hyd1;
Topping et al., 1997). In this study, we found that the septu-
ple tcp2/3/4/5/10/13/17 mutant produced cotyledon tri-
chomes during growth after germination, suggesting that
TCPs and LEC1, LEC2, FUS3, and HYD1 genes repress the tri-
chome formation on cotyledons at different stages of cotyle-
don development.

The trichome cell fate determination is under delicate reg-
ulation involving a negative feedback loop organized by the
MBW complex and the single R3 MYB negative regulators.
The R3 MYB genes, including ETC1, ETC3, and CPC, are posi-
tively regulated by the MBW complex (Digiuni et al., 2008;
Zhao et al., 2008). The R3 MYB small proteins in turn re-
press the transcriptional activity of the MBW complex by
competing with GL1 protein (Kurata et al., 2005). The R3
MYB proteins are central for controlling trichome formation
at different stages during plant development. The number
and density of leaf trichomes on abaxial sides of leaves are
used as markers of heteroblasty (Wu et al., 2009). The ab-
sence of trichomes on specific glabrous organs, such as

cotyledons, and some flower organs, including petals and
carpels, is used to represent organ identity (Meinke, 1992;
Ó’Maoiléidigh et al., 2018). Spatial and temporal regulations
of the conserved MBW-R3 MYB machinery lead to various
trichome distribution patterns on different organs. During
the leaf development process and the early stage of repro-
ductive growth, the age-dependent SPL/miR156 pathway
regulates trichome distribution by directly activating TCL1
and TRY (Yu et al., 2010). TCP4 have been reported to di-
rectly promote the expression levels of TCL1 and TCL2 to re-
press trichome formation at the early developmental stage
of true leaves (Vadde et al., 2019). The membrane-
associated NAC (No apical meristem, Arabidopsis transcrip-
tion activation factor, Cup-shape cotyledon) transcription
factor NTM1-LIKE8 (NTL8) directly activate TRY and TCL1
to control trichome density in true leaves and inflorescence
stems (Tian et al., 2017). In the glabrous organs, the MBW
complex and R3 MYB proteins are also meticulously regu-
lated in an organ-specific manner. During flower develop-
ment, AGAMOUS (AG) activates CPC to inhibit trichome
formation on carpels (Ó’Maoiléidigh et al., 2018). The pio-
neer transcription factor LEC1 controls cotyledon identity by
activating a group of R3 MYB genes during embryogenesis
(Huang et al., 2015). These reports depict an elegant regula-
tion network in which the functions of the R3 MYB genes
are differentially regulated in different organs to control tri-
chome formation. In this article, we demonstrate that TCP
transcription factors have a two-pronged function in regu-
lating the activity of MBW complex during cotyledon
growth after seed germination. TCP proteins not only

Figure 7 The working model of TCP transcription factors controlling trichome formation on cotyledons. A, The schematic representation of the
working model of TCPs in repression of trichome formation in wild-type cotyledons. TCPs directly increase the expression levels of R3 MYB genes.
R3 MYB proteins and TCPs per se inhibit the transactivation activity of the MBW complex by directly interacting with the components of MBW
to suppress the expression of the downstream gene GL2, causing glabrous cotyledons after seed germination. B, The schematic representation of
the working model of trichome formation on cotyledons of the tcp2/3/4/510/13/17 mutant. Loss of functions of TCPs result in the inactivation
of CPC, ETC1, ETC3, and TCL2. The lack of TCPs and these R3 MYB proteins cause the expressed GL3, GL1, and TTG1 to form an active MBW
complex, promoting trichome formation.

Plant Physiology, 2021, Vol. 186, No. 1 PLANT PHYSIOLOGY 2021: 186; 434–451 | 445



repress the activity of the MBW complex by directly inter-
acting with GL3, but also disrupt the negative feedback loop
by directly promoting the expression levels of R3 MYB genes
to enhance the repression of the MBW complex. However,
we find that TCPs directly activate CPC, ETC1, ETC3, and
TCL2 (but not TCL1, which has been reported to be a target
of TCP4 in control of trichome density of early true leaves;
Vadde et al., 2019). These results suggest that even if the
same class of TCP proteins controls trichome formation on
cotyledons and true leaves, the molecular mechanisms are
different in terms of TCL1 regulation. TCP proteins directly
activate TCL1 and TCL2 to reduce trichome density in true
leaves, while they directly activate CPC, ETC1, ETC3, and
TCL2 and interact with MBW complex to completely sup-
press the trichome formation on cotyledons after seed ger-
mination. Interestingly, though CPC, ETC1, ETC3, and TCL1
are targeted by TCPs in cotyledons, we did not observe
ectopic trichomes in the pedicels of tcp2/3/4/5/10/13/17 as
observed in the triple cpc etc1 etc3 mutant (Supplemental
Figure S7; Wang et al., 2008), further suggesting that the
regulation of R3 MYB genes by TCPs is organ-specific. The
organ-specific mechanism ensures glabrous cotyledons in
Arabidopsis and makes cotyledons distinct from true leaves.
Our findings reveal an organ-specific regulation of trichome
formation on cotyledons.

In addition to having ectopic trichomes, the cotyledons of
tcp2/3/4/5/10/13/17 were also curled and serrate
(Figure 1A). Compared with the simple vasculature of coty-
ledons and the complex vasculature of leaves in wild-type
controls, the vasculature of the marginal areas of tcp2/3/4/5/
10/13/17 cotyledons was more complex than that of wild-
type cotyledons and similar to that of true leaves
(Supplemental Figure S8, A–D; Koyama et al., 2007, 2010).
Both TCP4pro-TCP-Flag and TCP10pro-TCP10-Flag rescued
the vascular phenotypes of tcp2/3/4/5/10/13/17
(Supplemental Figure S8, E and F). We emphatically
demonstrate in this article that TCPs repress the trichome
formation on cotyledons by interfering with the trichome
regulation machinery. It has been reported that TCP pro-
teins control auxin biosynthesis (Li and Zachgo, 2013;
Lucero et al., 2015; Challa et al., 2016), polar transport (Li
and Zachgo, 2013), and signal transduction (Koyama et al.,
2010). In terms of polar auxin transport, TCP3 promotes fla-
vonoid production to negatively regulate auxin transport
and by interacting with the MBW complexes which control
flavonoid biosynthesis. It is possible that the enhanced auxin
transport could be one of the reasons causing the more
complex vasculature in the cotyledons of tcp2/3/4/5/10/13/
17. Interestingly, TCP3 interacts with R2R3 MYBs but not
with bHLH protein TT8, and the interaction of TCP3 with
R2R3 MYBs promotes the stability of the MBW complexes
in control of flavonoid biosynthesis. However, in this article,
we demonstrate that TCP4 inhibits the activity of the MBW
complex by directly interacting with the bHLH protein GL3,
and the interaction interferes with the stability of the MBW
complex in control of trichome formation. These results

suggest that the molecular mechanisms by which TCP tran-
scription factors regulate the different MBW complexes may
be specific in various biological processes. Hence, the abnor-
mal homeostasis of auxin and/or other hormones may con-
tribute to defective vascular patterning in cotyledons of the
septuple tcp2/3/4/5/10/13/17. In addition, we previously elu-
cidated that the transcriptional repressor TCP INTERACTOR
CONTAINING EAR MOTIF PROTEIN1 (TIE1) interacts with
TCP proteins to inhibit their transactivation ability by inter-
acting with TOPLESS (TPL)/TOPLESS-RELATED, which re-
cruit histone deacetylases. Consistently, the serrate and curly
leaves in the gain-of-function mutant tie1-D are similar to
those of tcp2/3/4/5/10/13/17 (Tao et al., 2013).

CIN-like TCPs have been proposed to promote the
differentiation of leaf pavement cells (Efroni et al., 2008), the
main type of leaf epidermal cells. Moreover, a recent report
and our findings indicate that CIN-like TCPs inhibit the
formation of trichomes, another type of epidermal cell, in
true leaves and cotyledons (Vadde et al., 2019; this study).
We previously demonstrated that CIN-like TCPs repress the
differentiation of megaspores (Wei et al., 2015). These find-
ings suggest that CIN-like TCPs regulate cell fate and differ-
entiation in a context-dependent and cell-specific manner.

Materials and methods

Plant materials and growth conditions
All the Arabidopsis (A. thaliana) materials used in this study
were in the Columbia-0 (Col-0) accession background. The
T-DNA insertion mutants include tcp2 (SAIL_562_D05), tcp3
(wiscDSlox441C3), tcp4 (GABI_363h08), tcp5 (SM_3_29636),
tcp10 (SALK_137205), tcp13 (GABI_182B12), and tcp17
(SALK_148580). The tcp multiple mutants were generated
by genetic crossing. The seeds were placed on half-strength
Murashige and Skoog medium (1/2 MS medium) containing
10 g L–1 sucrose and 8 g L–1 agar (BD Bacto, 214010), and
then placed at 4�C for 3 d in dark for stratification. The
plates were then transferred to a 22�C chamber for germina-
tion under long-day conditions (16-h light and 8-h dark)
with a light intensity of 170 mmol m–2 s–1 using fluorescent
tubes (Philips F17T8/TL841 17W). The seedlings were
planted in soil and grown under the same conditions as de-
scribed above. N. benthamiana was germinated in soil and
was grown under the same conditions as Arabidopsis.

Phylogenetic analysis
For phylogenetic analysis of TCP proteins and R3 MYB pro-
teins, the full-length protein sequences of Arabidopsis TCP
transcription factors and R3 MYB proteins were downloaded
from The Arabidopsis Information Resource (TAIR) website
(https://www.arabidopsis.org) and that of CIN from
Antirrhinum majus was downloaded from Phytozome web-
site (https://phytozome.jgi.doe.gov). Multiple alignments of
the Arabidopsis TCP and A. majus CIN full-length proteins
were conducted using MAFFT Version 7 with L-INS-i itera-
tive refinement methods. Phylogenetic trees were generated
with the Maximum Likelihood method using MEGA7

446 | PLANT PHYSIOLOGY 2021: 186; 434–451 Lan et al.

https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab053#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab053#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab053#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab053#supplementary-data
https://www.arabidopsis.org
https://phytozome.jgi.doe.gov


software with the all sites used option and a JTT + G model
with 500 bootstrap replications. The alignment file is pro-
vided in Supplemental Data Set 1. The multiple alignments
of Arabidopsis R3 MYB proteins were performed with the
same method. The alignment file is provided in
Supplemental Data Set 2.

Genotype analysis and gene expression analysis
For genotype analysis of the T-DNA insertion tcp mutants,
the wild-type genomic fragments were amplified by TCPx-F,
TCPx-R primer pairs, and the T-DNA insertion fragments
were amplified by TCPx-TDNA insertion-F and TCPx-R
primer pairs. All the primers used in this study are listed in
Supplemental Table S1.

For gene expression analysis, 100 mg cotyledons for each
sample were dissected from seedlings and quickly frozen in
liquid nitrogen. Total RNA was extracted using Plant Total
RNA Purification Kit (GeneMark, TR02-150). Then the geno-
mic DNA was removed with DNase I in the kit. The final
concentration and purity of the RNA were evaluated by the
ThermoScientific NanoDrop 1000 spectrophotometer.

For preparing cDNA, 2 lg RNA, 1 lL of 100 lM oligo dT,
and 1 lL M-MLV reverse transcriptase (Promega, M170A)
were added in a 20-lL reaction system. The reverse tran-
scription reaction was performed at 42�C for 60 min.

RT-qPCR was performed using SYBR reagent (CWBIO,
CW2601M) in a ThermoFisher QuantStudio 5 real-time sys-
tem. The experimental conditions were 94�C for 30 s, 60�C
for 30 s, and 72�C for 30 s. ACTIN8 gene was used as the
reference gene. The gene expression level was calculated as
normalized relative quantities as described previously
(Hellemans et al., 2007). Three biological and technical repli-
cates were performed. Student’s t test was conducted for
the statistical analysis.

Generation of binary constructs and transformation
The coding regions of TCPs, GL3, ETC1, and ETC3 were am-
plified from Arabidopsis cotyledon cDNA. The coding
regions for TCPs, GL3, ETC1, and ETC3 were cloned into
pENTR/D TOPO (Invitrogen) plasmids. The miR319-resistant
forms of TCP4 (mTCP4) and TCP10 (mTCP10) were gener-
ated by PCR-based mutagenesis using the primer pairs
TCP4-mut-F/R and TCP10-mut-F/R.

For complementation assays, a TCP4 2,821-bp promoter
region and a TCP10 986-bp promoter region with full-length
genomic region without a stop codon and untranslated
regions were amplified from Arabidopsis genomic DNA. The
amplified TCP4 and TCP10 fragments were cloned into
pENTR/D TOPO vectors (to form pENTR-TCP4pg and
pENTR-TCP10pg, respectively), and TCP4pro-TCP4-Flag and
TCP10pro-TCP10-Flag constructs, were generated by LR
reactions (Invitrogen) with pK7FLAGWG0 using Gateway
cloning system, respectively,

To generate the overexpression line for ETC1 or ETC3,
35Spro-GFP-ETC1 or 35Spro-GFP-ETC3 was generated by LR
reactions between pENTR-ETC1 or pENTR-ETC3 and
pK7WGF2 (Ghent University).

To analyze gene expression patterns using a GUS reporter
assay, a 2,455-bp promoter of GL3, a 1,611-bp promoter of
ETC1 and a 2,023-bp promoter of ETC3 were amplified.
Then, the GL3, ETC1, and ETC3 products were cloned into
pENTR/D TOPO and used to generate destination vectors
by LR reactions between these entry vectors and
pB7GUSWG0 (Ge et al., 2017). For detailed analysis of the
TCP4 expression pattern, TCP4pro-TCP4-GUS was generated
by LR reactions between pENTR-TCP4pg and pB7GUSWG0.

Scanning electronic microscopy
The cotyledons of 3- to 6-d-old seedlings were isolated for
scanning electron microscopy. The plant materials were
fixed in FAA solution (100% ethanol:37% (w/v) formalde-
hyde: 100% acetic acid = 10:2:1), vacuum-dried for 12–24 h,
and dehydrated in serial ethanol solutions. The samples
were dried using liquid carbon dioxide and observed with a
Leica EM CPD300 following the user manual.

Venation and immature embryo observation
For venation observation, the cotyledons of seedlings at 10
d after germination were isolated and fixed in fixation solu-
tion (70% ethanol:100% acetic acid = 6:1) for 16 h. The
samples were treated with 100% ethanol for 30 min twice
and then treated with 70% ethanol for 30 min. To clear the
plant material, the samples were treated with venation
clearing solution (chloral hydrate:glycerol:H2O = 8 g:1 mL:2
mL) for 24 h. The samples were observed with a Leica M205
FCA stereoscope.

For embryo observation, the siliques were dissected, and
the embryos were treated with embryo clearing solution
(chloral hydrate:glycerol:H2O = 8 g:1 mL:3 mL) for seconds
or a few minutes. Then, the samples were observed with a
Zeiss AX10 Imager M2 microscope.

b-Glucuronidase staining
A b-glucuronidase (GUS) histochemical staining assay was
performed as described previously (Zhang et al., 2017). The
materials were soaked in GUS staining solution at 37�C for
2 h or overnight. The plant samples were moved to 75%
(v/v) ethanol for decolorizing and observed with a Leica
M205 FCA stereoscope.

Yeast-two-hybrid assays
To test the interaction between TCP4 and GL3, the prey
constructs were generated by LR reactions between pENTR-
GL3 and pDEST22 (Invitrogen). To avoid the auto-activation
activity of TCP4 in yeasts, the truncated coding region of
TCP4 containing 108–421 aa at the C-terminus (TCP4�N)
was amplified using the primer pair TCP4-108-F and TCP4-
R. The N-terminus of TCP4 (TCP4�C) was amplified with
the primers TCP4-F and TCP4-107-R. The two truncated
versions of the TCP4 coding region were used to generate
the bait construct into pDEST32 with LR reactions. The bait
constructs and the prey constructs were co-transformed
into the AH109 yeast strain. For library screening, the strain
AH109 yeasts harboring the bait were mated one by one
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with the strain Y187 yeasts carrying the preys in the
Arabidopsis transcription factor library, as described
previously (Ou et al., 2011). The blank pDEST22 was
co-transformed with bait blank plasmid as a negative con-
trol. Selection medium supplemented with SD–Leu–Trp–His
with or without 5 mM 3-AT was used.

To test the interaction between GL3 and CIN-like TCPs,
all eight TCPs were cloned into pDEST22 as prey. The coding
region of GL3 was cloned into pDEST32 as bait. Selective
medium supplemented with SD–Leu–Trp–His with 2.5 mM
3-AT was used.

To determine the domains responsible for the interaction
between TCP4 and GL3, GL3 was truncated into GL3�C
(1–452 aa at the N-terminus, amplified with the primers
GL3-F and GL3-452-R) and GL3�N (431–637 aa at the C-
terminus, amplified with the primers GL3-431-F and GL3-R).
GL3�C was further truncated into GL3�C1 (1–250 aa, am-
plified with the primers GL3-F and GL3-250-R) and GL3�C2
(244–452 aa, amplified with the primers GL3-244-F and GL3-
452-R). All coding regions were cloned into pDEST22 as prey
and co-transformed with pDEST32-TCP4�N.

Firefly luciferase complementation imaging assay
To perform a firefly luciferase complementation imaging as-
say for confirming the interaction between TCP4 and GL3 in
planta, miR319-resistant mTCP4 was cloned into
pCambia1300-cluc to generate pCambia1300-cluc-mTCP4
using LR reactions (Zhang et al., 2017). GL3 was cloned into
pCambia1300-nluc. The constructs were separately trans-
formed into Agrobacterium tumefaciens strain GV3101. The
leaves of N. benthamiana were co-infiltrated with
pCambia1300-cluc-mTCP4 or pCambia1300-GL3-nluc and
pCAM-P19. The N. benthamiana plants were incubated in
the dark for 12 h and then transferred to long-day condi-
tions for 48 h. The infiltrated leaves were dissected and
treated with 1 mM luciferin at the abaxial surface and then
kept in the dark for 10 min. Then, illumination images were
obtained using a low-light cooled CCD imaging apparatus
(NightOWL II LB983) with indiGO software. The illumination
intensity was 10%. Camera gain was set as high mode.

Co-immunoprecipitation assay
For the Co-IP assay, a 35Spro-mTCP4-FLAG construct was
generated by LR reactions between pENTR-mTCP4 and
pB7FLAGWG2. 35Spro-GL3-MYC was generated by LR reac-
tions between pENTR-GL3 and pK7MYCWG2. The con-
structs were co-infiltrated into leaves of N. benthamiana.
The leaves were harvested 60 h after infiltration, and ho-
mogenized in liquid nitrogen. The total proteins were
extracted with IP buffer (50 mM Tris [pH 6.8], 50 mM NaCl,
1 mM EDTA (Ethylene Diamine Tetraacetic Acid), 1 mM
DTT (dithiothreitol), 1 mM phenylmethylsulfonyl fluoride
(PMSF), 1� Protease Inhibitor Cocktail Tablets (Roche,
04693132001), 1& MG132, and 1& NP-40) and incubated
with anti-MYC agarose beads (Sigma, E6654) for 3 h. The
concentration of polyacrylamide gel electrophoresis (PAGE)
gel used in this study was 10%. The proteins were

transferred onto Polyvinylidene difluoride (PVDF) membrane
(Millipore, ISEQ00010) and were detected with a chemilumi-
nescence detector (Tanon, 5200Multi). Anti-MYC (CWbio,
CW0259), goat-anti-mouse HRP (CWbio, CW0102S) and
HRP-conjugated anti-FLAG antibodies (Sigma, A8592) were
used for Western blot detection.

Transient dual-luciferase reporter assay and lucifer-
ase complementation assay in Arabidopsis
protoplasts
Arabidopsis protoplasts were prepared as previously de-
scribed (Li et al., 2015). For plasmid transformation, each
plasmid was adjusted to 10 lg. The total amount of the
plasmids used for transformation were 530 lL. The trans-
fected protoplasts were collected and resuspended with 1
mL W5 solution and incubated at room temperature for
12–16 h under mild light conditions.

For the transactivation activity detection assay with tran-
sient dual-luciferase reporter system, the mTCP4, GL1, and
GL3 coding regions were cloned into pGreen II 62-SK using
the FastClone method (Li et al., 2011) to generate effector
plasmids. The primers used for preparation of the pGreen II
62-SK backbones were 62sk-FC-F and 62sk-FC-R. The re-
porter GL2pro-LUC has been described previously (Qi et al.,
2014). The LUC/REN intensity was detected using a dual-
luciferase reporter assay system (Promega, GLO-MAX 20/20
luminometer). Four biological replicates were performed and
the data significance was conducted by Student’s t test.

For the luciferase complementation assay, the protoplasts
were collected and resuspended with 100 lL W5 solution,
then 90 lL protoplast suspension were mixed with 10 lL
10 mM D-luciferin in 96-well plates. LUC activity was
continuously detected with Centro XS3 LB 960 microplate
Luminometer.

CRISPR/Cas9-induced mutants
To generate gl1 tcp2/3/4/5/10/13/17, gl3 tcp2/3/4/5/10/13/17,
the egg cell-specific promoter-controlled CRISPR/Cas9 sys-
tem was used as previously reported (Wang et al., 2015).
GL1-sgRNA1-U6_26ter-29pro-GL1-sgRNA2 and GL3-sgRNA1-
U6_26ter-29pro-GL3-sgRNA2 were amplified from pCBC-
dT1T2 and cloned into pHEE401E binary vector using
Golden Gate Cloning (Engler et al., 2008). The gl2 tcp2/3/4/
5/10/13/17 mutant was generated using a CRISPR/Cas9
system for efficiently generating Cas9-free mutant (Wang
and Chen, 2019). The GL2-sgRNA was ligated into pAtU6
plasmid and then cloned into pCAMBIA1300-UBQ10-Cas9-
P2A-GFP vector. The primers including sgRNA sequences
are listed in Supplemental Table S1. The CRISPR/Cas9
constructs were each transformed into tcp2/3/4/5/10/13/17.
The mutants were identified by sequencing the PCR prod-
ucts of the target locus of the offspring of transformants.
The mutants generated by CRISPR/Cas9 technology for
phenotype observation in Figure 4 and Supplemental
Figure S5 were from T2 progenies, and the Cas9 protein had
segregated out.
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Chromatin immunoprecipitation assay
ChIP-Seq raw data were downloaded from the Gene
Expression Omnibus under the accession number
GSE115589 (Dong et al., 2019). Quality control of the raw
reads was performed by fastp (Chen et al., 2018; 0.12.2). The
clean sequencing reads were mapped to the Arabidopsis ref-
erence genome TAIR10 (http://www.arabidopsis.org/) by
bowtie (Langmead and Salzberg, 2012; v1.2.1.1) with an al-
lowance of two mismatches. PCR duplicates were marked
by MarkDuplicates in Picard (http://broadinstitute.github.io/
picard/; v2.14.0). Only the unique mapped reads were used
for downstream analysis by SAMtools (Li et al., 2009; v1.5).
The peaks were denoted by the HOMER (Heinz et al., 2010;
v4.10) findPeaks tool with the option-style factor. Bigwig files
were generated with binSize 1 and the option
normalizeUsingRPKM by bamCoverage from deepTools
(Ramı́rez et al., 2016; v3.1.3). Typical screenshots were cap-
tured with Integrative Genomics Viewer (Robinson et al.,
2011; IGV, V2.6.2).

A ChIP-qPCR assay was performed as described previously
(Zhou et al., 2018). DNA associated with Myc-mTCP4 was
enriched with MYC beads (Sigma, A7470) after incubation
overnight. Protein A-Sepharose (GE healthcare 17-1279-01)
was the negative control, and the supernatant after incuba-
tion was used as the input sample. DNA was extracted with
phenol/chloroform. The primers used for ChIP-qPCR are
listed in Table S1.

Accession numbers
The sequence information from this article can be found in
the Arabidopsis Genome Initiative with the following acces-
sion numbers: TCP2: AT4G18390; TCP3: AT1G53230; TCP4:
AT3G15030; TCP5: AT5G60970; TCP10: AT2G31070; TCP13:
AT3G02150; TCP17: AT5G08070; TCP24: AT1G30210; GL1:
AT3G27920; GL3: AT5G41315; EGL3: AT1G63650; TTG1:
AT5G24520; GL2: AT1G79840; CPC: AT2G46410; ETC1:
AT1G01380; ETC2: AT2G30420; TCL1: AT2G30432; TCL2:
AT2G30424; TRY: AT5G53200; ETC3: AT4G01060.

Supplemental data
The following materials are available in the online version of
this article.

Supplemental Figure S1. The phylogeny of TCP transcrip-
tion factors in Arabidopsis.

Supplemental Figure S2. The tcp2/3/4/5/10/13/17
septuple mutant had no cotyledon trichomes during
embryogenesis.

Supplemental Figure S3. CIN-like TCP transcription fac-
tors redundantly inhibit trichome formation on cotyledons.

Supplemental Figure S4. The gl1 and gl3 mutations were
generated by CRISPR/Cas9.

Supplemental Figure S5. Disruption of GL2 by CRISPR/
Cas9 in various alleles leads to abnormal and fewer ectopic
trichomes on the adaxial sides of cotyledons in the gl2 tcp2/
3/4/5/10/13/17 octuple mutants.

Supplemental Figure S6. The other three R3 MYB genes,
TCL1, TRY, and ETC2 were not directly regulated by TCP4 in
cotyledons.

Supplemental Figure S7. No trichomes are produced on
pedicels of tcp2/3/4/5/10/13/17 mutant.

Supplemental Figure S8. The cotyledons of tcp2/3/4/5/
10/13/17 mutant have more complex vascular systems.

Supplemental Table S1. The list of primers used in this
study.

Supplemental Data Set 1. Text file of the alignment
used for the phylogenetic analysis shown in Supplemental
Figure S1.

Supplemental Data Set 2. Text file of the alignment
used for the phylogenetic analysis shown in Supplemental
Figure S6.
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