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Plant trichomes are defensive specialized epidermal cells. In all accepted models, the epidermis is the layer involved in trichome
formation, a process controlled by gibberellins (GAs) in Arabidopsis rosette leaves. Indeed, GA activates a genetic cascade in the
epidermis for trichome initiation. Here we report that TEMPRANILLO (TEM) genes negatively control trichome initiation not
only from the epidermis but also from the leaf layer underneath the epidermis, the mesophyll. Plants over-expressing or
reducing TEM specifically in the mesophyll, display lower or higher trichome numbers, respectively. We surprisingly found
that fluorescently labeled GA3 accumulates exclusively in the mesophyll of leaves, but not in the epidermis, and that TEM
reduces its accumulation and the expression of several newly identified GA transporters. This strongly suggests that TEM plays
an essential role, not only in GA biosynthesis, but also in regulating GA distribution in the mesophyll, which in turn directs
epidermal trichome formation. Moreover, we show that TEM also acts as a link between GA and cytokinin signaling in the
epidermis by negatively regulating downstream genes of both trichome formation pathways. Overall, these results call for a re-
evaluation of the present theories of trichome formation as they reveal mesophyll essential during epidermal trichome initiation.

Trichomes are epidermal cell protrusions present in
most of the vascular plants surfaces that defend the
plant against insect herbivores, UV light, andwater loss
(Traw and Bergelson, 2003; Olsson et al., 2009). Many
plant species respond to insect damage by increasing
the density and/or number of trichomes on new leaves
(Traw and Bergelson, 2003). In Arabidopsis, leaf tri-
chomes are unicellular structures, whose development
has been used as a model for addressing crucial ques-
tions in plant biology such as control of cell fate speci-
fication and differentiation as well as plant defense
mechanisms (Traw and Bergelson, 2003; Olsson et al.,

2009; Hülskamp, 2004; Gilding and Marks, 2010). Once
an epidermal cell precursor is specified to enter the
trichome pathway, an elaborated and well-regulated
morphogenetic cell transformation occurs in order for
it to become a trichome (Gilding and Marks, 2010).
First, radial cell expansion occurs centered on the ex-
ternal face of the epidermal trichome precursor that
develops into an elongated stalk (Szymanski et al.,
1998). Then, cell expansion on the stalk produces
branch initiation and growth. Finally, once trichome
expansion is complete, the cell wall gets thicker and
many papillae form on the outer surface of the tri-
chome, resulting in a mature trichome (Gilding and
Marks, 2010).

Trichome proliferation and development process in-
volves diverse genes at different regulatory pathways
(Payne et al., 2000; Bernhardt et al., 2005). These include
a multimeric complex formed by the R2R3 MYB
GLABROUS1 (GL1); two redundant trichome forma-
tion bHLH proteins, GLABRA3 (GL3) and ENHANCER
OF GLABRA3 (EGL3); and a WD-40 repeat containing
protein TRANSPARENT TESTA GLABROUS1 (TTG1)
(Bernhardt et al., 2005). Mutations in GL1, TTG1, and
both GL3 and EGL3, result in a significant loss of tri-
chomes per leaf (Payne et al., 2000; Bernhardt et al., 2005).
This complex has a role not only in trichome initiation but
also in later stages of trichome development, because
mutations lead to smaller and less-branched trichomes
(Payne et al., 2000). Furthermore, hormones play an im-
portant role in trichome initiation by controlling essential
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downstream genes (Schellmann et al., 2002; Gan et al.,
2006; Zhao et al., 2008a). In particular, gibberellins (GAs)
and cytokinins (CK) overlap in stimulating this process
(Nemhauser et al., 2006; Gan et al., 2007; D’Aloia et al.,
2011). GAs are required in the epidermis for trichome
proliferation in rosette leaves, stem, and inflorescences
(Chien and Sussex, 1996; Perazza et al., 1998; An et al.,
2012), while CK action is limited to trichome initiation in
upper inflorescence organs, including cauline leaves,
stems, and sepals (Gan et al., 2007). The GA-dependent
pathway acts partially through GLABROUS INFLO-
RESCENCE STEMS (GIS), a C2H2 transcription factor,
which positively regulates the trichome activation com-
plex formed by GL1, GL3, EGL3, and TTG1 in the
epidermis (Payne et al., 2000; Zhao et al., 2008a).
Furthermore, within the CK-dependent pathway, tri-
chome production control requires two C2H2 transcrip-
tion factors, GLABROUS INFLORESCENCE STEMS2
(GIS2) and ZINC FINGER PROTEIN8 (ZFP8) (Gan et al.,
2007). Both genes, ZFP8 and GIS2, are similarly ex-
pressed at early stages of inflorescence development but
differentially expressed in inflorescence organs (Gan
et al., 2007). Mutations in ZFP8 display a reduction
in trichome density on the upper cauline leaves and
branches, but not in vegetative organs; while mutations
in GIS2 give rise to trichome reduction mainly in flowers
(Gan et al., 2007). Similarly to GIS, GIS2, and ZFP8 also
mediate the regulation of trichome initiation by GA;
however, GIS does not play a significant role in CK re-
sponse (Gan et al., 2007). Therefore, GIS, GIS2, and ZFP8
play partially redundant roles in inflorescence trichome
initiation, and integration of CK and GA requires the
action of all these genes.
InArabidopsis, both epidermalGA- andCK-dependent

trichome regulatory pathways converge on the activation
of GLABROUS2 (GL2), considered as the universal pro-
moter of trichome initiation (Szymanski et al., 1998; Lin
and Aoyama, 2012). GL2 is a homeodomain transcription
factor required for trichome formation as well as for sub-
sequent trichome morphogenesis phases such as cell ex-
pansion, branching, and maturation of trichome cell wall
(Szymanski et al., 1998). Indeed, GL2 expression profile
shows spatio-temporal variation either in leaves and tri-
chomes. GL2 is strongly expressed in developing trichomes
and surrounding cells; however, its expression persists but
decreases in mature trichomes (Szymanski et al., 1998).
TEM1 and TEM2 transcription factors, two proteins

belonging to the small plant-specific RELATED TO
ABI3 AND VP1 (RAV) family, have been previously
identified as repressors of floral induction (Castillejo
and Pelaz, 2008; Osnato et al., 2012). TEM1 and TEM2
act redundantly to negatively control floral induction
by controlling and integrating both the photoperiod
andGA signaling pathways during long days and short
days (Castillejo and Pelaz, 2008; Osnato et al., 2012). As
other transcription factors, it has been suggested that
these may control different biological aspects during
plant development (Matías-Hernández et al., 2014).
Here we report that TEM gene products play pivotal
roles during the repression of another developmental

process: trichome initiation. TEM1 and TEM2 directly
repress trichome initiation by controlling GA accumu-
lation and distribution in the leaf mesophyll as well as
by integrating both GA- and CK-dependent regulatory
pathways in the epidermis.

RESULTS

TEM1 and TEM2 Repress Trichome Initiation in Leaves
and Inflorescences

TEM proteins belong to the unique RAV transcrip-
tion factor family, characterized by the presence of
two different DNA-binding domains, an AP2 and a
B3 domain (Riechmann et al., 2000; Matías-Hernández
et al., 2014). Since TEM1 and TEM2 are consistently
expressed in diverse but specific plant tissues and at
diverse moments during Arabidopsis development
(Castillejo and Pelaz, 2008; Osnato et al., 2012), it has
been suggested that TEM may control other plant de-
velopmental processes (Matías-Hernández et al., 2014).
To investigate possible contributions of TEM toward
additional biological processes, phenotypical analyses
of diverse TEM loss of function and gain of function
were performed. As results show, it was clearly ob-
served that the different mutants and over-expressors
analyzed were defected in trichome initiation number
and density (Fig. 1, A to G, Supplemental Fig. 1, and
Supplemental Table S1). Although tem1-1 mutant did
not show a clear trichome phenotype, single tem2-2
mutants produced more trichomes in rosette leaves
than wild-type plants (Fig. 1G). This effect was stronger
in tem1-1 tem2-2 and in a previously characterized RNAi
lines that partially silence both TEM genes (Castillejo
and Pelaz, 2008), not only in rosette leaves, but also in
inflorescences (Fig. 1, A, D, and G, and Supplemental
Fig. S1). In contrast, TEM1 and TEM2 over-expressors
(P35S:TEM1, P35S:TEM2) showed almost glabrous
leaves, stems, and flowers (Fig. 1, C, F, and G,
Supplemental Fig. S1, and Supplemental Table S1).
Taken together, these data indicate that, similarly to the
effect on floral induction, TEM1 and TEM2 act redun-
dantly to repress trichome initiation. In addition, GUS
expression analyses using PTEM1:GUS and PTEM2:
GUS reporter lines were conducted. The expression of
the b-glucuronidase gene driven by the promoters of
TEM1 (Castillejo and Pelaz, 2008) and TEM2 was
clearly detected in both the epidermis and the meso-
phyll layers of rosette leaves (Supplemental Fig. S2). As
expected, GUS activity was also detected in trichomes
of rosette leaves at different stages of development (Fig.
1, H and I, and Supplemental Fig. S2) consistent with
the effect of TEM1 and TEM2 on trichome initiation.

TEM Controls Trichome Initiation by Affecting
GA Biosynthesis

TEM transcription factors are known to repress GA
biosynthesis during floral induction (Osnato et al.,
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2012). TEM1 directly represses the expression of
GIBBERELLIN3 OXIDASE1 [GA3ox1) and GA3ox2
(Osnato et al., 2012)], which encode the enzymes that
transform GA9 to bioactive GA4 (Mitchum et al., 2006).
To further explore whether TEM action affects plant GA
biosynthesis, hormone measurements were conducted
in Arabidopsis plants collected five days after bolting
(DAB). GA4was significantly increased in tem1-1 tem2-2
plants while it decreased in P35S:TEM2 (Fig. 2A). On
the other hand, inactive GA9 accumulated in P35S:
TEM2 to higher levels than in the wild type, indicating
reduced conversion of GA9 into GA4 in plants over-
expressing TEM2 (Fig. 2A). GAs are involved in
diverse biological processes and these results may
suggest that TEM negative control of GA biosynthesis
may affect other important processes within the plant

development, including trichome proliferation in the
epidermis. Indeed, it is known that ga3ox1-3 and
ga3ox2-1mutants produce almost undetectable levels of
bioactive GA4 (Mitchum et al., 2006). Accordingly,
these mutants displayed fewer trichomes, in number
and density, on the adaxial side of rosette leaves than
wild-type plants (Fig. 2B and Supplemental Table S1),
and when GA is exogenously added, trichome pro-
duction is restored (Chien and Sussex, 1996; Traw and
Bergelson, 2003). Interestingly, the reduction in tri-
chome number was much stronger in P35S:TEM1 and
P35S:TEM2 leaves than in ga3ox1-3 ga3ox2-1 leaves
(Fig. 2B); suggesting that TEM affects trichome forma-
tion contributing to the control not only of GA bio-
synthesis but also of other trichome GA-independent
pathways.

Figure 1. TEMPRANILLO affects trichome number. A, B, and C, SEM of tem1-1 tem2-2 (A), wild-type (B), and P35S:TEM2 rosette
leaves (C). Scale bars represent 500mm (A–C). D, E, and F, Inflorescences of the same genotypes showing sepal trichomes. tem1-1
tem2-2 shows more trichomes (A and D) than the wild-type (B and E), whereas P35S:TEM2 (C and F) are almost glabrous. G,
Trichome number in the 5th-6th rosette leaves of 21DAG plants of different genetic backgrounds, as indicated. Error bars indicate
SD of the mean number of trichomes. Asterisks indicate statistically significant differences (* P# 0.05, ** P# 0.01, *** P# 0.001)
obtained using Tukey’s range test. H and I, GUS staining of PTEM1:GUS (H) and PTEM2:GUS (I) reveals a strong expression of
both TEM genes in trichomes. Pictures were taken at same magnification (D–F, H, and I).
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Exogenous GA3-Fl Accumulates Exclusively in the
Mesophyll and Is Controlled by TEM

Plants are able to regulate the spatial distribution of
their hormones (Wolters and Jürgens, 2009). GA dis-
tribution and accumulation are active processes regu-
lated by localized synthesis, transport, and inactivation
(Yamaguchi, 2008). GA distribution has been studied in
plant roots using a bioactive fluorescent-GA (GA3-Fl),
an in vivo stable fluorescent GA-surrogate that retains
similar biological activity to GA3 (Shani et al., 2013). To
address the issue of GA distribution in rosette leaves,
we used confocal microscopy following exogenous
overnight application of this fluorescently tagged GA.
Unexpectedly, results showed that exogenous GA3-Fl
accumulates exclusively in the leaf mesophyll layer
(Fig. 3, A and C), distinctly recognizable from epider-
mal cells by their rounded shape (Deeks and Hussey,
2003; Smith, 2003). In wild-type Arabidopsis rosette
leaves, GA3-Fl accumulated in the mesophyll in a

highly specific manner at different stages of develop-
ment (Fig. 3G and Supplemental Fig. S3). Since GA3-Fl
was applied on top of leaves (adaxial side) as a water
solution, in order for it to reach the mesophyll layer, it
had to pass through the epidermis. Nevertheless, we
found GA3-Fl mostly in patches that correspond to
isolated zones in the mesophyll layer but not in the
epidermis (neither adaxial nor abaxial). In only one
exceptional case, we observed one stained patch in the
adaxial puzzle-shaped epidermal cells, just on top of a
mesophyll cell group that showed strong fluorescence
(Supplemental Fig. S3). This exception may be due to
saturation of the underneath layer. We additionally
observed several examples of accumulation in com-
panion cells of the vascular tissue (Supplemental Fig.
S3) likely reflecting GA long-distance movement.

TEM transcription factors are known to repress GA
biosynthesis during floral induction (Osnato et al.,
2012). Therefore, in order to test whether TEM is also
capable of controlling GA’s accumulation in the meso-
phyll layer, the distribution of GA3-Fl in leaves was
studied in different TEM mutants and over-expressors
lines. In tem1-1 tem2-2 double mutant plants, GA3-Fl
uptake increased in comparison with wild-type plants,
as GA3-Fl accumulated and was distributed through a
much larger area of the leaf (Fig. 3D and Supplemental
Fig. S3). The observed GA3-Fl broader distribution
throughout the leaf might be directly related to normal
TEM repression of GA biosynthesis in the leaf meso-
phyll structure and/or due to an effect onGA transport.
To further support this, we first cloned an artificial
microRNA (amiRNA), previously used for partial si-
lencing of both TEM genes (Osnato et al., 2012), under
the mesophyll-specific CHLOROPHYLL A/B BINDING
PROTEIN 3 promoter (PCAB3; Endo et al., 2007; Ranjan
et al., 2011). Transgenic plants expressing amiRTEM
under the mesophyll-specific PCAB3 promoter,
showed similar GA3-Fl accumulation patterns to tem1-1
tem2-2. PCAB3:amiRTEM leaves displayed a higher
GA3-Fl uptake in the mesophyll in comparison with
wild-type leaves (Fig. 3E and Supplemental Fig. S3),
while plants over-expressing TEM2 in the mesophyll
(PCAB3:TEM2) in tem1-1 tem2-2 background showed a
strong reduction in GA3-Fl accumulation compared
with tem1-1 tem2-2, reaching a similar pattern to that of
wild-type leaves (Fig. 3H and Supplemental Fig. S3).
On the other hand, leaves of PCAB3:TEM2 in wild-type
background showed an almost complete absence of
fluorescence signal compared with wild-type plants
(Fig. 3I and Supplemental Fig. S3). As mentioned, TEM
transcription factors are known to repress GA biosyn-
thesis by directly repressing the expression of GA3ox1
and GA3ox2 enzymes (Osnato et al., 2012). Therefore,
for testing whether the expression or down-regulation
of TEM in the mesophyll mimics the effect of P35S:TEM
and tem1-1 tem2-2, respectively; expression analyses of
GA3ox1 and GA3ox2 in different PCAB3:amiRTEM and
PCAB3:TEM2 plant lines were conducted. Indeed, re-
sults showed that TEM over-expression or silencing
exclusively in the mesophyll is enough to affect GA

Figure 2. TEMPRANILLO regulates GA biosynthesis and trichome ini-
tiation. A, GA hormone measurements in mutants and over-expressors
of TEM genes 5 DAB, shown with error bars. B, Trichome number in the
5th-6th rosette leaves in different TEM backgrounds and GA biosyn-
thesis mutants at 21 DAG. Error bars indicate SD of the mean number of
trichomes. Asterisks indicate statistically significant differences (* P #

0.05, ** P # 0.01, *** P # 0.001) obtained using Tukey’s range test.
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biosynthesis by affecting these GA biosynthetic en-
zymes (Fig. 4A).

Thus, GA3-Fl uptake in the leaf seems to be a dynamic
and well-regulated process that results in specific ac-
cumulation in the mesophyll layer, similarly to its ac-
cumulation in root endodermal cells (Shani et al., 2013).
This GA3-Fl accumulation pattern may reflect the en-
dogenous GA accumulation as it retains similar bio-
logical activities in roots (Shani et al., 2013). Thus, this
unique accumulation pattern, at least partially con-
trolled by TEM, suggests that GA can move not only
over long distances but also locally among neighboring
cells. Interestingly, this GA’s accumulation and move-
ment in the mesophyll layer could affect biological
processes occurring at other leaf layers, including tri-
chome proliferation in the epidermis.

TEM Affects Palisade Mesophyll Development and GA
Transport in the Rosette Leaves

In order to investigate why the GA3-Fl uptake to the
mesophyll was higher in tem mutants and reduced in
TEM over-expressors plants, we analyzed the meso-
phyll structure of tem1-1 tem2-2 double mutants and
TEM2 over-expressors. Morphological analysis of the
mesophyll structure was carried out in the first pair of
leaves of 21-day-old Arabidopsis plants. At this stage,
the leaf is fully expanded and does not exhibit any ev-
idence of senescence. tem1-1 tem2-2 rosette leaves dis-
played mesophyll cells with an apparent increased size
(Fig. 4, B and E). In contrast, mesophyll cells were
smaller in P35S:TEM2 (Fig. 4, D and G) than in wild
types (Fig. 4, C and E). Consequently, these palisade

Figure 3. Exogenous GA accumulation in the mesophyll is regulated by TEMPRANILLO. A, B, C, D, E, F, G, H, and I, Arabidopsis
rosette leaf confocal sections of the first two rosette leaves of 9 DAG plants. A, B, C, GA3-Fl accumulates exclusively in the
mesophyll (A, B) while not in the epidermis (C) of 9 DAGplants. B, C, Images taken in bright field. D, E, GA3-Fl accumulateswith a
higher intensity comparedwithwild type (G) and it is distributed in amuch bigger area in themesophyll of tem1-1 tem2-2 (D), and
PCAB3:amiRTEM (E) rosette leaf of 9 DAG plants. (F) Exogenous Fl used as a negative control only accumulates in the epidermal
stomas but not in the mesophyll. G, H, I, GA3-Fl accumulation in wild type (G), PCAB3:TEM2 tem1-1 tem2-2 (H), and PCAB3:
TEM2 (I) mesophyll of 9 DAG rosette leaves. Scale bars from (A to C) represent 50 mm and from (D to I) represent 100 mm.
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Figure 4. TEMPRANILLO controls leaf mesophyll morphology and GA accumulation in the mesophyll. A, Expression analysis of
GA biosynthesis enzymes GA3ox1 and GA3ox2 in tem1 tem2, PCAB:amiRTEM, wild-type, PCAB$:TEM2 and P35S:TEM2
seedlings at 11 DAG grown under LD. Two independent lines over-expressing (PCAB3: TEM2.1 and PCAB3: TEM2.2)and partially
silencing TEM specifically in the mesophyll (PCAB3:amiRTEM13.3 and PCAB3:amiRTEM10.2) were included in the expression
analyses. B, C, D, E, F, and G, Arabidopsis leaf cross sections. B, C, D, Leaf cross sections of tem1-1 tem2-2 (B), wild type (C), and
P35S:TEM2 (D) in 11 DAG plants. E, F, G, central leaf cross sections of tem1-1 tem2-2 (E), wild type (F), and P35S:TEM2 (G) in 11
DAG plants. Cross sections show the central area of the rosette leaf including the main vascular bundle. pm, palisade mesophyll
cells; m, mesophyll cells. Scale bars represent 100 mm. (H) Relative expression of different NPF transporter genes in TEMmutants
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mesophyll defects in both tem1-1 tem2-2 and P35S:TEM
plants may imply a primary role for TEM genes in ro-
sette leaf development.

Not only GA biosynthesis (Osnato et al., 2012) but
also GAmesophyll accumulation and distribution seem
to be controlled by TEM. GA3-Fl uptake in the meso-
phyll of rosette leaves in tem1-1 tem2-2 mutants in-
creased and it was distributed throughout a larger leaf
area in comparison with wild-type plants. However,
morphological analysis tem1-1 tem2-2 of mesophyll
structure showed that these mutant rosette leaves dis-
played mesophyll cells with an increased size. In order
to exclude the possibility that the accumulation of GA3-
Fl in tem1-1 tem2-2mesophyll cells was higher due only
to the alteration in the leaf morphology, further analy-
ses were conducted.

Plant hormones are active in plant tissues at very low
concentration; therefore the synthesis, transport and
signaling of hormones are precisely controlled pro-
cesses (Chiba et al., 2015). Recent studies suggest that
GAmovement and distributionmight be regulated by a
group of GA transporters (Chiba et al., 2015; Saito et al.,
2015). The NITRATE TRANSPORTER 1/PEPTIDE
TRANSPORTER FAMILY (NPF) is a family of pro-
teins initially identified as nitrate or peptide trans-
porters (Tsay et al., 2007; Léran et al., 2014), and was
later found to also transport hormones such as auxin
and abcisic acid (Krouk et al., 2010; Kanno et al., 2012).
It was recently reported that somemembers of this NPF
family were also efficient transporters of GA and/or
Jasmonic acid (Chiba et al., 2015; Saito et al., 2015).
Therefore, we investigated the expression of several
NPF transporters reported to show yeast-based GA
transport function (Chiba et al., 2015; Saito et al., 2015)
under TEM genetic manipulation. We first applied in
silico analysis to observe that the chosen NPF genes
were expressed in the rosette leaf mesophyll (Arabi-
dopsis eFP Browser 2.0). Interestingly, the expression
levels of NPF2.3, NPF2.10, and NPF3.1 were clearly
down-regulated by TEM in 11-day-old plants (Fig. 4H).
This data strongly suggests that TEM seems to affect
GA accumulation and distribution in the mesophyll
cells by modulating the expression of specific GA
transporters, which at the same time would affect the
GA transport toward neighboring epidermal cells.

TEM Reveals the Mesophyll as a Layer Controlling
Trichome Initiation

For unraveling whether the role of TEM in control-
ling GA accumulation in the mesophyll layer affects
epidermal trichome initiation, transgenic plants
expressing TEM1 and TEM2 under the mesophyll-
specific CAB3 promoter were analyzed. Surprisingly,
we found that plants over-expressing either TEM1 or

TEM2 in the mesophyll (PCAB3:TEM), which had re-
duced GA3-Fl accumulation, showed a strong reduction
in trichomenumber anddensity, behaving almost as TEM
over-expressors (Fig. 5A and Supplemental Table S1).

Moreover, specific TEM expression in the mesophyll
of tem1 tem2 mutants, PCAB3:TEM tem1-1 tem2-2, re-
stored tem1-1 tem2-2 trichome number to the wild-type
level (Fig. 5B). These results led us to propose that TEM-
specific mesophyll expression might be sufficient for
formation of a normal trichome number. To further
support this, PCAB3:amiRTEM lines were analyzed. As
expected, PCAB3:amiRTEM lines showed an increased
production of trichomes, resulting in hairier leaves with
normal epidermal cells (Fig. 5C, Supplemental Fig. S4
and Supplemental Table S1). Therefore, these data
provide robust and independent evidence that specific
mesophyll over-expression or silencing of TEM genes is
enough to affect trichome development, indicating that
TEM mesophyll expression is necessary and sufficient
for normal trichome initiation. This strongly supports
that not only the epidermis but also the mesophyll layer
is essential to direct epidermal trichome initiation
during early stages of development, where a bigger
palisade mesophyll cell would promote increased tri-
chome production, while smaller cells would result in
reduced number of trichomes.

According to this rationale, mutants that specifically
affect themesophyll layer should exhibit altered trichome
numbers. Therefore, we studied the number of trichomes
per leaf of two mutants, CHLOROPHYLL A/B-BINDING
PROTEIN-UNDEREXPRESSED1-1 mutant (cue1-6) and
cab3-1, which display defects only in the leaf mesophyll
but not in the epidermis (Li et al., 1995; Lundquist et al.,
2014). We found that both mutants showed a significant
reduction in the number and density of trichomes re-
sembling pCAB3:TEM plants (Fig. 5D and Supplemental
Table S1); strongly supporting the mesophyll as an es-
sential layer that control epidermal trichome initiation.

TEM Integrates GA- and CK-Dependent Trichome
Pathways in the Epidermis

As expected, when exogenous GA is added, trichome
production of PCAB3:TEM2 leaves is restored to wild-
type level, yet, it was only partially restored in P35S:
TEM2 leaves (Fig. 6A and Supplemental Table S1),
suggesting that TEM control additional epidermal GA-
independent genes involved in trichome initiation.
Similar results were obtained when plants were treated
exogenously with GA3-Fl at similar concentrations (Fig.
6B and Supplemental Table S1), showing that GA3-Fl
retains similar bioactivity than GA3 for trichome in-
duction.

Furthermore, integration of hormone signaling is
essential formany processes in plant development (Gan

Figure 4. (Continued.)
and over-expressors 11 DAG. One representative of three biological replicates is shown with error bars of three qPCR replicates.
Asterisks indicate statistically significant differences (* P # 0.05, ** P # 0.01, *** P # 0.001) obtained using Student’s t test.
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et al., 2007; D’Aloia et al., 2011). GA and CK act an-
tagonistically in leaf formation and shoot meristem
maintenance (Weiss and Ori, 2007), where GAs coun-
teract some CK effects on epidermal differentiation as
the inflorescence develops (Gan et al., 2006; Nemhauser
et al., 2006). However, both phytohormones overlap in
stimulating trichome initiation in different plant tissues
(Gan et al., 2007). CK trichome production action is
limited to upper inflorescence organs (D’Aloia et al.,
2011), whereas GA action affects all trichome-
producing epidermal tissues (Gan et al., 2006, 2007).
Interestingly, the number of trichomes in mutants and
over-expressors of TEM genes was clearly affected not
only in rosette leaves but also in upper inflorescence
organs (Supplemental Fig. S1), where trichome forma-
tion is at least partially controlled by CK. Consequently,
we hypothesized that TEM may control other hor-
mones involved in trichome proliferation. We therefore
analyzed the levels of CK, and detected higher levels of
Trans-Zeatin, the bioactive form of CK, in tem1-1 tem2-2
and lower levels in P35S::TEM2 than in wild-type
plants 5 DAB (Fig. 6C). These data suggest that TEM
may also regulate the CK biosynthetic pathway, which
in turn affects trichome formation.
As previously described, the trichome GA-dependent

pathway acts in the epidermis partially through GIS,
which positively regulates GL1, GL3, EGL3, and TTG1
genes whose proteins form the trichome activation
complex (Payne et al., 2000; Zhao et al., 2008a). On the

other hand, the trichome CK-dependent pathway acts
also in the epidermis and is controlled by GIS2 and
ZFP8 (Gan et al., 2007). Mutations in all these main
genes result in a significant loss of trichomes, but none
of these mutants were as glabrous as TEM over-
expressors. TEM is not only widely expressed in the
rosette mesophyll but also in the epidermis
(Supplemental Fig. S2). To investigate the molecular
basis underlying the trichome suppressing effect of
TEM in the epidermis, we performed gene expression
analysis in TEM mutants and over-expressors 11 days
after germination (DAG), when new rosette leaves with
new trichomes are proliferating, i.e. before bolting, and
5 DAB. Our results indicated that GIS, GL1, GL3,
and EGL3 were clearly repressed by TEM, while TTG1
and some trichome repressor genes, such as CAPRICE
(CPC) and SPINDLY (SPY) (Perazza et al., 1999; Kirik
et al., 2004), were not affected (Fig. 7A, Supplemental
Fig. S5, and Supplemental Fig. S6). As we wondered
whether the trichome suppressing effect of TEM
through down-regulation of epidermal transcription
factors could also take place from the mesophyll, we
conducted gene expression analyses on different
PCAB3:amiRTEM and PCAB3:TEM2 plant lines at the
same stage of development (Supplemental Fig. S5).
Results showed that exclusive mesophyll TEM over-
expression or silencing clearly affect the expression of
trichome GA-dependent genes (Supplemental Fig. S5).
In addition, GIS2 and ZFP8 expression was also

Figure 5. TEMPRANILLO controls trichome initiation from the mesophyll. A, B, and C, Trichome average number in the 5th-6th
rosette leaves of 21 DAG plants of different independent lines over-expressing TEM specifically in the mesophyll in wild-type (A)
and tem1-1 tem2-2 (B) backgrounds, or partially silencing TEM1 or TEM2 (C). D, Trichome average number in cue1-1 and cab3-1
mutants that show defects only in the mesophyll. Error bars indicate SD of the mean number of trichomes. Asterisks indicate
statistically significant differences (* P # 0.05, ** P # 0.01, *** P # 0.001) obtained using Tukey’s range test.
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significantly repressed by TEM at 5 DAB (Fig. 7A) but
not so clearly at 11 DAG (Supplemental Fig. S5). At 11
DAG, plants have not yet produced any inflorescence

organs, consistent with the fact that CK-dependent
genes were less affected at this stage.

Integration of CK and GA signaling requires the ac-
tion of all these GA- and CK-dependent genes on GL2
epidermal expression (Szymanski et al., 1998; Gan et al.,
2007). GL2 is considered to be the universal activator of
trichome proliferation and it is required from the ear-
liest morphogenetic events of trichome growth (Szy-
manski et al., 1998; Lin and Aoyama, 2012). A highly
plant-conserved mechanism that transduces GAs to
promote epidermal cell elongation has been recently
revealed: GL2 protein interacts with DELLA complex to
affect epidermal cell elongation during trichome for-
mation and seed germination (Rombola-Caldentey
et al., 2014; Shan et al., 2014). Additionally, it is well
known that GL2 acts downstream of the GA-activation
complex (GL1/GL3/TTG1/EGL3) as well as the CK-
dependent GIS2/ZFP8 genes during early stages of
trichome development (Szymanski et al., 1998; Gan
et al., 2007). Because our data showed that both GA-
and CK-dependent trichome pathways were controlled
by TEM, we next investigated whether GL2 expression
levels were affected. As expected, GL2 expression was
clearly repressed by TEM at both stages of plant
development, 11 DAG and 5 DAB (Fig. 7A and
Supplemental Fig. S5), suggesting that the strong tri-
chome phenotypes found in tem mutants and P35S:
TEM plants are, at least partially, caused by GL2 re-
pression. To substantiate our findings we next investi-
gated whether the spatial pattern of GL2 transcription
was affected in tem1-1 tem2-2 and P35S:TEM2 plants.
For this purpose, we used PGL2:GUS lines containing
the 2,1Kb of the 59-untranslated promoter region of GL2
(Szymanski et al., 1998) (Supplemental Fig. S7). In
wild-type plants we observed PGL2:GUS expres-
sion throughout trichome development including sur-
rounding epidermal pavement cells, cells that will not
enter to the trichome pathway (Szymanski et al., 1998)
(Supplemental Fig. S7). By contrast, PGL2:GUS activity
was not detected in the few P35S:TEM2 trichomes that
develop (Supplemental Fig. S8). These data support the
finding that GL2 is strongly repressed by TEM during
trichome initiation and development.

To further identify the molecular mechanism un-
derlying the trichome-suppressing effect of TEM, we
next used P35S:TEM1-HA and P35S:TEM2-HA plants
for chromatin immuno-precipitation (ChIP) using an
anti-HA antibody followed by qPCR. These experi-
ments revealed binding of TEM2 to the RAV binding
sites of the regulatory regions of four essential trichome
initiation genes: GL1, GIS2, ZFP8, and GL2 at both
stages of plant development with enrichments above
2.5 fold (Fig. 7B, Supplemental Fig. S6, and Supplemental
Fig. S8). Interestingly, these genes were found to be di-
rect targets of TEM2 but not of TEM1. Altogether, our
data suggest that TEM transcriptionally repress trichome
initiation in the epidermis by binding in vivo to diverse
downstream genes essential to both main trichome ini-
tiation pathways, which at the same time are affected by
the hormones GA and CK.

Figure 6. TEMPRANILLO also affects CK. A, Trichome number in the
7th-8th rosette leaves in different TEM backgrounds after MOCK and GA
treatment at 25 DAG. Error bars indicate SD of the mean number of tri-
chomes. B, Trichome number in the 6th-7th rosette leaves in different TEM
backgrounds afterMOCKand100mMGA3-Fl treatment (at 18DAG). Error
bars indicate SD of the mean number of trichomes. C, CK hormone mea-
surements in mutants and over-expressors of TEM genes 5 DAB, shown
with error bars. Asterisks indicate statistically significant differences (* P#

0.05, ** P # 0.01, *** P # 0.001) obtained using Student’s t test.
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DISCUSSION

Trichomes are specialized epidermal protrusions on
the surfaces of leaves and other aerial organs of many
plants (Olsson et al., 2009), which defend plants against
insect herbivores, virus, UV light, and excessive water
loss (Traw and Bergelson, 2003). In addition, trichomes
are able to synthesize, store, and sometimes secrete
large amounts of specialized metabolites with signifi-
cant commercial value as pharmaceuticals, natural
pesticides, or food additives (Schilmiller et al., 2008).
Consequently, a better understanding of the molecular
mechanisms that control trichome formation will be
important for future commercial biopharming appli-
cations as trichomeswould be able to produce and store
such specialized valuable metabolites (Murphy, 2007;
Ahmad et al., 2012).
Here we report, to our knowledge, a novel double

role for TEM genes in trichome initiation. Our data
clearly indicate that, similarly to their effect on floral
induction (Castillejo and Pelaz, 2008), TEM1 and TEM2
act redundantly to repress trichome initiation from two
leaf tissue layers, epidermis and mesophyll. In the ep-
idermis they directly control trichome gene expression,
and in themesophyll the accumulation and distribution
of GA, that ultimately activates the epidermal trichome

factors, through the repression of GA biosynthetic
genes and GA transporters. The GAs could transiently
move to the epidermis, as well as other proteins in-
cluding TEM, to activate the trichome initiation cas-
cade. In this way, TEMs tightly control trichome
formation, acting as secure locks at different steps and
locations.

TEM Negatively Affects Trichome Initiation
in Arabidopsis

Transcription factors of the RAV family are unique
plant-specific proteins, mainly characterized by the
presence of two different DNA-binding domains, AP2
and B3 (Riechmann et al., 2000; Matías-Hernández
et al., 2014). In Arabidopsis, TEM1 and TEM2, two
members of this family, have been previously identified
as repressors of floral induction (Castillejo and Pelaz,
2008; Osnato et al., 2012). TEM1 and TEM2 genes act
redundantly to repress floral transition by integrating
both the photoperiod and GA signaling pathways un-
der long days and short days (Castillejo and Pelaz,
2008; Osnato et al., 2012). In addition, recent results
indicated that both TEM1 and TEM2 are regulated by
genes acting upstream in other flowering pathways,
suggesting a possible role for TEM in integrating

Figure 7. TEMs control expression and binds in vivo to the regulatory regions of several trichome initiation genes. A, Relative
expression of GA and CK pathway genes in TEM mutants and over-expressors 5 DAB. One representative of three biological
replicates is shown with error bars of three qPCR replicates. B, Relative enrichment of the regulatory regions of GL1, GIS2, ZFP8,
andGL2 after immuno-precipitation of TEM1 or TEM2 followed bya qRT PCR in plant collected 5DAB.One representative of two
biological replicates shown with error bars of three qPCR replicates. Asterisks indicate statistically significant differences (* P #

0.05, ** P # 0.01, *** P # 0.001) obtained using Student’s t test.
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information from diverse redundant pathways (Yant
et al., 2010; Tao et al., 2012;Marín-González et al., 2015).
Similarly to other transcription factor families, it has
been suggested that RAV genes may control additional
biological aspects during plant development (Matías-
Hernández et al., 2014). Indeed, flowering is not the
only process controlled by RAV proteins. RAV mem-
bers have been found to be involved in other plant
development aspects such as leaf senescence, pathogen
infections, abiotic stresses, and growth regulation
(Zhao et al., 2008b; Woo et al., 2010; Matías-Hernández
et al., 2014; Fu et al., 2014; Wang et al., 2014).

P35S:TEM1 and P35S:TEM2 showed almost com-
pletely glabrous leaves, stems, and flowers, while tem1-1
tem2-2 plants produced an approximately double num-
ber of trichomes than wild types. Although TEM1 and
TEM2 seemed to play a redundant role in repressing
trichome initiation, TEM2 had a stronger effect on this
negative regulation. tem2-2 plants produced more tri-
chomes in rosette leaves than tem1-1 and wild-type
plants. Additionally, GUS expression analyses showed
that both genes are expressed in all plant trichomes: in
juvenile rosette leaves, adult leaves, stems, and sepals.
However at later stages of leaf development, TEM2 but
not TEM1 expression was restricted to trichomes formed
at the central part and the periphery of adult leaves.

In Arabidopsis, after initiation, trichomes develop
and grow through endoreduplication, a process where
cell replicates its genome but without cytokinesis
(Szymanski et al., 1998). As a consequence of this en-
doreduplication, an Arabidopsis plant will form tri-
chomeswith three to four branches in the rosette leaves,

one to two branches in the stem, and one branch in the
sepals (Gilding and Marks, 2010). However, pheno-
typical analyses conducted in mutants and over-
expressors of TEM genes exclude the possibility of
TEM being involved in later processes of trichome de-
velopment as the branching of tem1-1 tem2-2, P35S:
TEM1, and P35S:TEM2 trichomes resembled wild-type
trichomes.

TEM Reveals the Palisade Mesophyll as Essential for
Trichome Initiation

In plants, leaf development meticulously follows a
sequence of events that produce a complex organ with
diverse kinds of cells types, thereby the morphological
differentiation of cells and their relative position pat-
terns are essential for ensuring the correct function of
the leaf (Lin and Aoyama, 2012). The outer L1 layer of
the SAM will form the leaf epidermis, while L2 and L3
cell layers will become mesophyll and vascular tissue,
respectively (Langdale, 1998; Balkunde et al., 2010).

Trichomes are formed by the specification of epi-
dermal cells. Once an epidermal precursor is specified
to enter the trichome pathway, an elaborate morpho-
genetic cell transformation occurs in order for it to be-
come a trichome (Langdale 1998; Kirik et al., 2004). It is
widely accepted that patterns of trichome cell fate
should be explained by mechanisms of lateral inhibi-
tion toward the epidermal surrounding cells that in-
volves cell to cell communication with a spatial and
temporal control (Langdale 1998; Kirik et al., 2004). In
Arabidopsis, negative regulators of trichome initiation
and patterning, such as CPC, and ENHANCER OF
TRIPTYCHON AND CAPRICE1 (ETC1) traffic from
trichome cell precursor to neighboring epidermal
pavement cells in the epidermis to repress trichome
formation (Balkunde et al., 2010; Zhao et al., 2008a).
This is due to trichome activation factors turning on
their inhibitors, which can subsequently move into
neighboring epidermal cells to avoid trichome forma-
tion (Balkunde et al., 2011). Similar regulation occurs
between positive regulators such as GL3 and TTG1
(Zhao et al., 2008a; Savage et al., 2008). It has been
shown that TTG1 moves between epidermal cells and
when artificially expressed in the subepidermis, freely
moves to the epidermis to rescue ttg1 mutant pheno-
type (Bouyer et al., 2008). In addition, its function as
trichome promoter is mediated by a trapping mecha-
nism and translocation to the nucleus in the trichome
cells through interaction with GL3 (Balkunde et al.,
2011), resulting in TTG1 depletion from nontrichome
cells (Bouyer et al., 2008). Although it is widely ac-
cepted that in Arabidopsis, the competency to enter the
trichome pathway is limited to epidermal cells, our
results uncover, to our knowledge, a novel mesophyll-
epidermis communication mechanism required to
control the transition of epidermal cells into trichomes;
and that, consequently, may be at odds with the dogma
of trichome epidermal specificity. This mechanism
would involve the NPF GA transporters that would

Figure 8. Mechanisms of epidermal trichome formation controlled by
TEM. TEMs repress trichome initiation from two leaf tissue layers, the
epidermis and the mesophyll. In the epidermis TEMs directly control
trichome gene expression, and in the mesophyll the accumulation and
distribution of GA, that ultimately activates the epidermal trichome
factors, through the repression of GA biosynthetic genes and GA
transporters.
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allow the GA-dependent epidermis genes be activated
from GA specific mesophyll accumulation.
Our data indicate that intercellular signaling between

the mesophyll and the epidermis might be affected by
TEM, CUE, andCAB3. Although these proteins or other
molecules regulated by them may move from meso-
phyll to epidermal cells, our results suggest that at least
GA would use their NPF transports to activate the ep-
idermal trichome initiation genes.
Here we showed that the levels of GA, a mobile

hormone (King et al., 2003; Yamaguchi, 2008), are also
controlled by TEM (Osnato et al., 2012). GAdistribution
is an active and highly regulated process (Yamaguchi,
2008; Shani et al., 2013). Our results, using a fluo-
rescently labeled GA, clearly indicate that mesophyll
cells have unique features that enable GA accumulation
and distribution, suggesting that the mesophyll plays a
special role in GA storage. TEM is able to negatively
control, not only GA biosynthesis but also NPF-specific
GA transporters. These data lead us to propose, to our
knowledge, a novel plausible mechanism, where TEM
may regulate mesophyll cell development and epider-
mal trichome initiation, in part, by affecting the GA
levels and distribution in the mesophyll as well as the
GA transport toward neighbored cells such as epider-
mal cells (Fig. 8). In the absence of GA accumulation in
the mesophyll, as in Arabidopsis lines over-expressing
TEM genes, there is a significant reduction in trichome
number. This would explain, at least partially, how
trichome proliferation is controlled from themesophyll:
the mesophyll plays an essential role in controlling GA
storage, distribution, and transport, through the action
of TEM, which at the end also controls trichome initi-
ation in the epidermis.
Thus, our data unravel a unique communication

channel from one cell layer (mesophyll) to another
(epidermis), to inform cell differentiation processes,
and that might be mediated by NPF transporters. Po-
tentially, this novel communication channel might also
be contributing to additional essential leaf develop-
mental events.

TEM Directly Binds and Represses Genes from both GA-
and CK-Dependent Trichome Pathways in the Epidermis

Hormones play an essential role in trichome initiation
(D’Aloia et al., 2011; Perazza et al., 1998) and plants use
various strategies to orchestrate the competing hormone
signals (Nemhauser et al., 2006; Perazza et al., 1998).
Among these strategies, a crucial one is the use of spe-
cialized regulators that integrate diverse genetic net-
works in the epidermis (Nemhauser et al., 2006). Indeed,
GA and CK hormones have synergistic effects on the
constitutive induction of epidermal defensive trichomes
and gene regulators may be shared between these two
hormonal signaling pathways (Chien and Sussex, 1996;
Perazza et al., 1998). Here, we report that TEMs seem to
be one of these essential regulators. TEMs affect not only
the GA and CK levels within the plants but also geneti-
cally control GA- and CK-dependent trichome pathways

in the epidermis, which in turn negatively affect trichome
formation in all Arabidopsis trichome-producing tissues.
TEM1 and TEM2 act redundantly to repress the tran-
scription of most essential positive epidermal regulators
in at least two different developmental stages, 11 DAG
and 5 DAB, that is before and after bolting, respectively.
Among these genes, GL2, considered to be the universal
activator of trichome initiation due to the fact that both
GA- and CK-dependent trichome pathways converge in
its activation, was also repressed. These results suggest
that the strong trichome phenotypes found in tem mu-
tants andP35S:TEMplantswere, at least partially, caused
by alterations in GL2 expression. Interestingly, some of
these genes were found to be in vivo direct targets of
TEM2 but not of TEM1. Combined with the fact that
tem2-2 plants produced more trichomes than tem1-1 and
wild-type plants, these suggest that TEM2may take over
TEM1 functions, playing a more important role in tri-
chome initiation. In conclusion, our results strongly
suggest that TEM genes control trichome initiation, act-
ing differently in distinct leaf cell layers. In themesophyll,
they seem to regulate trichome formation by controlling
the amounts and distribution, through NPF transporters,
of GA, known to affect trichome development in the
upper cell layer. In that upper layer, the epidermis, they
seem to directly repress transcription of well-known
transcription factors involved in trichome initiation as
GL3, EGL3, or GL2 (Fig. 8). Thus, our data, including, to
our knowledge, the novel finding of GA storage, trans-
port, and distribution in the palisade mesophyll and its
essentiality for epidermal trichome initiation, reinforces
the developmental plasticity found in plant growth and
emphasizes the vital role of TEM genes as repressors in
several plant developmental programs. As such, TEM
may contribute toward additional important processes
affected by the GA and CK hormones, such as cell pro-
liferation, leaf formation, or shoot meristemmaintenance
and formation (Gan et al., 2007; D’Aloia et al., 2011).

MATERIALS AND METHODS

Plant Material and Growth Conditions

Arabidopsis seedswere stratified for 3d at 4°C, andplantswere grown in soil
under controlled conditions at 22°C and long days (16 h light/8 h dark). Col-0
was used as wild type in all the experiments. Transgenic, mutant, and control
plants used for phenotypic analyses and live-imaging have Col-0 background
and were grown together at the growth chamber. For minimizing the effect of
environmental fluctuations, each tray was randomly positioned at the growth
chambers. tem1-1 and tem2-2 were previously described (Castillejo and Pelaz,
2008; Osnato et al., 2012).

Cloning

For mesophyll-specific TEM expression, we first modified the pENTR-3C
vector (Gateway; Invitrogen, Carlsbad, CA) by introducing the PCAB3 and the
Nos terminator, resulting in the PCAB3-Nos vector. The Nos terminator was
amplified by PCR and cloned in pENTR-3C as a KpnI-EcoRV restriction frag-
ment. The CAB3 promoter was amplified by PCR and cloned in pENTR3C-Nos
terminator as a SalI-BamHI fragment.

For mesophyll-specific silencing, we generated PCAB3:amiRTEM. The pre-
viously described artificial miRNA (amiRNA) sequence targeted against TEM
genes (amiR-TEM) was cloned into the PCAB3-Nos plasmid (Osnato et al.,
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2012). The resulting plasmid was then linearized with NheI, dephosphorylated
with alkaline phosphatase, and recombined by the LR Reaction into pMDC100,
a Gateway-compatible binary vector (Curtis and Grossniklaus, 2003).

Similarly, PCAB3:TEM1 and PCAB3:TEM2 plasmids were generated by
cloning the TEM1 and TEM2cDNAS as BamHI-NotI restriction fragments into
the PCAB3-Nos. These vectors were later recombined by the LR reaction into
pMDC99 and pMDC123, respectively.

In addition, for PTEM2:GUS plasmid construction, a 1.9 Kb promoter region
of TEM2 was cloned first in pENTRD-TOPO (Gateway; Invitrogen). This
plasmid was further recombined by a LR reaction into pBGWFS7, a Gateway
plasmid containing GUS (Karimi et al., 2002).

For all PCR reactions,Col-0 genomicDNAwasusedas templatewith specific
primers as listed in Supplemental Table S1 and in previous publications
(Castillejo and Pelaz, 2008; Osnato et al., 2012). All PCR products were verified
by sequencing. Agrobacterium tumefaciens (pGV2260 strain) was electroporated
with plant expression vectors, and used to transform Col-0 wild-type plants by
floral-dip (Clough and Bent, 1998). Between 5 and 10 T1 transgenic lines were
selected for each construct on MS1 supplemented with the appropriate antibiotic.

Phenotypic Analyses

For trichomeanalysis, all the experimentswere repeatedonsoil-grownplants
at least twice. Trichome initiation was monitored using a model no. DP71 mi-
croscope (Olympus, Melville, NY) by counting all trichomes on the adaxial
surface of individual and fully developed rosette leaves (Gan et al., 2007; Yu
et al., 2010). 1st-2nd, 3rd-4th, 5th-6th, and 7th-8th rosette leaf trichomes were
counted independently given that these leaves showed different trichome
production. However, despite the trichome number differences, a similar ten-
dency was observed. Trichome production on the main stem was evaluated by
counting trichomes on the first, second, and third inflorescence internodes in-
dependently, starting from the bottom to the top. Trichome number was
recorded when the main stem reached approximately 17–18 cm in size. Tri-
chome numbers on the first, second, and third cauline leaves of Arabidopsis
plants were measured in the whole adaxial area of each fully expanded leaf. In
addition, trichome production on sepals was evaluated by counting sepal tri-
chomes in flowers at different developmental stages in plants whose main stem
reached approximately 10 cm in size, approximately 5–8 d after flowering.
Unless otherwise specified, a minimum of 20 plants was used for trichome
analysis for each developmental stage and genotype combination. Data are
reported as mean value and SD of the number of trichomes for each genotype.

Hormone Analyses and Treatments

Hormones were measured at the hormone quantification service at the In-
stitute for Plant Molecular and Cell Biology, Valencia, Spain. At least 200 mg of
fresh independent Arabidopsis plants for each genotype collected 5 DAB were
used. GA was quantified after different steps of extraction and purification
including three steps of 80% MeOH-1% acetic acid and a final step using 80%
MeOH-1% formic acid. CK was quantified after extraction and purification
including 80% MeOH-1% acetic acid and 60% MeOH-5% NH3. GA and CK
were finally quantified using an MS-HPLC-Q-Exactive Orbitrap (Thermo
Fisher Scientific, Waltham, MA; Glauser et al., 2014). Exogenous GA3 was used
for hormone treatment. As described (Gan et al., 2007), different line plants
were grown on soil until the first 3–4 leaves had emerged and then plants are
sprayed twice a week with MOCK and 100 mM GA4 solutions until plants
during 2–3 weeks. For measuring the effect of GA application, 7th-8th rosette
leaf trichomes from 20 plants were counted for each genotype combination.
Experiments were repeated on soil-grown plants at least twice.

Epidermis and Mesophyll Phenotypic Analyses

SEMwas performed as previously described (Sánchez-Chardi et al., 2011). In
short, samples were fixed in 2.5% (vol/vol) glutaraldehyde in 0.1 M P-buffer
(pH 7.4) for 2 h at 4°C, washed 4 times for 10 min each time in 0.1 M P-buffer,
postfixed in 1% (w/t) osmium tetraoxide with 0.7% ferrocyanide in P-buffer,
washed in water, dehydrated in an ascending ethanol series (50, 70, 80, 90, and
95% for 10 min each and twice with 100% ethanol), and dried by critical-point
drying with CO2 (Julián et al., 2010). On the other side, ultra-thin transverse
sections of the central part of rosette leaves 11 DAG were first fixed with os-
mium, dehydrated with acetone, embedded in Spurr resin and finally stained
with toluidine blue (Sánchez-Chardi et al., 2011). For cell morphology analysis,
sections of 0.5–1 mm were cut with an ultra-thin microtome using a diamond

knife. All measurements and image analyses were done using an AixoPhot
DP70 microscope (Olympus).

Exogenous GA3 Bioactivity Assays

For GA3-Fl bioactivity assays and analyses seeds from different genotype
were germinated and grown in MS medium under controlled conditions at
22°C and long days (16 h light/8 h dark). Plants were treated with 10 mMGA3-
Fl liquid solution for 20 h and then 1st-2nd rosette leaves were imaged (Shani
et al., 2013). GA3-Fl bioactivity assays were performed in rosette leaves through
development. For that reason, 1st-2nd rosette leaves from at least six plants for
each genotype combination lines were imaged at different plant developmental
stages 9, 11, 13, 16 DAG. Confocal microscopy (Leica, Wetzlar, Germany) and
ImageJ (National Institutes of Health, Bethesda, MD) were used for imaging.
Exogenous GA3-Fl was used for hormone treatment. Different line plants were
grown inMSmedium under controlled conditions at 22°C and long days on soil
until the first 2–3 leaves had emerged and then plants are sprayed twice a week
with MOCK and 100 mM GA4 solutions during 10 days. For measuring the
effect of GA application, 6th-7th rosette leaf trichomes from 20 plants were
counted for each genotype combination.

Identification of Putative RAV Binding Site Sequences

The genomic regions located 3 kb upstream of the ATG, 1 kb downstream of
the stop codon and in the exons, and introns of the genes involved in GA- and
CK-dependent trichome regulatory pathways, were analyzed to identify RAV
binding sites sequences (C(A/C/G)ACA(N)2–8(C/A/T)ACCTG). The Fuzz-
nucbioinformatic program available at the Web site (http://www.hpa-
bioinfotools.org.uk/pise/fuzznuc.html) allowed us to identify perfect RAV
binding sites, and RAV binding sites sequences with one/two mismatches. To
restrict the sample further, we selected genes containing at least two putative
RAV binding sites sequences within a distance of 300 bp.

Expression Analyses, ChIP, and GUS Assays

Real-time analyses were designed to comply with standards of RT-qPCR
(Rieu and Powers, 2009). For RT-qPCR reactions, plants were grown in soil
under long days and samples collected at ZT18 at the indicated days. RNAwas
extracted from a pool of 20 plants 11 DAG or 10 adult plants 5 DAB with
PureLink RNA Mini Kit (Ambion; Thermo Fisher Scientific), treated with
RNase-free DNaseI (Ambion, Thermo Fisher Scientific) and 1 mg was retro-
transcribed with oligo(dT) and SuperScript III (Invitrogen). The expression
levels of genes of interest were monitored by qPCR using SYBR Green I Master
Mix and Light Cycler 480 (Roche, Basel, Switzerland) with the primers listed in
Supplemental Table S2 and below. Data were normalized using the UBQ10
gene as reference. PCR efficiency was calculated and determined as previously
described (Talke et al., 2006). For the GA- and CK-dependent pathways, we
chose to study only those genes that are involved in the final steps of trichome
initiation, which are highly expressed in trichomes, and for whichmutants have
already been described. Gene-specific primer sequences previously described
(Gan et al., 2006, 2007; Balkunde et al., 2010) are listed in Supplemental Table S2
and here:

GIS, 59-TTCATGAACGTCGAATCCTTCTC-39 and 59-ACGAATGGGTTTAG-
GGTTCTTATCT-39;

GL1, 59-CGACTCTCCACCGTCATTGTT-39 and 59-TTCTCGTAGATATTTTC-
TTGTTGATGATG-39;

GL3, 59-GGTACCACAGAACATATTACGGAAGA-39 and 59-CAAGAACG-
TTGTCGATGTGATAATC-39;

EGL3, 59-ATGGCAACCGGAGAAAACAGAACG-39 and 59-TCTCAAGGAC-
TCCTCCAAGAAACG-39;

TTG1, 59-ATGGATAATTCAGCTCCAG-39 and 59-TCAAACTCTAAGGAG-
CTGC-39;

GIS2, 59-ACCGCCAACAAAACCACATT-39 and 59-CGCGTCGTTGATTTG-
AACAG-39;

ZFP8, 59-AAGCCGCCATTATTCGTCTCT-39 and 59-CTGCGGATAAGTTG-
TCGGAGTT-39;

GL2, 59-GGACGAGAAGCAAAGACAGC-39 and 59-TCTCTAGTTCCGCCTT-
GAGC-39;

CPC, 59-TGGGAAGCTGTGAAGATGTCAG-39 and 59-AAGTCTCTTCGTCT-
GTTGGCA-39;
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SPY, 59-TGGAAAAGGGATATGCTTGC-39 and 59-CTGCCATCAATGCT-
TTCTG-39;

UBQ10,59-AAATCTCGTCTCTGTTATGCTTAAGAAG-39 and 59-TTTTACAT-
GAAACGAAACATTGAACTT-39.

ChIP experiments were performed as a modified version of a previously
reported protocol (Matías-Hernández et al., 2010). The direct binding of TEM1
and TEM2 to the regulatory regions of putative targets was assayed using the
P35S:TEM1-HA lines previously described (Osnato et al., 2012) and P35S:
TEM2-HA. Wild-type plants were used as negative controls. The cross-linked
DNA was immuno-precipitated with an anti-HA antibody (Sigma-Aldrich, St.
Louis, MO), purified using Protein A-Agarose resin (Millipore, Billerica, MA),
and tested by qPCR using different primer sets specific for putative direct tar-
gets, as listed in Supplemental Table S2.

Enrichment of the target region was determined using a Sybr Green Assay
(SYBR Green Supermix; Roche). The quantitative real-time PCR assay was
conducted in triplicate and was performed in a LightCycler480 System (Roche).
Relative enrichment was calculated normalizing the amount of immunopreci-
pitated DNA against a UBIQUITIN (UBQ10) fragment and against total INPUT
DNA. In particular, for the binding of TEM1 and TEM2 to the selected genomic
regions, the affinity of the purified sample obtained in the P35S:TEM1-HA and
P35S:TEM2-HA lines background was compared with the affinity-purified
sample obtained in the wild-type background, which was used as negative
control. Fold enrichment was calculated using the following formulas, where
Ct.tg is target gene mean value, Ct.i is input DNA mean value, and Ct.nc is
ubiquitin (negative control) mean value: dCT.tg = CT.i-CT.tg and dCT.nc = CT.
i-CT.nc. The propagated error values of these CTs are calculated: dSD.tg = sqrt
((SD.i)^2+ (SD.tg^2)/sqrt(n) and dSD.nc = sqrt((SD.i)^2+ (SD.nc^2)/sqrt(n),
where n = number of replicate per sample. Fold-change over negative control
(ubiquitin and wild-type plants) was calculated finding the “delta delta CT” of
the target region as follows: ddCT = dCT.tg-dCT.nc and ddSD = sqrt((dSD.tg)^2+
(dSD.nc)^2. The transformation to linear fold-change values is obtained as
follows: FC = 2^(ddCT) and FC.error = ln(2)*ddSD*FC.

On the other side, PGL2:GUS seedlings were used for GUS expression
analyses. PGL2:GUS plants were crossed with tem1-1 tem2-2 and P35S:TEM2,
and three plant generations (F3) were grown in order to obtain homozygous
PGL2:GUStem1 tem2 and PGL2:GUSP35S:TEM2. All GUS staining assays were
performed overnight as described previously (Blázquez et al., 1997; Liljegren
et al., 2000). Samples were incubated in clearing solution, dissected, and
observed using a model no. DP71 microscope equipped with DIC optics
(Olympus).

In silico analyses of NPF genes for checking if they were expressed in the
rosette mesophyll was done using Arabidopsis eFP Browser 2.0:

http://bar.utoronto.ca/efp2/Arabidopsis/Arabidopsis_eFPBrowser2.html.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Trichome number on different upper
inflorescence organs.

Supplemental Figure S2. PTEM1:GUS and PTEM2:GUS are highly
expressed through trichome development.

Supplemental Figure S3. Exogenous GA accumulation in the mesophyll is
regulated by TEMPRANILLO at different stages of development.

Supplemental Figure S4. SEM of abaxial epidermal cells.

Supplemental Figure S5. Before bolting TEMPRANILLO regulates GA- but
not CK-dependent trichome gene expression.

Supplemental Figure S6. Regulation of other trichome genes by
TEMPRANILLO.

Supplemental Figure S7. TEM affects trichome pGL2:GUS activity.

Supplemental Figure S8. TEM2 binds in vivo to the main GA- and
CK-dependent trichome genes in plants that have not yet flowered.

Supplemental Table S1. Trichome number and density on different TEM
genetic backgrounds.

Supplemental Table S2. List of primers used for cloning and ChIP.

Supplemental Table S3. Statistical analyses of data from Figures 1, 2, 4, 5,
6, and 7.
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