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In Arabidopsis thaliana, R3-type MYB genes, CAPRICE (CPC) and its family of genes including TRIPTYCHON (TRY),
ENHANCER OF TRY AND CPC1 (ETC1), ETC2 and CPC-LIKE MYB3 cooperatively regulate epidermal cell differentiation. Root
hair formation is greatly reduced by a mutation in CPC, and try and etc1 enhance this phenotype. In this study, we
demonstrate that CPC, TRY and ETC1 are also involved in root hair formation at the root-hypocotyl junction. The cpc try
and cpc etc1 double mutants showed a reduced number of root hairs in that area. Additionally, the expression of ETC1::
GUS was higher near this area. These results suggest that CPC family of genes also cooperatively regulates root hair
formation at the root-hypocotyl junction in unique ways.

Epidermal cell fate determination, including root hair and tri-
chome differentiation, is a crucial feature of in Arabidopsis thali-
ana development. Molecular genetics studies have revealed that
several common regulatory factors are involved in this event. The
R2R3-type MYB transcription factor, WEREWOLF (WER),
induces the expression of the homeodomain-leucine zipper pro-
tein, GLABRA2 (GL2), which inhibits root hair differentia-
tion.1-4 The other R2R3-type MYB transcription factors,
GLABRA1 and MYB23, are homologous to WER and are
involved in trichome differentiation.5-7 In addition, the basic
helix-loop-helix (bHLH) transcription factors GLABRA3 (GL3)
and ENHANCER OF GLABRA3 (EGL3) inhibit root hair dif-
ferentiation.8 The WD40-repeat protein TRANSPARENT
TESTA GLABRA1 (TTG1) also prompts trichome differentia-
tion and inhibits root hair differentiation.9,10

The R3-type MYB transcription factor CAPRICE (CPC), has
been identified as a key regulator of epidermal cell fate determi-
nation in Arabidopsis.11. Additionally, 6 CPC-homologous genes
have been identified in the Arabidopsis genome: TRIPTYCHON
(TRY), ENHANCER OF TRY AND CPC1 (ETC1),
ENHANCER OF TRY AND CPC2 (ETC2), ENHANCER OF
TRY AND CPC3 (ETC3)/CPC LIKE MYB3 (CPL3), TRI-
CHOMELESS1 (TCL1) and TRICHOMELESS2 (TCL2)/CPC
LIKE MYB4 (CPL4).12-20 These 7 CPC family genes function
cooperatively to induce root hair differentiation and inhibit tri-
chome differentiation.

The CPC family proteins, WER, GL1, TTG1, GL3 and
EGL3, are thought to act as a transcription regulatory complex
in the epidermis of Arabidopsis.18,21-24 This transcriptional

complex regulates GL2 gene expression in both root hair and tri-
chome differentiation in Arabidopsis.1,4,9,11,25 The TTG1-GL3/
EGL3-WER transcriptional complex promotes GL2 expression
to induce a hairless cell differentiation.26,27 CPC disrupts this
transcriptional complex by competing with WER, thus nega-
tively regulating the expression of GL2 and resulting in root hair
formation. 28 In addition to the root hair formation in the major
portion of the root, CPC family genes are also involved in root
hair formation at the root-hypocotyl junction.14

In this study, we focused on root hair formation at the root-
hypocotyl junction in CPC-LIKE MYB family mutants, all of
which were in a Col-0 background. The cpc mutant is known to
produce a greatly reduced number of root hairs compared with
the wild type.11 However, the cpc mutant even possessed root
hairs at the root-hypocotyl junction, which was the similar to the
wild type (Fig. 1A). Moreover, the cpc-2, try-29760, etc1-1, etc2-
2 and cpl3-1 mutants formed root hairs at the root-hypocotyl
junction similar to the wild type (Col-0) (Fig. 1A). However,
cpc-2 try-29760, cpc-2 etc1-1, cpc-2 etc2-2 and cpc-2 cpl3-1
showed reduced number of root hairs compared with the wild
type at the root-hypocotyl junction (Fig. 1B). All other double
mutants including etc1-1 try-29760, etc1-1 etc2-2, etc1-1 cpl3-1,
etc2-2 try-29760, etc2-2 cpl3-1 and cpl3-1 try-29760 did not
show obvious changes in the root-hypocotyl junction (Fig. 1B).
Our observation of reduced root hairs in the cpc-2 try-29760
double mutant is consistent with a previous study by Kirik et al.
using the try-82 (in the Ler genetic background) cpc-1 (in the WS
genetic background) double mutant.14 Together, these results
suggest that the function of CPC is the most prominent among
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the CPC family of genes for the root hair formation, not only for
the major portion of the root, but also at the root-hypocotyl
junction. However, a single mutation in CPC did not induce
apparent differences in root hair density at the root-hypocotyl
junction compared with the wild type (Fig. 1A). The cpc-2 try-
29760 and cpc-2 etc1-1 double mutants were distinguished from
the wild type by having a reduced number of root hairs at the

root-hypocotyl junction (Fig. 1B).
The combination of 2 mutations,
neither of which affected root hair
density at the root-hypocotyl junc-
tion, reduced the number of root
hairs at the root-hypocotyl junc-
tion. This phenomenon resembles
the regulation of trichome forma-
tion by the CPC family of genes.
The cpl3 cpc and cpl3 etc2 double
mutants had more trichomes than
each parental line.18 The cpc-2
etc1-1 etc2-2 and cpc-2 try-29760
cpl3-1 triple mutants also showed a
clearly reduced number of root
hairs at the root-hypocotyl junc-
tion compared with the wild type,
which was also observed in the cpc-
2 try-29760 and cpc-2 etc1-1 dou-
ble mutants (Figs. 1B, C). In con-
trast, the try-29760 etc1-1 etc2-2
and try-29760 etc1-1 cpl3-1 triple
mutants did not show remarkable
differences compared to the wild
type in root hair formation at the
root-hypocotyl junction, as the
etc1-1 try-29760 double mutant
did (Figs. 1B and 1C). These
results also suggest that CPC plays
the most prominent role in root
hair formation at the root-hypo-
cotyl junction among the CPC
family genes. The cpc mutant effect
on root hair formation at the root-
hypocotyl junction is enhanced by
try and etc1, which suggests that
CPC plays a leading role in root
hair formation at the root-hypo-
cotyl junction, which is associated
with TRY and ETC1. The etc1-1
try-82 cpc-1 triple mutant pheno-
type has been reported to be
unusual due to its lack of root hairs
in the root-hypocotyl junction,14

which supported our hypothesis
that CPC, TRY and ETC1 induced
root hair formation at the root-
hypocotyl junction.

To determine whether CPC
family genes are expressed at the root-hypocotyl junction, we
analyzed the CPC, TRY, ETC1, ETC2 and CPL3 promoter-
GUS reporter fusion lines. The CPC::GUS transgene caused a
slight GUS accumulation in the hypocotyl (Fig. 2), which was
similar to a previously reported CPC gene expression.14 The
CPC promoter was also active in the lateral root primordia
(Fig. 2, inset in CPC::GUS); however, no obvious GUS

Figure 1. Root hair formation at the root-hypocotyl junction in CPC-LIKE MYB mutants. Root hair formation
at the root-hypocotyl junction in 3-day-old seedlings of wild type (Col-0), and cpc-2, try-29760, etc1-1, etc2-2,
cpl3-1 single mutants. (A), cpc-2 try-29760, cpc-2 etc1-1, cpc-2 etc2-2, cpc-2 cpl3-1, etc1-1 try-29760, etc1-1
etc2-2, etc1-1 cpl3, etc2-2 try-29760, etc2-2 cpl3-1 and cpl3-1 try-29760 double mutants, (B), cpc-2 etc1-1 etc2-
2, cpc-2 try-29760 cpl3-1, try-29760 etc1-1 etc2-2 and try-29760 etc1-1 cpl3-1 triple mutants and (C) Scale bars
in each photo: 200 mm.
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expression was observed at the root-hypocotyl junction
(Fig. 2). No significant GUS expression was detected in the
TRY::GUS hypocotyl, as previously reported.14 In addition,
no TRY activity was observed at the root-hypocotyl junction
(Fig. 2). The ETC2::GUS and CPL3::GUS transgene caused a
GUS accumulation in the hypocotyl guard cells (Fig. 2),
which is consistent with previous reports.15,18 ETC2 and
CPL3 promoter activity was not observed at the root-hypo-
cotyl junction (Fig. 2). In conclusion, no significant GUS
expression was detected at the root-hypocotyl junction in any
of the promoter-GUS transgenic lines that we have examined
so far. Only the ETC1::GUS transgene caused a strong GUS
accumulation near the region of the root-hypocotyl junction
(Fig. 2). These results suggest that ETC1 is the most abundant
protein at the root-hypocotyl junction among those of the
CPC family. Although mutant analyses revealed the involve-
ment of CPC, TRY and ETC1 in root hair formation at the

root-hypocotyl junction, CPC::GUS and TRY::GUS expres-
sions were hardly observed near the root-hypocotyl junction.
CPC is the most important gene for root hair formation at the
root-hypocotyl junction according to mutant analysis (Fig. 1),
but CPC expression was not detected in this area (Fig. 2).
There are 2 possibilities why CPC promotes root hair forma-
tion more than ETC1 does at the root-hypocotyl junction.
First, the CPC protein may have a more appropriate structure
to promote root hair formation at the root-hypocotyl junction
than ETC1 does, even if the CPC expression is at an undetect-
able level in this area. For instance, there are some amino acid
differences between CPC and ETC1 along their entire sequen-
ces.14 Second, we observed the expressions of the CPC family
genes in the 3-day-old seedlings (Fig. 2). There is another pos-
sibility that expressions of the CPC family genes at earlier
stages may be important for root hair induction at the root-
hypocotyl junction.

In this study, we demonstrated that CPC, TRY and ETC1 act
in a cooperative manner to induce root hair formation at the
root-hypocotyl junction, and CPC has a pivotal role in this func-
tion. In addition, we show that ETC1 mRNA may be abundant
near the root-hypocotyl junction because ETC1::GUS expression
was detected there. There is evidence from genetic studies that
CPC is the most important gene for the formation of root hairs
at the root-hypocotyl junction. The expression of ETC1 is higher
at this area, which reflects the functional differences among the
CPC family genes.

The plant materials used in this study have been described
previously and included the cpc-2,29 cpl3-1,18 try-29760, etc1-1,
and etc2-2 mutants.30 All mutants were carried on the Col-0
background. The selection of the double and triple mutants of
cpc, try, etc1, etc2, and cpl3 has also been previously described.18

Seeds were surface-sterilized and sown on the surface of 1.5%
agar plates using a method described previously,31 and grown for
the observation of seedling phenotypes. Seeded plates were held
at 48C for 2 days and then incubated at 228C for 3 days under
continuous white light (50–100 mmol m¡2 s¡1).

Phenotypes of 3-day-old seedlings of the wild type (Col-0),
cpc-2, try-29760, etc1-1, etc2-2, cpl3-1, cpc-2 try-29760, cpc-2
etc1-1, cpc-2 etc2-2, cpc-2 cpl3-1, etc1-1 try-29760, etc1-1 etc2-2,
etc1-1 cpl3, etc2-2 try-29760, etc2-2 cpl3-1,cpl3-1 try-29760, cpc-
2 etc1-1 etc2-2, cpc-2 try-29760 cpl3-1, try-29760 etc1-1 etc2-2
and try-29760 etc1-1 cpl3-1 mutants were observed using a Leica
MZ16FA stereomicroscope (Leica Microsystems GmbH, Wet-
zlar, Germany). Images were recorded using a high-sensitivity
CCD color camera system (Keyence VB 7010, Osaka, Japan).

The promoter::GUS plants used in this study have been
described previously.18 Three-day-old seedlings of CPC::GUS,
TRY::GUS, ETC1::GUS, ETC2::GUS and CPL3::GUS were
immersed X-Gluc solution containing 1.0 mM XGluc (5-
bromo-4-chloro-3-indolyl-ß-glucuronide), 1.0 mM K3Fe(CN)6,
1.0 mM K4Fe(CN)6, 100 mM NaPi (pH 7.0), 100 mM EDTA
and 0.1% Triton X-100. CPC::GUS, TRY::GUS, ETC2::GUS
and CPL3::GUS seedlings were incubated at 37�C for 6 hours,
and ETC1::GUS seedlings were incubated at 37�C for 2 and
one-half hours.

Figure 2. Promoter activity of CPC-LIKE MYB genes at the root-hypocotyl
junction in 3-day-old Arabidopsis seedlings of CPC::GUS, TRY::GUS, ETC1::
GUS, ETC2::GUS and CPL3::GUS lines. Inset in CPC::GUS shows the CPC pro-
moter is not active at the root-hypocotyl junction, although it is active in
the lateral root primordia. Inset in ETC2::GUS shows that the ETC2 pro-
moter is active in the hypocotyl guard cells. Scale bars: 200 mm.
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