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SUMMARY

Although root hair development in Arabidopsis thaliana has been extensively studied, it remains unknown
whether the zinc finger proteins, the largest family of transcription factors in plants, are involved in this
process. Here we report that the C2H2 zinc finger protein ZINC FINGER PROTEIN 5 (ZFP5) is a key regulator of
root hair initiation and morphogenesis in Arabidopsis. ZFP5 is mainly expressed in root and preferentially in
root hair cells. Using both zfp5 mutants and ZFP5 RNAi lines, we show that reduction in ZFP5 function leads to
fewer and much shorter root hairs compared to wild-type. Genetic and molecular experiments demonstrate
that ZFP5 exerts its effect on root hair development by directly promoting expression of the CAPRICE (CPC)
gene. Furthermore, we show that ZFP5 expression is induced by cytokinin, and that ZFP5 mediates cytokinin
and ethylene effects on the formation and growth of root hairs. These results suggest that ZFP5 integrates
various plant hormone cues to control root epidermal cell development in Arabidopsis.
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INTRODUCTION

In plants, root hairs are important for the uptake of nutrients
and water from the rhizosphere, and serve as sites of inter-
action with soil micro-organisms and for anchorage of
plants in soil (Gilroy and Jones, 2000; Jones et al., 2009). In
addition, root hair formation provides a simple and an ele-
gant model for studying cell fate and cell morphogenesis
because of their predictable pattern, polar growth, and ease
of analysis (Ishida et al., 2008).

In Arabidopsis thaliana, the root epidermis contains
alternate files of hair (H) and non-hair (N) cells. Epidermal
cells overlying two cortical cells eventually develop into root
hairs, while those overlying only one cortical cell develop
into mature non-root hair cells (Schiefelbein et al., 2009).
This patterning process uses an evolutionarily conserved
cassette consisting of MYB, bHLH and homeodomain
transcription factors, including GLABRA3 (GL3)/ENHANCER
OF GLABRA3 (EGL3), TRANSPARENT TESTA GLABRA
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(TTG), CAPRICE (CPC), TRIPTYCHON (TRY), ENHANCER OF
TRY AND CPC (ETC.), WEREWOLF (WER) and GLABRA2
(GL2). According to current models, TTG1, GL2 and WER
function as negative regulators for root hair cell fate, as
mutations in TTG1, GL2and WER promote conversion of the
N cells to H cells (Galway et al., 1994; Masucci et al., 1996;
Lee and Schiefelbein, 1999). GL3 and EGL3 also act in a
redundant manner to determinate the non-hair cell fate
(Bernhardt et al., 2003), as the number of root hairs in both
g/3 and egl3 mutants is increased, and the egl3 g/3 double
mutant shows an ectopic hair phenotype (Bernhardt et al.,
2003). CPC, a small R3-type MYB transcription factor, is a
positive regulator of root hair cell determination (Wada
et al., 1997), as mutations in CPC result in only a few root
hairs being produced (Wada et al., 2002; Tominaga et al.,
2008). TRY and ETC. are homologous genes of CPC, and
their products act redundantly with CPC to positively
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regulate root hair formation (Schellmann et al., 2002; Esch
et al., 2004; Kirik et al., 2004a; b; Simon et al., 2007; Tomi-
naga et al., 2008). The cpc try and cpc etcT double mutants
produce very few hair cells (Schellmann et al., 2002; Kirik
et al., 2004b; Tominaga et al., 2008), and over-expressing
CPC, TRY or ETCT1 under the control of the CaMV 35S
promoter produces more root hairs compared to the wild-
type (Schellmann et al., 2002; Kirik et al., 2004b; Tominaga
et al, 2008). It is thought that a WER-GL3/EGL3-TTG1
complex preferentially accumulates in N cell files and acts
upstream of GL2, which is required for N cell differentiation
(Costa and Shaw, 2006; Ishida et al., 2008; Schiefelbein
et al., 2009; Tominaga-Wada et al., 2011). The CPC gene is
preferentially transcribed in N cells, but its protein product
can move to the neighboring H cells where it competes
against WER for binding to the GL3/EGL3-TTG complex
(Schellmann et al., 2002; Pesch and Hiilskamp, 2004; Kurata
et al., 2005; Simon et al., 2007). Binding of CPC to the GL3/
EGL3-TTG complex inhibits GL2 expression, resulting in H
cell specification. In addition, GL3/EGL3 can also move from
H cells to N cells to participate in communication between
the N and H cells to reinforce the cell specificity (Bernhardt
et al., 2005; Schiefelbein and Lee, 2006).

After cell fate determination, the developing hair cells (or
trichoblasts) begin to establish cell polarity and root hair tip
growth, ultimately forming tubular-shaped hairs. Many
molecules, including ions, are involved in this complicated
process (Tominaga-Wada et al., 2011). lonic influx is neces-
sary for root hair tip growth, and some mutants possessing
short root hairs are ion uptake-deficient. For example, the
root hair deficient 2 (rhd2) mutant possesses bulges of the
correct size and location, but cannot proceed with hair
elongation (Schiefelbein and Somerville, 1990). Interest-
ingly, Ca?*gradients are not observed in swellings on most H
cells of the mutants (Wymer et al., 1997), suggesting that
RHD2 plays an important role in Ca®* uptake by root hair
cells, and subsequent research indicated a positive feedback
mechanism involving RHDZ2, reactive oxygen species and
Ca®* in determination of cell shape (Takeda et al., 2008).
K*translocationisalsoindispensable for root hair elongation.
TINY ROOT HAIR 1(TRH1) is a member of the Arabidopsis
thaliana K* Transport (AtKT) Arabidopsis thaliana K* Uptake
Transporter (AtKUP)/Arabidopsis thaliana High-Affinity K*-
Transporter (AtHAK) family of potassium carriers (Kim et al.,
1998), and mediates K* transport in roots (Desbrosses
et al., 2003). The trh1-1 mutant forms short root hairs (Rigas
et al., 2001), and the trh1-1phenotype cannot be suppressed
by application of a high concentration of external KCI,
indicating an absolute requirement for TRH7 in root hair tip
growth (Desbrosses et al., 2003). The materials required for
cell-wall synthesis are indispensable for root hair elonga-
tion. RHD1is one of five widely expressed family genes that
encode UDP-bp-glucose-4-epimerase (UGE4), which acts in
formation of UDP-p-galactose (Seifert et al., 2002). The rhd1
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mutant has short root hairs and bulges (Schiefelbein and
Somerville, 1990; Seifert et al, 2002) due to a lack of
arabinosylated (1,6)-p-p-galactan and galactosylated xylo-
glucan (Seifert et al., 2002).

Plant hormones and environmental signals are also
considered to be important regulators of root hair develop-
ment (Bucio et al., 2003; Guimil and Dunand, 2006; Ishida
et al., 2008; Yi et al., 2010). It is well known that ethylene
decreases root cell length and increases root width and root
hair length (Tanimoto et al., 1995). Endogenous ethylene
directs auxin to control root cell expansion (Strader et al.,
2010), and auxin plays important roles in regulating root hair
formation when ethylene transduction signals are inhibited
(Rahman et al., 2002). Moreover, these two hormones act
together with environmental signals to contribute to root
hair development. In the case of potassium stress, ethylene
plays important roles in regulating the formation of root
hairs and the main root by producing reactive oxygen
species, and auxin regulates the root structure by regulating
phosphate levels (Schmidt and Schikora, 2001; Lopez-Bucio
et al., 2002; Jung et al., 2009). In addition, low nutrition
stress can also affect root hair development by interacting
with transcription factors. It has been shown that the cpc
mutant produces as many root hairs as wild-type roots when
grown in an iron- and phosphate-deficient medium (Miiller
and Schmidt, 2004). Furthermore, ROOT HAIR DEFEC-
TIVE 6-LIKE 4 (RSL4), a basic helix-loop-helix (bHLH)
transcription factor, integrates endogenous developmental
and exogenous environmental signals to control post-
mitotic growth in root hairs (Yi et al., 2010). It is notable
that cytokinins, plant-specific hormones that influence the
cell cycle and numerous developmental programs (Werner
and Schmiilling, 2009; Bishopp et al., 2011; Kushwah et al.,
2011; Muraro et al., 2011; Zhang et al., 2011), have not yet
been clearly implicated in root hair development.

In this paper, we report identification of a putative C2H2
zinc finger transcription factor, ZFP5, that modulates root
hair initiation and elongation by cytokinin and ethylene
signals. Molecular and genetic analyses show that ZFP5
controls root hair initiation by directly targeting CPC,
providing a new insight into the mechanisms of cell differ-
entiation in this model system.

RESULTS

ZFP5 acts as a positive regulator of root hair
development in Arabidopsis

To test whether the ZFP5 gene is involved in mediating root
hair development, we analyzed a previously identified
T-DNA insertion mutant from the Nottingham Arabidopsis
Stock Centre, in which the promoter of ZFP5 is interrupted
by a T-DNA insertion. The presence of the T-DNA was veri-
fied by genomic PCR as described previously (Zhou et al.,
2011), and ZFP5 expression in the mutant was determined
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by quantitative real-time PCR analysis as described
previously (Zhou et al., 2011). The zfp5-4 mutant has much
shorter and fewer root hairs than the wild-type
(Figure 1a,b,e). To verify the phenotype of the zfp5-4 loss-of-
function mutant, we analyzed previously generated multiple
ZFP5RNAi transgenic lines, and ZFP5 expression levels were
determined to confirm that transcription was inhibited as
previously reported (Zhou et al., 2011). ZFP5 RNAi lines had
a similar phenotype to that of the T-DNA insertion mutant
(Figure 1c,e). We next analyzed the formation of root hair
cells in H cell and N cell positions, and found that the per-
centage of root hair cells in the epidermis (root hair density)
in both the zfp5-4 mutant and ZFP5 RNAI plants was signif-
icantly reduced in comparison with wild-type plants
(Table 1). Further investigation indicated that the hair cell
percentage in H cell positions in both zfp5-4 mutant and
ZFP5 RNAI plants was significantly suppressed (Table 1).
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To further verify that the phenotype was caused by the
zfp5-4 loss-of-function mutation and not by another linked
mutation, we over-expressed ZFP5 in the zfp5-4 background
using the CaMV 35S promoter. We discovered that
over-expression can restore the shorter root hair phenotype
of the mutant (Figure 1d,e) as well as the numbers of root
hair cells in the H cell position to the wild-type level
(Table 1).

To further define the zfp5-4 mutant shorter root hair
phenotype, we compared root hair growth rates between
wild-type plants and the mutant using time-lapse micro-
scopy, as described by Szumlanski and Nielsen (2009). The
growth rate of root hairs in the mutant was significantly
lower than that in the wild-type (Figure 2a-f). This result
confirmed that the short length of root hairs in the mutant
was caused by a reduced rate of root hair elongation, rather
than a reduced period of hair growth.

Figure 1. Phenotypes of the loss-of-function zfp5-4 mutant, ZFP5 RNAI line and the ZFP5 over-expressing line.
(a—d) Phenotypes of root hairs of the wild-type (a), zfp5-4 (b), a transgenic plant in which ZFP5 has been silenced by RNAI (c), and the 35S:ZFP5zfp5-4 line (d). Scale

bar = 200 um.

(e) Mean root hair length for the wild-type, zfp5-4 mutant, ZFP5 RNAi and 35S: ZFP5zfp5-4 transgenic lines. Values are means + standard deviations for at least 20

seedlings.**P<0.01 for comparison with wild-type.
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Table 1 Root hair production and root hair and non-hair cell specification in the root epidermis in various genotypes
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H cell position

N cell position

Genotype Hair cells in epidermis (%) Hair cells (%) Non-hair cells (%) Hair cells (%) Non-hair cells (%)
Wild-type (Col-0) 42.3 + 8.7 90.0 £+ 4.0 10.0 + 4.0 5.0 + 3.5 95.0 &+ 3.5
zfp5-4 31.0 £ 8.5** 75.0 £ 1.5%* 25.0 + 1.5%* 3.0+73 97.0 £ 7.3

ZFP5 RNAI 31.4 £ 8.2%* 77.6 £ 2.1%* 22.4 + 2.1%* 26 +75 97.4 4+ 75
35Spro:ZFP5zfp5-4 42.6 + 5.6 92.5 + 10.0 7.5 +10.0 3.7 £8.1 96.3 + 8.1
35S5pro:CKX2 31.4 +£ 11.1%* 82.5 + 2.7** 17.5 + 2.7%* 22 +6.3 97.8 + 6.3

cpc 8.6 + 3.9%* 11.1 £ 1.2%% 88.9 £+ 1.2%* 1.1+ 4.7 989 £ 4.7

cpc zfp5-4 6.0 + 1.5%* 7.5 £ 1.0%* 92.5 + 1.0%* 0.0 + 0.0% 100.0 + 0.0*

Values indicate mean + standard deviation for at least ten roots for each line. In all strains, approximately 40% of epidermal cells are in the H
position. The least significant differences (LSD) method was used to determine significant differences between genotypes (*P < 0.05; **P < 0.01).
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Figure 2. Root hair cell growth rates for wild-type and mutant.
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(a—d) Determination of the root hair growth rate of the wild-type (a,c) and the zfp5-4 mutant (b,d) during a 20 min growth period by time-lapse microscopy. Scale

bar = 3 um.
(e) Typical root hair growth curve for the wild-type and zfp5-4 mutant.

(f) Mean root hair growth rate for the wild-type and zfp5-4 mutant. Values are means =+ standard deviations (n = 3). The growth rate for the zfp5-4 mutant was

significantly different from that of the wild-type (¥**P < 0.01).

ZFP5 is required for cytokinin and ethylene signals
to control root hair development

The root hair phenotypes of the zfp5-4 loss-of-function
mutant and RNAI plants suggest that ZFP5 acts as a positive
regulator to regulate the development of root hairs. As
reported previously that ZFP5 controls trichome initiation
through gibberellin acid signaling (Zhou et al., 2011) and
that its homologous GLABROUS INFLORESCENCE STEMS

© 2012 The Authors

(GIS) family genes GIS2 and ZFP8 control trichome cell dif-
ferentiation through gibberellin acid and cytokinin signaling
(Gan et al., 2006, 2007), we investigated whether ZFP5 con-
trols root hair development through plant hormone signal-
ing. The zfp5-4 mutant was treated with various levels of
benzylaminopurine  (BA) and 1-aminocyclopropane-
1-carboxylic acid (ACC), which represent cytokinin and
ethylene treatments, respectively. The ACC treatment
significantly increased the root hair density (Figure 3a—-d and
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Figure 3. Effects of ethylene application on the zfp5-4 mutant.
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(a,c) Root hair phenotypes of the wild-type (a) and the zfp5-4 mutant (c) grown on normal MS medium.
(b,d) Root hair phenotypes of the wild-type (b) and the zfp5-4 mutant (d) treated with 1 um ACC.

Scale bar = 200 um (a-d).

(e) Mean hair length of the wild-type and the zfp5-4 mutant treated with ACC. Values are means + standard deviations for at least 20 seedlings.
(f) Expression levels of ZFP5in roots treated with 1 uv ACC. The primary regulator gene ACS2was used as a control. Values are means + standard deviations (n = 3).

*#P<0.01 for comparison with the control treatment.

Table 2), but not the root hair length of the zfp5-4 mutant
(Figure 3e). BA treatment restored the root hair density of
zfp5-4 to the wild-type level (Figure 4a-d and Table 2);
however, unlike wild-type plants, the root hair length of the
zfp5-4 mutant was insensitive to cytokinin application
(Figure 4e), indicating that ZFP5 is required for cytokinin and
ethylene signaling to control root hair development.

To extend these results, we investigated the expression of
ZFP5 in response to external cytokinin and ethylene appli-
cation. We first characterized the transcription levels of ZFP5
in BA-treated plants and 35S:CKX2 transgenic plants, which
are designated to mimic the cytokinin-inhibiting treatment,
because CKX2 is one of the cytokinin oxidase genes that
inhibit cytokinin synthesis (Gan et al., 2007; Werner and
Schmiilling, 2009). The results showed that BA treatment

significantly induced ZFP5 transcript levels by approxi-
mately two fold (Figure 4f). In contrast, ZFP5 expression
was significantly decreased in 355:CKX2 transgenic plants
(Figure 4j). Consistent with this, the root hair length and root
hair numbers were significantly reduced in 355:CKX2 plants
in comparison to the wild-type (Figure 4g-i and Table 1). In
addition, we used ZFP5:GUS transgenic plants to detect
whether ZFP5 responds to cytokinin signaling at the protein
level. Histochemical staining for GUS activity in ZFP5:GUS
plants was significantly enhanced after cytokinin treatment
(Figure 4k-m), indicating that cytokinin can induce ZFP5
expression at the protein level.

We also examined the transcript levels of ZFP5 after ACC
treatment. ZFP5transcript accumulation was not significantly
changed in response to ACC, although expression of an ACC
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Table 2 Root hair production and root hair and non-hair cell specification in the root epidermis of wild-type and zfp5-4 mutant plants grown on

control medium and medium containing BA and ACC

H cell position

N cell position

Hair cells in
Genotype/treatment epidermis(%) Hair cells (%) Non-hair cells (%) Hair cells (%) Non-hair cells (%)
Wild-type/mock 42.0 + 6.4 95.3 + 8.7 47 +8.7 1.1+ 47 98.9 + 4.7
Wild-type/10 nm BA 50.2 + 4.7*%* 100.0 + 0.0* 0.0 + 0.0* 22 +9.4 97.8 + 9.4
Wild-type/100 nm BA 52.6 + 4.5%% 100.0 + 0.0* 0.0 +£ 0.0* 22+ 65 97.8 + 6.5
Wild-type/mock 38.0 + 3.3 94.4 + 115 5.6 + 115 22+ 65 97.3 + 6.5
Wild-type/100 nm ACC 68.3 + 9.4%* 100.0 + 0.0* 0.0 + 0.0* 17.8 + 15.6* 82.2 + 15.6*
Wild-type/1 um ACC 73.0 + 8.0** 100.0 + 0.0* 0.0 + 0.0* 41.1 £ 17.2%* 58.9 + 17.2**
zfp5-4/mock 33.0 + 8.0 783 + 24 217 £ 2.4 0.0 £ 0.0 100.0 + 0.0
zfp5-4/10 nm BA 50.7 + 4.7%* 90.0 + 2.8 10.0 + 2.8 0.0 £ 0.0 100.0 + 0.0
zfp5-4/100 nm BA 54.0 + 8.2*%* 98.0 + 2.8 2.0+ 28 18.0 £+ 2.8** 82.0 + 2.8%*
zfp5-4/mock 29.5 + 6.1 738 + 2.2 26.2 +£ 2.2 0.0 £ 0.0 100.0 + 0.0
zfp5-4/100 nm ACC 65.2 + 5.6%* 98.6 + 2.0 1.4 + 20 34.3 + 12.1%* 65.7 + 12.1**
zfp5-4/1 um ACC 66.4 + 8.3** 100.0 + 0.0 0.0 £ 0.0 42.0 + 14.1%* 58.0 + 14.1%*

Values indicate mean + standard deviation for at least ten roots for each line. In all strains, approximately 40% of epidermal cells are in the H
position. The least significant differences (LSD) method was used to determine significant differences compared with mock-treated plants

(*P < 0.05; **P < 0.01).

response gene ACS2 was sharply induced (Figure 3f). To
further assess the response of ZFP5 expression to ethylene
signaling in regulating root hair development, we first
investigated the root hair phenotype of the wild-type and
zfp5-4 mutants after treatment with aminoethoxyvinylgly-
cine (AVG), either alone or together with ACC treatment.
AVG acts as an inhibitor during ethylene biosynthesis. As
shown in Figure 5(a-f), AVG treatment significantly inhibited
root hair formation and root hair growth in both wild-type
and zfp5-4 plants. Moreover, the mutant was more sensitive
to AVG treatment, with 2 pm almost completely blocking
root hair formation in the mutant plants (Figure 5g,h).
Similar results were observed when AVG was applied
together with ACC (Figure 5i-p). These results indicate that
ZFP5 expression may be responsive to ethylene in control-
ling root hair development. To further examine this hypoth-
esis, we assessed ZFP5 expression in ethylene mutants. The
results showed that ZFP5 transcripts were reduced in etr1-1,
etr1-3 and etr2 mutants, and induced in the efo2 mutant
(Figure 5q). Both GUS staining and Western blotting exper-
iments showed that ZFP5 expression was induced at the
protein level (Figure 5r-u).

Taken together, these results suggest that ZFP5 regulates
root hair formation and elongation by mediating both
cytokinin and ethylene signaling.

ZFP5 acts upstream of the root hair initiation regulator CPC

As both root hair length and root hair initiation were affected
in the zfp5-4 mutant and ZFP5 RNAI lines, we investigated
the interaction between ZFP5 and the known root hair
development regulatory pathway, and attempted to identify
the direct target(s) of ZFP5. We first measured the expres-
sion level of the genes ROOT HAIR LESS 1 (RHL1), GL3,
EGL3, TTG1, CPC, TRY and ETC1, which encode the com-

© 2012 The Authors

ponents of the root hair initiation complexes GL3/EGL3-
TTG1 and CPC-TRY-ETC1, by quantitative RT-PCR. As
shown in Figure 6, expression of CPC was most significantly
suppressed in the mutant, and expression of RHL7and EGL3
was also significantly suppressed. By contrast, expression of
GL2, TRY and ETC1 was significantly up-regulated, sug-
gesting that ZFP5 may act upstream of CPC, EGL3and RHL1.
To further confirm whether ZFP5 acts upstream of CPC,
we studied the genetic relationship between ZFP5 and CPC.
First, we over-expressed ZFP5 in the cpc mutant back-
ground, and found that the root hair-deficient phenotype of
the cpc mutant was not rescued by ZFP5 over-expression
(Figure 7a-d). Next, we over-expressed CPC in the zfp5-4
mutant background, and this caused the root hair phenotype
of zfp5-4 to be restored to the wild-type level (Figure 7e,g),
indicating that ZFP5 acts upstream of CPC to control root
hair initiation. In addition, we constructed a cpc zfp5-4
double mutant, and the phenotype of cpc zfp5-4 was similar
to that of the ¢pc mutant (Figure 7f,g and Table 1). We also
crossed the zfp5-4 mutant with a CPC:GUS transgenic line to
investigate whether the ZFP5 mutation altered the CPC
expression pattern. As shown in Figure 8(a-d), GUS signals
were confused in CPC:GUSzfp5-4 root epidermis compared
to CPC:GUS root epidermis. GUS signals were not only
found in hair cells, but also in the adjacent cells. These
results further indicate that ZFP5 acts upstream of CPC.

ZFP5 directly targets the CPC promoter to promote
root hair development

To investigate whether ZFP5 promotes root hair formation
by directly regulating expression of CPC, we investigated
whether ZFP5 activates expression of CPC by using
35S:ZFP5:GR transgenic lines in the zfp5-4 mutant back-
ground, in which ZFP5 transcription may be instantaneously

The Plant Journal © 2012 Blackwell Publishing Ltd, The Plant Journal, (2012), 72, 474-490
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Figure 4. Effects of cytokinin application on the zfp5-4 mutant.

(a,c) Root hair phenotypes of the wild-type (a) and the zfp5-4 mutant (c) grown on normal MS medium.

(b,d) Root hair phenotypes of the wild-type (b) and the zfp5-4 mutant (d) treated with 100 nm BA.

Scale bar = 200 pm (a-d).

(e) Mean root hair length of the wild-type and the zfp5-4 mutant treated with BA. Values are means + standard deviations for at least 20 seedlings.

(f) Expression levels of ZFP5 in roots treated with 100 nm BA. The primary regulator ARR5 was used as a control. Values are means + standard deviations (n = 3).
**P < 0.01 for comparison with no treatment.

(g,h) Root hair phenotypes of the wild-type (g) and 355:CKX2 transgenic plants (h). Scale bar = 200 um.

(i) Mean root hair length of wild-type, zfp5-4 mutant and 355:CKX2 transgenic plants. Values are means + standard deviations for at least 20 seedlings. **P < 0.01
for comparison with wild-type.

(j) ZFP5 expression level in 355:CKX2 transgenic plants. Values are means + standard deviations (n = 3). **P < 0.01 for comparison with ZFP5 expression levels in
wild-type.

(k-m) Histochemical staining for GUS activity in ZFP5:GUS transgenic plants after exogenous BA treatment: (k) control, (I) 10 nm BA, (m) 100 nm BA. Scale
bar = 25 um.
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induced by exogenous application of dexamethasone (DEX)
(Samalova et al., 2005). As ZFP5 may also act upstream of
EGL3 and RHL1, we also investigated whether ZFP5 directly
targets EGL3 or RHL1 to control root hair development. The
results show that DEX treatment of 7-day-old 35S:ZFP5:GR
zfp5-4 seedling roots caused a significant increase in
expression of EGL3, CPC and RHL1, which suggests that
ZFP5 rapidly activates transcription of EGL3, CPC and RHL1
(Figure 9a). To further test whether EGL3, CPC and RHL1 are
direct targets of ZFP5, we used DEX plus cycloheximide
(CHX), a translation inhibitor, and found that the CPC tran-
script was significantly induced by DEX + CHX treatment,
but EGL3 and RHLT transcripts were not significantly
induced (Figure 9a). These results suggest that CPC is a
direct target of ZFP5 in promotion of root hair initiation.

To further confirm that ZFP5 directly interacts with CPC,
we performed a chromatin immunoprecipitation (ChIP)
assay using 35S:ZFP5:GFP transgenic plants. We scanned a
2 kb CPC promoter region for sequences similar to the

© 2012 The Authors
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conserved sequence A[AG/CTICNAC, which is the binding
site of target genes for C2H2 zinc finger proteins (Sakai et al.,
1995; Kubo et al., 1998). We found two possible binding
sequences: AAGTCTTT, located at —1032 to -1024 bp, and
AAGTCAAA, located at -347 to -339 bp. These were
designated as region | and region I, respectively (Figure 9a).
We also discovered two CpG-enriched fragments, located at
-1500 to —1270 bp and -750 to -540 bp, designated as
region lll and IV, respectively (Figure 9b). The results of the
ChIP assay showed that fragments | and Il were enriched
with GFP antibody (Figure 9c). These data further indicate
that ZFP5 directly targets CPC to control root hair initiation.

ZFP5 is highly expressed in root and hair cells

As reported previously, ZFP5is mainly expressed in the root
(Zhou et al., 2011). Using ZFP5:GUS transgenic plants, we
detected GUS activity primarily in the root (Figure 10a). We
further investigated the ZFP5 expression pattern by in situ
hybridization using ZFP5-specific probes on sections of
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Figure 5. Effect of AVG application on the zfp5-4 mutant and the response of ZFP5 to ethylene signaling.

(a—f) Root hair phenotypes of the wild-type (a—c) and the zfp5-4 mutant (d-f) after AVG treatment: (a,d) control, (b,e) 400 nm AVG, (c,f) 2 um AVG. Scale bar = 500 pm.
(g,h) Mean hair density and hair length of the wild-type and zfp5-4 mutant treated with AVG. Values are means + standard deviations for at least 20 seedlings.
**P < 0.01 for comparison of each genotype with 0 um AVG.

(i-n) Root hair phenotypes of the wild-type (i-k) and the zfp5-4 mutant (I-n) after AVG plus ACC treatment: (i) control, (jm) 1 pm ACC and 2 pm AVG, (k,n) T um ACC
and 5 pm AVG. Scale bar = 500 pm.

(0,p) Mean hair density and hair length of the wild-type and zfp5-4 mutant treated with AVG together with ACC. Values are means + standard deviations for at least
20 seedlings. **P < 0.01 for comparison of each genotype with 0 uv AVG/ACC.

(q) Transcript levels of ZFP5 in ethylene mutants. Values are means + standard deviations (n = 3). **P < 0.01 for comparison with ZFP5 expression levels in wild-
type.

(r-t) Histochemical staining for GUS activity in ZFP5:GUS transgenic plants after exogenous ACC treatment: (r) control, (s) 100 nm ACC, (t) 1 um ACC. Scale
bar = 25 um.

(u) Detection of ZFP5 protein after ACC treatment by Western blotting.

© 2012 The Authors
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Figure 5. (Continued)

primary roots of 7-day-old seedlings. The in situ hybridiza-
tion experiment showed that the ZFP5was mainly expressed
in the differentiating zone of the root (Figure 10b,c), partic-
ularly in the H cells of the root epidermis (Figure 10d,e).

DISCUSSION

We have recently reported that ZFP5 controls trichome initi-
ationthrough GAsignaling (Zhou et al.,2011). Here, we report
that ZFP5 also integrates endogenous developmental and
exogenous environmental cues to regulate root hair devel-
opment in Arabidopsis. Analysis of ZFP5 over-expressors
and a loss-of-function mutant indicates that ZFP5 plays an
important role in controlling both root hair initiation and root
hair elongation. ZFP5 also plays roles in mediating the
response of root hair development to cytokinin as well as
ethylene signals.

ZFP5 acts as a putative C2H2 zinc finger protein to positively
control trichome initiation and root hair development

The C2H2-type zinc finger proteins, with 176 members in
Arabidopsis thaliana, constitute one of the largest families

© 2012 The Authors
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of transcriptional regulators in plants (Laity et al., 2001;
Ciftci-Yilmaz and Mittler, 2008). The predicted amino acid
sequence of ZFP5 contains a typical C2H2 domain that is
found in the TFIIIA transcription factor class, and also the
plant-specific QALGGH motif (Gan et al., 2006, 2007),
which are considered as typical of C2H2-type zinc finger
transcription factors (Ciftci-Yilmaz and Mittler, 2008). To
date, many studies have shown that C2H2 zinc finger
proteins are required for key cellular processes, including
transcriptional regulation, development, pathogen defense
and stress responses (Laity et al., 2001; Englbrecht et al.,
2004; Ciftci-Yilmaz and Mittler, 2008). Of these, three
members of the C1-1i sub-class, named GIS, GIS2 and
ZFP8, have been investigated as important regulators of
trichome initiation by mediating the gibberellin and cyto-
kinin signals (Gan et al., 2006, 2007). ZFP5 shows high
sequence similarity to GIS genes (Gan et al., 2006, 2007).
Although ZFP5 is involved in controlling trichome initiation
in gibberellin acid signaling, ZFP5 is mainly expressed in
the root, particularly the root hair cells (Figure 10a—e). The
three GIS family genes are not expressed in the root and
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Figure 6. Expression patterns of the key regulators involved in root
hair development in the zfp5-4 mutant background. GLABRA 3(GL3),
ENHANCER OF GLABRA 3(EGL3), TRANSPARENT TESTA GLABRA
1(TTG1), CAPRICE (CPC), TRIPTYCHON (TRY), ENHANCER OF TRY AND
CPC 1(ETC1), WEREWOLF (WER), GLABRA 2 (GL2), ROOT HAIR LESS 1
(RHL1).

Values represent the ratio of gene expression to corresponding wild-type
controls. Values are means =+ standard deviations (n = 3). **P < 0.01 for
comparison of each gene expression in wild-type.

(d)

) 600

(9

450 1

300

150 4 *%

Root hair length (pm)

their mutants have no root hair phenotype, demonstrating
the functional divergence of this clade of genes during
evolution of plants.

The phenotypes of loss-of-function mutants and over-
expressors indicate that ZFP5 promotes root hair develop-
ment during primary root development (Figure 1a-e). Our
analysis of the gene expression and genetic interactions
between ZFP5 and genes belonging to the two root initiation
complexes WER-GL3/EGL3-TTG1 and CPC-TRY-ETC1
suggests that ZFP5 acts upstream of the CPC-TRY-ETC1
complex and modulates the activity of the complex through
a direct transcription mechanism by binding to the CPC
promoter (Figure 9). ZFP5 may inhibit formation of the
WER-GL3-TTG1 complex by negatively regulating the
expression of WER to further restrain the expression of
GL2, resulting in inhibition of N cells (Figure 6). Further
studies are required to study the interaction between ZFP5
and WER-GL3-TTG1 at the protein level and to understand

Figure 7. Genetic interaction between ZFP5 and the root hair development regulator CPC.

(a—f) Root hair phenotype on primary roots of wild-type (a), the zfp5-4 mutant (b), the cpc mutant (c), 35S:ZFP5 over-expressors in the coc mutant (d), 35S:CPC over-
expressors in the zfp5-4 mutant (e) and the cpc zfp5-4 double mutant (f). Scale bar = 200 um.

(g) Mean root hair length of wild-types Col-0 (WT) and Wassileskija (WS), zfp5-4, cpc, 35S:CPCzfp5-4 and the cpc zfp5-4 double mutant. Values are means + standard

deviations for at least 20 seedlings. **P < 0.01 for comparison with wild-type.

© 2012 The Authors
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Figure 8. Alteration of the CPC expression pattern by the ZFP5 mutation.
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(a,b) Root hair phenotype of CPC:GUS and CPC:GUSzfp5-4 plants. Scale bars=500 um.
(c,d) Histochemical staining for GUS signal in CPC:GUS and CPC:GUSzfp5-4 root epidermis. Scale bars = 50 pm.

how ZFP5 induces expression of the N cell-expressed CPC
gene.

ZFP5 integrates ethylene and cytokinin signaling
to control root hair development

Although cytokinin promoted both root hair initiation and
root hair elongation in wild-type plants (Figure 4a,b,e and
Table 2), cytokinin only restored the lower root hair den-
sity phenotype but not the shorter root hair phenotype of
the zfp5-4 mutant (Figure 4c-e and Table 2). These results
indicate that ZFP5 is required in order for cytokinin sig-
naling to regulate root hair elongation. Such a role was
further supported by an interaction analysis in 35S:CKX2
transgenic plants, in which the endogenous cytokinin
content was lower (Gan et al., 2007). Expression of ZFP5
was suppressed in 35S:CKX2 transgenic plants (Figure 4j),
and, consistent with this, both the root hair density and
the root hair length were reduced in 35S5:CKX2 plants
(Figure 4i and Table 1). Although ZFP5 expression was not
induced by ethylene at the transcript level, ZFP5 mediates
the ethylene signal to regulate root hair development.
This is in line with the observation that BA treatment
facilitated root hair formation in the mutant. Moreover,
the western blotting and GUS staining experiments con-
firm that ZFP5 responds to ethylene signaling at the pro-
tein level (Figure 5r-u). In addition, we found that
cytokinin and ethylene interact to modulate root hair
development. The promotion of root hair initiation by
cytokinin depends on the fluctuation of ethylene, because
the lower root hair density phenotype of zfp5-4 was not

© 2012 The Authors

rescued by cytokinin when ethylene biosynthesis inhibitor
AVG and ethylene signaling transduction inhibitor AgNO3
were added to the medium (Figure S1). Cytokinin control
of root hair development through a transcription factor
has not been reported previously, and thus our results
illustrate a key step of the mechanism of cytokinin control
of root hair development.

An interesting finding is that ZFP5 controls root hair
development by directly targeting expression of CPC (Fig-
ure 9). ZFP5is predominately expressed in H cells, but ZFP5
is able to influence expression of the CPC gene in N cells by
binding to its promoter region. Possible explanations are
that, like CPC protein, ZFP5 also acts as a mobile signal,
moving from H cells to N cells to activate expression of CPC,
or that it binds to CPC when CPC moves from N cells to H
cells. Further studies are required to verify this possibility.

In summary, we have demonstrated that the C2H2 zinc
finger protein gene ZFP5 is a key gene in regulation of root
hair initiation by directly targeting CPC expression in
Arabidopsis. Further analyses suggest that ZFP5 is a key
regulator, integrating phytohormone signaling to control
root hair growth in Arabidopsis. Our identification of the role
of ZFP5 provides a first step in elucidation of mechanisms
through which plant hormones and environmental signals
act together to control root hair development. Further
studies of these mechanisms will provide a better under-
standing of how C2H2 zinc finger proteins act as the key
transcriptional factors perceiving hormone and environ-
mental signals to control root hair development in
Arabidopsis.
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Figure 9. Binding of ZFP5 to the CPC promoter.

(a) Relative expression patterns of EGL3, CPC and RHL1in the 35S:ZFP5:GRin
the zfp5-4 mutant background after DEX and CHX treatment. Quantitative real-
time RT-PCR analysis of RNA from the zfp5-4 mutant harboring 35S:ZFP5:GR
treated with 10 um DEX for 4 h or treated with 10 um DEX and 20 pm CHX for
4 h. Values are means + standard deviations (n = 3). **P < 0.01 for comparison
with MOCK or CHX MOCK treatment.

(b) Schematic diagram of the CPC promoter region. The red triangles indicate
A[AG/CTICNAC sequences that are presumed to be the zinc finger protein
binding site; the black triangles indicate CpG regions.

(c) ChIP followed by quantitative real-time PCR of CPC genomic fragments in
wild-type and 35S:ZFP5:GFP seedlings. Values are means + standard devia-
tions (n = 3). ¥*P < 0.01 for comparison with the empty vector control.

EXPERIMENTAL PROCEDURES

Plant materials and growth conditions

Arabidopsis thaliana ecotype Col-0 was used as control for most
experiments in this study. The zfp5-4 mutant was a transgenic line
carrying a T-DNA insertion in the ZFP5 promoter, obtained from the
Nottingham Arabidopsis Stock Centre (catalogue number N583960)
as described previously (Zhou et al., 2011). Homozygous mutants
were selected as described previously (Zhou et al., 2011). The
CPC:GUS transgenic line is the same lines as used previously (Kirik
et al., 2004a). The cpc zfp5-4 double mutants and CPC:GUSzfp5-4
plants were selected from an F, population by selection on
Murashige and Skoog (MS) medium containing kanamycin
(50 mg L™"), and confirmed by PCR to ensure both genes were
homozygous in these plants.

For all of the genetic transgenic experiments, the constructs in
binary vectors were transformed into the Agrobacterium GV3101

(b) - ()
" ‘& :

Figure 10. Expression pattern of ZFP5.

(a) Histochemical staining for GUS activity in ZFP5:GUS transgenic plants.
(b-e) In situ hybridization of ZFP5 probes to root sections. ZFP5 is expressed
strongly in the differentiation region of root hairs (b) and the H cells of the
primary root epidermis (d). (c) and (e) show hybridization with a sense probe
(control). The asterisks indicate the lateral root primordium in (b) and (e), and
H cells in (d) and (e). Scale bars=30 pm.

strain, which was then used to transform Arabidopsis thaliana
plants of the appropriate genotype by the floral-dip method (Clough
and Bent, 1998). Transgenic seedlings were first selected on MS
agar plates with appropriate antibiotics, and then confirmed by PCR
using the corresponding primers.

The plants were grown in a controlled growth room under the
following conditions: 22 + 2°C, 90-120 pmol m~2 sec™', 16 h light/
8 h dark, 68-78% humidity. For in vitro experiments, seeds were
surface-sterilized for 10 min in 30% bleach solution, washed five
times with sterile distilled water, 5 mins each time, plated on MS
medium, vernalized at 4°C for 2 days in the dark, and then exposed
to light.

Root hair measurement

Root hairs of the primary root of 7-day-old seedlings were visu-
alized using a Leica M295 (Leica Microsystems, http://www.leica
microsystems.com/) dissecting microscope, and approximately
4 mm to the root tip were recorded using a Nikon N995 (Nikon
Corporation, http://www.nikon.com/) digital camera. The root
length was 4mm and the root hair phenotypes were recorded as

© 2012 The Authors
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images, and further were used for root hair measurement. The
digital images were used directly for root hair length measure-
ment by ImaGeJ (http://rsbweb.nih.gov/ij/) software as described
by Yi et al. (2010). The 20 longest root hairs with obvious ends
were measured for each plant; at least 15 seedlings for each
genotype were used for each measurement. Measurement of root
hair density was performed as described by Schiefelbein and
Somerville (1990); the 7-day-old seedlings were viewed using a
standard light microscope at medium magnification. The number
of root hair cells and the total number of root epidermal cells were
counted in a specific area by carefully viewing each cell. For sta-
tistical purposes, the same size area was counted from two loca-
tions on at least ten roots.

To accurately determine the pattern of the cell types (root hair
cells and non-hair cells) in the root epidermis, two regions along the
length of a 7-day-old seedling root were selected at random and
used for analysis under a standard light microscope at medium
magnification. For each region, five contiguous cells from an H file
and five contiguous cells from a neighboring N file were examined
and the numbers were recorded. For each genotype, a total of ten
seedling roots were typically analyzed, representing a total of 100
cells (5 cells x 2 locations x 10 plants) in the N position and 100 cells
in the H position.

For measurement of the root hair growth rate, a time-lapse
strategy was used as described by Szumlanski and Nielsen (2009).
The time interval between each measurement was 2 min, and the
growth increment was measured using IMAaGedJ software.

Hormone treatments

Benzylaminopurine (BA) (Sigma-Aldrich), the ethylene biosynthesis
precursor 1-aminocyclopropane-1-carboxylic acid (ACC) (Sigma-
Aldrich) and the ethylene biosynthesis inhibitor aminoethoxyvi-
nylglycine (AVG) (Sigma-Aldrich, http://www.sigmaaldrich.com/)
and ethylene signaling transduction inhibitor AgNO; were
used cytokinin and ethylene applications. The wild-type and zfp5-4
mutant were first cultured on MS medium for 2 days for germina-
tion, then transferred to medium containing various concentrations
of hormones for another 4 days of growth. The root phenotype was
visualized and imaged, and the root hair length, root hair production
and patterning were analyzed as described above.

RNA extraction and real-time quantitative PCR

Total RNA was extracted from Arabidopsis seedlings roots or other
organs using TRIzol reagent (Invitrogen, http://www.invitrogen.
com/), and cDNA was synthesized from 1.5 pg total RNA using
M-MLV transcriptase (Promega, http://www.promega.com/) and
oligo(dT)g primers in a 25 ul reaction according to the manufac-
turer’s instructions. Real-time quantitative PCR was performed as
described previously (Zhou et al., 2011). The primers used are listed
in Table 3.

Cloning

For all cloning constructs (35S:ZFP5, ZFP5 RNAI, ZFP5:GUS and
355:ZFP5:GFP), all target sequences were first inserted into the
pENTR-1A vector (Invitrogen) before being recombined into an
appropriate destination vector using the Gateway LR reaction
(Invitrogen). All destination vectors were obtained from the Vlaams
Instituut voor Biotechnologie (Flanders Institute for Biotechnology).
pH2GW?7 was used for the 355:ZFP5 construct, pK7GWIWG2(II) for
the ZFP5 RNAI construct, pHGWFS7 for the ZFP5:GUS construct,
pB7FWG for the 35S5:ZFP5:GFP construct, and pGreen for the
35S:ZFP5:GR construct. For all these cloning experiments, gene-
specific fragments were first PCR-amplified from cDNA (35S:ZFP5,

© 2012 The Authors
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Table 3 Primers used for quantitative real-time PCR and ChIP
analysis

Gene Sequence
ZFP5 LP: 5-CGGTGAGATGGGTAAGCTGT-3’
RP: 5-CTCCGGCAAAACCTAGATGA-3’
CpPC LP: 5-GAGTTGATCGCCGGAAGGA-3
RP: 5-AACGACGCCGTGTTTCATAAG-3’
TRY LP: 5-AAACAGTGAAGGCTTTGCTGATAAA-3
RP: 5-GGACGGTGAGGCTTGGTATG-¥
ETC1 LP: 5-CCAACCATTGTTGCCTCTTC-3’
RP: 5-TCATCACCCAAAACCTCTCA-3’
GL3 LP: 5-CCAGCAAGATCCGATTATCACA-3’
RP: 5-~ACTGAACATAGGCGCGTAAATCTC-3
EGL3 LP: 5- TGTTCATTACCAAGGCGTGA-3’
RP: 5-GATGATGATCGCTTCCACCT-3
TTG1 LP: 5-CCGTCTTTGGGAAATTAACGAA-3
RP: 5"-GCTCGTTTTGCTGTTGTTGAGA-3
GL2 LP: 5-CCCTCTGGATTCTCAATCA-3’
RP: 5-GACGAGGTTTGTCACGGATT-3’
RHL1 LP: 5-ACGGAGGCTATCTTTGCTGA-3
RP: 5-TTGACTAGCGACCATTGCAG-3
ARR5 LP: 5-TTGCGTCCCGAGATGTTAGAT-3’
RP: 5-TGAGTAACCGCTCGATGAACTTC-3’
ACS2 LP: 5-GGTGGCAAACTGAAACTGGT-3
RP: 5-TCGATTTCATTGCCCTTTTC-3’
WER LP: 5-TGTCAAAGCTCATGGCAAAG-3
RP: 5-TCCTCTTCTTGCTCGGTGA-3
PCPC-I LP: 5-CGTATCTCACCTTCGCACTG-3’
RP: 5-TGACATGTGGTGGTTAAAGC-3’
PCPC-II LP: 5-AGGGACATACTGGTCATTTCG-3’
RP: 5"-AATCCTTTGACTTGCGGTTG-3
PCPC-Ill LP: 5-TCTGTTGTTGTCGGTGTCAA-3’
RP: 5-ATAAGCCATGGGCCTATTCA-3’
PCPC-1V LP: 5-CCAGTAGAGGCACACAACA-3

RP: 5-GAGAACAGCAAAACGGGAAA-3

LP, left primer; RP, right primer; PCPC, promoter of CPC, primers used
for ChIP analysis. ZINC FINGER PROTEIN 5 (ZFP5), CAPRICE (CPC),
TRIPTYCHON (TRY), ENHANCER OF TRY AND CPC 1(ETC1), GLABRA
3(GL3), ENHANCER OF GLABRA 3(EGL3), TRANSPARENT TESTA
GLABRA 1(TTG1), GLABRA 2 (GL2), ROOT HAIR LESS 1 (RHL1),
ARABIDOPSIS RESPONSE REGULATOR 5 (ARR5), ACC SYNTHASE 2
(ACS2), WEREWOLF (WER).

ZFP5 RNAI, 35S5:ZFP5:GFP and 35S:ZFP5:GR) or genomic DNA
(ZFP5:GUS) using primers containing Sall and Notl restriction sites,
and purified using a gel extraction kit (Qiagen, http://www.
giagen.com/) before restriction digestion and cloning. The follow-
ing primers were used: ZFP5 over-expression, 5-CGGTCGA
CATGTCTATAAATCCG-3" and 5-AAGCGGCCGCTGCCGCATCTCC
GGCA-3’; ZFP5 RNAI, 5-CGGTCGACGAGCCAGCATCGGCTATTAT-
3" and 5-~AAGCGGCCGCAATTTGTTATGCCGCATCTCC-3'. A 1672 bp
genomic fragment upstream of the start codon in ZFP5 was ampli-
fied using primers 5-TTGTCGACGGCTTTGATTGCATGAGACA-3
and 5-TTGCGGCCGCTCGATGGGTTTAATTTGCTT-3' to prepare the
ZFP5:GUS constructs.

In situ hybridization and GUS staining

Non-radioactive in situ hybridization was performed as described
previously (Long and Barton, 1998). For synthesis of the antisense
and sense ZFP5RNA probes, a gene-specific fragment was amplified
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using the same primers as for generating the ZFP5 RNAI constructs
(see above) and cloned into the pGEM-T Easy vector (Promega). The
resulting plasmid served as a template for in vitro transcription,
which was performed using the DIG RNA labeling kit (Roche
Molecular Biochemicals, http://www.roche.com/).

The plant lines that include ZFP5:GUS constructs in the wild-type
background were first selected using hygromycin, then confirmed
by PCR for screening homozygous lines. The T3 generation plants
were used for analysis by histochemical staining, and viewed under
a microscope.

Protein analysis

Seven-day-old 35S:ZFP5:GFP plants were treated with mock
solution, 100 nm or 1 m ACC. After 4 h, approximately 0.2 g root
were harvested, and total protein was extracted using extraction
buffer (0.25 m NaCl, 1% SDS, 1% p-mercaptoethanol, 0.05 m PBS
pH 7.5, 1 mm phenylmethanesulfonyl fluoride). 2 x SDS-PAGE
sample buffer (0.125 m Tris pH 6.8, 4% SDS, 20% glycerol, 2%
B-mercaptoethanol and 0.02% bromophenol blue) was added, and
the mixture was boiled for 10 min, cooled on ice for 5 min, and
centrifuged at 12 000 g at 4°C for 2 min as described by Deng
et al. (2007). The supernatants were resolved via 12% SDS-PAGE,
and the proteins were transferred onto Immobilon-NC nitrocellu-
lose membranes (Millipore, http://www.millipore.com/). Anti-GPF
polyclonal antibodies (Abmart, http://www.ab-mart.com/) were
used for immunoblotting. Proteins were detected using a Super-
Signal West Pico chemiluminescence kit (Pierce, http://www.
piercenet.com/).

Dexamethasone (DEX) treatment

DEX treatment and sample collection were performed as described
by Yi et al. (2010). The concentration of DEX and cycloheximide
(CHX) were performed as described by Zhou et al. (2011). UBQ10
transcripts were used as an endogenous control to normalize
expression of the other genes. At least three independent quanti-
tative RT-PCR experiments were performed.

Chromatin immunoprecipitation (ChIP)

ChIP experiments were performed as described previously (Yu
et al., 2010). Approximately 3 g of root tissue from 7-day-old
355:ZFP5:GFP and control plants were harvested and fixed using
15.4 ml fixation buffer (0.4 m sucrose, 10 mm Tris pH 8.0, 1 mm
EDTA pH 7.5, 1 mm phenylmethanesulfonyl fluoride, 1% formal-
dehyde) under vacuum for 10 min. After fixation, the materials
were ground with liquid nitrogen, and the resulting powder was
transferred to 10 ml extraction buffer (0.4 m sucrose, 10 mm Tris/
HCI pH 8.0, 10 mm MgCl,, 5 mm mercaptoethanol, 0.1 mm
phenylmethanesulfonyl fluoride, 1 x protease inhibitor, Basel,
Switzerland), gently mixed and kept at 4°C until the solution was
homogenous, then rotated at 1503 g at 4°C for 20 min. The
solution was discarded and the pellet was resuspended in lysis
buffer (50 mm HEPES pH 7.5, 150 mm NaCl, 1 mm EDTA, 1%
Triton X-100, 0.1% deoxycholate sodium, 0.1% SDS), then soni-
cated using a JY96-ll ultrasonic cell disruptor (Output 3,
6 x 10 sec; Ningbo Scientz Biotechnology Co.,Ltd, http:/www.
scientz.com/en/). The solution was then divided into three parts:
one was saved as input DNA, and other two parts were incubated
with either anti-GFP antibody (Abmart) or an anti-MYC antibody
(Abmart), the latter being used as a negative control. After affinity
immunoprecipitation, the precipitated DNA samples were puri-
fied. The relative concentrations of the DNA fragments were
analyzed by quantitative real-time PCR in triplicate, using the
B-tubulin2 gene promoter as the reference, and fold enrichment

was calculated as described previously (Jun et al., 2010; Yu et al.,
2010). The experiment was repeated twice with similar results.
The primers used are listed in Table 3.
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