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Plants modify organ growth and tune morphogenesis in response to various endogenous and environmental cues. At the cellular
level, organ growth is often adjusted by alterations in cell growth, but the molecular mechanisms underlying this control remain
poorly understood. In this study, we identify the DNA BINDING WITH ONE FINGER (DOF)-type transcription regulator OBF
BINDING PROTEIN4 (OBP4) as a repressor of cell growth. Ectopic expression of OBP4 in Arabidopsis (Arabidopsis thaliana)
inhibits cell growth, resulting in severe dwarfism and the repression of genes involved in the regulation of water transport, root
hair development, and stress responses. Among the basic helix-loop-helix transcription factors known to control root hair
growth, OBP4 binds the ROOT HAIR DEFECTIVE6-LIKE2 (RSL2) promoter to repress its expression. The accumulation of
OBP4 proteins is detected in expanding root epidermal cells, and its expression level is increased by the application of
abscisic acid (ABA) at concentrations sufficient to inhibit root hair growth. ABA-dependent induction of OBP4 is associated
with the reduced expression of RSL2. Furthermore, ectopic expression of OBP4 or loss of RSL2 function results in ABA-
insensitive root hair growth. Taken together, our results suggest that OBP4-mediated transcriptional repression of RSL2

contributes to the ABA-dependent inhibition of root hair growth in Arabidopsis.

Plant growth is constantly adjusted during the
plant’s life cycle to ensure an optimal balance between
endogenous and environmental demands. At the cel-
lular level, growth control is the result of the progres-
sion of cells through a cell proliferation phase dictating
the number of cells in an organ and sequentially a cell
growth phase determining the size of these cells
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(Beemster and Baskin, 1998; Rymen et al., 2007; Gonzalez
et al., 2012). Accumulating evidence suggests that plants
adjust organ growth by modulating either one or both of
these two cellular processes (Rymen and Sugimoto, 2012).
Therefore, it is likely that transcription regulatory net-
works integrate developmental and environmental fac-
tors to optimize cell proliferation and cell growth.

In this study, we focus on the transcriptional regu-
lation of cell growth and investigate how endogenous
and environmental signals integrate with this regulation.
Ideal models to study cell growth are cells in which cell
division and cell growth are uncoupled (Franciosini et al.,
2016). A great example of such a model are root hairs, since,
concurrent with the establishment of root hair identity, these
cells lose their ability to divide (Ikeuchi et al.,, 2013). The
outgrowth of root hairs is restricted to specialized epider-
mal cells, referred to as trichoblasts, in contrast to atricho-
blasts, which represent the non-hair-forming type of
epidermal cells (Ishida et al., 2008). A subfamily of basic
helix-loop-helix (bHLH) transcription factors, ROOT
HAIR DEFECTIVE6 (RHD6) and its homologs RHD6-
LIKE (RSL) genes, and a family of LOTUS JAPONICA
ROOTHAIRLESS-LIKE1 (LRL1) to LRL5 transcription
factors, have been identified as important regulators for
root hair growth (Menand et al., 2007; Yiet al., 2010; Jang
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et al., 2011; Breuninger et al., 2016). Within the bHLH
transcription factors, RHD6 and RSL1 are expressed
early in development and orchestrate root hair out-
growth by driving the expression of RSL2, RSL4, and
LRL3 (Yi et al., 2010). RSL4 subsequently activates a
set of genes expressed specifically in root hairs and/or
required for root hair growth, such as EXPANSIN A7
(EXPA7), EXPA18, MORPHOGENESIS OF ROOT
HAIR6 (MRH6), PROLINE-RICH PROTEIN3, and ROOT
HAIR SPECIFIC (RHS; Cho and Cosgrove, 2002; Jones
et al., 2006; Won et al., 2009; Yi et al., 2010; Datta et al.,
2015). In addition, several other genes, including other
MRHs, COBRA-LIKE9, CELLULOSE SYNTHASE LIKE
D2 (CSLD2), and CSLD3, display root hair growth de-
fects when mutated (Favery et al., 2001; Roudier et al.,
2002; Jones et al., 2006; Bernal et al., 2008; Karas et al.,
2009); however, so far, less is known about their up-
stream transcriptional regulation.

Root hair growth is highly plastic and depends on a
wide range of endogenous and environmental inputs.
The best-studied example is the response to phosphate
starvation that results in an extensive outgrowth of root
hairs. This response is associated with increased activ-
ity of two MYB transcription factors, PHOSPHATE
STARVATION RESPONSE (PHR1) and PHR1-LIKE1
(PHL1), the homeodomain transcription factor ALFIN-
LIKE6/ PI DEFICIENCY ROOT HAIR DEFECTIVE2
(PER2), and RSL4 (Bustos et al., 2010; Yi et al., 2010;
Chandrika et al., 2013). Accordingly, the phr1 phl1 dou-
ble mutant, the per2 mutant, and the rs/4-1 mutant show
strong decreases in root hair length and compromised
root hair growth responses to phosphate availability
(Bustos et al., 2010; Yi et al., 2010; Chandrika et al., 2013).
In addition, root hair growth is tuned by other environ-
mental factors and associated hormone signaling, such as
the availability of iron, magnesium, potassium, and man-
ganese and changes in abscisic acid (ABA), auxin, or eth-
ylene levels (Schnall and Quatrano, 1992; Schmidt and
Schikora, 2001; Giehl and von Wirén, 2014). It was sug-
gested that these different signals utilize different signaling
pathways (Schmidt and Schikora, 2001), since, for instance,
the per2 mutant, which displays defects in root hair growth
under the low-phosphate condition, still responds normally
to iron and manganese deficiencies (Chandrika et al., 2013).

In this study, we searched for transcription factors that
display differential expression along the developmental
gradient and identified a DNA BINDING WITH ONE
FINGERS.4 (DOF5.4)/ OBF BINDING PROTEIN4 (OBP4)
transcription factor as a repressor of cell growth. We show
that OBP4 represses the transcription of the RSL2 gene
underlying the cessation of root hair growth in response
to ABA.

RESULTS
OBP4 Is Expressed Preferentially in Differentiating Cells

In order to identify novel transcriptional regulators
that control cell growth in Arabidopsis (Arabidopsis
thaliana), we have ranked about 2,000 entries present in
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the plant transcription factor database (PInNTFDB;
Pérez-Rodriguez et al., 2010) for their likelihood to be
involved in cell growth. Since cells experience massive
transcriptional reprogramming as they transit from
proliferative to growth phase, we reasoned that tran-
scription factors whose expression changes along this
developmental gradient are likely to play a role in cell
growth. Therefore, we extracted transcription factors
showing differential expression along the develop-
mental gradient in Arabidopsis leaves and roots using
publicly available transcriptome studies (Birnbaum
et al.,, 2003; Beemster et al., 2005; Andriankaja et al.,
2012). We identified 204 candidates that display dif-
ferential expression in both leaves and roots based on
the significance cutoff used in the respective studies.
We subsequently clustered the transcript profiles of the
selected genes over the leaf and root developmental
gradients detected by Birnbaum et al. (2003) and
Andriankaja et al. (2012) using the k-means algorithm
(Gasch and Eisen, 2002). This clustering yielded six
different groups with distinct expression patterns along
the developmental gradient (Fig. 1A; Supplemental
Data Set S1). Transcription factors in groups I, II, and 11T
generally display high expression in proliferating cells.
The 50 genes in group I show this pattern of expression
in both leaves and roots, whereas this trend is relatively
specific to roots for 33 genes in group Il and to leaves for
14 genes in group III (Fig. 1A). By contrast, the ex-
pression of genes in groups IV and V increases as cells
start to differentiate (Fig. 1A). This tendency is common
for both leaves and roots for 36 genes in group IV and
more pronounced in roots for 51 genes in group V. The
last cluster of 20 genes in group VI display an opposite
trend in shoots and roots, with relatively high expres-
sion in proliferating cells of leaves and in expanding
cells of roots (Fig. 1A).

Since we wanted to find general regulators of cell
growth, we decided to focus on the 36 genes in group IV
that show consistently high expression during cell
growth in both leaves and roots. We further ranked
these transcription factors based on the correlation of
their expression profile with known regulators of cell
proliferation and cell growth using the ATTED-II al-
gorithm (Obayashi et al., 2009). We negatively valued
the correlation with genes that show peaked expression
in proliferating cells, such as PROLIFERATING CELL
NUCLEAR ANTIGEN2 (Menges et al., 2005) and
CYCLIN B1;1 (Shaul et al., 1996), and positively valued
the correlation with genes preferentially expressed
during cell growth, such as EXP10 (Cho and Cosgrove,
2000) and CELL CYCLE SWITCH52 A2 (Lammens et al.,
2008). Based on this analysis, a transcription factor that
has a characteristic DOF motif, ATDOF3/DOF5.4/
OBP4, was ranked first (Supplemental Table S1) and,
therefore, chosen for further characterization.

To validate OBP4 expression in vivo, we generated
an OBP4-GFP marker line by fusing a genomic region of
OBP4, including a 3-kb upstream sequence and a
921-bp coding sequence, to GFP. As shown in Figure
1B, confocal microscopy revealed an abrupt increase in
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Figure 1. OBP4 expression is associated with cell growth. A, Clustering of differentially expressed genes along the developmental
gradient from proliferating cells (P) to differentiating cells (D) in Arabidopsis leaves and roots. The transcriptional data are taken
from Andriankaja et al. (2012) and Birnbaum et al. (2003). For leaves, five different time points after germination were taken
corresponding to the proliferative phase (days 8 and 9), the transition phase (days 10-12), and the expansion phase (day 13), while
for roots, three zones were harvested: the proliferation zone (stage 1), the expansion zone (stage 2), and the fully mature zone
(stage 3). B, Confocal optical section of a root epidermis expressing OBP4-GFP under the control of its own promoter. Cell
membranes are visualized with propidium iodide and shown in magenta. C, Expression of OBP4-GFP in a mature root hair. D,
Expression of OBP4-GFP in epidermal cells of young leaves. E, Expression of OBP4-GFP in epidermal cells of older leaves. F,
Expression of OBP4-GFP in maturing trichomes. Bars = 50 um.

OBP4-GFP expression when epidermal cells enter the in Figure 2A, heterozygous populations of OBP4-GR

cell growth zone at the root meristem. The OBP4 ex- plants, grown on DEX-containing plates from germi-
pression persists in mature epidermal cells, including nation, segregate for wild-type-like plants and those
root hair cells and root cap cells (Fig. 1, B and C). The that show a drastic growth retardation. PCR genotyp-
pattern of OBP4-GFP expression is similar in shoots, ing confirmed that large plants were indeed wild type
since we detect its expression in maturing leaf epider- and dwarf offspring carried the p355:0BP4-GR con-
mal cells but not in proliferating cells (Fig. 1, D-F). struct, causing a 24-fold higher OBP4 transcript level

Together, these data confirm that OBP4 is expressed (Supplemental Fig. S1A). Further phenotypic exami-
preferentially in differentiating cells and, thus, may nation of OBP4-GR plants confirmed that the strong
regulate gene expression associated with cell growth. reduction in organ growth occurs in both leaves and
roots (Fig. 2, A-D). Within 12 h after transfer to DEX-
containing plates, the root growth of OBP4-GR plants is

Ectopic Expression of OBP4 Leads to Growth Retardation already reduced by 42% compared with the wild type,

Due to Defects in Cell Growth while they grow at a similar rate to the wild type in the
absence of DEX (Fig. 2E). To determine the cellular ef-

To explore the function of OBP4 in planta, we first fects of ectopic OBP4 expression, we analyzed the de-
generated transgenic plants expressing the OBP4- velopmental profile of cortical cell length for wild-type
glucocorticoid receptor (GR) fusion protein under the and OBP4-GR roots after transfer to DEX-containing
control of the cauliflower mosaic virus (CaMV) p355 plates. As shown in Figure 2F and Table I, the length of
promoter. This system allows ectopic activation of mature cortical cells in OBP4-GR roots is reduced by
OBP4 function by the application of dexamethasone 45% compared with the wild type, causing a strong
(DEX), since GR fusion proteins enter the nucleus only reduction in the size of the root cell growth zone at 48 h

in the presence of DEX (Zuo and Chua, 2000). As shown after DEX treatment. Based on these cell length profiles,
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Figure 2. Ectopic expression of OBP4 impairs cell growth. A and B,
Representative photographs of 10-d-old wild-type (WT; left in A) and
OBP4-GCR (right in A and enlarged image in B) plants grown on 10 um
DEX-containing medium. C and D, Representative photographs of wild-
type (C) and OBP4-GR (D) plants after transfer to DEX-containing me-
dium. Horizontal white lines indicate root length at the time of transfer.
E, Rate of root growth after transfer to DEX- or ethanol (EtOH)-containing
medium. Data are means = st (n = 10). F, Cell length profile determined
2 d after transfer to DEX-containing medium. Data are means * st (n=5).
G and H, Optical longitudinal sections of propidium iodide-stained roots
2 d after transfer to DEX-containing medium. Bars = 10 mm (A-D) and
50 um (G and H).

we also estimated the rate of cell proliferation and cell
growth and found that both of these parameters are not
significantly different between wild-type and OBP4-GR
roots after transfer to DEX-containing plates (Table I).
Together, these results indicate that ectopic OBP4 ex-
pression causes a premature termination of cell growth,
leading to the reduction in final cell size. In agreement
with this, both root hair cells and epidermal cells in
mature leaves also are severely reduced in final cell size
(Fig. 2, G and H; Supplemental Fig. S1, B and C),
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demonstrating that excess levels of OBP4 generally in-
hibit cell growth.

To test the functional requirement of OBP4 geneti-
cally, we isolated four loss-of-function mutants for
OBP4, obp4-1 to obp4-4, that display 50% to 80% re-
duction of OBP4 transcripts (Supplemental Fig. S2).
However, we did not detect any obvious growth de-
fects in these mutants (Supplemental Fig. 52).

OBP4 Represses Genes Involved in Root
Hair Development

To gain molecular insights into how OBP4 represses
cell growth, we examined transcriptional changes after
OBP4 induction in OBP4-GR plants. We treated 7-d-old
OBP4-GR plants with either ethanol or 10 um DEX and
isolated RNA from their root tips, which included
proliferating, expanding, and maturing cells. Allowing
a false discovery rate of 1%, we identified 640 and 1,132
genes differentially expressed at 12 and 24 h, respec-
tively, after OBP4 induction (Fig. 3A; Supplemental
Data Set S2). After 12 h of OBP4 induction, more than
80% of differentially expressed genes were repressed,
while at 24 h, similar numbers of induced and repressed
genes were found. For a small set of genes, we compared
the relative expression quantified by RNA sequencing
and quantitative reverse transcription (qQRT)-PCR and
found a strong correlation between the two techniques,
confirming the accuracy and reproducibility of RNA
sequencing data (Supplemental Fig. S3A). Gene Ontol-
ogy (GO) enrichment analysis revealed that genes re-
pressed after 12 h include those implicated in water
transport, root hair differentiation, and response to
external stimuli (Fig. 3B; Supplemental Data Set S3).
Similar GO enrichment also is found for genes repressed
after 24 h; in addition, GO categories such as cell wall
modification/organization and processes related to sec-
ondary metabolism are found (Supplemental Data Set
53). On the other hand, genes involved in several sec-
ondary metabolic pathways and stress responses are
enriched among the genes induced after ectopic acti-
vation of OBP4 (Supplemental Data Set S3).

The enrichment of genes involved in root hair dif-
ferentiation among the OBP4-repressed genes in com-
bination with the strong reduction in root hair length
after OBP4 induction (Fig. 2, G and H) made us further
investigate the potential role of OBP4 in root hair
growth regulation. Therefore, we compared the OBP4-
repressed genes with known root hair regulatory genes
listed on iroothair.org in more detail (Kwasniewski
et al., 2013). Among the 138 genes listed on iroothair.
org, the expression of 29 root hair genes is altered sig-
nificantly after OBP4 induction, and 90% of these genes
are repressed by OBP4 (Fig. 3C; Supplemental Table S2).
Interestingly, the majority of root hair genes repressed by
OBP4 are implicated in the control of tip growth rather
than earlier processes such as root hair patterning and
growth initiation (Supplemental Table S2). In agreement
with this, a comparison with a transcriptional network
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Table I. Comparison of cellular growth parameters between wild-type and p355:0BP4 roots growing on DEX-containing plates

All parameters were determined at 48 h after transfer to DEX. Values are means * sk.

Growth Parameter

Wild Type

OBP4-GR p*

Rate of root growth® (mm h™")

0.20 £ 0.05

0.12 = 0.04 0.0000

Size of the proliferation zone® (um) 331.87 = 28.55 401.06 = 35.88 0.0041
Size of the cell growth zone® (um) 651.47 = 115.36 348.94 = 41.97 0.0017
Mature cell size® (um) 177.57 = 31.44 97.06 * 8.61 0.0001
Rate of cell production® (cells h™) 1.41 £0.27 1.21 = 0.36 0.7092
Maximum strain rate® (um um™' h™") 377.09 * 65.72 313.82 = 55.27 0.1293

“Statistical significance is calculated based on Student’s t test.

bp = 35.

‘n=6.

reported previously for root hairs (Bruex et al, 2012)
revealed that the OBP4-repressed genes are present
mainly in clusters associated with late phases of root
hair development (Supplemental Fig. S4).

OBP4 Represses the Expression of RSL2 and RSL3 Genes

A small subfamily of bHLH transcription factors,
including RHD6 and its close homologs RSL1 to RSL5,
play central roles in the regulation of root hair growth
(Fig. 4A; Menand et al., 2007; Jang et al., 2011). Among
them, RNA sequencing data showed that OBP4 strongly
represses the transcription of RSL2 at 12 and 24 h after DEX
application (Fig. 3C). Our qRT-PCR studies confirmed the
repression of RSL2 expression after OBP4 induction and
additionally revealed a significant decrease in the expres-
sion of RSL3, the closest homolog of RSL2 expressed below
the detection limit in our RNA sequencing experiment (Fig.
4B). This transcriptional repression is already very strong

Figure 3. OBP4 activation represses genes asso- A
ciated with root hair development. A, Venn dia-
gram analysis of genes induced or repressed at
12 and 24 h in OBP4-GR plants after DEX appli-
cation based on a 1% false discovery rate cutoff. B,
GO terms overrepresented among genes repressed
after 12 h compared with all transcripts in the
Arabidopsis genome. Genes with less than a 1%
false discovery rate were subjected to BINGO
analysis. C, Transcript changes of genes impli-
cated in root hair development based on the root
hair information database (www.iroothair.org).

Induced

transcripts

Repressed
transcripts

by 3 h after DEX application and clearly caused by OBP4
induction, since DEX treatment of wild-type plants or
plants expressing the GR receptor fused with LEAFY
COTYLEDON?2 (LEC?2), a protein unrelated to OBP4, does
not induce the same transcriptional response (Supplemental
Fig. 53, B-D). We also confirmed that OBP4 does not alter
the expression of RHD6, RSL1, and RSL4 genes, indicating
that OBP4 down-regulates only RSL2 and RSL3 of the
RHD6 family genes (Fig. 4B). To test the possibility that
OBP4 directly represses RSL2 and RSL3 expression, we
evaluated their expression in OBP4-GR plants treated si-
multaneously with DEX and CHX, an inhibitor for pro-
tein translation. The addition of CHX does not block the
OBP4-mediated repression of RSL2 and RSL3 expression,
indicating that OBP4 represses RSL2 and RSL3 promoter
activity without new protein synthesis (Fig. 4, C and D).

To corroborate these transcriptional relationships fur-
ther in vivo, we cobombarded the p355:0BP4 construct
together with the promoters of RSL2 and RSL3 fused to
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Figure 4. OBP4 represses the expression of RSL2 and RSL3. A, qRT-PCR analysis of RHD6 and RSL expression after OBP4 ac-
tivation. B and C, qRT-PCR analysis of RHD6 and RSL expression after OBP4 activation with and without cycloheximide (CHX).
D, Activity of the RSL2 and RSL3 promoters fused to firefly luciferase when coexpressed with p35S:OBP4 in cultured Arabidopsis
cells. E, Chromatin immunoprecipitation of OBP4-GFP fusion proteins followed by quantitative PCR analysis, using primers
designed within the promoter and coding sequence of RSL2. Data are normalized against input DNA and shown as relative
enrichment of DNA immunoprecipitated from the wild type (WT). Data and error bars represent means = st (n = 3). Symbols
indicate significance determined by Student’s t test: ***, P < 0.001; **, P< 0.01; *, P < 0.05; and ®, P < 0.01. EtOH, Ethanol.

luciferase and tested whether OBP4 can repress RSL2 and
RSL3 promoter activity in cultured Arabidopsis cells. As
shown in Figure 4E, the RSL2 promoter proved most
sensitive to OBP4 expression, and its activity decreased in
the presence of OBP4. In contrast, the activity of RSL3 is
repressed only marginally by OBP4, indicating that OBP4
mainly regulates the expression of RSL2. By generating a
deletion series of the RSL2 promoter, we found that the
DNA sequence between 900 and 250 bp upstream of the
start codon is responsible for the full responsiveness to
OBP4 activity (Fig. 4D). Furthermore, we immunopreci-
pitated the chromatin bound by OBP4-GFP roots using
GFP antibodies. Our quantitative PCR analysis revealed
an enrichment of OBP4-GFP binding within the chroma-
tin around 300 bp upstream of the RSL2 start codon (Fig.
4E), indicating that OBP4 directly binds the RSL2 pro-
moter in vivo to regulate its expression.

ABA-Induced Repression of Root Hair Growth Is
Accompanied by Increased OBP4 Expression

ABA plays major roles in tuning plant growth in re-
sponse to various environmental changes. In particular,

Plant Physiol. Vol. 173, 2017

we confirmed a previously reported observation that
ABA inhibits root hair growth in Arabidopsis (Schnall
and Quatrano, 1992). As shown in Figure 5, A and B,
root hair growth is compromised significantly at all
ABA concentrations we tested; for instance, the final
length of root hairs in 1 um ABA-treated roots is re-
duced by ~50% compared with untreated plants (Fig.
5B). To test whether these physiological responses are
associated with changes in OBP4 expression, we ex-
amined the accumulation of OBP4-GFP protein in the
presence of 1 um ABA. Confocal microscopy examina-
tion revealed increased accumulation of OBP4-GFP
within 3 h after ABA application (Fig. 5C). We ob-
served statistically significant increases in OBP4-GFP
abundance in all root epidermal cells along the devel-
opmental gradient, causing OBP4-GFP accumulation
even in meristematic cells, where OBP4 expression is
barely detectable in the absence of ABA (Fig. 5, D and
E). Increased OBP4-GFP expression appeared to be
relatively stable and persisted up to 48 h after ABA
application.

To assess the extent to which this increase in OBP4
contributes to the reduction of root hairs upon ABA
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Figure 5. ABA up-regulates OBP4 expression and represses root hair
growth. A, Representative photographs of mature root hairs 2 d after
transfer to ABA-containing medium. B, Box-plot representation of root
hair length 2 d after transfer to ABA-containing medium (n = 10). C,
Accumulation of OBP4-GFP proteins in pOBP4:0OBP4-GFP plants after
transfer to ethanol (EtOH)- or ABA-containing medium. The OBP4-GFP
proteins in root epidermal cells are visualized by confocal microscopy.
D and E, Box-plot representations of the quantitative analysis of OBP4-
GFPaccumulation in the expansion zone (D) and the proliferation zone
(E) in pOBP4:0BP4-GFP plants after transfer to ethanol- or ABA-containing
medium (n> 10). Asterisks indicate significance determined by Student’s
ttest: ***, P < 0.001. Bars = 200 um.

treatment, we tested whether OBP4-GR plants with
increased levels of OBP4 show altered responses to
ABA. As shown in Supplemental Figure S2C, OBP4-GR
plants overexpressing OBP4 on 0.01 or 0.05 um DEX-
containing plates are insensitive to 1 um ABA, sug-
gesting that increased OBP4 expression is indeed a
major contributor to the root hair growth response to
ABA. To further elaborate on the role of OBP4 in the
ABA response, we also tested whether the obp4-1 to
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obp4-4 mutants show altered responses to ABA. How-
ever, we did not detect any significantly altered re-
sponse to ABA in all obp4 mutants (Supplemental Fig.
S2D).

The Down-Regulation of RSL2 Expression Contributes to
ABA-Mediated Repression of Root Hair Growth

Having uncovered a strong increase in OBP4 abun-
dance by ABA, we next examined whether the expres-
sion of RSL2 and RSL3 genes is reduced under these
conditions. Our qRT-PCR analysis indeed revealed that
the expression of both genes is reduced strongly at both
24 and 48 h after 1 um ABA application, while the ex-
pression of other RHD6 family genes is either un-
changed or increased (Fig. 6A). Confocal microscopy of
pRSL2-GFP-RSL2 plants (Yi et al., 2010) further showed
that the decreased RSL2 transcription leads to a re-
duced accumulation of GFP-RSL2 proteins, as assessed
by the abundance of GFP signal intensities (Fig. 6B).

To test the possibility that the reduction in the RLS2
and RSL3 expression contributes to the repression of
root hair growth by ABA, we asked whether mutations
in these genes reduce the responsiveness of root hair
growth to ABA. As reported previously by Yi et al.
(2010), the rsl2-1 mutants display shorter root hairs
compared with the wild type under control conditions
(Fig. 6C). Interestingly, these mutants are almost com-
pletely insensitive to ABA (Fig. 6, C and D), suggesting
that the reduction in RSL2 expression contributes to the
root hair response to ABA. By contrast, the rsl3-1 mu-
tant that we isolated (Supplemental Fig. S5) shows a
similar response to ABA as the wild type (Fig. 6, E and
F). We also examined whether rsl4-1 mutants that have
short root hairs under control conditions also are in-
sensitive to ABA, but the root hair growth in these
mutants is as strongly inhibited by ABA as those in
wild-type roots (Supplemental Fig. S6). Together, these
results strongly suggest that ABA-dependent root hair
repression is, to a large extent, mediated by the re-
pression of RSL2 expression. In agreement with this
idea, RSL2 expression is comparable between wild-type
and obp4-1 to obp4-4 mutant plants that do not display
an altered response to ABA (Supplemental Fig. S2E).

DISCUSSION

In this study, we searched for novel transcriptional
regulators that control plant cell growth and identified
a previously uncharacterized transcription factor,
DOF5.4/0BP4, as a repressor of root hair growth. The
DOF proteins belong to a plant-specific zinc-finger
transcription factor family that consists of 37 members
in Arabidopsis. Based on a phylogenetic study, OBP4
belongs to DOF subfamily B (Moreno-Risueno et al.,
2007). The DOF transcription factors have been impli-
cated in diverse developmental pathways, including
flower induction (Fornara et al., 2009), stomata matu-
ration (Negi et al., 2013), vasculature development (Le
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Figure 6. ABA down-regulates RSL2 expression to
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RHD6 and RSL expression after transfer to ABA-
containing medium. Data represent means * St
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Hir and Bellini, 2013), shoot branching (Zou et al.,
2013), seed coat maturation (Zou et al., 2013), and cell
cycle progression (Skirycz et al., 2008). Our findings
strongly support that a DOF transcription factor also
functions in the regulation of cell growth.

Identification of a Novel Set of Transcription Factors
Involved in the Control of Cell Growth

To identify new regulators of plant cell growth, we
first grouped the differentially expressed transcription
factors into two groups: cell proliferation-associated
genes (groups I, II, and IIl in Fig. 1A) and cell growth-
associated genes (groups IV and V in Fig. 1A). A similar
approach previously proved that cell cycle regulators are
enriched among genes with high expression in the prolif-
erative phase (Beemster et al., 2005). Similarly, we found
transcription factors that were described previously as
regulators of cell proliferation in the groups showing high
expression in the proliferative phase (Supplemental Data
Set S1). These included AINTEGUMENTA-LIKE6 (AIL6;
Mizukami and Fischer, 2000), CELL DIVISION CYCLE5
(CDCS5; Lin et al., 2007), GROWTH-REGULATING
FACTOR?2 (GRF2; Gonzalez et al., 2010), ULTRAPETALA1
(ULT1; Carles et al., 2005), and MONOPTEROS (MP)
and several of its targets, TARGET OF MONOPTEROS
(TMOs; Schlereth et al., 2010). Roles of AIL6, CDC5,
GRF2, ULT1, MP, and TMOs in the regulation of cell
proliferation (Mizukami and Fischer, 2000; Carles
et al., 2005; Lin et al., 2007; Gonzalez et al., 2010;
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Schlereth et al., 2010) have been demonstrated based
on mutant analysis (Mizukami and Fischer, 2000; Lin
et al., 2007; Rodriguez et al., 2010).

In groups IV and V, showing an increase in tran-
scription associated with cell growth, we identified factors
with an expected potential to play roles in cell growth
regulation, such as HOMEOBOX-1 (HB1; Capella et al.,
2015), ETHYLENE RESPONSE FACTOR?1 (ERF71; Lee
et al, 2015), KNOTTEDI-LIKE HOMEOBOX GENE 5
(KNATS5; Truernit and Haseloff, 2007), MINI ZINC
FINGER1 (MIF1; Hu and Ma, 2006), SPEEDY HYPO-
NASTIC GROWTH (SHYG,; Rauf et al., 2013), OVATE
FAMILY PROTEIN13 (OFP13; Wang et al,, 2016), GT-2-
LIKE1 (GTL1; Breuer et al., 2009), and HOMEODOMAIN-
16 (HB16; Wang et al., 2003). For KNAT5 and GTL1,
previous studies showed high expression during the cell
growth phase in the root and trichomes, respectively (Wang
et al,, 2003; Breuer et al.,, 2009). For the other genes, ex-
pression profiling at a high cellular resolution is not re-
ported so far, but the expression of HB1 and SHYG was
shown to be increased during conditions inducing cell
growth (Rauf et al., 2013; Capella et al., 2015). Furthermore,
overexpression of HB1, SHYG, or ERF71 leads to increased
cell size, while mutants for HBI or SHYG are associated
with reduced cell size (Rauf et al., 2013; Capella et al., 2015;
Lee et al.,, 2015), indicating their roles in promoting cell
growth. Interestingly, transcription factors with a repressive
role in cell growth also were represented in groups IV and
V. Reduced expression of GTL1 or HB16 is shown to lead to
larger cells in trichomes and leaf epidermis, respectively,
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while overexpression of GTL1, HB16, MIF1, or OFP13
leads to smaller organs correlated with reduced cell
size (Wang et al., 2003, 2011; Hu and Ma, 2006; Breuer
et al., 2012).

These examples thus highlight the power of our
grouping to identify genes regulating cell proliferation
and/or cell growth. Given that many of the transcrip-
tion factors we selected have not been studied before,
further functional characterization of these genes should
help uncover novel transcriptional control of cell growth
in development and environmental response.

Role of OBP4 as a Transcriptional Repressor of
Cell Growth

We mainly characterized the effects of OBP4 on root
hair growth because of the dramatic decrease in root
hair growth and the associated repression of a large set
of root hair growth regulators in plants ectopically
expressing OBP4 (Figs. 2 and 3). Our data show that the
hair growth defects in OBP4-overexpressing plants are
associated with the down-regulation of RSL2 and RSL3
genes (Fig. 4). We predict that this transcriptional reg-
ulation may involve direct transcriptional repression by
OBP4, since our qRT-PCR analysis using CHX suggests
that the RSL2 repression by OBP4 does not involve new
protein synthesis (i.e. the production of additional
transcriptional regulators; Fig. 4, C and D). Our
cobombardment assay and chromatin immunoprecip-
itation assay together demonstrate that OBP4 directly
binds the RSL2 promoter in a region between 900 and
250 bp upstream of the RSL2 translational start site (Fig.
4, E and F). Within this region, a previously predicted
DOF-binding element (Cominelli et al., 2011) is present
at 553 bp upstream of the RSL2 translational start co-
don. Whether OBP4 binds this putative sequence, and,
if so, whether this binding is sufficient to repress RSL2
expression, should be investigated in future studies.
Our data, in contrast, suggest that the RSL3 promoter is
not responsive to OBP4 nor does its loss-of-function
mutation cause any obvious root hair phenotypes
(Figs. 4E and 6E), suggesting that RSL3 alone does not
play major roles in root hair growth. We should note,
however, that the rsI3-1 allele we isolated may not rep-
resent a complete loss-of-function mutant, although it
bears a T-DNA insertion in its first exon (Supplemental
Fig. S5C). The generation of additional loss-of-function
alleles by CRISPR-Cas9 should further clarify the in-
volvement of RSL3 in normal root hair development
and its ABA-induced repression.

Given that OBP4-expressing plants display much
stronger hair growth defects compared with the rsi2-1
mutants (Figs. 2 and 6), it is also possible that addi-
tional factors act downstream of OBP4 to repress root
hair growth. Among other root hair genes down-
regulated by OBP4 induction, several of them display
shorter root hairs when mutated (Supplemental Table
S2). These genes, including several RHS genes and the
MRH] gene, are strong candidates that act downstream
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of OBP4 to repress root hair growth. These genes may
be targeted directly by OBP4 and act in parallel with
RSL2, or they might act downstream of RSL2 and be
only indirectly regulated by OBP4. So far, no direct
targets of RSL2 are reported, but RSL4 is known to in-
duce the expression of several RHS and MRH genes (Yi
et al., 2010). To fully understand the OBP4-mediated
regulatory network of root hair growth, further stud-
ies should uncover which genes are directly (or indi-
rectly) targeted by OBP4 and how much each gene
product contributes to root hair growth.

In addition to root hairs, OBP4-GFP fusion proteins
were detected in a broad spectrum of organs, and their
expression was associated with the onset of cell growth
(Fig. 1). Although we could not prove the functionality
of the OBP4-GFP fusion protein experimentally, due to
the lack of phenotypic defects in the obp4 mutants
(Supplemental Fig. S2), our data are consistent with
publicly available data (Birnbaum et al.,, 2003;
Andriankaja et al., 2012), strongly suggesting that OBP4
plays additional roles in plant development. The over-
all size reduction of plants ectopically expressing OBP4
further indicates that OBP4 is able to repress cellular
growth in other organs (Fig. 2). How OBP4 represses
the cell growth of nonroot hairs is not clear at present. In
our RNA sequencing experiment, OBP4 represses sev-
eral cell wall enzymes, such as expansins and xyloglu-
can transferases repressed by OBP4 (Supplemental
Data Set S2), implicated in the modulation of cell
growth (Braidwood et al., 2014). Thus, it is possible that
they participate in the downstream pathway, leading to
OBP4-induced growth retardation. Given that we de-
tect strong OBP4 expression in the vasculature (data
not shown), OBP4 also may contribute to vascular

Low Developmental
phosphate signal ABA
RSL1 RHD6 OBP4
A 4
RSL4 il

Figure 7. Schematic diagram describing how OBP4 regulates root hair
growth. ABA application induces OBP4 expression and consequently
leads to reduced levels of RSL2, causing root hair growth retardation.
OBP4 directly binds the RSL2 promoter to repress its expression. The
OBP4-RSL2 pathway may fine-tune the root hair developmental pro-
gram governed by RHD6 and RSL1 to determine the final length of root
hairs. Similarly, RSL4, a close homolog of RSL2, also is regulated by
developmental signaling, via RHD6 and RSL1, and fine-tuned by
phosphate signaling.
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development, as proposed for many DOF family tran-
scription factors (Le Hir and Bellini, 2013; Taylor-
Teeples et al., 2015).

Despite our extensive efforts, we have not yet iden-
tified a complete loss-of-function mutant for OBP4, and
obp4-1 to obp4-4 mutant alleles, which show 50% to 80%
reduction in transcript levels, do not show obvious root
hair phenotypes under normal or ABA conditions
(Supplemental Fig. S2). We also tried several abiotic
stress conditions, such as sodium chloride and mannitol
treatments known to affect root hair growth (Wang et al.,
2008), but obp4-1 to obp4-4 root hairs appear to respond
like wild-type root hairs (B. Rymen, M. Shibata, and
K. Sugimoto, unpublished data), suggesting that the
residual OBP4 level is sufficient to fulfill its function
in vivo. It is also possible that other DOF transcription
factors play overlapping functions with OBP4 and,
thus, that the mutation in OBP4 alone does not result in
strong growth retardation. We have indeed identified
five more DOF transcription factors, OBP2, CYCLIC
DOF FACTOR2, DOF AFFECTING GERMINATIONI,
ARABIDOPSIS DOF ZINC FINGER PROTEIN1
(ADOF1), and ADOF2, as genes preferentially expressed
during cell growth (group IV in Fig. 1 and Supplemental
Table S1). These are the best candidates to have re-
dundant functions with OBP4 in terms of cell growth
regulation, although, phylogenetically speaking, they
are not most strongly related to OBP4 (Moreno-Risueno
et al., 2007). Generating the complete loss-of-function
allele of OBP4 and simultaneously mutating other
DOF transcription factors will be essential to reveal
its function in planta and regulatory interaction with
other DOFs.

RSL Genes as Integrators of Developmental and
Environmental Signals

Root hairs are well known for their role in the uptake
of minerals, including Ca®*, K*, NH;, NO; , Mn**, Zn*',
Cl, and H,PO, (Nye, 1966; Gilroy and Jones, 2000).
The impaired responses of various root hairless mu-
tants to altered nutrient conditions indicate the neces-
sity for proper adjustment of root hair development for
optimum interaction with the environment (Tanaka
et al., 2014). Consequently, root hair length and density
are constantly optimized to current environmental de-
mands (Kochian, 1995; Lépez-Bucio et al., 2003; Wang
et al., 2008; Giehl and von Wirén, 2014). Previous
studies that compared the responses of various
Arabidopsis mutants defective in several hormonal
pathways revealed that different hormone signaling
pathways are employed to adjust root hair develop-
ment to different stresses (Schmidt and Schikora, 2001;
Chandrika et al., 2013). This study strongly suggests
that the OBP4-RSL2 pathway controls root hair growth
in response to ABA (Fig. 7). Previous studies revealed
that RSL2 controls root hair growth together with RSL4
and that they both act downstream of RHD6 and RSL1,
which define the developmental pattern of root hair
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formation (Yi et al., 2010). It is also reported that only
RSL4 expression increases upon phosphate starvation,
while the expression of RSL2 remains unchanged (Yi
et al., 2010). Interestingly, we found exactly the oppo-
site situation after ABA application (i.e. increased ex-
pression of RSL2 and no detectable difference in RSL4
expression). We also show that the rs/2-1 mutants, but
not the rsl4-1 mutants, are insensitive to ABA (Fig. 6;
Supplemental Fig. S6). This suggests that only RSL2
acts in the ABA-dependent repression of root hair
growth. These observations, therefore, provide further
evidence that RHD6/RSL transcription factors play
central roles in integrating developmental and envi-
ronmental signals to fine-tune root hair growth.

MATERIALS AND METHODS
Plant Materials and Growth Conditions

Arabidopsis (Arabidopsis thaliana ecotype Columbia-0) seeds, obp4-
1 (SALK_116433), obp4-2 (SALKseq_085101), obp4-3 (SALKseq_108296), and
rs13-1 (SALK_064296), were obtained from the Arabidopsis Biological Resource
Center (Ohio State University). The obp4-4 mutant was isolated from the T-DNA
insertion collection of the Max-Planck-Institut fiir Ziichtungsforschung (Rios
etal., 2002). Liam Dolan (Oxford University) provided rsi2-1, rsl4-1, and pRSL2-
GFP-RSL2 (all in the Columbia-0 background; Yi et al., 2010). Matgorzata D. Gaj
provided the previously published plants expressing the p355-LEC2-GR fusion
proteins (Ledwon and Gaj, 2009). Primers used for genotyping are listed in
Supplemental Table S3. Plants were grown on plates containing Murashige and
Skoog salts, 1% (w/v) Suc, and 0.6% (w/v) phytagel at 22°C under a photo-
period of 16 h of light and 8 h of dark. For the DEX and ABA treatments, the
same Murashige and Skoog medium was supplemented with DEX (D1756;
Sigma) or ABA (A4906; Sigma) after autoclaving at a concentration of 1 um,
unless stated differently.

In Silico Identification of Cell Growth Regulators

Transcription factors differentially expressed over the developmental gra-
dient were identified based on the selections made by Birnbaum et al. (2003),
Beemster et al. (2005), and Andriankaja et al. (2012). Selected genes were sub-
sequently clustered with K means, for which the optimal number of clusters
was estimated with the figure of merit calculations in the Multiple Experiment
Viewer 2.2 of The Institute for Genome Research (Saeed et al., 2003). The
Pearson correlation for coexpression was determined with ATTED-II software
(Obayashi et al., 2009).

Vector Construction and Arabidopsis Transformation

For overexpression analysis, the coding sequence of the OBP4 gene was
amplified using a PRIMESTAR MAX polymerase (Takara) and the primers
listed in Supplemental Table S3 with genomic DNA as a template according to
the manufacturer’s protocol (Qiagen). The blunt-end PCR product was intro-
duced into the entry vector pPDONR207 and recombined into the destination
vector pBI35S-GW-GR in frame with a GR domain using the Gateway cloning
system (Invitrogen, Life Technologies). To construct the pBI35S-GW-GR vector,
the GUS gene of pBI121 was replaced with the GR fragment of a pMON721
derivative, provided by Dr. T. Aoyama (Kyoto University), and the reading
frame B cassette for the Gateway cloning system was inserted between the p35S
promoter and the GR of pBI121 (Aoyama and Chua, 1997).

For expression analysis, entry clones containing a 3-kb promoter of OBP4 and
the coding sequence of OBP4 were generated using pDONRp4-pIR and
pDONR207 (Invitrogen). The promoter and coding sequence were amplified
from genomic DNA and cloned in the respective pDONR vectors by BP reaction
of the Gateway technology (Invitrogen). Next, the entry clones were recombined
using the Multisite LR reaction of the Gateway cloning system (Invitrogen) into
the R4L1pGWB550 destination vector (Nakagawa et al., 2007) in frame with the
GFP, resulting in pOBP4:0OBP4-GFP.
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The verified vectors were used to transform Agrobacterium tumefaciens strain
GV3101 (pPM90) and to generate transgenic lines. Homozygous lines for p35S:
OBP4-GR and pOBP4:0OBP4-GFP were selected based on their resistance to
kanamycin and hygromycin, respectively. All stable plant transformations
were generated by the floral dip method (Clough and Bent, 1998).

Microscopy and Growth Analysis

Fluorescent marker lines were imaged using an SP5 confocal laser scanning
microscope (Leica), and their signal intensities were quantified using an asso-
ciated software (Leica). To visualize root cortical cells, cell membranes were
stained with 10 um propidium iodide. The length of cortical cells was quantified
from optical longitudinal sections of propidium iodide-stained roots using
Image] software (Abramoff et al., 2004). For the interpolation of cell length pro-
files, smoothing, based on fitting local polynomial, was performed using the
LocPoly function in the KernSmooth library of the R statistical software. Average
cell length was interpolated at a 2-um interval, and mature cell length was esti-
mated based on the cell length profile. The position where cell length was equal to
or larger then the cell width was defined as the end of the proliferation zone. The
rate of cell production was calculated as described by Rymen et al. (2010).

RNA Sequencing

Seven-day-old seedlings of p355:0BP4-GR were treated with DEX or ethanol
for 12 and 24 h. Root tips from 300 seedlings were pooled for each RNA sample
and frozen in liquid nitrogen. Total RNA was extracted using the plant RNeasy
kit (Qiagen), and its size, abundance, and integrity were analyzed on an Agilent
Bioanalyzer Nanochip (Agilent Technologies). RNA samples were reverse
transcribed, and their libraries were constructed with the Illumina TruSeq kit.
Deep sequencing for a single 50-bp end using an Illumina HiSeq 2000 generated
~8.5 million raw reads for each sample. Mapping and statistical analysis were
performed using the CLC Genomics Workbench version 7.5.1. Using this
software, about 70% of the reads were uniquely assigned to a single gene in The
Arabidopsis Information Resource 10 annotation of the Arabidopsis genome.
Gene expression was normalized using reads per kilobase per million mapped
reads (RPKM) values (Mortazavi et al., 2008). Differentially expressed genes
were identified based on Baggerley’s test and false discovery rate correction
(Baggerly et al., 2003). To determine GO categories significantly overrepre-
sented among misregulated genes, the BINGO plug-in for Cytoscape was used
(Maere et al., 2005). To compare different gene lists, statistical analysis was
performed with the HYPERGEO.DIST function in Excel (Microsoft).

qRT-PCR

Total RNA (200 ng) isolated with RNeasy (Qiagen) was subjected to first-
strand cDNA synthesis with the Primescript RT gDNA eraser reagent kit
(Takara). For qRT-PCR, cDNA was amplified using the Thunderbird SYBR
qPCR mix (Toyobo) and the Mx3000P QPCR system (Agilent). Primer sets used
in this study are listed in Supplemental Table S1. Relative expression values
were measured using the AACt method, and a helicase gene (AT1G58050) and
a SERINE/THREONINE PROTEIN PHOSPHATASE 2A (PP2A) subunit
(AT1G13320) were used as reference genes (Czechowski et al., 2005). Statistical
differences were evaluated with Student’s f test.

Transactivation Assay

For luciferase (LUC) reporter vector construction, a 3-kb promoter of the
WIND1 gene was PCR amplified and cloned into the pGEM-T Easy vector
(Promega). The firefly LUC gene sequence fused with the NOS terminator se-
quence was amplified from the GAL4GCC-LUC vector (Ohta et al., 2001) and
inserted into the PstI site of the pPGEM-T Easy vector. The resultant pWINDI:
LUC vector was used for pOBP4:LUC construction. The 3-kb OBP4 promoter
sequence was PCR amplified and cloned between Sacll and Spel sites of the
pWIND1:LUC vector. For the construction of p355:0BP4, the OBP4 coding
sequence was amplified by PCR, and the PCR products, phosphorylated by T4
polynucleotide kinase (Toyobo), were cloned into p35SSG (Mitsuda et al., 2005)
using the Smal site located between the CaMV p35S promoter-Omega and the
NOS terminator sequence of the p355SG vector.

p35S:0BP4 and p35SSG were used as an effector and control vector, re-
spectively. The pOBP4:LUC vector was used as a reporter. As an internal control,
the pPTRL vector, which drives the expression of a Renilla LUC gene under the
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control of the CaMV p35S promoter, was used. Particle bombardment and LUC
assays with the Dual-Luciferase Reporter Assay System (Promega) were per-
formed as reported previously (Hiratsu et al., 2002) with some modifications:
Arabidopsis MM2D cultured cells were used as host cells (Menges and Murray,
2002), and luciferase activity was measured using a Mithras LB940 microplate
luminometer (Berthold Technologies). Statistical differences were evaluated
with Student’s ¢ test.

Chromatin Immunoprecipitation

Approximately 1 g of fresh Arabidopsis roots harvested from 14-d-old wild-
type plants or plants harboring pOBP4:0BP4-GFP was ground using a bead
shocker (Yasui Kikai). Fixation, nuclear extraction, and chromatin shearing and
immunoprecipitation were performed according to a previously published
protocol (Luo and Lam, 2014) using antibodies against GFP (Abcam; ab290).

Accession Numbers

RNA sequencing data have been submitted to ArrayExpress (www.ebi.ac.
uk/arrayexpress) under accession number E-MTAB-4838. Sequence data from
this article can be found in the Arabidopsis Genome Initiative or GenBank/
EMBL databases under the following accession numbers: OBP4 (At5g60850),
RHD6 (At1g66470), RSL1 (At5g37800), RSL2 (At4g33880), RSL3 (At2g14760),
RSL4 (At1g27740), and RSL5 (At5g43175).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Effect of ectopic OBP4 expression on epidermal
cell growth in leaves.

Supplemental Figure S2. Phenotypes of obp4 loss-of-function mutants.
Supplemental Figure S3. Confirmation of RNA sequencing results.

Supplemental Figure S4. Comparison of OBP4 targets with previously
identified root hair genes.

Supplemental Figure S5. Isolation of rsI3-1 loss-of-function mutants.
Supplemental Figure Sé6. Effect of ABA on root hairs in the rs/4-1 mutant.

Supplemental Table S1. Ranking of transcription factors with expression
related to cell growth.

Supplemental Table S2. Root hair genes differentially expressed after
OBP4 induction.

Supplemental Table S3. Primers used in this study.

Supplemental Data Set S1. Clusters of transcriptional factors differentially
expressed along the developmental gradient in roots and leaves.

Supplemental Data Set S2. List of genes up- or down-regulated by ectopic
OBP4 expression.

Supplemental Data Set S3. GO terms enriched among OBP4-regulated
genes.
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