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Abstract

Key message HREla shows transcriptional activation
activity in its C-terminal region via GCC box but not
DRE/CRT and plays an important role in root devel-
opment via root meristem cell division regulation.
Abstract  AtERF73/HRE1 protein, a member of the
Arabidopsis AP2/ERF family, contains a conserved AP2/
ERF DNA-binding domain. Here, we studied the molecular
function of HREla, a splicing variant of AtERF73/HREI],
as well as its role in root development. HREIwx-over-
expressing transgenic plants (OXs) showed tolerance to
submergence. HREla showed transcriptional activation
activity via GCC box but not DRE/CRT. The 121-211 aa
region of HREla was responsible for the transcriptional
activation activity, and the region was conserved among
homologs of other species but was not found in other
Arabidopsis proteins. HREIo OXs showed increased pri-
mary root length due to elevated root cell division. Our
results suggest that HRElo functions as a transcription
activator in the nucleus, and plays an important role in root
development through regulation of root meristem cell
division.
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Abbreviations

ABA Abscisic acid

CaMV Cauliflower mosaic virus

DAG Days after germination

DRE/CRT Dehydration-responsive element/C-repeat
GAPc Glyceraldehyde-3-phosphate dehydrogenase
MV Methyl viologen

Introduction

During their life cycle, plants are faced with various
environmental stresses. To adjust to such environmental
stresses, plants trigger rapid defense responses via a num-
ber of signal transduction pathways. A major target of
signal transduction is the cell nucleus, where signals lead to
the transcriptional activation of numerous genes. Changes
in the expression of genes encoding transcriptional regu-
lators can have strong effects on plant stress tolerance (Yi
et al. 2004).

AP2/EREF transcription factors, one of the largest plant
transcription factor families, contain AP2/ERF DNA-
binding domains of 57-66 amino acids in size (Nakano
et al. 2006). AP2/ERF genes constitute a large multigene
family, including 145 Arabidopsis genes, divided into four
subfamilies (AP2, RAV, DREB/CBF, and ERF) according
to their sequence similarities and numbers of AP2/ERF
domains (Sakuma et al. 2002). DREB/CBF and ERF sub-
family proteins contain single AP2/ERF domain. DREB/
CBF subfamily genes have a function in the resistance of
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plants to abiotic stresses by recognizing the DRE/CRT cis-
acting element, which has a core motif of (A/G)CCGAC
(Thomashow 1999; Yamaguchi-Shinozaki and Shinozaki
1994). ERF subfamily is generally involved in the response
to biotic stresses by recognizing the cis-acting element
AGCCGCC, known as GCC box (Hao et al. 1998; Xu et al.
2007). Many ERF subfamily members also bind to DRE/
CRT (Hsieh et al. 2013; Wu et al. 2007; Zhang et al. 2009;
Zhu et al. 2010).

EREF transcription factors have been identified in various
plant species, such as Arabidopsis thaliana, tobacco
(Nicotiana tabacum), and tomato (Lycopersicon esculen-
tum) (Fischer and Droge-Laser 2004; Onate-Sanchez and
Singh 2002; Tournier et al. 2003). ERF proteins involved
in defense responses against pathogen infection have also
been extensively documented (Gutterson and Reuber 2004;
Park et al. 2001; Shin et al. 2002). Recent studies have
revealed a role for some ERF proteins in hormone and
abiotic stress responses in plants (Shinozaki et al. 2003).
Thus, ERF proteins play an important role not only in
pathogen defense responses but also in tolerance to abiotic
stresses. However, the molecular functions of ERF sub-
family genes have been revealed for only a limited number
of genes belonging to the subfamily.

Recently, two Arabidopsis ERF transcription factors,
AtERF73/HRE1 and AtERF71/HRE2, have been identified
to be responsive to hypoxia (Licausi et al. 2010). Expres-
sion of both AtERF73/HREI and AtERF7I1/HRE2 is
increased under hypoxia, and overexpressing transgenic
plants show resistance to hypoxia (Licausi et al. 2010).
Although both genes are responsive to hypoxia, the
response of AtERF73/HRE1 to hypoxia involves both
ethylene-dependent and -independent pathways, while the
response of AtERF71/HRE2 only involves ethylene-inde-
pendent pathways (Hess et al. 2011; Licausi et al. 2010;
Yang et al. 2011). It was recently reported that AtERF71/
HRE? is involved in the responses to osmotic stress as well
as hypoxia and AtERF71/HRE2 functions as a transcription
activator (Park et al. 2011). Single mutants of either
AtERF73/HRE1 or AtERF71/HRE2 showed no significant
difference compared with wild type (WT), whereas double
mutants showed a more sensitive phenotype in response to
hypoxic stress conditions (Licausi et al. 2010), suggesting
that these two ERF proteins have a partially redundant
molecular function in the hypoxic stress response. How-
ever, despite these studies, the molecular functions of
AtERF73/HRE]1 and its role during Arabidopsis develop-
ment have not been reported.

In this study, we characterized the molecular functions
of HREla, a splicing variant of AtERF73/HREI, as a
nuclear transcription factor having GCC box-dependent
transcriptional activation activity in plants. In addition, we
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found that HREI« is involved in root development through
regulation of root meristem cell division.

Materials and methods
Plant materials and growth conditions

All Arabidopsis (Arabidopsis thaliana) plants used in this
study were Columbia ecotype. Arabidopsis seeds were
surface sterilized and germinated on agar plates as previ-
ously described (Park et al. 2011). Seedlings were grown
under short-day (SD) conditions (cycles of 8-h light/16-h
dark) or long-day (LD) conditions (cycles of 16-h light/8-h
dark) at 22 °C.

Plasmid construction

To generate a plant expression vector overexpressing
HRE1a, pFGL845, the entire open reading frame (ORF) of
HRE!lx was amplified by PCR and cloned into the Sall-
BamHI site of pFGL571 (Park et al. 2011). To construct
HREI promoter::f-glucuronidase (GUS) vector, the 5’
upstream promoter region (—1,000 to +330) relative to the
ATG start codon of HREIx was amplified by PCR and
fused with the GUS gene. For synthetic Green Fluores-
cence Protein (sGFP)-fused HREla construct, the entire
ORF of sGFP was amplified by PCR and cloned into
pFGL845 in frame with HREIo. To generate constructs for
investigation of the transcriptional activation activity of
HREla, the entire ORF or truncated HRE1a was amplified
by PCR. The PCR products were then cloned into pBD-
GALA4 (Stratagene) in frame with the GAL4 DNA-binding
domain (BD). For the reference plasmid vector expressing
Renilla luciferase for transactivation analysis, the entire
ORF of Renilla luciferase was amplified and cloned
between modified CaMV 35S promoter and nos terminator
of pFGL1122. For the effector-reporter plasmid vector for
transactivation analysis, the core region of CaMV 35S
promoter, the entire ORF of firefly luciferase and nos ter-
minator were amplified and cloned into pBluescriptIIKS,
after which four copies of GCC box or DRE/CRT were
cloned in front of core CaMV 35S promoter, resulting in
pFGL1498 and pFGL1499, respectively. The sequences of
four copies of GCC box were 5'-CATAAGAGCCGCCAC
TCATAAGAGCCGCCACTCATAAGAGCCGCCACTC
ATAAGAGCCGCCACT-3’ and the sequences of four
copies of DRE/CRT were 5'-ATTTCATGGCCGACCTGC
TTTCATGGCCGACCTGCTTTCATGGCCGACCTGCT
TTCATGGCCGACCTGCTT-3'. Then, CaMV
358::HREla::nos terminator in pFGL845 was amplified
and cloned into pFGL1498 or pFGL1499.
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Plant transformation

Vectors for plant expression were introduced into Agro-
bacterium tumefaciens strain GV3101 (pMP90) using the
freeze—thaw method (Hofgen and Willmitzer 1988) and
Arabidopsis was transformed using the floral-dipping
method (Clough and Bent 1998). Transgenic plants were
selected on medium containing 25 mg/l of kanamycin.

Stress treatments

For submergence treatment, 4-week-old plants were sub-
merged 5 cm below water level for 10 days, followed by
desubmergence for 5 days.

For stress treatments prior to RT-PCR analysis, 10-day-
old WT seedlings on MS plates were transferred to filter
paper saturated with 300 mM NaCl, 300 mM mannitol,
100 uM ABA, or 10 uM MYV, followed by incubation for
0, 1, 2, 4, 8, 12, or 24 h. For hypoxia treatment, mature
rosette leaves detached from 4- to 5-week-old WT plants
were floated on water and treated with 99.99 % nitrogen
gas under dark conditions for 0, 1, 4, 6, 8, 12, 18, or 24 h.

Semi-quantitative reverse-transcription (RT)-PCR
and quantitative RT-PCR

Total RNA was isolated using TRIzol reagent (Molecular
Research Center). cDNA synthesis, semi-quantitative RT-
PCR, and quantitative RT-PCR were performed as previ-
ously described (Park et al. 2011). The primers used for the
PCR reactions are shown in Supplementary Table S1.

GUS activity analysis and transient gene expression
in Arabidopsis protoplasts

GUS activity was histochemically detected using a proto-
col adapted from a previous report (Park et al. 2011).

To investigate the subcellular localization of HREla in
Arabidopsis protoplasts, polyethylene glycol (PEG)-medi-
ated protoplast transformations were performed according
to the method described by Sheen (2001).

Transcriptional activation activity analysis in yeast

To investigate the transcriptional activation activity of
HREla in yeast, pPBDGAL4-HRE1a constructs were trans-
formed into a yeast strain, YD116, which carries the
GALIpro::URA3 and UASpro::lacZ reporters. Transfor-
mants including BD-fusion vectors were selected on Syn-
thetic Dropout (SD)-Trp. Transcriptional activation
activities were confirmed by growth assay on SD-Trp-Ura
and by quantitative [B-galactosidase assay using 2-nitro-
phenyl-B-p-galacto-pyranoside (ONPG) as a substrate.

Quantitative B-galactosidase assay was performed as previ-
ously described (Park et al. 2011), and the unit of B-galac-
tosidase activity was calculated using the formula:
1,000 x ODg4¢/(ODgpo X assay time in min X assay vol-
ume in ml).

Transactivation analysis in Arabidopsis protoplast

For transactivation analysis in Arabidopsis protoplasts,
reporter plasmid and effector-reporter plasmid harboring
GCC box or DRE/CRT were transformed into Arabidopsis
protoplasts. Reference plasmid was co-transformed for
normalization. Firefly luciferase and Renilla luciferase
activities were determined using the Dual-Luciferase

a 4 7 1M 14 21 (DAG)

HRE1a

Fig. 1 Temporal and spatial expression patterns of HRE/«. a Semi-
quantitative RT-PCR analysis of HRE o expression in 4-, 7-, 11-, 14-,
or 21-day-old WT seedlings grown under SD conditions. b Semi-
quantitative RT-PCR analysis of HREIx expression in organs of
7-week-old WT plants grown under LD conditions. RT, roots; RS,
rosette leaves; ST, stems; CA, cauline leaves; FC, floral clusters. In
a and b, GAPc was used as an internal control. Similar results were
obtained from at least two biological replicates, with one shown here.
¢ Schematic map of HREI promoter::GUS for generating transgenic
plants. d Histochemical assay of expression in Arabidopsis T, plants
carrying HREI promoter::GUS at 7, 11, 14, and 21 DAG under SD
conditions. e Histochemical assay of GUS expression in leaves of
21-day-old HREI promoter::GUS T, transgenic plants grown under
LD conditions. In d and e, representative staining results are shown
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Fig. 2 Submergence response of HREIx OXs. a Quantitative RT-
PCR analysis of HREIo under 0-, 1-, 4-, 8-, and 12-h hypoxia
treatments. GAPc was used as an internal control. Transcript level at
0 h was set to 1. Reactions of each technical replicate were performed
in triplicate. Two technical replicates were measured for each
biological replicate. Data shown are the mean + SD (n = 6). Similar

Reporter Assay System (Promega, UK), according to the
manufacturer’s instructions.

Measurement of root cell length and root meristem size

To determine root cell length and root meristem size,
8-day-old seedlings were used. The roots were excised
from the seedlings and stained with 10 pM propidium
iodide (PI) for 10 s, rinsed with distilled water, and
mounted with distilled water. The specimens were exam-
ined with a confocal laser scanning microscope
(LSM510NLO, CarlZeiss, Germany). Excitation wave-
length of 536 nm was used to visualize the signals of PI
staining. The emission wavelength was 617 nm.

Results and discussion

HRE] o is highly expressed in roots and trichomes
and its expression is increased by hypoxia treatment

We isolated a cDNA of AtERF73/HREI from seedlings
under hypoxia treatment and the cDNA corresponded to
gene model 1 (At1g27360.1) of AtERF73/HREI on TAIR
website (www.arabidopsis.org). Another splicing variant of
AtERF73/HREI, gene model 2 (At1g27360.2), was previ-
ously reported (Licausi et al. 2010). We named transcripts
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results were obtained from at least two biological replicates, with one
shown here. b Response of WT and HREIo OX plants to submer-
gence. ¢ Survival rates of WT and HREIo OX plants after
submergence treatment. Error bars represent standard deviation of
three independent experiments. Ten plants were analyzed in each
experiment

of Atl1g72360.1 and Atl1g72360.2 HREIo and HREIp,
respectively (Supplementary Fig. S1). The predicted
HREl«a protein, Arabidopsis AP2/ERF transcription factor,
contains a conserved 58 aa AP2/ERF DNA-binding domain.
Based on sequence homology and its conserved motif,
HRE1a belongs to group VII (B-2) (Nakano et al. 2006).

We investigated the spatial and temporal expression
patterns of HREIo using semi-quantitative RT-PCR.
Transcription of HREIa increased as plants developed
(Fig. 1a). In mature plants, HREo transcripts were highly
detected in roots compared with levels in other organs
(Fig. 1b). Previously, HREIf was also reported to be
highly expressed in roots under hypoxic conditions (Li-
causi et al. 2010). These results suggested that HREIx
might play an important role in root development.
Expression patterns of HREIo were also supported by
GUS expression analysis using HREI promoter::GUS
transgenic plants (Fig. Ic, d). Interestingly, high and
specific promoter activity of HRE] was observed in tric-
homes on leaves (Fig. le), suggesting that HRE /[ might
be involved in development and/or function of trichomes.
However, in HREIo-overexpressing transgenic plants
(OXs), phenotypes of trichomes did not show any sig-
nificant difference compared with those in WT plants
(data not shown). Further studies will be necessary to
elucidate the function of HREIa/f related to its high
expression in trichomes.
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Fig. 3 Transcriptional activation activity of HRElo. a Subcellular
localization of HREla upon transient expression of HRE1o-sGFP
fusion construct in Arabidopsis protoplasts. Left, GFP signal; middle,
DAPI (4,6-diamidino-2-phenylindole) staining; right, light micro-
scope pictures. b Schematic map of GAL4 BD-fusion HREla
construct along with the entire ORF and truncated HRE1o used in the
analysis of transcriptional activation activity. Black box indicates
AP2/ERF DNA-binding domain. ¢ Growth assay of yeast transfor-
mants on SD-Trp-Ura. d Quantitative B-galactosidase assay in yeast.
Data shown are the mean &= SD (n = 4). Similar results were
obtained from at least two independent experiments, with one shown
here. pPBDGAL4 was used as a negative control. NC negative control

To investigate the expression patterns of HREI« under
abiotic stress conditions, we performed quantitative RT-
PCR analysis using HREa-specific primers and 10-day-
old WT seedlings treated with hypoxia, NaCl, mannitol,
ABA, or MV. Transcription of HREI« increased within 4 h
of hypoxia treatment (Fig. 2a), while transcript levels of
HRE o were reduced in response to NaCl, mannitol, ABA,
or MV treatment (Supplementary Fig. S2). It has been
reported that the expression level of HREIS is also
increased by hypoxia treatment (Licausi et al. 2010).

HREI1o OXs show tolerance to submergence

It was previously reported that HREIff OXs were more
resistant to anoxia than WT (Licausi et al. 2010). It is well
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Fig. 4 Multiple alignment and phylogenetic tree of HRElo.
a Multiple alignment of 121-211 aa region of HREloa with
corresponding regions of GbERF1, GhERF2, MeERF, JERF, IbERF,
RcERF, JcERF, MaESF, FsEREBP, CaEREBP, VvRAP2.12-like,
CaPFl1, and FsERF. Alignment was made by ClustalW using default
parameters. b Phylogenetic tree of 121-211 aa region of HREla and
corresponding regions of GbERF1, GhERF2, MeERF, JERF, IbERF,
RcERF, JcERF, MaESF, FsEREBP, CaEREBP, VvRAP2.12-like,
CaPF1, and FsERF. Phylogenetic tree was made by ClustalW2-
Phylogeny using default parameters

known that hypoxic conditions often arise upon water
logging or flooding. Since HREIa expression was highly
elevated under hypoxic conditions (Fig. 2a), we investi-
gated the response of HREIo OXs to submergence. To do
this, we generated HREIo OXs and selected three inde-
pendent T lines for further analysis (Supplementary Fig.
S3). HREIo OXs were more resistant to submergence
compared with WT plants (Fig. 2b, ¢). Both the increase of
HREI« transcript level under hypoxia condition and the
submergence resistance of HREIx OXs suggest that
HRE]o is involved in resistance to submergence.

In rice (Oryza sativa), Submergencel (Subl) locus
contains two or three ERF-like genes whose transcripts are
regulated by submergence (Perata and Voesenek 2007). In
deepwater rice, a pair of ERFs, SNORKELI and 2, also
plays a key role in the adaptation of rice to submergence
(Hattori et al. 2009). In Arabidopsis, ERF subfamily factors
such as RAP2.2, RAP2.12, and AtERF71/HRE2 also
function in the hypoxic response (Licausi et al. 2010).
Interestingly, all of these genes (Subl, SK1, SK2, RAP2.2,
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Fig. 5 Transactivation analysis of HREla. a Schematic maps of the
effector-reporter, reporter, and reference plasmids used in transacti-
vation analysis. Relative luciferase activity in transactivation analysis
for GCC box (b) and DRE/CRT (c). In b and ¢, firefly luciferase
activities of the effector-reporter plasmid and the reporter plasmid
were measured in Arabidopsis protoplasts. Transformation efficiency

RAP2.12, AtERF71/HRE2, and AtERF71/HRE?) belong to
group VII (B-2) ERFs, suggesting that group VII (B-2)
ERFs have a function in the hypoxic response.

HREla shows transcriptional activation activity in its
C-terminal region

AP2/ERF domain proteins are known to function as tran-
scription factors (Okamuro et al. 1997). However, the
molecular functions of HRE1a, including its transcriptional
activation activity, have not yet been elucidated. First, we
observed that HREla was localized in the nucleus using
HRE1a-sGFP fusion protein (Fig. 3a) like HRE1p (Licausi
et al. 2010).

We investigated whether or not HREla functions as a
transcriptional activator using a yeast system. The entire
ORF of HREla was fused to GAL4 BD (Fig. 3b), after
which the fusion construct was transformed into yeast cells.
Based on the results of growth assay and quantitative -
galactosidase assay, HREla showed transcriptional acti-
vation activity in yeast (Fig. 3c, d), suggesting that HREla
could function as a transcriptional activator in plants.

We next identified the domain of HRE1a responsible for
the observed transcriptional activation activity. For this, we
constructed a set of GAL4 BD-HREla vectors, including
N160 (1 to 160 aa), N120 (1 to 120 aa), or N87 (1 to 87 aa)
(Fig. 3b). In yeast, when the 161-211 aa region of HRE1a
was deleted, transcriptional activation activity was signif-
icantly reduced compared with that of the entire ORF
(Fig. 3c, d). Moreover, when the 121-211 aa region was
deleted, truncated HRE1o showed no transcriptional acti-
vation activity (Fig. 3c, d). These results indicate that the
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was normalized with Renilla luciferase activity of the reference
plasmid. Relative luciferase activity represents the fold-increase in
the normalized luciferase activity of the effector-reporter plasmid
compared to that of the reporter plasmid alone. Data shown are the
mean £ SD (n = 5). Similar results were obtained from at least three
independent experiments, with one shown here

region between 121 and 211 aa of HREloa might be
responsible for the observed transcriptional activation
activity.

Although the 121-211 aa region of HREla had no
known functional domain (data not shown), it contained
conserved amino acid sequences in 13 ERF family proteins
of other plant species, including Gossypium barbadense
GbERF1, Gossypium hirsutum GhERF2, Manihot escu-
lenta MeERF, Solanum lycopersicum JERF1, Ipomoea
batatas IbERF, Ricinus communis RcERF, Jatropha curcas
JCcERF, Morus alba MaESF, Fagus sylvatica FSEREBP and
FsERF, Capsicum annuum CaEREBP and CaPF1, and Vitis
vinifera VVRAP2.12-like (Fig. 4a). These results indicate
that the conserved regions might be involved in transcrip-
tional activation activity. In addition, no other Arabidopsis
protein except for HREla itself contained the conserved
sequence in the 121-211 aa region (Fig. 4).

HREIla has GCC box-dependent transcriptional
activation activity

It is well known that the ERF subfamily of AP2/ERF
transcription factors activates downstream genes via GCC
box and/or DRE/CRT (Lee et al. 2005; Park et al. 2001;
Tang et al. 2007; Zhang et al. 2004). To determine GCC
box and/or DRE/CRT-dependent transcriptional activation
activity of HREla in Arabidopsis protoplasts, we gener-
ated reporter, effector-reporter, and reference plasmids
(Fig. 5a) and then introduced them into Arabidopsis pro-
toplasts. When the GCC box-containing reporter plasmid
was introduced together with HREla, relative luciferase
activity was elevated about fivefold compared to that
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Fig. 6 Root development in HREIo OXs. a Quantitative RT-PCR
analysis of HREIo expression in shoots and roots of 7-day-old WT
plants under SD conditions. GAPc was used as an internal control.
Transcript level in shoots was set to 1. Reactions of each technical
replicate were performed in triplicate. Two technical replicates were
measured for each biological replicate. Data shown are the
mean £ SD (n = 6). Similar results were obtained from at least
two biological replicates, with one shown here. b Root development
of 14-day-old WT and HREIx OX seedlings under SD conditions.
¢ Primary root lengths of WT and HRE]o OXs. Primary root lengths
were measured at 14 DAG under SD conditions. Data shown are the
mean £ SD (n = 21). The number of root meristem cortex cells
(d) and root meristem length (e), and lengths of hair cells and non-
hair cells in roots (f) of 8-day-old WT and HREIo OXs under SD
conditions. In d, e, and f, data shown are the mean £+ SD (n = 12)

without HREla (Fig. 5b). On the other hand, when the
DRE/CRT-containing reporter plasmid was transformed
with HREla, relative luciferase activity showed no sig-
nificant differences compared to that without HREla
(Fig. 5¢). These results indicate that HREla can activate
the firefly luciferase gene via GCC box but not DRE/CRT,
suggesting that HREla might act as a transcriptional

activator via GCC box only. However, we could not con-
firm specific binding of HREla to GCC box in vitro, since
host E. coli cells did not produce adequate amount of
recombinant HRE1a protein.

HREIl« is involved in root development

HRE 1o was highly expressed in roots compared with other
organs of mature plants such as leaves, floral clusters, and
stems (Fig. 1b). Therefore, we investigated the involve-
ment of HRE1« in root development. Quantitative RT-PCR
analysis using HREIo-specific primers revealed that the
expression level of HREI« was much higher in roots than
in shoots in 7-day-old WT seedlings, similar to mature
plants (Fig. 6a). Moreover, we found that the primary root
length was longer in HREIx OXs than in WT plants
(Fig. 6b, c), suggesting that HREI« might be involved in
root development.

The balance between cell division and expansion is
important for the maintenance and the size of root meristem
and controls the overall rate of root growth (Beemster and
Baskin 1998). To determine the role of HRE in the root
development, we analyzed root cells of HREIo OXs. Since
cell division activity in roots is reflected by root meristem
size, we compared the number of root meristem cortex cells,
including cells from the quiescent center to the first elon-
gated cell, as well as root meristem size between WT and
HRE]10o OXs. The number of cortex cells of HRE1o OXs was
almost twofold higher than that of WT (Fig. 6d), and the root
meristem size of HRE o OXs was twofold larger than that of
WT (Fig. 6¢e). These data indicate that cell division activity is
higher in root of HRE I OXs compared with WT. We also
analyzed root cell expansion by comparing hair cell length as
well as non-hair cell length between HREIo OXs and WT.
The lengths of hair cells and non-hair cells were not signif-
icantly different between HREIo OXs and WT (Fig. 6f),
indicating that root cell expansion of HRE I« OXs is similar
to that of WT. These results suggest that the increased pri-
mary root length in HREIx OXs can be attributed to
increased root cell division.

Taken together, our results suggest that HRElo might
function as a transcription activator via GCC box in the
nucleus. In addition, HREla is involved in root develop-
ment through regulation of root meristem cell division.
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