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Abstract

ABA plays a crucial role in plant growth and development in response to stress and it can
inhibit root growth. Studies were carried out the importance of cell cycle regulation in mediating
the primary root growth response of Arabidopsis to ABA. When seedlings were transferred to
medium with ABA, the root growth rate and the GUS expression was progressively reduced with
increasing concentrations of ABA. In addition, the expression levels of the CDKA, CDKBI,
CDKB2 genes roughly were constant, however, the CYCB1 gene expression was down-regulated by
ABA treatment. Our results indicated that the inhibition of primary root growth was mediated, at
least partly, by an ABA-induced regulation of CYCB1 expression at the G2/M checkpoint.

Introduction

Environmental stresses affect plant growth and development. Plants are sessile and
unable to escape acute environmental stresses, they must develop sophisticated
mechanisms to cope with and survive stress conditions. Abscisic acid (ABA) plays a
crucial role in altering plant morphology in response to salt stress (Gurmani et al., 2007),
heat stress (Liu et al., 2009), cold stress (Bano et al., 2009), oxidative stress (Xiong et al.,
2006). Inhibition of primary root growth is a classic response mediated by ABA.
Presence of ABA affects both cell extensibility and cell division during primary root
growth (Finkelstein et al., 2002).

The positive and negative hormonal regulation of cell division has been reported.
ABA reduced mitotic events in root meristem of Arabidopsis and sunflower (Robertson
et al., 1990; Leung et al., 1994). Cytokinins caused accumulation of transcripts of cyclin
Al (Burssens et al., 2000a) and cyclin D3 (Riou-Khamlichi et al., 2000). JA interfered
with G1/S and G2/M transition in synchronized BY-2 cells (Swiatek et al., 2002).

The cell cycle is normally described in terms of four distinctive phases: post- mitotic
interphase (G1), DNA synthetic phase (S), post-synthetic interphase (G2) and mitosis
(M-phase). Progression through the cell cycle is regulated at the G1/S and G2/M
boundaries (Bryant & Francis, 1985) by protein kinases (Nurse, 1990) associated with
regulatory proteins (cyclins) (Evans et al., 1983). In plants, two major classes of CDKs,
known as A-type and B-type CDKs, have been studied to date. The A-type CDKs
regulate both the G1-to-S and G2-to-M transitions, whereas the B-type CDKs seem to
control the G2-to-M checkpoint only (Hemerly et al., 1995; Magyar et al., 1997,
Porceddu et al., 2001).
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Monomeric CDKs have no kinase activity and must associate with regulatory
proteins called cyclins to be activated. Furthermore, the activity of the CDK/cyclin
complexes is regulated by CDKs inhibitors (Dewitte & Murray, 2003). In addition, the
phosphorylation state of various conserved residues of the CDK protein itself also
determines its activity (Russo et al., 1996; De Veylder et al., 2003). A strong correlation
between kinase activity and cell division activity in response to different environmental
conditions has been reported in maize leaves (Granier et al., 2000), in wheat leaves under
water stress (Schuppler et al., 1998), and in a comparative study of root growth of
different Arabidopsis ecotypes (Beemster et al., 2002).

Multiple cyclins have been identified in Arabidopsis and they are classified into A-,
B-, D-, and H-type cyclins, based mainly on sequence similarity (Vandepoele et al.,
2002). B-type cyclins are subdivided into two subclasses, B1 and B2. In total,
Arabidopsis contains nine B-type cyclins, of which four belong to the B1 class
(CYCBI;1, CYBI1;2, CYCBI;3 and CYCBI1;4) and four belong to the B2 class
(CYCB2;1, CYCB2;2, CYCB2;3 and CYCB2;4) (Vandepoele et al., 2002).

Nevertheless little is known about the mechanisms by which abiotic stress conditions
affect the cell cycle regulation. B-type cyclins are good markers for cell proliferation as
their expression patterns are specific to the G2/M phase of the cell cycle (Hemerly et al.,
1992; Ferreira et al., 1994; Donnelly et al., 1999). Increasing experiments used CYCB1 as
a marker for cell proliferation. For example, CYCB1 over-expression increases root
elongation (Doerner et al., 1996). CYCB1::GUS expression was reduced in salt-stressed
roots due to both decreased cell production and mature cell length (West et al., 2004),
indicating severe disruption of mitotic activity.

Therefore we used a transgenic line (Designated Al) containing a CYCB1::GUS
construct as a reporter line for mitotic activity to analyze the effect of ABA on cell cycle
progression. The root growth rate and GUS gene expression was progressively reduced
with increasing concentrations of ABA. In addition, the expression levels of the CDKA,
CDKB1, CDKB2 genes roughly were constant, however, the CYCB1 gene expression was
down-regulated by ABA treatment. These results indicate that the inhibition of primary
root growth was mediated, at least partly, by an ABA-induced regulation of CYCB1
expression at the G2/M checkpoint.

Materials and Methods

Plant Materials, growth conditions, ABA treatment and primary root length
measurements: Arabidopsis thaliana seeds (ecotype Columbia) were surface-sterilised for
2 min in 75% ethanol, followed by 5 min in 1% NaClO solution and washed five times in
sterile distilled water, plated on growth medium (MS medium, 1.5% sucrose, and 0.8%
agar), vernalised at 4°C for 2 d in the dark and then exposed to white light. Arabidopsis
plants were grown in a controlled growth room at 22 + 2°C under long-day conditions
(16 h light/8 h dark). For ABA application experiments, Seeds were sown on MS agar
plates containing various concentrations of hormones and cultured vertically. The plates
were scanned by an Epson perfection V200 Photo scanner and the primary root length of
seedlings was measured by the tool Digimizer 3.2.1.0.

Gene expression analysis: The total RNA was extracted from 4, 6, 8-day-old
seedlings grown on MS medium alone and MS medium supplemented with 0.4p MABA
with TRIzol Reagent (Invitrogen) according to the manufacturer’s instructions. Reverse
transcription (RT) was performed with an oligo (dT) primer. RNA (1ug) was heated at
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70°C for 10 min and then immediately chilled on ice. RNA was then subjected to RT with
reverse-transcriptase MMLV-RT SPCL (Invitrogen) at 42°C for 1 h according to the
manufacturer’s protocol. Synthesised cDNA was used as the PCR template. RT-PCR
analyzed the transcript levels of marker genes (including CDKA, CDKB1, CDKBZ2,
CYCB1 and CYCB2).

Histochemical analysis and microscopy: For GUS staining, 8-day-old Seedlings
grown on MS medium containing 0, 0.3, 0.4, 0.5 and 0.6 p M ABA were stained for 2
hours at 37°C with GUS-staining solution (100 mM Na-phosphate buffer pH 7.0, 0.5 mM
K4Fe (CN)6, 0.5 mM K3Fe(CN)6, 0.1% Triton X-100, 0.5 mg/ml XGluc), and
subsequently destained in 95% ethanol. CYCB1::GUS-stained seedlings were mounted on
slides with H,O, for microscopic analyses. Photographs were taken with a light
microscope (BX51, OLYMPUS, Tokyo). CYCB1::GUS expression of the 4, 6, 8-day-old
seedlings grown on MS medium containing 0 or 0.4 MABA were examined in the same
manner.

Results

Inhibition of primary root growth is a classic response mediated by ABA. To test
whether the effect was dosage-dependent, various concentrations (0, 0.3, 0.4, 0.5, and 0.6
u M) of ABA were added to the medium. We determined the primary root growth by
marking daily the position of the root tip on the plates. The ABA-sensitive response of
Arabidopsis thaliana (Col-0) seedlings (CYCB1::GUS transgenic plant) occurred at
concentrations as low as 0.3u M ABA. When the ABA concentration was 0.6 u M, the
growth of Al plants was arrested strongly (Fig. 1A and B). However, the molecular
mechanism for ABA inhibition of plant growth is largely unknown. One of the possible
mechanisms is exogenous application of ABA up-regulated ICK1(an homolog CDKs
inhibitor p27Kip1) expression, which may lead to a block of G1/S transition (Wang et al.,
1998).

As cell division and extension play an essential role in root growth and B-type
cyclins are good markers for cell proliferation. So we used a transgenic reporter plant for
cell proliferation expressing CYCB1::GUS (Colon-Carmona et al., 1999) to investigate
the response of the primary root growth to ABA. In Arabidopsis, the CYCB1 promoter is
expressed upon entry into the G2-phase, and GUS staining patterns indicate regions
containing cells engaged in active cell division (Colon-Carmona et al., 1999).
CYCB1::GUS expression were gradually reduced with increasing concentrations of ABA
(0, 0.3, 0.4, 0.5 and 0.6 p M), particularly in 0.6 p M ABA (Fig. 1 C). This finding
suggests that, upon ABA treatment, the mitotic activity was disrupted to some degree.
The kinematic analysis also explained the reduction of the GUS staining (Fig. 1D). The
reduced GUS expression might be caused by a temporary or a long-standing inhibition of
cell cycle. To investigate this possibility, we analyzed in more detail the GUS expression
of Al plants grown on MS containing 0.4p M ABA at 4, 6 and 8 day. ABA did not
apparently affect the density of GUS staining (Fig. 2A and B). However, staining zone in
ABA treatment roots was smaller than that of the control roots, although the size of the
zone of cells expressing the GUS gene was enlarged both in 0 and 0.4 p MABA from
fourth to eighth day. It is possible that ABA reduced cells engaged in cell division and
the effect of inhibition is a long-standing.
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Fig. 1 ABA sensitivity of Al plants.

A. Growth of A1 plants on MS medium containing a range of concentrations (0, 0.3, 0.4, 0.5 and 0.6 p
M) of ABA. Seeds were germinated for 8 d on MS medium with or without ABA, and representative
plants were shown; B. ABA dose-response analysis of primary root length of Al plants; C. The
responding GUS staining of (A); D. Kinematic analyzed of the length of staining zone

We next sought to uncover the molecular events responsible for this change. The
observation that the size of the region of stained cells had reduced in ABA treatment roots
suggests the expression of cell cycle-regulated genes might be changed. In order to
address this question, the expression levels of several cell cycle response genes were
analysed by RT-PCR. 4, 6, 8 day-old seedlings grown on MS and MS containing 0.4p
MABA were chosen, RNA was prepared for RT-PCR. The transcript levels of the CDKA,
CDKB1, CDKB2 genes were roughly constant both in control and ABA treatment roots
(Fig. 3), these results were consistent with fact that CDK activity is mainly regulated on a
posttranslational level. Interestingly, it was found that the transcript of CYCB1 was
strongly up-regulated on sixth day and was lower with ABA treatment on fourth and sixth
day. Surprisingly CYCB1 nearly not expressed at eighth day without ABA treatment.
Similarly expression of CYCB2 was also up-regulated then recovered except which was
not regulated by ABA (Fig. 3). These results support the view that CDK activity is mainly
regulated on a posttranslational level, cyclin protein levels fluctuate in the cell cycle,
cyclins could be a limiting factor for the mitotic activity of the CDK kinase (Ferreira et
al., 1994). Collectively, these results suggested that ABA might control primary root
growth partly by regulating the expression of the CYCB1.
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Fig. 2 CYCBI promoter activity in the primary root tip of A1 plants

A. Seeds were germinated on MS medium containing 0 or 0.4p MABA and histochemical GUS-
staining were determined at different (4, 6, 8) days; B. Kinematic analyzed of the Length of
staining zone

Discussion

Plant growth responses to environmental conditions have always intrigued
physiologists. It is well known that adverse conditions inhibit root growth and that cell
division and cell cycle regulation are involved in this response (Kurth et al., 1986;
Sacks et al., 1997; Samarajeewa et al., 1999; Burssens et al., 2000b). The growth of the
organ is the result of the production of new cells by cell division and their subsequent
expansion (Bradford & Trewavas, 1994). The rate of cell production in a meristem is
determined both by the number of dividing cells and the average time it takes to
progress through the cell cycle.
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Fig . 3 Differential transcript levels of cell cycle regulatory genes in A1 plants.
4, 6, 8-d-old seedlings grown on MS medium containing 0 and 0.4p MABA were chosen, Cell
cycle response genes were analyzed.

Cell cycle regulators presumably control both cell cycle duration and the number of
dividing cells. Presence of ABA affects both cell extensibility and cell division during
primary root growth (Finkelstein et al., 2002). Our data showed that ABA inhibition of
primary root growth was dosage-dependent. The effect was markedly when the ABA
concentration was 0.6 u M.

Cell division and extension play an essential role in root growth. It is possible that
ABA control root growth through influence mitosis activity. In order to address this
question, we analysed a transgenic line containing a CYCB1::GUS construct as a reporter
of mitotic activity. It was found that ABA reduced CYCB1::GUS expression (Fig. 1C, D
and Fig. 2). The CYCBI1::GUS fusion protein is present only in cells in G2/M and is
destroyed rapidly when cells passed through mitosis, so GUS staining patterns indicate
regions containing cells engaged in active cell division. Thus these results indicate that
cells engaged in mitosis were reduced.

To uncover the molecular events responsible for these changes, we also analysed the
cell cycle primary-response genes CDKA, CDKB1, CDKB2, CYCB1 and CYCB2. The
transcript levels of the CDKA, CDKB1, CDKB2 genes were constant but those of the
CYCB1, CYCB2 fluctuated in the cell cycle. The transcript of CYCB1 and CYCB2 genes
were up-regulated on sixth day (Fig. 3). The difference was CYCB1 gene was regulated
by ABA but CYCB2 was not. Our results suggest that ABA is involved in controlling
G2/M progression during root meristem development.

Previous studies showed that ABA negatively influenced the cell cycle progression
at the G1/S transition but not in the G2/M in tobacco BY-2 cells or during maize
germination (Swiatek et al., 2002; Sanchez et al., 2005). Yin et al., (2009) reported that
ABA did not apparently affect the expression of CYCB1. Our results showed that upon
ABA treatment the transcript of CYCB1 was also not obviously affected but it could be
regulated by ABA (Fig. 3). It raised the possibility that ABA inhibition of primary root
growth (Fig. 1A) was mediated, at least partly, by an ABA-induced regulation of CYCB1
at the G2/M checkpoint. Previous studies have shown that ABA’s general role in growth
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inhibition maybe primarily linked to cyclin-dependent kinase inhibitors (CKIs) (Wang et
al., 1997). However, it remains elusive how ABA regulates of cell division. Our results
may help to provide new insights into the role of ABA in primary root growth.
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