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Abstract. The mechanism by which the rate of cell prolif- 
eration is regulated in different regions of the root apical 
meristem is unknown. The cell populations comprising 
the root cap and meristem cycle at different rates, prolif- 
eration being particularly slow in the quiescent centre. In 
an attempt to detect the control points in the cell cycle of 
the root apical meristem of Zea mays L. (cv. LG 11), 
quiescent-centre cells were stimulated to synthesise DNA 
and to enter mitosis either by decapping or by immersing 
intact roots in an aqueous 3,3-dimethyl-glutaric acid 
buffer solution. From microdensitometric and flow-cyto- 
metric data, we conclude that, upon immersion, the G2 
phase of the cell cycle of intact roots was shortened. 
However, when 50 gM abscisic acid (ABA) was added to 
the immersion buffer, parameters of the cell cycle were 
restored to those characteristic of intact roots held in a 
moist atmosphere. On the other hand, decapping of pri- 
mary roots preferentially shortened the G1 phase of the 
cell cycle in the quiescent centre. When supplied to de- 
capped roots, ABA reversed this effect. Therefore, in our 
model, applied ABA retarded the completion of the cell 
cycle and acted upon the exit from either the G1 or the G 2 
phase. Immersion of roots in buffer alone seems to trigger 
cells to more rapid cycling and may do so by depleting 
the root of some ABA-like factor. 
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Introduction 

Abscisic acid (ABA) is generally associated in plants with 
stomatal control (Outlaw et al. 1992), cell growth (Pilet 
1975; Pilet and Chanson 1981; Audus 1983; Zeevaart 
and Creelman 1988) and root gravireaction (Audus 1975; 
Wilkins 1984; Feldman 1985; Pilet and Barlow 1987; 
Pilet 1991). Some authors have postulated that ABA also 
has a cell-cycle-regulating function because exogenously 
supplied ABA affects the synthesis of nucleic acids and 
proteins (Pilet and Nocera-Przybecka 1978; Barlow and 
Pilet 1984; Owen and Napier 1988). In Lemna, for exam- 
ple, it has been shown that ABA reduced incorporation 
of tritiated thymidine into nuclear DNA (Stewart and 
Smith 1972). In radish, cell growth and DNA synthesis 
were both affected following ABA treatment (Sarrouy- 
Balat et al. 1973) and similar effects were found in the 
maize root meristem (Barlow and Pilet 1984). In sunflow- 
er roots, drought stress, which elevates endogenous ABA, 
as well as exogenously supplied ABA, inhibited both 
DNA synthesis and mitosis (Robertson et al. 1990b). 
Considering that ABA could be one of the growth in- 
hibitors synthesized in the cap of maize roots and 
basipetally transported through the meristem (Pilet 1975; 
Rivier et al. 1977; Pilet and Rivier 1980), evidence for 
direct or indirect effects of the hormone on the cell cycle 
would be of interest. However, our preliminary findings 
have indicated that roots continuously immersed in a 
3,3-dimethyl-glutaric acid (DGA) buffer solution grew 
faster than roots maintained in moist atmosphere (data 
not shown). Because the enhanced elongation of the im- 
mersed roots could be due to the exodiffusion of some 
inhibiting factor such as ABA, and in order to determine 
if cell cycling was disturbed by the immersion treatment, 
we compared the distribution of nuclear DNA contents 
of roots held in moist atmosphere with those of roots 
immersed in DGA buffer with or without added ABA. In 
addition, ABA was supplied to roots held in moist atmo- 
sphere by means of donor cubes of fibre-glass saturated 
with the buffered ABA solution. Fibre-glass donors 
provide a contrast with immersion treatment and were 
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chosen because, unl ike  the immers ion  t reatment ,  root  
e longa t ion  was no t  altered by the buffer so lu t ion  when 
supplied by the d o n o r  cubes. 

The a im of our  s tudy can be summar ized  as being an 
analysis  of the indirect  effect of A B A  on the cell cycle in 
apical cells of p r imary  maize roots submi t ted  to condi-  
t ions that  s imulate  f looding (i.e. buffer immers ion)  a nd  
that  involve decapping  of the roots, the lat ter  t r ea tment  
provid ing  a s t imula t ion  to the cell cycle in the quiescent  
centre (Barlow 1974). Microf luor imet ry  and  flow cytome- 
try were used to estimate the p ropor t ions  of cells belong- 
ing to different nuclear  D N A  con ten t  classes and  of cells 
in repl icat ion (S) phase. The quiescent-centre  model  
which has been used to trace the rate of D N A  synthesis 
unde r  several condi t ions  is described elsewhere (Miiller et 
al. 1993). The present  exper iments  are also a imed at eluci- 
da t ing  the controls  over cell prol i ferat ion that  operate  in 
this un ique  zone of the root. 

Materials and methods 

Caryopses of Zea mays L. (cv. LG 11, Association Suisse des 
S~lectionneurs, Lausanne, Switzerland) were soaked 16 h and ger- 
minated 48 h (19.5~ darkness) according to Pilet (1977). Roots 15 
• 1 mm long were selected for subsequent treatments. 

Treatments. Roots of intact seedlings were treated with 1 gM, 
50 laM and 1 mM ABA made up in DGA buffer (3 mM, pH 6.2). In 
some experiments, tritiated thymidine ([methyl-3H]thymidine, 925 
GBq-mmol 1, 2.4.104 Bq.mL 1) was also supplied with the ABA. 
Treatments were performed with vertical roots either by directly 
immersing them into DGA buffer solution (• ABA, aerated by 
continuous air bubbling), or by means of cubes of fibre-glass (about 
1 mm 3 in volume) imbibed with the buffered solution and applied to 
the root apex (Mfiller et al. 1993). The roots (between 50 and 200, 
depending on the experiments), treated with their respective solu- 
tions, were incubated for 8, 16 or 24 h (19.5~ darkness, 99 _+ 1% 
relative humidity). Then, they were carefully wiped dry and cut into 
segments 0-1, 1-5 and 5-10 mm from the tip. These segments repre- 
sent, respectively, cap and meristem, elongating zone, and differenti- 
ating zone (Pilet et al. 1983). Their nuclei were isolated, fixed and 
used in static fluorimetry measurements. The meristem and elonga- 
tion zone were analyzed together by flow cytometry. Quiescent 
centres were excised and squashed in order to follow DNA replica- 
tion by autoradiography. 

Isolation of nuclei. Isolated nuclei were obtained according to a 
method described by Galbraith (1984). All operations were carried 
out at 4~ Root segments were transferred to 5-cm-diameter Petri 
dishes and sterile lysis buffer (45 mM MgCI=, 30 mM sodium citrate, 
20 mM Mops (3-(N-morpholino)propanesulfonic acid), 0.1% Triton 
X-100, pH 7.0 adjusted with NaOH) was added (1.7 mL per 0.1 g 
fresh weight). The segments were thoroughly chopped with a razor 
blade and the homogenate so obtained was filtered through a 75- 
gm nylon mesh. The nuclei were then gently pelleted at 35.g for 
20 rain and stained for 20 rain with either 10 gg.mL -~ ethidium 
bromide or 1 gg-mL ~ 4',6-diamidino-2-phenylindole (DAPI). 
Stained nuclei were filtered (20 gm nylon mesh) and analyzed for 
DNA content. 

Decapping and excision of the quiescent centre. Roots were decapped 
and the quiescent centre of each was excised and prepared as de- 
scribed elsewhere (Mfiller et al. 1993). On decapped roots, the acro- 
scopic face of the quiescent centre appeared as a dome surrounded 
by a collar of remaining cap tissue (Barlow and Hines 1982). Insert- 
ing a scalpel at the distal edge of this collar allowed the lens-shaped 

quiescent centre to be separated from the proximal meristem. Qui- 
escent centres that had incorporated [methyl-3H]thymidine for 8 or 
16 h (925 GBq'mmo1-1, 2.4"104 Bq'mk I, made up in DGA buffer) 
were fixed in FPA (formalin :propionic acid:50% ethanol, 1:1:18, by 
vol.) for 2 h at room temperature. They were washed, hydrolyzed, 
stained with Schiffs reagent and squashed on subbed microscope 
slides (slides dipped into 0.5% gelatin and 0.05% chromic potassi- 
um sulfate in water and dried). After drying, the squashed quiescent 
centres were covered with autoradiographic emulsion (Ilford L4; 
Ilford, Sussex, UK). The films were exposed for 8 d at 4~ in dark- 
ness, then developed in Kodak D-19 (Kodak, Rochester, N.Y., 
USA), washed and fixed in 30% Na2S203. The preparations were 
finally mounted in DPX (BDH, Poole, Dorset, UK). 

Analyses. Analyses of the DNA content of DAPl-stained nuclei 
were performed by means of a Leitz MPV 3 episcopic microdensit- 
ometer equipped with a stabilized 100-W mercury lamp, a Ploem- 
pack with A2 filter system (340-380/430 nm) and a 40 x immersion 
objective (Leitz GmbH, Wetzlar, Germany). For each measured nu- 
cleus, readings from an empty background of similar area was sub- 
tracted. Nuclei stained by the Feulgen reaction were analyzed with 
a Vickers M85 (Haxby, York, UK) scanning microdensitometer 
using monochromatic light at 565 + 1 nm and a measuring spot of 
0.65 gm. Prophases and telophases were used as a reference to es- 
tablish the 4C and 2C DNA values respectively. Ethidium-bromide- 
stained nuclei were scanned with a FACScan flow cytometer (Bec- 
ton Dickinson, Mountain View, Cal., USA). 

The proportion of quiescent centre nuclei that incorporated 
[methyl-3H]thymidine was expressed as a labelling index (LI = 
number of radioactive nuclei/total number of nuclei). 

Results and discussion 

Immersion. The m o d u l a t i o n  of the cell cycle was first 
s tudied in exper iments  involv ing  quiescent-centre  nuclei. 
These came from either intact  or decapped roots  ma in -  
ta ined in a moist  a tmosphere  or similarly t reated roots  
which had been immersed  in solut ions  either with or 
wi thout  ABA. A radioact ive  D N A  precursor  ([methyl- 
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Fig. 1. Mean labelling indices (___ SE) in quiescent centres of maize 
roots maintained for 16 h either in moist atmosphere (A) or im- 
mersed in buffer (B). C, control roots; D, decapped roots; ABA, 
decapped roots treated with ABA at 50 gM. [Methyl-3H]thymidine 
and ABA were supplied either in the immersion buffer (B), or in 
fibre-glass cubes (A). The number of nuclei (x) and the number of 
samples (y) scored are given in parentheses (x ;y). All pooled samples 
proved to be comparable as inferred by statistical analysis (3( 2 test, 
P = 0.05) 



!2 M.L. M/iller et al.: Effect of ABA on the cell cycle 

3H]thymidine, 925 GBq.mmol  ~, 2.4.104 Bq.mL 1) was 
supplied to all roots for 16 h, and the nuclei were stained 
by the Feulgen reaction. (Feulgen staining was here more 
convenient than fluorochromes because the nuclei be- 
came visible for subsequent squashing.) Figure 1 shows 
the DNA replication activity in the quiescent centre of 
roots treated either by immersion in D G A  buffer, or by 
means of fibre-glass cubes imbibed with the buffered 
treatment solution. Although it has been shown previ- 
ously that [3H]thymidine might disturb the cell cycle in 
some cases (activate it in quiescent-centre cells; De la 
Torre and Clowes 1974; Clowes 1975), this radioactive 
D N A  precursor is commonly used by most authors 
(Cionini et al. 1985; Colombo 1987; Baiza et al. 1989). 
The amount  applied in our experiments did not disturb 
root  growth, and cells continued to cycle (Miiller et al. 
1993). Thus, [3H]thymidine at 2.4.104 Bq-mL 1 can be 
used for comparative studies, provided a control is run 
under similar conditions. The LI values (continuous la- 
belling) clearly show that upon immersion more quies- 
cent-centre cells entered S phase during the 16 h of treat- 
ment than when roots were maintained in a moist atmo- 
sphere (Fig. 1). This may be interpreted as a shortening of 
the cell cycle. Our microdensitometry results (Fig. 2) 
show that, upon immersion, quiescent centres had signi- 
ficantly fewer nuclei in G 2 phase than when roots were 
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Fig. 2A-F. Frequency of Feulgen-stained quiescent-centre nuclei 
from maize roots as a function of their DNA content. Control roots 
(A, B), decapped roots (C, D) and roots treated with 50 gM ABA (E, 
F) were maintained for 16 h either immersed in buffer (B, D, F), or 
in moist atmosphere (A, C, E) (19.5~ darkness, 99 + 1% relative 
humidity), cis-Abscisic acid was supplied in the buffer solution or by 
means of fibre-glass cubes. The proportion of nuclei belonging to 
each DNA content class (2C and 4C) is reported for each treatment. 
Number of nuclei scored: 351 from three roots (A); 261 from three 
roots (B); 251 from three roots (C); 353 from four roots (D); 438 
from three roots (E); and 354 from three roots (F). The root-to-root 
variation was statistically insignificant (Z 2 test, P = 0.05) 

incubated in a moist atmosphere (data subjected t o  •2 
test, P = 0.05). Because the overall duration of the cell 
cycle is assumed to be shortened after immersion, the 
decreased proportion of G 2 nuclei suggests that the G 2 
phase is shortened. 

Decapping and ABA treatment. Some roots which provid- 
ed quiescent centres for analysis were decapped prior to 
their incubation; others were decapped and treated with 
50 gM ABA. Whatever the test conditions (roots held 
either immersed in solution or in moist atmosphere), the 
decapped roots showed a higher LI than the intact con- 
trols (Fig. 1). Thus, in decapped roots, more quiescent- 
centre nuclei entered the replication phase during the 
subsequent 16-h growth period than in intact ones, and 
hence, after decapping, as also during immersion treat- 
ment of intact roots, there was a general shortening of the 
cell cycle. This supports previous observations by Barlow 
and Pilet (1983, 1984) who reported that decapping accel- 
erated the entry of nuclei into the DNA synthetic phase. 

When decapped roots were treated with 50 gM ABA, 
the LI was maintained at, or below, its value in control 
roots, suggesting that ABA may have an inhibitory effect 
on cell-cycle progression (Fig. 1). When the D NA distri- 
butions for quiescent centres of intact (control) and de- 
capped roots were compared, the proportion of G2 nuclei 
was statistically significantly greater in the latter than in 
the former (Fig. 2A-D). Thus, decapping induces a short- 
ening of Gv This contrasts with immersion of the roots 
into buffer, which resulted in a shortening of G 2. If de- 
capped roots were treated with ABA, their nuclear DNA 
distributions were similar to those of the controls (X 2 test, 
P = 0.05). The comparison of the proport ion of nuclei 
belonging to each class actually indicates that mainly the 
G1 phase was lengthened in ABA-treated, decapped 
roots as compared with decapped roots without ABA, 
and this was so irrespective of whether ABA was sup- 
plied in the immersion buffer or by means of fibre-glass 
cubes (Fig. 2, compare the proportions of 20  nuclei in E 
and in C, and the proportion of 20  nuclei in F and in D), 
although the G1 phase may be slightly shortened as com- 
pared to intact roots (compare Fig. 2A (54% 20 nuclei) 
with Fig. 2E (51% 20 nuclei) and Fig. 2B (65% 20 nu- 
clei) with Fig. 2F (58% 20 nuclei)). It may therefore be 
concluded that ABA is able to restore the initial duration 
of the G1 phase in roots where G1 was shortened as a 
result of decapping and, hence, that ABA is able to retard 
the entry of nuclei into S phase as it may do when the cap 
is present. 

Comparison of LI after 8 h and 16 h showed that 
D N A  replication continued during the whole incubation 
period when roots are held in a moist atmosphere. Con- 
trol roots had an LI of 10.0 _+ 0.8% after 8 h and of 15.0 
_+ 0.7% after 16 h (decapped roots: LIsh = 13.9 + 0.8%, 
LI16 h = 23.1 _+ 1.2%; ABA-treated, decapped roots '  
LIsh = 6.4 + 0.7%, LI16 h = 10.0 ~ 0.5%). This was also 
the case in intact and decapped roots maintained in im- 
mersion culture. On the other hand, DNA replication 
was stopped in roots immersed in buffer containing 
50 gM ABA (Llsh = 36.2 + 2.1%, LI16 h = 35.1 
n l- 1.2%), although the DNA-content  histogram indi- 
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cates that after 16 h a few cells were still in S phase (cells 
between 2C and 4C; Fig. 2F). It is possible that in roots 
immersed in ABA at high concentration (50 ~tM), there 
was an exodiffusion of some inhibitor from the quiescent 
centre which resulted in an activation of the cell cycle 
(probably by shortening of G 2 phase). In contrast, ap- 
plied ABA reached the quiescent centre and depressed or 
even blocked its cell cycle activity, the cells being arrested 
in the phases in which they were already engaged. Anoth- 
er possible explanation is that ABA regulated some step 
during G~, all the cells beyond this step then complete S 
phase and arrest, as usual, in G 2. Finally, inhibition by 
endogenous ABA should not be neglected: after a certain 
incubation time, the cumulative effects of both endoge- 
nous and applied ABA may be limiting. 

Concerning the somewhat puzzling high proport ion 
of G2 nuclei in all histograms presented (Fig. 2), a partial 
synchrony of the slow-cycling quiescent-centre cells may 
be suggested, since the synchrony observed in the quies- 
cent centre after decapping (Barlow 1974) is also present 
as a general feature in intact newly germinated primary 
roots (data not shown). 

Fluorimetry. In these experiments, the effects of ABA on 
the cell cycle were studied by comparing nuclei that came 
from several parts of whole roots immersed in solution. 
One micromolar ABA, added to the immersion buffer, 
clearly modified the distribution in the main ploidy class- 
es of nuclei in the root apex (Fig. 3). After hormone treat- 
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Fig. 3. Typical plot of the frequency of nuclei extracted from several 
maize root zones as a function of their DNA content (A, B: cap and 
meristem; C, D: elongating zone; E, F: differentiating zone). Fifty 
roots were immersed (A, C, E) or immersed and treated with 1 ~tM 
ABA (B, D, F) for 24 h (19.5~ darkness). The DNA was stained 
with DAPI. After isolation, 120 nuclei were scored for each his- 
togram. The proportion of nuclei belonging to the DNA classes 2C, 
4C and 8C is also reported 

ment, a systematic enrichment of the higher ploidy class 
was observed in the meristematic zone (4C DNA;  
Fig. 3A, B) as well as in the growth zone (Fig. 3C, D) and 
differentiation zone (Fig. 3E, F) where 8C values accumu- 
lated. These observations suggested that a general feature 
of ABA could be to regulate the cell cycle by lengthening 
or arresting the G 2 phase. The tedious analysis by mi- 
crofluorimetry allowed only small samples to be pro- 
cessed, and did not readily permit the replication phase 
to be studied. Subsequent analyses of larger samples were 
therefore performed by flow cytometry. Because we were 
interested primarily in the cells that were affected in their 
growth, we restricted our analysis to the most apical part 
of the root. 

Flow cytometry. Preliminary observations had indicated 
that continuously immersed roots were characterized by 
an increased growth rate in comparison with control 
roots grown in a moist atmosphere. Whereas control 
roots, during a 16-h period, elongated at a mean rate of 
0.71 _+ 0.14 mm.h 1, which is in agreement with previous 
results (see Beffa and Pilet 1982; Versel and Mayor  1985; 
Pilet and Saugy 1985, 1987; Saugy et al. 1989), immersed 
roots reached 1.39 _+ 0.14 mm.h 1. One micromolar ABA 
in the buffered solution did not have any significant effect 
on the elongation rate (1.47 _ 0.14 mm.h 1), but in 
50 ~tM ABA the roots grew at 0.84 ___ 0.38 mm.h i, a rate 
comparable to that of control roots grown in a moist 
atmosphere. When 1 mM ABA (a concentration as- 
sumed to be rather toxic) was supplied to the roots in 
immersion, they still grew at a mean rate of 0.50 _ 0.13 
mm.h ~ during the 16-h test period. 

Flow-cytometric analyses, performed on the cells that 
were principally affected in their growth (0-5 mm from 
the tip) confirmed the results obtained by static microflu- 
orimetry (Fig. 4). The larger number of nuclei in the sam- 
ples measured (10000 or even 40000 nuclei in each assay) 
allowed the proport ion of cells in S phase to be estimated 
(arrows in Fig. 4). The hypodiploid nuclei that appeared 
at about 10 arbitrary units of D N A  content are consid- 
ered as artifactual and are therefore excluded from the 
percentage calculations. They represent nuclei broken 
during chopping of the roots, as can be deduced from 
analysis of their shape and size (data not shown). Ethidi- 
um bromide, rather than DAP[, had to be chosen as a 
stain for the flow-cytometry experiments (although 
DAPI is more specific for DNA) because the laser used 
allowed only ethidium bromide to be detected. Both 
stains however give comparable results. 

A 16-h immersion in buffer without ABA resulted in a 
clear increase of the proport ion of nuclei in replication 
phase, as compared with roots grown in a moist atmo- 
sphere (Fig. 4:2-4C and 4~8C nuclei), whereas the pro- 
portion of nuclei in the 4C and 8C classes were both 
reduced. One micromolar ABA in the immersion buffer 
had only a small effect on the proport ion of nuclei 
present in several C classes in comparison with roots 
immersed in buffer alone. This might be due to the simul- 
taneous analysis of meristematic and elongating cells. Af- 
ter ABA treatment, the proport ion of nuclei in the 4C 
class increased in meristematic cells, whereas it decreased 
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Fig. 4A-E. Flow-cytometric analysis of nuclei extracted from the 
apical 5-mm segment (cap, meristem and elongating zone) of prima- 
ry roots of maize. Before being analysed, the roots were incubated 
for 16 h (19.5~ darkness) in moist atmosphere (A), or in buffer 
containing 0 gM (B), 1 laM (C), 50 gM (D) or 1 mM (E) ABA. Ten 
thousand ethidium-bromide-stained nuclei were scored in each as- 
say (4"10 4 in D). Arrows emphasize nuclei in replication phases: 
2~4C; ~8C. The proportion of nuclei in each class was determined 
in between the apparent boundaries which separate G,, G2 and 
replicative nuclei, taken at the edge of the peaks of two independent 
traces. The experiment was performed twice 

in elongating cells (Fig. 3). If both types were analyzed 
together, as in the flow-cytometry experiments, the loss of 
some classes in one zone made up for their gain in anoth- 
er zone and the propor t ion of nuclei in the 4C class there- 
fore appeared constant  in the combined populations. The 
same argument  may apply to the 2C-class nuclei. Never- 
theless, after t reatment with 1 pM ABA, the flow-cy- 
tometry  measurements  showed that nuclear distributions 
tended towards the values observed in roots maintained 
in a moist  atmosphere,  especially if compared with roots 
immersed in buffer alone (Fig. 4B, C). 

After t reatment with 50 taM ABA, the proport ion of 
nuclei with an 8C D N A  content rose sharply to attain 
20.2%. This occurred principally at the expense of the 

diploid G l nuclei, this 2C class being reduced to its lowest 
level overall. The proport ion of S-phase nuclei, principal- 
ly those of diploid cells (2 4C), was strongly decreased. 
The frequency of the 4C class, partly composed of diploid 
nuclei in G 2, the rest being tetraploid nuclei in G1, was 
also modified by the treatment. At higher ABA concen- 
tration (1 mM) the hormone's  effect on the cell cycle was 
amplified, resulting in very few cells in S phase (Fig. 4E) 
even though growth was not completely stopped as al- 
ready mentioned. 

The results obtained can be explained as follows. Con- 
sistent with the results obtained for quiescent centres, 
and assuming that a shortening of the cell cycle occurs as 
a general feature in all cells when roots are immersed, the 
large decrease of 8C nuclei after an immersion for 16 h 
suggests that the G2 phase of the tetraploid (endoredupli- 
cation) cell cycle was preferentially reduced in these pecu- 
liar conditions. On the other hand, ABA treatment led to 
a sharp increase of the 8C-nuclei population, concomi- 
tant with a drastic reduction of the 2C population. This, 
together with the assumption that the cell cycle is length- 
ened by ABA treatment, accounts for the preferential 
lengthening of G2, or for the arrest of some cells in G 2 
phase. Both kinds of treatment (immersion and ABA 
supply) are therefore thought to act in opposite ways at 
this level of the cell cycle, namely by modulating G 2 
phase. Moreover, intermediate 2MC and 4-8C classes 
were also modified by the treatments in the expected 
way: if Gl and/or G2 was shortened, then the proport ions 
of nuclei in the respective 2 4C and 4 8C classes should 
represent a larger part  in relation to the whole. On the 
other hand, their proport ions should be decreased if G~ 
and /o r  G 2 was lengthened. This was effectively the case. 
One should however also consider that the spatial orga- 
nization of meristem, elongating, and differentiating 
zones could have been altered in response to immersion 
and/or  ABA treatment (as shown in sunflower roots in 
response to ABA or drought stress; Robertson et al. 
1990a). If ABA treatment reduced the length of the meris- 
tematic zone, a shift towards the higher degree of poly- 
ploidy would be expected in the 0- to 1-mm root segment, 
al though this would not account for the modified pro- 
port ion of S-phase cells. 

In quiescent-centre cells, as well as in meristematic 
and elongating cells, immersion in buffer seems to cause 
the shortening of phase G2, most probably as a result of 
the exodiffusion of some inhibiting factor(s). Whether  or 
not these cell-cycle inhibitors are of the growth-regulat- 
ing type remains to be established, although there is some 
evidence from decapped roots for an involvement of 
growth regulators in the cell divisions preceding regener- 
ation of a new cap (Barlow and Sargent 1978; Barlow 
and Pilet 1983). Whereas the shortening of G2 as a conse- 
quence of immersion treatment seems to be a general 
feature in juvenile maize root cells, our results show that 
treatment with ABA reverses this effect in quiescent cen- 
tres and most probably in all apical cells. Both kinds of 
response to ABA treatment (after decapping and during 
immersion) suggest that, in our system, ABA lengthens 
the cell cycle by acting preferentially on G2, unlike the 
situation in sunflower roots where ABA treatment de- 
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pressed cell division, the cells coming to rest in G1 
(Robertson et al. 1990b). 

Considering our findings, it might be asked if endoge- 
nous ABA is involved in the cell-cycle regulation in root 
apices. If the sharp stimulation of LI in quiescent-centre 
cells after the immersion of roots in buffer (shortening of 
the cell cycle), as well as the modified cell cycle in meris- 
tematic and elongating cells in similar conditions are due 
to the exodiffusion of some endogenous inhibiting fac- 
tors, ABA could be a good candidate. According to our 
own observations and to GC-MS analyses by J.-M. Rib- 
aut (Institute of Plant Biology and Physiology, Universi- 
ty of Lausanne;  personal communication),  there is clear 
GC-MS evidence to show that under our conditions, the 
amount  of endogenous ABA present in the apical 5 m m  
of the root  declined after 1 h of immersion to 50% of its 
level in roots maintained in a moist  atmosphere.  When 
immersed roots were treated with A B A ,  a cell-cycle 
status similar to that  of roots maintained in a moist at- 
mosphere was restored, indicating that  applied ABA may 
be active on the G 2 phase of the cell cycle. 

The maize root  cap, known as being a putative site of 
biosynthesis for one or several growth inhibitors (Pilet 
1977, 1986; Feldman 1981; Wilkins 1984), could also be 
involved indirectly in the regulation of the cell cycle in 
apical tissues. Our results show that decapping induced 
an activation of the cell cycle in quiescent centre cells by 
shortening of the Gj phase. Treatment of decapped roots 
by ABA restored DNA-conten t  distributions close to 
those of intact roots, suggesting indirectly (i) that ABA 
could be one of the inhibitors coming from the cap (Pilet 
1977), and (ii) that ABA could have a cell-cycle-inhibiting 
action also on the G1 phase in quiescent-centre cells (see 
also M/iller et al. 1993). 

It was shown recently in tomato,  that some genes are 
regulated by elevated levels of endogenous ABA during 
drought  stress (Bray 1992). One of these genes (le20) is 
similar to the gene coding for histone HI .  Because H I  
histones are involved in the control of chromatin struc- 
ture, an effect of ABA at the chromatin level, and as a 
regulator of the cell cycle, may be postulated. 

In fact, even if the cell cycle is not directly regulated by 
A B A ,  the observed effects on both G1 and G 2 phases 
(depending on whether the context is immersion or de- 
capping) recall a type of regulation similar to that ob- 
served in "stat ionary phase" meristems by Van't Hof  and 
Kovacs (1972). These authors postulated that the cell cy- 
cle was governed by two "principal control points", one 
in G1 regulating the G~/S transition, and another  in G 2 
controlling the G2/M transition. Today, the existence of a 
universal control mechanism common  to all eukaryotic 
cells and regulating entry into M and S phases is general- 
ly accepted (Nurse 1990). Central to this mechanism is a 
protein kinase, p34 cat2, which forms a complex with cy- 
clin in order to be active. Several components  of such 
complexes have been isolated in yeast and in animals 
(Fosburg and Nurse 1991; Hartwell  1991) as well as in 
higher plants (Feiler and Jacobs 1990, 1991; Hemerly et 
al. 1992). A p34Cac2-1ike protein has been shown to be a 
link in auxin-stimulated cell division (Gorst et al. 1991). It 
is not unlikely that an effect of ABA on the cell cycle 

could also be mediated more or less directly in the same 
way. 

We thank Pierre Zaech of the Ludwig Institute, Epalinges, Switzer- 
land, for expert assistance in flow cytometry and Dr. Jean-Marcel 
Ribaut of our Institute for providing data on exodiffusion and 
metabolism of ABA. 
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