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ABSTRACT

Results of previous investigations indicated that one of the early and
essential events occurring in the apical meristem of Sinapis alba L.
during the transition to flowering is the release to mitosis of the G2
nuclei; the trigger to mitosis is generated in the leaves and its movement
out of the leaves begins around 16 hours after the start of the inductive
treatment. The mitotic wave in the meristem culminates 10 hours later.

In this paper, it is shown that a single application of a cytokinin
(benzyladenine or zeatin) at concentrations ranging from 1 to 20 Ag/ml
directly to the apical bud of vegetative plants, at a time corresponding to
the time of movement of the mitotic trigger in induced plants, produces a
mitotic wave which is very similar to that found in induced plants. It is
thus proposed that the mitotic component of the floral stimulus in
Sinapis is a cytokinin. As the cytokinins are completely unable to induce
flowering, it appears that there is a multicomponent floral stimulus in
this species.

The physiology of flowering has been dominated for 40 years
by the concept that there is one substance-called the floral
hormone or the floral stimulus - which specifically evokes flow-
ering and which is common to all higher plants (7, 17). All
attempts to isolate this stimulus have failed and its chemical
nature is still completely unknown (28).

Since the direct approach which consists in trying to extract,
purify, and characterize the stimulus has yielded very little infor-
mation so far, we thought it worthwhile to try an indirect ap-
proach, i.e. to try to gain insight into its nature from the kind of
early changes that it produces at the shoot apical meristem.
The plant used in this study was Sinapis alba, a long day

species which can be induced to flower by a single long day. One
of the first detectable changes in the apical meristem of Sinapis
during the transition from the vegetative to the reproductive
condition is the release to mitosis of a large population of G2
nuclei (6, 12). This early mitotic wave always culminates 26 to
30 hr after the start of the inductive treatment.

Further studies have shown that it was impossible to dissociate
the flowering process at the meristem of Sinapis from this mitotic
activation (5), and that a similar early mitotic rise occurred in the
evoked meristems of all species so far examined in this respect
(13, 16, 25, 27). We concluded that the early mitotic wave was
an essential component of floral evocation.
By subjecting vegetative plants of Sinapis to a single day of 11

or 12 hr, it was however possible to induce this mitotic event in
the absence of flowering (5). This possibility of fractional evoca-
tion in Sinapis suggested that the floral stimulus may consist of
more than one active component and that the early mitoses are

triggered by a specific component, called the mitotic component.
Other supporting evidence for a multicomponent floral stimu-

lus was supplied by defoliation experiments which showed that
the patterns of movement out of the leaves of the mitotic compo-
nent and of the slowest moving component of the floral stimulus
were not similar in some environmental conditions (3).

Here, our aim was to obtain information on the chemical
nature of the mitotic component of the floral stimulus in Sinapis.

MATERIALS AND METHODS

The plant used was Sinapis alba L. The growing techniques
were described elsewhere (5). The plants were maintained in the
vegetative condition by growing them in 8-hr short days. These
plants were referred to as the "control plants." When 65 days
old, some plants were treated with various chemicals (detailed
later). Aqueous solutions of the chemicals were always applied
to a small cotton plug carefully inserted between the young
leaves of the apical bud. Four hr after the start of each treat-
ment, a small amount of solution was added to keep the cotton
plug moist during a few additional hr. A total amount of about
0.3 ml was applied/bud. Tween-20, at a concentration of 0.1%,
was added to all solutions. Preliminary experiments have shown
that a 0.1% Tween solution had no effect on mitotic activity in
the apical meristem. Treatments of plants during a dark period
were carried out in weak green safelight.
Some 65-day-old plants were induced to flower by exposure to

one 20-hr long day, and then returned to short days. These
plants will be referred to as the "induced plants." Other plants of
the same age were subjected to one 12-hr critical day. Flowering
in the different experimental batches was assessed by examining
the apical meristems of 15 plants under a dissecting microscope 2
weeks after the start of the treatments (5).
To examine changes in the percentage of cells undergoing

mitosis at the meristem, apical buds were fixed in Navashin's
fixative and the sections were stained with Ehrlich's hematoxy-
lin. Interphase nuclei and mitoses were recorded in the median
longisection of each meristem. Six meristems were used in each
experimental batch.
DNA synthesis in the apical meristem was investigated by use

of 3H-labeled thymidine (5 ,tCi/plant; specific radioactivity: 5
Ci/mmol; labeling time: 4 hr) and autoradiography of histologi-
cal sections as described elsewhere (6). The labeled and unla-
beled nuclei were recorded in the median longisection of each
meristem. Six meristems were used in each experimental batch.

Unless stated otherwise, the percentages of mitoses and la-
beled nuclei were determined in a meristematic area including
both the central and the peripheral zones of the meristem.

All of the experiments were repeated once or twice. Per cents
of mitoses and of labeled nuclei were compared by the x2 test.
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RESULTS

Effect of Various Compounds on Mitotic Activity in the Api-
cal Meristem. According to the literature, a stimulation of cell
divisions in plant tissues can be obtained following the action of a
variety of natural compounds, such as sucrose (1, 18, 26),
gibberellins (4, 11, 22), cytokinins (8, 14, 20), and cAMP (19).
All of these compounds could then be considered as possible
candidates for the mitotic component of the floral stimulus in
Sinapis.

It was known from previous experiments (3) that, in induced
plants, the movement of the mitotic component out of the leaves
always began around 16 hr after the start of the inductive
treatment. Within the apical meristem, the early mitotic wave
culminated 10 hr later, i.e. at 26 hr (6).

In a preliminary experiment, the chemicals listed above were
individually applied to the apical buds of plants continuously
kept in short days. The application was made at a time corre-
sponding to the time of movement of the mitotic component in
induced plants, i.e. at the middle of the 16-hr long night (Fig. 1).
The apical buds of treated plants were collected 10 hr later, i.e.
at a time corresponding to the early mitotic peak in meristems of
induced plants. These buds were used for the determination of
the mitotic index within the apical meristem.
We found (Fig. 2) that 2% sucrose and GA3 at 25 jig/ml were

without any effect on mitotic activity. Cyclic AMP at a concen-
tration of 36 ,ug/ml markedly depressed the mitotic index. Only
the cytokinins, BA or Z,1 respectively, at 5 and 20 ,ug/ml could
bring about a stimulation of mitotic activity similar to that
recorded in the meristems of induced plants. Among the tested
chemicals, only cytokinins were thus kept for further studies.

Kinetic Study of the Mitotic Activation Produced by the
Cytokinins. Apical buds of plants kept in short days were treated
with BA or Z (Fig. 1), but these buds were collected in the
present experiment at various times after the treatment (Fig. 3).
BA and Z at all tested concentrations produced a rapid increase
in mitotic activity, starting at 6 hr and culuminating at 10 to 14
hr. With BA at 10 ,ug/ml, the mitotic index remained high after
18 hr. At lower concentrations of BA (5 and 1 ,ug/ml), the
mitotic index decreased after 14 hr, but rose again after 18 hr
and reached a second peak at 30 hr. With Z, the mitotic index
generally dropped after the first peak, the transient and weak
increase at 18 to 22 hr not being significant.
When the different zones of the meristem were considered

separately, the stimulation of mitotic activity in response to the
cytokinin treatment occurred everywhere within the meristem
(Figs. 4 and 5). The rise of the mitotic index was first detected in
the peripheral zone (at 6 hr) and was apparent in the central
zone and in the pith-rib meristem 4 hr later. This result was
found with either BA or Z, and at all tested concentrations.

Cytokinin Effect on DNA Synthesis. DNA synthesis was in-
vestigated in meristems of plants kept in short days and treated
as shown in Figure 1 with BA 10 itg/ml or Z 1,ug/ml (Fig. 6). A
slight but significant increase in DNA duplication was recorded
in meristems treated with BA, the stimulation began 14 hr after
the start of the application and remained relatively constant until
the end of the experiment. Separate examination of the different
zones indicated that the rise in DNA synthesis was clearly appar-
ent only in the peripheral zone, with very weak increase, if any,
in the central zone and no increase at all in the pith-rib meristem.
With Z there was no rise at all of DNA synthesis.

Cytokinin Effect on Flowering. BA or Z applied once at
various concentrations up to 100 ,ug/ml to the apical buds of
plants kept in short days (see Fig. 1) never induced flowering.
They were also completely unable to induce flowering if applied
at low concentrations (up to 20 jig/ml) but for several days.

I Abbreviation: Z: zeatin.
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FIG. 1. Scheme of experiment designed to select the chemicals which
can produce a mitotic stimulation similar to that induced by the long day.
Explanation in the text. MI: mitotic index.
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FIG. 2. Mitotic index in the apical meristem of plants kept in short
days, 10 hr after application of water (A); 2% sucrose (B); 25 ,ug/ml
GA3 (C); 36 ,ug/ml cAMP (D); 5 utg/ml BA (E); or 20 ;g/ml Z (F). In
G, mitotic index in the meristem of plants induced to flower by one 20-hr
day, and collected 26 hr after the start of the long day.

DISCUSSION

Cytokinins are generally considered to be plant cell division
factors. Since the work of Skoog and Miller (24), they were
known to elicit cell proliferation in cultured plant tissues, but
there was far less direct evidence until now that they fulfill the
same function in intact plants, particularly in shoot apical meri-
stems (15). The results presented here clearly indicate that in
intact Sinapis plants these compounds perform the same role as
in tissue culture. The effect of cytokinins on mitotic activity is
very specific since it is not observed with the other chemicals
which were tested. The physiological nature of the mitotic stimu-
lation is shown by the fact that it is achieved by very low amounts
of exogenous cytokinins since most of the 0.3 ml of solution
applied per bud must remain in the cotton plug and only a small
(but unknown) part reaches the apical meristem.
The stimulation of mitotic activity produced by BA always

extends for a longer period than the stimulation produced by Z
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FIG. 3. Mitotic index in the apical meristem of plants kept in short
days, at various times after application of 10 .tg/ml BA (x); 5 ,ug/ml BA
(0); 1 Ag/ml BA (@); 20 ,ug/ml Z (A); 10 ,ug/ml Z (A); 1 .tg/ml Z (O);
or water (A). Results averaged from two to three experiments.
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FIG. 4. Mitotic index in the peripheral (A, A) and central (0, 0)
zones of the apical meristem of plants kept in short days, at various times
after application of 20 gg/ml Z (A, 0), or water (A, 0). Results of an
individual experiment.

(Fig. 3), suggesting that the synthetic cytokinin BA persists
longer in the tissues than the natural cytokinin Z because it is
probably less rapidly metabolized.
The changes in time of the mitotic index after a treatment with

a cytokinin have been compared to those occurring after the
application of a 20-hr long day or a 12-hr critical day (Fig. 7).
Obviously, the mitotic stimulation produced by Z at 1 gg/ml is
very similar to that induced by a 12-hr day, and that by BA at 10

gg/ml is very similar to that induced by a 20-hr day. These
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FIG. 5. Mitotic index in the pith-rib meristem of plants kept in short
days, at various times after application of 1 ,g/ml BA (@), or water (0).
Results of an individual experiment.
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FIG. 6. DNA synthesis in the apical meristem of plants kept in short
days, at various times after application of 10 Ag/ml BA (x); 1 ,ug/ml Z
(O); or water (U). For comparison, DNA synthesis in the apical meri-
stem of plants subjected to one 20-hr day (0), or to one 12-hr day (@)
has been included. The figure is constructed in such a way that the time
of cytokinin application to plants kept in short days coincides with the
time of movement of the mitotic component of the floral stimulus in
plants receiving a 20- or a 12-hr day.

results strongly suggest that the early mitotic activation that
occurs in the meristems of plants subjected to a long day or to a
critical day is produced by a cytokinin or that the mitotic compo-
nent of the floral stimulus in Sinapis is a cytokinin.

This proposition is reinforced when a comparison is made of
the results obtained for the different zones of the meristem after
a cytokinin treatment and after application of a 20-hr day (6). In
both cases, the stimulation of mitotic activity in the peripheral
zone is 4 hr earlier than in the central zone and the pith-rib
meristem.
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FIG. 7. Mitotic index in the apical meristem of plants kept in short

days, at various,times after application of 10 ,ug/ml BA (x); 1 ,ug/ml Z

(O); orwater (U). For comparison, mitotic index in the apical meristem

of plants subjected to one 20-hr day (0), or to one 12-hr day (@) has

been included. The figure is constructed as Figure 6.

In the meristems of plants induced to flower by a 20-hr day,
the early mitotic wave is followed by a dramatic rise in DNA

synthesis peaking at 38 hr (Fig. 6) (6). This is not so in the

meristems of vegetative plants treated with a cytokinin. In sev-

eral other experimental systems, it has also been shown that cell

division is far more sensitive to the cytokinin level than DNA

synthesis (8, 14, 20, 23). The conclusion is that the dramatic rise

in DNA synthesis, which occurs in the meristems of induced
plants and which has been clearly associated with the production
of flower primordia (6), is controlled by something other than a

cytokinin.
The suggestion that there is another component in the floral

stimulus in this species is also strongly supported by the observa-
tion that the cytokinins are completely unable to induce flower-
ing in Sinapis.

If a cytokinin is the mitotic component of the floral stimulus it
must be produced in the mature induced leaves and translocated
from there to the apical meristem. Evidence for foliar produc-
tion and export of cytokinin is scarce in the literature, although
some data suggest that such a possibility is by no means excluded
(2, 9, 10, 21). Experiments are now in progress in our labora-
tory to test this possibility in Sinapis. Alternatively, a cytokinin
may not be a component of the floral stimulus but its production
could be enhanced within the apical meristem by the arrival from
the leaves of a mitotic component of different and unknown

nature.
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