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Fig. 4. The effect of GA3 and vernalization together on total LN (A)
and FT (B) for fca-I plants. Points are means ±s.e. for 18 plants.
( • ) Without vernalization; ( • ) with vernalization in SD.

GA4, GA9, GA5, GA3, and GAX all resulted in a signific-
antly lower LN than the controls (Table 5). These GAs
could be divided into two groups, with no significant
difference between the effect of GA7, GA4, GA9, and
GA5, and also between that of GA3 and GAt. No
significant reduction in LN was found with GA13 or GA8

(Table 5). For her, the effectiveness of GAs was virtually
identical to that for fca, with GA7, GA9, GA4, GA5, and
GAX having a significant effect on reducing LN, but with

Table 5. Effect of gibberellins on flowering

Total leaf number and flowering time for her and fca-1 subjected to
different gibberellins (10"5M) throughout development. Values are
means ± s.e. for 18 plants. Plants were grown in sterile culture.

Treatment

Control
GA7

GA,
GA4

GA5

GA,
GA 3

GA13

GAg

her

LN

10.93±0.17
8.89 ±0.20
9.33 ±0.29
9.56±0.18
9.78 ±0.22
9.89 ±0.11

10.44 ±0.29
ll.OO±O.33
11.67 ±0.24

FT

22.87 ±0.29
18.00 ±0.24
17.89±0.26
17.55±0.34
18.67±0.33
20.00 ±0.29
20.44 ±0.50
20.33 ±0.50
20.33 ±0.33

fca-1

LN

24.30 ±0.65
16.11 ±0.48
16.63 ±0.65
16.33±0.33
16.78±0.36
20.33 + 0 90
18.56±0.67
22.33 ±1.25
23.13±0.64

FT

43.00 ±1.09
28.11 ±0.77
28.67 ±1.64
25.56 ±1.03
29.55 ±0.58
36.67 ±1.87
34.89 ±1.59
36.00 ±1.30
38.25 ±1.01

no significant difference between these. GA3, GA13 and
GA8 had no significant effect on LN.

Base analogues such as 5-bromodeoxyuridine (Bdu)
have been shown to accelerate flowering in the hy2 mutant
of Arabidopsis (Goto, 1987). We therefore tested the effect
of Bdu on flowering time of the late flowering mutants.
Bdu reproducibly reduced LN for her and all the mutants,
including fca-2, fca-4 and fca-5 in two separate
experiments (fy only included once). The maximum
decrease in LN was 33%, for/fa (Fig. 5A). Bdu reduced
FT for all genotypes except fd and fwa (Fig. 5B). For
wild type and fca-1 plants, the effect of Bdu on LN was
concentration-dependent. For her, vernalization in this
experiment increased LN, but for her and fca, 10~4M
Bdu (and 10 ~5M for fca) and vernalization treatments
together acted additively to reduce LN (Fig. 6).

Progeny from fca-1 and her plants vernalized or non-
vernalized in the presence of 10 ~5 M Bdu, and from
untreated controls, were sown on AM media alone. The
acceleration of flowering time was not inherited by pro-
geny of plants treated with Bdu (data not shown).

The concentration of phospholipids, particularly phos-
phatidylcholine, have been shown to increase during and
be associated with frost hardening in wheat (Willemot,
1975; Singh and Paleg, 1984), or decrease during
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Fig. 5. The effect of 5-bromodeoxyuridine on LN (A) and FT (B) for
the late flowering mutants. Points are means ± s.e. for 10 plants.
(D) Control plants on AM media alone; ( • ) plants on AM +10"5 M
5-bromodeoxyuridine.
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Fig. 6. The effect of different concentrations of 5-bromodeoxyuridine
and vernalization together on LN of wild type and fca-1 plants. Points
are means ±s.e. for 10 plants. ( • ) Control plants on AM media alone;
(•) plants on AM + 10"3M 5-bromodeoxyuridine; ( • ) plants on
AM+ 10~6M 5-bromodeoxyuridine.

vernalization (Thomson and Zalik, 1973—for rye).
Because phosphatidylcholine concentration in wheat can
be manipulated by the application of choline chloride
(Horvath et al, 1981), the effect of choline chloride on
flowering time and vernalization response was investi-
gated for all the Arabidopsis mutants. LN was significantly
delayed for fca-1, fe, fha, fpa, ft, and/y at either 10 mM
or 20 mM choline chloride (data not shown). These
mutants, except fha, are all vernalization responsive. A
further analysis of fca, fe, fpa, ft, and fy was performed
at 15 mM choline chloride. The significant increase in LN
and FT was completely overcome by vernalization
(Fig. 7A, B).

Other compounds tested on the mutants included 3°
butanol (0.5 and 1% (v/v)), proline (10, 20 and 50 mM),
6-benzylaminopurine (BAP at 10 ~5 M), and salicylic acid
(10~5 and 10~6 M). Butanol is one of the most effective
molecules for stabilizing hydrophobic interactions in
membranes, usually weakened by low temperatures
(Oakenfull and Fenwick, 1979). Proline has a role in
acclimation and as a cryoprotectant (Kushad and
Yelenosky, 1987). BAP has been shown to accelerate
flowering in Arabidopsis at an intermediate stage of
development (Besnard-Wibaut, 1981), and salicylic acid
has been shown to have a flower-inducing effect in Lemna
gibba L. G3 (Cleland and Ajami, 1974).

None of these treatments showed significant, reprodu-
cible effects on FT or LN for any of the mutants (data
not shown).

Discussion

Previous work with the vernalization response of late
flowering Arabidopsis mutants has concentrated on testing

Genotype

Genotype

Fig. 7. The effect of choline chloride and vernalization on LN (A) and
FT (B) for some of the late flowering mutants. Points are means ±s.e.
for 10 plants. ( • ) Unvernalized controls on AM media alone;
( • ) plants vernalized on AM media alone; (•) plants on AM+ 15 mM
choline chloride, without vernalization; (0 ) plants on AM + 15 mM
choline chloride, with vernalization.

the effect of the duration of the cold treatment and the
effect of subsequent exposure to different photoperiods
or light qualities (Martinez-Zapater and Somerville, 1990;
Koornneef et al., 1991a; Bagnall, 1992). Vernalization
treatments were given at the seed stage and in most cases
in darkness. Here, we analysed two other parameters
shown to influence the vernalization response of the
ecotype Stockholm (Napp-Zinn, 1957, 1965, 1984),
plant age and light conditions during the vernalization
treatment.

The time at which the vernalization treatment was
given had a significant effect on the response of Stockholm
(Napp-Zinn, 1957, 1965). Vernalization at the imbibed
seed stage resulted in the maximum response which was
reduced if vernalization was given to plants 6 d post
germination. The response then increased with increasing
plant age. A maximal response was also seen when Ler,
fca and co plants were vernalized as imbibed seed. The
minimal response was at a similar time for Ler but was
significantly later for the fca and co mutants. This may
indicate that the timing of processes occurring during the
vernalization response in the late flowering mutants does
not exactly mimic those occurring in Stockholm.

For fca-1, the number of leaves produced when plants
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were vernalized between 15 and 25 d post sowing was
greater than the predicted number calculated, based on
the apparent plastochron measured at 20 °C in continuous
light. This may represent a decrease in sensitivity to
vernalization or indicate that the apparent plastochron
increases during the vernalization treatment of older
plants. We did not measure the apparent plastochron
during the vernalization period so can not distinguish
between these possibilities. Also, because the number of
cauhne leaves was not counted separately to rosette leaves
in this study, it is not possible to distinguish whether the
greater LN (including cauhne leaves) produced by vernal-
ization of older plants compared with the non-vernalized
controls, is due to an increase specifically in cauline
leaf number.

Total FT, calculated from Fig. 1, by adding the FT
from the end of the vernalization treatment to plant age
before vernalization, did not exceed the non-vernalized
control value for any treatment. As LN did exceed the
non-vernalized control value, this suggests that large
changes in the rate of leaf production occurred between
plants in different treatments after they were transferred
from vernalization conditions. The growth rate during
and after vernalization was not measured in this study,
but the apparent plastochron and relative growth rate of
her and fca did not differ significantly in plants grown
from sowing in continuous light. Thus, at least when the
plants were moved into the vernalization treatment they
were at the same plastochron age. Previously, fca has
been shown to have a faster rate of leaf production than
her in SD (Koornneef et al., 1991a), or in a range of
R/FR ratios in LD (Bagnall, 1993). However, at lower
R/FR ratios, such as the one used here, this difference is
much less pronounced (Bagnall, 1993).

LD, continuous light or SD +night breaks during the
vernalization treatment enhanced the vernalization
response of Stockholm, whereas SD reduced it (Napp-
Zinn, 1960a, b, 1984). In the experiments reported here,
the vernalization response for her wild type and fca and
co-2 mutants was similar, irrespective of whether the
plants were vernalized in SD or in continuous light. We
deliberately chose to use low intensity continuous light
to minimize the differences in effective PAR experienced
by the plants in the two different vernalization conditions,
and this might account for the difference in the results.
Alternatively, Stockholm could respond differently to her
in this respect. We conclude, however, that the plants
were relatively photoperiodically insensitive during the
vernalization treatment, at least for the vernalization
conditions used here. As well as having a different photo-
period, the light conditions we used also differed in the
ratio of R/FR light. As the vernalization response was
similar, we conclude that it was not affected by the R/FR
difference. This agrees with Bagnall (1993), who showed

that for/ca-7, vernalization eliminated the promotion of
flowering by far-red light reported by Martinez-Zapater
and Somerville(1990).

The increase in FT for dark-vernalized plants compared
with those vernalized in the light may reflect the time
taken to recover from etiolation. Whilst fewer leaves were
produced by dark-vernalized plants, possible effects of
darkness on the rate of leaf initiation cannot be ruled out.

The co mutant, previously shown to respond only
very slightly to vernalization (Martinez-Zapater and
Somerville, 1990; Koornneef et al., 1991a, b), did show a
significant response in the growth conditions used here,
after 3 or 8 weeks vernalization. The fact that the vernal-
ization response under SD at different plant ages was
qualitatively very similar for co-2,fca-l, and her, suggests
that they all share a similar vernalization pathway. The
vernalization response is not, therefore, conferred by the
fca or co mutations, but they merely alter its degree
and timing.

The acceleration of flowering of all the mutants with
GA agrees with many other previous reports on the
effects of GA on LD, cold-requiring plants (Besnard-
Wibaut, 1981—for Arabidopsis; Bernier, 1988; Metzger,
1990—for Thlaspi arvense L.). The acceleration to flower-
ing of fca-1 by GAs was also demonstrated by Bagnall
(1992). This is the first analysis, however, of the effect of
GA3 on all the her late flowering mutants. The her line
has been shown in SD to have an absolute requirement
for GA in order to initiate flowers, since a mutant
completely deficient in endogenous GA never flowers in
these conditions and, in continuous light, this mutant is
delayed in FT relative to the wild type (Wilson et al.,
1992). The flowering response of fca to the range of GAs
studied, was very similar to that of her, with the order
of effectiveness being virtually identical. This confirms
the results of Bagnall (1992), who showed that the fca
mutation did not confer a different response to GA3

compared to her. There is evidence that GAs may
also be involved in the vernalization response of many
plants; GA content increases in radish during vernaliza-
tion (Suge, 1970), and in the crucifer T. arvense, vernaliza-
tion removes a block in the GA biosynthetic pathway at
a point following kaurenoic acid, and alters kaurenoic
acid metabolism at the shoot tip (Metzger, 1990;
Hazebroek and Metzger, 1990). In this study, GA3 only
partly substituted for the effect of vernalization in the fca
mutant, and the effect of GA and vernalization together
was additive, suggesting that both operate, at least partly,
via independent pathways. This is consistent with the
hypothesis of Wilson et al. (1992) that some GA is needed
for effective vernalization, but vernalization does not
cause an increase in GA levels, although it may affect
GA responsiveness. To analyse the role of GA in vernal-
ization further, an analysis of the vernalization response
of the double mutants fca,Agal, and fca.gai is being
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undertaken (J. Chandler, J. Martinez-Zapater, C. Dean,
unpublished).

Bdu accelerated the flowering time of all the late
flowering mutants tested, including the wild type, sug-
gesting that the same pathway is being affected, with only
the degree of response being altered in the mutants. None
of the mutants showed the loss of response reported for
the Id mutation (Hirono and Redei, 1966a). Bdu has been
proposed to suppress DNA synthesis in certain parts of
the meristem (Brown, 1968) and to prevent the expression
of floral inhibitors (Goto, 1987). Other nucleoside ana-
logues, such as iododeoxyuridine (Brown, 1962) and
8-azaadenine (Hirono and Redei, 19666) also accelerate
flowering time and it is likely that these all act through
the same mechanism. However, Burn et al. (1993) have
recently proposed that the stimulatory effect of azacyti-
dine is through an effect on DNA methylation. The
additive effect of Bdu and vernalization suggest that they
operate to accelerate flowering at least partly via inde-
pendent pathways.

Choline chloride was the only compound which disting-
uished some of the late flowering mutants. The LN of
the co-2 mutant, which shows a different vernalization
response to fca was not affected by choline chloride.
However, the significant delay in flowering caused by
choline chloride, on the vernalization-responsive mutants
is noteworthy, since we anticipated an acceleration of
flowering. This was because in wheat, choline chloride
leads to an increase in the concentration of phosphatidyl-
choline in the membranes (Willemot, 1975; Singh and
Paleg, 1984), a phenomenon also observed during cold
treatment. However, for rye, the concentration of phos-
phatidylcholine gradually decreased during an 8 week
vernalization period (Thomson and Zalik, 1973). In view
of these differences between species, it would be worth
testing whether choline chloride does increase the concen-
tration of phosphatidylcholine in Arabidopsis. Evidence
from wheat that the VRN-1 gene stimulates the synthesis
of unsaturated membrane phospholipids during vernaliza-
tion (De Silva, 1978) also suggests that phospholipid
content and vernalization response are linked.
Alternatively, due to the chemical similarities between
choline chloride and CCC, the observed effects may be
via an effect on GA metabolism.

The results presented in this paper add to our under-
standing of the flowering time and vernalization response
in the her line and the fca and co mutants. A full
description of the factors influencing flowering time and
vernalization in these late flowering mutants will be
necessary in the long term, if we are going to dissect the
pathways controlling flowering and understand how a
cold temperature treatment can accelerate these processes.
The analysis presented here clearly shows that the ques-
tion is not how the fca or co mutations can confer a

Vernalization response in Arabidopsis 1287

vernalization response to Arabidopsis, but how they
modify the wild-type response.
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