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To study negative interactions between phytochromes, phytochrome B (phyB) overexpressor lines, the mutants phyA-201,
phyB-4, phyB-5, phyD-1, phyA-201 phyB-5, phyA-201 phyD-1, and phyB-5 phyD-1 of Arabidopsis were used. Endogenous phyB,
but not phytochrome D (phyD), partly suppressed phytochrome A (phyA)-dependent inhibition of hypocotyl elongation in
far-red light (FR). Dichromatic irradiation demonstrated that the negative effect of phyB was largely independent of the
photoequilibrium, i.e. far-red light absorbing form of phytochrome formation. Moreover, phyB-4, a mutant impaired in
signal transduction, did not show a loss of inhibition of phyA by phyB. Overexpression of phyB, conversely, resulted in an
enhanced inhibition of phyA function, even in the absence of supplementary carbohydrates. However, overexpression of a
mutated phyB, which cannot incorporate the chromophore, had no detectable effect on phyA action. In addition to seedling
growth, accumulation of anthocyanins in FR, another manifestation of the high irradiance response, was strongly influenced
by phyB holoprotein. Induction of seed germination by FR, a very low fluence response, was suppressed by both
endogenous phyB and phyD. In conclusion, we show that both classical response modes of phyA, high irradiance response,
and very low fluence response are subject to an inhibitory action of phyB-like phytochromes. Possible mechanisms of the

negative interference are discussed.

Phytochromes are the best characterized of the
plant informational photoreceptors. The N-terminal
one-half of the protein contains the chromophore
phytochromobilin (P®B), which is covalently linked
to a conserved Cys residue (Quail, 1997). The chro-
moprotein can adopt two spectroscopically distinct
forms: the red light (R) absorbing form of phyto-
chrome (Pr)- and the far-red light (FR) absorbing
form of phytochrome (Pfr)-form. Generally speaking,
only the latter is regarded to be physiologically active
(Batschauer, 1998).

In Arabidopsis, there are five phytochrome genes
PHYA-E (Sharrock and Quail, 1989; Clack et al.,
1994). Both PHYA and PHYC are evolutionary clearly
separated from the group of PHYB/D/E. Of these,
PHYB and PHYD share approximately 80% sequence
identity and are believed to be the result of a recent
gene duplication (Mathews and Sharrock, 1997). Mu-
tants and overexpressor lines confirmed distinct and
common functions of individual family members
(Whitelam and Devlin, 1997). In germination and
seedling development phytochrome A (phyA) and
phytochrome B (phyB) play a predominant role (Na-
gatani et al., 1993; Reed et al., 1993; Shinomura et al.,
1996). Extremely low fluences of both R and FR can
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induce germination and partial seedling deetiolation
by the very low fluence response (VLER). This re-
sponse is mediated by phyA (Neff et al., 2000). Fur-
thermore, phyA can cause efficient inhibition of hy-
pocotyl elongation and induction of anthocyanin
synthesis in continuous FR via the high irradiance
response (HIR) (Casal et al., 1998). It is interesting
that VLFR and HIR appear to correspond to two
branches of phyA signal transduction that can be
genetically separated (Yanovsky et al., 1997). In con-
trast to these observations, phyB leads to germina-
tion and inhibition of growth after pulses of low
fluences of R (low fluence response, LFR). Whereas
the LFR is completely reversible by FR pulses, the
phyA-mediated VLFR and HIR are usually not (Casal
et al,, 1998). The importance of phyC-E has been
characterized much less extensively. However, phyB
like phytochromes play a major role in adult plants
(Whitelam and Devlin, 1997). The involvement of
phytochrome D (phyD) and phytochrome E (phyE)
in internodial elongation and induction of flowering
becomes apparent especially in phyB mutants (Auk-
erman et al., 1997; Devlin et al., 1998, 1999). More-
over, also phyD can control seedling growth via a
LFR (Aukerman et al,, 1997, Hennig et al., 1999a).
Nevertheless, there appears to exist some functional
diversifications between the very similar phyB and
phyD proteins (Hennig et al., 1999a)

Individual phytochromes do not act independently
but are part of an elaborate network of interactions
with other members of the phytochrome family and
with the blue-light photoreceptors of the crypto-
chrome type (Casal, 2000; Neff et al., 2000). Several
groups demonstrated synergistic effects of phyA on

1036 Plant Physiology, February 2001, Vol. 125, pp. 1036-1044, www.plantphysiol.org © 2001 American Society of Plant Physiologists



phyB action (Casal, 1995; Neff and Chory, 1998; Hen-
nig et al., 1999b). Likewise, cryl interacts with phyB
and phyD (Casal and Boccalandro, 1995; Casal and
Mazzella, 1998; Hennig et al., 1999a). In addition,
inhibitory interactions of photoreceptors have been
reported. Overexpression of phyB decreases inhibi-
tion of hypocotyl elongation in FR (Wagner et al.,
1996). Moreover, phyB can mediate growth re-
sponses to single R pulses in Arabidopsis seedlings
only in the absence of phyA (Casal, 1995; Hennig et
al., 1999b). phyA, consequently, displays both posi-
tive and negative interactions with phyB. Casal and
coworkers suggested that phyA acting in the VLFR
mode is antagonistic while phyA acting in the HIR
mode is synergistic with phyB function (Cerddn et
al., 1999). Furthermore, the blue light receptor cryp-
tochrome 2 suppresses initiation of floral induction
by phyB (Mockler et al., 1999).

The influence of carbohydrates on the inhibition of
phyA function by phyB has been reported recently
(Short, 1999), thus explaining some previous conflict-
ing observations. Nevertheless, a systematic study on
negative functional interactions of phytochromes is
needed for a detailed understanding of plant re-
sponses toward light. Therefore, we analyzed the
influence of phyB and phyD on phyA function. Using
both mutants and overexpressor lines we character-
ized seed germination, accumulation of anthocyanin,
and inhibition of hypocotyl elongation in Arabidopsis.

RESULTS
C7g Is a Strong Overexpressor

In this study we used the Arabidopsis phyB over-
expressing lines Arabidopsis phyB overexpressing
(ABO)-1 and ABO-13. In addition we used the line
C7g, which overexpresses the C357S mutation of
phyB preventing incorporation of the chromophore.
To facilitate comparison of the physiological results
we investigated phyB protein levels in ABO-1, ABO-
13, C7g, and the corresponding wild type (Arabidop-
sis ecotype Nossen [No-0]) by immunoblotting. The
results in Figure la show that under our conditions
expression in C7g is comparable with that in ABO-13
and considerable higher than that of ABO-1. The
endogenous content of phyB in No-0 was below the
detection limit. Figure 1b contains the results of a
dilution analysis with samples of ABO-1, C7g, and

cd
LLHEY 11 18 14 U8 14 172

Figure 1. Contents of phyB in overexpressor lines. a, Samples of
3-d-old etiolated seedlings were analyzed by immunoblotting of 25
g of protein and probing with an antiserum against phyB. b, For
No-0, 30 ug of protein and appropriate dilutions for ABO-1 and C7g
were loaded onto the gel.

Plant Physiol. Vol. 125, 2001

Inhibition of Phytochrome A Function by Phytochrome B

No-0. The data indicate an overexpression of at least
8-fold for ABO-1 and of approximately 20-fold for
ABO-13 and C7g.

Seedling Growth in FR

First we tested the effect of phyB on hypocotyl
elongation in FR, a bona fide HIR. In FR of 20 umol
m ™% s™! inhibition of hypocotyl growth was strong
(90%) and very similar for all tested ecotypes and
mutants (data not shown). Under non-saturating
conditions of 0.6 pmol m~* s™', ecotype Landsberg
erecta (Ler), phyB-4, and phyD-1 displayed an identical
inhibition of approximately 40% (Fig. 2). Nonethe-
less, growth of seedlings of phyB-5 and phyB-5 phyD-1
was significantly stronger inhibited under these con-
ditions. Moreover, No-0 and C7g behaved very sim-
ilar in 0.6 wmol m 2 s~ !, whereas ABO-1 showed
only a very small inhibition of hypocotyl elongation.

Inhibition of Hypocotyl Elongation by R-FR
Dichromatic Irradiation

Since the seminal experiments of Hartmann (1966),
dichromatic irradiation has been a useful tool for
studying the HIR. By varying the relative fluences of
R and FR different Pfr:Ptot ratios (¢) values can be
obtained. Due to the high fluence rate of constant FR,
total effective fluence rates do not vary significantly
under these conditions (Fukshansky and Schifer,
1983). We consequently used R-FR dichromatic irra-
diation to investigate the influence of ¢ on the antag-
onistic effect of phyB on phyA-mediated HIR in seed-
lings of Ler, phyA-201, phyB-5, and ABO. Figure 3 A
shows that Pfr:Ptot ratios larger than 50% were re-
quired for inhibition of hypocotyl elongation in
phyA-201 under our conditions. In contrast, ratios
between 0.02 and 0.2 were very effective in Ler and
phyB-5, representing the action of the HIR. The shape
of the curves are identical for Ler and phyB-5; how-
ever, under all Pfr:Ptot ratios the inhibition was con-
siderably stronger in the phyB mutant than in its wild
type (Fig. 3B). In contrast, only minor growth inhibi-
tion was observable for ABO under low Pfr:Ptot ra-
tios whereas at ¢ larger 0.3 the pronounced action of
the overexpressed phyB became visible.

Induction of Anthocyanin Synthesis in FR

Beside inhibition of hypocotyl elongation, anthocy-
anin accumulation is a hallmark of phyA-mediated
HIR. We tested anthocyanin accumulation in seed-
lings of Ler, phyA-201, phyB-4, phyB-5, phyD-1, No-0,
ABO-1, ABO-13, and C7g in darkness, continuous R,
or FR. In darkness and in R all tested lines contained
only residual anthocyanin (Fig. 4, A and B). In FR
anthocyanin accumulation was stronger in Ler than
in No-0 (Fig. 4C). Nearly no anthocyanin was detect-
able in phyA-201 and significantly less in ABO-1 and
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Figure 2. Inhibition of hypocotyl elongation in FR. After induction of
germination by 24-h R, seeds were placed in 0.6 umol m™2 s~ FR.
Hypocotyl lengths of at least 25 seedlings were determined after 3 d.
Means of at least three replica experiments are given *st. Asterisks
mark significant differences according to Student’s t test (P < 0.05).

ABO-13 compared with their background No-0. No
alterations to the respective controls were detectable
in the mutants phyB-4 and phyB-5 and the line C7g.

Induction of Germination by FR

Light-dependent germination of Arabidopsis seeds
was shown to be mainly under the control of phyA

and phyB (Shinomura et al., 1996). Induction of ger-
mination by FR represents a phyA mediated VLFR
(Botto et al., 1996). Figure 5 shows the germination of
seeds after imbibition for 24 h at 4°C in the dark
followed by either 3-h R, 3-h FR, or 3-h R + 3-h FR.
A treatment with white light for 3 d lead to a germi-
nation rate larger than 80% in all mutants (data not
shown). No light treatment at all, in contrast, resulted
in very low germination frequencies (Fig. 5A). Irra-
diation with 3-h R caused efficient germination
(60%—-100%), except for the phyA-201 phyB-5 double
mutant (less than 20%). No-0 and phyB-4 germinated
only at approximately 40%. In contrast to R, 3-h FR
led only to neglectable germination in wild type (Ler
and No-0), phyB-4, phyA-201, phyA-201 phyB-5,
ABO-1, and C7g. However, 40%—60% of seeds of
phyB-5, phyD-1, and phyB-5 phyD-1 germinated.
Moreover, 3-h R followed by 3-h FR caused germi-
nation frequencies similar to that after 3-h FR alone.

DISCUSSION

The inhibitory action of phyB on control of hypo-
cotyl elongation by phyA has been reported in sev-
eral publications (McCormac et al., 1993; Wagner et
al., 1996). However, their work on phyB overexpres-
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Figure 3. Inhibition of hypocotyl elongation by R+FR dichromatic irradiation. Inhibition of growth of phyA-20T (A), phyB-5 (B),
and ABO (C) seedlings was determined after 3 d under different fluence rates of R (660 nm) in addition to a constant irradiation
with light of 756 nm (12.6 wmol m~2 s ). The white symbols correspond to the R (11.0 umol m~2 s™") or FR irradiation alone.
D, Relative inhibition of phyB-5 compared to wild type. Means of at least three replica experiments are given *Sst.
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Figure 4. Accumulation of anthocyanin in seedlings. After induction of germination by 24-h R, seeds were placed in
darkness (D), 28 pmol m~2 s™' R (R), or 20 wmol m~2 s~ FR (FR). Anthocyanin contents were determined as described in
“Materials and Methods.” Means of at least three replica experiments are given =*sE.

sor lines led to partly conflicting results. A study by
Short resolved this conflict. It was shown that the
presence of metabolizable carbohydrates (e.g. Suc,
Glc) strongly enhanced the inhibitory action of phyB
(Short, 1999). Crosstalk between sugars and light sig-
naling has been studied extensively, for instance for
the transcriptional suppression of some light respon-
sive genes (Smeekens, 1998). However, excess of me-
tabolizable sugars constitutes an extreme situation.
Therefore, we wanted to test whether negative inter-
action of phyB and phyA occurs also in the absence
of sugars. Furthermore, overexpression studies may
not necessarily reflect endogenous mechanisms.
Thus, we wanted to test any inhibitory effect of en-
dogenous phyB amounts on phyA. We used null
alleles of phyB and phyD (phyB-5 and phyD-1), a
missense mutation of phyB (phyB-4), two phyB over-
expressor lines (ABO-1 and ABO-13), and a line over-
expressing a C357S mutation that cannot incorporate
the chromophore (C7g). Overexpression in ABO-1 is
approximately 10-fold and approximately 20-fold in
ABO-13 as indicated by western blotting (Fig. 1).
These results are in agreement with previous reports
(Wagner et al., 1991, 1996). Expression levels in C7g
seedlings were very similar to ABO-13.

Plant Physiol. Vol. 125, 2001

phyB Holoprotein Inhibits the HIR Even in the
Absence of Sugars

The presented results show that negative interfer-
ence of phyB with phyA-dependent HIR occurs even
in the absence of additional sugars (Fig. 2). While the
presence of sugars strongly enhances the inhibitory
effect (Short, 1999), supplementary sugars are not
required. Thus, the negative interaction is a bona fide
property of the light signaling pathways. It is inter-
esting that the line C7g did not display a significantly
decreased inhibition of hypocotyl elongation under
our conditions. As this cannot be caused by lower
expression levels (Fig. 1), an apparently lower inhib-
itory effect of phyB apoprotein escapes detection in
the absence of sugars but becomes observable in their
presence.

Not only does overexpressed phyB lead to de-
creased HIR-mediated effects but similarly the loss of
endogenous phyB causes an increased HIR (Fig. 2). It
is interesting that phyB-4, which carries a point mu-
tation leading to considerable loss of function, does
not display an increased HIR. Thus, the mutated
phyB-4 is able to inhibit phyA. Likewise, phyD-1 does
not show enhanced phyA action. Only phyB but not
the very similar phyD, consequently, inhibits the
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Figure 5. Phytochrome control of germination. After sowing, seeds were incubated for 24 h at 4°C in darkness followed by

the indicated light treatments (28 umol m~2

s~ ' Ror 6 pmol m~% s~" FR). Germination frequencies were determined after

further incubation for 6 d in darkness. Means of three to six replica experiments are given *sE.

phyA-mediated HIR in wild type. Moreover, phyB
does not only interfere with inhibition of hypocotyl
growth by phyA but also suppresses anthocyanin
accumulation (Fig. 4). On the other hand, even strong
overexpression of phyB does not confer the ability to
induce anthocyanin synthesis, thus confirming pre-
vious conclusions of distinct signaling chains of
phyA and phyB. Taken together, these results show
that negative interference of phyA and phyB is not
restricted to growth control and that the inhibition
occurs probably early in the signaling chain of phyA.

phyB and phyD Inhibit the VLFR

In addition to growth and anthocyanin accumula-
tion, we analyzed the effect of phyB and phyD on
germination. It has been reported previously that
phyA, phyB, and at least one additional phyto-
chrome induce germination in Arabidopsis (Shino-
mura et al., 1996; Poppe and Schéfer, 1997). Furuya
and coworkers showed that phyA controls induction
of germination by FR via the VLFR only after a
prolonged incubation at 25°C in darkness (Shino-
mura et al., 1996). A FR-HIR does not induce germi-
nation of Arabidopsis seeds; in many other species,
prolonged FR even acts antagonistic toward induc-
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tion of germination by the LFR (Casal and Sanchez,
1998). In contrast, phyB can mediate germination in R
via an LFR immediately after stratification. Confirm-
ing these results, we observed efficient germination
after 3 h R, except for No-0, phyB-4, and the phyA-201
phyB-5 double mutant (Fig. 5). Nevertheless, germi-
nation frequencies of phyA-201 phyB-5 in R are sig-
nificantly higher than in darkness or FR. Immediately
after stratification, 3 h FR do not induce germination
in wild type, in phyA-201, and in phyB-4. In contrast,
high germination frequencies were observed in
phyB-5, phyD-1, and phyB-5 phyD-1. The low germi-
nation in phyA-201 phyB-5 and phyA-201 phyD-1 dem-
onstrates that germination in FR in the absence of
phyB or phyD requires phyA. A treatment of R fol-
lowed by FR confirms these observations. Overex-
pression of phyB or C357S phyB does not alter the
germination frequencies significantly.

Induction of germination by FR is a VLFR and not
an HIR (Botto et al., 1996; Casal and Sanchez, 1998).
phyB, consequently, inhibits not only the HIR but
also the second response mode of phyA, the VLFR. In
contrast, endogenous phyD inhibits only the VLFR
but not the HIR. Nevertheless, it may be possible that
in the special situation of a phyD overexpressor, also
an inhibition of the HIR, could become detectable.

Plant Physiol. Vol. 125, 2001



Mechanism of Negative Interaction of Phytochromes

The negative effects of phyB and phyD on phyA
action could be caused by several potential mechan-
isms. First both phyB and phyD could influence the
amount of phyA. However, it was shown that neither
total phyA levels in etiolated seedlings nor degrada-
tion kinetics in light are altered by overexpression of
phyB (Short, 1999). Similarly, we did not observe
significant differences in total spectroscopically de-
tectable phytochrome levels between Ler and phyB-5
(data not shown). Identical amounts and degradation
kinetics of phyA were observed in the Wassilewskija
ecotype, a naturally occurring phyD mutant, and in
ecotypes Ler or Columbia (Col) (Eichenberg et al.,
2000).

Components of the activated signal transduction
cascades of phyB and phyA could directly interact.
Nevertheless, our results indicate that phyB does not
need to activate its signaling pathway. The action
spectrum of phyB responses has its peak around 660
nm; there is no physiological activity in the FR region
(Shinomura et al.,, 1996, 1998; Furuya and Schifer,
1996). In contrast, inhibition of phyA action occurs in
FR. Moreover, dichromatic irradiation demonstrated
that interference of phyB with phyA is largely inde-
pendent of the photoequilibrium (Fig. 3). Under
some conditions, even the C357S phyB apoprotein
can inhibit phyA action (Short, 1999). Here, we
showed that the mutant phyB-4, which is impaired in
its signaling capabilities, nonetheless is able to inhibit
the HIR. In summary, activation of the phyB-
signaling cascade appears not to be required to in-
hibit phyA action.

An attractive hypothesis explaining the experimen-
tal results is direct competition of phyB and phyA
photoreceptors for a binding partner. The binding of
phyB to a cognate partner protein of phyA without
initiating a signaling event would be favored by the
native structure of the phyB holoprotein. Clearly,
phyB is able to evoke inhibitory effects on phyA in its
native Pr as well as its Pfr form (Fig. 3B). In contrast,
Pfr is strictly required for active physiological re-
sponses of phyB. Similar inhibitory effectiveness of
Pfr and Pr fully accounts for the observed action
under diverse photoequilibria. As the apoprotein ap-
pears to be similar but not identical to the Pr form of
the holoprotein, the inhibitory effect of phyB holo-
protein is expected to be larger than that of C357S
apoprotein. The reported dependence of the inhibi-
tion of phyA action on the concentration of phyB and
the dominant negative effects of overexpressed frag-
ments of phyB (Sakamoto and Nagatani, 1996a; Wag-
ner et al.,, 1996) strengthen this hypothesis. It is in-
teresting that two of the known phytochrome
interacting proteins, PIF3 and PKS, bind to both
phyA and phyB, whereas they are discussed mainly
in phyB signaling (Ni et al., 1998; Fankhauser et al.,
1999). Consequently, phyA and phyB are sufficiently
similar to bind to the same proteins. Figure 6 sum-
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Figure 6. Schematic representation of a molecular model for nega-
tive interactions of phyB and phyD with phyA function. Binding to an
interaction partner, which is present in limiting amounts, is required
for phyA function. The similar proteins phyB and phyD can bind to
the partner of phyA; however, they cannot initiate effective signaling.
Loss of phyB and/or phyD consequently frees the interaction partner
to form functional complexes with phyA while overexpression ti-
trates out even more partner molecules.

marizes the proposed model of inhibitory interac-
tions of phyB and phyD with phyA.

It remains unknown whether phyB and phyD act
by an identical or via two independent mechanisms to
inhibit phyA. The high sequence similarity and close
evolutionary relation of both proteins favors a com-
mon mechanism. It appears possible that quantitative
rather than qualitative differences between phyB and
phyD give at least partly rise to the different observa-
tions. The loss of relatively low amounts of endoge-
nous phyD may relief the VLER but not the HIR.

It is important that both phyB and phyA are im-
ported into the nucleus upon irradiation (Sakamoto
and Nagatani, 1996b; Kircher et al., 1999; Yamaguchi
et al., 1999). In tobacco, a phyB GFP fusion, which
cannot incorporate the chromophore, does not accu-
mulate in the nucleus (Kircher et al., 1999). Nuclear
import of phyB, similarly, is not caused by FR (Gil et
al., 2000). The inhibition of phyA action by phyB in
FR, therefore, indicates that the negative interaction
occurs in the cytoplasm. In the future, it will be
highly interesting to analyze nuclear transport of
phytochromes in the background of various photo-
receptor mutants.

MATERIALS AND METHODS
Plant Material, Growth Conditions, and Light Sources

The following ecotypes of Arabidopsis were used: Ler,
Col, and No-0 (all obtained from Lehle Seeds, Tuscon, AZ).
The mutants and their amino acid substitutions (specified
in parentheses) used were phyA-201 (Q980STOP; Nagatani
et al., 1993; Reed et al., 1994), phyB-4 (H283W; Reed et al.,
1993), phyB-5 (W552STOP; Koornneef et al., 1980; Reed et
al., 1993), and phyD-1 (chromosomal deletion, Aukerman et
al., 1997). The double mutants phyA-201 phyB-5 and phyB-5
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phyD-1 were generated by crossing (Devlin et al., 1999).
The cDNA of Arabidopsis phyB was fused to the 35S
promoter and transformed into No-0 yielding the ABO
lines (Wagner et al., 1991, 1996). Use of a point mutated
cDNA (C357S) alternatively gave rise to the line C7g; the
overexpressed phyB in this line cannot incorporate the
chromophore. All overexpressor lines were a kind gift of P.
Quail (Albany, CA).

Seeds were plated on four layers of water-soaked filter
papers, which were placed into clear plastic boxes. A 24-h
dark treatment at 4°C was followed by induction of germi-
nation by white light for 24 h and further incubation of
seedlings in the dark or under indicated light conditions at
25°C. Standard R (656 nm) or FR (730 nm) fields were used
(Heim and Schiéfer, 1982). For dichromatic R+FR irradia-
tion Xenosol III projectors (Zeiss, Jena, Germany) were
used (Beggs et al., 1981). Monochromatic light of different
wavelengths was supplied using Prado light projectors
(Leitz, Midland, Ontario) with appropriate interference fil-
ters (Schott, Mainz, Germany). The values of the photocon-
version cross-sections were assumed to be close to those
given by Mancinelli (1994) for oat phyA.

Protein Extraction and Immunoblotting

Seedlings were extracted with SDS-sample buffer (65
mm Tris-HCl, pH 7.8, 4 M urea, 10 mm dithioerythritol,
0.05% [w/v] bromphenol blue) by sonification (Sonifier
Bandelin Sonopuls GM 70 MS 72) and heated to 95°C for
several minutes. The crude extracts were clarified by cen-
trifugation for 15 min at 20,000g (25°C).

SDS-PAGE, protein blotting, and immunodetection were
performed as described by Harter et al. (1993). Monoclonal
antibodies against phyB of Arabidopsis were a generous
gift of P. Quail (Albany, CA) (Hirschfeld et al., 1998).

Determination of Hypocotyl Length and
Germination Frequencies

Hypocotyl lengths were measured manually for at least
25 seedlings. The mean value of at least three independent
experiments and the SE of the mean are shown. Germina-
tion percentages of 80 to 120 seeds were determined by
taking the protrusion of the radicle as the criterion of
germination. The mean value of at least four independent
experiments and the sE of the mean are shown. At least two
independent seed batches per line or mutant were used for
germination experiments.

Anthocyanin Assay

Sixty seedlings of each line or mutant were harvested
after appropriate light treatments. Extraction of anthocya-
nin and its spectroscopical determination was performed
as described (Poppe et al., 1998). Seedlings were boiled in
0.75 mL of extraction buffer (18% [v/v] isopropanol, 1%
[v/v] HCI) for 3 min and subsequently extracted by shak-
ing in darkness at 4°C for 24 h. The samples were centrifu-
gated at room temperature for 5 min and the absorbance of
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the supernatant at 535 and 650 nm was measured. Antho-
cyanin content was given as corrected As;5 according to:

Abs(535nm),,, =Abs(535nm)—2.2 X Abs(650nm)

corr.
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