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Abstract. Genetic variation induced by tissue culture has
been characterized in many species. The present study
was conducted to genetically and phenotypically charac-
terize an albino mutant in sunflower induced by in-vitro
culture. A single recessive gene defective in carotenoid
biosynthesis eventually leads to a chlorophyll loss due to
photobleaching, absence of seed dormancy, and a low
level of endogenous abscisic acid (ABA) in cotyledons
and leaves. Further characterization has shown that the
endogenous level of the hormone does not increase after
drought stress and that the mutation prevents an-
thocyanin synthesis.
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Introduction

Changes in both quantitative and qualitative traits have
been described amongst regenerated plants. An analysis
of the selfed progenies of regenerants has demonstrated
that many of the observed changes are heritable due to
genetic differences. These include numerical and structur-
al chromosome variation, point mutations, transposition
of DNA sequences, and changes in the mitochondrial and
chloroplast genome (Karp 1991).

In sunflower, we have previously described (Pugliesi
et al. 1991) the genetic variation induced by in-vitro tissue
culture by scoring the chimerism of regenerants which
derived from plants heterozygous for two monogenic
characters expressed in the fruit epidermis and in the ray
flowers of the capitulum. Furthermore, the analysis of the
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selfed progeny of regenerated plants showed the presence
of albino seedlings. In this report, we describe an albino
mutant of Helianthus annuus, hereafter called non-dor-
mant (nd-1), induced by in-vitro tissue culture, in which
the genetic lesion seems to impair one of the early steps
in carotenoid biosynthesis resulting in both photobleach-
ing and abscisic acid (ABA) deficiency. The features of
this mutant support the idea that in Helianthus, as previ-
ously demonstrated with corn (Moore and Smith, 1985)
and Arabidopsis (Duckham et al. 1991; Rock and Zee-
vaart 1991), ABA is synthesized from carotenoid precur-
SOTS.

Materials and methods

Plant material

The nd-1 mutant analyzed in this study was found in the selfed
progeny of an in-vitro regenerated plant. Regeneration was ob- -
tained from cotyledonary explants of an inbred isogenic (nine
generations of selfing) sunflower line (Pugliesi et al. 1991). The
nd-I mutant is not capable of independent existence. Under nor-
mal light conditions, the seedlings lack chlorophyll and form
only one pair of true leaves. Under low intensity illumination,
chlorophyll is formed, but in both cases seedlings live only for
2-3 weeks, after which they die. The origin of the genetic mate-
rial used in this study is summarized in Fig. 1.

To determine chlorophyll and carotenoid levels, seedlings
were grown for 7 days after germination in a growth chamber at
25+1°C. For anthocyanin measurements, 1-week-old seedlings
grown at two different temperatures (5°C and 25°C) were used.
In all experiments, seedlings were maintained at a 16 h photope-
riod. White light (WL) was obtained from Philips (Eindhoven,
The Netherlands) TLM 40W/33 RS fluorescent tubes.

In some experiments, seedlings were grown for 1 week in
darkness.

Chlorophyll determination

Seedlings of the nd-1 mutant and of the green sibs (i.e., collected
from the same head) were grown in the dark and under WL and
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Fig. 1. Origin of the albino mutation and of the genetic materi-
als used in this study. The numbers in brackets represent the
number of seedlings or plants

the standard photon fluence rates were 12 and 180 pmol m ™2

s~ 1. Twenty to thirty 1.13 cm? leaf disks of each genotype and
light treatment were removed and placed in N-N dimethylfor-
mamide (DMF) (Moran 1982). Samples were incubated in the
dark at 4°C for 24 h. Absorption readings were made on a
UV-visible light spectrophotometer Shimazu at 625, 647 and
664 nm. All values presented are the means of experiments repli-
cated at least three times (9—12 replicates).

Anthocyanin measurement

Hypocotyls of the nd-1 mutant and of green sib-seedlings gorwn
in the dark at two different temperatures and under WL (stan-
dard photon fluence rate of 180 pml m~Z s~ *) were extracted in
10 cm? of acidified (1% HCI, w/v) methanol for 2 days at 4°C,
with shaking at 12-h intervals. Extracts were clarified by filtra-
tion and absorbance values were measured at 530 and 657 nm.
According to Mancinelli and Rabino (1985), the formula A 30—
Ags, was used to compensate for the absorption of chlorophyll
derivates at 530 nm. All values presented are the means of exper-
iments repeated at least three times.

Carotenoid determination

From 40 seedlings grown under WL at the standard photon
fluence rate of 180 umol~% s~ 1, samples of the two genotypes
were extracted in the dark with 3 ml/gm tissues of acetone. After
the addition of 3 ml/gm tissue of petroleum ether, the extract was
clarified by centrifugation. The upper phase was then dried un-
der a stream of nitrogen and resuspended in petroleum ether
(b.p. 35—-65°C). Absorption spectra were obtained with a Beck-
man (DU-70 spectrophotometer. When necessary, the petro-
leum ether extract was further fractionated by thin layer chro-
matography on silica gel plates (Giuliano et al. 1986).

Table 1. Summary of genetics results for the R, generation of the
albino phenotype

Growing Number of Number of selfed
conditions independent  progeny plants
R; progenies
Green Albino x2(3:1)
Field 7 935  148(13.7) 84.2%**
Greenhouse 21 2140 660(23.6) 5.8

In brackets: the percentage of albino seedlings
*# P> 0.001

ABA measurements

For the estimation of endogenous ABA levels, nd-1 and green
sib-seedlings were grown for 2 weeks in a growth chamber (tem-
perature 25°C at 70% relative humidity, 16-h fluorescent light at
12 pmol m~2 s~ 1, 12-h dark). The tissues collected (cotyledons
and leaves) were either instantly frozen in liquid nitrogen and
stored at —20°C, or wilted by cutting off the aerial part from the
roots and stored in glass vials. Fresh weight was determined
every half-hour. When the fresh weight was about 50% of the
initial, cotyledons and leaves were frozen as above. The last
weighting was used to correct for weight loss.

ABA was measured by immunoassay in crude aqueous ex-
tracts of tissue (50—100 mg FW). Samples frozen in liquid nitro-
gen were extracted with distilled water for 16 h at 4°C in the
dark. Aliquots (50 pl) of extract were then analyzed using a
solid-phase RIA based on monoclonal antibody raised against
free s(+)-ABA, as previously described (Vernieri et al. 1989).

Results

Mode of inheritance of the albino phenotype
and absence of dormancy in the nd-1 mutant

Twenty plants from seventy-five of the R, seeds were
grown in an open field and, after self-pollination, seeds
from seven of them produced albino seedlings on germi-
nation. In Table 1 the total number of germinating ach-
enes and the number of albino seedlings per head are
reported. The percentage of albino seeds in heterozygous
heads was 13.67 which is not consistent with a single
recessive ratio as shown by a chi-square (3?) test.

On the other hand, the segregation data for seeds
from 55 self-pollinated R, plants grown in a greenhouse
under controlled environmental conditions (Table 1)
gave an almost perfect single recessive ratio (23.57%).

The R, green seedlings derived from plants grown in
the field were self-pollinated and the number of heads
segregating for the albino character was 600 in a total of
904, showing a ratio between heterozygous and ho-
mozygous plants of 1.97 and confirming that the albino
phenotype is controlled by a single recessive gene.

Further observations on self-pollinated, field-grown
heterozygous plants showed that before harvest, in pres-
ence of a high relative humidity, premature germination
of the albino seeds occurred in the head. These seedlings
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Table 2. Effect of white fluence rates on the chlorophyll content of the nd-7 mutant and an isogenic line

Fluence rate nd-1 mutant

wt-sibs

(umolm™2?s71%)
Proto- a b

Total Proto- a b Total

44
(18.72) (26.38)
0.6 0.7

12,9 6.2
(54.89)

SE 11

12 15 100 20
(11.11) (74.07) (14.81)
SE 4.1 9.01 4.03

180 0 0 0

Total darkness

SE

3.7 38 212
(17.53) (17.92)

0.3 0.5

154 28
(75.86) (13.79)
15.1 10.9

891 353
(65.51) (25.95)
451 15.3

13.7
(64.62)
1.2

135 21
(10.34)
32

0 116
(8.52)
20.03

23.5

203

1,360

Chlorophyll content: mg/kg fresh weight. In brackets: percentage of pigment

survived for 2—3 days, until death was caused by drying
of the head.

We have observed a similar lack of dormancy in sun-
flower seeds homozygous for the albino character in ger-
mination experiments involving seeds freshly harvested
from self-pollinated heterozygous plants. The ho-
mozygous recessive nd-1 seeds germinated uniformly and
quickly, whereas no germination was observed for green
sib-seeds. Their germination increased after storage for 1
or 2 months from 0 to almost 100%. In the precocious
germination of albino seeds no differences were observed
between decoated and complete fruits.

Since the nd-1 mutant must be maintained as a het-
erozygote, the lack of dormancy can be used to identify
the segregating heads of heterozygous plants.

Analysis of pigments

In Table 2 quantitative determinations of the chlorophyll
concentrations in the nd-1 and green sib-seedlings grown
in total darkness and at two light conditions are given.

The values of protochlorophyll, chlorophyll a and
chlorophyll b in total darkness agree quite closely be-
tween the mutant and its green sibs. From data of chloro-
phyll production and accumulation after prolonged ex-
posure to weak light the chlorophyll content in the albino
mutant is 2/3 that of green sibs with little or no difference
between them in respect to of a/b ratios observed. With
a fluence rate of 180 pumol m ™2 s™! the mutant seedlings
are completely white because they totally lack chloro-
phyll. It is particularly interesting to note that white light
and temperature (Table 3) have no measureable effect on
anthocyanin synthesis, while a high fluence rate resulted
in a stimulation of anthocyanin synthesis in the green sibs
which breed true for this character.

Figure 2 shows the absorption spectra of petroleum
ether extracts of the nd-/ mutant and the wild-type when
grown under high photon fluence rate. In the green line
the observed maxima indicate the presence of chloro-
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Fig. 2. A,B. Absorption spectra of green-sib (A) and nd-1 mu-
tant (B) seedlings
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Table 3. Effect of white light (180 pmol ™2 s ™) and temperature
on the anthocyanin content of the nd-f mutant and an isogenic
line. Anthocyanin content: absorbance for 100 g of fresh materi-
al + standard error

Treatment Temperature Genotype
O
nd-1 Isogenic line
Dark 5 0 0
25 0 0
WL 5 0 0.631+0.02
25 0 0.568 +£0.03

Table 4. Levels of ABA (ng/g fresh weight) in non-stressed (NS)
and stressed (S) cotyledons and leaves of the nd-1 mutant and its
green sibs

Genotype Tissue Treatment
NS S
nd-1 mutant Cotyledons 51+0.5 43+0.5
Leaves 224+0.6 0.540.2
Green sibs Cotyledons 10.3+1.6 29.3+1.4
Leaves 13.5+0.9 30.8+1.5

phyll and carotenoids while in the nd-7 mutant no evi-
dence for the presence of chlorophyll or the coloured
carotenoids was found.

No evident peaks diagnostic of UV-absorbing
carotenoid precursors (phytoene, phytoluence or (-
carotene) were observed (Guiliano et al. 1986; Scolnik et
al. 1987). Nevertheless, since a peak with an absorption
maximum around 280 nm, which could mask tiny
amounts of accumulated phytoene, is observed both in
the wild-type and in the mutant, the extract was further
fractionated by thin layer chromatography using as a
standard phytoene derived from seedlings of the tomato
ghost mutant (Scolnik et al. 1987). No compound comi-
grating with phytoene was observed in this system.

Taken together, these data indicate that carotenoid
biosynthesis is presumably arrested in the mutant before
the formation of phytoene.

ABA levels in albino mutant and wild-type

Quantitative estimation of levels of ABA in extracts of
cotyledons and leaves of the nd-7 mutant and green sibs
(Table 4) show that the albino mutation is associated
with a significant reduction in endogenous ABA level
(P<0.01). Statistical analysis of the results was per-
formed using a paired sample t-test. Detached cotyledons
and leaves of the wild-type responded to a rapid stress by
producing ABA. After about 2 h the levels had increased
from an average of 12 to 30 nmol g~ ! (150% increase).

Detached leaves of nd-7 failed to respond to the stress by
synthesizing ABA.

Discussion

Mutants with a low endogenous content of abscisic acid
(ABA) and a reduced capacity to accumulate the hor-
mone in response to water stress have been isolated from
a number of species (Koornneef 1986). All ABA-deficient
mutants in dicot species have normal levels of chloro-
phyll and many show a wilty phenotype due to their
abnormal stomatal behaviour.

The best characterized wilty, ABA-deficient, mutants
are the notabilis (not), flacca (flc) and sitiens (sif) mutants
of tomato (Tal 1966; Tal and Nevo 1973; Neil and Hor-
gan 1985). Wilty ABA-deficient mutants of potato
(droopy; Quarric 1982), pea (wilty; Wang et al. 1984),
Arabidopsis thaliana (aba; Koornneef et al. 1982) and
Nicotiana plumbaginifolia (CRK!; Blonstein et al. 1991)
have also been reported.

In some mutants in monocost-species, low ABA con-
centrations are accompanied by a large reduction in
chlorophyll content and often they show precocious ger-
mination. Some of the viviparous mutants of maize fall
in this category. In these mutants, the genetic lesions
involved specific steps in the carotenoid pathway (Moore
and Smith 1985).

The nd-1 mutant of sunflower, as is the case for all
ABA-deficient mutants, is monogenic recessive and is
carotenoid deficient like the maize viviparous mutants.
The primary lesion leads to the following multiple meta-
bolic defects: chlorophyll is destroyed under high light
intensity, the endogenous ABA content is lower than in
the isogenic line, the capacity to accumulate the hormone
in response to water stress is lacking, and seeds show a
lack dormancy. Le Page-Degivry et al. (1990) showed in
sunflower, that the endogenous ABA level increased
sharply during embryo development and an application
of fluridone, an inhibitor of carotenoid biosynthesis, pre-
vented both ABA synthesis and the development of em-
bryo dormancy. The results with the nd-f mutant con-
firm that the lack of dormancy may be correlated with
the lack of ABA synthesis in developing embryos. Our
observation that the seed coat does not control the dor-
mancy indicates that its induction occurred because the
embryos were able to synthesize ABA and was indepen-
dent of the presence of maternal ABA.

The relationship between the blocks in the carotenoid
pathway and the effects on ABA provide strong argu-
ments for the indirect C,, (apo-carotenoid) route (Li and
Walton 1990; Duckham et al. 1991; Rock and Zeevaart
1991; Parry and Horgan 1992).

In sunflower, a non-dormant, carotenoid-free, white
mutant which has not been characterized with respect to
ABA was described by Wallace and Habermann (1959).



The mutant was obtained from the progeny of a single
ultrasonically-treated seedling and is no longer available.
However, Walles (1965) when describing the structural
organization of the plastids in leaves of the white mutant
reported that white seedlings could develop anthocyanin
colour at low temperature. The nd-1 mutant is unable to
accumulate anthocyanin under light and low tempera-
ture treatments suggesting that the metabolic block is
probably located in a different step of the pathway.
Many stimuli can initiate anthocyanin synthesis. These
can be environmental signals, such as cold, hormone
levels and sensitivity, quality of light, or developmental
age. The arrest in anthocyanin synthesis in the nd-7 mu-
tant is not completely understood. Carotenoid-deficient
mutants of tomato (ghost) (Scolnik et al. 1987) and maize
(Vp7/ps-1) (Neill et al. 1986) are able to synthesize an-
thocyanins in response to white light. The only mutant in
which an interaction of ABA and anthocyanin biosyn-
thesis has been reported is the Fp-/ mutant of maize
which is a regulatory mutant insensitive to ABA and
deficient in anthocyanin synthesis (Robichaud and Sus-
sex 1986; Mc-Carty et al. 1989). Hattori et al. (1992)
suggest that Fpi activates C1 specifically during seed
maturation by interacting with one or more ABA-regu-
lated transcription factors. The failure to achieve this
interaction in Vp-7 would be consistent with the hor-
mone-insensitive phenotype of this maize mutant. Our
results in sunflower indicate that the mutation which
affects the level of ABA in the seedlings also inactivates
the anthocyanin pathway, thus supporting the regulatory
pathway proposed by the previous authors (Hattori et al.
1992).

Acknowledgements. Research work supported by the National
Research Council of Italy, Special Project RAISA, Sub-project
no. 2, Paper no.787. Thanks are due to Prof. F. D’Amato for

critical reading of the manuscript; the authors are greatly indebt-
ed to Mr. Mario Rocca for very efficient technical assistance.

References

Blonstein AD, Parry AD, Horgan R, King PJ (1991) A cy-
tokinin-resistant mutant of Nicotiana plumbaginifolia is
wilty. Planta 183:224-250

Duckham SC, Linforth RST, Taylor IB (1991) Abscisic acid-de-
fiient mutants at the aba gene locus of Arabidopsis thaliana
are impaired in the epoxidation of zeaxanthin. Plant Cell
Environ 14:601-606

Giuliano G, Pollock D, Scolnik PA (1986) The gene crt] medi-
ates the conversion of phytoene into colored carotenoids in
Rhodopseudomonas capsulata. Biol Chem 261:12925-12929

Hattori T, Vasil V, Rosenkrans L, Hannah LC, McCarty DR,
Vasil IK (1992) The viviparous-1 gene and abscisic acid acti-
vate the C1 regulatory gene for anthocyanin biosynthesis
during seed maturation in maize. Genes Dev 6: 609618

Karp A. (1991) On the current understanding of somaclonal
variation. Oxford Surveys Plant Cell Biol 7:1~58

Koornneef M (1986) Genetic aspects of abscissic acid. In: Blond-
stein AD, King PJ (eds) A genetic approach to plant bio-
chemistry. Springer, Wien, pp 35-54

09

Koornneef M, Jorna ML, Brinkhorst-Van Der Swan DLG,
Karssen CM (1982) The isolation of abscisic acid (ABA)-de-
ficient mutants by selection of induced revertants in non-ger-
minating gibberellin-sensitive lines of Arabidopsis thaliana
(L.) Heynh, Theor Appl Genet 61:385-393

Le Page-Degivry MT, Barthe P, Garello G (1990) Involvement
of endogeneous abscisic acid in onset and release of He-
lianthus annuus embryo dormancy. Plant Physiol 92: 1164~
1168

Li Y, Walton DC (1990) Violaxanthin is an abscisic acid precur-
sor in water-stressed dark-grown bean leaves. Plant Physiol
92:551-559

Mancinelli AL, Rabino I (1985) Effectiveness of intermittent
light treatments on anthocyanin synthesis in dark grown and
light-pretreated seedlings. Plant Physiol 78:203-206

McCarty DR, Carson CB, Stinard PS, Robertson DS (1989)
Molecular analysis of viviparous-1: an abscisic acid-insensi-
tive mutant of maize. Plant Cell 1:523-532

Moore R, Smith JD (1985) Gravirespnosiveness and abscisic-
acid content of roots of carotenoid — deficient mutants of Zea
mays L. Planta 164:126-128

Moran R (1982) Formula for determination of chlorophylious
pigments extracted with N,N-Dimethylformamide. Plant
Physiol 69:1376-1381

Neill SJ, Hogan R (1985) Abscisic acid production and water
relations in wilty mutants subjected to water deficiency.
36:1222-1231

Neill SJ, Horgan R, Parry AD (1986) The carotenoid and ab-
scisic acid content of viviparous kernels and seedlings of Zea
mays L. Planta 169:87-96

Parry AD, Horgan R (1992) Abscisic acid biosynthesis in higher
plants. In: Karssen CM, van Loon LC, Vreugdenhil D (eds)
Kluwer Academic Publisher Dordrecht, pp 160172

Pugliesi C, Cecconi F, Mandolfo A, Baroncelli S (1991) Plant
regeneration and genetic variability from tissue cultures of
sunflower (Helianthus annuus 1.). Plant Breed 106:114-121

Quarrie SA (1982) Droopy: a wilty mutant of potato deficient in
abscisic acid. Plant Cell Environ 5:23-26

Robichaud CS, Sussex IM (1986) The response of viviparous-1
and wild-type embryos of Zea mays to culture in the presence
of abscisic acid. J. Plant Physiol 126:235-242

Rock CD, Zeevaart JAD (1991) The aba mutant of Arabidopsis
thaliana is impaired in epoxy-carotenoids biosynthesis. Proc
Natl Acad Sci USA 88:7496-7499

Scolnik PA, Hinton P, Greenblatt IM, Giuliano G, Delanoy
MR, Spector DL, Pollock D (1987) Somatic instability of
carotenoid biosynthesis in the tomato Ghost mutant and its
effect on plastid development. Planta 171:11-18

Tal M (1986) Abnormal stomatal behaviour in wilty mutants of
tomato. Plant Physiol 41:1378-1391

Tal M, Nevo Y (1973) Abnormal stomatal behaviour and root
resistance, and hormonal imbalance in three wilty mutants of
tomato. Biochem Genet 8:291-300

Vernieri P, Perata P, Armellini D, Bugnoli M, Presentini R,
Lorenzi R, Ceccarelli N, Alpi A, Tognoni F (1989) Solid-
phase radioimmunoassay for the quantitation of abscisic
acid in plant crude extracts using a new monoclonal anti-
body. J Plant Physiol 134:441-446

Wallace RH, Habermann HM (1959) Genetic history and gener-
al comparison of two mutations of Helianthus annuus. Am J
Bot 46:157-162

Walles B (1965) Plastid structures of carotenoid-deficient mu-
tants of sunflower (Helianthus annuus L.). I. The white mu-
tant. Hereditas 53:243-256

Wang TL, Donkin ME, Martin ES (1984) The physiology of a
wilty pea: abscisic acid production under water stress. Bot
35:1222-1232



