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Use of a Ds Chromosome-Breaking Element to
Examine Maize Vp5 Expression

E. T. Wurtzel

To determine the localization of Vp5 expression in maize, and to further characterize
vp5 mutations in kernels and in other parts of the plant, a genetic technique was
utilized to generate mosaic tissues. In particular, advantage is taken of a feature of
the Activator (Ac)-Dissociation (Ds) controlling elements of maize to cause chro-
mosome breakage, allowing phenotypic observation of the lethal vp5 allele through-
out the maize plant. Mosaic tissues result from chromosome breakage at the site of
the Ds element and subsequent unmasking of a recessive vp5 allele. The appearance
of sectors in both endosperm and leaf tissue indicates that the Vp5 product behaves
in a cell-autonomous fashion. Spectrophotometric analysis of leaf-sector pigments

supports this observation.

Carotenoid pigments function as acces-
sory light harvesting pigments in photo-
synthesis and are the primary photopro-
tectors of all photosynthetic organisms. In
photosynthetic organisms, colored carot-
enoids protect against photooxidation by
quenching highly reactive and damaging
singlet oxygen and excited states of chlo-
rophyll (Anderson and Robertson 1960;
Mathis and Schenck 1982). In higher plants,
carotenoids are additionally found in many
nonphotosynthetic tissues (for reviews,
see Britton and Goodwin 1982; Goodwin
1976). Carotenoids are also metabolic pre-
cursors of the plant hormone, abscisic acid
(ABA) (for review, see Creelman and Zee-
vaart 1984; Koornneef, 1986; Moore and
Smith 1985; Robichaud et al. 1980), dem-
onstrating the manifold importance of ca-
rotenoids in both photosynthetic and non-
photosynthetic tissues.

The maize carotenoid biosynthetic
pathway, deduced from biochemical char-
acterization of mutants altering expres-
sion of nuclear encoded genes, is light reg-
ulated and plastid localized (Beyer et al.
1985; Horvath et al. 1972; Kreuz et al. 1982;
Lutke-Brinkhaus et al. 1982; Mayfield et al.
1986; Robertson et al. 1978). However, mu-
tations blocking the pathway are lethal,
precluding mutant analysis throughout
development. In addition, limited prog-
ress has been made in purification of the
biosynthetic enzymes or isolation of ge-
netic loci associated with this pathway,
which is a prerequisite for a comprehen-

sive study of the molecular regulation of
the pathway in higher plants (Buckner et
al. 1990; Dogbo et al. 1988).

In the proposed pathway, the dehydro-
genation of the first compound, phytoene,
to phytofluene is catalyzed by a phytoene
dehydrogenase. Two recessive mutations
in maize, vp5 (mapping to chromosome 1)
and vp2 (mapping to chromosome 5), block
this step and therefore accumulate phy-
toene (Robertson et al. 1978). It is not
known if either of these loci encode the
phytoene dehydrogenase. In photosyn-
thetic tissue, the absence of colored ca-
rotenoids due to these mutations pleiotro-
pically affects the development of the
chloroplast and the synthesis of both nu-
clear and cytoplasmically encoded pro-
teins (Mayfield and Taylor 1984; Robert-
son et al. 1978). The accumulation of
phytoene is manifested by a white kernel
phenotype, in contrast to the yellow wild-
type color (Figure 1A). The mutations do
not prevent kernel development but do
have a secondary effect on seed dorman-
cy, an ABA-controlled stage in seed de-
velopment. In the absence of ABA, as in
vp5 mutants, kernels precociously germi-
nate on the ear at late stages of develop-
ment. The homozygous recessive mutant
seedlings are albino and do not mature.

Reported here is the genetic approach
utilized to further characterize the Vp5lo-
cus of maize. In particular, advantage was
taken of a class of nonautonomous-con-
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Figure 1. Kernel and leaf phenotypes: (A) Kernels from an ear segregating the standard upd homozygous mutant white kernels and nonmutant yellow kernels. Kernel
ops have been removed to provide a view of the endosperm; (B) Top view of kermel exhikiting chromosome breakage on IS5, produced by cross-pollination of a vp$

elerozygous stock by a line containing a Os chromosome-breaking element on 15 and an Ae at the P

locus on IS5, The top of the kernel has been removed to provide

1 elear view of the endosperm, Coloration of the aleurone laver of the endosperm results from anthocyanin pigmentation, White sectors are due to chromosome breakage
ind unmasking of the recessive, up5 allele; (C) The kernel shown in (B) was subsequently transversely sliced: () Transverse section of yellow kernel shown in {A); (E)
4 Mutator-induced ops mutant kernel. The white kernel exhibits yellow revertant sectors due to transposition of a ransposabile ehement away from the Vos loous: (F) Leal
seclors observed in a plant grown from a kernel with a genotype similar to that shown in 1B,

rolling (transposable) elements, termed
Lissociation (%) elements, which were
first characterized by MeClintock (1946,
1947, 1951). These particular Ds elements,
ikely to have a unique physical structure
Lidring et al, 1983), provide sites for chro-
nosome breakage mediated by a trans-
wting autonomous-controlling element,
detivator (Ac). Chromosome breakage
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during somatic development resulls in
variegated tissue when such chrome-
some-breaking elements, residing on the
appropriate chromosome arm, are intro
duced into lines heterozygous for the lo-
cus of interest. Chromosome hreakage al-
lows for phenotypic observation of the
lethal gpballele in both kernels and whole
plants.

Materials and Methods

Plant Materials and Growth

Kernels photographed came from maize
plants grown under typical summer field
conditions and harvested 30-40 days after
pollination. [ extracted pigments from
greenhouse plants grown under supple-
mental lighting. Maize lines, containing
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Figure 2. Spectrophotometric analysis of pigments in leaf tissue exhibiting chromosome breakage and sub-
sequent unmasking of the recessive vp5 allele: (A) Green leaf sample. a = carotenoids and b = chlorophyli; (B)
White sector from the same leaf as in A. The arrow points to the maximum absorbance of the noncolored

carotenoid precursor, phytoene.

dek1 or the Ds chromosome breaker (Ds-
4) on chromosome 15, were developed by
and obtained from Dr. M. G. Neuffer (Uni-
versity of Missouri, Columbia, Missouri).
The chromosome breaking stock was of
the genotype Vp5 P*(Ac) Dekl Ds-4/Vp5 p
dekl1, A C R. The exact position of Ds-4on
chromosome 1S (short arm of chromo-
some 1) has not been defined (Neuffer
1986). I used this stock as the pollen par-
ent and crossed it onto a vp5 heterozygous
stock obtained from the Maize Genetics
Stock Center. The Mutator-induced uvp5
seed was obtained from Dr. Donald Rob-
ertson (University of lowa, Ames, lowa).
Kernels shown in Figure 1E were produced
by self-pollination of this latter stock.

Pigment Extraction and Analysis

Total leaf pigments were extracted from
mature plants. Tissue from equivalent
amounts of green or white sectors was ho-
mogenized in acetone using a Dounce ho-
mogenizer. | added an equal volume of
petroleum ether, centrifuged samples at
15,000 x g, then transferred the organic
phases to new tubes, dried them down,
and resuspended them in twice the orig-
inal volume of petroleum ether. Through-
out the procedure, | protected samples
from exposure to light. Sample absor-
bance readings were scanned between 200
and 800 nm in a dual-beam Perkin Elmer
spectrophotometer. Preliminary identifi-
cation of pigment classes was made ac-
cording to Scolnik et al. (1987).

Results

To determine the localization of Vp5 ex-
pression in maize, and to further charac-
terize vp5 mutations in kernels and in oth-
er parts of the plant, a genetic technique
was used to generate tissues that exhibit
a mixture of both mutant and wild-type
phenotypes within one plant organ. This
approach eliminated the need to first iso-
late new mutations containing transposa-
ble element insertions at the Vp5locus and
bypassed the problems associated with
obtaining mature tissue from a lethal mu-
tant. A maize line heterozygous for a stan-
dard recessive vp5 allele, which maps to
chromosome 1S (short arm of chromo-
some 1), was crossed by a line (kindly
provided and developed by Dr. M. G. Neuf-
fer) containing a Ds chromosome-break-
ing element on chromosome IS. An Acon
the chromosome carrying the Ds breaker
mediates breaks at the site of the Ds, elim-
inating all genes distal to the Ds. This was
previously tested by Dr. Neuffer, and con-
firmed by this author, through crossing
this Dschromosome breaker line by a stock
heterozygous for the lethal recessive, dek1
(defective kernel) mutation, which maps to
chromosome 1S. Chromosome breakage
causes unmasking of the dek] mutation,
which is manifested by the segregation of
defective kernels and kernels that exhibit
dekl sectors on the ear (Neuffer 1986).
The dek1kernels and/or sectors are easily
distinguished by their lack of anthocyanin

pigmentation, which is a pleiotropic effect
of this mutation (Neuffer and Sheridan
1980). Similarly, pollination of a stock het-
erozygous for vp5 by this Ds-chromosome
breaker stock leads to unmasking of the
recessive yp$5 allele as a consequence of
chromosome breakage of the Ds-contain-
ing chromosome arm. Lineages of cells de-
rived from such a break are hemizygous
for the recessive yp5 allele and exhibit a
white endosperm phenotype, whereas lin-
eages of cells arising from nonbroken arms
express the wild-type, yellow endosperm
phenotype. The resulting sectored kernel
is shown in Figure 1B,C. These variegated
kernels obtained by somatic events of
chromosome breakage contrast with the
stable phenotypes of the yellow wild type
and white, vp5, standard recessive kernels
(Figure 1A,D). The white sectors (Figure
1B,C) are large in size, indicating chro-
mosome breaks that occurred early in so-
matic development of the endosperm. In
comparison, Figure 1E shows a kernel that
exhibits transposition of a transposable el-
ement away from the Vp5locus late in so-
matic development, giving rise to small,
yellow revertant sectors.

I planted kernels obtained from the
above crosses to obtain whole plants in
which to observe the variegated pheno-
type. Whereas large sectors were ob-
served in kernels, an indication of chro-
mosome breakage occurring early in
somatic development, leaf sectors were
typically small and not evident until late
in plant development. Only one in 10 plants
exhibited sectors that were large enough
for biochemical analysis. An unusually
large white sector spanning all leaf layers
is shown in Figure 1F. This white sector
continues along both leaf edges for almost
the entire length of the leaf. Adjacent to
the white sector is a region that contains
a light-green sector representing chro-
mosome breakage in cells of only some
leaf layers. The dark-green portion of the
leaf actually contains many tiny sectors,
representing chromosome breakage late
in development. Other large sectors were
usually no more than 2-3 cm in length and
2-3 mm in width on a single leaf and
spanned some or all leaf layers. White sec-
tors spanning all cell layers, as shown in
Figure 1F, are useful for biochemical or
molecular analysis. Pigments were ex-
tracted from equal amounts of tissue from
white sectors or from the surrounding
green tissue to analyze pigment compo-
sition spectrophotometrically. Figure 2A
shows the analysis of pigments in the green
portion of the leaf tissue. As expected,
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peaks corresponding to chlorophyll (ap-
proximately 652 nm) and colored carote-
noids (peak maxima at 380, 420, and 450
nm) are present. One white sector, which
traversed cells in all leaf layers, was ap-
proximately 2 mm wide and extended the
length of the leaf (not shown). Figure 2B
shows a spectrophotometric analysis of
pigments obtained from part of this white
sector. The chlorophyll peak (at 652 nm)
is almost entirely absent, and, in addition
to a minute peak (at 420 nm) correspond-
ing to absorption by colored carotenoids,
there are peaks corresponding to the ca-
rotenoid precursor phytoene (peak max-
ima at 278 and 310, with shoulders at 270
and 290 nm) present in this vp5 mutant
issue.

Discussion

As shown in Figure 1B,C, pollination of a
maize line heterozygous for vp5 by a line
containing the Ds chromosome-breaking
element on chromosome IS resulted in
kernel endosperm that displayed white
sectors on a yellow background, as op-
posed to a diffuse color that might have
been expected if Vp5 encoded a diffusible
gene product expressed in only some cells.
White sectors were also observed in leaf
tissue derived from germination of the
sectored kernels. These results suggest
that the Vp5 gene product behaves in a
cell-autonomous fashion in both endo-
sperm and leaves. That is, a diffusible
product would have been expected to tra-
verse cell boundaries, preventing the
manifestation of variegated tissues. How-
ever, sectors were evident in both kernels
and leaf tissue. Biochemical analysis of
white leaf sectors revealed an absence of
colored carotenoids and chlorophyll, sup-
porting the notion that the Vp5 product
does not diffuse from the nonmutant tissue
to alleviate the pleiotropic efiects of the
vp5 mutation on the accumulation of chlo-
rophyll and development of chloroplasts
in the white leaf sectors. This lack of dif-
fusion was evident both across one cell
layer and between leaf cell layers. The
small amount of chlorophyll found in the
white sector is consistent with the fact that,
even in homozygous recessive albino
leaves, such low levels of chlorophyll are
evident (Robertson et al. 1978). An ab-
sence of sectors in the embryo tissue
suggests that chromosome breakage in
embryo tissue occurs very late in devel-
opment, as found in leaf tissue, and sectors
are therefore not readily observed.

A chromosome-breaking transposable
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element proved useful in analyzing Vp5
expression in maize endosperm and leaves.
The sector size and number is different in
leaf, endosperm, and embryo tissue, as
shown here. The utility of this technique
depends on obtaining observable sectors.
These genetic stocks will be valuable for
future molecular analysis of DNA, mRNA,
and protein in wild-type and mutant sec-
tors. For example, the mutant tissue con-
tains a gene deletion that would be useful
in characterization and verification of a
cloned gene encoding Vp5. Such mosaic
tissue is also useful for in situ hybridiza-
tion studies. This genetic technique is par-
ticularly valuable in the study of carot-
enoid biosynthesis, as many nuclear
mutations result in lethal albino pheno-
types, which cannot otherwise be studied
at the whole plant level. Furthermore, as
a prelude to cloning of the Vp5locus, iden-
tification of transposable element-tagged
vp5 mutable kernels depends on being able
to distinguish yellow revertant sectors on
a white mutant background. As it is not
known where and how carotenoids are se-
questered in the endosperm, it is possible
that somatic reversion due to excision of
a transposable element might give rise to
a light yellow or diffuse pattern, much like
a yl phenotype (Mangelsdorf and Fraps
1931; Randolph and Hand 1940). A diffuse
phenotype would probably be difficult to
spot due to natural variations in endo-
sperm color and would be less useful in
further studies of Vp5 action. The results
described here suggest that new trans-
posable element-insertion mutations at
Vp5 can be identified by screening for ker-
nels having yellow and white sectors—
white sectors represent a transposable el-
ement inserted at Vp5, and yellow sectors
represent the excision and transposition
of the element away from Vp5. This will
facilitate the cloning of the Vp5 locus by
transposon tagging (reviewed in Hake et
al. 1989). In fact, after initiating this study
using the Dsbreaker, | obtained a mutable
up5 allele, as shown in Figure 1E.

The genetic approach described here
can be similarly used for rapidly testing
the feasibility of screening for other trans-
poson-tagged genes. A strategy for cloning
a gene that encodes an unknown product
is to tag the gene with a transposable el-
ement. Transposable element-insertion
mutations are distinguished from point
mutations by screening for variegated
phenotypes. Loss of chromosome arm
conditioning a phenotype due to loss of a
cell-autonomous function will be mani-
fested as an easily distinguishable varie-

gated phenotype in a heterozygous back-
ground. Likewise, this approach is of
general utility for characterizing the ex-
pression of lethal alleles of other essential
genes.

References

Anderson IC and Robertson DS, 1960. Role of carot-
enoids in protecting chlorophyll from photodestruc-
tion. Plant Physiol 35:531-534.

Beyer P, Weiss G, and Kleinig H, 1985. Solubilization
and reconstitution of the membrane-bound carote-
nogenic enzymes from daffodil chromoplasts. Eur J
Biochem 153:341-346.

Britton G and Goodwin TW (eds), 1982. Carotenoid
chemistry and biochemistry. New York: Pergamon
Press.

Buckner B, Kelson T, and Robertson DS, 1990. Cloning
of the yI locus of maize, a gene involved in the bio-
synthesis of carotenoids. Plant Cell 2:867-876.

Creelman RA and Zeevaart JAD, 1984. Incorporation
of oxygen into abscisic acid and phaseic acid from
molecular oxygen. Plant Physiol 75:166-169.

Dogbo O, Laferriere A, D'Harlingue A, and Camara B,
1988. Carotenoid biosynthesis: isolation and charac-
terization of a bifunctional enzyme catalyzing the syn-
thesis of phytoene. Proc Natl Acad Sci USA 85:7054-
7058.

Déring H-P, Nelson-Salz R, and Tillmann E, 1989. Dou-
ble Ds elements are involved in specific chromosome
breakage. Mol Gen Genet 219:299-305.

Goodwin TW (ed), 1976. Chemistry and biochemistry
of plant pigments, 2nd ed, vol 1. New York: Academic
Press.

Hake S, Walko R, Lane B, and Lowe B, 1989. Transpo-
son mutagenesis in developmental biology: method-
ology and results. Curr Top Plant Biochem Phys 8:237-
250.

Horvath G, Kissimon J, and Faludi-Daniel A, 1972. Ef-
fect of light intensity on the formation of carotenoids
in normal and mutant maize leaves. Phytochemistry
11:183-187.

Koornneef M, 1986. Genetic aspects of abscisic acid.
In: A genetic approach to plant biochemistry (Blon-
stein AD and King PJ, eds). New York: Springer-Verlag;
35-54.

Kreuz K, Beyer P, and Kleinig H, 1982. The site of
carotenogenic enzymes in chromoplasts from Narcis-
sus pseudonarcissus L. Planta 154:66-69.

Lutke-Brinkhaus F, Liedvogel B, Kreuz K, and Kleinig
H, 1982. Phytoene synthase and phytoene dehydro-
genase associated with envelope membranes from
spinach chloroplasts. Planta 156:176-180.

Mangelsdorf PC and Fraps GS, 1931. A direct quanti-
tative relationship between vitamin A in corn and the
number of genes for yellow pigmentation. Science 73:
241-242.

Mathis P and Schenck CC, 1982. The functions of ca-
rotenoids in photosynthesis. In: Carotenoid chemistry
and biochemistry (Britton G and Goodwin TW, eds).
New York: Pergamon Press; 339-351.

Mayfield SP, Nelson T, Taylor WC, and Malkin R, 1986.
Carotenoid synthesis and pleiotropic effects in carot-
enoid-deficient seedlings of maize. Planta 169:23-32.

Mayfield SP and Taylor WC, 1984. Carotenoid-deficient
maize seedings fail to accumulate light-harvesting
chlorophyll a/b mRNA. Eur J Biochem 144:79-84.

McClintock B, 1946. Maize genetics. Carnegie Inst Wash
Yrbk 45:176-186.

McClintock B, 1947. Cytogenetic studies of maize and
neurospora. Carnegie Inst Wash Yrbk 46:146-152.



McClintock B, 1951. Chromosome organization and
genic expression. Cold Spring Harb Sym Quant Biol
16:13-47.

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

Neuffer MG, 1986. Transposition of chromosome-
breaking Ds to marked chromosome arms. Maize Gen
Coop Newsl 60:55-56.

Neuffer MG and Sheridan WF, 1980. Defective kernel
mutants of maize: I. Genetic and lethality studies. Ge-
netics 95:929-944.

Randolph LF and Hand DB, 1940. Relation between
carotenoid content and number of genes per cell in
diploid and tetraploid corn. J Agric Res 60:51-64.

Robertson DS, Anderson IC, and Bachmann MD, 1978.
Pigment-deficient mutants: genetic, biochemical, and
developmental studies. In: Maize breeding and genet-
ics (Walden D, ed). New York: John Wiley; 461-494.

Robichaud CS, Wong J, and Sussex IM, 1980. Control
of in vitro growth of viviparous embryo mutants of
maize by abscisic acid. Dev Genet 1:325-330.

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

Wurtzel « Characterization of Vp5 with a Chromosome-Breaking Element 113



