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ABSTRACT The genetic analysis of higher plant
mitochondria has been limited by a scarcity of identified
mutations with known progenitors. Correspondingly, few
molecular studies have been directed at types of plant mito-
chondrial variation other than cytoplasmic male sterility. The
maternally inherited nonchromosomal stripe (NCS) mutants of
maize have profound deleterious effects on plant growth and
yield. We report specific alterations in mitochondrial DNA
(mtDNA) for two independent, phenotypically distinct NCS
mutants. NCS2 plants have a distinctive 21-kilobase Xho I
mtDNA band and very reduced amounts of DNA in an
8-kilobase band that is present in the progenitor. NCS3 plants
have a distinctive 20-kilobase Xho I band and a reduction in a
16-kilobase band. Our studies confirm that the affected
organelle in NCS plants is the mitochondrion. Because NCS-
type plants appear with a certain frequency in a particular line
(WF9), this line is a potential source ofadditional mutations for
functional and molecular analyses of maize mitochondrial
genes.

It is-now well established that phenotypic variability can
result from alterations in organelle genomes. Several exam-
ples have been described for lower eukaryotes, such as yeast
and fungi. They include mitochondrial DNA (mtDNA)
changes that correlate with premature senescence, altered
colony size and morphology, and aberrant patterns ofgrowth
(1-4).

Previously, much of the research on mitochondrial vari-
ability in higher plants has focussed on cytoplasmic male
sterility (CMS), a trait usually associated with mtDNA
rearrangements (5, 6). In contrast with the work on CMS in
maize, little effort has yet been expended on the study of
other types of putative mitochondrial mutations. Nonchro-
mosomal stripe (NCS) describes a set of maternally inherited
mutations in maize, characterized by striking and variable
phenotypic effects including poor growth, abnormal mor-
phologies, and leaf striping. First extensively studied by
Shumway and Bauman (7), NCS arose in a particular line of
maize, WF9, carrying the T-type male-sterile cytoplasm
(cms-T). Although the original NCS mutation has been lost,
two other mutations, known as NCS2 and NCS3, were
discovered by Bauman in T-cytoplasmic versions of inbred
WF9 (NCS3) and the related line, H49 (NCS2) (8).
The results from crosses using NCS plants as either the

male or female parent showed that NCS traits are maternally
inherited (7, 8). Although the generation of NCS mutations
may depend on the nuclear genotype, the mutations are
subsequently inherited strictly through the female parent.
The phenotypic expression ofthe NCS2 and NCS3 mutations
was not suppressed in crosses with several inbred lines:
Ky2l, K55, W23, Mol7, Tr, Oh5la, and A619 (8). The effects

of fertility-restoring genes on NCS phenotypes were tested
by crossing NCS2 and NCS3 plants by pollen from the Ky2l
line, which carries dominant nuclear genes that restore pollen
shedding to cms-T plants. The nuclear genes that suppress
the male-sterile phenotype had no effect on the expression of
either NCS2 or NCS3 in the resulting progeny (8).
Both NCS2 and NCS3 can drastically affect plant height,

vigor, and yield (8). In each case, an individual cross
generates a continuum of phenotypes, which appear to be
quantitatively different sectorial expressions of the same
basic defect. Such a situation could arise if the mutant plants
actually carry a mixture of defective and normal organelles.
Somatic segregation of an initial mixture of mutant and
normal organelles should lead to sectors of defective and
normal growth. Progeny resulting from a cross of an affected
ear would be expected to inherit a varying number of affected
organelles. A few progeny might receive no abnormal
organelles and would be normal in appearance. In fact, we
observe normal plants in affected families; among these are
individuals that no longer transmit the NCS phenotypes to
their progeny. The progeny from such normal plants are
referred to as normal derivatives.
The two mutants are phenotypically distinct from each

other (8). While the leaves on both types of mutant plants
tend to be narrow and asymmetric, NCS2 plants often exhibit
broad pale green stripes while NCS3 leaves have fine,
necrotic striations correlated with the narrowing of leaf
surface. While extreme individuals of both NCS2 and NCS3
are small, extreme NCS3 plants also have a twisted, highly
distorted morphology (8).

It has previously been argued that the affected organelle in
NCS mutations is the mitochondrion rather than the
chloroplast, despite the existence of "stripes" (8). In order to
test this hypothesis we isolated mtDNA from affected NCS
individuals and analyzed restriction enzyme patterns. One
advantage in working with NCS in maize is that the progen-
itor cytoplasm, cms-T, is known. In addition, we have
available nonmutant plants (normal derivatives) from NCS
lineages. Therefore we could compare mtDNA restriction
digests among progenitor, mutant, and normal derivatives.

MATERIALS AND METHODS
Plant Materials. Pedigreed sources of NCS2 and NCS3

cytoplasms were originally provided by L. F. Bauman. They
were supplied as hybrids from successive crosses with
different inbred lines as pollen parents, as described previ-
ously (8). Thus, all materials used in this study had mixed
nuclear backgrounds but constant maternal-parent (cytoplas-
mic) sources. The mutants were further propagated at the
University of Missouri. Our tests involved progeny from
crosses of mutant plants with pollen from the following
inbred lines: B37, B73, Ky2l, Mol7, A619, and NY821.

Abbreviations: NCS, nonchromosomal stripe; kb, kilobase(s).
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Progeny were scored for the degree of phenotypic expression
based upon reductions in plant height and vigor, asymmetric
growth, degree of pale striping (NCS2), necrotic sectors
(NCS3), and leaf narrowness. For the purposes of this study,
we classified plants into the following categories: normal,
slightly affected, moderately affected, and extreme. For
comparison, normal families (normal derivatives) arising
from NCS materials in crosses with B37, A619, and Ky21
pollen were available. Cms-T in the inbred B37 line was used
to represent the progenitor cytoplasm, in which the mutations
arose.
DNA Isolation and Analysis. mtDNA was isolated from

unfertilized ear shoots (within 2 days after silks first ap-
peared) of plants scored for the degree of mutant expression.
It had been found that this material is a good source of
mtDNA from individual plants (9), although variable amounts
of contaminating plastid DNA are present in our prepara-
tions. mtDNA was prepared by DNase I treatment ofa 10,000
X g pellet according to the procedure of Kemble et al. (10).
In control experiments, we also isolated mtDNA from the
following sources: (i) normal-appearing sib plants (normal
sibs) in families containing mutant plants; (ii) normal plants
-in NCS-derived families that have lost the mutant phenotype
(normal derivatives); (iii) cms-T plants, the progenitor cyto-
plasm in which the NCS mutations occurred. In addition, to
rule out that the changes we found might be due to contam-
inating chloroplast DNA, we isolated plastid fractions from a
few of the ear shoot preparations used for mtDNA isolations.
Plastid DNA was prepared by DNase I treatment of an initial
1000 x g pellet as previously described (9). The plastid DNAs
prepared from ear shoots in this manner are also contam-
inated with mtDNAs. Highly purified chloroplast DNA from
young green leaves was included in some of the analyses to
identify the plastid DNA fragments. The DNA preparations
were digested with 10-20 units of Xho I per ug of DNA
(Bethesda Research Laboratories). Gel electrophoresis was
conducted in 0.7% agarose using Tris HOAc buffers (11).
Gels were stained with ethidium bromide and photographed
on a UV light box using Polaroid Type 55 film.
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FIG. 1. Portions of leaves from: a normal plant from an NCS2
lineage (A); a moderately affected NCS2 plant (B); and a moderately
affected NCS3 plant (C). The position of the midrib of each leaf is
indicated by the arrowheads. Both types of mutant leaves can be
asymmetric (note the displacement of the midribs from the center of
the leaves). The stripes on NCS2 plants are pale green and broader
than the necrotic striations on NCS3 plants.

RESULTS
The sizes of ear shoots correlated generally with the size and
vigor of mutant plants. The most extremely affected NCS3
plants are tiny and highly distorted, with very little leaf
material, and they produce no ear shoots. Moderately affect-
ed NCS3 plants are generally a maximum of half as tall as
normal sib plants and have pronounced necrotic sectors on
the leaves (Fig. 1). They regularly produce ear shoots, which
are usually reduced in size and often twisted. If ear shoots
from NCS3 plants are pollinated, sectors with poor seed set
are often seen (Fig. 2). NCS2 plants are very different. The
most extreme cases are small and mostly pale green with very
small ear shoots, but they grow upright. Moderately affected
NCS2 plants may be relatively tall and quite vigorous despite
the presence of large pale green sectors (Fig. 1). The ear
shoots from such plants can be quite large. If the ear shoots
are pollinated, sectors of small kernels are seen on the
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FIG. 2. Ears from NCS2 and NCS3 plants. Ears 1, 2, and 3 are from sib NCS2 plants (grown from kernels taken from the same ear) crossed
by pollen from the same male parent plant (inbred A619). The plants were similar in height but differed greatly in the extent of striping. Ear
1 came from a normal plant, ear 2 from a moderately striped plant, and ear 3 from a highly striped plant. Ear 1 lacks defective kernels, while
ear 2 shows clonal regions with small and defective kernels. Ear 3 has many small and defective kernels and occasional large kernels. NCS3
ears often have clonal sectors where kernels are absent.
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FIG. 3. Xho I restriction digest fragment patterns. (A) Mitochondrial DNA from ear shoots: An N-type cytoplasm from the inbred Ky2l line
(lane 1); cms-T in inbred B37, representing the progenitor cytoplasm (lane 2); moderately affected NCS2 individuals (lanes 3 and 4); and a normal
derivative plant from an NCS2 lineage (lane 5). Sma I-digested A DNA is in the marker (m) lane. The positions of the distinctive 21-kb NCS2
band (4) and the progenitor 8-kb (a) are shown at the right. (B) Mitochondrial DNA from ears of normal derivative plants from an NCS3 lineage
(lane 1), a slightly affected NCS3 individual (lane 2), a moderately affected NCS3 individual (lane 3), and a more severely affected NCS3
individual (lane 4); plastid DNA from the more severely affected NCS3 plant (lane 5); highly purified chloroplast DNA from young green leaves
(lane 6). The positions of the distinctive NCS3 20-kb band (P.) and the 16-kb band (>) are shown at the left.

resulting ears (Fig. 2). The amount of striping on the leaves
generally correlates with the size of the small kernel sectors.
Because of the difficulty in obtaining sufficient material

from the most severely affected plants, our samples from
NCS2 and NCS3 were biased toward moderately and slightly
affected plants. However, even if a plant were only slightly
affected-i.e., tall and vigorous with only a few discernible
stripes-characteristic alterations were always visible fol-
lowing restriction endonuclease digestions of the mtDNA
from its ear shoot.
For both mutants, several restriction enzymes reveal

alterations in one or more mtDNA bands. While discrete
changes can be seen with Pst I, Sma I, Sal I, Kpn I, HindIII
and BamHI, the clearest visible changes are seen for both
mutants with Xho I. Consequently, we have used this enzyme
in our screen ofmtDNA isolated from NCS plants. mtDNAs
isolated from NCS2 plants have an additional, =21-kilobase
(kb) fragment and greatly reduced amounts ofDNA in an 8-kb
band, relative to the progenitor or normal derivative geno-
types (Fig. 3A). mtDNAs from NCS3 plants exhibit an extra,
t20-kb band and have reduced amounts of DNA in a 16-kb
band (Fig. 3B).
The crude mitochondrial pellets from ear shoots are con-

taminated with plastids. Thus, digests of the mtDNA are
contaminated with plastid DNA bands. However, compari-
sons with plastid DNAs, from the same preparations used for
mtDNA isolations, demonstrated that the distinctive bands
were present in mtDNA (Fig. 3B). There is no evidence for
plastid DNA alterations in the NCS mutants.
For each mutant, we have now analyzed mtDNA from >20

affected individuals and several normal plants. The correla-
tion between the expression of the mutant phenotype in the
plant and the presence of the extra bands in mtDNA is thus
far absolute (Table 1). In addition, in the case of NCS3, there

appears to be a good correlation between the extent to which
the plant is affected and the amount ofDNA in the 20-kb Xho
I band in the mtDNA from its ear shoots (Fig. 3B). The more
DNA in the 20-kb band, the less is present in the 16-kb band.
Other bands are altered neither in migration nor in intensity.

DISCUSSION
The conclusion supported by these results is that NCS plants
contain a mixture of two different types of mitochondrial
genomes, normal and mutant. The mutant genomes are not
extensively rearranged, but NCS2 and NCS3 each have a
specific change. The mutations are highly deleterious to plant
and kernel growth. Thus, sorting out of normal and mutant
mitochondria in affected plants can result in some totally
normal progeny, but germ cell lineages containing only
mutant mitochondria would give no viable progeny.
The mechanism by which the WF9 nuclear constitution

leads to mutations in mtDNA remains to be established.
While the mitochondrial genome can be very stable in some

Table 1. Correlation of distinctive mtDNA restriction fragments
with phenotypic expressions of NCS2 and NCS3

NCS2 NCS3

Xho I Xho I
Samples 21-kb band Samples 20-kb band

mtDNA source
Affected plants 26 26 30 30
Normal sibs 2 0 5 0
Normal derivatives 7 0 5 0

Plastid DNA
Affected plants 3 0 6 0

A

19.4

12.2

8.6
8.3
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nuclear backgrounds (9), nuclear genes are also known to
control cytoplasmic reversions to fertility in S-type male
sterile cytoplasms (12). Cytoplasmic reversions of cms-S in
the M825 nuclear constitution are accompanied by rearrange-
ments of the mitochondrial genome (13). NCS-type plants
(also referred to as wsp) have been observed at a low but
workable frequency (up to approximately 1%; D. N. Duvick,
personal communication) in the WF9 nuclear background
(14). While the present studies have concerned mutations
arising in the male sterile T-type mitochondrial genome, the
WF9 genotype can induce NCS-like mutations in other types
of male sterile and non-male-sterile (N) cytoplasms (14). We
have shown that different modifications to the mitochondrial
genome occur in the two defective growth mutations exam-
ined to date. Therefore, the WF9 line provides a source of
mitochondrial mutants that can be used to identify and
analyze maize mitochondrial genes.
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