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ABSTRACT

Mitochondrial DNA preparations were made from 31 maize lines carrying
different sources of cytoplasm in the same mnuclear genetic background. The
DNAs were analyzed by agarose gel electrophoresis. A number of discrete low
molecular weight bands were present in all lines. However, only four differ-
ent DNA banding patterns were observed. These were correlated with the N,
T, S and C cytoplasms defined by nuclear fertility restorer genes. Of the 31
cytoplasmic sources examined, six possessed DNA species characteristic of N
cytoplasms, four possessed DNA species characteristic of T cytoplasm, 19
possessed DNA species characteristic of S cytoplasm and two possessed DNA
species characteristic of C cytoplasm. This classification is in complete agree-
ment with that based on mitochondrial translation products reported in the
accompanying paper. No within-group heterogeneity was observed in the
DNA banding patterns, indicating a lack of cytoplasmic variation within the
four cytoplasmic groups. Attributes of the various methods available for
classifying maize cytoplasms are compared and discussed.

ENETIC variation that is inherited through the cytoplasm is well known in

higher plants (Sacer 1972). Variation causing male sterility is one of the
most studied examples because it has provided an efficient way of making hybrid
seed in commercial agriculture. To extend the exploitation of cytoplasmically
inherited male sterility and of cytoplasmic variation in general, there is a need to
develop more rapid ways of recognizing and characterizing the variation and to
understand it at the molecular level.

Because cytoplasmic variation is often expressed only in certain nuclear back-
grounds, it is necessary to undertake extensive crossing programs to recognize and
characterize such variation. In maize (Zea mays L.), cytoplasmic variation con-
ferring male sterility has been recognized in breeding programs and has been clas-
sified into three groups (T, S and C) depending on the ability of nuclear geno-
types in tester stocks to restore male fertility (Duvick 1965; BeckerT 1971;
GraceN and Grogan 1974).

Some years ago, attention was focussed on the mitochondria in cytoplasmic
variants of maize because lines carrying the T-type cytoplasm were shown to have
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mitochondria with an altered sensitivity to a pathotoxin from race T of the fungus
Helminthosporium maydis (MiLLer and Koeppe 1971). Since then, research
workers at several laboratories, including this one, have studied mitochondria
from maize lines with different cytoplasms to identify and describe variation at
the molecular level. Forpe, Oriver and Lraver (1978), Forpe and Leaver
(1980) and ForpE ef al. (1980) have shown that mitochondria from lines carry-
ing the T, S, C, or normal (N) cytoplasms can all be distinguished from one an-
other by the in vitro synthesis of specific polypeptides. Mitochondrial DNAs from
lines in each of the cytoplasmic groups have been distinguished by digestion with
restriction endonucleases (LEviNgs and Prine 1976; Pring and LEvings 1978),
but differences have also been found within the N and C groups (LeviNes and
Pring 1977; Pring, Conpe and Levinegs 1979).

Prine et al. (1977) were the first to demonstrate that mitochondrial prepara-
tions (not subjected to restriction endonuclease digestion) from lines carrying S
cytoplasm possessed two low molecular weight DNA species not found in mito-
chondria from N, T and C lines. More recently, a rapid mitochondrial DNA ex-
traction procedure has been described (KemBLE and BEpBrooxk 1979) that permits
the presence of these DNA molecules to be visualized using no more than five
seeds. In later studies, other low molecular weight DNA differences have been
found in mitochondrial preparations that specifically permit N, T and C cyto-
plasms to be distinguished from each other and from S cytoplasm (KemBLE and
Bepsroox 1980).

In this paper, we report a study on the low molecular weight mitochondrial
DNAs in a collection of 31 separately discovered sources of cytoplasms, most of
which have been classified by BeckerT (1971) and GraceN and Grocan (1974)
into the N, T, S and C groups. This survey was undertaken for two reasons. First
we wished to study the correlation between the low molecular weight DNA com-
plement and the interaction of the cytoplasm with specific fertility restorer genes.
Second, because the grouping on the basis of fertility restoration provided evidence
for within-group heterogeneity, we wished to determine whether this was accom-
panied by within-group heterogeneity in the low molecular weight DNA com-
plements. We have also included a survey of all the cytoplasms for sensitivity to
H. maydis race T toxin, using the simple method previously described (PETERSON,
Fravern and Barratr 1974; Fraverr 1975) to study the correlation between
toxin sensitivity and low molecular weight DNA complement.

In the accompanying paper (Forpk et al. 1980), the same set of cytoplasms has
been classified on the basis of the polypeptides synthesized in vitro by isolated
mitochondria. Thus, two biochemical laboratory tests are now available, each of
which is capable of distinguishing all four types of cytoplasmic variation in maize.

MATERIALS AND METHODS

Maize lines: The 31 different cytoplasms used were in the nuclear background of CO192 X
W1J produced by the Eucarpia Northern Maize Committee (Gunw 1975) vie CO192 cytoplasmic
stocks obtained from V. E. Gracen (Cornell University). Cytoplasms studied were: B, C, CA, D,
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EK, F, G, H, HA, I, 1A, J, L, LF, ME, MY, OY, PS, Q, R, RB, RS, S, SD, SG, T, TA, TC,
181, 234 and the normal maintainer line (nml).

Extraction and purification of mitochondria for DNA isolation: Seeds were surface sterilized
with 29, v/v sodium hypochlorite for 15 min, washed and imbibed in running tap water
overnight prior to germination on distilled-water-moistened paper towelling in the dark for 4
days at 27°.

Mitochondria were isolated at 0 to 4° by a modification of the method of Day and Hawnsow
(1977). Approximately 5 g of eticlated shoots were harvested from 20 to 30 seedlings and
homogenized in 3 vols/g fresh weight 0.5 M mannitol, 0.01 m N-Tris (hydroxymethyl) methyl-
2-amino ethane-sulphonic acid (TES), pH 7.2, 0.001 m EGTA, 0.2% BSA and 0.059, cysteine
for 30 sec using a pestle and mortar, prior to filtration through 4 layers of butter muslin and
1 layer of Miracloth (Calbiochem). The filtrate was centrifuged at 1,000 X g for 10 min, the
resulting supernatant being recentrifuged at 12,000 X g for 10 min. The mitochondrial pellet
was resuspended in homogenization buffer and again centrifuged at 1,000 X g for 10 min.
Magnesium chloride and DN Aase were added to the supernatant to give final concentrations of
0.01 M and 10 ug/g tissue fresh weight respectively, followed by incubation at 4° for 1 hr.
Mitochondria were centrifuged through a layer of 0.6 M sucrose, 0.01 m TES, pH 7.2 and 0.02 m
EDTA at 10,000 X g for 20 min and washed twice in the same solution before being lysed in
0.05 m Tris-HCl, pH 8.0, 0.01 m EDTA, 29 sarkosyl NL-97 and 0.0129% autodigested pronase
at 37° for 1 hr. Lysates were made 0.2 M with respect to ammonium acetate and the DNA
purified by three phenol-chloroform extractions, ethanol precipitation and ethanol washes prior
to resuspension in 50 gl of 0.005 m Tris-HCl, pH 8.0 and 0.00025 m EDTA.

Electrophoretic analysis of mitochondrial DNA: The mitochondrial DNA was made 5%
and 0.005% with respect to glycerol and bromophenol blue, respectively, and electrophoresed
at room temperature in 1.59% agarose horizontal slab gels (21 X 18 X 0.5 cm containing 14
sample wells) at 30 mA overnight. Electrophoresis buffer was 0.04 m Tris, pH 7.8, 0.005 m
sodium acetate, 0.001 m EDTA. (Beperook and Bocorap 1976). After electrophoresis, the gels
were stained in 0.5 pg/ml ethidium bromide for 30 min before visualization of the DNA bands
on the gel using a UV transilluminator (U.V. Products). Gels were photographed with either
Polarcid type 47 high-speed Land film or Kodak PXP film, using a Wratten 23A filter.

Assay for mitochondrial sensitivity to Helminthosporium maydis race T pathotoxin: Mito-
chondria were isolated from 4-day-old etiolated shoots as described by Fraverr (1975). The
effect of pathotoxin on mitochondria was assayed by recording the level of malate oxidation, using
2.6,dichlorophenol-indophenol (DCIP) as an electron acceptor. The reduction of DCIP was
followed at 600 nm at 30° in 1.5 ml of assay medium consisting of 0.23 M mannitol, 0.003 m
EGTA, 0.0076 m potassium phosphate, 0.0076 m TES, 0.0038 m MgCl,, 0.008 m KCl and 0.159,
BSA, 154 X 10-3 ™ sodium azide, 0.046 M malate and 0.6 X 10~5 » DCIP at pH 7.2. Concen-
trations of mitochondria were used that gave AOD,,, 0.1/min. The pathotoxin preparation was
a gift from Carr TipToN, Towa State University, via PeTer PerErson of Towa State University.
Concentrations of pathotoxin were chosen that completely inhibited malate oxidation in T type
mitochondria (Fraver: 1975).

RESULTS

Mitochondrial DNA preparations were made from seedlings of all 31 cyto-
plasms and fractionated on agarose gels. Only four different patterns of low
molecular weight DNA bands were observed. These corresponded to the char-
acteristic patterns previously found for N, T, S and C cytoplasms shown in Figure
1. T-type cytoplasms lack the band found in all the other cytoplasmic types that
migrate like marker fragments approximately 2.35 kilobases long (KemsLE and
BepBroOK 1980), S-types possess two unique DNAs of about 6.2 kilobases and 5.2
kilobases (PrING et al. 1977) and C-types possess two unique DNAs that migrate
like marker fragments about 1.55 kilobases and 1.4 kilobases long (KemsBLE and
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Bepsrook 1980). The bands that are common to all cytoplasms represent super-
coiled, open-circular and linear conformations of the same DNA species
(KemBLE and BEpBrook 1980).

Table 1 summarizes the results for all 31 cytoplasms. The results of the patho-

mNTS C

Fieure |.—Electrophoresis on 1.59, agarose gels of DNA isolated from the mitochondrial
fraction of N, T, S and C cytoplasmic types of maize in the same nuclear background
(CO192 % WIJ). The N-, T-, S- and C-types shown here are represented by LF, HA, L. and RB
cytoplasms, respectively. The track labelled “m"™ is a collection of marker DNAs from lambda
bacteriophage digested with the restriction endonuclease Hae 111. The sizes of the marker DNA
bands are: 3.9, 2.4, 2.1, 1.7 and 1.19 kilobases. The arrows indicate the DNA species that
distinguish the four cytoplasmic types.

toxin sensitivity assay and of the mitochondrial translation product assay from
the accompanying paper (Forpk et al. 1980) have been included for complete-
ness. On the basis of the DNA assay, six of the cytoplasmic sources carry N-type
cytoplasm, four carry T-type cytoplasm, 19 carry S-type cytoplasm and two carry
C-type cytoplasm. Cytoplasms B. D and LF, unclassified by the nuclear gene fer-
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TABLE 1

Classification of 31 maize cytoplasms

Cytoplasmic grouping by

Nuclear Mitochondrial Specific H. maydis
fertility translation DNA Toxin
Cytoplasm restoration* productst species assay

C C C C notT
RB C C C notT
HA T T T T
Q T T T T
RS T T T T
T T T T T
B unclassified S S not T
CA S S S not T
D unclassified S S notT
EK S S S notT
F ) S S not T
G S S S not T
H S S S not T
I S S S not T
1A ) S S not T
T S S S not T
L S S S not T
ME S S S notT
MY S S S not T
PS S N S not T
R S S S notT
S S S S not T
SD S S S notT
TA S S S not T
TC: probably S S S notT
LF unclassified N N not T
oy probably N N N notT
SG probably N N N not T
181 probably N N N not T
234 probably N N N notT
nml N N N notT

* Data from BeckerT 1971; GRACEN and Grogan 1974,
+ Data from accompanying paper, Forpe et al. 1980.
T This source was an impure stock; see text,

tility resoration method (BeckeTT 1971; GracEN and Grocan 1974), were found
to belong to the S group (B and D) and N group (LF).

TC cytoplasm is an impure stock resulting from a mixture of T and S cytoplasm
seed (BeEcreTT 1971). The parentage of the TC cytoplasmic source used in this
study indicates that it is composed of S cytoplasm seed. This was verified by analy-
sis of its mitochondrial DNA, which shows the presence of two DNA bands unique
to S-types (PRriNG et al. 1977) and the presence of a band that bona fide T-types
lack (KemBLE and Bepsrook 1980). Electron transport in mitochondria isolated
from the TC cytoplasmic source was insentitive to the Helminthosporium maydis
race T pathotoxin (Table 1). The only cytoplasmic sources in which mitochon-
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drial electron transport was completely inhibited were HA, Q, RS and T (Table
1). These data agree with that obtained from mitochondrial DNA analysis, mito-
chondrial translation product analysis (Forpe et al. 1980) and nuclear gene fer-
tility restoration analysis (BeckerT 1971; GracEN and GrocaN 1974) in showing
that only these four cytoplasms of the 31 assayed are members of the T group.

DISCUSSION

Analysis of mitochondrial DNA by agarose gel electrophoresis has been used in
this study to classify unambiguously 31 cytoplasmic sources into one of four
groups (Table 1). The results are in complete agreement with the classification
according to nuclear gene fertility restoration data (BeckerT 1971; GRACEN and
Grocan 1974) and the variation seen in mitochondrial translation products re-
ported in the accompanying paper (Forok et al. 1980). The four cytoplasmic
types found to give mitochondrial DNA banding patterns characteristic of the T
group of cytoplasms were also verified as members of the T group by employing
the H. maydis race T pathotoxin test (PETERsON, FLAVELL and BarrarT 1974;
FraveLr 1975). A study of the susceptibility of field-grown plants of 30 sources of
male-sterile cytoplasms, 23 of which were similar to the sources used in the pres-
ent study, to H. maydis race T was carried out by Smira et /. (1971). Only HA,
Q and T cytoplasms (RS cytoplasm was not used in their study) were severely
infected by the fungus and were designated as T-types.

No heterogeneity was detected in the mitochondrial DNA banding patterns
within any of the four cytoplasmic groups. Similarly, no within-group hetero-
geneity was detected employing the mitochondrial translation products assay
reported in the accompanying paper (Foroe et al. 1980). We conclude that
greater cytoplasmic variation is unlikely to be introduced into breeding pro-
grams by using sources of cytoplasm from the same group. However, restriction
endonuclease digestion of mitochondrial DNA has illustrated variation within
N and C groups (Levings and Pring 1977; Pring, Conpe and Levings, 1979).

Some attributes of the DNA assay for classification of cytoplasmic types de-
scribed here are: (1) Only a small amount of starting tissue is required, i.., 5 g of
etiolated shoots that can be harvested from 20 to 30 seeds if grown as described.
(2) Itis rapid. Seeds need be grown for only four days, followed by isolation and
purification of mitochondrial DNA (one day) and an overnight agarose gel elec-
trophoresis step. Many samples can be processed simultaneously. (3) Character-
istic banding patterns of mitochondrial DINA are obtained regardless of nuclear
background (PriNg et al. 1977; KemBLE and BepBroox 1979, 1980). (4) The
presence of a normal, male-fertile cytoplasm can be unambiguously demon-
strated (KemBrLE and Bepsrook 1980). (5) Classification of cytoplasmic types
can be performed even if the line has been restored to fertility by nuclear restoring
genes (PriNg ef al. 1977; KemBLE and Bepsrook 1979; KemsrE and BEpBROOK
1980). (6) It can classify cytoplasms that cannot be distinguished by the nuclear
gene fertility restoration method.

These features give the method a considerable advantage over the classical
field methods that depend on scoring male sterility in a range of nuclear back-
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grounds (Duvick 1965; BEckerT 1971; GrACEN and Grocan 1974). The assay
method detailed in the accompanying paper (Forok et al. 1980), which is based
upon in vitro mitochondrial protein synthesis, has many of the advantages of the
DNA assay described here; however, the DNA assay will often be more conveni-
ent in that it requires fewer seeds (20 to 30), is more rapid and does not require
expensive **S-methionine. When identification of S-types is required, the rapid
DNA assays, which requires five or fewer etiolated shoots or 0.5 g of leaf material,
is the simplest test available (KemsLE and Bepsrook 1979; KemeLE 1980). When
identification of T-types is required, the rapid electron transport assay using H.
maydis race T toxin and an electron acceptor dye (dichlorophenol-indophenol) is
the simplest assay method (Pererson, Fraverr and Barrarr 1974; FraveLL
1975).

Although the assay of mitochondrial DNA species may be the simplest method
available for classifying a range of cytoplasms, its relationship with the cyto-
plasmic variation expressed in specific plant genotypes is unknown. The DNA
species that allow the four cytoplasmic types to be differentiated may not be trans-
cribed or translated into protein products and may, therefore, have no functional
significance. Clearly, the relationships between the DNA species, the mitochon-
drial protein products and plant phenotypic variation need to be investigated.
However, we anticipate that the simplicity, rapidity and unambiguity of cyto-
plasm classification by the DNA assay described here will be of considerable
help to maize breeders and geneticists interested in recognizing and exploiting
cytoplasmic variation.
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