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Summary. Strain identification in Zea mays by restric-
tion fragment length polymorphism should be feasible
due to the high degree of polymorphism found at many
loci. The polymorphism in maize is apparently higher
than that currently known for any other organism. Five
randomly selected maize inbred lines were examined
by Southern filter hybridization with probes of cloned
low copy sequences. Typically, several alleles could be
distinguished among the inbred lines with any one
probe and an appropriately selected restriction enzyme.
Despite considerable polymorphism at the DNA level,
16 RFLP markers in three inbred lines of maize were
examined for six to 11 generations and found be stable.
Mapping of RFLP markers in maize can be accelerated

by the use of B-A translocation stocks, which enable’

localization of a marker to chromosome arm in one
generation. The use of recombinant inbred lines in
further refinement of the map is discussed.

Key words: Zea mays L. — Restriction fragment length
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Introduction

Comparative examination of gene loci at the DNA
level has revealed differences between individuals, or
groups of individuals, that were previously unsus-
pected. In part, these differences are manifested as

* Current address: CIBA-GEIGY Corp., Biotechnology Re-
search, P.O. Box 12257, Research Triangle Park, NC 27709,
USA

variations in the size of DNA fragments complemen-
tary to a given probe in a Southern filter hybridization.
Briefly, the methodology entails digesting purified
DNA with restriction endonucleases that recognize and
cleave at specific four to seven base pair sequences in
DNA. The digests are electrophoresed in agarose gels
that separate the DNA fragments according to size. The
pattern of the DNA fragments is transferred, com-
monly to nitrocellulose sheets, by the Southern blotting
procedure (Southern 1975), then hybridized with a
radioactively labeled DNA probe. The nonhybridized
counts are washed off and the filter is exposed to X-ray
film. Only fragments complementary to the labeled
probe will show up as bands on the film. The sensitivity
of the technique is such that single copy genes, which
typically comprise less than 10° of the genome of a
higher eukaryote, can routinely be detected.

The variation observed in the size of restriction frag-
ments homologous to a specific probe has been called
“restriction fragment length polymorphism”, or RFLP.
These differences are the consequence of heritable
changes in the DNA: point mutations create or abolish
restriction endonuclease sites while DNA rearrange-
ments, insertions or deletions, alter their relative posi-
tions. By analysis of the sizes of the fragments produced
by single and double restriction enzyme digests, the
linear order of restriction sites, or “map” of a DNA
segment, can be determined.

Restriction fragment length variants were first used as
genetic markers to map temperature sensitive mutants of
adenovirus (Grodzicker etal. 1974). More recently, RFLPs
have been described in several eukaryotes, including Droso-
phila melanogaster (Langley etal. 1982) and man (Jeffreys
1979; Tuan etal. 1979). There is ample evidence in the
mammalian literature that single copy sequences from nuclear
DNA behave as co-dominant Mendelian factors and can be

mapped to chromosomal location (Wyman and White 1980;
Ruddle 1981). Botstein and White (Botstein et al. 1980; White
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etal. 1985) have discussed the advantages and mechanics of
constructing a genetic map of the human genome based on
RFLPs to aid in the mapping of inherited traits. Linkage
between an abnormal allele and an RFLP marker has pro-
vided a useful tool for the detection of human diseases and for
genetic mapping (Kan and Dozy 1978; Gusella etal. 1983;
Bhattacharya et al. 1984; Gitscher et al. 1985).

RFLPs supplement existing data from morphological traits
and from biochemical markers, such as isozymes. Eventually,
RFLPs should provide more genetic information than either
type of marker because DNA sequence changes in and around
genes do not always alter the phenotype or the charge of
amino acid side chains. In one of the best studied examples,
11 Adh alleles from wild populations of Drosophila mela-
nogaster were compared (Kreitman 1983). Among 43 changes
in nucleotide sequence that were found, only one resulted in
an amino acid substitution.

In maize, a high degree of RFLP was discovered among
wild-type Shrunkenl (ShI) alleles of various genetic stocks
and inbred lines (Burr and Burr 1981; Burr etal. 1983).
RFLPs are also prevalent at the Alcohol dehydrogenasel
(Adhl) locus (Johns et al. 1983). The differences observed in
the Shl and Adhl maps appear to be largely, if not entirely,
due to point mutations. However, insertion/deletion poly-
morphisms have been reported in maize at the Waxy (Wx)
locus (Schwarz-Sommer etal. 1984; Wessler and Varagona
1985).

Burr et al. (1983) had examined the possibility that the
Shl and Adhl loci were unusually polymorphic in maize. The
probes employed in that study were clones from a maize
endosperm cDNA library that hybridized to only one, or up to
three, DNA fragment(s). DNAs from three to six inbreds were
examined with three restriction enzymes and 18 probes.
Sixteen of the 18 probes detected polymorphisms, suggesting
that RFLP was a general property of single copy sequences in
maize.

The theoretical considerations and potential applicability
of RFLPs in plant breeding — for strain identification, mapping
and monitoring alleles associated with qualitative and quanti-
tative traits, and assessing genetic heterogeneity — have pre-
viously been addressed (Beckmann and Soller 1983; Burr et al.
1983; Soller and Beckmann 1983).

The present paper secks to demonstrate that, in

maize, the considerable degree of nucleotide poly-
morphisms and their genetic stability makes the use of
RFLP markers a viable and efficient method of strain
identification. In addition, we discuss strategies for
mapping these markers to chromosomal location by the
use of B-A translocation stocks and recombinant inbred
lines.

Materials and methods

DNA methodology

DNA was isolated from shoots of three to five day old dark-
germinated seedlings or, in the case of the B-A translocations,
from young leaves of immature plants that had been pheno-
typically classified. The preparation of DNA was as previously
described (Burr and Burr 1981) except that the concentration
of EDTA in the extraction buffer was increased to 50 mM.
Restriction enzymes Eco RI and Hind I1I were used according
to the recommendations of the supplier (Bethesda Research

Laboratory). All DNA samples were alcohol precipitated
following digestion. Gel electrophoresis in 0.5% ultrapure
agarose (Bethesda Research Laboratory) was carried out
according to McDonnell et al. (1977). The gels were blotted to
nitrocellulose filters (Schleicher and Schuell) by the Southern
procedure (Southern 1975); hybridization and washing condi-
tions were those of Klessig and Berry (1983). Cloned DNAs
used as hybridization probes were nick-translated according to
Rigby etal. (1977) to 10® cpm/ug DNA. Generally 10° cpm
of probe were used per 13.2x14.5cm filter. Filters were
exposed to Kodak X-Omat XAR-5 X-ray film with a Dupont
Cronex Lightning Plus intensifying screen for one to three
days at -85 °C. Radioactivity was removed from filters to be
reprobed by washing them two to three times for 15 min each
in 0.1 X SSC, 0.1% SDS at 95 °C (Gatti et al. 1984).

DNA probes

1 Shl. The Pst38 subgenomic clone of the Sh/ gene has been
described (Burr and Burr 1982).

2 Wx. The Waxy (Wx) subgenomic clone pBF224 is a 4.7 kb
Bam HI fragment covering the 5' end of the gene; pBF225
contains a 3.4kb Pvul fragment spanning the transcribed
region. Both fragments, which were cloned into pBR327
(Soberon et al. 1980), were obtained from an 11kb Eco RI
genomic clone, designated pWxS5, that was provided by S.
Wessler. A description of the Wx gene has been published
(Shure et al. 1983).

3 Random maize genomic clones. a) Subgenomic fragments
from two Mutator-induced bronzel (bzIl)-mutable lines
(Robertson 1978) were cloned into pUC9 (Vierra and Messing
1982). The fragments were obtained from 15-20 kb fragments
of Sau 3A partial digests cloned into lambda EMBIL4 (Fri-
schant etal. 1983). The subclones used were p6-12:2,
p6-18:2, p8-9:1, p8—18:25, p782—-12a:6, and p8l14-14:36,
p814-24:65; all contained sequences hybridizing to Mul
(Freeling 1984). b) A gel-purified 2kb AccI fragment from
p7.6—1, a pUCI3 clone carrying an unidentified maize se-
quence from a genetic stock containing c/-m5 (K. C. Cone,
unpublished), was also used. The relevant band was cut out of
an ethidium bromide-stained gel and purified by an Elutip
column (Schleicher and Schuell) according to the protocol of
the manufacturer.

4 Zein. B59 is a zein ¢cDNA clone that hybridizes to only two
or three sequences in the maize genome (Buir et al. 1982).

5 Random ¢DNA clones. The cDNA clones 1-45, 1-67, 1-297,
1-326, 1-556, 2-323, and 2-369 were prepared from poly(A)
+RNA of developing maize endosperm and have been
described previously (Burr and Burr 1981).

Plant material

The strains of maize inbreds and genetic stocks used in this
study are listed in Table 1 along with the names of the sources
of the seed.

Results and discussion

Use in strain identification

It was mentioned in the Introduction that differences among
maize wild-type Adhl and Shl alleles are readily detectable
(Johns etal. 1983; Burr and Burr 1981; Burr et al. 1983). An
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Table 1. Inbred lines and genetic marker stocks of maize used for restriction enzyme analyses

Strain Source Location

A. Inbreds
Al88 R.L. Phillips Univ. of Minnesota
ASK D.E. Alexander Univ. of Illinois
B37 D.N. Duvick Pioneer Hi-Bred Intl.
B73 N.M. Frey Pioneer Hi-Bred Intl.
M14 O.E. Nelson Univ. of Wisconsin
SK2 N.M. Frey Pioneer Hi-bred Intl.
w22 D.V. Glover Purdue Univ.
W64A 0O.E. Nelson Univ. of Wisconsin

B. Genetic stocks
TB-9Sb

Maize Genetics

Stock Center

yg Csh bz wx B. McClintock

Univ. Illinois
Cold Spring Harbor Lab.

-23 -23

-9.4

~4.4

objective estimate of the amount of polymorphism in a given
population is provided by two similar statistics called “nu-
cleotide diversity” (Nei and Li 1979) or “heterozygosity”
(Engels 1981). Both measure the number of nucleotides per
thousand nucleotides that distinguish any two individuals
taken at random. Kazazian etal. (1983), for example, had
reported a nucleotide diversity of 0.002 for the human S-
globin gene cluster, based on either restriction site or sequence
data. The human serum albumin locus was determined to
have a heterozygosity of 0.003 by restriction analysis (Murray
etal. 1984). A heterozygosity of 0.006 per nucleotide for the
Adh locus of Drosophila melanogaster had been estimated by
Langley et al. (1982), based on restriction analyses, and also by
Kreitman (1983), who compared the nucleotide sequences of
11 Adh alleles. For the maize Adhl locus, one can calculate a
heterozygosity estimate of 0.082 by using equation 11 of
Engels (1981) and the six most completely mapped maize
Adhl alleles of the seven published by Johns etal. (1983).
From the restriction maps of four wild-type Sk! alleles — two
that had been previously published (Burr et al. 1983) and two
more, from Black Mexican Sweet Corn and the inbred A188,
‘that were subsequently cloned and mapped in this laboratory
— we calculate a heterozygosity of 0.048 for the Shl locus.
These figures, however, may be an overestimate of the magni-

Fig. 1a—c. The extent of RFLP in maize
inbreds as shown by Southern transfer
hybridizations. These blots illustrate the
unusually high degree of polymorphism

=23

. that seems to be characteristic of maize.

All five of the randomly selected inbreds

shown can be distinguished from each

other with a combination of two re-

striction enzymes and two probes. Each
Frl blot contains DNAs of the same inbreds;
from left to right; Al188, B37, M14, W22,
and W64 a. Four ug of DNA were used for
each digest. a Hind III digest; probed
with Shl subclone Pst38. b The same blot
shown in a, stripped of radioactivity, and
reprobed with the Wx subclone p224. ¢
Eco RI digest; probed with SA7 subclone
Pst38. Bacteriophage Hind III molecular
length markers in kilobase pairs are in-
dicated to the right of each blot

tude of polymorphism in maize because neither the Sk1 or the
Adhl alleles were sampled at random. In fact, Johns et al.
(1983) emphasize that the Adhl alleles they selected were
known to be different. Nevertheless, the ease of obtaining
RFLP markers in maize (Burr etal. 1983) versus humans
(Helentjaris and Gesteland 1983) indicates that the apparent
abundance of nucleotide diversity in maize is real.

If a heterozygosity of 0.05 can be assumed for
maize, then by using three hexanucleotide recognition
enzymes — each cleaving on both sides of the region
being probed — 36 nucleotides would be assayed. In this
number of nucleotides one would expect to find 1.8
‘differences between any two strains. We have tested
this idea with five randomly selected North American
maize inbreds. DNAs were digested with two restric-
tion enzymes, Hind Il and Eco Rl, and probed with
Shl or Wx probes. At least three restriction fragments
per strain were examined. As may be seen in Fig. 1, all
five inbreds can be unambiguously distinguished from
one another.
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Soller and Beckmann (1983) estimated that twenty
or more polymorphic loci would have to be examined
in order to differentiate two inbred lines or self-polli-
nating varieties. They had conservatively assumed that
there were only two alleles for any one locus, each with
a frequency of 0.5 in the population. Most strains
would therefore share many alleles in common, neces-
sitating the use of many probes to find allelic combina-

ASK SK2
18 JHE04 1112+
ci9 JH805l6108-2
cio JHBO55115-1
N
0211 (JH0082017~5) (JH0062017~4)
c22 (JH1080022~3) (JH1060024-1)
c23 JH2056046-1 JH2056043~2 JH2056043~1
B37
JH3027 154+
C6323c¢ Je323Aa  Jo323c

(JHQ066154~1) (JH8055145-3)

(JH0063013~6)  (JHO083007-1)

(JH1060011-1) (JH1060016-2)

JH2066068-1 JH2056052~1

Fig. 2. Lineage of the three maize inbred lines used to examine
the stability of RFLP markers in successive generations. DNA
was prepared from approximately 24 seedlings of each gener-
ation except for those indicated in parentheses. The results of
the examination are shown in Fig. 3

e .

W v v

a b

tions that differed. Fortunately, where genetic loci have
been studied at the DNA level, many alleles at a locus
have been found. Moreover, these polymorphs are not
rare - but occur at appreciable frequencies. This suggests
that a comparison of any two alleles is likely to show
RFLP differences. With respect to maize, therefore, the
number of probes needed to distinguish strains or
inbreds should be substantially less than twenty.

Stability of maize RFLPs

Given the very high levels of DNA polymorphism
observed in maize, there was concern that the poly-
morphs would not be useful as genetic markers. In an
equilibrium population, the extent of nucleotide
diversity is proportional to the mutation rate (Nei
1983). If new RFLPs were to arise continually in maize
at high frequencies, they would exhibit marked insta-
bility and would therefore have limited applicability as
genetic markers. In order to examine this possibility, we
obtained seed from multiple generations of three estab-
lished inbreds that had been propagated by ear-to-row,
controlled self-pollination (Fig. 2). Seed was not taken
from successive generations for two of the inbreds, SK2
and B37, so that changes occurring over nine and 11
generations respectively could be observed. The DNAs
prepared from these stocks were digested with two
enzymes and hybridized with 16 different probes
(random genomic and cDNA clones and one zein
cDNA clone listed in “Materials and methods™). In
each case the DNA fragment patterns did not vary
from generation to generation; representative results
are shown in Fig. 3. Although it was important to verify
the stability of our RFLP markers, the mutation rate
would have had to be exceptionally high, approxi-
mately 10™ per nucleotide per generation, for variants
to have been observed in such a limited survey.

VOB o

Fig. 3a—c. The stability of RFLPs in successive generations of inbred lines as examined by Southern transfer hybridization. Three
ug of DNA from each of the generations of three inbreds listed in Fig. 2 were digested with Hind III. Following electrophoresis and
Southern transfer, the blots were probed with a 2 kb Acc I fragment from the clone p 7.6-1. From left to right: (a) ASK, (b) B37, (¢)
SK2. Molecular lengths in kilobase pairs are indicated to the right of each figure



Mapping RFLP markers

There has been much progress recently in mapping new genes
in maize (Neuffer and Sheridan 1980). The B-A translocations
have greatly aided this effort, as they allow mapping of a
recessive trait to chromosome arm in one generation (Beckett
1978). The method has been successfully used to map isozyme
loci (Newton and Schwartz 1980) and can be adopted to map
RFLP markers. The use of B-A translocations derives from the
observation that B chromosome centromeres frequently
undergo nondisjunction in the second postmeiotic mitosis of
microsporogenesis (Roman 1947). The result of nondisjunction
is that either the endosperm or the embryo fails to receive a
copy of the paternal chromosome arm that has been trans-
located to the B centromere. If a recessive mutation carried in
the female maps to this chromosome arm, it will be “un-
covered” in the hypoploid tissue.

To illustrate the use of B-A translocations in
mapping RFLP markers, we have used a translocation
carrying Shil on the short arm of chromosome 9. Plants
heterozygous for the translocation TB-9Sb, which
carries most of the short arm of chromosome 9 were
used as pollen parents. These were crossed onto females
homozygous for yg Cshbzwx on the short arm of
chromosome 9. The male plants possessed dominant
alleles at these loci and all except Wx are carried on
the translocated segment. Kernels with the phenotype
C Sh Bz Wx were planted in the field and classified at

the five to six leaf stage. Most of the progeny were .

green (Yg) with the exception of a few yellow-green (vg)
plants. These plants had apparently lost the dominant
markers on the short arm of 9 through nondisjunction,
uncovering the recessive yg trait. DNA was prepared
from the immature leaves of both Yg (green) and yg
plants. Blots of the restricted DNAs were probed with
bot a Sh subgenomic probe, representing a sequence

green yellow-green green

Tb-9Sb/+
Tb-9Sb/+

¥q/yq

e

769

carried on the translocated segment (Fig. 4a), and a Wx
probe, comprising a sequence linked to the normal
centromere (Fig. 4b). Three restriction enzymes were
tested to find one that best distinguished the parental
alleles.

In Fig. 4a, the paternal translocation heterozygote
shows two Eco Rl fragments hybridizing to the Sh/
probe. The female parent, which is homozygous for the
allele shl-R, has a different-sized Eco RI fragment. As
expected, the DNAs of the Yg progeny show that they
each received one allele from the female parent and
one of the two alleles of the male parent. The yg plants,
on' the other hand, having lost the dominant paternal
markers by nondisjunction of the B-A translocation,
have only the maternal shi-R allele. In Fig. 4b, restric-
tion digests of the same DNAs were probed with a Wx
clone. The paternal translocation heterozygote again
has two allelic fragments, but this time the female wx-R
allele cannot be differentiated from the larger male
allele using this particular enzyme. Among the progeny
of the cross, two of the three Yg plants have received
the smaller paternal allele and one has received the
larger allele. All three of the yg plants received the
smaller paternal allele in addition to the maternal
allele. This result agrees with the genetic interpretation

which assumes that both the Yg and yg plants should
have Wx/wx alleles of both parents, because the break-
point of the translocation is distal to Wx.

It is estimated that 85% of the maize genome is covered by
existing . B-A translocations (Beckett 1978). Any marker oc-
curring within this portion of the maize genome can be
mapped to a chromosome arm by examining the DNAs of the
hypoploid progeny of the 18 maize translocation stocks.
Markers mapping to much of the remaining portion of the

yellow- green

—_——

Foatt — 11 e e e W W
e - Wl .
a b

Fig. 4a, b. Demonstration of the use of B-A translocations to map RFLP markers. DNA was prepared from parents and individual
progeny of a cross of a yg C sh bz wx tester strain pollinated by a translocation heterozygote, Th59B, carrying dominant alleles at
these loci. The breakpoint of the translocation is between Bz and Wx, very near Wx. Plants were classified as being green (Yg) or
yellow green (yg) prior to DNA preparation. Five ug of DNA from each plant was digested with Eco RI. In (a) the probe was the
Shi clone Pst38. The male parent contains two distinguishable Sh! alleles; the female has a different sk allele. The green progeny
receive the female sk allele and one or the other of the male Sh alleles. In contrast, the yg plants, which have lost the dominant male
contribution by nondisjunction of the B-A translocation, have only the female s allele. In (b) the probe was the Wx subgenomic
clone p225. Because the chromosomal segment being lost does not involve the Wx locus, both the green and yg plants receive
an allele from each parent. Molecular lengths of the fragments in kilobase pairs are indicated to the right of each figure
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genome can be placed in the second generation after hypo-
ploid progeny have been self-pollinated or test-crossed
(Beckett 1978). Hypoploid plants carry a chromosome with a
deficiency for the translocated segment. Gametes receiving
this chromosome will not function, so a majority of the
progeny will receive the non-deficient, maternal chromosome.
Paternal alleles carried on the deficient chromosome and
tightly linked to the translocation breakpoint will also be
poortly transmitted. Therefore, RFLP alleles not covered by a
B-A translocation, but mapping near the translocation break-
point, will be transmitted at a low frequency from hypoploid
plants.

Once a number of RFLP loci have been assigned to
chromosome arms, they can be mapped relative to any other
markers using a segregating population. Correlation with the
existing genetic map can, in part, be achieved by measuring
linkage with previously mapped isozyme loci and with RFLPs
of known cloned genes. Because gene mapping has been a
cooperative effort in many organisms, the choice of the segre-
gating population in which to measure linkage is important.
Recombinant inbred lines have proven useful to mouse
geneticists in mapping molecular, as well as morphological,
characters (Taylor 1978; Bailey 1981). Recombinant inbred
lines are derived by repeated sib-mating or self-fertilization
from an F, population of two distinct inbreds. The production
of recombinant inbreds is similar to the production of random
inbreds from an F, population by single seed descent (Brim
1966), except that selection is avoided so that all allelic combi-
nations have an equal chance of being represented. These lines
fix linked blocks of parental alleles. Linkage data is obtained
by typing each recombinant inbred for every allele that distin-
guishes the two original parental lines. Parental combinations
of alleles that occur together at high frequency are assumed to
be linked. Recombinant inbreds have the advantage over
backcross or F, populations in that the information gained
from screening them is cumulative. Whereas F, and backcross
populations have a finite lifetime and must be continually
regenerated and retyped, recombinant inbred families need
only be typed once for any character. When a new trait is
found, the investigator uses the recombinant inbreds to type
only that additional character, using all previous information
to make a map assignment. The use of recombinant inbreds is,
of course, limited to mapping those loci which exhibit allelic
differences in the original parental lines. For RFLPs this is not
a great disadvantage since unrelated inbreds are likely to be
distinct at many loci. An additional advantage of recombinant
inbreds is that they can be screened in different environments.
This may be particularly useful if quantitative characters are
being scored. Jinks and his colleagues (Perkins and Jinks
1973; Jinks etal. 1977) have constructed and studied two
extensive recombinant inbred families in Nicotiana rustica.
Two sets of maize recombinant inbred lines are currently
being developed in collaboration with M. C. Albertsen
(Pioneer Hi-Bred International, Inc.) and C. W. Stuber (North
Carolina State University). Recombinant inbred lines should
be useful for preparing linkage maps for any species in which
inbred lines have been established.

These results show that maize has a very high

degree of restriction fragment length polymorphism,
greater than any other organism examined thus far. Yet
despite the exceptional amount of polymorphism, the
RFLP markers are stably maintained for several
generations of inbreeding. Thus RFLPs should facilitate
the construction of a detailed molecular genetic map
for maize. Mapping these markers can be aided by the

use of special genetic stocks, particularly the B-A
translocations that can locate the marker to a chromo-
some arm, and by recombinant inbred lines.
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