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he study of variation is the basis of genetic analysis, evolutionary studies, and popu-

lation biology, and of course, 1s fundamental in the improvement of agricultural
plants. In this context, the uncovering of new sources of variation and the ability to de-
scribe novel types of variation is of great importance to plant biologists. In maize, as well
as other plants, variation has been widely studied at several levels: for phenotypic char-
acters such as morphology and plant products (Goodman and Bird, 1977), for protein
level changes as are revealed by isozyme analysis (Newton and Schwartz, 1980), and at the
level of the whole genome by analyzing the kinetics and stability of DNA:DNA reasso-
ciations in solution hybridization (Hake and Walbot, 1980).

Recently, it has become possible to examine genome variation in much greater detail
through the use of specific cloned DNA probes. The use of cloned probes makes direct
nucleic acid analysis a fairly simple and extremely sensitive method of detecting types of
variability that are inaccessible in phenotype or protein analysis. We will show below that
we can easily detect extensive variation between modern inbred lines of maize, as well as
between maize and its close relatives, the teosintes. By using clones of repetitive DNA se-
quences, we have discovered considerable changes in the copy number of repeated DNA,
and many restriction site polymorphisms. These types of variation cannot be detected at
the phenotypic or protein level, although they may have important consequences in plant
growth and adaptation. We also show that large numbers of restriction site polymor-
phisms can be found in the vicinity of genes defined by the use of cloned cDNA probes,
and that these can be used to identify and map new genetic loci without having to find new
phenotypes or new enzyme activities.

Copy Number Variation in Repetitive Sequences of Maize

The number of copies of highly repeated DNA sequences has been found to vary mark-
edly between the genomes of related species (Flavell, 1982). We have asked if variation for
copy number could also be found within the species Zea mays by comparing inbred lines.
Additionally, we are interested to learn if there is any coordination in the copy number of
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various repeated sequences withim these specific genetic backgrounds, and whether the
orgamzation of the sequences aftects that range of copy number variation they display
(i.c., are dispersed repeats as variable in copy number as tandemly arraved repeats?).
To answer these guestions, we have measured the copy number of various highly re-
peated sequences in the genomes of several inbred maize hines. The data for four different
sequences s shown in Figure 1. These cloned sequences were isolated in several ways.
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Figure 1. Copy number vanation for repeated DNA sequences.

Figure 1A, Hybndization of cloned repeated DNA sequences to uncut matze DNA. 0.5 ug of unre-
stricted nuclear DNA solated from 7 inbred lines (Rivin et al., 1982) was denatured and fived to
nitrocellulose paper through a slotted template. Idenucal *slot blots™ were hybridized 1o nick trans-
lated plasmds carryving repeated DNA sequences. pGmrl 1s a ribosomal DNA clone derived tfrom
sovbean. pZmK10 and pZmC62 have short sequences of marze nuclear DNA. The films have been
evposed to ginve a ssmilar intensity of signal for each probe. Therefore, the relative copy number can
be meanmngfully compared within the DNA samples using a single probe, but relative copy numbers
between probes can not be compared in these autoradiograms.

Figure 1B. Hybndization of cloned repeated DNA to restricted genomic DNA. 0.5 ug of nuclear
DNA from 6 inbred hnes was digested with Haelll, electrophoresed 1n 3% agarose and blotted 10
nitrocellulose The blot was hyvbridized with a nick translated plasmid, pZmK6, which carries a 180
base pair Heelll fragment ot maize DNA. Molecular weight markers are pBR322 digested with
Hinf I
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pGmirl is an rDNA probe from soybean that cross-reacts with corn iDNA. pZmK6 and
pZmK10 are sequences that appear as bright, highly repeated bands on an HaellT digest of
maize DNA. pZm62 was selected from a pool of random EcoR1-HindlIIl fragments.

To quickly measure the copy number of many sequences in a range of inbred lines,
nick-translated recombinant plasmids were hybridized to equal amounts of uncut maize
DNA immobilized on nitrocellulose filters. As shown in Figure 1A, the DNA was applied
through a slotted template so that each type of DNA is represented as a discrete band. By
making several exposures of the autoradiogram and quantifyving the results with a densi-
tometer, we have determined the extent of copy number variation between the inbred
lines, and the pattern of hybridization of the set of probes within individual genetic back-
grounds. In Figure 1B, the recombinant plasmid 1 hybridized to a blot of DNA digested
with Huaelll. As in the “slot blots,” copy number variation among the inbred lines is obvi-
ous and can be quantified. This type of experiment also provides information about the
organization of the repeat units. The ladder pattern shown tor pZmKaé is tvpical of tan-
demly arraved repeat units; the occasional loss of restriction sites creating dimers and
tnmers of the basic repeat unit. pZmK10 and the rDNA are also tandemly repeated
sequences.

Our data show that each probe has a distinetive pattern of hvbnidization intensity to the
set of maize DNAS, and each displays some copy number sariation. pZmKeé 15 the most
vanable, having a sin-fold range of copy number in the lines tested. pZmC62 varies two-
fold, as does the rDNA probe. pZmK10 has a four-fold range of copy number among the
inbred hnes. We obtained no evidence for coordinate control of copy number ot the four
probes: that is, they were not unitormly high in one line and low in another. Each inbred
line was also ditferent. No two had exactly the same quantities of each of the repetitive se-
quences. It s also apparent that the proportion of dimer and trimer relative to monomer
of the pZmK6 sequence is variable between lines. We are investigating further how these
polvmorphic forms of the repeat may be varving independently in copy number. One of
these sequences, the rDNA repeat, has been extensively characterized with respect to s
restriction site polvmorphism, which 1s described below.

Variation in Ribosomal DNA

The genes coding tor ribosomal DNA (rDNA) exist in the genome as tandemly repeated
units of transcribed interspersed with nontranscribed DNA (Figure 2). The overall pattern
of tDNA organization is one of high conservation within species, with some divergence
between lines or species. This pattern of within group homogeneity and between group
heterogeneity is termed concerted evolution (Zimmer et al., 1980). Concerted evolution of
rDNA genes previously has been described for veast (Petes, 1980), Drosophila (Coen et
al., 1982), and mammals (Arnheim et al., 1980).

We observe a similar pattern of rDNA change with restriction mapping studies of the
rDNA genes of maize and teosintes. In addition to copy number variation between inbred
lines, variation tor restriction endonuclease cleavage sites and for the length of the non-
transcribed spacer were observed among inbred lines. As expected, a greater number of
changes are detected when the inbred lines of Zea mavs are compared to the more dis-
tantly related teosintes.

For example, Figure 2 describes the results of using the restriction endonuclease EcoR1
to examine the rDNA genes of Zea lines. Figure 2A is a schematic illustrating the organi-
zation of maize rDNA. In lines where EcoR1 cuts just once per repeat unit (lines with the
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Figure 2. Maize rDNA genes
Figure 2A. A typical ribosomal repeat unit of Zea. Large filled-in boxes indicate those parts of the
DNA that code for the mature 17S, 5.8S and 26S ribosomal RNAs. “E” indicates cleavage sites for
the restrication endonuclease EcoR/. Asterisks mark those sites which are heterogeneous within the
rDNA array of an indinvidual.

Figure 2B. DNA fragments contamming the rDNA genes of maize and teosintes. Nuclear DNA was
digested with the enzyme EcoR/, subjected to electrophoresis in an agarose gel and hybridized with a
nick-translated rDNA probe, pGmrl. Numbers represent the sizes of the fragmentsin Kb. “Z” refers
to Zea and “T" to the genus Tripsacum. Flint, H25 and Popcorn are inbred lines of Zea mays, Con-
fite Puneno 1s a South American Zea mayvs, and Balsas, Chalco and Huehuetenango are Mexican
teosintes.

E site only such as Z. mayvs, Flint, Figure 2B), an rDNA fragment of 9Kb is generated.
This conserved EcoR 1 site has been mapped to the 3’ end of the 26 S gene. There are two
additional EcoR1 sites (E,* and E,*) noted in this figure. The presence of the E,* site gen-
erates 8 Kb and 1 Kb fragments (see Z. /mays H25 in Figure 2B). The E,* site has been
detected in a number of inbred lines of maize. The presence of the E,* site results in
6.5 Kb and 2.6 Kb fragments (the 2.6 Kb fragment is only faintly detectable, due to use of
the heterologous spacer probe). The E,* site is found in Zea diploperennis, Zea perennis,
and Zea luxurians TDNA arrays.

As can be seen in Figure 2B, both E and E + E,* or E + E,* type arrays can exist
within an inbred line and even within individual plants. We are interested in the distribu-
tion of variants such as the E,* site along the rDNA array, as the pattern of variation may
reflect the mechanism(s) by which array homogeneity is maintained.

Restriction Fragment Length Polymorphisms Near Genes in the Maize Nuclear Genome

The two classes of maize DNA considered so far can both be described as highly re-
peated DNA sequences, present in thousands of copies per haploid genome. We have also
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addressed the question of how much variability exists between different inbred lines of
maize in the region of unique or nearly unique DNA sequences. This experiment required
the use of two tools. First, it required probes for unique DNA sequences. We chose as a
source of probes a library of cDNA clones made by reverse transcription of poly (A)*
RNA isolated from etiolated seedlings. Second, it was necessary to have a means of de-
tecting DNA sequence variability. This was provided by a number of restriction endonu-
cleases, each of which cleaves double-stranded DNA at a specific nucleotide sequence.
The design of the experiment was to determine the length of the restriction fragment of
maize DNA to which a particular unique sequence DNA hybridized. Single-base changes
and DNA rearrangements occurring during the evolution of the species cause the lengths
of restriction fragments to change. Therefore, differences between inbred lines of maize in
the DNA sequence near a particular gene would sometimes be detected as differences in
the lengths of the restriction fragments containing that gene.

An example of the kind of results that are obtained when a low copy number DNA
probe is hybridized to restriction fragments of maize DNA isolated from a number of dif-
ferent inbred lines is shown in Figure 3. DNA isolated from 14 randomly chosen inbred
lines of maize was digested with the restriction endonuclease EcoR/. The resulting DNA
fragments were fractionated by size in an agarose gel, transferred to paper, then hybrid-
ized with a radioactively labeled cDNA clone probe. As can be seen by examining any in-
dividual lane in Figure 3, the probe hybridized to several bands in EcoR/[-digested maize
DNA. The bands range in intensity from dark to light. The darkest band in each lane is of
the intensity that would be expected of a single-copy gene. By comparing different lanes in
Figure 3 to each other, it ¢can be seen that while the probe hybridized to several bands in
any one lane of maize DNA, the pattern of bands produced is different for each inbred
line. Therefore the pattern of bands produced using a DNA probe can be used to identify
a particular inbred line and hybrids between inbred lines.

Figure 3. Restriction fragment length polymorphism near low copy number genes. DNAs isolated
from 14 inbred lines of maize were digested with EcoR/, run in an agarose gel, transferred to diazo-
tized paper, and hybridized with a **P-labeled cDNA clone probe.
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We have used a classical genetic analyvsis to show that our probe is hvbridizing to a small
related gene famuly of four to sivloct, and we can assign the hvbridizing bands to particu-
lar loct within that group. We have analy zed the hybnidizatnon patterns of DNA trom Fl
and F2 indivaduals from a cross ot inbred hines. F1 plants show all the bands present in the
parents, and in F2 plants these bands segregate. By pairwise analyvsis of the bands in the
F2 plants, we can show which bands segregate from cach other as expected ot polymor-
phisms at a single locus, and which segregate mdependently as expected of unhinked locr.
In this way, we can use cDNA probes to detect many new genes and gene fanmulies, and be-
cause we find a high degree of restriction site polymorphisms surrounding all these genes,
we can use classical genetie technigques to map them.

New Genetic Markers for the Maize Genome

Anmmportant application of the varianion we have observed in the maize genome will be
1ts contribution of a very large number of new genetic markers to the maize hnkage map.
Traditionally, vanants for use in genetic mapping have been identitied at the level of the
phenotype of the organism or at the protemn level. Now it is possible to define many new
genetic locr with DNA probes, without the need to correlate them with new plant pheno-
types or new enzyme activities. The loct can be detined because the DNA restriction frag-
ments on which they reside are polvmorphic. Their polymorplusm allows them to be
mapped by classical genetic techniques.

We believe that a very large number of new genetie loct can be identified in this way,
perhaps many thousands. However, 1t is vet to be determined whether all regions of
unique DNA sequence in the maize genome are as polvmorphic. The new loci can be
added to the existing hinkage map using exactly the same methods that are used to map
phenotypie and 1sozyme vanants, Moreover, the three types of polymorphisms could be
mapped with respect to one another simultancousty, since all could be scored in a single
plant.

An example of an area in which a detailed genenie hnkage map would answer a need 15
the arca of plant breeding. For instance, when a linkage map of maize has been generated
of sutficient detail, 1t may be possible to ink spectfic restriction fragment length pols-
mot phisms to important agronomic traits. [fitis known that a desirable adult plant trait 1y
closely Iinked to a particular restriction fragment length polymorphism, DNA from seed-
lings could be sereened tor that polymorphism to identify seedlings during a backcerossing
program that are ikely to contain the linked trait. By performing the screening procedure
while the plants are at the seedling state, much time, space, and expense could be saved
that would otherwise be spent screening a large number of adult plants for adult charac-
teristics. Restriction fragment length polymorphisms are also likely to be found associated
with unique DNA sequences of plant species other than maize. The advantages that we
have described of using restriction fragment length polymorphisms as genetic markers are
hkely to apply to other important crop species.

Prospects

We have shown that direct examination of DNA i< avery sensitive method for detection
and analvais of variation within a species and between closely related species. Variation in
both transcribed and nontranscribed sequences can be investigated, and changes can be
detected in primary sequence, organization, and copy number. Using the polymorphisms
we have discovered with various Kinds of probes, we hope to address the question of how
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flexible the maize genome may be: what kinds of sequences are subject to variation? of
what kind? at what rate? by what mechanism? We want to know how sequence homoge-
neity is mamtained in repetitive DNA, but also how variants can be propagated and am-
plified. We have the tools to ask whether sequence variation is more common in sequences
adjacent to umique DNA than in tandem arrays of repeats that may be subject to homo-
genization mechanisms, and whether tandem and dispersed repeats are different in this
regard. We can also ask if the ability to vary copy number and the range over which it mav
vary 1s dependent on the orgamization of the sequence and/or whether it is transcribed.

Although we can detect a great deal of variation at the nucleic acid level and infer some-
thing about the rates and mechanisms of this vanation, we cannot vet relate these genomic
changes to the organismal change that we measure. The rate ot genomic change compared
to organismal change s certainly not constant in different taxa of animals (Wilson et al.,
1977), and a simular situation may exist for plants as well. Maize represents a case in which
there have been recent radical alterations in organismal phenotype in both vegetative and
reproductive characters. Both domestication and modern breeding have altered the phen-
otvpe (Walbot, in press). It s an open question whether or not these pressures have re-
sulted in the hinds of varation we have observed or whether such changes are of agro-
nomic value.

Phillips (1981) has demonstrated that maize rDNA number varies over approvimately a
two-told range in different inbred hines of maize and that a similar range of vanation
existed for lines selected over the past 70 vears for hugh or low protein content. Cullis
(1981) has proposed that environmental stresses result in heritable changes in tDNA ¢opy
number i flax. and changes in other repetitive DNA sequence famihes may be correlated
with organismal change. We can imagine ways in which nontranscribed sequences may
also be important in selection. For example, chromosome knobs are variable features of
the maize karvotype that are largely composed of a tandemly arraved repeated sequence
(Peacock et al., 1981). The knob structure participates in a meiotic drive mechanism that
can lead to the preterential inheritance of knobbed chromosomes tfrom heterozvgous
plants. Genes closely linked to knobs would also be preferenually inherited. Knob «e-
quences could themselves accumulate through selection pressures on closely linked logi.
Even without any structural or genic role, DNA sequences could be selected for copy
number variation for their nonspecitic effect on genome size.

While the sigmficance of genomic vanation to plant growth remains to be tested, we ex-
pect that the diversity we have found between inbred lines may have practical applications
for plant breeding. Cloned probes could be used to test the purity of inbreds, to assess the
relatedness of lines, and to add a vast number of new loci to the genetic linkage map.

Acknowledgments

Research was supported by grants trom the USDA and NSF to V.W_| by a NIH postdoctoral
fellowship to E.ALZ., and by a NIH grant to R.W. Davis C.A.C. was supported by a Civil Service
(Nuftield and Leverhulme) Travelhing Fellowship.

REFERENCES

Arnheim, N, M Krystal, R Schimickel, G Wilson, O Ruvder, and E Zimmer (1980) Molecular evidence tor
genetic exchanges among ribosomal genes on non-homotogous chromosomes in man and apes. Proc. Nat.
Acad Scr 77: 7323-7327

Coen, E . T Strachan, and G Dover (1982) Dyvnamies ot congerted evolution ot ribosomal DNA and histone
gene families i the melanogaster species subgroup ot Drosophida ). Mol Biol 158 17-35

15



PLANT MOLECULAR BIOLOGY REPORTER

Culls, C.A (1981)  Environmental induction of heritable changes 1 tlax. detined environments inducing
changes in TDNA and perosidase isozvme band pattern Heredity 47 87-94

Flavell, R (1982). Scquence amphfication, deletion and rearrangement: major sources of vanation durning
species divergence In. Genome Evolution (eds G A Dover and R B Flavell), Academic Press, New York.
pp 301-323

Goodman, M M and R McK Bird (1977) The races of maize IV tentative grouping of 219 Latun Amencan
Races. Economic Botany 31 204-221.

Hake, S and V. Walbot (1980) The genome of Zea mavs, its organization and homology to related grasses
Chromosoma (Berl ) 79 251-270

Newton, K T and D Schwarts (1980} Genetic basis of the major malate dehvdrogenase 1sozymes in maize
genetics 95 425-442

Peacoch, W J . E S. Denmis, M M Rhoades, and A J Prvor (1981) Highly repeated DNA sequence hnuted
to knob heterochromatin in maize Assoc Nat Acad. Sar 78 4490-4494

Petes. T D (1980). Unequal merotic recombinanon with tandem arrdys of yeast nbosomal DNA genes Cell
19- 767-774

Phillips, R L (1978) Molecular cytogeneties of the nucleolus organizer region In. Maize Breeding and Genetics
(ed D B Walden), Wiley-Interscience, New York pp 711-741

R, CJ . EA Zimmer, and V. Walbot (1982) Isolanon of DNA and DNA recombinants from maize In
Maize for Biological Research (ed W F - Shenidan), Plant Molecular Biology Association, Charlottesville,
Va pp 161-164

Walbot. V' (in press) Morphological and genomic variaton in plants: Zea mavs and 1ts relatives In British
Socens for Developmental Biology Svmposium No. 6 Development and Evolution (eds. B.C Goodwin, et
al ), Cambnidge Unnveraty Press, Cambridge, England

Wilson, A C, SS Carlson and TJ White (1977) Biochemical Evolution Ann  Rev  Biochem 46,
S73-639

Zimmer, ELA ST Marun, SM Beverles, YW Kanand A Wilson (1980) Rapid duphcation and loss of
genes coding tor the chains ot hemoglobin Proe Nat Acad Sc. US A 77 2158-2162.

Recenved December 7, 1982



