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T he studv of variation is the basis of genetic analysis, evolutionary studies, and popu- 
lation t~iology, and of course, (s 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  tile 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 belong, that 
we can easily detect extensive variation between modern inbred lines of maize, as well as 
between maize and its close relatives, the teosmtes. 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 eDNA 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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x ariotp, repeated ,,cqucnccs w~thm thc',e ',pccific genetic backgrounds ,  and whether  the 

orgat l l /a l lo t l  o f  lhe ,,equcnccs affect ' ,  that range o f  copy number  , ,arialion they display 

(i.e., arc di,,per,,cd repeals at ~ariablc in copy number  as tandemly  arrayed repeats?).  

To ans\~er these qucsuons ,  x~c haxe measured the copy number  o f  various highly re- 

pealed sequences in lhc gcnomcs  of  se~ eral inbred ma i / e  lines. The data  for four di fferent 

sequences ~s sho~n  ~n F~gurc 1. These cloned ,,equences x~ere isolated in several ways. 
. . 
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Figure I. (.'op~ nunlber ~anatlon for repeated DNA ,,equences. 

Figure IA. H.vbrldl/atlon of cloned repeated DNA sequences to uncul maize DNA. 0.5 t~g of tmre- 
,,meted nuclear DNA p, olaled from 7 inbred lines (Rl`.m el al., 1982) ~as denatured and fixed to 
mtrocellulo,,e paper through a ',loued template. Idenncal "slot blot'," were hybrldl/ed to rock trans- 
lated pla,,mld,, carr.xmg repealed DNA ,,equences. pGmrl ~s a ribosomal DNA clone demed  from 
,,oybcan. pZmKlO and pZmC62 ha~e short sequence,, of mal/e nuclear DNA. The films ha`.e been 
expo,,ed to g~e a ,amflar mlens~ty ot,agnal for each probe. Therefore, the relall~e copy number can 
be meaningfully compared ~nhm the DNA ,,amples using a single probe, but relau`.e copy numbers 
bel~seen probes can not be compared i[1 the,,e auloradlograms. 

I"iRure lB. H.~bndl/allon ol cloned repeated DNA to restricted genomlc DNA. 0.5 ;~g of nuclear 
DNA from 6 inbred hne,, ~`.as digested with Haell l ,  electrophoresed m 3o7o agarose and blotted to 
nurocellulo~,e The blot washybndl /edwuh anicktranslatedplasmld,  pZmK6, whlchcarriesa 180 
base pair Hael l l  fragment ot mai/e DNA. Molecular ',,,'eight markers are pBR322 digested with 
Hml I. 
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pGmrl is an rDNA probe from `;ovbean that cross-reacts with corn rDNA. pZmK6 and 
pZmKI0 are sequence,, that appear as bright, highly repeated bands on an Haell l  digest of 
maize DNA. pZm62 was selected frorn a pool of random E c o R I - H m d l l l  fragment`;. 

To quickly mea,,ure the cc, py number of many sequences in a range of inbred lines, 
nick-translated recon3bmant plasnaid,, were hybridized to equal amounts of uncut maize 
DNA immobili,'ed on nitrocellulose filters. As shown it3 Figure I A, 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 auloradiogram and quantifying the restmhs xsilh a densi- 
lOmeler, xse have determined the extent of copy number xarialion betxseen the inbred 
lines, and the pattern of hybridi,'ation of  the set of probes v, ilhin indix idual genetic back- 
grounds. In Figure I B, the recombinant pla`;mid is hybridized to a blot of DNA digested 
v, lth Haelll .  As in the"slot blots," cops' number x ariation among the inbred line`; is obx i- 
otis and can be quantified. Tiff`; type of  experiment aNo prox ides inforn3aticm about lhe 
organization of the repeat units. The ladder pattern shown for pZmK6 is typical of tan- 
dernly arrayed repeat unit`;; the occasional loss of restriction sites creating dimers and 
irnners of the basic repeat t, nit. pZmKl0 and the rDNA are also tandemly repeated 
sequences. 

Our data show that each probe has a distincti,~e pattern of hybrldlzatiot3 intensity to the 
set c,f maize DNAs, and each dlsplabs some cop.',' number ,.ariation. pZmK6 is the most 
\ariable, haxing a six-fc, ld range of copy nutnber m the lines tested, pZmC62 xaries txso- 
fold, as doe,, thc rDNA probe, pZmK 10 has a four-fold range of cop}' nt, mber among the 
inbred lines. Wc obtained no ex idence for coordinate control of copy number of the four 
probes: that is, they xsere not uniformly high in one line and low in another. Each inbred 
line xsas also d~llerent. No lxso had exactly the same quantities c, feach of the repetitive se- 
quences. It is also apparent that the proportion of dimer and trimer relative to monomer 
of the pZmK6 sequence is x ariable between hnes. We are inx estigating further how these 
pol.vtnorphlc forms of the repeat may be xarying independentl.,, in cops number. One of 
these sequences, the rDNA repeat, has been extenslxel.', characterized v, ith respect to its 
restriction site polymorphism, which is described belox~. 

Varial ion in Ribosomal  lJNA 

The genes coding for ribosomal DNA (rDNA) exist in tile genome as tandemly repeated 
units of trai>cribed interspersed with nonlranscribed DNA (Figure 2). The overall pattern 
of rDNA organization ì ; one of high conservation within `;peele`;, with some divergence 
betv, een lines or specie,;. Tiff`; pattern of within group homogeneity and between group 
heterogeneity is termed concerted evolution (Zimmer et al., 1980). Concerted evoh, tion of 
rDNA genes previously has been described for yeast (Peles, 1980), Drosophila (Coen et 
al., 1982), and mammals (Arnt3eim et al., 1980). 

We ob`;er,,e 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, ~ariation for restriction endonuclease cleavage site,, and for the length of the non- 
transcribed `;pacer were observed among inbred lines. As expected, a greater number of 
changes are detected wher~ the inbred lines of Zea m a w  are compared to the more dis- 
tantly related teo`;intes. 

For example, Figure 2 describes the results of using the restriction endonuclease EcoRl  
to examine the rDNA genes of Zea lines. Figure 2A is a schematic illustrating the organi- 
zation of  maize rDNA. In lines where EcoRl  cuts just once per repeat unit (lines with the 
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Figure 2. Matze rDNA genes 
Figure2A. A typical ribosomal repeat unit ofZea.  Large filled-m boxes mdJcate those parts of the 
DNA that code for the mature 17S, 5.8S and 26S r|bosomal RNAs. "E" mdicates cleavage s~te,+, for 
tile restrication endonuclease EcoRl. AsterN, ks mark those site,, which are heterogeneous x~ ~thm tile 
rDNA array of an indu~ idual. 

Figure 2B. DNA fragments containing the rDNA genes of maize and teosmtes. Nuclear DNA was 
digested with the enzyme EcoRl, subjected to electrophoresis in an agarose gel and hybrtdtzed with a 
nick-translated rDNA probe, pGmrl .  Numbers represent the sizes of tile fragments in Kb. "Z" refers 
to Zea and "T" to tile genus Trtl~SUcttm. Flint, H25 and Popcorn are inbred lines of Zea ma)w, Con- 
['ste Puneno is a South American Zea mars, and Balsas, Chalco and Huehuetenango are Mexican 
teot',i n t e,+,. 

E rote on ly  such as Z. nltO's, Flint ,  F igure  2B), an r D N A  f ragment  o f  9Kb is genera ted .  
This conserved  E c o R l  site has been m a p p e d  to the 3' end o f  the 26 S gene. There  are two 
add i t iona l  E c o R l  sites (E,* and  E2*) no ted  in this figure.  The  presence o f  the E,* site gen- 
erates 8 Kb and 1 Kb f ragments  (see Z. nlaw" H25 in Figure  2B). The  E,* site has been 
detected in a n u m b e r  o f  inbred  lines o f  maize.  The  presence o f  the E2* site results  in 
6.5 Kb and  2.6 Kb f ragments  ( the 2.6 Kb f ragment  is only fa in t ly  de tec tab le ,  due to use o f  
the he te ro logous  spacer  p robe) .  The E2* site is f o u n d  in Zea dtploperennis ,  Zea perennis ,  

and Zea luxurlans r D N A  ar rays .  
As can be seen in Figure  2B, both  E and E + E,* or E + E2* type  a r rays  can exist 

within an inbred  line and even v, i th in  ind iv idua l  plants .  W e  are  in teres ted  in the d is t r ibu-  
t ion o f  var iants  such as the E,* site a long  the r D N A  array ,  as the pa t t e rn  o f  va r i a t ion  may 
reflect the mechanism(s)  by which a r r ay  h o m o g e n e i t y  is ma in ta ined .  

Restriction Fragment Length Po lymorphisms  Near Genes in the Maize Nuclear G e n o m e  

The two classes o f  maize  D N A  cons ide red  so far  can bo th  be descr ibed  as h ighly  re- 
peated D N A  sequences,  present  in t housands  o f  copies  per  hap lo id  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 EcoRl. The resulting DNA 
fragments were fractionated by size m an agarose gel, transferred to paper, then hybrid- 
ized with a radioactively labeled eDNA clone probe. As can be seen by examining any in- 
dividual lane in Figure 3, the probe hybridized to several bands in EcoRl-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. 

, , ~  : - 
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Figure 3. Restriction fragment length polymorphism near low copy number genes. DNAs isolated 
from 14 inbred lines of maize were digested with EcoRl, run in an agarose gel, transferred to diazo- 
tized paper, and hybridized with a ~2P-labeled eDNA clone probe. 
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\Ve ha \  e t,sed a cla,,slcal genet ic  al lalysis  to she\,, lhal our  p t o b e  is hyb r id i : i ng  to, a small 
related gene farml.,, of  four  It`' ,.,ix loci .  a l ld  \`.c call assign file hybridl/ir~g bands  It`+ part lct l -  

lal loci xxitlnn that g toup .  \Ve I+u.t̀ . e anal. ' , /cd the I+tybrld+/atlon pa t te rns  o f  DNA l'lorn F1 
and 1:2 Illdl`. u.luals l ronl  a cross  el inbred hncs. F1 plants  she\,, all the bands  present  II+l the 
parents ,  arid in F2 plal+tts these bands  segregate.  Bx palrx~isc anal\s~s o f  the bands  ill the 
F2 plants ,  '.`.5 call ,+lie\`. v,.lllCh bands  segregate  l ronl  each e t h e l  as e \ p e c t e d  of  p o l y m e r  
phlslllS at a single locu,,, alld \'. Illcll segregate  m d e p e n d e n l l y  as expected of  tHlllnked loci. 
IrL this x,,ay, x,.c can use e D N A  probes  to detect man.\ nev, genes :.lnd gene fannlies,  and  be- 
cause  ~.`.e fllld a high degree c,l rcs t r lc t lo l l  site polylllorpl ' l ist ' t ls  s t l r rour ld l t lg  all these genes, 
\~,C Call /Ise c lass ical  gellglIC lechl l lq t les  to l l lap t]lelll. 

Ne~  Genet ic  Marker,, for Ihe Maize G e n o m e  

: \n  Inlpor la l l t  apphcdtIOll  o f  the xar ia t lon  ~'.e ha'. e ,.`+bserx ed ill the m a i : e  genome  \',ill be 
ils o.`+ntribution o f  a .̀ el.,, large mHl+tber o f  llCx~, genet ic  n la rkers  it.+ tile lll.:.ll/e hnkage  tllap. 
Traditlonall+x, ` .armnts for use in genetic mapp ing  ha' ,e been ident i f ied at the lexel of  tile 
phenotyf`'e of  the c, rgatlisnl c,r at Ills p ro te in  level. Nov, it is possible  to def ine many  nev, 
genetic Ioc~ with D N A  prc, bes, ',x ithotll the need to corre la te  them \`.lth nev, plant  pheno-  
t.', pes ot + nex`. en/.x llle agll\  illeS. The  loci can be del ~ned because  the D N A  restrictlort  frag- 
melltS Oll \x hich the\  reside are pol_,.ntorphlc. Their  p,.`'l.',lllOrphlslll alloxxs them to be 
mapf~ed b\  classical genetic techlliqtleS. 

\Ve belie`.e tllal a `.el~ large number  o f  ne~ genet ic  loci can be identJl led in lhls xAat., 
perhaps  many thotlMlllds. Hc, v, mer ,  ~t is vet to he dc te rn l lned  x~lletller all regions o f  
unique D N A  sequellce in the l l la l /e  genome  are as po[ymorpll lC.  The  hey, loci Call be 

added  to the exist ing hnkage  nlap uslrtg e\actl.~ the satne tnet l lods tllal are u,,ed to map  
pl+~enolyplc and iso/x me .̀ a rmnts . . " , Ioreox er, the three tyf, es of  pol.', nlorr~hNns could  be 
mapped  ~ ith respect to one ano the r  sirrlullaneousl.,.,  since all could be scored ill a single 
plant .  

All example  o f  an area in v, hich a deta i led  geiletlc hrlkage map  v, ou ld  ans,.,.er a need is 
the area  el  plallt breeding.  For  instance,  `.'+hen a l inkage map  o f  ma i / e  has been genera ted  
of  sul f lc icnt  deta i l ,  it ma)  be possible  to hnk specif ic  res t r ic t ion fragnlent  length f, ol.,.- 
filet pi l lsms It̀ + in ' lportant  a g r o n o m i c  trait``,. I t  it is kno,.`. 11 that a desi rable  adtlil  plant  trait is 

closely l inked to a par t i cu la r  res t r ic t ion f ragment  length po lyn lo rp tn sm,  D N A  from seed- 
lines couh.t be screened for that  polynlorf~hism to ident i fy  seedhngs dur ing  a backcross ing  
p rog ram that are hkel.v to con ta in  tile hnked  trait .  By per fo rn l ing  tile screening p rocedure  
v,h+le tile plants  a te  at the seedling state ,  much tmle,  space,  and expense  could be sa`.ed 
that v, ou ld  othet\`. lse be spent screemng a large nunlber  or  adul t  p lants  for aduh  charac-  
teristic,,. Restr ic t ion f ragment  length polynlorphi , ,n ls  are also likely to be found assoc ia ted  
x,.ith u m q u e  D N A  sequences of  plant specms o the r  than m a l : e .  The adxantage,~ that \',e 
haxe descr ibed  of  using res t r ic t ion tragnlerl t  length polymorf~his i l> as genetic marke r s  are 
likely to apply It`+ o ther  impor t an t  c rop  species. 

Pro,,pect,, 

\ \ ' e  haxe shox,.n that  direct e x a m i n a t i o n  el  D N A  is a ~ery sensm,, 'e me thod  for de tec t ion  
and anal',',,,~s of  xa r la t ion  within a species and betv, een closely related specms. Vamat ion  in 
both t r ansc r ibed  and  non t r ansc r ibed  sequences can be i n \ e s t l ga t ed ,  and  changes  can be 
detected in p r imary  sequence,  o r g a m z a t l o n ,  and cop', '  number .  Using tile pol .vmorphisms 
v,e have d iscoxered  v, lth xar ious  kinds o f  probe,, ,  we hope to address  tile ques t ion o f  ho~ 
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flexible the mai,'e genonlc may be: what kinds of sequences are subject to var ia t ion? of 

what k~nd? at x~hat rate? by x~ hat mechanism? We want to know how sequence homoge- 
ileitv is n la ln ta lned in repetiti,.e DNA, but also hey, variants  can be propagated and am- 

plilied. We ha,,e the tools to ask whether sequence ', ariat ion is more c o m m o n  in sequences 
adjacelll to unlqtle DNA than m tandem arrays c,f repeals thai may be subJect IO homo- 
geni/at~on mechanisms,  and v, hether t andem and d|spersed repeats arc different m this 
regard. We can also ask ~l'the abihtv to xary copy number  and the range over v, hich it may 

x ar.x > dependent  on the o r g a m / a l | o n  of the sequence a n d / o r  v.hether it is t ranscribed.  
Al though v,e can dclcct a great deal of  xariation tit the nucleic acid le,,el and infer some- 

tiling about  the rates and 111echanisnls of lhis x ar ia t ion,  v,e callnc, t yet relate these generate 

changes to the orgaillsn~al chailge thai we measure.  The rate ot gcilomic change compared  
to organ~smal change is certainly not constant  m different taxa of an imals  (Wilson el al., 
1977), and a similar si tuation may exist for plants as v, ell. .Maize represents a case in x',hich 
there haxe been recent radical al terat ions m organismal  phenotype  in both vegetative and 

reproducti ' ,  e characters.  Bet h domeq  ~cat ion and modern  breech ng have altered the phen- 
otype ( \ \ ' a lbo l ,  in press). It is an open quest ion v, helher or not these pres,,ures have re- 

suited ~n the kinds of xaHal~on xse haxe obscrxcd o r  whelher  such changes are of  agro- 
nOlllic \ ;.title. 

Philhps (19Sl) has demons t ra ted  that mal /e  rDNA number  ,.arms oxer approxirnatel.,, a 

Iv, o-fold range ~n different inbred hnes of maize and that a similar range of varmtion 
existed for line,, selected over the past 70 ,,'ears for high or Iov, protein content .  Culhs 
(1981) has proposed that en', ~ronmental stresses result m heritable changes m rDNA ct, py 

number  m flax, and changes in other repetitive DNA sequence famihes may be correlated 

with organismal  change. We can imagine v.a\'s in v,h~ch nontranscr~bed sequences may 

also be impor tan t  in selection. For example,  ch romosome knobs  arc , ,ariable features of 
the mmze karyotype that are largely composed of a tandernly arrayed repeated sequence 
(Peacock et al., 1981). The knob  structure participates in a meionc  dri,.e mechamsm that 

can lead to the preferential  inheri tance of knobbed  chromosomes  from heterozygous 
plants. Genes closely linked to knobs would also be preferentmll.\ inherited. Knob  se- 
quences could themsel,,es accumula te  through selection pressures on closely hnked  loci. 

Even without anv structural  or genie role, DNA sequences could be selected for cop', 

number  var iat ion for their nonspeclf ic  effect on genome s~/e. 
While the sigmficance of genomic ' ,a rmtion to plant  grov, th remains to be tested, we ex- 

pect that the dlxersity v,e have found betv, een inbred lines may haxe practical appl icat ions  
for plant  breeding. Cloned probes could be used to test the purity of inbred,,, to assess the 
relatedness of lines, and to add a ,.ast number  of hey, loci IO the genetic l inkage map. 
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