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ABSTRACT 
We  have examined the structure of nuclear  genes  coding for ribosomal  RNAs  in  maize and its wild 

relatives, the teosintes and Tripsacum. Digestion of the rDNA  (genes  coding for 18S, 5.8s and 26s 
RNAs)  with 15 restriction endonucleases  (with six  base pair  recognition  sites) yields  essentially a single 
map for the approximately 10,000 repeat units  within  an  individual  plant or species.  Both length and 
site  variation  were detected among species and were concentrated in the intergenic spacer  region of 
the rDNA repeat unit. This result is  in agreement with patterns of rDNA change observed among 
wheat and its  relatives (Triticeae), and among vertebrate species.  Digestion  of  these nuclear DNAs 
with BamHI and subsequent hybridization with a 5s RNA  gene-specific probe allowed determination 
of the size  of the 5s  gene repeat unit in  maize,  teosintes, and Tripsacum. Groupings in the genus Zea 
were characterized by distinct repeat unit types;  five Tripsacum species  examined shared a 260 base 
pair  major repeat unit  type.  Additionally,  several other restriction endonuclease  cleavage patterns 
differentiated among the 5s  DNAs  within the genus Zea. The rDNA and 5s  DNA restriction site 
variation among the species  can  be interpreted phylogenetically and agrees with  biochemical,  kary- 
otypic, and morphological  evidence that places  maize  closest to the Mexican teosintes.  For both gene 
arrays, contributions from each parental genome can  be detected by restriction enzyme  analysis  of 
progeny from crosses  between  maize and two distantly related teosintes, Zea luxurians or Zea 
diploperennis, but certain teosinte arrays were underrepresented in  some  of the hybrids. 

M AIZE is among the most  extensively studied of 
all higher  plant species. Zea  and the  related 

genus Tripsacurn have  been well characterized  mor- 
phologically (DOEBLEY and ILTIS 1980; DOEBLEY 
1984a), cytologically (KATO 1976; CARLSON 1977; 
STALKER,  HARLAN and DEWET 1977; RAYBURN et al. 
1985), and biochemically (SMITH and LESTER 1980; 
DOEBLEY, GOODMAN and STUBER 1984). Despite the 
abundance of information available on maize and its 
wild relatives,  several  conflicting  theories  concerning 
the  origin of maize  have been  proposed  and  continue 
to  be argued (GALINAT 1971; BEADLE 1978; ILTIS 
1983; MANCELSDORF 1974, 1986). In  general, how- 
ever, the hypothesis that  some  teosinte  line is the 
ancestor of maize  has been  supported by several  lines 
of evidence,  including similarities  in  maize-teosinte 
karyotypes (KATO 1976,  1984; MCCLINTOCK,  KATO 
and BLUMENSCHEIN 198 l), isoenzymes (DOEBLEY, 
GOODMAN and STUBER 1984), and  organellar ge- 
nomes (TIMOTHY et al. 1979; DOEBLEY, RENFROE and 
BLANTON 1987). In  addition, maize and most  teosintes 
will readily  cross to produce  fertile  hybrids. 

A primary  reason  for  our  interest  in  this  group 
relates  to  the  question  of  divergence  times  relative to 
rapid  morphological  evolution. Maize-teosinte  diver- 
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gence may be very  recent,  as  in the ape-human case 
(KING and WILSON 1975). Because of the  combined 
factors of natural selection and  human  intervention, 
the relationship  between maize and teosintes  provides 
an excellent  system for study of rapid  morphological 
evolution  in  plants (WALBOT 1983). Maize and the 
teosintes  also  have  been  cited  as an  example  of recip- 
rocal  introgression (HEISER 1973; WILKES 1977). Al- 
though there is substantial  evidence  suggesting  that 
some maize  populations  contain  teosinte  germplasm, 
evidence for maize introgression  into  teosinte is not 
well documented (DOEBLEY 1984b). In  addition,  the 
exact  divergence  time is difficult to determine  due  to 
morphological  similarities and a poor fossil record. 

One previous  study  has  used  nuclear DNA compar- 
isons to address  the issue of  maize-teosinte  divergence 
(HAKE and WALBOT 1980). Taxonomic  relationships 
were  investigated by evaluating  mismatch  in 
DNA:DNA hybridization  experiments.  This  study 
concluded  that  the maize genome is diverging  rapidly 
and  that  the Mexican  teosintes are  most closely related 
to  modern  inbred maize. 

The rDNA of maize is highly reiterated (>10,000 
copies/haploid  genome),  and  it is detectable  both cy- 
togenetically (PHILLIPS, WANG and KOWLES 1983) and 
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in  relatively  small  samples  of  total  nuclear  DNA hy- 
bridized  to  labeled  ribosomal  DNA-specific probes 
(ZIMMER and NEWTON 1982). Because  ribosomal gene 
sequences are subject  to  relatively rapid rates of con- 
certed  evolution  (ARNHEIM et al. 1980; ZIMMER 198 l),  
they  produce  DNA  fragmentation  patterns  that  are 
highly  homogeneous  within  individuals  and  among 
closely related lines,  populations, or species,  yet ex- 
hibit  characteristic  heterogeneity  between  groups. 
Isozyme (GOODMAN and STUBER 1980; DOEBLEY, 
GOODMAN and STUBER 1984) and single-copy gene 
markers  (JOHNS, STROMMER, and  FREELINC 1983),  in 
contrast,  often  tend  to  exhibit  as  much  within-group 
as between-group  variation in plants.  Therefore,  they 
serve less reliably  as  monitors of hybrid genomes.  In 
this  study, we have  examined  the  nuclear  rDNA  with 
restriction  endonuclease  mapping  techniques  to  de- 
termine  how  much  detectable  DNA  variation is pre- 
sent  and  to assess the  potential  of  such  techniques  for 
monitoring  hybrid  genomes and for determining  phy- 
logenetic  relationships among maize and its wild rel- 
atives. 

MATERIALS  AND  METHODS 

Sources of plant material: Inbred maize lines B37N, 
H25,  and  Tx303,  and  three genetic stocks that differ in 
Adhl alleles as well as nuclear background  (S3034, AdhlF, 
AdhlS), were obtained from K. NEWTON (University of 
Missouri). B73 and  Mol7 were from  Pioneer Hi-Bred In- 
ternational,  Inc.  (Johnstown, Iowa). Ky21 was obtained 
from C. RIVIN (University of Oregon). Illinois  Low Protein 
(ILP), Reverse High Oil (RHO), Translocation (Trlcn.) 6- 
7,  and  Trlcn. 6-10 were obtained  from R. PHILLIPS (Uni- 
versity  of Minnesota). The Maize Genetic Cooperation Stock 
Center (Champaign-Urbana, Illinois) provided the  standard 
open pollinated varieties: Wilburs Knobless Flint (WKF), 
Gaspe Flint (GF), Black Mexican Sweet (BMS), Papago Flour 
Corn  (PFC), Ohio Yellow Popcorn  (OHYP),  Argentine Pop- 
corn (AP), Strawberry Popcorn (SP), and material from 
exotic maize (Z. mays sp. mays) including the lines Pira (Nar 
369 WLB  E-8, 77-78), Pororo (Bov 583 WLB E-15, 75-76), 
Chococeno (Cho 314 WLB E-23), and Confite  Puneno (Pun  5 
FTC  T-13, 73-74). Mexican teosinte seed (Z. mays subsp. 
mexicana; DOEBLEY and ILTIS 1980)  for races Chalco 
331779, Balsas 343245,  and Guatamala 306615 (Z. luxuri- 
ans),  and Tripsacum  laxum 314908 were provided by the 
Southern Regional Plant Introduction Station (Experiment, 
GA). Seed for Mexican teosinte race Huehuetenango was 
provided by H .  ILTIS (University of Illinois) and  one sample 
of Z. diploperennis (#l), also originating  from ILTIS' collec- 
tion, was provided by R. M. BIRD (University of Missouri). 
These teosinte and Tripsacum accessions also were used  in 
the preparation of  DNAs for thermal  denaturation studies 
by HAKE  and WALBOT (1980). 

Additional maize, teosinte, and Tripsacum seeds were 
provided by  D. H. TIMOTHY (North Carolina State Univer- 
sity). Used in this study were Z. diploperennis acc. 79-38 
(#2), Z. perennis acc. Cuidad Guzman, T. australe var. hir- 
sutum accession 66-8-2, T. cundinamarce accession 66-13-1, 
and  three accessions  of T. dactyloides: (1) T. dactyloides, acc. 
63-229 from Raleigh, N.C. (2) T. dactyloides, acc. 63-39 
from Horseshoe Lake, Illinois (3) T.  dactyloides var. meridon- 

ale, accession 68-47-4, from Columbia, Santander, Majaga. 
These  are  referred  to as T. dactyloides # 1,2,  or 3 throughout 
this paper. 

We produced F1 hybrid seed by crossing Z. mays (B37N) 
X Z. luxurians and Z. diploperennis X Z. mays (B37N). The 
F1 plants were grown to maturity and leaf material was 
harvested from individual plants for DNA purification. The 
F1 hybrid plants were morphologically intermediate and had 
both maize and teosinte characteristics. A maize-like central 
stalk was present  along with teosinte-like tillers. There were 
multiple ear shoots on each plant, and many of these had 
anthers present. Analysis  of rDNA  from  both the B37N X 
Z. luxurians and  the Z. diploperennis X B37N hybrids with 
EcoRI verified that these are hybrids (see  RESULTS). 

Preparation of nuclear DNA: Initially, DNA was isolated 
from  one or several plants (grown for 6-8  weeks) according 
to previously published procedures  (RIVIN, ZIMMER and 
WALBOT 1982). Leaves, stems, and immature inflorescences 
were the tissues  most frequently used. Subsequently, in 
order  to  determine  the  degree of individual variation within 
inbred lines, we prepared DNA from single seedlings (3 
days old), or from leaves collected from individual plants in 
the field, by an alternative isolation method (ZIMMER and 
NEWTON 1982). 

Ribosomal gene-specific probes: The initial source of 
the rDNA gene-specific probe used  in this study was pCmrl, 
a  recombinant plasmid containing  a single soybean rDNA 
repeat  unit. pGmrl was produced by subcloning a partial 
EcoRI digest of the X phage soybean rDNA  recombinant 
RP117  (JACKSON and  LARK  1982)  into  the EcoRI site of 
pBR325. 

Initially, for  production of rDNA maps, nitrocellulose 
filters containing DNA fragments  produced from double 
digests were successively probed with the plasmids pXBrl, 
pGmr3, and pGmrl, which included 5%,  50%,  and  100% of 
an rDNA  repeat  unit, respectively (Figure 1). pXBrl was 
produced by subcloning the 400-bp XbaI-BamHI fragment 
from  the  18s  rRNA coding sequence of pGmrl into  the 
polylinker site of pUCl2 (MESSING 1983). pGmr3 contains 
the 3' end of the  26s rDNA, the complete IGS, and  the  5' 
end of the  18s rDNA of soybean; it was selected after 
subcloning a complete EcoRI digest of RP117 into  the EcoRI 
site of pBR325. Subsequently, some hybridizations were 
performed with the nick-translated maize rDNA clone, 
pZmrl (MCMULLEN et al .  1986), which contains a  complete 
rDNA  repeat unit cloned from Black Mexican Sweet corn. 
Identical results were obtained with the maize and soybean 
probes  except in the case  of fragments that contained pri- 
marily IGS sequences (see RESULTS). 

The source of the 5s gene-specific probes used in this 
study were XZm5S1 and pZm5S5. XZm5S1  is a  recombinant 
Charon 30 phage  containing  a  tandem  array of more  than 
twenty 5 s  DNA repeat units (ZIMMER and DESALLE 1983). 
It was produced by screening  a Z. mays Charon 30 library 
with pTA794, a wheat 5 s  DNA repeat unit inserted into 
pBR322 (GERLACH and DYER  1980). pZm5S5 is a subclone 
of XZm5S1 that contains a single 5 s  DNA repeat unit cloned 
into  the BamHI site of pUC18 (CHEN and ZIMMER 1984). 

Labeled probes were prepared by nick-translation of 100- 
500  ng of the  appropriate recombinant DNA according  to 
previously described methods (MANIATIS, FRITSCH and SAM- 
BROOK 1982). The specific activity of the labeled DNA used 
in subsequent hybridization experiments  ranged  from 0.5- 
2 X 10'  cpm/Mg of input DNA. 

Digestion of DNA: Two micrograms of each DNA  sam- 
ple were digested for 2-4 hr with 1.25-1.5 units of restric- 
tion endonuclease per pg of DNA. Three micrograms of 
DNA were used  in the double digest experiments. Restric- 
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tion  enzymes  were  obtained  from either New England  Bio- 
labs or Bethesda  Research  Laboratories.  Digestion  condi- 
tions  used  were  those  recommended by the restriction  en- 
zyme suppliers. The order of double  digests was determined 
by considering  optimal  salt  conditions. 

Southern  blot  hybridization: Electrophoresis of digested 
DNA in 0.8% (rDNA  experiments) or 2% (5s DNA exper- 
iments)  agarose  gels  and  transfer  of  the DNA to  nitrocellu- 
lose filters were carried out as  previously  described (KAN 
and DOZY 1980).  Hybridization of filters with radioactive 
ribosomal  gene-specific  probes was carried  out in sealed 
plastic  freezer bags in a solution  containing 25 mM potassium 
phosphate, pH 6.5, 1% Sarkosyl, 5X SSC, 1X Denhardt’s 
solution,  200  pg/ml  salmon  sperm carrier DNA, and 5-1 0 
X 1 O4 cpm  boiled  s2P-labeled  probe  per ml of  hybridization 
mix. Ten milliliters  of  hybridization  mix  were  used  per filter 
of average  dimension 12 X 18 cm. Hybridization was carried 
out for  18-24 hr in a water  bath  at 65’. Filters  were  washed 
once in 2 x  SSC, 1 X Denhardt’s,  0.1 % SDS at  room  temper- 
ature; then twice in 2X SSC, 0.1% SDS at 45” and, finally, 
the  filters were  rinsed with water, air-dried, and  exposed  to 
X-ray film according  to  published  procedures (KAN AND 
DOZY 1980). 

Sizing of fragments: Fragment sizes  were determined 
using a nonlinear  regression  analysis computer  program. 
Standard  markers used included  phage  lambda DNA di- 
gested with EcoRI,  Hind111 or SmaI. These  markers  were 
co-electrophoresed with BamHI-digested Z. mays DNA on 
each  gel.  Fragment  sizes determined in this  manner  agreed 
with those  determined  from  sequenced  maize  rDNA (MESS- 
ING et al. 1984). Determination of the sizes of DNA frag- 
ments  containing 5s DNA was accomplished by comparing 
the sizes  of monomer,  dimer,  etc.  fragments with  those of a 
2. mays standard  lane (MASCIA et al. 198  1)  that  also  contained 
pBR322 Hinfl fragment  markers. 

RESULTS 

Pattern of rDNA-containing  restriction  frag- 
ments  from  maize,  teosintes,  and  Tripsacurn: In all 
higher  organisms, the genes  coding  for  rRNA exist in 
the  genome  as tandemly  repeated  units with each copy 
containing  coding  DNA  interspersed with noncoding 
DNA. Figure  1  presents the general  structural fea- 
tures of higher  plant  rDNA (APPELS and HONEYCUTT 
1986). One complete  repeat  unit consists of an inter- 
genic  spacer  (IGS) with a  length variable region,  and 
a  region  coding for 18S,  5.8S, and  26s rRNAs. The 
5.85 gene is flanked on  either side by short  internal 
transcribed  spacer  (ITS) sequences. Several experi- 
ments utilizing in situ hybridization of ribosomal RNA 
to chromosomes  have localized the maize 18S,  5.8S, 
and  26s gene  repeat  unit to  the distal end of the  short 
arm of  chromosome 6 ,  corresponding with the posi- 
tion  of the cytologically defined  nucleolar  organizer 
region  (reviewed in PHILLIPS 1978). 

Initially, the  rDNA  repeats of maize and its  wild 
relatives were  characterized in single digest  experi- 
ments with each of 15 restriction enzymes. A repre- 
sentative survey of the  fragment  patterns  produced 
by the restriction  enzyme EcoRI  is shown in Figure 
2A to illustrate several salient  features of Zea and 
Tripsacum  rDNAs. The  rDNA repeats are relatively 
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FIGURE 1 .-A  typical  array of plant ribosomal DNA.  This figure 
depicts the general features of the sequences that code for the large 
cytoplasmic ribosomal RNAs  of higher plants. Ribosomal repeat 
units of 8-1 2 kbp exist in the  genome in tandem arrays; each repeat 
consists of coding and noncoding regions (APPELS and HONEYCUTT 
1986). Indicated on the figure are diagnostic restriction endonucle- 
ase cleavage sites (X = XbaI; B = BamHI; E = EcoRI). The BamHI 
site in the 26s coding region in  plant ribosomal gene arrays is not 
susceptible to cleavage in all arrays. Abbreviations on the figure 
denote the following: 18s = 18s rRNA coding  region; ITS = 
internal transcribed spacer; 26s = 26s rRNA coding region; IGS 
= intergenic spacer. The position of the  cloned probes (pxBrl, 
pGmr3, pGmrl) used for sequential probing is shown below the 
repeat unit. 

homogeneous in size with an average  repeat  unit 
length of 9.1 kbp. However, significant length varia- 
tion is observed among species of Zea and  among 
individuals of the same species of Zea and Tripsacum 
(Figure 2B). Figure 2A also illustrates that  the samples 
examined are polymorphic for EcoRI restriction sites 
within the  rDNA  array. Lanes  1 and 3 show EcoRI 
polymorphisms within a species sample.  For  example, 
the size of the rDNA-containing  fragments  produced 
by  EcoRI digestion of  either Z. mays (H25) (lane 1) or 
2. diploperennis (lane  3)  sum to 18.2 kbp  instead of 
9.1  kbp (discussed below). Similar EcoRI polymor- 
phisms have  been previously observed in Zea rDNAs 
(RIVIN et al. 1983). In  Figure 2B, the samples have 
been  surveyed with the restriction  enzyme, SstI. The 
fragment  patterns  produced by this  enzyme clearly 
illustrate the  repeat unit  length  variation in the sam- 
ples. The coding  regions of the  rDNA are present in 
the smaller  fragment  bands  (1.8  and  1.6 kbp), while 
length  variation is distinguishable in the  larger sets of 
bands (5.2 kbp, lanes 3-10 and 3.6 kbp, lanes 1 and 
2) that contain the IGS  region. The teosinte  (lanes 3 
and 4) and Tripsacum samples (lanes 5- 10)  have more 
classes of  spacer  length  variants  as well as a  wider 
range of length  variation than  the 2. mays samples 
(lanes 1 and 2). An SstI cleavage polymorphism  occurs 
within the  rDNA of some inbred lines of Z .  mays 
leading to a  5.2-kbp fragment,  produced  from those 
arrays lacking an SstI site in the IGS (Figure  4A), in 
addition to  the prominent  3.6-kbp  fragment  (Figure 
2B, lanes 1, 2; Figure  6B,  B37N  lane). 

From  restriction fragment  patterns such as  these, 
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FIGURE 2.-DNA fragments containing rDNA repeat 
units of maize, teosintes, and Tripsacum. Nuclear DNA  was 
digested with either EcoRl (A) or SstI (B) and subjected to 

1 2 3 4 5 6 7 8 g 10 electrophoresis in a 0.8% agarose gel. The fragments were 
B 

a-s*k""- transferred to nitrocellulose and detected  autoradiographi- A 
1 2 3 4 5 6 7 8 9 1 0  5.2- 

3.6' 

1 .e-" 
1.e-! 

C" 

we defined the variation in repeat  unit  length  and 
restriction enzyme sites among Zea and  Tripsacum 
rDNA repeats. Table 1  presents the rDNA fragment 
sizes (in kbp)  observed in digests with 15 restriction 
enzymes. On average, each restriction  endonuclease 
with a six-bp recognition site produced  one or two 
fragments as expected  for  a 9.0-kbp region of DNA. 
Four  restriction endonucleases (BamHI, BgZII, NdeI, 
and XbaI) yielded essentially identical fngmentation 
patterns in all samples examined. Restriction endo- 
nuclease site polymorphisms occurring within the 
rDNA arrays of individuals were evident  for several 
enzymes besides EcoRI and SstI. One common poly- 
morphism resulted in the  production of fragments of 
greater  than 20.0 kbp (not cleaved) and 9.1 kbp  from 
digestion of the rDNA of a single individual (seen 
with BgZII, BstEII, and  HindIII). 

Variation in rDNA fragment  patterns was observed 
among  inbred lines of maize.  EcoRI, BstEII, and 
HindIII yielded polymorphic  patterns  as  summarized 
in Table 2. Patterns illustrating the EcoRI cleavage 
polymorphism found within lines of 2. mays are shown 
in Figure 2A (lane 1). BstEII cleavage pattern poly- 
morphisms are illustrated in Figure 3 (lanes 3,4 ,  5, 7, 
8,  and 10). These  inbred lines are polymorphic for 
cleavage by  BstEII  with fragments of 20 kbp  and  9.1 
kbp  present in each lane. Inbred lines which were not 
polymorphic for BstEII cleavage had  either  the 9.1- 
kbp  fragment (lanes 1 and 2) or the undigested  frag- 
ments of >20 kbp  (lane 9). The polymorphic patterns 
observed with HindIII were similar to those found 
with  BstEII (Table 2). However, in inbred lines we 
have not  observed  a  situation  where all of the  repeat 
units are cleaved with HindIII. The fragment  patterns 
observed were either >20.0 kbp  (not cleaved at all) 
or >20.0 and 9.1 kbp (only a  portion of the rDNA 
cleaved). 

An explanation for these rDNA cleavage polymor- 
phisms has not  been  determined at this point. This 
particular group of restriction enzymes (EcoRI, BstEII 
and  HindIII)  are all inhibited by the presence of 
methylated bases (5-methylcytosine or 6-methylade- 

cally after  hybridbation with pCmrl, a cloned soybean 
rDNA-specific probe (see MATERIALS AND METHODS). Sam- 
ples loaded in  lanes are as  follows. A: (1) H25, (2) Z. 
fuxurians, (3) Z .  diploperennis, (4) T. australe, ( 5 )  T. cundi- 
namarce, (6)  T. dactyfoides #3, (7) T. dactyfoides #2, (8)  T. 
dactyfoides #1, (9) T. peruuianum, and (1 0 )  Confite  pueno. B: 

, (1) BMS, (2) H25, (3) Z. fuxurians, (4) 2. diploperennis, (5) 
T. australe, (6) T. cundinamarce, (7) T. dactyloides #3. (8) T. 
dactyloides #2, (9) T. dactyloides # 1, and (1 0) T. peruuianium. 
Numbers refer to  the molecular weights, in kbp, of  DNA 
fragments indicated by arrows. 

nine) in their recognition sequences (MCCLELLAND 
and NELSON 1985). In general, plant DNA is heavily 
methylated and is not susceptible to cleavage by cer- 
tain methylation-sensitive restriction enzymes 
(GRUENBAUM et aZ. 198 1). Thus, DNA methylation is 
one possible reason for  the observed polymorphisms. 
However, it is also possible that  a base change in the 
restriction enzyme recognition  sequence has occurred 
in a  portion of the arrays of an individual. In order  to 
distinguish between these two possibilities, we plan to 
utilize the polymerase chain reaction to amplify re- 
gions including the restriction enzyme recognition 
sites (SAIKI et aZ. 1985)  and to analyze these in vitro 
amplified rDNA sequences with restriction enzymes 
and sequencing. 

rDNA  restriction  endonuclease  mapping experi- 
ments: The results presented in Table 1 enabled us 
to develop  a  strategy  for ordering  the restriction 
fragments  into  a physical map of the cleavage sites 
contained in the rDNA repeat units. To refine the 
analysis, single digests were successively probed with 
the plasmids pXBrl,  pGmr3, and pGmrl;  Figure  1 
illustrates the overlapping regions of the rDNA repeat 
unit used for sequential probing. The results of these 
experiments are presented in the right-hand  portion 
of Table 1.  In cases  in  which restriction site polymor- 
phisms within an individual's rDNA arrays were ob- 
served (e.g., with the enzymes BamHI, EcoRI, and 
HindIII), sequential probing was essential for con- 
structing  a  detailed  restriction map. 

Figure 2A illustrates that  the DNAs examined are 
polymorphic for EcoRI restriction sites within the 
rDNA array.  In lanes 4-10, fragments of repeat  unit 
length are present (significant quantities of repeat  unit 
length variants are present in some lanes). These 
fragments  result  from cleavage at  one site per  repeat 
unit. A polymorphism that has been found in a num- 
ber of inbred maize lines (Table 2) is illustrated by 
the sample in lane 1.  EcoRI digestion produces frag- 
ments of 8.0 and 1.1 kbp in length  (not visible  in this 
picture; but see Figure 6A, B37N lane) in addition to 
the 9.1-kbp fragment. The 9.1- and 8.0-kbp fragments 
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TABLE 1 

DNA  fragments containing rDNA repeat units 

Fragment molecular weight” species 
~ ~ 

Enzyme Zm  Zmx 
~~ 

ZI ZdP ZP Ta T c  Td TI =P 
~~ 

BamHl 

BclI 
BglII 

BstEII’ 

BstXId 

ECORI~, ‘  

EcoRV 

HindllI’ 

N C O I ~ , ~  

Ndel 

ScaId 

SstI” 

TthllI I d  

XbaI 
Xmnl 

9.1 
5.2 
3.9 

>23.0 
>23.0 

9.1 
>23.0 

9.1 

7.8 

5.8 

2.0 

9.1 
8.0 

1.1 

9.1 

>23.0 
9. I 
6.0 

1.5 
9.1 

9.1 

3.6 
1.8 
1.6 
1.6 
0.5 
5.6 

2.4 

1.1 
9.1 
4.8 
3.8 
0.5 

9.1 
5.2 
3.9 

>23.0 
>23.0 

9.1 

9.1 
ND 

9.1 

9.1 

>23.0 
9. I 
ND 

ND 

9.1 

3.6 
1.8 
1.6 
1.6 
0.5 
5.6 

2.4 

1.1 
9.1 
4.8 
3.8 
0.5 

9.3 
5.4 
3.9 

>23.0 
>23.0 

9.3 

9.3 

7.8 

5.8 

2.0 

9.3 

6.5 
2.8 

>23.0 
9.3 

>23.0 
9.3 
6.0 

1.5 
9.3 

9.3 
5.4 

1.8 
1.6 

0.5 
6.1 

2.9 

2.4 

1.1 
9.3 
4.8 
3.8 
0.5 

9.6 
5.7 
3.9 

>23.0 
>23.0 

9.6 
>23.0 

7.8 

5.8 

2.0 

9.6 

6.5 
3.1 

9.6 

223.0 
9.6 
6.0 

1.5 
9.6 

9.6 
5.7 

1.8 
1.6 

0.5 
ND 

9.6 
4.8 
3.8 
0.5 

9.5 
5.6 
3.9 

>23.0 
>23.0 

9.5 
>23.0 

7.8 

5.8 

2.0 

9.5 

6.5 
3.0 

>23.0 
9.5 

9.5 
ND 

9.5 
6.3 

9.5 
5.6 

1.8 
1 .6 

0.5 
ND 

9.5 
4.8 
3.8 
0.5 

9.9 
6.0 
3.9 
9.9 

>23.0 
9.9 

>23.0 

9.9 

5.2 
3.9 

9.9 

9.9 

>23.0 

6.3 
4.7 
1.7 
1.5 
9.9 

>23.0 

6.0 

1.8 
1.6 

0.5 

4.5 

2.5 
2.2 

1.2 
1 .o 
9.9 
5.0 
4.0 
0.5 

9.9 
5.8 
3.9 
9.9 

>23.0 
9.9 

>23.0 

9.9 

5.2 
3.9 

9.9 

9.9 

>23.0 

6.3 

1.5 
9.9 

>23.0 

6.0 

1.8 
1.6 

0.5 
5.4 
4.5 

2.2 

1.2 
1 .o 
9.9 
5.0 
4.0 
0.5 

9.5 
5.6 
3.9 
9.5 

>23.0 
9.5 

>23.0 

9.5 
8.4 

1.1 
9.5 

9.5 
7.0 
2.5 

>23.0 

6.3 

1.5 
9.5 

>23.0 
9.5 
5.6 

1.8 
1.6 

0.5 
5.4 
4.5 

2.2 

1.1 
1 .o 
9.5 
5.0 
4.0 
0.5 

9.9 
5.0 
3.9 

>23.0 
9.9 

>23.0 

ND 

ND 

9.9 

9.9 

ND 

ND 

9.9 

>23.0 

6.0 

1.8 
1.6 

0.5 
5.9 

2.2 

1.5 

1 .o 
9.9 
5.0 
4.0 
0.5 

9.8 
5.9 
3.9 
9.8 

>23.0 
9.8 

>23.0 

9.8 

5.0 
3.5 

9.8 

9.8 

>23.0 

6.3 
4.7 
1.7 
1.5 
9.8 

>23.0 

5.9 

1.8 
1.6 

0.5 

4.5 
4.3 
3.6 

2.5 
2.2 

1.1 
1 .o 
9.8 
5.0 
4.0 
0.5 

Reactivity with 
different probes 

- 

- pCmrl pCmr3 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

Weak 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

Weak 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

+ 
+ 

Weak 
+ 
+ 
+ 
+ 
+ 

ND 

+ 
+ 
+ 

Weak 
- 

ND 

+ 
+ 

ND 

ND 

+ 
+ 
+ 
+ 
- 
- 
- 
- 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

- 

- 
Abbreviations used for species designation are as follows: Z. mays (Zm), Z. mexicana (Zmx), 2. luxurians (ZI), Z. dzploperennis (Zdp), Z. 

‘ Refers t o  major repeat unit fragment length in patterns with IGS variation; if fragment bands of equivalent intensity were present for 

’ Exact pattern is genotype-dependent in 2. mays (see  Table 2). 
‘ Exact pattern is dependent on the Z. diploperennis accession examined. 

Exact pattern is dependent on the T. dactyloides accession examined. 

perennis (Zp), T. australe (Ta), T. cundinamarce (Tc), T. dactyloides (Td), T. laxum (TI), T. peruvanium (Tp). ND = not  determined. 

all sizes, the length of the longest repeat unit is reported. 
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TABLE 2 

Restriction endonuclease cleavage pattern polymorphisms 
observed in Z. mays 

Observed  restriction  enzyme  pattern 

Maize line Eco R I" BsfEIIb Hindlll' 

B73 + + + 
B37N + + + 
H25 + + 
Kv2 1 + 
I LP + + 
RHO + + 
Adh 1 S + + 
S3034 + + 
Adh 1 F + + 
Trlcn. 6-10 + - + 
Mol7 - + 
Tx303 - + 
WKF - 
GF 
BMS 
PFC 
OHYP - + + 
AP 
SP ND + 
Confite  Puneno - + + 
Trlcn. 6-7 - ND  ND 

- 
- - 

+ 
- 
- 
- 
- 

- 
- 

- + 
- - - 
- - - 
- ND  ND 

- + ND 
- 

Abbreviations for maize lines are presented in MATERIALS AND 
METHODS. ND = not  determined. Fragment patterns scored as (+) 
and (-) for respective restriction enzymes are the following (in kbp): 

+ = 9.1, 8.0, 1.1 

+ = >20.0, 9.1 
- = 9.1 

-=>20.0or9.1. 
+ = >20.0, 9.1 
- = >20.0. 

1 2 3 4 5 6 7 8 9 1 0  

FIGURE  3."Survey of maize and  teosinte  rDNAs  for BstEll site 
polymorphisms. Nuclear DNA from various inbred lines was di- 
gested with BstEll and subjected to electrophoresis in a 0.8% 
agarose gel. Fragments were detected by hybridimtion with pGmr1. 
The arrow on the left identifies the 9.1 -kbp band. Fragments above 
the arrow are greater than 20.0 kbp. Samples loaded in lanes are 
as follows: (1) Z .  luxurians, (2)  Trlcn. 6-10, (3)  S3034,  (4)  AdhlF, 
(5) AdhlS, (6) Ky21, (7) H25, (8) Tx303, (9) WKF, and (IO) B37N. 
Numbers refer to the molecular weights, in kbp, of DNA fragments 
indicated by the arrows. 

are  detected by all three probes (pXBrl, pGmr3, 
pcmrl) ,  but  the 1.1-kbp fragment is visible only with 
pGmr1.  These results show that  the EcoRI polymor- 
phic site is located in the  26s  gene  about 1.1 kbp 
upstream of the conserved EcoRI site (see Figure 4A). 

The sum of the  fragment sizes present in this lane is 
18.2 kbp. These results indicate that  there  are two 
distinct sets of repeat units present in this maize line. 
A second class  of  EcoRI site polymorphism is illus- 
trated in lanes 2 and 3 of Figure 2A. This class  of 
polymorphism occurs in the  rDNA of three teosintes, 
Z. luxurians, Z. diploperennis, and Z. perennis (Table 
1). In these cases, a  6.5-kbp  fragment is detected by 
all three probes while a 2.6-kbp fragment is only 
weakly detected by pGmr3  and  pGmr 1. These results 
suggest that  the EcoRI site at  the  end of the  26s  gene 
is conserved, and  that  a second EcoRI site located in 
the IGS produces  a 2.6-kbp fragment  that could not 
be detected by the heterologous spacer probe. Addi- 
tional experiments using double digests have con- 
firmed the position of the additional EcoRI site in the 
IGS (Figure 4B). In the sample of Z. luxurians shown 
in lane  2, the 9.1-kbp fragment is not  present. There- 
fore, every repeat  unit must be digested at  the variable 
site in the IGS. In contrast, in Z. diploperennis (lane 
3),  both the 9.1-kbp fragment  and  the 6.5- and 2.6- 
kbp  fragments are present. 

rDNA restriction site and length variation de- 
tected among maize and its wild relatives: Double 
digest and sequential probing  experiments similar to 
those described above were used to construct  detailed 
restriction maps of the  rDNA  repeat units of maize 
and its wild relatives (Figure  4, A, B and C).  In double 
digests, those restriction enzymes with conserved 
cleavage sites (BamHI, EcoRV, and XbaI) were most 
useful for  mapping variable restriction sites. Digestion 
with 15 restriction endonucleases (with 6-bp recogni- 
tion sites) yields essentially a single map  for the  repeat 
units within an individual plant or an individual spe- 
cies. The length and site variation detected within and 
among species was concentrated in the IGS region of 
the  rDNA  repeat  unit.  This  result is  in agreement 
with the  patterns of rDNA  change observed among 
other plant species and also among  vertebrate species 
(APPELS AND HONEYCUTT 1986). The three restriction 
maps shown  in Figure 4, A, B and C ,  summarize the 
extent of variation found in the species examined by 
restriction enzyme analyses. The map  for  inbred lines 
of Z. mays and  the Mexican teosintes is shown  in Figure 
4A;  the  map  for the teosintes Z. luxurians, Z. diploper- 
ennis and Z. perennis is shown in Figure 4B; and  the 
map  for all Tripsacum species is shown  in Figure 4C. 
The restriction maps of the  rDNA  coding  regions  are 
virtually identical for all  of the species examined; 
three site differences were found in the  26s  rDNA 
coding  regions of specific samples examined. The 
polymorphic EcoRI site was only found in certain 
inbred lines of 2. mays (Figure  2A,  lane  1 ; Table 2) 
and mapped to  the  26s  gene  near  the BamHI site 
(Figure 4A). Two  other site polymorphisms in the 26s 
gene were detected in specific Tripsacum samples. 
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A C - d  

B 

C 

F 1 E N’ h E14 L J O N I A e  L M KG M L L c O f o  O y  F 

M L L c O o O M L  F 

M L L c p o  Q M F  

I 1 I I I I I I 
1.0  20 3.0 4.0 6.0 7D 0.0 9.0 

FIGURE 4,”Restriction  endonuclease cleavage maps of maize and its wild relatives. The three restriction maps presented are representative 
maps for all species examined in this study. The groupings for the map are as follows: A, Z. mays and Z. mexicana; B, 2. luxurians, Z. 
dzploperennis and Z. perennis; C, all species of Tripsacum examined in this study. Restriction enzymes used are shown on the maps with letters 
according to the  legend  below. Sites represented in lower case are not susceptible to cleavage in  all  arrays of an individual. The + symbol 
designates sites that are only present in certain individuals from an inbred maize line,  a  teosinte race, or Tripsacum accession samples. These 
sites are described in the RESULTS. Abbreviations are: A, BamHI; B, BclI; C, BgZII; D, BstEII; E, BstXI; F, EcoRI; G ,  EcoRV; H, HindIII; I ,  
NcoI, J,  NdeI; K,  ScaI; L, SstI; M, TthIII-1; N ,  XbaI; and 0, XmnI. 

The BstXI site was unique  to T. laxum, while the 
TthIII-I site was only found in T. dactyloides #I .  An- 
other polymorphism detected was for NcoI, and it was 
only observed in two species of Tripsacum (T. australe 
and T. peruvanium). This site  mapped to  the 5.8s gene 
region very near  the conserved EcoRV site (Figure 

The majority of the restriction site variation ob- 
served and all of the  length variation observed were 
located in the IGS region of the  rDNA  repeat  unit. 
Figure  4, A, B and C, identifies several variable sites 
found in the IGS of maize and its wild relatives. One 
of the variable sites observed was the SstI site located 
in the IGS near  the 5’ end of  the 18s gene of all Z. 
mays and 2. mexicana samples (Figure  4A); this site 
was not  observed in teosintes (Figure 4B) or Tripsa- 
cum  (Figure  4C).  Figure 4A also shows the location 
of an additional XbaI  IGS site (present  along with the 
conserved 18s site), which was unique to PFC. Maize 
and teosinte IGS regions  (Figure  4,  A and B) had 
polymorphic HindIII and BstEII sites which were not 
present in Tripsacum  (Figure 4C). Three unique re- 
striction sites were identified in the teosintes (Figure 
4B). The IGS-specific EcoRI site has already  been 
discussed. A site unique to 2. perennis is a  polymorphic 
NdeI site present  near the beginning of the IGS. Z. 
luxurians has a  unique TthIII-1 site in the IGS. Three 
variable sites were also found  to  be  unique  to  the 
Tripsacum IGS. One is an EcoRV site which mapped 
to  the IGS at a position proximal to  the beginning of 
the  18s gene  and is found only in T. dactyloides # l .  
The  other is a BclI site located in the IGS approxi- 
mately 0.3 kbp 5’ to  the EcoRV site. All of the 
Tripsacum species examined  had this BclI site (Table 
1 ) .  There were also variable TthIII-1 sites in the 
Tripsacum ICs region. The two TthIII-1 sites are 
found in all species of Tripsacum  examined in this 
study. 

4C). 

By using sequential  probing and  the informative 
double digest combinations, we accurately  mapped all 
of the sites discussed above to  the IGS region. In these 
cases, the size of all the  fragment bands  present in a 
single lane  summed to 9.1 kbp (or 18.2 kbp  for 
polymorphic sites), and  the maps are complete. It 
should be noted  that for certain enzymes (NcoI and 
TthIII-I), the IGS map is not  complete  as  a  result of 
the lack of a homologous IGS probe  for all species 
examined. Despite this fact, useful information  can be 
derived  from the analysis of these results. For  exam- 
ple, we detected  the same IGS pattern  for NcoI digests 
across all species. In the  inbred line A619, it has been 
shown that NcoI cleaves the IGS region  into several 
fragments  of 200 bp, which have been  identified by 
sequencing  as  a series of homologous subrepeats (To- 
LOCZYKI and FEIX 1986). Our results suggest that  the 
NcoI sites bordering this homologous subrepeat  region 
are conserved in all of the species examined in this 
study.  For TthIII-1, we have also identified two sites 
in the IGS of Tripsacum  (Figure 4C), but we cannot 
rule  out  the possibility that  there  are additional sites 
contained in the approximately  2.0-kbp  region be- 
tween them. Because no IGS sites for TthIII-l could 
be  identified in maize (Figure 4A), the maize map  for 
TthIII-1 restriction sites is complete. 

Length variation found in the  rDNA  repeat unit 
was confined to  the ICs region  (Figure  4,  A, B and 
C). Very little length variation was detected  among 
inbred lines of 2. mays. Many inbred lines had only a 
single repeat  unit  length.  However,  length variable 
repeats were detected in some inbred lines (Figure 
2B; lane 2). Length variation was more  common in 
teosinte and  Tripsacum samples (Figure 2B; lanes 3- 
10) with both  more  variants  and  a wider range  of sizes 
present. The largest  repeat  units we observed were 
10.5 kbp (T. cundinamarce, T .  dactyloides, Figure 2B, 
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B 

260- 
-300 

FIGURE 5.-A, A typical array of plant 5s DNA. This figure illustrates the general features  of  the sequences that  code for  the cytoplasmic 
5s ribosomal RNAs of higher plants. 5s  RNA repeat units of 300-500 bp exist  in the genome in tandem arrays; each repeat consists of  a 
coding and a noncoding region. Indicated on  the figure are diagnostic restriction endonuclease cleavage  sites (F = FokI; B = BamHI; SC = 
Scal and BsE = BstEII) based on sequence data  for  a cloned 5s DNA repeat unit of maize (CHEN AND ZIMMER 1984). The asterisk on the 
BamHl site in the coding region refers to  the observation that  not all  BamHl sites in plant 5s  DNA arrays are susceptible to cleavage. B, 
DNA fragments containing 5 s  DNA repeat units of maize teosintes, and Tripsacum. Nuclear DNA  was digested with  BamHI and subjected 
to electrophoresis in a 2% agarose gel. The fragments were transferred to nitrocellulose and detected autoradiographically after hybridization 
with  XZm5Sl. a cloned maize 5s  DNA-specific probe (ZIMMER and DESALLE 1983). Samples loaded in lanes are as follows: (1) T. pencvianium, 
(2) T. dactyloides #2, (3) T. dactyloides # I ,  (4) T. awtrale, (5 )  Z. perennis, (6) Z. diploperennis #2, (7) Z. diploperennis #1, (8) Z. luxuriuns, (9) Z. 
mexicana (Chalco 331779). and (10) WKF. Numbers refer to  the molecular weights,  in kbp, of  DNA fragments indicated by the arrows. 

lane  7), while the shortest were 8.6 kbp (Z. luxurians, 
T. dactyloides). The position of the length-variable 
region was mapped to a 1.4-1.8-kbp region located 
3' to  the  26s  gene (Figure 4, A, B and C). This 
corresponds to  the first 1.4 kbp of a 1.8-2.0-kbp 
region of homologous  subrepeats  identified by  se- 
quencing of the IGS region  from  A619 (TOLOCZYKI 
and FEIX 1986)  and BMS (MCMULLEN et al. 1986).  In 
A619, TOLOCZYKI and FEIX have identified  subre- 
peats in this region that have deletions and insertions 
relative to  the  subrepeat consensus sequence. Our 
results suggest that this region, which has been  iden- 
tified in the IGS of several plant and animal rDNAs 
(APPELS and HONEYCUTT 1986), is the source of re- 
peat  unit  length variation in  maize and its wild rela- 
tives. 

Patterns of 5s DNA restriction  fragments  from 
maize,  teosintes,  and  Tripsacum: In  eukaryotic or- 
ganisms above the level  of fungi, the genes  coding for 
5 s  RNA exist in the  genome as tandem  arrays physi- 
cally separate  from  the  other rDNA.  Figure  5A  pre- 
sents the general  structural  features of higher plant 
5 s  DNA. A  repeat  unit cansists of a  coding  region 
that  alternates with a  noncoding  region that contains 
a  length variable region. In situ hybridization has been 
used to localize the 5 s  DNA to chromosome 2 in 
maize  (STEFFENSEN and PATTERSON 1979; MASCIA et 
al. 198 1). Approximately 2000-5000 copies of the  5s 
DNA repeat  unit are present per 2C genome  content 
of maize (RIVIN, CULLIS and WALROT 1986). 

The organization of 5 s  DNA was examined by 

restriction enzyme analysis and hybridization experi- 
ments with XpZm5S1 or pZm5S5 (see MATERIALS AND 
METHODS). When the pZm5S5 clone was sequenced 
(CHEN and ZIMMER 1984), the maize 5 s  DNA repeat 
unit size was determined to be 322 bp. This  agrees 
almost exactly with the size published for a maize 5 s  
gene  from  a  different  inbred line (MASCIA et al. 198 1). 
Figure  5B shows the results obtained when XZm5Sl 
was nick translated and used  in genomic Southern 
blots to analyze the BamHI cleavage patterns  from 
maize, teosinte, and Tripsacum DNAs. The X clone 
was preferred as a  probe  both in order to enhance  the 
signal and in order to avoid hybridization of vector 
sequences to pBR322  HinfI-generated DNA frag- 
ments. The ladder of fragments  (representing multi- 
ples of the  repeat  unit) shown in  all lanes is character- 
istic of a  partial digest of a  tandem  array of repeated 
sequence. 

Using experiments similar to those  presented in 
Figure 5B, we determined  the minimum number of 
detectable cleavage sites in the 5s DNA and  the length 
of a single repeat  unit.  These results are summarized 
for  10  restriction enzymes in Table 3. The positions 
of the sites in the pZm5S5 clone are also presented. 
Most of the  restriction enzymes tested had  either  one 
or two cleavage sites within the 5 s  DNA. The number 
of sites detected in Z. mays, Z. mexicana, and Z. luxu- 
rians was identical for all restriction enzymes sur- 
veyed. For Z. diploperennis, Z. perennis, and T. dacty- 
loides, four of the restriction enzymes tested (BstEII, 
BstXI, HphI and TaqI) had  one  fewer cleavage site 
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TABLE 3 

Pattern of 5s DNA repeat unit change in maize, teosintes and 
Tripsacum 

Minimum number of detectable 
cleavage sites 

Position in 
Enzyme  pZm5S1 Zm"  Zmx ZI Zdp  Zp Td 

BamHI 3 0 1 1 1 1 1 1  
BstEII 87,176b 2  2  2 1 1 1 
BstNI 9 4 1 1 1 1 1 1  
BstXI 2 5 5 1 1 1 0 0 0  
FokI 1,81,249 3 3 3  3  3  3 
HphI 86,176b 2  2  2 1  1 1 
MboI 7,31 2  2  2  2  2  2 
RsaI 75,231 2  2  2  2  2  2 
Tag1 1 5 0 1 1 1 0 0 0  
ScaI 7 4 1 1 1 1 1 1  

Repeat unit length 320' 350' 350' 300d 300d 260' 
in  base  pairs 

a For abbreviations used for species designations, see legend to 
Table 1 .  

* Although EstEII sites are always HphI sites, it  was possible that 
additional HphI sites would be found in the teosintes. Therefore, 
patterns for both enzymes were determined. 

Size based on sequencing of a cloned 5 s  repeat unit (CHEN and 
ZIMMER 1984). 
' Size based on comparisons with the  cloned maize 5 s  DNA 

repeat and with pBR322 Hznff-cut DNA molecular weight markers. 

when compared with the Zea species discussed above. 
The remaining six enzymes gave an identical number 
of cleavage sites in  all samples tested.  Variation in the 
basic 5 s  DNA  repeat  unit  length was also observed 
(Figure  5B and  Table 3). The sizes  of the major 5 s  
DNA repeat  units  from  four Tripsacum species, 2. 
perennis, Z. diploperennis, Z. luxurians and Z.  mexicana 
were 260,  300,  300,  350  and  350  bp, respectively. 
Repeat  unit  length  variation  among individuals was 
not  observed  (Figure 5B, lanes 2 and 3;  6 and 7). In 
addition, several inbred lines of Z.  mays (B37N,  H25, 
Tx303  and WKF) were  examined, and all had  the 
same repeat  unit  length of 320  bp as  determined by 
agarose gel electrophoresis. Based on sequencing, the 
exact size of the B37N  repeat  unit is known to be 
322-bp  (CHEN and ZIMMER 1984). 

Inheritance of rDNA  and 5s DNA variation: Var- 
iation in copy number of rDNA, 5 s  DNA,  and several 
cloned  repeated sequences has been  documented  pre- 
viously for 10 inbred lines of maize (RIVIN, CULLIS 
and WALBOT 1986). Here we report  numerous ex- 
amples of variation in rDNA  restriction sites (Figures 
2 and  3;  Tables 1 and 2) and in repeat  unit  length 
(Figure 2B and  Table 1) among maize and its wild 
relatives. Both restriction sites and repeat  unit  length 
vary within individuals of a  population, within popu- 
lations of species, and between species. 

Inheritance of rDNA  restriction site variation was 
examined between species in maize-teosinte hybrids 
(B37N X 2. luxurians; see MATERIALS AND METHODS, 

Sources of Plant Material). Figure 6A shows  EcoRI site 
inheritance in the  rDNA of  six F1 individuals from 
such hybrids. All  of the hybrid  progeny have inherited 
rDNA  patterns  characteristic of both  parents. Six 
additional  progeny were also examined and  found  to 
be identical to those  presented in Figure  6A. This 
intermediate  pattern is what would be  predicted if 
each parent (species) contributed equally to  the  inter- 
specific hybrid. 

The inheritance of rDNA  restriction site variation 
was also examined by producing F1 and FP individuals 
from  the  inbred line B37N. This line exhibited EcoRI, 
BstEII, and Hind111 polymorphisms (Table 2). Surveys 
with each of these three restriction enzymes failed to 
detect  segregation of these polymorphisms in the F2 
generation  (data  not shown). These results,  along with 
those  observed  for the maize-teosinte hybrids,  indicate 
that  the  rDNA restriction site polymorphisms are  not 
segregating. Therefore, individual rDNA  arrays  on  a 
chromosome are heterogeneous for cleavage by these 
restriction enzymes. 

Figure 6B shows the F1 progeny  from the B37N X 
2. luxurians cross examined with SstI. This restriction 
enzyme detects  both IGS length and site variation in 
Zea (Figure 2B). In most cases, the F1 hybrids have 
inherited  arrays  that are identifiable in the parents. 
The fragments  that  originate  from  the  coding se- 
quences  (1.8 and  1.6 kbp) of the progeny are identical 
to those in the parents. In  the female parent,  B37N, 
two IGS length  variants of 3.8 and 3.6 kbp are de- 
tected. In  addition, B37N has some arrays in  which 
the SstI IGS site (Figure 4A) is not  present,  and a  5.2- 
kbp  fragment is clearly visible (Figure  6B, B37N lane). 
The male parent, Z. luxurians, has two IGS length 
variants of 5.2  and 4.6 kbp  (Figure  6B, Z.l. lane). The 
hybrids labeled 2 and 3 have inherited  a  pattern of 
IGS length variation that is similar to  the B37N  pat- 
tern.  These hybrids  have  not  inherited  any  arrays 
containing the teosinte-specific IGS length  variants at 
4.6  kbp, but these  hybrids did inherit  teosinte  rDNA 
as shown by their EcoRI patterns  (Figure 6A). In 
contrast,  progeny  1  and  4  have  inherited all of the 
possible IGS variants  from  both  parents. The patterns 
of inheritance  for IGS length variation shown in  Fig- 
ure 6B are representative of all 12 hybrids  examined. 
In all, four of the hybrids have the SstI fragment 
pattern shown in the hybrids in lanes 2 and  3, while 
the remaining  eight are identical to  the hybrids in 
lanes 1 and 4. None of the hybrids are identical to 2. 
luxurians. They have all inherited  the 3.6/3.8 IGS 
fragment  from  B37N. The majority of the hybrids (8 
of 12) have inherited  both  the 5.2- and 4.6-kbp frag- 
ments. The 5.2-kbp fragment  could  originate  from 
both  B37N and Z. luxurians, but  the 4.6-kbp  fragment 
is teosinte-specific. It should  be  noted that  the same 
hybrid  rDNAs which have aberrant SstI patterns (Fig- 
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FIGURE F.--lnheritance of rDNA  and 5s DNA patterns in interspecific hybrids. Nuclear DNA purified from the parents (B37N. 2. 
luxurians) and individual hybrid progeny of a maize X teosinte cross (Fl; panel A, 1-6; panel B, 1-4) and  digested with either EcoRI (A) or 
SstI (B) were subjected to electrophoresis in a 0.8% agarose gel. After transfer to nitrocellulose, rDNA fragments were detected autoradio- 
graphically by hybridi~ation with pGmrl. Nuclear DNA from parents (B37N. 2. diploperennis) and individual hybrid progeny of a teosinte X 
maize cross (FI; 1-6) was analyzed on  a 2% agarose gel. The fragments were detected autoradiographically by hybridization with XZm5SI. 
Numbers refer to the molecular weights, in kbp, of DNA fragments indicated by the arrows. 

ure 6B, lanes 2 and 3) have the expected EcoRI 
patterns  (Figure  6A, lanes 2 and 3). Thus, we have 
evidence  that  these individuals are hybrids for  rDNA 
fragment  patterns. 

Examination of the 5 s  DNA patterns of FI progeny 
from a Z. diploperennis X B37N cross indicate that  the 
5s gene  arrays of the two species also are  not  inherited 
co-dominantly in  all  cases. Figure  6C shows an exam- 
ple of the 5 s  DNA patterns  generated in F1 hybrids 
analyzed by BamHI digestion. The   5 s  gene  repeat 
units contributed by each parent can be distinguished 
by size differences  (Figure  6C;  B37N, Z. dp. lanes; 
Table 3). B37N repeat  units  (320  bp) were inherited 
by all of the hybrids. In fact,  hybrid  5  appears to have 
only  B37N repeat units. 2. diploperennis repeat units 
are present  but  underrepresented in hybrids 3, 4 and 
6.  Hybrids  1 and 2 have repeat units from  both 
parents in significant quantities, indicative of co-dom- 
inant  inheritance in these two hybrids. When the 
rDNA  patterns of all of the Z. diploperennis X B37 
hybrids were checked with  EcoRI they were similar to 
those shown in Figure  6A. Thus,  for  the 5 s  DNA 
experiments we cannot rule out partial or complete 
elimination of segments or all  of the teosinte 5s DNA- 
containing  chromosome, but all  of these individuals 
are hybrids for  rDNA. 

Both rDNA and 5 s  DNA are not  inherited in the 
expected fashion in maize-teosinte hybrids. Our re- 
sults indicate that teosinte-specific genes (rDNA  and 
5 s  DNA) are  underrepresented in the  FI hybrids 
analyzed. Further research  on these hybrids will be 

necessary to understand  these unusual inheritance 
events. 

DISCUSSION 

We have characterized  the  rDNA of maize and its 
wild relatives by constructing  restriction enzyme maps 
for  inbred lines and varieties of Z. mays and  for several 
species of teosintes and Tripsacum.  A total of 40 
restriction enzyme sites, representing  2.6% of the 
rDNA  repeat  unit were surveyed; in previous studies 
of plant rDNA (SYTSMA and SCHAAL  1985) and Zea 
chloroplast DNA (DOEBLEY et al. 1987)  a similar pro- 
portion  (2.3%) of the total DNA was cleaved. The 
restriction sites found in the coding regions of all of 
the rDNAs  examined were highly conserved. The 
majority of the restriction site changes were localized 
in the IGS region of the gene. These results indicate 
that  the IGS region of maize and its  wild relatives 
evolves at a  faster rate  than  the  coding regions. The 
rDNA of numerous plant and animal species has been 
found to evolve in a similar manner (APPELS and 
HONEYCUTT 1986).  In all samples examined,  length 
variation was confined to a  region which  has been 
characterized by sequencing of the maize IGS as  a 
series of  9-10 direct  repeats of 180  bp (MCMULLEN 
et al. 1986; TOLOCZYKI and FEIX 1986). 

For a  quantitative analysis, the  number of shared 
variable characters was too few to derive  a meaningful 
phylogeny. Qualitatively, however,  among  rDNA re- 
striction endonuclease cleavage sites the restriction 
maps were grouped, based on similarities, into  three 
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categories  as follows: (1) Z .  mays and Z. mexicana; (2) 
Z. luxurians, Z .  diploperennis and Z .  perennis; and  (3) 
T .  australe, T .  cundinamarce, T. dactyloides, T. laxum 
and T. peruvanium. This  grouping  agrees with the 
biochemical, karyotypic, and morphological evidence 
that places maize closest to  the Mexican teosintes 
(TIMOTHY et al .  1979; DOEBLEY, GOODMAN and STU- 
BER 1984; KATO 1984; DOEBLEY 1984a; DOEBLEY, 
RENFROE and BLANTON 1987). In addition to site 
variation,  length variation was also found in the IGS 
region.  Again,  none of this length variation was phy- 
logenetically informative, unlike the situation for  the 
genus Lisianthius (SYTSMA and SCHAAL  1985). 

Restriction  enzyme analysis of the  rDNA  from  these 
species identified several distinct sites that can serve 
as characteristic  markers of germplasm in genetic 
crosses. In  particular, we have identified polymor- 
phisms for EcoRI,  BstEII, and HzndIII, which are 
diagnostic for  certain  inbred lines of maize. Other 
restriction enzymes such as SstI distinguish between 
major  groupings of maize and its wild relatives. All 
samples of Z. mays and Z. mexicana have an SstI cleav- 
age site in the IGS region that is not  present in other 
Zea or any species of Tripsacum. Restriction site vari- 
ation is more  discriminating  than  length variation for 
characterization of maize and its wild relatives. Z. mays 
and Z .  mexicana exhibited very little length variation 
with spacer  length sizes of 3.6- and 3.8-kbp fragments 
being the most common.  Length variation was more 
common in other Zea and Tripsacum species. Some 
individual samples of Tripsacum had  up  to five differ- 
ent spacer  length variants. 

We also characterized the 5 s  DNA of maize and its 
wild relatives in this study. The major  groupings of 
the genus Zea were found  to  have  different 5 s  DNA 
repeat  unit sizes. Z. mays has a  320-bp  repeat  unit. Z. 
mexicana and Z. luxurians had  350-bp  repeat units, 
while the  other teosintes (2. diploperennis and Z .  per- 
ennis) had  300-bp  repeat units. All Tripsacum species 
examined  had  260-bp  repeat units. Several restriction 
enzyme cleavage patterns  differentiated  among  the 
5s DNAs within the Zea. Therefore,  the 5s DNA 
pattern of change  among  the species can be  inter- 
preted qualitatively in a  manner similar to  that  for  the 
rDNA. 

In hybrids, rDNA variation in restriction sites, re- 
peat  unit  length, and copy number has been used to 
mark  both  plant and animal species (DOYLE, SOLTIS 
and SOLTIS 1985; APPELS and HONEYCUTT 1986). We 
performed  experiments  to  examine  the  nature of 
change in restriction sites and  repeat unit  length in 
maize-teosinte hybrids. The rDNA  from  12 maize- 
teosinte F1 hybrid individuals analyzed with EcoRI 
showed fragment  patterns  characteristic of Mendelian 
inheritance with each parent  contributing  one  chro- 
mosome to  the hybrid.  However, discrimination of 

repeat  unit  length by analysis of the  12 hybrids with 
SstI showed that in four of the hybrids a teosinte- 
specific spacer length  variant was not  present.  A sim- 
ilar situation was found  for  the 5s DNA of teonsinte- 
maize F1 hybrid individuals, in  which teosinte 5 s  DNA 
repeats were found to be  underrepresented or not 
present at all  in some of the hybrids. 

The results presented in the inheritance study dem- 
onstrate  the  potential of restriction site variation for 
further studying the dynamics of ribosomal gene ev- 
olution in  maize and its wild relatives. For rigorous 
phylogenetic analysis of nuclear genome-based evo- 
lutionary relationships within the genus Zea and Trip- 
sacum, however, it will be necessary to obtain many 
more variable characters. Our initial examination of 
rRNA  sequence  change in the grass family as  a whole 
(HAMBY  and ZIMMER 1988) suggests that  direct  RNA 
sequencing of 18S, 26s  and  5s RNAs might prove 
useful in this respect. 
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