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ABSTRACT 
While compiling genetic linkage  maps in several plant species  based upon restriction fragment 

length polymorphisms (RFLPs), it was noted  that  the incidence of  polymorphism differs among 
species. The basis of  this disparity was investigated in this study by examining the nucleotide sequence 
at homologous loci among distinct cultivars within two species which exhibit considerably different 
levels  of RFLPs. Using the polymerase  chain reaction, homologous regions from different cultivars 
were first amplified and  the nucleotide sequence of the products were determined. Four genomic 
regions of seven  maize cultivars and  three genomic regions of eight melon cultivars were examined 
to compare the respective levels  of sequence variation between the two  species.  Levels of variation 
for both base substitutions and insertions/deletions varied widely among  the maize sequences and 
between  maize and melon for base substitutions. Estimates of theta (a measure of polymorphism) 
ranged from 0 to 0.002 in melon and from 0.006 to 0.040 for base substitutions and from 0.002 to 
0.023  for insertions/deletions in  maize.  Critical  value tests and chi-squared tests suggested that in 
maize the underlying processes generating and maintaining neutral mutations differ among the 
regions. The results not only  suggest that several  mechanisms are necessary to explain the variation 
seen in these two  species, but also point to some  basic  dissimilarities in the organization and 
maintenance of the genomes of different plant species. 

T HE  detection  of  variation in plant  DNA  sequence 
by restriction  fragment  length  polymorphism 

(RFLP) analysis  has shown  that  the  apparent level of 
variation  detected  as  RFLP within  a  species  differs 
greatly  from  one species to  another (HELENTJARIS et 
al. 1985;  BERNATZKY  and TANKSLEY 1986; APUYA et 
al. 1988).  For  instance  in  maize (Zea mays), we have 
found  that  greater  than 95% of all unique  sequence 
clones  (ranging in size from 500 to 2000 base  pairs) 
are able to  reveal a RFLP  even  when  tested with  only 
a few  restriction  enzymes. The  number of fragments 
of  different  lengths  detected by one  clone within Corn 
Belt germplasm is also quite  high;  up  to  13 alleles per 
locus and with an average greater  than six (HE- 
LENTJARIS et al. 1985).'  With  other species the level 
of polymorphism is much  lower.  We  found,  for  in- 
stance,  that  only  approximately 5% of  unique se- 
quence  clones  are  able to detect  RFLPs  in  the  domes- 
ticated  tomato, Lycopersicum  esculentum, even  when  up 
to  a dozen  enzymes  are  used  in  the analysis. Further- 
more,  an  informative  clone usually reveals  only  two 
alleles, one  of which often  predominates  within  the 
germplasm  of  interest (HELENTJARIS et al. 1985). 

In RFLP analysis, the  differences in DNA  sequence 
between  individuals  of a  species are  detected by South- 

' Although these are 1101 genetically char;lcteri/ed regions, for the  purpose 
of this discussion we will use the tel-nis "locus" to  define  a region o f  the 
genome  and "allele" t o  define a DNA sequence variant at  a locus. 
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ern analysis of restriction  enzyme  digested  genomic 
DNA using  randomly  selected  genomic or cDNA 
cloned  sequences  as  hybridization  probes.  These 
RFLPs  can  result  from  base  changes,  deletions,  addi- 
tions or rearrangements in the  DNA  sequence  ho- 
mologous  to  the  cloned  segment itself o r  in the  area 
surrounding  the  cloned  sequence  but  between  the 
nearest  recognition  sites for the  restriction  enzyme 
used  in  the analysis. The number  of  enzymes  that 
reveal  RFLPs  at a  locus and  the  average  number  of 
alleles detected by individual  clones  can  indicate 
whether  the  polymorphism is due   to  a single  base 
change or to  a rearrangement. A polymorphism  re- 
vealed by a  single  enzyme  with  only  two  alleles is 
probably  the  result  of a sequence  difference  which 
occurs in  a recognition  site  for  that  enzyme. On the 
other  hand,  polymorphisms  at a  single  locus that  are 
revealed by several  enzymes and which possess multi- 
ple alleles  may  reflect  more  complex  rearrangements 
or,  alternatively, a very  high level of  base  substitu- 
tions. RFLP analysis demonstrates  only  that  there  are 
differences in the  DNA  sequence  without  yielding 
unequivocal  information  as  to  the  nature  of  those 
differences.  Before  initiating  this  investigation we 
speculated  that  the  differing  rates  of  RFLPs  among 
species  might  simply  reflect  dissimilar  occurrences  of 
rearrangements while the  frequency of single  nucleo- 
tide  substitutions  would be comparable.  The  objec- 
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tives  of this study were to examine  different  regions 
within the genomes of several cultivars of both maize 
and melon and  to compare the incidence of nucleotide 
sequence variation within and between the two species 
to determine if a basis for  the level  of RFLPs  could 
be  identified. Zea mays represents those species which 
exhibit  a high level of variation detected by RFLP 
analysis, while melon, Cucumis  melo, represents  those 
species which exhibit little detectable variation by the 
same approach.  For this study the  determination of 
nucleotide  sequence was performed  on DNA seg- 
ments amplified by the polymerase chain reaction 
(PCR). The direct  sequencing of PCR-amplified DNA 
obviates the  need to isolate and sequence homologous 
sequences from libraries made  from each individual. 
Direct sequencing of  PCR product also mitigates ar- 
tifacts caused by nucleotide  misincorporation inas- 
much as such misincorporation, even in the first few 
cycles  of amplification, will affect only a small fraction 
of the final product. 

Previous comparisons of sequence variation be- 
tween plant species or members of a species have 
utilized characterized genes (WERR et al. 1985; ZACK, 
FERL and  HANNAH 1986; FURTEK et al. 1988; RAL- 
STON, ENGLISH and DOONER 1988), while the analysis 
presented  here focuses upon  uncharacterized clones. 
Although we used different  criteria  to select the in- 
dividual regions to examine, the types and frequency 
of variation detected in maize in this study are con- 
sistent with what has previously been reported. No 
sequence comparison of any kind among melon culti- 
vars has been reported. The maize germplasm exam- 
ined  herein  represents  a cross section of  members of 
U.S. and Canadian maize varieties and could be con- 
sidered  a limited collection of the  entire species since 
it includes only  yellow dent varieties and  none with 
any significant flint or tropical germplasm in their 
background. The melon isolates represent  a  broad 
collection of breeding germplasm from several coun- 
tries  including  Indian,  Iranian, Mexican, Spanish and 
U.S. lines. Our results clearly indicate  that the  nar- 
rower maize collection examined displays much more 
DNA sequence variability than  the  broader collection 
of melons. 

MATERIALS  AND  METHODS 

Biological materials: The clones were  selected from 
pUC19 libraries of size-fractionated (0.5-2 kb) PstI-digested 
genomic DNA from maize or melon. The DNA for con- 
structing  the original maize library was prepared  from  the 
Co159 X Tx303 hybrid (COTX) supplied by C. STUBER and 
M.  EDWARDS, North Carolina State University. The Man- 
gelsdorf  tester line (MT) was supplied by  D. WEBER, Illinois 
State University. The  other maize lines examined  are  pub- 
licly available commercial inbreds. The  melon clones and 
genomic DNA were from a  NPI collection. Both maize and 
melon clones were selected from libraries by their  represen- 
tation of unique genomic  sequences and  their ability to 

reveal  RFLPs (HELENTJARIS 1987; S. NEUHAUSEN,  unpub- 
lished results). The  maize clones used in this study have all 
been assigned to a  chromosomal origin by a  variety of 
methods. The  melon clones have not been assigned to 
chromosomes but have  been shown to reveal  polymorphisms 
between melon varieties (S. NEUHAUSEN,  unpublished re- 

DNA sequencing of cloned segments: All cloned seg- 
ments were  sequenced using a  Sequenase Kit (United States 
Biochemical Corp., Cleveland, Ohio) using [a-thio"'S]dATP 
according  to instructions provided  for plasmid sequencing. 
Sequencing of cloned DNA was initiated with universal 
primers  and  completed by preparing  internal  primers  to 
extend  the sequenced  regions. Sequencing  products were 
separated  on 6% polyacrylamide field-gradient  (wedge) gels 
containing 7 M urea (TABOR and RICHARDSON 1987). 

Selection of primers for PCR The  sequences of the 
primers  to  be used in PCR amplification were derived  from 
the sequence of the  cloned segments. The criteria used for 
determining  the sequence of the  primers were based upon 
location in the  cloned  sequence,  length  and estimated dis- 
sociation temperature ( T d ,  calculated  as  described in MEIN- 
KOTH and  WAHL  1984). The  primer pairs  were  chosen so as 
to  be 400-800 bases apart; a size range which we have found 
to  produce high yields of product.  Primers were  20-29 
nucleotides in length with a  calculated Td of 60-65" (see 
Table 3). Primers were prepared by Genetic Designs Inc. 
(Houston,  Texas)  and were further purified by centrifuga- 
tion to remove insoluble material with subsequent ethanol 
precipitation. In cases where  a  pair of primers failed to 
amplify, the substitution of one of the  primers with a closely 
neighboring  primer usually proved effective. 

PCR reaction conditions: Conditions used for PCR am- 
plification were as described in SAIKI et al. (1988),  except 
that  temperature cycling was accomplished in a Program- 
mable Cyclic Reactor (Ericomp, San Diego, California). De- 
naturation,  annealing  and extension temperatures were 
93 O , 5 5 " ,  and  72", respectively. Thirty cycles of 30-sec 
denaturation,  one  minute of annealing  and two minutes of 
extension  were  sufficient to amplify segments of less than 1 
kb  length. The  last cycle utilized an  eight  minute extension 
to  insure  complete polymerization of all products begun in 
earlier cycles. 

Purification and sequencing of the amplified segment: 
After amplification in a 300 pl reaction  volume, the  products 
were extracted with phenol  then  chloroform, precipitated 
with ethanol  and dissolved in water. This DNA was electro- 
phoresed in a 1.2%  agarose gel, visualized by ethidium 
bromide staining and dissected out of the gel. The  amplified 
DNA was isolated from  the agarose using a Geneclean kit 
(BiolO 1,  LaJolla, California) as described in the instructions. 
The  DNA was then  dried down and dissolved in water. The 
recovery was usually sufficient for two to  three sequencing 
reactions.  A portion of the  product, in a volume of 9 p1, was 
denatured by heating 2 min  in a  boiling  water bath.  Imme- 
diately after  denaturation 2-5 pmol of sequencing primer 
and 2 pl of 5x Sequenase buffer were added  and  the  mixture 
cooled to  room  temperature.  The  primer used for sequenc- 
ing was either  one of the  primers used in amplification or a 
primer located  internally in the sequence. Most sequences 
could be  read  from within approximately 30 nucleotides  of 
the  primer  extending  to 200-300 bp. Sequence information 
near  the amplifying primer was obtained by using an internal 
primer  and  reading  from  the opposite  direction to  the  end 
of the amplified fragment. 

Calculations for comparing  sequence  variation: Tests 
were performed  to  determine if there was significant het- 
erogeneity  among  the maize sequences and  among maize 

sults). 
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and melon regions. The model tested was the "infinite sites 
neutral" model. The assumptions are that (1) mutations 
occur at random and every nucleotide change can occur 
with equal probability; (2)  the  number of  sites is assumed to 
be large and  the  number of mutations small, so that sites 
are mutated no more than once in the population; and (3) 
mutations are selectively neutral (EWENS 1979). We are also 
assuming that  there is an underlying mutation rate  for base 
substitutions and  a  different  rate for insertions/deletions. 

The parameter theta was used as a measure of  polymor- 
phism under  the infinite sites  model: 0 = 4 N p  where N is 
the population size and p is the mutation rate  per site per 
generation. The estimates are per site so that differences in 
number of nucleotides and  number of lines sequenced per 
region are accounted for in the calculations. 

The following equations were used for estimating theta 
and its variance @WENS 1979). An unbiased estimator of 
theta is given by: 0 = s,,u;ilm"; where a,-] = l/i, sn = 
number of segregating sites and m = number of sites in the 
region. The variance is bounded by: 

Ou)a,-Llm" and Ou;Jlm" 

+ @'(I + '/4 + . . + (n - l)']u;?lm-l; 

the values for  free recombination and  no recombination 
between sites, respectively. 

For each region a lower and an upper critical value were 
computed for each estimated theta by calculating values that 
yield a five percent probability of observing a  number of 
polymorphisms less than or equal to those actually observed 
(or  greater than or equal to observed, depending on  the 
one-sided test of interest). The critical values were deter- 
mined by using the following recursive equation for  the 
probability, Pn(s), of observing s segregating sites  in a sample 
of size n to 0.05 (HUDSON 1990): P,(s) = P,-,(s - l)Qn(i) 
where 

Qn(s) = ( ) ( - ) 0 
O + n - l   O + n - l '  

and solving for theta. The distribution of the  number of 
polymorphic sites  can then be quickly calculated using  com- 
puter iteration. 

Two different chi-squared tests were utilized to  determine 
heterogeneity among  the estimated thetas. An average theta 
value was calculated as  weighted by the variance for  no 
recombination. 

Conservative-test: (AGUADE, MIYASHITA and  LANGLEY 
1989) 

Standard test: 

RESULTS 

RFLP data  from  cultivars: Four  regions  of  the 
maize genome  and  three  regions  of  the  melon  genome 
were  selected  for  comparison  among six to  eight cul- 
tivars  of  each  species.  Maize  and  melon  cultivars  were 
selected  which  exhibited  distinct  RFLP  patterns with 
the  clones  used  in  this  study. The maize lines selected 
for this  study  and  their  characteristics  are  described 

TABLE 1 

Characteristics of plant  material 
~~~ ~ 

Plant 
Days to 

maturitv TvDe 

Maize" 
A619Htb 
B14A 
B73 
H99' 
Mol 7 
Oh5 1 
W153R 
Col59' 
Tx303' 
Manglesdorf testere 

Birdsnest 
Crenshaw 
ltsy Bitsy 
Juanes des Canary 
PI414723 
PI190184 
PMR45 
Topmark 

Melons 

110 
118 
1 I 6  
110 
118 
118 
95 
80 

N A ~  

NA 

NA 

110 
70 

105 
NA 

NA 

90 
90 

Yellow dent 
Yellow dent 
Yellow dent 
Yellow dent 
Yellow dent 
Yellow dent 
Yellow dent 
Yellow dent 
Yellow dent 
Yellow dent 

Unclassified (Iran) 
Crenshaw 
Noncommercial muskmelon 
Casaba (Spain) 
Unclassified (India) 
Unclassified (Mexico) 
Commercial muskmelon 
Commercial muskmelon 

~~ ~ 

a Seedsman Handbook, Mike Brayton Seeds and Maize Research 
~~ 

and Breeders Manual No. X,  Illinois Foundation Seeds. 
Related lines derived from Oh43. 

NA, not available. 

of the ten chromosomes. 

' These two inbreds were crossed to produce  the COTX hybrid. 

' Line created as a  marker stock  with a genetic marker on each 

in  Table 1. Although the lines differ in their  pedigrees 
and vary for  days  to  maturity,  they  are all yellow dent 
inbreds  and are considered  members of U.S.-devel- 
oped Corn Belt germplasm. The exceptions are 
Co159,  Tx303  and  the  Mangelsdorf  tester which are 
yellow dent  but  not U.S. Corn Belt  varieties. Tx303 
and Co159  were  selected by Stuber  and  Goodman  as 
being  the  most distinctive  inbreds by isozyme  analysis 
in a comparison of over 400 maize  lines at  23 loci 
(STUBER and GOODMAN 1983). The maize inbreds in 
Table 1 do not  include any exotic,  tropical or north- 
ern  flint types.  Both  commercial and  exotic  melon 
germplasm  were  examined  and  descriptions of these 
melons are also found  in  Table  1.  The  melon  cultivars 
examined are a subset of a collection from many  parts 
of the  world  including  muskmelon,  casaba,  crenshaw, 
and  two unclassified plant  introduction lines. The 
striking  difference  in  RFLP diversity  between the  two 
species is illustrated  in Table 2 where  the  RFLP  data 
for the  combination of probe,  restriction  enzyme  and 
DNA  substrate are summarized for the  regions ex- 
amined.  The  four  regions  selected in maize are four 
cloned  sequences  which  were  known to reveal RFLPs 
among maize  inbreds. They represent  sequences  from 
distinct  chromosomes  (indicated in parenthesis in 
Table 2) and  reveal  various  numbers  of alleles among 
the cultivars.  Both the  fragment size and  the  number 
of alleles detected  diminish  when PstI is used for 
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TABLE 2 

Comparison of Corn and Melon RFLP diversity 

238 (1)” 451 (4) 288 (5) 445 (1 0) 
___ ~ ~~ 

Maire Hind111 PSI1 Hind1 I I PstI EcoRI Pstl Hind111 Pst I 

A619Ht 2.7 0.9 7.0 0.7 3.9 1.3 3.6 1 .o 
B14A 2.7 0.9 9.7 0.7  3.9 1.6 3.6 
B73 

1 .o 
6.5 0.9  9.4 0.7  3.4  1.3 3.6 

H99 
1 .o 

3.8 0.9 7.0 0.7 3.7 1.3 3.6 
Mol 7 

1 .o 
8.5 0.9 7.0 0.7 3.4 1.3 10.0  1 .o 

Oh5 1 4.0 1 .O 9.4 0.7 3.7 1.3  4.0 
W153R 

1 .o 
3.5 1.2 9.7 0.7 3.4 1.3 4.0  1 .o 

Total No. alleles 6  3  3  1  3  2  3 1 
M2H5 M6B6  M6C11 

Melon EcoRI PstI Hind111 Pstl EcoRV PstI 

Birdsnest 10.0 2.0 12.5 1.8 7.3 1.5 
Crenshaw 1.3 2.0 12.5  1.8 7.3 1.5 
Itsy  Bitsy 10.0 2.0 12.5 1.8 7.3 1.5 
Juanes  des Canary 1.3 2.0 12.5 1.8  7.3 
PI414723 

1.5 
1.3 2.0 12.5  1.8  3.5 

P1190183 
1.5 

10.0  2.0 12.5 1.8 
PMR45 

1.5 
10.0 2.0 7.8 1.8 3.5 1.5 

Topmark 10.0 2.0 12.5 1.8 3.5 1.5 

Total No. alleles 2 1  2 1 2  1 

The molecular size (kilobases) is shown for  each of the fragments detected in the probe/substrate combinations. Number of alleles refers 

a The numbers in parentheses indicate the chromosome to which the  cloned  sequence was assigned. 
to the number of different-sized fragments observed with each combination. 

TABLE 3 

Primers used for PCR amplifications 

Region Primer 1 Primer 2 

Maize 
238 
45 1 
288 
445 

Melon 
M2H5 
M6B6 
M6C11 A 
M6C11B 

GGGGGGTGGCAGAGGAAGAG 
GGCTTCTAACGGATCCTCCT 
AGTCCTCCTCCTCGATCGCG 
AAACAAGCAGTGACAGTTGCCG 

CTCCTCAAACATATCCTGTG 
TTTGGCATGAGAGAGGCACC 
GTTCACACCCCCAACGTTGA 
CCTATCAAGCTCCCAGAGTG 

GCGCCCGGCCAAGGAAGCGG 
CCAAAGCTTGTGTCTTCTCTGACTCACGC 
GTATCGCGAACGTCATGATC 
CATGTTGTAGCTGCACCGAA 

CTATTCTTCCCTCAAGGAAC 
TCCTTCCCCCATAACAATGG 
CATCTGGATCTGATACTGGG 
TCCAATGGACCTAGGAACAG 

The sequence of each of the pairs of primers used to amplify the target DNA  during the PCR reactions prior to direct sequencing is 
shown in 5’ to 3’ orientation from left to right. 

digestion. The amplified regions in this investigation 
are confined within the cloned PstI sequences, so some 
information is  in a sense “discarded” insofar as the 
sequences flanking the cloned segment are  not ex- 
amined. 

Much less  is known about  the cloned sequences 
selected for analysis  of melon. The three clones re- 
ported  here were chosen because they reveal at least 
two alleles among  the  eight lines tested. There was 
insufficient variability detected between any two 
melon isolates to generate  a linkage map, but  the 
clones chosen for  these  experiments  are assumed to 
be unlinked. Although the maize clones were assigned 
to chromosomes (HELENTJARIS, WEBER and WRIGHT 
1986),  no such means was available for  the melon 

clones. As seen in Table 2, none of these clones 
revealed polymorphisms among melon cultivars when 
genomic DNA was digested with PstI. 

Nucleotide  sequence  determination: The nucleo- 
tide sequences were determined  for  the clones and 
examined for  open  reading  frames consistent with 
coding  regions  for genes. Significant open  reading 
frames were found in two of the melon clones (290 
bases for  M2H5  and 440 bases for M6B6) but  none 
were  found in the maize clones. No RNA hybridiza- 
tion analyses were performed  to  determine if homol- 
ogous sequences are transcribed. This sequence  infor- 
mation was used to identify segments  for the prepa- 
ration of primers to be used in PCR amplification of 
these  regions in the individual cultivars. One pair of 
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TABLE 4 

Sequence  variation 

No. of 
Clone/region bases Base change“  Deletions/insertions  variationb 

Percent 

238 320 29  (12/17) 17 14.4 

445  462  7  (1/6) 3  2.2 
288  675  44  (19/25) 15 8.7 

45 1 352 12 (7/5) 9 6.0 

M2H5 470 0 0 0 
M6B6 600 0 0 0 
M6Cll 502 2 (2/0) 0 0.4 

The numbers in parentheses indicate the nature of the base 
change, (transitions/transversions). 
’ Percent variation was calculated by summing the base changes 

and deletions/insertions for each clone then dividing by the number 
of bases compared. 

primers was selected from each region in order  to 
amplify 400-800 base pairs of DNA. Attempts to 
amplify larger  segments  resulted in diminished yields 
of product. M6C11 was too large to amplify in one 
interval, so two portions of this sequence, one  from 
each end, were amplified and sequenced separately. 
The two regions,  200 bp  and  302  bp long, are sepa- 
rated by about  500 bp. A list of the final primer pairs 
used as amplifiers for  the maize and melon regions is 
shown in Table 3. 

Characteristics of the  sequence  variation in maize: 
The collection of maize inbreds, while not  the widest 
cross-section of the species available, did  exhibit ex- 
tensive and diverse nucleotide  changes (Table 4). 
Many of the single base changes  among the maize 
inbreds  occur in sequences which are directly re- 
peated. Examples of this type of change  found in the 
238  region are listed in Table  5.  Another type of 
variation observed in maize is the variable number of 
nucleotides in a  repeating  unit such as  a  monotonous 
string of nucleotides (e.g. ,  AAA. . .) or a  string of 
alternating  nucleotides (e.g., CTCT. . .). Examples of 
each of these can be found in the  445 region  where 
there  are seven A residues from  nucleotide  369-375 
in COTX,  A619Ht, B14A and Mo17; while  in B73, 
Oh51  and W153R there is an additional  A  for  a total 
of  eight  A residues. Similarly, beginning with position 
548 six repetitions of CT  are seen in COTX; seven in 
Mol7  and B14A but only four in A619Ht, B73, H99, 
Oh51  and W153R  (data  not shown). 

In  Figure 1,  the sequence around nucleotide 600 
of  the  288 region is represented  and discontinuities 
of homology are depicted as insertions of DNA. The 
largest insert of 266  bp,  found in line B14A, is flanked 
by a  duplication of five bases, GATAA (site 2).  Near 
the  ends of the  266  bp  insertion is a  region of inverted 
repeat with a  short five base perfect  inverted  repeat 
and a longer  inverted  repeat with 15 bases matched 
(Figure IC). In the  other seven lines, where this 
insertion is absent,  the site 2 sequence  GATAA is 

found only once at nucleotides 653  to  657. From 
nucleotides 591  to  599 in line B14A, the sequence 
TATGTTCTAA (site 1) is present while  in the  other 
seven lines this segment is repeated with one  change 
so that  nucleotides 588 to 607  read TATGTTCTA- 
ATCTGTTCTAA (Figure 1B). At the position cor- 
responding to the point of insertion in B14A,  a seg- 
ment of 37 bases is observed in  all other lines. These 
37 bases are not  present in B14A and  therefore can 
be  considered an insertion as compared to the B  14A 
sequence. There  are short  imperfect  inverted  repeats 
in this insertion and it is flanked by a  direct  repeat of 
AAATTAGA (site 3) from  609 to 61 6 and AAA- 
TAAGA  from  656  to  663 (Figure 1B). The sequence 
AAATAAGA is found only once in B14A,  four bases 
away from  the  266-bp  insertion. 

A  measure of sequence variation is shown in Table 
4 as “percent variation.” This quantity was derived by 
summing the base changes and insertions/deletions 
for each clone and  then dividing by the  number of 
bases compared. The fewest and simplest changes 
were found in the region  defined by clone  445. There 
were ten  changes in 462  nucleotides or 2.2% sequence 
variation: seven single nucleotide  changes, two single 
base insertions and  one 4-base insertion. The variation 
seen in the  other regions is more complex: a  large 
insertion of 266 bases  in the  288  region of B14A and 
several small insertions of 2-1 7 bases  in several re- 
gions of the  other lines. Comparison of the cultivars’ 
nucleotide sequences in the  451  region with that of 
the cloned COTX segment shows 6.0% variation. 
There  are twelve single-base changes and nine  more 
complex changes,  including  insertions  ranging in 
length  from  1 to 17 nucleotides (Figure 2). Similar 
calculations result in 8.7% sequence variation in re- 
gion 288  and  14.4% sequence variation in region  238. 

Tests were performed  to  determine if the differ- 
ences among  the maize sequences were statistically 
significant. If the levels of variation are heteroge- 
neous,  then the underlying processes generating  and 
maintaining  mutations are probably different in the 
various regions (because population size is assumed 
the same). Estimates of theta,  a  parameter used as a 
measure of polymorphism under  the infinite sites 
model, are given in Table  6, a and b, for base substi- 
tutions and insertions/deletions, respectively. In 
maize, the estimates for  theta  ranged  from  0.006 to 
0.040, a sevenfold range  for base substitutions; and 
from  0.009  to  0.023  for additions/deletions.  For  both 
base substitutions and additions/deletions,  clone  238 
exhibited the most variation and clone 445  the least. 

Chi-squared tests were performed  to test the hy- 
pothesis that  there was an  underlying  mutation rate 
to  neutral alleles for  the maize regions  for base sub- 
stitutions and  for additions/deletions.  A  neutral value 
of theta was calculated as the weighted average of the 
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TABLE 5 

Sequence  variation  in 238 region of maize 

Nucleotide sequence“ Maize inbred 

68 ACG A619Ht  and  Mol7 
ACG  GCG COTX 

1 14 CCGG  CCGA B73,  B14A,  A619Ht and Mol7 
CCGG CAGA COTX 

159  TCTTTAGTC  W 153R 
TCTTAGTCTCTTTAGTC B73,  B14A,  A619Ht  and  Mol7 
TCTTTAGTCTTTACTC COTX 

304  ATT  B73,  B14A,  A619Ht,  Mol7 and  W153R 
ATT  ACT  COTX 

The number of first nucleotide in the sequence is given first. 

four regions. Two  different chi-square tests were per- 
formed,  the  standard test and a conservative test 
which may be overly conservative (M. KREITMAN, 
personal communication). Based on  the results the 
actual chi-squares are  bounded between 5.02 and 30.4 
for base substitutions and 5.04 and 18.3 for  addition/ 
deletions  (Table 7). Because the actual chi-squared is 
bounded between two values, one of  which is signifi- 
cant  and  the  other  not,  the hypothesis cannot be firmly 
rejected.  However, based on  the  range of the  bound- 
ary  and  the level of significance for  the chi-squared 
values, there is a  strong indication that  there is het- 
erogeneity and  that  the regions are  not evolving in 
the same manner. 

A  more precise way to test whether there is an 
underlying  neutral  parameter value would be  to de- 
termine  whether there is any theta value for which 
the observed polymorphism levels are likely (M. 
KREITMAN, personal communication).  However, no 
such test is yet available. The extent of the differences 
can be measured by comparing an observed  theta 
value with the  appropriate one-sided 0 u  or 0~ for  the 
other regions  (Table 6a and 6b). Clone 288 has an 
intermediate  theta value (6 = 0.027) relative to  the 
other maize regions  for base substitutions. One hy- 
pothesis is that  the actual value of theta is 0.027. This 
hypothesis is accepted when comparing the observed 
theta value of 288 to  the 0, value for 238  (0.018) and 
to  the 0” value for 445  (0.038). However, it must be 
rejected when comparing it to  the 0” value for 451 
(0.010). Based on this critical value test and  the chi- 
squared tests, the differences in  levels  of polymor- 
phisms are most likely a  function of differences in the 
rate of mutation to  neutral alleles for  both base sub- 
stitutions and additions/deletions. 

Sequence  comparison  among  melon  lines: The 
melon DNA sequence comparisons exhibited very 
little sequence variation in the regions  examined 
(Table 4). Within regions of M2H5 and M6B6, there 
were no sequence  differences within the collection of 
germplasm.  In the M6C11 region there were two 
single base changes,  both  C-T  transitions. These sin- 

gle base substitutions were the only changes  observed 
in a  combined  total of 1572 bases sequenced in melon; 
no  rearrangements of any kind were observed. One 
of the base changes in M6C 1  1 distinguishes Birdsnest, 
Itsy  Bitsy, Juanes  des  Canary, and PI 190184 (all Ts) 
from  Topmark, PMR45, and PI414723 (all  Cs). This 
classification agrees with the RFLP analysis of these 
lines, although  the  observed  nucleotide  changes are 
not directly related  to  these polymorphisms. The 
other base change  groups Birdsnest, PI 190184 and 
PMR45 (all Ts) as one allele and Itsy Bitsy, Juanes  des 
Canary and PI414723 (all  Cs) as another.  Therefore 
this base change distinguishes Birdsnest from Itsy 
Bitsy and Juanes  des  Canary as well as distinguishing 
PI414723 from PMR45. The sequence  information 
facilitates the assignment of four alleles at this locus 
rather  than two based on RFLP alleles. Allele  assign- 
ment  could be made as follows: Birdsnest and 
PI190184 as allele “A” (T-T), Itsy  Bitsy and  Juanes 
des  Canary  as allele “B” (T-C), PI414723 as allele “C” 
(C-C) and PMR45 as allele “D” (C-T). There is in- 
complete  sequence  information  for Topmark (C-X) 
so it can not  be assigned. 

Sequence  comparison  between  maize  and  melon: 
The difference in variation between melon and maize 
was very large. Since no additions/deletions were ob- 
served in the melon sequences, only base substitution 
polymorphisms can be compared. Estimates of theta 
ranged  from 0.002 in clone M6C11 in melon to 0.040 
for clone 238 in maize. Comparing the observed theta 
for M6C11 to  the Or. for each of the maize regions 
reveals that  the value is only at  the critical value for 
445, the maize clone with the least amount of varia- 
tion. The average 0 for  the  three melon regions, 
0.0007, however, is  less than  the lower critical value 
of  the 445 region of  maize (0, = 0.002). The signifi- 
cant  difference in  levels  of polymorphism between 
maize and melon is a  function of rates of mutation to 
neutral alleles and of population size differences be- 
tween the species. It is not possible to  determine what 
proportion of the variation is due  to differences in 
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A 
B14A 

1 3  

All other lines 3 2 3  

1 1  

B 
B14A 
588 site 2 site 2 633 

site 1 site 3 
TTGTATGTTCTAATGAT?.A..(~~~ bose @r imerl) ... GATAAATAAGA 

All other lines 
588 site 2 663 

site 1 site 1 site 3 site 3 
TATGTTCTAATCTGTTCTAAWTTAGA ... (37 bare pdr i ld. .  .GATAAATAAGA 

FIGURE 1 .-(A-C) Placement and 
sequence composition of the inser- 
tions in region 288. In (A) the line 
drawing shows the relative arrange- 
ment of sites 1-3 and their  orienta- 
tion  with respect to the insertion. In 
(B) the nucleotide sequence flanking 
the insertions is displayed and sites 
1-3 are indicated. In (C) the nucleo- 
tide sequences of the insertions are 
displayed  with  bold underlined type 
indicating the  direct repeats and  ar- 
rows indicating the  inverted repeats. 

C 
B 14A insert 

GBTBBCTAATATATAGAATTAGATCCAAATAGCATAAACCTAGTGCAATCACTCAATTTT 

GGTAAAAAGAGCATTATCCTGTGCAATCGCCATCCTATGTCTAAATCC~CGGT?TCATA 
TGGAAGTAGGTTAAATGTATAGACACTAGGTTTCAGGTGGAAGGGGTT~~GTAAA 
ATAACAGTTACCATTAGATCTAGATCGGATGCACCAGATCGCTTGATTGCATGCTTGCAC 
CAGGATTAGTGATTGNATAGGATETTCCC- 

All other lines 

AAATTAAGRTCCAAGTGGCATWGGGNATAAAACASTTGCTATGATAAATA&Gii 

underlying mutation rate versus differences in popu- 
lation  sizes. 

DISCUSSION 

The construction of RFLP genetic linkage  maps  in 
several plant species  has demonstrated that some  spe- 
cies,  such  as  maize,  Brassica and Arabidopsis, exhibit 
a high rate of  polymorphism among individuals,  while 
the level  of  polymorphism among individuals  of other 
species,  such  as tomato and melon, is considerably 

lower. The reason for this observed difference in 
genetic variation is not well understood. There ap- 
pears to be no correlation between  this  disparity and 
genome size or ploidy  levels.  Maize,  Brassica and 
Arabidopsis differ in genome size,  with 1C values  of 
3.8, 0.9 and 0.2 picograms (pg), respectively (BEN- 
NETT and SMITH 1976), yet  all three display  significant 
polymorphism. The 1C values for tomato and melon 
are within the same range at 1.83 and 0.95 picograms 
respectively (BENNETT and SMITH 1976; INGLE, TIM- 
MIS and SINCLAIR 1975), but demonstrate very little 
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FIGURE 2.-Sequence of the amplified 451 region of several 
cultivars is compared to the  cloned  COTX  sequence. Vertical lines 
are used to indicate identity. Where mismatches are detected  the 
changed base  is shown. Insertions are typed out with a gap,  depicted 
by dashes, indicating the lack of the sequence in other cultivars or 
the cloned  sequence. The sequence of H99 and Mt are the same as 
A619Ht in this region. The sequence of OH51 and B14A are the 
same as B73 in this region. 

polymorphism. All of these species are diploid.  Wheat 
is hexaploid with a  large  genome (1C equals 17.3 pg 
(BENNETT and SMITH 1976)), and does not exhibit 
significant isozyme or RFLP variation (HART 1987). 
Alfalfa, a  tetraploid with IC value of 1.7 pg (BENNETT 
and SMITH 1976), displays abundant polymorphism 
(G. KING, personal communication). A  relationship 
has been noted, however, between variation assessed 
by RFLP analysis and  reproductive strategy  (HE- 
LENTJARIS et al. 1985). Those species which reproduce 
primarily by out-crossing also  display abundant  RFLP 
variation, while species which utilize self-pollination 
more extensively exhibit  much lower levels of varia- 
tion. This disparity in apparent  genetic variation has 
also been reported using isozymes. Within the Lyco- 

persicon species, those species which reproduce pri- 
marily by self pollination including L. esculentum (to- 
mato) are monomorphic  for most isozymes. In L. 
chmielewskii, which has larger flowers and is primarily 
allogamous, there is considerably more isozyme vari- 
ation. Even higher levels of isozyme variability were 
seen in the self-incompatible L. pennellii (RICK 1983). 

In the evolution of a species a  reduction in popula- 
tion size could result in a lack  of genetic variation. 
This may have occurred in the U.S. commercial melon 
germplasm since Hale’s Best Jumbo is an early  pro- 
genitor of  many current melon cultivars. In this study 
melon germplasm collected from  around  the world 
was compared so that  the  effects of a  breeding  bottle- 
neck should not  be  a  factor. 

In plants where isozyme variability can be  detected 
there  are usually 2 to 4.8 alleles per locus (GOTTLIEB 
1981). In  contrast, there  are 5.17 to 7.09 alleles per 
isozyme locus in maize (GOODMAN and STUBER 1983; 
DOEBLEY, GOODMAN and STUBER 1985). Interestingly 
the level  of RFLPs or isozyme variation does not 
necessarily correlate with the level of phenotypic var- 
iability among isolates. For example C.  melo, though 
highly polymorphic in phenotype, shows little or  no 
allelic variation at most isozyme  loci (DANE 1983). 
While phenotypic variation is expected to be  reflected 
in DNA diversity, extensive genotypic polymorphism 
has not been observed in the investigations of melon 
made  thus  far. 

DNA sequence  examination of regions of the melon 
genome  revealed  a paucity of sequence variation. This 
observation is consistent with the lack of polymor- 
phism detected by RFLP analysis. The melon region 
M6C11, which has no  open  reading  frame, showed 
two base changes,  both  transitions (C-T) and  there- 
fore 0.4% variation. The M6B6 sequence has an  open 
reading  frame of 440 bp  and M2H5 has an  open 
reading  frame of 290 bp;  neither of these  regions 
revealed base changes  among the cultivars examined. 
Our results are consistent with those of ZAMIR and 
TANKSLEY (1 988) who reported  that  the DNA se- 
quence in coding  regions  from  tomato are conserved 
throughout  the family Solanaceae. Their study used 
hybridization conditions which detect 80% sequence 
homology, making  their  criteria less stringent  than 
sequence  comparison. 

Knowing the nucleotide  sequence of the small  seg- 
ment  represented by clone M6C11 yields more  infor- 
mation about variation among  the melon lines at this 
locus than is afforded by RFLP analysis using restric- 
tion enzymes with &base recognition sites ( i e . ,  the 
number of resolvable alleles increases from two to 
four). Conversely, with the  other melon regions there 
was a loss  of information. 

Contrary  to  the  prediction  that maize and melon 
would share similar rates of base substitution, the  data 
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TABLE 6 

a. For base substitutions 

Clone No. lines No. base subs. @)/site (X 105) @I.(.,,,.,,,) @U(,, 05) 

var(Q)/site 

238 6 29 0.040 5.0-54.0 0.018 0.121 

45 1 8 12 0.013 1.4-5.0 0.006 0.038 
445 8 7 0.006 0.5-1.3 0.002 0.018 

288  7  44  0.027  2.0-19.0  0.013  0.073 

M6C 1 1 6 2  0.002  0.1-0.2 0.000 0.009 

b. For insertions/deletions 
~~ 

No. insertions/ var(Q)/site 
Clone No. lines  deletions (@/site (X 105)  @L(,,,,,) @q,, 0 5 )  

238 6 
288  7 
45 1 8 
445 8 

17 0.023 3.0-18.0 0.010 0.074 
15 0.009 0.5-2.6 0.004 0.027 
9 0.010 1.9-4.1 0.004 0.030 
3  0.002 0.2-0.3 0.001 0.010 

TABLE 7 

Probability of observed levels of polymorphism based on a 
weighted average of theta using x' test 

c lone  s , , , ~  s,,,, Var(s),,, X L  X L  

a. For base substitutions: = 0.029 
238 29 21.2 146.9 0.41 2.87 
288 44  48.0 618.9 0.03 0.33 
451 12 26.4 185.9 1.12 7.86 
445 7  34.7 305.8 2.51 22.11 

4.07+  33.17* 
b. For insertions/deletions: = 0.019 

238  17 14.0 68.0 0.13  0.64 
288 15 31.4 276.5 0.97 8.57 
45 1 9 17.3 84.8 0.81 3.98 
445 3  22.7 139.0 2.79 17.10 

4.70t  30.29* 

x L = E 

X L  = 1 

" (observed - expected)' 
Var (expected) 

(observed - expected)' 
I= I expected 

* P <  0.01. 
0.50 C P < 0.20. 
0.1 4 P < 0.05. 

clearly show a  much lower incidence of base substitu- 
tion in melon. Theta estimates were 0.002 for M6C11, 
the  one melon clone  exhibiting  variation, and aver- 
aged  0.29  for the maize regions. These estimates are 
not compatible with a hypothesis that  the two species 
evolved with the same underlying  mutation  rate. How- 
ever, we can not  account  for  differences in population 
size between maize and melon which could  account 
for significantly different  theta estimates. It is impor- 
tant  to recognize that  the  criteria  for selecting the 
RFLP loci for this investigation may impose some 
poorly  understood limitations on  their  accurate  rep- 
resentation of the genome. Because PstI is a methyla- 
tion-sensitive restriction  enzyme, the clones probably 

represent  undermethylated DNA within the genome. 
Furthermore,  the clones are subjected to further bias 
by culling unique sequences from  repetitive se- 
quences. A more successful strategy  for  detecting 
variation in plants such as melons might  be to include 
sequences that  represent  the  genome  more uniformly. 
Repetitive sequences,  for  example, have been shown 
to reveal higher  rates of variability in other systems 
(ZAMIR and TANKSLEY 1988; JEFFREYS, WILSON and 
THEIN 1985). 

In this study abundant sequence variation was de- 
tected in homologous segments of the maize genome 
by comparing several representatives of the species. 
Although  a limited sample of the  genome was ana- 
lyzed, the  percentage of variation was relatively high 
for all regions and  ranged  from 2.2% to  14.8%. 
Estimates of theta  ranged  from  0.006 to 0.040  for 
base substitutions and  from  0.002  to  0.023  for inser- 
tions/deletions. Based on  the critical value and  the 
chi-squared tests, the regions appear  to be evolving at 
different  rates. 

The observed pattern of rearrangements  among 
maize isolates suggest possible mechanisms by which 
the variation occurs. One mechanism to consider for 
maize is transposable  element activity. Previous com- 
parisons  of DNA sequence variation among maize 
isolates have  been  made primarily on identified  genes 
(WERR et al. 1985; ZACK, FERL and  HANNAH  1986; 
FURTEK et al. 1988; RALSTON,  ENGLISH and DOONER 
1988).  In such studies of several maize genes (Wx, 
A d h l ,  Bz and S h I ) ,  small tandem  repeats have been 
identified  as  footprints left behind following the inser- 
tion and subsequent excision of transposable  elements. 
This was established by the sequential  examination of 
the wild type, the transposable  element-disrupted and 
revertant genes. In those studies the sequence  diver- 
sity in the  revertant genes, which appeared to be the 
result of transposable  element activity was seen only 
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in the  noncoding  regions associated with those genes. 
The revertant alleles, by definition,  conferred  the wild 
type phenotype  for  that  gene.  It is not possible, there- 
fore,  to  determine if transposable elements  preferen- 
tially avoid inserting in coding  regions or whether, 
because of the  resulting loss of function, such insertion 
would not  be  observed with such an experimental 
design. Differences located within the exons were 
found  to  occur primarily in the  third position in the 
codon and  therefore  represent silent changes. A very 
high level  of sequence variation was observed in the 
Shrunken-l locus ( S h l ) :  16 changes in 540 bases within 
the  coding  regions, all of  them silent, and 10 changes 
for 270 bases for  the  transcribed  but  untranslated 3’ 
region (WERR et al.  1985). These levels of variation, 
3.0% in the  coding and 3.7% in the  noncoding, are 
within the  range we report for maize, but are still 
higher  than the level we report  for regions within the 
melon genome. 

The insertions near  nucleotide 600 in the maize 
288 region  (Figure 2) have characteristics of transpos- 
able  elements: they are flanked by short duplications 
and have inverted  repeats at  the ends. These inser- 
tions, however, show  very limited sequence homology. 
If these insertions are  the result of transposable ele- 
ments,  the  clustering of the insertions may indicate 
that transposable elements  preferentially  insert in spe- 
cific locations in the genome or that  once  inserted, 
they tend to excise and reinsert at closely neighboring 
sites. It has been suggested that in maize the size  of 
the flanking duplication indicates the class  of trans- 
posable element  that  generated it (DORING and STAR- 
LINGER 1984). The duplications in this region, how- 
ever, vary  in length and  share  no obvious homology. 
These changes may be the result of the activity of two 
unrelated  transposable  elements, since in maize the 
characterized transposable elements leave a  footprint 
of a consistent size. It should  be noted, however, that 
the Antirrhinum transposable element Tam3 has been 
shown to  generate  different  length  footprints at dif- 
ferent  insertion sites (DENNIS et al. 1988). 

As predicted by the  RFLP analysis, the sequence 
variation in  maize is much  higher  than in melons, both 
in the  number of base changes and DNA re- 
arrangements.  It is not known what accounts for  the 
difference in RFLP and nucleotide  sequence variation 
between maize and melon.  Whatever the source(s) of 
diversity is in maize, it appears  not to  operate in 
melon.  It has been proposed  that transposable element 
activity plays a  role in generating  insertion-deletion 
based diversity in  maize (SCHWARZ-SOMMER et al. 
1985). The results presented  here  are consistent with 
that proposal to  the  extent  that some of the changes 
in maize  lines resemble transposable element-me- 
diated  rearrangements, whereas no  changes of this 
type were observed in melon. It is possible that species 

which are primarily self-pollinated generally lack  sig- 
nificant levels of transposable element activity. For 
example, in Lycopersicum esculentum, a self-pollinating 
species, there is no evidence for active transposable 
elements (YODER et al.  1988). However,  mutable al- 
leles have been reported in soybean, another self- 
pollinated species (CHANDLEE and VODKIN 1988; 
GROOSE et al. 1988). It has been reported  that self- 
pollination of maize lines harboring active Mu trans- 
posable elements  often leads to significant loss of Mu 
transposition (ROBERTSON 1983). The transmission 
advantage of a  transposable  element is reduced in  self- 
pollinating lineages because the  opportunity to infect 
new chromosomes  through  genetic  exchange is re- 
duced by the  inbreeding process (M. CLEGG, personal 
communication). 

In  Table 5, there is a  summary of the sequence 
variation which occurs in what appear to be duplicated 
sequences. Sequence duplications resulting  from 
transposable  element  insertion are often  found  to  be 
altered (SUTTON et al. 1984; SCHWARZ-SOMMER et al. 
1985), although only deletions of nucleotides at  the 
junction of the two duplicated sequences have been 
observed previously. The base changes shown in 
Table 5 could also have  resulted  from  transient mis- 
alignment during DNA synthesis as proposed by KUN- 
KEL and SONI (1988). Changes such as the addition or 
loss  of one  or  more bases in a  repeating  unit may also 
be the result of unequal crossover in recombination 
or  errors in DNA replication as has been proposed 
elsewhere (SMITH 1976). 

As a  first  approximation,  the incidence of point 
mutations is expected to be  uniform over the noncod- 
ing sequences in the genome. There  are definite dif- 
ferences,  however, in the  percentage of sequence var- 
iation detected in the  four  different regions of maize. 
Based on the estimates of theta  and  the critical value 
and chi-squared tests, it  appears  that the clones ex- 
amined  represent  regions of the genome that differ 
in their susceptibility to mutation and/or  to  the fixa- 
tion of mutations.  It has been reported  that  the  rate 
of nucleotide  substitution varies considerably depend- 
ing  on  the  region  examined,  and  that  the  more im- 
portant  the function of the  region,  the lower the  rate 
of polymorphism (LI, Luo  and Wu 1985). If these are 
noncoding  regions,  transposable  element activity, 
which may not  be  uniform  over the  genome, may 
account  for some of the differences. An alternative 
explanation has recently  been  presented for mamma- 
lian genomes. WOLFE, SHARP and LI (1  989) proposed 
that differences  arise because mutation  patterns vary 
with the timing of replication of different  chromo- 
somal regions. In connection with this it is interesting 
to note  that  region 445, which displays the least vari- 
ation, is located near  the  centromere of chromosome 
10. The  other  three regions; 238, 288 and 451; map 
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to  the  ends of chromosome 1, 5 and 4, respectively 
(HELENTJARIS 1987). The greater sequence variation 
in these regions may be due  to  the timing of replica- 
tion as WOLFE, SHARP and LI suggest, or may reflect 
greater recombination or transposable element activ- 
ity at  the  ends of chromosomes. More regions  from 
various locations along  the  chromosomes must be 
examined to test the validity of these proposals. 
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