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ABSTRACT 
Restriction  fragment  length  polymorphisms  (RFLPs) are being  used to  construct  complete  linkage 

maps for many eukaryotic  genomes.  These RFLP maps  can  be  used  to predict  the  inheritance of 
important  phenotypic loci and will assist in the  molecular  cloning of  linked  gene(s) which affect 
phenotypes of scientific,  medical  and  agronomic  importance.  However,  genetic  linkage  implies  very 
little  about  the  actual  physical  distances  between  loci. An assay is described which uses genetic 
recombinants  to  measure  physical  distance  from a DNA probe  to  linked  phenotypic  loci. We  have 
defined  the  subset of  all  RFLPs  which  have  polymorphic  restriction  sites at  both  ends as  class I1 
RFLPs. The frequency of  class I1 RFLPs is computed as a function of  sequence  divergence  and  total 
RFLP frequency  for  highly  divergent  genomes.  Useful  frequencies  exist  between  organisms  which 
differ by more  than 7% in DNA sequence.  Recombination  within  class I1 RFLPs will produce 
fragments of  novel  sizes  which  can  be  assayed  by  pulsed  field electrophoresis  to  estimate  physical 
distance in kilobase  pairs  between  linked  RFLP  and  phenotypic  loci. This proposed  assay  should  have 
particular  applications  to  crop  plants  where  highly  divergent  and  polymorphic  species are often 
genetically  compatible  and  thus,  where  class I1 RFLPs will be  most frequent. 

R ESTRICTION  fragment  length polymorphisms 
(RFLPs) are being used to develop  complete 

linkage maps of complex  eukaryotic  genomes (DONIS- 
KELLER et al. 1987; BERNATZKY and TANKSLEY 
1986a; HELENTJARIS et al. 1986).  RFLP maps identify 
DNA  probes which can be used to predict  the  inher- 
itance of genetic loci for  important  phenotypes such 
as genetic diseases and useful agricultural  traits  (LAN- 
DER and BOTSTEIN 1986,  1987; NIENHUIS et al. 1987). 
The phenotypes for many of  these  traits are difficult 
to score  directly in genetic  experiments, however 
closely linked RFLP  markers can be used to  monitor 
any  portion  of  a  genome in simple assays. Another 
assumed  benefit is that  the  RFLP probes will also be 
used to isolate clones of the linked genes which encode 
important phenotypes.  However, there is no way to 
know if a  centimorgan,  the  unit of recombination 
which measures the  genetic distance  between loci, 
represents  10 kb or  100,000 kb of DNA in the specific 
region  of  the  genome being  examined. It would be 
scientifically naive to begin  a  chromosome walk with 
a  linked  DNA probe in an  attempt  to clone to a 
phenotypic locus based strictly on genetic  linkage  data 
and without  extensive  molecular  information about 
the  genome  being  examined  including  an estimate  of 
the actual physical distance  between loci. Walking 
(STEINMETZ, STEPHAN and LINDAHL 1986) or even 
jumping (POUSTKA et al. 1987)  a few thousand kilobase 
pairs is very tedious in any  large  eukaryotic  genome 
but it will be  even more difficult in large  plant ge- 
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nomes which can have haploid DNA contents  from 2 
to  126 pg (BENNETT, SMITH and HESLOP-HARRISON 
1982)  of which greater  than  60% is repetitive se- 
quence  (FLAVELL  1982). The gene  at  the phenotypic 
locus might  be isolated on a very large (e.g., 1000 kb) 
fragment by preparative pulsed field gel electropho- 
resis (GARDINER, LAAS and PATTERSON 1986; MI- 
CHIELS, BURMEISTER and LEHRACH 1987),  or cloned 
in an artificial yeast chromosome  vector  (BURKE, 
CARLE  and OLSON 1987),  or isolated via chromosome 
mediated  gene  transfer (PORTEOUS 1987).  However, 
these  methods also depend on knowing that  the  RFLP 
and phenotypic loci are both physically linked on the 
same  large  DNA  fragment. Class  I1 RFLPs,  described 
herein, used in combination with classical genetics and 
pulsed field gel electrophoresis (PFGE) could deter- 
mine the physical distance  between  a DNA probe  and 
a genetically linked locus which affects an  important 
phenotype.  Once  the physical distance  between  a 
DNA probe  and a  phenotypic marker has been esti- 
mated,  a  strategy  for isolating clones of the desired 
gene can be  designed. The relationship of physical 
distance to genetic  distance has been examined indi- 
rectly and directly in a  limited number of eukaryotic 
systems. Some of these  data are discussed below. 

PHYSICAL VS. GENETIC DISTANCES 

Recombination  frequencies have been used to de- 
termine  the genetic distances between  genes in viral, 
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prokaryotic and eukaryotic genomes. A  direct rela- 
tionship between physical distance and frequency of 
recombination is assumed when constructing these 
maps. This correlation is  well established in Escherichia 
coli (SMITH et al. 1987).  However, it is incorrect  to 
assume that  the  ratio of  physical distance to crossover 
units is constant in  all regions of a  genome, or that it 
is similar between the genomes of different organisms. 

Indirect  estimates of the  relationship  between 
physical  and  genetic  distances: Indirect estimates of 
the  average kb/cM ratio can be  made  for  different 
organisms by dividing the haploid DNA content  re- 
ported  for  the organism in kilobase pairs by the total 
genetic  map lengths defined by recombination  fre- 
quencies or the  number of chiasma per genome. FIN- 
CHAM (1 983)  estimated  these  average  ratios  for yeast, 
Drosophila and maize to be  10 kb/cM, 570  kb/cM, 
and 4000 kb/cM, respectively. The 400-fold increase 
in the  number of kilobase pairs per  map  unit parallels 
an approximate 300-fold increase in haploid genome 
size when comparing yeast to maize. A similar calcu- 
lation can be made for  the  human  genome:  an estimate 
of 1000 kb/cM is obtained assuming a haploid genome 
size  of 3 X lo9 bp  and  the total genetic map  length of 
about  3000 cM (DONIS-KELLER et al. 1987).  This 
estimate will probably be within a  factor of two or 
three  for most mammalian genomes, which  vary little 
in  size. These calculations also suggests the  daunting 
possibility that in the largest angiosperm  genomes, 
such as those found in the Liliaceae, the average  ratio 
could be as much as 20,000 kb/cM. 

Genomes with  small numbers of chromosomes have 
less total recombination units. Thus Drosophila, which 
has a  genome size  only ten times that of  yeast but has 
only four  chromosomes, has a  large kb/cM ratio of 57 
times that of yeast. REES and DURRANT  (1986) calcu- 
late the  number of chiasma per pg (chiasma frequency) 
as a  function of total (haploid) DNA amount  for 20 
plant species. Within a  chromosome  complement, 
physical chromosome  length is proportional to  the 
number of chiasma (i.e., this implies kb/cM ratios 
increase directly with chromosome  length within a 
species). Comparisons among  three  angiosperm  gen- 
era show that  an increase in total DNA content  cor- 
relates with a  decrease in the chiasma frequency (i.e., 
this implies  kb/cM ratios will increase with an increase 
in total DNA content when comparing  distant  orga- 
nisms). A generalization of these  data is that  there  are 
usually 50  to 300  map units per chromosome,  no 
matter what the chromosome size. This suggests that 
the  average kb/cM ratio will be first,  a  direct  function 
of genome and chromosome sizes, and second,  an 
inverse function of the total number of chromosomes. 

Direct  measurements of physical  distance: The 
ratio of the actual physical distance (kb),  measured 
directly by agarose gel electrophoresis, to  the genetic 
distance (cM) has been made in  only a few eukaryotic 

systems and  for only a few pairs of  loci. In yeast, ratios 
of approximately  10 kb/cM were measured  for  a 
number of loci, but this ratio holds only for loci that 
are distant  from the  centromere  (CLARKE  and  CARBON 
1980;  CLARKE et al. 1986;  NAKASEKO et al. 1986). At 
the white, rosy and ultrabithorax regions of the Dro- 
sophila genome, this ratio was determined  to be ap- 
proximately 350, 900  and  1800 kb/cM, respectively 
(BENDER et al. 1983; ZACHAR and BINCHAM 1982). 
The similarity between these values and  the indirect 
estimates made by FINCHAM (1983)  for yeast and 
Drosophila is reasonable. However, assuming that  the 
average kb/cM ratio  determined  for  a species applies 
to all  loci could result in tremendous  errors in esti- 
mating physical distance between many  loci. In yeast, 
for  example, there  are large variations in this ratio 
for  different pairs of loci and especially due  to cross- 
over suppression near  the  centromeres. There is al- 
most no measurable  recombination  occurring  over  a 
60-kb region  near  the  centromere of chromosome IZ 
(CLARKE et al. 1986; NAKASEKO et al. 1986). Major 
histocompatibility complexes (MHC) are  hot spots for 
recombination in eukaryotes. Estimates of approxi- 
mately 300 to 600 kb/cM can be  made  for the region 
between the K and I-E MHC in hybrids between Mus 
musculus  castaneus and varieties of laboratory mice 
(STEINMETZ, STEPHEN and  LINDAHL  1986).  This  ratio 
is close to  that calculated above  for most mammals. 
However, in crosses between different strains of lab- 
oratory mice, which  lack these  recombination  hot 
spots within the MHC, the  ratio can be estimated to 
be 30,000 kb/cM. The bronze ( B z )  locus  in  maize  has 
100-fold higher levels  of recombination as compared 
with regions between the flanking marker loci 
(DOONER et al. 1985). DOONER (1986) estimates 14 
kb/cM within Bz as compared  to the average value of 
3000 kb/cM estimated above for  the  entire maize 
genome. Therefore, it should  not  be assumed that 
indirect estimations of  kb/cM ratios can be applied to 
specific pairs of  loci due  to local sequences which 
affect recombination  frequencies. Many sequence and 
structural  components of chromosomes are known to 
affect recombination  frequencies (LUCCHESI and SU- 
ZUKI 1968) including inversions, translocations, 
knobbed and compound  chromosomes,  aneuploidy, 
repetitive sequences and  the  degree of sequence di- 
vergence between recombining genomes. Even the 
sex  of the  parent in  which recombination takes place 
can have a  strong effect on  recombination  frequencies 
(DONIS-KELLER et al. 1987). 

Planning the isolation of a  phenotypic locus from  a 
large genome  requires  a  direct  measurement of phys- 
ical distance from  a  RFLP locus. In making the direct 
measurements cited above, DNA probes were avail- 
able  for loci at  both  ends of the linkage relationship. 
Obviously this cannot  be done when estimating  the 
distance to a novel phenotypic  marker. The recom- 
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FIGURE 1 .-Comparison of the restriction site divergence which 
might exist between a hypothetical chromosome A with divergent 
homologous chromosomes B”, B’ and B. Conserved restriction 
endonuclease sites are indicated by r; unique sites found only in 
one homolog by R; a sequence for which there is a DNA probe by 
[a];  linked phenotypic markers by [b ]  and [c]. The percent polymor- 
phism indicated is an estimate which can be obtained from the 
approximate  percent  of all the restriction fragments measured 
which gave RFLPs after probing  a  large number of different 
restriction endonucleases digests of the two genomes with [a].  A 
class I RFLP (polymorphic at  one  end only) and a class I1 RFLP 
(polymorphic at both ends) are indicated. 

binant class  I1 RFLPs we define will allow a direct 
estimate of  distance to  be made with a  probe  for only 
one member of the pair of  linked  loci. 

CLASS I1 RFLPs 

Definition of class I and class I1 RFLPs: Figure 1 
shows the comparisons  of a hypothetical chromosome 
A to  the divergent hypothetical homologs  B”, B’, and 
B. These  three pairs  of chromosomes have different 
degrees of  sequence divergence and  thus  different 
numbers of  RFLPs. The first pair, A and B”, represent 
two  genomes  with  small sequence divergence. After 
digesting A and B” with a large number of restriction 
endonucleases and probing with the [a] locus probe, 
no RFLPs are detected between A and B”. Between 
the second  hypothetical pair of chromosomes, A  and 
B’,  slightly more sequence divergence has occurred 
(Figure 1). After examining a large number of restric- 
tion endonuclease digestions,  only 10% of the diges- 
tions  examined in the two contrasting genomes yield 
fragments which are polymorphic  when probed with 
[a]. Thus for  the A/B’ pair it is  likely that  the RFLP 
observed with  any one restriction endonuclease will 
have a single restriction site difference at one  end of 
the polymorphic fragments. We will define two  poly- 
morphic fragments which differ at only one  end as a 
class I RFLP. The frequency of  polymorphisms is too 
low to expect a significant number of polymorphic 
fragments to be generated due  to restriction site 
changes at both ends of the fragments. Between the 
third hypothetical pair of chromosomes, A and B, 
great sequence divergence has occurred (Figure 1). If 

80% of the restriction fragments which hybridize to 
the [a] probe are polymorphic after examining a large 
number of restriction endonuclease digestions, then 
it is  likely that  the RFLP measured with the [a] probe 
for any one particular restriction endonuclease is pol- 
ymorphic for sites at both  ends of the fragments. We 
define two polymorphic fragments with restriction site 
differences at both ends as a class  I1 RFLP. Since the 
percentage of total RFLPs is a measure of sequence 
divergence between  two chromosomes, then  higher 
frequencies of total RFLPs imply higher frequencies 
of  class  I1  RFLPs.  How the frequency of  class  I1 
RFLPs relates to sequence divergence will be dis- 
cussed  below. 

Recombination within class I1 RFLPs  generates 
novel fragment  sizes: In a hybrid organism contain- 
ing the A and B homologs, when each homolog con- 
tains hypothetical loci [a] and [b] within a single re- 
striction fragment of a class  I1 RFLP, a recombination 
event between the  probe locus [a] and  the phenotypic 
marker [b] will yield recombinant fragments of  novel 
sizes  which are different  from  either of the two paren- 
t a l  fragments. (Examine the recombinant A* and B* 
chromosomes in Figure 2A and 2B.) In  other words, 
a novel RFLP pattern will be generated when recom- 
bination occurs within a class  I1  RFLP. The polymor- 
phic fragments of a class  I1 RFLP can be related in 
two  possible  ways. First, one  fragment can be con- 
tained entirely within another with the larger frag- 
ment overlapping both  ends of the smaller one (Figure 
2A). In this  case,  when one parental class  I1 fragment 
is an internal subset of the  other, recombination 
should generate two new fragments of intermediate 
sizes  between the two parental fragment sizes (Figure 
2A,  A* and B*). The sizes  of the novel recombinant 
fragments generated  depends upon the sizes  of the 
two parental fragments and upon the position  of the 
smaller fragment relative to  the overlapping ends of 
the larger fragment. Second, the two polymorphic 
fragments can be asymmetrically positioned relative 
to  one  another (Figure 2B). In this case,  when the 
ends of the parental fragments are staggered relative 
to each other, recombination should generate  one 
fragment larger  and  one  fragment smaller than the 
two parental fragments (Figure 2B,  A* and B*). SE- 
NECOFF and Cox (1986) assayed for  the novel frag- 
ments generated in vitro by recombination of  class  I1 
fragments containing the site-specific recombination 
site of the yeast  2-pm  plasmid. In this specialized  case, 
recombination between two fragments of the same 
size,  which are asymmetric relative to each other in 
sequence, yields one  fragment  larger  and  one frag- 
ment smaller than  either of the parental fragments as 
shown  in the general model (Figure 2B). 

It is instructive to consider examples where [a] and 
[b] are not contained on the same class  I1 RFLP and 
where [a] and [b] are both  on  the fragments of a class 
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FIGURE 2.-Recombination between two markers  contained within the same fragments  of  a class I1 RFLP  produces novel fragments 
differing in  size from either of the parental  RFLP fragments. A, When one class I1 parental  fragment is a subset of the  other, recombination 
between [a]  and [b] produces novel fragments  intermediate in size between the parental  fragments. B, When the two parental  fragments are 
staggered or asymmetric relative to each other, recombination between [a]  and [b] produces one novel fragment  larger and  one novel 
fragment smaller than either of the parental fragments. C ,  Recombination between [a] and [b],  which are separated by a  restriction site in 
one parental  chromosome may not  produce  a novel  sized fragment which wi l l  be detected with the [a]  probe. D, Recombination between [a] 
and [b] contained within fragments which are  part of a class I RFLP does not  produce  fragments  of novel sizes.  In panels A-D, chromosomes 
marked A* and B* are  the recombinant chromosomes. The sequences originally contained  on the A chromosome are in gray while those 
from the B chromosome are indicated by cross-hatching. A sequence for which  we have a DNA probe is indicated by [a] and  the linked 
phenotypic markers by [b] and [c]. Sizes of the hypothetical fragments  detected by the [a]  probe before and  after recombination are indicated 
in kilobase (kb) pairs. 

I RFLP.  When the phenotypic marker [b] lies outside 
the  fragment  probed with [a] ,  in even one of the 
parental  genomes,  recombination  between [a]  and [b] 
will not always produce a novel sized fragment  after 
probing with [a]  (Figure 2C). In  this case one new 
fragment was generated which would be  detected with 
the [a]  probe  and  one  parental [a]  fragment  remains 
the same. Recombination  between [ a ]  and [c] (not 
shown) should produce very few recombinants which 
would show novel fragments when probed with [a]  (as 
discussed below). When  recombination  occurs be- 
tween [a]  and [b] on  fragments which are  part  of a 
class I RFLP  (Figure 2D) no novel fragment sizes are 
generated.  In this case the  recombinant  fragments  are 
the same size as the  parental  fragments  probed with 

The sizes of  the novel recombinant  fragments  gen- 
erated  depend  upon  the sizes of the  parental frag- 
ments  and  the  degree  of asymmetric  overlap at each 
end of the polymorphic  pair. In all cases the sum of 
the sizes of the two novel fragments will  always equal 
the sum of the two parental  fragments.  Recombina- 
tion within class  I1 RFLPs with a  subset  relationship 
will generate novel fragments with an asymmetric 
relationship, and recombination within asymmetric 
class  I1 RFLPs will generate novel fragments with a 
subset  relationship. If the class  I1 RFLP  recombinant 

[a].  

fragments are very large (1 00-2000 kb), but can be 
resolved by PFGE,  then it should be possible to use 
the novel sizes of  recombinant  fragments to estimate 
the physical distance  corresponding to the genetic 
distance (cM) between  these loci ( [ a ]  and [b] in Figure 
2). In  a typical genetic  mapping experiment,  the AB 
hybrid  might be backcrossed with the homozygous 
AA parent.  Relevant  recombination  between the class 
I1 RFLPs would occur  during meiosis in the AB parent 
yielding a  subset of germ cells with A* or B*. The 
frequency of offspring  from the AB X AA backcross 
identified  as  recombinants  between [a]  and [b] deter- 
mine the genetic  distance  between the loci. These 
recombinant  offspring would always have the  one 
parental A chromosome and  either  an A* or B* 
chromosome  containing  a novel recombinant  frag- 
ment. The  parental  and novel recombinant  fragments 
would be revealed when a Southern blot of these 
DNAs is probed with [a].  If every organism  containing 
a  chromosome  resulting  from  a  recombination  event 
between [a] and [b],  as shown by  classical genetic 
analysis, also had one of the novel recombinant  frag- 
ments, then  the two loci, [a] and [b],  will in almost all 
cases be  on  the same DNA fragment.  Exceptions 
involving markers on  different  fragments  are dis- 
cussed in the following section. If the genetically de- 
fined  recombinants  between [a] and [b] are examined 
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with PFGE, and  the novel fragments  (e.g. see A* or 
B* in Figure 2A) are always detected when examining 
recombination between the 450- and 700-kb  frag- 
ments,  then it is highly likely that [a]  and [ b ]  are on 
the same fragment  and  the maximum distance be- 
tween these loci can be estimated to be no  more  than 
450 kb. This is a  reasonable physical distance to 
consider  a  chromosome walk from [a]  to [b ] .  If the 
genetically defined  recombinants between [a]  and a 
phenotypic  marker [ c ]  are also examined and some 
recombinants do not give novel fragment sizes, then 
[a]  and [ c ]  are  not  on  the same restriction  fragment 
of a class  I1 RFLP. The parental  chromosomes in 
Figures 2A to 2D show [a]  separated by several re- 
striction cleavage sites from [ c ]  as  they  then might be 
positioned in genome.  Recombinants between [a]  and 
[ c ]  are discussed below. 

The potential use of  class  I1 RFLP  recombination 
assays depends  both  upon  the design of classical ge- 
netic  experiments, since the individuals examined 
must be sufficiently polymorphic to contain class  I1 
RFLPs, and upon identifying individuals containing 
recombination  events in the region of interest. In 
other words, the individuals with recombination be- 
tween [a]  and [ b ]  in  class  I1 RFLPs become the key to 
measuring physical distance. These individuals will 
often  be  identified in the progeny of  classical genetic 
experiments which measure the recombination be- 
tween the DNA probe  and phenotypic loci. Only those 
organisms  already  identified  as  recombinants  need to 
be assayed at  the DNA level. The recombinant indi- 
viduals can be used  in direct  determinations of the 
physical distance between the DNA probe  and phe- 
notypic loci, and in proof of physical linkage between 
these loci on  the same DNA fragment.  This assay 
would also be useful in organisms which are polyploid 
because the novel class  I1 RFLP  recombinants will 
hybridize independent of parental RFLPs which 
might still be  present. Class  I1 RFLPs may even be 
useful in proving  standard linkage relationships in 
systems where linkage might  otherwise  be  obscure, 
such as in determining  the locations of genes  encoding 
quantitative  traits.  Organisms with saturated  RFLP 
maps are ideal for  these studies because the estimate 
of physical distance to  the phenotypic  marker can be 
made  from DNA probes  from  both  directions. 

Considering  a  linked  phenotypic marker  which is 
not on the  same PFGE fragment  as  the  probe: When 
the physical distance between a  probe  and  the phe- 
notypic marker is very great,  then  the two loci will 
probably not  be  on  the same large PFGE fragment 
but may be several large  fragments  apart  on  the 
genome.  For  example, assume that  RFLP  probe [a]  
maps 5 cM from  phenotypic  marker [c ]  (shown in 
Figure 2B) and assume that A and B are from two 
highly polymorphic genomes. This genetic distance 
could easily represent 1,000 to  50,000 kb in a  large 
eukaryotic  genome. Most  of this range is beyond 

direct  measurement by present PFGE technology. 
However  fragments of 100 to  2,000  kb  can  be meas- 
ured.  When  a  large  number of recombinants can be 
examined, it is likely  in some individuals that  recom- 
bination will occur between [a]  and [ c ]  within the 600- 
kb  fragment  containing [a] ,  the  RFLP  probe  (Figure 
2B). If four of ten individuals with genetic recombi- 
nation between [a]  and [ c ]  display novel fragment sizes 
as a  result of recombination in these class  I1 RFLP 
fragments,  then it could  be  estimated  that  these two 
loci  may be less than  approximately 1500 kb apart. 
This result is generated  from  a small sample size and 
as such is subject to large statistical variation. The 
assay could be  improved by examining  large  numbers 
of recombinant individuals identified by classical ge- 
netic  experiments between easily scorable phenotypic 
markers in the region of the DNA probe. This would 
be feasible in organisms such as maize, tomato,  Petu- 
nia or Drosophila where  numerous  phenotypic  mark- 
ers have been  mapped on  the genome. Due to  the 
greater genetic distance between the two distant loci, 
a  larger  number of recombinant organisms will be 
generated  from  a single cross making the  determina- 
tion more feasible. 

These working estimates are subject to  the same 
problems that are described for estimating  average 
kb/cM ratios. This approach  depends  upon the  ran- 
dom  distribution of recombination events between [a]  
and [ c ] .  In  the examples shown, this assay requires 
that  recombination  frequencies  be  constant  over  a 5 
cM region. If among  the several genetic  recombinants 
between [a]  and [ c ] ,  the [a]  probe did not hybridize to 
any recombinant class  I1 RFLP  fragments  after ex- 
amining digestions with several different  restriction 
endonucleases,  then it could  be  interpreted as mean- 
ing  that [a]  and [ c ]  may be physically  very far  apart, 
perhaps  too  far to plan a  chromosome walk. These 
data could also mean that a  hot spot for  recombination 
exists between [a]  and [ c ]  in one of the fragments 
which did  not hybridize to [a ] .  A hot spot for recom- 
bination closer to [ c ]  could  result in an overestimation 
of  physical distance. A hot spot for  recombination on 
the  fragment  probed  for by [a]  could result in  all 
recombinants between [a]  and [ c ]  generating novel 
fragment sizes, thus [a]  and [ c ]  could be  misinterpreted 
as being on  the same fragment. T o  control  for this 
possibility, organisms with a  saturated  RFLP  map have 
the  tremendous  advantage  that  the physical distances 
can be  estimated  from  both  directions. Partial diges- 
tions, described below, should also allow these  larger 
distances to be  examined  more accurately. 

ANALYSIS OF CLASS I1 RFLPs 

The success  of these assays of physical distance 
depends  upon  examining  the size  of large recombi- 
nant  RFLPs by PFGE. This  and  related electropho- 
retic  techniques allow DNA molecules ranging in  size 
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from small genes (1 to  10 kb) to small chromosomes 
(2000 kb) to be resolved on agarose gels (CARLE  and 
OLSEN  1985;  CARLE,  FRANK and OLSON  1986;  CHU, 
VOLLRATH and DAVIS 1986;  SCHWARTZ and CANTOR 
1984; GEMMILL et al. 1987).  A  number of regions in 
animal genomes originally described at  the genetic 
level or at  the  gene level have now been mapped 
physically using PFGE. The mouse MHC has been 
mapped  over  a  600-kb  region using PFGE in combi- 
nation with chromosome walking (STEINMETZ, STE- 
PHAN and LINDAHL 1986; MULLER et al. 1987). The 
human MHC map, which was examined primarily by 
PFGE  analyses  of large  overlapping  restriction  frag- 
ments, covers a  3000-kb  region  (LAWRANCE et al. 
1987). PFGE has been used to  generate  a  large scale 
restriction  map of the amplified DNA sequences in 
human  neuroblastomas (SHILOH et al. 1985),  to map 
a  4000-kb  region of DNA controlling  Duchenne mus- 
cular  dystrophy (KENWRICK et al. 1987),  and  to  gen- 
erate a  restriction  map of the  entire Escherichia coli 
genome (SMITH et al. 1987). These distances exceed 
the estimates of the physical distance (kb) correspond- 
ing  to  a  recombination  unit (cM) for all but  the largest 
plant genomes. 

Most  of the studies cited examine many single frag- 
ments between 100  and 800 kb and use overlapping 
fragment  mapping  techniques  to  obtain maps of larger 
dimensions. Two potential  problems in examining 
larger  fragments are  the limits of PFGE technology 
and  the ability to generate  larger  restriction  frag- 
ments.  Separations of very large  fragments,  including 
the chromosomes in the yeast Saccharomyces  pombe, 
which are  3000,6000  and 9000  kb, have already  been 
demonstrated  (BARLOW  and  LEHRACH  1987), so 
PFGE separation technology will probably not  be 
limiting. Although only two 8-base recognition restric- 
tion endonucleases, S’I and NotI ,  have been identi- 
fied, it is likely that many more will be  identified using 
PFGE screening  techniques and  larger substrate mol- 
ecules. Partial digestions with S’I, NotI or  rare 6-base 
cutters can also be used to yield fragments  near  the 
desired size range  (NGUYEN et al. 1987; SMITH et al. 
1987).  In  Figure 2 ,  recombinants between the A and 
B  chromosomes are shown. Partial digestion profiles 
of the A* and B* chromosomes are very different 
than those generated  from  the  A  and  B  chromosomes, 
respectively. Even  if recombination takes place close 
to [ c ] ,  some major  differences in the partial digestions 
will be  detected in such a  comparison. As long as [c ]  
is within a few large  restriction  fragments of [a ] ,  the 
pattern  should  not  be  too complex to identify novel 
recombinant class I1 RFLPs. 

Since most of the restriction  endonuclease  recog- 
nition sequences are  guanine plus cytosine (GC) rich, 
the GC poor composition of most plant genomes will 
make it easier to find enzymes that  generate  large 
fragments. In soybean, for  example, which  has a ge- 

nome composed of 35% GC, eight-base recognition 
restriction endonucleases like NotI with  all  Gs or Cs 
in their  recognition  sequence should generate excep- 
tionally large  fragments. Based on Equation 2 de- 
scribed below and in PHILLIPS,  ARNOLD and  IVARIE 
(1  987a,  b), which also considers tri- and  tetranucleo- 
tide frequencies and based on  the existing 60 kb of 
soybean sequence in the  NIH Data Base, the  average 
predicted size for  a NotI fragment is 1600 kb. Partial 
digestions with such enzymes should cover the  desired 
distances needed in these assays. Methods for blocking 
cleavage at all but  a small subset of sites (MC- 
CLELLAND, KESSLER and BITTNER 1984)  and  a new 
chemical cleavage technique may  allow even more 
control  over  the  number of fragments  generated in 
any genome (MOSER and  DERVAN  1987). 

FREQUENCY OF CLASS I1 RFLPs 

Predicted frequencies: The practical significance 
of recombination assays between class I1 RFLPs will 
be limited by the availability of genetically compatible 
organisms with sufficiently divergent genomes. The 
following derivations describe the  relationship be- 
tween the estimated  sequence  divergence within a 
species and  the predicted  frequency of  class I1 poly- 
morphisms. The development follows NEI and LI 
(1979)  and UPHOLT (1977) with the nomenclature 
following that of NEI (1987).  These formulas gener- 
ally describe this relationship and may be applied to 
highly divergent genomes where class I1 RFLPs would 
be most frequent. 

The corrected  nucleotide  divergence will be called 
d. It  represents the expected  number of nucleotide 
substitutions which have occurred  per site in se- 
quences contained in the two homologous chromo- 
somes A and B  (Figure 2 ) .  These  nucleotide substitu- 
tions have occurred since the two homologs descended 
from  a  common ancestral chromosome t time units 
ago. The corrected  nucleotide  divergence is expected 
to increase linearly with time  according to  the molec- 
ular clock hypothesis such that d = 2Xt,  where X is the 
substitution rate of the molecular clock. The cor- 
rected  nucleotide  divergence is now routinely re- 
ported  for  a  number of organisms and is estimated 
either directly from  sequence  data, indirectly from 
restriction maps, or from  the  number  of  shared  frag- 
ments among  restriction enzyme digestion profiles 
(NEI  1987). The quantity d is related to  the observed 
percent  sequence  divergence, l O O - p ,  between A and 
B by correcting  for multiple hit kinetics UUKES and 
CANTOR  1969): 

d = -% ln(1 - 4p/3) or (1) p = - e-413’ ). 
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The occurrence of a  restriction  endonuclease site 
in the A and B homologs will be  considered. This 
could,  for  example,  be  a  restriction  endonuclease 
cleavage site flanking the  probe [a] (Figures 1 and 2). 
The probability a of occurrence of a  restriction site 
can be  estimated  from the oligonucleotide composi- 
tion of the  probe region and  the composition of the 
recognition site (PHILLIPS, ARNOLD and  IVARIE 1987a, 
b;  ARNOLD et al. 1988). This probability a is also the 
predicted  frequency of occurrence of a site in the 
genome.  For  example, the probability that  a given 6- 
bp sequence is an EcoRI site (GAATTC) can  be  ap- 
proximated  from the base composition by the follow- 
ing  formulas (Note: Let f(G) denote  the frequency of 
nucleotide  G in the  genome  and let  f(GAAT)  denote 
the frequency of the  tetranucleotide,  GAAT, in the 
genome,  etc.): 

a=f(G)f(A)f(A)f(T)f(T)f(C) 

or more accurately described  from  overlapping  tetra- 
and trinucleotide  frequencies: 

f(GAAT)f(AATT)f(ATTC) 
a =  

f(AAT)f(ATT) (2) 

The method used for calculating the probability of 
there being a  restriction site depends on how much 
sequence  data are available on  the test organism. 
Alternatively, a can be  measured empirically from 
densitometric scans of restriction  endonuclease di- 
gested genomic DNA (PETERSON 1988), where l / a  is 
the average  fragment size. In  practice one would 
expect some statistical variation in the frequency of 
sites in a  particular  region of the genome. 

In  general, with P being the probability of loss of a 
site, the  three possible fates of a given site which 
occurs with a probability a on both homologs A and 
B are: (i) both sites remain  unchanged, which  has 
probability (1 - P)'; (ii) the site on  either chromosome 
A or B is lost and  the site on  the  other chromosome 
remains  unchanged, which has probability 2P( 1 - P ) ;  
or (iii) the sites on both homologs are lost, which has 
probability P 2 .  If event (ii) occurs at a  restriction 
endonuclease  recognition site, then  a  RFLP will be 
generated. If the site is lost from  both homologs (iii), 
there may or may not  be  a polymorphism. This will 
depend upon  whether an adjacent site is different 
between homologs, given that  the first site is lost from 
both homologs. If this second site is lost from  both 
homologs, then  the  next  adjacent site must be consid- 
ered,  and so on. Treating  the chromosomes  examined 
as effectively infinite in length,  the probability that 
the  event (iii) occurs and  generates a polymorphism 
is: 

&2[2aP( 1 - P)  + (aP2)2aP( 1 - P)  

+ (aP2)2 2&(1 - P)  + . . .] 

or 

aP22aP(1 - P)[ 1 + a P 2  + ( d 2 ) Z  + ( a P ' ) 3  + . . .]. 
The series is geometric and can be summed to yield 
the probability that  event (iii) occurs and yields a 
polymorphism: 

2&(1 - P)&2/(1 - aP). 
Detection of the  more  remote sites is limited by the 
size  of fragments which can be resolved by PFGE; 
however, the  contribution of successively more  re- 
mote sites to this sum is small. 

Adding this probability to  the probability that  event 
(ii) occurs,  producing  a polymorphism, yields the 
probability .(a) of a polymorphism at a given site 
which is dependent  upon nucleotide composition: 

a(a) = 2&(1 - P)( 1 + [aP2/(1 - aP)]) (3) 
= 2&(1 - P)/( 1 - aP2). 

Another way in  which this formula is useful is  in 
calculating the average distance from  one polymor- 
phic restriction site (e.g., EcoRI) to  the next polymor- 
phic EcoRI site. This distance can be expressed as 1/ 
a(a). It will depend  upon  both  the  degree of diver- 
gence between two genomes and  the  oligonucleotide 
composition of the genome. 

Repeating the above argument without placing con- 
ditions on  the nucleotide composition of the site or 
that of the  genome yields the probability of a poly- 
morphism as  a  function of the probability of loss  of a 
site: 

a = 2P(1 - P)( 1 + [P2/(1 - PZ)]) (4) 
= 2P/(1 + P). 

If the probability of a polymorphism, a ,  is small, then 
logically the  occurrence of class  I1 RFLPs will be small. 
Furthermore,  the average spacing between polymor- 
phisms may be  expressed as l /a.  This is not  dependent 
on  oligonucleotide composition because we are  not 
specifying the sequence of the site. 

What  remains to be established is a  relation between 
the probability of loss of a site P and  percent  sequence 
divergence l00.p (Equation 1). This will give the 
relation between the probability of polymorphism a 
and  corrected nucleotide  divergence, d. The proba- 
bility, 1 - P,  that  a site of length r remains  unchanged 
from  the  ancestral  chromosome is: 

1 - P = ( l  - p > ' .  (5) 

Substituting (1) into (5) yields P in terms of d :  
p = 1 - (IA + 314 e - 4 ~ 3 d  7 

Substituting P into (4) yields a  formula  for the  fre- 
quency of polymorphism a in terms of the  amount of 
corrected  sequence  divergence d.  For  example, sup- 
pose d = 0.01, then  for  a 6-base ( r  = 6) recognition 
restriction  endonuclease site, P = 0.06.  Substituting 

I .  (6) 
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the value of P = 0.06 into (4) yields a  frequency of 
polymorphism of a = 0.1 1. 

Class  I1 polymorphic fragments have two restriction 
sites which are polymorphic at both  ends of a  probed 
fragment  (Figure 2). If the nucleotide  substitution 
process is independent  at  different sites, then  the 
probability of a class  I1 polymorphism at a given 
location is simply the square of the probability of a 
single polymorphism: 

T(II) ( (Y)  = 

If no conditions are placed on the nucleotide compo- 
sition of the site or  the  genome,  the probability of a 
class  I1 polymorphism is simply: 

a(1I) = 2 .  (7) 
If for  example d = 0.1 and r = 6,  then P = 0.45  from 
(6).  Substituting P into (4) yields a = 0.62 or a  prob- 
ability of any RFLP  being  a class I1 polymorphism of 

Figure  3  presents the predicted  frequency of RFLPs 
and class  I1 RFLPs generated by 6- and 8-base rec- 
ognition  restriction endonucleases based on (4) and 
(7). These curves can be useful in two ways. First, 
given the nucleotide  divergence d of two separate 
inbred genomes, one can assess whether  the  predicted 
frequency of class  I1 polymorphisms is sufficient for 
class  I1 RFLP  recombination assays. In  particular, 
pairs of inbred organisms with d greater  than  0.065 
sequence  divergence will have a useful frequency of 
class  I1 RFLPs. For two organisms with 0.065 se- 
quence  divergence, 24% of  all the restriction  frag- 
ments  generated by 6-base recognition  restriction  en- 
donucleases should  be class  I1 RFLPs. Even more 
significant to  the practical application of  class  I1 RFLP 
recombination assays  is that  at this level of divergence, 
34% of  all fragments observed with 8-base recognition 
restriction endonucleases will be class  I1 RFLPs. 

Second, given the  percent polymorphism in a  probe 
region,  one can estimate the nucleotide  divergence of 
two genomes without resorting  to  restriction  mapping 
or sequencing. For  example, if the  observed  frequency 
of RFLPs for 6-base recognition enzymes were 62%, 
then  from  Figure  3  the  estimated  nucleotide diver- 
gence would be d = 0.10 and  the  frequency of class 
I1 RFLPs with  %base recognition enzymes would be 
expected to be 50%. 

Observed levels of divergence: The RFLPs ob- 
served between related pairs of organisms can be 
generated by several mechanisms of genome diver- 
gence including base substitution, slippage repair be- 
tween related but nonhomologous sequences, inser- 
tions and deletions and  the various mechanisms of 
genome  turnover (BAIRD and MEACHER 1987; FLAV- 
ELL 1982; MURRAY, PETERS and THOMPSON 198 1). In 
two inbred  Petunia varieties, 87% of the  fragments 
generated by primarily 6-base recognition  endonucle- 

= 0.38. 

CORRECTED  NUCLEOTIDE 
DIVERGENCE (d x IO2)  

FIGURE  3,"Frequency  of Class I1 RFLPs. The percent restric- 
tion fragment length polymorphisms are graphed as a function of 
corrected nucleotide  divergence for 6- and 8-bp recognition restric- 
tion endonucleases, labeled 6 bp and 8 bp, respectively. The percent 
class I1 restriction fragment length polymorphisms are also graphed 
for 6- and 8-base recognition endonucleases and are labeled 6 bp(I1) 
and 8 bp(II), respectively. Formulas (4) and (7) presented in the 
text were used to generate  these curves. A more  extensive graph 
examining percent polymorphism at higher values of d is available 
from the authors on request. 

ases  which hybridized to actin  gene  probes were 
RFLPs (MCLEAN et al. 1988). Based on  the  above 
calculation and  the assumption that this divergence is 
due  to nucleotide  sequence  divergence of d = 0.26 
we can predict that  86% of  all 8-bp  fragments will be 
class  I1 RFLPs between these two genomes. However, 
it is not possible to  determine  from  RFLP  data what 
mechanism generated this high level restriction site 
polymorphism. DNA sequence data, genomic South- 
ern blots and genetic data  on  the  Petunia actin genes 
suggest that within this superfamily of genes substan- 
tial sequence  divergence exists between closely related 
inbred  Petunia varieties, and any or all  of these mech- 
anisms could have contributed  to  the level of poly- 
morphism (BAIRD and MEACHER 1987; MCLEAN et al. 
1988). Even if the high degree of polymorphism ob- 
served in  small fragments  produced with 6-base en- 
zymes  in the Petunia system was generated primarily 
by large  numbers of insertions and deletions  the  larger 
fragments  examined with  %base recognition restric- 
tion endonucleases would contain dozens and perhaps 
hundreds of insertion  deletion  differences. Since the 
numerous  insertion events in each divergent  parental 
genome can be assumed to be  independent, it is likely 
large  fragments  from these genomes would also be 
polymorphic in  size. The general behavior of  class 11 
RFLPs in the class 11 RFLP  recombination assays 
should  be  the same regardless of whether  the poly- 
morphisms were generated by base substitutions or 
large  numbers of small insertions and deletions. 

In many plant genera it is possible to find divergent 
species which  may be drastically different in genome 
content (BENNETT, SMITH and HESLOP-HARRISON 
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1982; SAMUEL, SMITH and  B~NNETT  1986)  but  are 
still genetically compatible. Stable and  often fertile 
interspecific hybrids can be made at reasonable  fre- 
quencies  between individuals differing substantially in 
genome  content. Such hybrids  should  contain  high 
frequencies of RFLPs for a  large number of inde- 
pendent loci. BERNATZKY and TANKSLEY (1986a,  b) 
demonstrated  that  for two divergent but genetically 
compatible  tomato species, Lycopersicon  esculentum 
and Lycopersicon penellii, 34 randomly selected cDNA 
clones hybridized to RFLPs  for many restriction  en- 
donucleases. In  the examination of two phenotypically 
divergent  Petunia varieties, V23  and  R51,  RFLPs 
were found  for  48 of 55 comparisons (MCLEAN et al. 
1988).  In six races of maize, 16 of 18  endosperm 
cDNA probes were found  to yield RFLPs (BURR et al. 
1983).  Sucrose synthase ( S h l )  and alcohol dehydro- 
genase loci ( A d h l )  are also known to be highly poly- 
morphic  between closely related maize plants (EVOLA, 
BURR and BURR 1986; JOHNS, STROMMER and FREEL- 

Conclusion: The use of class  I1 RFLPs in recombi- 
nation assays will help  to physically  link  classical ge- 
netic  data with RFLP maps and  RFLP probes.  It 
appears useful to set up classical genetic  mapping 
studies using RFLPs with class  I1 RFLP  recombination 
assays  in mind. The application of RFLP maps to  the 
isolation of phenotypic  marker loci and identification 
of hot spots for recombination is strongly dependent 
upon the availability of class 11 RFLPs in these systems. 
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