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Summary. With the advent of high density restriction 
fragment length polymorphism (RFLP) maps, it has be- 
come possible to determine the genotype of an individual 
at many genetic loci simultaneously. Often, such RFLP 
data are expressed as long strings of numbers or letters 
indicating the genotype for each locus analyzed. In this 
form, RFLP data can be difficult to interpret or utilize 
without complex statistical analysis. By contrast, numer- 
ical genotype data can also be expressed in a more useful, 
graphical form, known as a "graphical genotype", which 
is described in detail in this paper. Ideally, a graphical 
genotype portrays the parental origin and alMic compo- 
sition throughout the entire genome, yet is simple to 
comprehend and utilize. In order to demonstrate the use- 
fulness of this concept, graphical genotypes for individu- 
als from backcross and F2 populations in tomato are 
described. The concept can also be utilized in more com- 
plex mating schemes involving two or more parents. A 
model that predicts the accuracy of graphical genotypes 
is presented for hypothetical RFLP maps of varying 
marker spacing. This model indicates that graphical 
genotypes can be more than 99% correct in describing a 
genome of total size, 1000 cM, with RFLP markers 
located every 10 cM. In order to facilitate the application 
of graphical genotypes to genetics and breeding, we have 
developed computer software that generates and manip- 
ulates graphical genotypes. The concept of graphical 
genotypes should be useful in whole genome selection for 
polygenic traits in plant and animal breeding programs 
and in the diagnosis of heterogenously based genetic dis- 
eases in humans. 
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Introduction 

The most widely used procedure for conveying informa- 
tion about an individual's entire genome is a cytological 
karyotype. In addition to showing the relative sizes and 
shapes of chromosomes, karyotypes can frequently be 
used to indicate the presence of inversion, translocation, 
or aneuploidy in a genome (Sharma and Sharma 1980). 
While the resolution of this technique can be high, as in 
Drosophila (Bender et al. 1983), in most higher organisms 
its resolution is poor, and only gross chromosomal prop- 
erties can be characterized. 

In addition to limited resolution, karyotyping is con- 
strained by another, more serious limitation; namely, it 
does not generally provide information on the parental 
origin or allelic constitution of different regions of the 
genome. 

In sexually reproducing organisms, chromosomes are 
mosaics of DNA stretches derived from preceding gen- 
erations. In any meiosis, zero, one, or more crossover 
events may occur between a given pair of homologs. 
When crossover have occurred, a complete description of 
an individual's genome would include information on 
changes in allelic constitution due to recombination, as 
well as information on the locations where crossover 
events occurred. Although there are some cases in which 
this kind of information can be conveyed with traditional 
karyotyping (Tease 1978), in general, information on the 
origin of a given chromosome or chromosomal segment 
is not discernable from a simple microscopic karyotype. 

By contrast, workers in the field of transmission ge- 
netics routinely describe individuals by their genotype at 
one or more genetic loci of interest. The description is 
generally alphabetic or numerical in nature, and it pro- 
vides precise information on the derivation and allelic 
constitution at the specific loci. Until recently, however, 
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only  a few loci cou ld  be fo l lowed s imul taneous ly  in mos t  
t ransmiss ion  genetic  exper iments .  

High-dens i ty  res t r ic t ion f r agment  length po lymor -  
ph i sm ( R F L P )  maps  are now being deve loped  in a wide 
var ie ty  o f  sexually r ep roduc ing  organisms,  inc luding hu- 

m a n s  (Doni s -Ke l l e r  et al. 1987) and  several c rop  plants  
(Tanksley et al. 1988; Burr  et al. 1988). These maps  can 
be used to de te rmine  the genotype  o f  an  individual  at 

many ,  somet imes  hundreds  o f  loci, each def ined by an 
R F L P  marker .  Thus ,  R F L P  analysis makes  it possible to 

deduce  the mos t  p robab le  genetic  cons t i tu t ion  for  re- 
g ions  t h r o u g h o u t  the ent ire  genome  in a given individual .  

H o w e v e r ,  as the n u m b e r  o f  loci ana lyzed  in terms of  
R F L P s  becomes  very large, descr ibing the numer ica l  
geno type  at each and every  locus becomes  c u m b e r s o m e  

and un in fo rmat ive .  
By contras t ,  po r t r ay ing  R F L P  da ta  in a graphica l  

f o r m  wou ld  have  a n u m b e r  o f  advan tages  over  numer ica l  

genotypes .  Such a "g raph ica l  geno type"  wou ld  be similar  
to cyto logica l  ka ryo types  in descr ibing an entire genome  

in a single g raph ic  image,  but  d i f ferent  in that  graphica l  
geno types  wou ld  be inferred f rom R F L P  data,  and thus 

wou ld  show the genomic  cons t i tu t ion  and parenta l  deri- 
va t i on  for  all po in ts  in the genome.  In  deve lop ing  a 
g raphica l  genotype ,  the p r imary  goal  wou ld  be to trans-  

f o r m  R F L P  data ,  ob ta ined  in a numer ica l  form,  into an 

easily in te rpre tab le  and accura te  graphic  image.  In  a 
prac t ica l  sense, graphica l  geno typ ing  based on R F L P  
analysis opens  up the possibi l i ty  o f  conven ien t ly  analyz-  
ing po lygenic  traits in the pred ic t ion  o f  complex  genetic 

diseases in h u m a n s  (Lander  and  Bots te in  1986) and  in 
pe r fo rming  " 'whole g e n o m e  se lec t ion"  to breed for  poly-  

genic character is t ics  in plants  and animals  (Osborn  et al. 

1987; Tanks ley  and Hewi t t  1988). 

In  this paper ,  we deve lop  the mechanics  for convey-  
ing R F L P  data  in the f o r m  of  a graphica l  genotype,  
apply  this new concep t  to backcross  and F2 popu la t ions  
o f  t o m a t o ,  and  discuss several  po in ts  relat ing to the po-  

tent ia l  power  and appl ica t ion  o f  graphica l  genotypes .  

Materials and methods 

Requirements ~ r  deducing graphical genotypes 

In order to construct a graphical genotype, certain conditions 
must be met. First, a well-populated RFLP map for the entire 
genome must be available. In tomato, we have produced such an 
RFLP map by examining the restriction fragment pattern of 
several hundred cDNA and random genomic clones in individu- 
als from both segregating F2 and backcross populations (Ber- 
natzky and Tanksley 1986; Tanksley et al. 1988). This tomato 
RFLP map now consists of more than 300 markers on all twelve 
chromosomes (Fig. 1). Since many laboratories are currently 
developing RFLP maps for a wide variety of higher organisms, 
the utility of graphical genotypes may soon be realized for an 
ever wider range of eukaryotes. 

In addition to a high density RFLP map, it is also necessary 
that the cis-trans configuration for the RFLP markers be known 

in order to prepare a graphical genotype. In populations derived 
from inbred lines, such as breeding programs consisting of back- 
cross or F2 progeny, the cis-trans configuration can be inferred 
simply by knowledge of the breeding scheme. In more complex 
situations, complete RFLP data must be obtained for three 
generations in order to prepare graphical genotypes for individ- 
uals in the third generation. In humans, for example, RFLP data 
must be determined for grandparents and parents in order to 
develop graphical genotypes for the children in the pedigree. 
Without this knowledge of cis-trans configuration, RFLP data 
from some regions of the genome may have more than one 
possible graphical genotypes that are equally likely to be correct. 
In fact, an F2 population derived from selfing a true FI hybrid 
may contain short genomic stretches that are intrinsically am- 
biguous (see below). 

Assumptions employed in developing graphical genotypes 

The primary assumption required for the development of graph- 
ical genotypes is that the genotype of a region between two 
RFLP markers is inferred from the genotypes of the markers 
that delimit the interval. When inferring the graphical genotype 
of an interval from the genotypes of the RFLP endpoints, there 
are often alternative configurations that will satisfy the available 
RFLP data. The rule is always to use the most likely configura- 
tion in developing a graphical genotype. Thus, simple configura- 
tions requiring the fewest number of crossover events are uti- 
lized in developing a graphical genotype, while alternative con- 
figurations that require one or more multiple crossover events 
are not. In practice, this means that if two consecutive loci have 
the same genotype, the genotype of the segment between the 
markers is inferred to be that of the two flanking RFLPs. When 
two adjacent loci have different RFLP genotypes, it is inferred 
that a crossover event has taken place somewhere between the 
loci. 

Since the genotype of a non-recombinant interval is inferred 
from the genotype of its RFLP marker endpoints, double cross- 
overs (or other even numbers of crossovers) in a given interval 
will falsify this inference, and the likelihood of double crossovers 
increases by the square of the probability of a crossover between 
the adjacent RFLPs. Thus, for any interval, the probability that 
the inferred genotype will be correct is: 

Probability = (1 pZ) 

where p is the probability of a crossover event between adjacent 
RFLP markers. For the total genome, the probability that there 
are no incorrect intervals is: 

total 
intervals 

Probabil i ty-  y[ ( t -p~) 
n - 1  

(These equations consider only double-crossovers and assume 
interference between crossovers to be negligible). As an exam- 
ple, consider an organism with a total genome size of 1000 cM 
in which RFLP markers are evenly spaced over the entire ge- 
nome. Figure 2 shows the probability that a graphical genotype 
developed from such RFLP data is exactly correct (i.e., contains 
exactly zero intervals whose graphical genotype have been incor- 
rectly inferred). Figure 2 also shows the expected proportion of 
the genome which is described correctly by the graphical geno- 
type. This value is calculated by first determining the probability 
of 0, 1, 2 , . . .  intervals that are incorrectly described for a given 
spacing of RFLP markers. These probabilities, along with the 
spacing size, are then used to determine the expected length of 
the genome correctly inferred, which is then divided by the total 
genome size (1000 cM in this example) to yield the expected 
proportion of the genome that is accurately portrayed by the 
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Fig. 1. The RFLP linkage map of to- 
mato. An F2 population of 48 individ- 
uals, derived from a cross between 
L. esculentum and L. pennellii, was as- 
sayed in terms of RFLP genotype for 
over 300 genomic and cDNA clones 
(Tanksley et al. 1988). Based on these 
results, a linkage map consisting of the 
RFLP markers was constructed. Dis- 
tances begin with 100 at the top of each 
chromosome and are measured in cM. 
Numbers in parentheses indicate the 
number of additional RFLP markers 
that map to a given locus. Shaded areas 
indicate putative locations of  centro- 
meres 
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Fig. 2. Theoretical estimates of the accuracy of graphical geno- 
types. Curve A shows the proportion of a graphical genotype 
that is predicted to be accurate for a given density of RFLP 
markers in a hypothetical genome of 1,000 cM. Curve B shows 
the percentage of graphical genotypes with exactly zero incor- 
rect intervals for the same hypothetical genome. Details are 
given in the text 

graphical genotype. In Fig. 2, it can be seen that with RFLPs 
spaced every 10 cM, an inferred graphical genotype will have a 
probability of only 33% of being exactly correct for all regions 
(i.e., no incorrect intervals). However, this same graphical geno- 
type will be accurate in describing the genomic constitution for 
over 99% of the genome. Even when the spacing between RFLP 
markers increases to 30 cM, the inferred graphical genotype will 
be accurate for approximately 95% of the genome. 

Examples of graphical genotypes 

Backcross populations, encountered frequently in plant 

breeding, represent one of  the simplest situations for 
deducing graphical genotypes. In a backcross, progeny 

from a cross between two inbred lines are crossed back to 
one of  the two parents (known as the recurrent parent). 

In tomato,  we have constructed a backcross populat ion 
involving two intercrossing species (L. esculenturn and 

L. chmielewski i )  and analyzed more than 200 plants for 
R F L P  numerical genotypes at loci over the whole ge- 

Plant 1: 
1: 1111222222; 2: 22221; 3: 222222; 4: 111122; 5: 22222; 
6:21122; 7: 111111; 8: 11112; 9:2222; 10:2222222; 
11: 112; 12:12222 

Plant 2: 
1: 1122222111; 2: 11111; 3: 111222; 4: 111111; 5:22222; 
6: 22211; 7: 112222; 8: 11111; 9: 1111; 10:2222222; 
11:111; 12:21112 

Plant 3." 
1:1t11122222; 2:22111; 3: 111111; 4:211111; 5:21111; 
6: 22211; 7: 222222; 8: 22222; 9: 1111; 10: 2222111; 
11:111; 12:11112 
a 

Fig. 3a and b. Graphical genotypes for individuals from a back- 
cross population in tomato. F1 progeny from a cross between 
L. esculentum and L. chmielewskii were backcrossed to L. escu- 
lentum to produce a backcross population over 200 individuals 
(Paterson et al., 1988). Each of these plants was assayed in terms 
of 70 previously mapped RFLP markers, a Numerical RFLP 
data for three individuals in the backcross population, presented 
in order of the loci along the genome: 1 indicates homozygous for 
L. esculentum; 2 indicates heterozygous, b Graphical genotypes 
for these three individuals. Intervals f i l led with white indicate 
that the segment is derived exclusively from the L. esculentum 
parent. Blackened intervals indicate that the segment was 
derived from the L. chmielewskii parent, while stippled intervals 
indicate the presence of a crossover event. Note that a second 
homologue for each chromosome, consisting exclusively of 
DNA from L. esculentum (the backcross parent), is not shown 
in the graphical genotypes. Arrows point at regions controlling 
a hypothetical polygenic trait described in detail in the Discus- 
sion section. The parental genome ratio gives the proportion of 
the genome comprised of L. esculentum versus the proportion 
comprised of L. chmielewskii 

Plont Grophicol genolypes 

n~ i.11112 
Porentol genorne ro{io 0.702/0.298 

liii jj 1o1112 t 21'. i ii.  
Porenlol genome rotio 0.802/0.198 

l..liiihjiini1112 I I  
Porenlol genome retio 0.794/0.206 

b 
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1: 1122222222; 2: 22222; 3: 111122; 4: 333333; 5: 22333; 
6: 11111; 7: 333332; 8: 22111; 9: 3333; 10: 1233322; 
11: 111; 12:233333 
a 

1 2 3 4 5 6 7 8 9 1 0  1 1  1 2  

IIDItBIlUlEDII  ,,MI,I ~ 
1 2 3 4 5 6 7 8 9 1 0  1 1  1 2  

HIIiHUiI  DUIi  ,,II,: ~ 
b 

Fig. 4a and b. Graphical genotype for an individual from an F2 
population in tomato. An F2 population was produced by self- 
ing the FI hybrid from a cross between L. esculentum and L. 
pennellii (Tanksley et al. 1988). The individuals in this popula- 
tion were assayed in therms of RFLPs for over 70 loci. a Numer- 
ical genotype data for one individual, presented in order along 
the genome: 1 indicates homozygous for L. esculentum; 2 indi- 
cates heterozygous; 3 indicates homozygous for L. pennellii. 
b Graphical genotypes derived from the numerical RFLP data 
shown in a. White intervals indicate segments derived from L. 
esculentum, blackened intervals indicate segments derived from 
L. pennellii, and stippled intervals indicate segments containing 
a crossover event. Both homologues of each chromosome pair 
are shown, since this is an individual from an F2 population. 
Two isomeric graphical genotypes of equal likelihood are shown 
that differ only in the region noted by the arrow and thick line 

nome (Paterson et al., 1988). R F L P  results for three o f  
these individuals are shown in Fig. 3 a: 1 indicates that  
the plant  is homozygous  for the recurrent  parent  allele; 
2 indicates that  the plant  is heterozygous.  As noted ear- 
lier, when the number  of  loci examined is very large, this 
step yields a bewildering string of  numbers,  even if  the 
da ta  are presented in the l inear order  o f  the R F L P  loci 
along the genome (Fig. 3 a). 

Numerical  data,  such as those shown in Fig. 3 a can, 
instead, be prof i tably displayed in the form of  a graphical  
genotype (Fig. 3b). Since these individuals  are from a 
backcross popula t ion ,  only one o f  the two homologs  is 
shown (the other  homolog  is derived exclusively from the 
recurrent  parent,  L. esculenturn). The graphical  genotype 
shows the complete genome, including the locat ion of  all 
of  the R F L P  markers  examined, and conveys informa- 
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B 

Fig. 5. Cis-trans ambiguity in F2 populations. A pair of isomer- 
ic graphical genotypes are shown to demonstrate the nature of 
the ambiguity found in graphical genotypes of individuals in an 
F2 population. Numerical RFLP genotypes are shown on the 
left and two equaUy likely graphical genotypes are shown on the 
right. These two isomeric graphical genotype differ in the cis- 
trans configuration of the segments that flank the homozygous 
region in the middle of each homologue. The region of uncer- 
tainty is noted by an asterisk and thickened line 

t ion on the parental  origin o f  each segment o f  the genome 
for which R F L P  data  is available. 

Also common in plant  breeding are F2 popula t ions  
derived from selfing an F1 hybrid.  R F L P  da ta  for one 
individual  from such an F2 popula t ion ,  derived f rom a 
cross between L. esculentum and L. pennellii, is shown in 
Fig. 4a ,  and the corresponding graphical  genotype is 
shown in Fig. 4b.  In the case of  F2 populat ions ,  three 
genotypes are possible for each locus. In  Fig. 4a ,  1 indi-  
cates that  the individual  is homozygous  for L. esculen- 
turn, 2 indicates that  the individual  is heterozygous,  and 
3 indicates that  the individual  is homozygous  for L. pen- 
nellii. As noted above, such F2 individuals  may  contain 
genomic segments which are intrinsically uncertain.  The 
individual  por t rayed in Fig. 4 b contains an ambiguous  
region, so two isomeric graphical  genotypes are shown. 
Ambiguit ies  occur when heterozygous loci are separated 
by a stretch of  one or  more  homozygous  loci. In this 
si tuation,  two equally likely graphical  genotypes are pos- 
sible that  differ in the cis-trans configurat ion of  the the 
f lanking heterozygous regions (Fig. 5). However,  calcu- 
lations based on the Poisson dis t r ibut ion indicate that  
only 6% of  a genome consisting of  10 chromosomes  o f  
100 cM each will be ambiguous.  In  the L. esculentum x 
L. pennellii F2 popula t ion ,  in which the genome consisted 
of  12 chromosomes and a total  of  1500 cM, the mean 
percentage of  the genome that  was ambiguous  was ap- 
proximately  9.2% (data  not  shown). Thus, the utility of  
graphical  genotypes in F2 popula t ions  will not  generally 
be seriously impaired by cis-trans ambiguities.  

Discuss ion 

Applications o f  graphical genotypes 

The concept  of  graphical  genotypes offers a more mean-  
ingful way to express the genetic composi t ion  of  an 
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individual than methods previously available. When 
more than a few loci are assayed with RFLP analysis, it 
becomes difficult both to express and comprehend an 
individual's genotype. Graphical genotypes reduce dis- 
crete locus data into a concise graphic image of an indi- 
vidual's linkage groups. These linkage groups are ex- 
pressed in terms of the chromosomal regions inherited 
from the parents, reflecting chromosomal recombination 
and assortment. While genotypes have always been the 
product of such chromosomal recombination and assort- 
ment, in the past, they have been expressed largely inde- 
pendent of chromosomal karyotype. The advent of high 
density linkage maps based on RFLP markers now al- 
lows genotype and karyotype to be combined into an 
integrated graphical concept. In the near future, it is 
reasonable to expect that genetic linkage maps consisting 
of DNA markers will be correlated to physical maps 
derived from pulsed-field gel analysis (Smith et al. 1987). 
When this occurs, it will be possible to express graphical 
genotypes on the basis of actual physical segments of 
DNA, as well as on the basis of (recombination-based) 
map distances. 

- An obvious application of graphical genotypes is in 
the analysis of polygenic traits in animal and plant breed- 
ing programs. The main advantage provided by graphi- 
cal genotypes is that they make it possible to perform 
"whole genome selection." In other words, graphical 
genotypes make it practical to comprehend, select, and 
manipulate the entire genotype of a given individual. 

As an example, consider a hypothetical trait in to- 
mato, such as resistance to some pest or disease, that is 
known to be controlled by several major loci located in 
known regions of the genome. Several examples of poly- 
genic traits have already been described in tomato (Rick 
1974; Zamir et al. 1984). The utility of graphical geno- 
types in such a situation is illustrated by Fig. 3 b. In this 
hypothetical example, three major loci controlling a 
polygenic disease resistance trait in tomato are noted by 
arrows beside the regions in which the controlling loci 
reside. Individuals with the genotype of parent B (black- 
ened regions) at all three loci are resistant; however, 
other portions of the genome of parent B confer proper- 
ties which are undesirable in other unrelated ways. The 
goal of a breeding program might, therefore, be to obtain 
an individual with the loci controlling disease resistance 
from parent B in a genome which is otherwise derived 
exclusively from parent A (white regions). This can be 
accomplished by repeatedly backcrossing progeny that 
have retained the resistance trait (i.e., retained the three 
determining loci) to the recurrent parent until the un- 
desirable DNA from parent B is removed. 

Comparison of the graphical genotypes of the three 
individuals shown in Fig. 3 b quickly indicates which in- 
dividual in this hypothetical breeding program is most 
suitable for backcrossing. Among the three individuals, 

only plants 1 and 3 have retained the genotype of parent 
B at the three required loci. Apart from retaining the 
three resistance determining loci, the most important 
goal of the breeding program is to remove unwanted 
DNA from parent 2. Comparison of plants 1 and 3 show 
that plant number 3 has experienced crossover events 
near all three of the target loci, thus removing large 
amounts of flanking DNA from parent B. In contrast, 
plant number 1 has retained large segments of DNA 
from parent B near all of the target loci. Moreover, the 
parental genome ratio, which is calculated by deter- 
mining the proportion of the total genome derived from 
parent A versus the proportion derived from parent B, 
clearly shows that plant number 3 has less total DNA 
from parent B (20.6% DNA from parent B in plant 
number 3 versus 29.8% DNA from parent B in plant 
number 1). Thus, fewer total generations will be required 
to obtain an individual with the desired genome if plant 
number 3 is used for the next round of backcrossing. 

Graphical genotypes can also be prepared for hu- 
mans. Here, the primary goal of graphical genotyping 
would be to determine the likelihood of developing an 
inheritable disease that results from a complex genetic 
basis (Lander and Botstein 1986). As in breeding pro- 
grams, the most important benefit of graphical genotypes 
would be in the ability to comprehend and interpret large 
amounts of numerical genotype data in a single graphical 
image. 

Computer software for generating and analyzing graphical 
genotypes based on RFLPs 

We have recently developed an Apple-Macintosh based 
program that converts numerical genotypes into graphi- 
cal genotypes, as well as determines the parental genome 
ratio, for each individual in a backcross or F2 population 
derived from inbred parents. In addition, this program 
makes it possible to can carry out "selection" for a spe- 
cific genome type in a segregating population based on 
parameters entered by the user. 
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