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Summary. Restriction fragment length polymorphism 
(RFLP) linkage maps have been constructed in several 
major diploid crops. However, construction of RFLP 
maps directly in polyploids has lagged behind for several 
reasons: (1) there are a large number of possible geno- 
types for each DNA probe expected in a segregating 
population, and these genotypes cannot always be identi- 
fied readily by their banding phenotypes; and (2) the 
genome constitutions (allopolyploidy versus autopoly- 
ploidy) in many high polyploids are not clearly under- 
stood. We present here an analysis of these problems and 
propose a general method for mapping polyploids based 
on segregation of single-dose restriction fragments 
(SDRFS). SDRFs segregate 1 : 1 (presence : absence) in 
gametes of heterozygous plants. Hypothetical allopoly- 
ploid and autopolyploid species with four ploidy levels of 
2n=4x, 6x, 8x, and 10x, are used to illustrate the proce- 
dures for identifying SDRFs, detecting linkages among 
SDRFs, and distinguishing allopolyploid versus auto- 
polyploids from polyploids of unknown genome consti- 
tution. Family size required, probability of linkage, and 
attributes of different mapping populations are dis- 
cussed. We estimate that a population size of 75 is re- 
quired to identify SDRFs with 98% level of confidence 
for the four ploidy levels. This population size is also 
adequate for detecting and estimating linkages in the 
coupling phase for both allopolyploids and autopoly- 
ploids, but linkages in the repulsion phase can be estimat- 
ed only in allopolyploids. For autopolyploids, it is im- 
practical to estimate meaningful linkages in repulsion 
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because very large family sizes (>  750) are required. For 
high-level polyploids of unknown genome constitution, 
the ratio between the number of detected repulsion ver- 
sus coupling linkages may provide a crude measurement 
of preferential chromosome pairing, which can be used to 
distinguish allopolyploidy from autopolyploidy. To cre- 
ate a mapping population, one parent (P1) should have 
high heterozygosity to ensure a high frequency of 
SDRFs, and the second parent (P2) should have a low 
level of heterozygosity to increase the probability of de- 
tecting polymorphic fragments. This condition could be 
satisfied by choosing outcrossed hybrids as one parental 
type and inbreds, haploids, or doubled haploids as the 
other parental type. 

Key words: RFLP - Single-dose restriction fragment - 
Polyploids - Genetic mapping - Preferential chromo- 
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Introduction 

Linkage maps based on restriction fragment length poly- 
morphic (RFLP) markers have been constructed in sev- 
eral major diploid crops, such as tomato (Bernatzky and 
Tanksley 1986), maize (Helentjaris et al. 1986; Burr et al. 
1988; Hoisington et al. 1988), lettuce (Landry et al. 
1987), and rice (McCouch et al. 1988). These maps and 
markers provide new plant breeding tools (Helentjaris 
et al. 1985; Nienhuis et al. 1987; Osborn et al. 1987; Pa- 
terson et al. 1988; Tanksley et al. 1989). Linkage maps of 
wheat (Kam-Morgan and Gill 1989) and potato (Bonier- 
bale et al. 1988) are also under development, both utiliz- 
ing diploid relatives in which mapping is more straight- 
forward. However, for some polyploid species, such as 
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sugarcane (Sreenivasan et al. 1987), there are no closely 
related diploid species to use for mapping.  

Construction of  R F L P  maps directly on polyploids is 
inherently more difficult than on diploids for several rea- 
sons. (1) A large number  of  genotypes for each D N A  
probe is expected in a segregating population; for exam- 
ple, hybridization of a single-copy D N A  probe to restric- 
tion fragments f rom progeny plants of  a selfed autote- 
traploid parent  yields 19 possible genotypes if the parent  
had max imum heterozygosity (four alleles) per locus with 
bivalent chromosome pairings. (2) The genotypes of  each 
probe-pair  cannot  always be identified through their 
R F L P  phenotypes; this is especially true for higher poly- 
ploid species due to possible comigration of  fragments on 
agarose gel electrophoresis. (3) The genome constitution 
(allopolyploid versus autopolyploid) of  many  polyploids 
is unclear, making it difficult to determine the patterns of  
inheritance. In fact, species with high ploidy levels may 
be mixtures of  allopolyploid and autopolyploid genomes 
(de Wet 1980), for example, in sugarcane neither the basic 
chromosome number  nor the genomic constitution is 
known with certainty (Sreenivasan et al. 1987) 

One approach for avoiding the difficulty of  mapping 
in polyploids is to analyze the segregation of  each restric- 
tion fragment based in its presence or absence in the 
progeny. A fragment  represented by a single dose (or one 
allele) in a heterozygous plant will segregate in a 1 : 1 ratio 
(presence:absence) in the gametes. Selfing of  the same 
plant will produce progeny three-fourths of  which will 
have the fragment  and one-fourth of  which will not; and 
a cross of  the plant with another  plant that does to have 
the fragment  will produce progeny, only one-half  of  
which have the fragment. A fragment that is present in a 
single dose and that  segregates in a single-dose ratio (1 : 1) 
in the gametes of  a plant is hereafter referred to as a 
single-dose restriction fragment (SDRF).  Bonierbale et al. 
(1988) constructed an R F L P  map  by analyzing the segre- 
gation of  SDRF markers  in an interspecific hybrid popu- 
lation of  diploid potato.  In diploids, however, analysis of  
RFLPs  as SDRF markers normally provides the same or 
less information than mapping based on identification of  
all genotypes (Tanksley et al. 1988 a). However,  in poly- 
ploids, analysis of  S D R F  markers can help solve the 
problems encountered in constructing R F L P  maps. An 
S D R F  is equivalent to a simplex allele in autopolyploids 
or to an allele at one heterozygous locus in a diploid 
genome in allopolyploids. The segregation of  an SDRF 
is equivalent to the segregation of  a simplex or a het- 
erozygous allele in the gametes: half  of  the gametes will 
contain the D N A  fragment  and the other half  will not. 
These gamete types can be visualized in the progeny from 
crosses in which one parent  carries the fragment  while the 
other parent  does not. The gamete types of  the S D R F  
markers  can be analyzed for construction of linkage 
maps. 

In this study, bivalent chromosome pairing among 
chromosomes in each linkage group is assumecd, and 
hypothetical of  2n=4x ,  6x, 8x, and 10x are used to 
illustrate the procedures for identifying SDRF markers,  
detecting linkages between them, and distinguishing al- 
lopolyploidy from autopolyploidy in species of  unknown 
genome constitution. Required family sizes and at- 
tributes of  different mapping populations are also dis- 
cussed. 

Identification of SDRFs 

An SDRF in P1 or in the progeny of P1 xP2 can be 
identified according to two criteria: (1) the fragment 
should be present in P1 yet absent in P2, and (2) the 
fragment should segregate at a 1:1 ratio (presence:ab- 
sence) in the progeny of P1 x P2. These criteria are valid 
regardless of  whether the species is allopolyploid, auto- 
polyploid, or diploid. Presence versus absence reference 
to a fragment of  a specific molecular weight does not 
require identification of the polymorphic  fragment in the 
other parent. The methodology for the analysis is illus- 
trated using hypothetical data in Fig. 1. 

Ignoring those fragments that are present in both Pl and P2 
or that do not segregate in a 1 : 1 ratio (determined by a Z 2 test) 
on the progeny, we identify fragment "A" of probe i and frag- 
ment "B" of probe j as meeting the criteria for classification as 
SDRFs (Fig. 1). In the progeny, five plants have both the A and 
B fragments (plants 1, 2, 8, 9, and 10), one plant contains A but 
not B, one plant contains B but not A, and five plants have 
neither A nor B (plants 3, 4, 5, 6, and 7). We thus designate the 
four genotype classes of the progeny as visualized gamete types 
of P1 as AB, A, B, and null, respectively. 

The conversion of genotype classes of the progeny to the 
gamete types of Pl can be understood most easily in diploids. 
The cross of P1 and P2 could be a conventional diploid back- 
cross, where P1 is a hybrid F1 plant of two inbred lines and P2 

DNA Band Parent Progeny 
probe no. 

P1 P2 1 2 3 4 5 6 7 8 9 10 1112 

1 
2(A) 
3 
4 
5 

6 
7(B) 
8 
9 

Fig. 1. Hypothetical fragment patterns of two DNA probes i 
and j of both parents and their progeny. For both parents, 
fragments 2, 4, 7, 8, and 9 are polymorphic, of which A and B 
are single-dose restriction fragments (=SDRFs) having a 1:1 
ratio in the progeny 
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is either of the two inbred lines. The progeny of P1 x P2 is thus 
equivalent to the first backcross progeny (Fig. 1). For probe i (or 
j), assuming that P1 (= F 0  has two bands (heterozygous) and P2 
one band (homozygous) on an autoradiogram, the polymorphic 
band A (or B), ignoring the common bands between Pl and Pz, 
should have a 1:1 ratio (presence:absence) in the backcross 
progeny. The 1:1 ratio reflects that the corresponding DNA 
fragment A (or B) detected by probe i (or j) is distributed in 
one-half of the gametes of P1. The two DNA fragments A and 
B, because of independent assortment, will segregate into the 
same four gamete-types of P~ as for polyploids. 

The nature of P1 and P2 for maximizing the number of 
SDRFs in P~ is discussed in detail in the mapping population 
section. 

Table 1. The expected frequencies of both SDRF A and B 
linked in coupling or repulsion phase in both allopolyploids and 
autopolyploids. SDRF = single-dose restriction fragment; rj = 
coupling recombinant fraction; r 2 = repulsion recombinant frac- 
tion; w= 1/(h-  1); where h=no.  of homologous chromosomes 

Gamete Coupling Repulsion No. 
type observed 

AB 0 . 5 ( 1 - r l )  0 .25(1-w)+0.5wr 2 a 
A 0.5 r 1 0.25 ( i - w ) + 0 . 5  w(1-r2)  b 
B 0.5 r 1 0 . 2 5 ( t - w ) + O . 5 w ( 1 - r z )  c 
null 0.5 ( l - r  0 0.25 ( I - w ) + 0 . 5  wr z d 

Detection of linkage 

At meiosis, f ragment  A will be t ransmit ted to one-half  of  
the P1 gametes. The same is true for B. I f  the association 
of  A and B is random,  the four classes of  gamete types 
will occur in equal frequency. Let  a, b, c, d be the ob- 
served number  of  plants in the four classes in the progeny 
of  P~ x P2. The ratio of  nonrecombinant  type versus re- 
combinant  type is expected to be 1 : 1. I f  the observed 
plants  o f  the nonrecombinant  type deviate significantly 
from those of  the recombinant  type, fragments A and B 
are expected to be l inked either on the same chromosome 
(coupling phase) or o n  two homologous  chromosomes 
(repulsion phase). To detect the linkage, the following 
equation (Mather  1951) is used: 

Z 2 [ 1 ] = ( a - b - c  + d ) 2 / ( a + b + c  +d). 

The value of  X e [1] is compared  to a X 2 table value with 
1 df. A significant result indicates that  A and B are l inked 
in either the coupling or repulsion phase. 

Estimation of linkage 

The expected frequencies of  the four gamete types are 
listed in Table 1. The maximum l ikel ihood est imators of  
the recombinat ion fraction (r) for both  the coupling 
phase and repulsion phase of  linkages are: 

coupling: r 1 = (b + c)/n 
repulsion: r2 =[(hhl  )(a + d ) - O . 5 ( h -  2)n]/n, 

where h = the number  of  homologous  chromosomes and 
n = a + b + c + d. Fo r  al lopolyploids,  h = 2, and for auto-  
polyploids,  h equals the p loidy level that  is 4, 6, 8, or  10 
in this report.  

In the repulsion phase,  chromosomes bearing D N A  
fragments A and B have a l / ( h - 1 )  chance of  being pai red  
and par t i t ioned into different gametes, or have a 
1 -  ( l / ( h - l ) )  chance of  pair ing not  with each other but  
each pair ing randomly  with one of  the other ( h - 2 )  ho- 
mologous  chromosomes.  [Note: F o r  h homologous  chro- 
mosomes,  there are y = ( h -  l ) ( h -  3 ) (h-  5 ) . . . ( h -  ( h -  1)) 

ways of  r andom pairing, of  which two part icular  chro- 
mosomes paired in z = (h - 3) (h-  5 ) . . . ( h -  ( h -  1)) ways. 
The probabi l i ty  for A and B paired in meiosis is (z/y) = 1/ 
(h-1) . ]  Of  the n observed plants, n' = n / ( h - 1 )  plants are 
responsible for estimating r. I f  the number  o f  plants  in 
the four gamete types are a',b',c', and d',  then 
r 3 = (a' + d')/n' = ( h -  1) (a' + d')/n and a Z2-test should be 
)~211'] = ( a ' - b ' - c '  + d')2/n '. The number  of  plants  having 
random pair ing of  homologous  chromosomes is expected 
to be (1 /4( [1-1/ (h-1)]n  in each of  the four types. Substi- 
tuting a ' - ( 1 / 4 ) [ 1 - 1 / ( h - l ) ] n  and d' with d - ( 1 / 4 ) [ 1 - 1 /  
( h -  l)]n in r 3 = ( h -  l ) (a '  + d')/n, r 3 becomes [ (h-  l ) (a  + d) 
-0 .5(h-2)n] /n ,  which equals the maximum likel ihood es- 
t imator  of  r e . Since a', b', c', and d'  are usually unknown, 
it is difficult to use r 3 and X2[I']. 

Negative values of r 2 could arise and indicate false assump- 
tions about the value of h. For example, with h = 8 for auto- 
octroploids, r E is -1.6 when a,d= 10 for n = 100. The calculation 
for r e =-1 .6  is correct; however, the number of recombinants 
(a, d= 10) is questionable in this case. If h = 8 is true, the chance 
for a, d= 10 for n = 100 is almost nil, because a and d are each 
expected to be equal to {r2/(8-1)+/1/4)[1-1/(8-1]}tO0. For 
rz>0, a,d  will be >21.5. On the other hand if a ,d=10  is 
actually observed for n = 100, one would conclude that h = 2 for 
allooctoploids. 

The variances, V 1 and V 2 of the recombination fractions r 1 
and r2, are'. 

coupling: Vl(rl) = [rl(1 -rl)]/n, 
repulsion: V2(r2) = [2rzw + (1 - w)][2(1 -rz)w + (1 - w)]/(4nwZ), 

where w= 1/(h-l).  
F o r  the segregation of  three S D R F s  (A, B, and C) 

l inked on the same chromosome,  the expected frequen- 
cies of  gamete types are listed in Table 2. The maximum 
likelihood est imators of  rAB (recombinat ion fraction be- 
tween A and B) and rBC (recombinat ion fraction between 
B and C) are: 

rAa = (C + d+ e +J)/n 
rBC = (b + c + f  + g)/n, 

where n = ( a +  b + c  + d + e +  f +g).  
The variances for raB and rBc are [ra~(l-raB)]/n and 

[rBc(1-rBc)/n, respectively. These are analogous to stan- 
dard  expectations of  backcross (Mather  1951) and dou- 
bled haploid lines (Snape 1988). 
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Table 2. The expected frequency of gamete types of three 
SDRFs, linked in coupling phase. SDRF = single-dose restric- 
tion fragment; rAn = recombination fraction between A and B; 
rBc = recombination fraction between B and C 

Gamete type Expected frequency No. 
observed 

ABC 0.5 (l--taB) (l--rBc) a 
AB 0.5 (1--raB) rBc b 
AC 0.5 raB rBe e 
A 0.5 raB (1-rBc) d 
BC 0.5 ran (1-rBc) e 
B 0.5 rhB rBc f 
C 0.5 (1--rhB) rBc g 
null 0.5 (l--tAB) (l--rBc) h 

Family size for detecting SDRFs 

A restriction fragment on the P1 autoradiogram may be 
present due to a single allele (single dose), two alleles 
(double dose), etc. I f  it is single dose, the fragment in P1 
will segregate 1:1 (presence:absence) in the gametes of  
Pt or the progeny o f P t  x P2, ifP2 does not have the same 
corresponding fragment for both allopolyploids and au- 
topolyploids. For  allopolyploids, a double-dose frag- 
ment will not segregate or have a 3 : 1 ratio in the proge- 
ny, depending on whether the two fragments are on ho- 
mologous or homoeologous chromosomes, respectively. 
For  autopolyploids, a double-dose fragment will have a 
( 3 h - 2 ) : ( h - 2 )  ratio. For  example, the ratios are 5:1, 
4:1, 3.7:1, and 3.5:1 for autotetraploids, auto- 
hexaploids, autooctoploids, and autodecaploids, respec- 
tively. The ratio approaches 3:1 as h becomes large. I f  
the fragment on the autoradiogram is multiple dose (be- 
cause of  three or more alleles), it will have various ratios 
all higher than 3 : 1 in the progeny for both allopolyploids 
and autopolyploids. Therefore, it is important  that we 
distinguish a 1 : 1 ratio from a ratio of  3 : 1 or greater with 
a high level o f  confidence, in order to distinguish SDRFs 
(or 1 : i ratio) from other categories (or > 3 : 1) in both 
allopolyploids and autopolyploids. 

To test the null hypothesis, Ho: (presence : absence) = (1 : 1) 
against the alternative hypothesis, Ha: (presence:absence) 
> (3 : 1), a Z 2 test can be used. Le p = the number of plants in the 
progeny of P1 x P2 with the presence of a polymorphic band, 
e.g., band F, and q=the number of plants in the progeny of 
P1 x P2 without F; then the Z 2 test is 

z212] = (p- q)2 /(p + q). 
A nonsignificant test will lead to the rejection of Ha and the 
acceptance of Ho: the polymorphic band F is a SDRE Since the 
nonsignificant test is critical, both type I (=e~) and type II 
(=e2) error rates should be considered. For el =e2=(  0.025, 
0.010, 0.005), the family sizes (Mather 1951) are 54, 75, 92. For 
a nonsignificant Z212] test to accepted 1 : 1 ratio in the progeny 
and to determine polymorphic fragments that are also single- 
dose fragments in PI, family sizes of 54, 75, or 92 will 
have respectively 95, 98, or 99% confidence level calculated by 
(1-~1-~2) 100%. 

Probes that produce SDRFs need to be identified and 
selected from a D N A  clone library. I f  75 plants are used, 
the Z212] test can be achieved in two steps: (1) use 37 
plants (about half of  75) to collect data from the D N A  
library for the first selection of  probes that are most 
likely to have the desired markers ( =  SDRFs)  showing 
ratios nonsignificantly different f rom 1 : 1; and (2) use an 
additional 38 plants to collect additional data from the 
selected probes and later combine both data to make a 
final Z212] test on 75 plants. The first selection of  probes 
with 37 plants will result in making 25% of type II error 
and 1% of  type I error. The second selection with the 
combined data collected from 75 plants, which would 
reduce the type II error from 25 to 1%, will result in 
making a total error of  2%, or giving a 98% confidence 
that the probes detect SDRFs. [Note: type II error can be 
further reduced by increasing the level of  type I error 
without changing family size. For  n = 75, increasing c~ 
from I to 5% will result in reducing c~ 2 from 1% to less 
than 0.1%.] 

Family size for detecting linkages in coupling phase 

For  a pair of  linked D N A  fragments, A and B, the num- 
ber of  recombinant plants increases as the distance be- 
tween A and B on a chromosome increases. Consequent- 
ly, the observed ratio of  plants for nonrecombinant  type 
versus recombinant type approaches 1:1. A significant 
Z2[1] test is desired for rejecting the null hypothesis (Ho) 
that a 1 : 1 ratio is true (or there is no linkage) and accept- 
ing the alternative hypothesis (Ha) that the two frag- 
ments are linked. The relationship between family sizes 
required and the maximum detectable recombination 
fraction ( =  maxr 0 values with one tail significant proba- 
bility level e~ -- 0.01 is shown in Fig. 2. It is established by 
maxr~ = {0.5-z(cq) Vx/~(r~)}, where z is the variable of  a 
standard normal distribution, with z ( e0=2 .3264  and 
V1(0.5)=0.5(l-0.5)/n.  For  any calculated recombina- 
tion value, r~ with r 1 _<maxrl, the Z2[1] test will reject the 
Ho and accept Ha  that r~ is significantly less than 0.5. 

The type II error rate (c~2) was not specified in the 
equation of  maxr t. Two reasons for not using c~ z in 
maxr 1 are: (1) there is no type II error once the result of  
the test is proved significant, and (2) a greater range ofr~ 
can be detected for a given family size; for example, for 
n = 7 5  with ~ = 0 . 0 / ,  the range is from 0 to 0.37 
( =  maxrl), whereas with cq = c% = 0.01, the range will be 
from 0 to 0.25. 

One has to choose the range of  linkages to decide the 
proper family size for estimating r~. For  most  practical 
purposes in plant breeding, the linkages in the range of  
0.1 to 0.25 are useful in developing tags for genes of  
interest (Tanksley 1988b). A sample size of  75 can be 
chosen because it is adequate to detect linkages of  
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q_<0.25 with a confidence level > 9 8 % ,  since at 
m a x q  = 0.25, the type I and II error rates are each equal 
to 0.01. 

This is the same family size required for detecting 
SDRFs. Following the same example as in detecting 
SDRFs,  we can use the data collected from the 37 plants 
to first select possible linked probe pairs. Since this is a 
preselection with a smaller sample size, the significant 
probability level should be higher than 0.01 (0.10, for 
example) to ensure that more linkage pairs are selected. 
After selection, the combined data of  75 plants are then 
tested for linkages using 0.01 (=a~)  as the significant 
probability level. 

Family size for detecting linkages in repulsion phase 

The family size for detecting maximum repulsion link- 
ages in P1 of  allopolyploids is the top curve (2n = rex) as 
shown in Fig. 3. It is expected to be the same curve 
( = m a x q )  as that for detecting coupling linkages. Be- 
cause in allopolyploids the number of  homologous chro- 
mosomes is h = 2, the likelihood estimator of  r 2 = [(h-1) 
(a+d)-O,5(h-2)n]/n reduces to rz=(a+d) /n ,  which is 
similar to r 1 = (b + c)/n for coupling linkages. 

Family sizes of  autopolyploids required for detecting 
linkages in the repulsion phase, however, are quite differ- 
ent from those for the coupling phase. Figure 3 shows the 
relationship between family sizes required and the maxi- 
mum detectable r 2 ( =  maxr2) values with one tail signifi- 
cant probability e ~ = 0.01. The maximum values of  r 2 are 
calculated by assigning different values of  h and n to 
equation maxr 2 = { 0 . 5 - z ( ~ 1 ) ~ ) } ,  with z(0.01)= 
2.3264 and Vz(O.5)=O.25(h-1)2/n. [Note: " r 2 < m a x r  2 
"<:>"(0.5-r2)/x/O.25(h-l)a/n>_z(eO '' can be converted 
t o  Z2[I]_>zZ(0~t) .  Therefore, Zz[1] also can be used to 
detect linkages in the repulsion phase.] At higher ploidy 

levels, larger family sizes are required to detect repulsion 
linkages. 

A family size of 75 can detect tight linkages of autote- 
traploids but with large error variance; for example, if r 2 = 0.1, 
the standard error would be 0.167 with a 95% confidence inter- 
val of 0.1 +_0.327, which makes the value of 0.1 practically 
meaningless. Seventy-five plants is not a sufficient number to 
cannot detect any linkages in repulsion phase for autopolyploids 
with ploidy levels equal to or greater than six (Fig. 3). 

The relative efficiency (E) of  estimating recombina- 
tion fractions between linkages in coupling and in 
repulsion phases is E(rt,  r2)=(I/VO/(1/V2).  Taking 
r, = r 2 = 0.2 with the same family size of  n, for example, 
E=7 .4 ,  2.5, 1.3, and 0.8% for h = 4 ,  6, 8, and 10, respec- 
tively. To have r 2 = 0.2 with a similar confidence level of  
r~ = 0.2, the family size for estimating r 2 needs to increase 
13.5 times of  n for autotetraploids. This low efficiency 
makes estimation of  r 2 for autopolyploids impractical. 

Estimation of recombination fraction 
and its confidence interval 

A significant 2211] for detecting linkages indicates that 
the recombinant fraction (r = rl or r2) is significantly less 
than 0.5 and can be calculated by using one of  the max- 
imum likelihood estimators. To estimate the confidence 
interval of  r, different family sizes may be required, de- 
pending on the desired width of  the estimated intervals 
and the calculated r values. Intervals estimated by 
r+_ 1.96 SE (SE=s tandard  error of  r) will provide 95% 
confidence that true r is in this range. Larger family sizes 
are required to reduce the SE or to maintain a constant 
SE for increasing r values. For  instance, for a family size 
of  75 and an estimated r of  0.25, the estimated standard 
error of  r is 0.05. Considering one SE, the true value of  
r may be any value between 0.20 and 0.30 with ca. 68% 
confidence. For  two SE, the interval is from 0.15 to 0.35 
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with approx. 95% confidence, but the width of  the inter- 
val is 0.2. In order to keep the width to 0.1 and with a 
95 % confidence interval, the SE must be reduced to 0.025 
f rom 0.05 by increasing the family size f rom 75 to 300. 
However,  when the estimated r value decreases, its SE 
also decreases, reducing the ranges of  the confidence in- 
terval. For  example, for r = 0.107 and n = 75, the interval 
is 0.037 to 0.177, which is less than that f rom 0.15 to 0.35 
for r = 0.25. 

At low values of r, the binomial distribution for the number 
of recombinants becomes more asymmetrical. The symmetrical 
interval calculated by (r + zSE) underestimates the true interval 
and often includes undefined negative values (Silver 1985). The 
equations for estimating the lower and upper limits of the con- 
fidence interval of observed r values in this paper are listed in the 
Appendix. Take n=40, for example: the limits of 95% confi- 
dence interval for r=  0.1 are [0.007, 0.193] versus [0.028, 0.237], 
calculated respectively from _+ 1.96 SE and from binomial distri- 
bution; for r=0.2, they are [0.076, 0.324] versus [0.094, 0.356]; 
and for r=0.3, they are [0.158, 0.442] versus [0.166, 0.466]. 

Detection of allopolyploid or autopolyploid 

Genome constitutions of  many  high-level polyploid spe- 
cies are unknown, (Simmonds 1979). However,  most  of  
them are assumed to be allopolyploids based on bivalent 
pairing on chromosomes in meiosis. Analysis of  S D R F  
markers  can potentially aid in distinguishing autopoly- 
ploidy f rom allopolyploidy. 

Compar ing  the max imum detectable r values (maxrl)  
in Fig. 2 with top curve of maxr  2 in Fig. 3, for allopoly- 
ploids with a segregating populat ion size of  n = 75, the 
propor t ion of  linkages that  can be detected in the 
coupling phase is expected to be the same as that  in the 
repulsion phase. Again, comparing curves in both  figures 
for an autopolyploid (2n =4x),  the proport ion of  link- 
ages that  can be detected in the repulsion phase is about  
one-fourth of  those that can be detected in the coupling 
phase; for 2 n =  6x, 8x, and 10x, all linkages that can be 
detected are expected to be in the coupling phase and 
none in the repulsion phase. 

For  each linkage group, the observed ratio of  detect- 
able SDRF pairs linked in repulsion versus coupling 
phases is also expected to be 1 : 1 for allopolyploids and 
is 0.25 : 1 or 0 : 1 for autopolyploids for rn_> 4. This ratio 
can be used as an index to measure the preferential chro- 
mosome pairing among chromosomes in each linkage 
group. For  high-level polyploids (m > 4) with unknown 
chromosome pairing behavior or unknown genome con- 
stitution (allopolyploids versus autopolyploids),  with 
n = 75, a nonsignificant )~2 test for a 1 : 1 ratio of  detected 
linkage pairs within a linkage group will indicate prefer- 
ential bivalent chromosome pairing in the linkage group, 
and for a 0: 1 ratio will indicate r andom bivalent associ- 
ation of homologous chromosomes.  A )~2 test significant- 
ly different f rom either a 1 : 1 or a 0 : 1 ratio will indicate 

that chromosomes in the linkage group may have partial 
preferential or multivalent chromosomal  pairings. 

Once a large number  of  SDRF pairs is detected and 
grouped into linkage groups, the results of  a )~2 test to 
compare ratios among and within linkage groups can be 
analyzed. I f  most  or all the detected linkage groups have 
1 : 1 (or 0 : 1) ratios, the species should be an allopolyploid 
(or autopolyploid) species. 

Mapping populations 

A haploid population derived f rom a highly het- 
erozygous plant (P1) is the most  efficient mapping  popu-  
lation for SDRFs  because of  D N A  fragments in the "Pz"  
can be considered null. Therefore, every band in P1 is 
polymorphic between Pl ,  and "P2" and can be tested for 
a 1:1 ratio in the haploid population. High levels of  
heterozygosity in P1 will maximize the chance of  identify- 
ing SDRFs.  

A hybrid populat ion produced f rom a cross between 
a heterozygous (outcrossed) parent  (P1) and a haploid or 
a homozygous (inbred or doubled haploid) parent  (P2) is 
the second best mapping population. The two parents 
can be of the same or different species, as long as poly- 
morphism between them is high and a large number  of  
hybrids can be produced. 

For  progeny derived f rom selfing P~, S D R F  markers 
A and B can still each be identified by a 3 : 1 ratio in the 
progeny. The four classes (AB, A, B, and null) in F 2, 
however, have an expected ratio of  9: 3 : 3 : 1. The likeli- 
hood estimation equation for A and B linked in the 
coupling phase is [2(r-  1)a / (3-2r  + r2)] Jr- [2(1 -r)(b + c)/ 
(2r - r2)] + [2d/(r- 1)] = 0 (Allard 1956), with V(r) = [r(2-  r) 
( 3 - 2 r  + rZ)]/[2(3-4r + 2rZ)n] (Mather  1951). Because of  
the low efficiency compared to other crosses (Mather  
1951; Allard 1956), selfing is least desirable. 

Conclusion 

There are many  types of  polyploids besides the two typ- 
ical types, allopolyploids or autopolyploids. Also, poly- 
ploidy is a state, not a process or an event. Through 
evolution, an autopolyploid species may  eventually be- 
come diploidized (de Wet 1980). The property of  chro- 
mosome association of many  autopolyploid species is 
therefore likely to be a combinat ion of random and pref- 
erential chromosome association. 

In polyploids of  2n = m x ,  there are x chromosome 
linkage groups. Usually, chromosomes in most  of  the x 
linkage groups are paired in bivalents, with few multiva- 
lent chromosome pairing groups. Bivalent chromosome 
pairing groups were used to develop the expected fre- 
quencies in this paper. The preferential chromosome 
pairing index can be used to verify the bivalent assump- 
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tions for chromosomes in each linkage group with a Z 2 
test. 

Once a large number  of  S D R F  pairs is detected and 
placed into l inkage groups from a polyploid  species of  
unknown genome consti tution,  the rat io (index) of  the 
observed number  of  repulsion versus coupling linkages 
for each linkage group can be tested against  the expected 
ratio of  either 1 : 1 (index = 1) for preferential  bivalent 
chromosome pairings or 0 : 1 (index = 0) for nonpreferen- 
tial bivalent  chromosome pairings. An  index with a value 
significantly different f rom I or 0 may  indicate par t ia l  
preferential  bivalent chromosome pairings or  multivalent  
chromosome pairings. 

I f  the observed index values are l ' s  for all l inkage 
groups, there is an a l lopolyploid  species; if they are O's, 
an autopolyploid;  and if  the average index is between 0 
and 1, an autopolyplo id  but  in the process of  diploidiza-  
t ion (Kimber  1984). 
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Appendix 

To estimate the lower (rlow) and upper (rhigh) limits of a confi- 
dence interval for the observed recombination fraction (-- i/n) for 
allopolyploids (both coupling and repulsion linkage) and auto- 
polyploids (coupling linkage only), the following two equations 
need to be solved: 

(1) for rlow 

n n] 
~1 =x~=~ ~ (rlow) x (1 --rlow) (n-x) 

(2) for rhigh: 

~2 = x=~0 X! (n-- X)! (rhigh)X (1 -- thigh) (n- x), 

where x = the number of recombinant plants and has a binomial 
distribution b (x; n, nr); i = the number of observed recombinant 
plants P{rlow<i/n<rh~h}=l--cq--~2; ~l=P{x_>i; x~b(x;  n, 
nrlow) and (0 < rlow <- i/n)) and ~2 = P {x _< i; x ~ b (x; n, nrhigh) and 
(i/n<_rhigh<0.5)}; ~1=~2=(1/2~, if 0<rio w and thigh<0.5 or 
~ + c~ 2 = ~, if flow=0 or rhigh=0.5; and ~=the probability of 
error, while (1-ct) 100% =percent confidence of the estimated 
interval, e.g., (1-0.05) 100% =95% confidence level. 
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