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ABSTRACT

Polyploidy has played an important role in higher plant evolution and applied plant breeding. Polyploids
are commonly categorized as allopolyploids resulting from the increase of chromosome number through
hybridization and subsequent chromosome doubling or autopolyploids due to chromosome doubling of
the same genome. Allopolyploids undergo bivalent pairing at meiosis because only homologous chromo-
somes pair. For autopolyploids, however, all homologous chromosomes can pair at the same time so that
multivalents and, therefore, double reductions are formed. In this article, we use a maximum-likelihood
method to develop a general polyploid model for estimating gene segregation patterns from molecular
markers in a fullsib family derived from an arbitrary polyploid combining meiotic behaviors of both
bivalent and multivalent pairings. Two meiotic parameters, one describing the preference of homologous
chromosome pairing (expressed as the preferential pairing factor) typical of allopolyploids and the other
specifying the degree of double reduction of autopolyploids, are estimated. The type of molecular markers
used can be fully informative vs. partially informative or dominant vs. codominant. Simulation studies
show that our polyploid model is well suited to estimate the preferential pairing factor and the frequency
of double reduction at meiosis, which should help to characterize gene segregation in the progeny of
autopolyploids. The implications of this model for linkage mapping, population genetic studies, and

polyploid classification are discussed.

OLYPLOIDY is recognized as an important evolu-

tionary force in flowering plants (STEBBINS 1971;
GrRANT 1981; BEVER and FELBER 1992; Sortis and
Sortis 1993, 1999; RamseEy and ScHEMSKE 1998). Re-
cent estimates from genomic analyses suggest that as
much as 70% of all angiosperms have experienced one
or more episodes of polyploidization (MASTERSON
1994). The frequency of polyploidy in the domesticated
plant taxa is also high (75%); alfalfa, banana, canola,
coffee, cotton, potato, soybean, strawberry, sugarcane,
sweet potato, and wheat represent excellent examples
of polyploids of economic importance (HiLu 1993). An
upsurge of comparative mapping studies using molec-
ular markers reveals that several crop species tradition-
ally considered as diploids, such as maize and modern
species of Brassica, are actually polyploids, whereas
for some polyploids like cotton, the level of ploidy is
higher than originally recognized (LErTcH and BENNETT
1997).

Polyploids have been classified as either allopolyploids
derived from the chromosome combination of distinct
genomes and subsequent chromosome doubling or au-
topolyploids originated from the chromosome doubling
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of genetically similar genomes by fusion of unreduced
gametes (STEBBINS 1950). Allopolyploids are consid-
ered to be much more prevalent in nature than are
autopolyploids, but, as detected from a growing number
of genetic analyses, autopolyploids in nature likely are
much more common than typically appreciated (SovLTIs
and Sort1s 2000). In allopolyploids, identical or at least
fully homologous genomes occur in pairs, but different
pairs of a genome have a strong pairing barrier (SYBENGA
1996). Because only homologous chromosomes pair,
allopolyploids strictly exhibit bivalent formation (two
chromosomes pair) at meiosis and undergo disomic
inheritance for each locus. For autopolyploids, the chro-
mosomes are all homologous and have equal opportuni-
ties to pair at meiosis. Since pairing can start at different
chromosomal sites, homologous chromosomes may
switch partners, leading to multivalent formation (more
than two chromosomes pair) and a type of inheritance
called polysomic (JACKSON and JACKSON 1996; SYBENGA
1996; HAUBER et al. 1999).

Multivalent formation typical of autopolyploids can
result in double reduction. The frequency of double
reduction, defined as the probability of two sister chro-
matids occurring in the same gamete, assumes maxi-
mum values of 0 (random chromosome segregation),
1/7 (with pure random chromatid segregation), and 1/6
(with complete equational segregation; MULLER 1914;
MATHER 1935). Experiments aimed at estimating the



870 R. Wu ¢t al.

frequency of double reduction in autotetraploids have
yielded values ranging from 0 to almost 0.30 (FISHER
1947, 1949; WeLcH 1962; Tar 1982a,b; HAYNES and
Doucnues 1993). However, double reduction is a posi-
tion-dependent phenomenon. It may vary depending
on which chromosome alocus resides, because chromo-
somes can vary in their propensity to form multivalents.
Also, where a locus resides on a chromosome affects
the value of the frequency of double reduction, which
will be greater toward the distal-proterminal regions
and almost null at loci near the centromeres (WELCH
1962). Due to these properties, double reduction can
affect the frequency and distribution of homozygosity
along the chromosomes and play a role in shaping the
evolution of autopolyploid populations (FisHER 1949;
STEBBINS 1971; BUuTRUILLE and Borreux 2000). From
a genetic viewpoint, the occurrence and frequency of
double reduction is expected to affect the pattern of
gene segregation in autopolyploids.

While allopolyploids and autopolyploids are two ex-
tremes of polyploids, a number of polyploid taxa actually
represent intermediate stages displaying a combination
of both allopolyploid and autopolyploid pairing behav-
ior (JAcksoN and JACKSON 1996; ALLENDORF and DANz-
MANN 1997; FJELLSTROM et al. 2001). These intermediate
polyploids are viewed as a general polyploid model,
similar to segmental allopolyploids defined by STEBBINS
(1950). For a general polyploid model, there is no com-
plete preference of homologous over homeologous
pairing, unlike extreme allopolyploids in which the fre-
quency of meiotic pairing is near one between homolo-
gous chromosomes as opposed to zero between homeo-
logous chromosomes, resulting from different degrees
of evolutionary and taxonomic relatedness of the ge-
nomes involved (SYBENGA 1988, 1992, 1994, 1999; Jack-
soN and JAcksoN 1996). The difference between the
two types of homologous and homeologous pairings is
expressed as the preferential pairing factor, denoted by
p (SYBENGA 1988). In many proven autotetraploids,
such as Tradescantia, Dactylis, Hyoscyamus, and Sola-
num species, the estimates of the preferential pairing
factor significantly greater than zero were obtained us-
ing different cytological models (LENZ et al. 1983; MAT-
SUBAYASHI 1991; SYBENGA 1994), pointing to consider-
able preferential pairing in some of the sets of four
chromosomes.

The occurrence of preferential pairings in a general
polyploid model makes the frequency of its multiva-
lent formation lower than expected for extreme auto-
polyploids possessing fully homologous chromosomes
(SYBENGA 1996). The reduced frequencies of multiva-
lent formation were observed in a variety of polyploids,
as summarized in SorLtis and RIESBERG (1986) and
SYBENGA (1996). For a general polyploid model, how-
ever, it can be assumed that both preferential pairings
and multivalent formation (and therefore double reduc-
tion) occur simultaneously at meiotic configuration. Us-

ing marker technologies, convincing evidence was
found for both tetrasomic inheritance and preferential
pairing between parental chromosomes in Lotus cornicu-
latus, a perennial forage legume categorized as a seg-
mental allopolyploid (FJeLLsTROM et al. 2001). On the
basis of their own results in Oncorfynchus mykiss (rainbow
trout) and those in fern and treefrog by Hickoxk (1978),
DANzZMANN and BoGART (1982, 1983), MARSDEN et al.
(1987), and ALLENDORF and DanzmanN (1997) sug-
gested that the mosaic of disomy and tetrasomy at vari-
ous loci might be a general mechanism underlying the
inheritance of many tetraploids.

For extreme allopolyploids, segregation ratios at one
locus can be described by the preferential pairing factor,
whereas for extreme autopolyploids it can be described
by the frequency of double reduction. However, for a
general polyploid, either the preferential pairing factor
or the frequency of double reduction alone is no longer
sufficient to specify the frequencies of the different
modes of gamete formation. In this article, we develop
a generalized statistical method for estimating the pref-
erential pairing factor and the frequency of double re-
duction, using molecular markers for arbitrary tetra-
ploids. SyBENGA (1975, 1988, 1992, 1994, 1995), HAYNES
et al. (1991), and JacksoN and Casey (1982) have estab-
lished a series of mathematical models for estimating
preferential pairing and chiasma parameters on the ba-
sis of cytogenetic data at diakinesis or metaphase I of
meiosis in triploids to autoctoploids. However, theoreti-
cal models for these estimates using polymorphic molec-
ular markers are not available. Recent developments
in genomic and computational technologies provide a
powerful means for examining the behavior of chromo-
some pairings at the DNA level (Sortis and Sortis
1993; CHEN et al. 1995; FjeLLSTROM et al. 2001).

Our analysis is based on a full-sib family derived from
two outbred tetraploid parents. Thus, many different
marker types, fully vs. partially informative or codomi-
nant vs. dominant, can be simultaneously segregating
in this family. Unlike a diploid family in which marker
genotypes of both parents can be predicted on the basis
of a typical segregation pattern, tetraploids may not
have a simple one-to-one relationship between parental
genotypes and progeny segregation patterns because
of a possible multiple-dosage of an allele and double
reduction in polysomic inheritance. Luo et al. (2000)
developed a theoretical model for predicting the
marker genotypes of two autotetraploid parents, using
their marker phenotypes and the joint segregation in-
formation on their progeny’s marker phenotypes. Their
model provides the foundation on which our statistical
analysis is performed to estimate the preferential pair-
ing factor and the frequency of double reduction in
polysomic inheritance. Our statistical methods based on
a general polyploid model will have great implications
for polyploid classification, linkage mapping, and popu-
lation genetic studies.
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A GENERAL TETRAPLOID MODEL

Meiotic pairing configurations: A general polyploid
model is viewed as combining the meiotic behaviors of
allopolyploids and autopolyploids. As a result of prefer-
ential pairing between fully homologous chromosomes
over less fully homologous chromosomes, bivalents are
formed in the general polyploids. However, preferential
pairing is incomplete compared to allopolyploids, and
some pairing between the homeologous chromosomes
of the parents is possible, where homeologous pairing
must compete with homologous pairing. Pairing chro-
mosomes may switch partners but much less frequently
than in autopolyploids. In the case of a pairing partner
switch, fully homologous partners pair in one segment
of the chromosomes and homeologues pair in other
segments (HAUBER et al. 1999). It is not excluded that
homeologous chromosomes pair over their entire
length and then two homeologous bivalents are formed.
If homeologous pairing results in crossing over, quadri-
valents are seen at diplotene, diakinesis, and metaphase
I, and the resulting recombined chromosomes consist
of segments derived from one parent and remaining
segments derived from the other parent. This has conse-
quences for their subsequent pairing behavior.

The meiotic pairing configurations for a general tetra-
ploid model can be modeled mathematically as follows.
For each set of four homologous chromosomes, two
pairs of chromosomes are homologous and the chromo-
somes between pairs are homeologous. The pairing af-
finity between homeologous pairs may be lower than
that between the homologues. The pairs cannot be dis-
tinguished morphologically, but, for the purpose of the
model, the chromosomes are distinguished as 1 and 2
for one pair and 3 and 4 for the other. Each chromo-
some has two arms (X and Y), and thus the four chromo-
somes,

Xl s X2 ) X?y ) X4
Yl YZ Y% Y4
are distinguished, in which
X, X,
d
y, | Yy,
are homologous, as are
X3 Xy
Y, and v, |
The chromosome combinations
X, . X, X,
th .
Y, wi Y, or Y,
as well as
XQ . Xg X4
th .-
Y, wi Y, or Y,

are homeologous bivalents (Figure 1). Since the two
arms are assumed to select a partner independently,
each arm may pair with a different chromosome, re-
sulting in a quadrivalent (Figure 1). The homologous
combinations are assumed to pair more frequently than
the homeologous combinations (SYBENGA 1975, 1988,
1992, 1995). The difference is expressed as the preferen-
tial pairing factor p (SYBENGA 1988, 1994).

With four chromosomes there are three possible com-
binations for each arm: if 1 pairs with 2, then 3 (if it
pairs) must pair with 4; if 1 pairs with 3, then 2 must
pair with 4; and if 1 pairs with 4, then 2 must pair with
3. Of the three possibilities, one is homologous and two
are homeologous. The homologous combinations have
a probability of % + p for each arm and the two homeo-
logous combinations each have a probability of % —
% p. For extreme allotetraploids in which homeologous
chromosomes cannot pair, p = %. But for extreme auto-
tetraploids having four homologous chromosomes to
pair equally, p = 0. Therefore, a general polyploid
model has the preferential pairing factor bounded on

0<p<% 1)

The pairings of two arms produce a total of nine combi-
nations, six of which form a quadrivalent and three of
which form a pair of bivalents (Figure 1). One of the
three pairs is between homologues (%;) and the other
two are between homeologues (B, and ;). These are
complete homeologous pairings. In four of the six quad-
rivalents, pairing is homeologous in one-half of the arms
and homologous in the other half (9,-9,). In the re-
maining two quadrivalents, pairing is homeologous in
allarms (@5 and Q). The frequencies of different pairings
of four homologous chromosomes are calculated as

SBY) =G+ pCs+p) =%+ %p+ P
SB) = (% = %p) s — Yp) = % — Yip + Vip?,
SBs) = (% = %p) (s — Yap) = % — Vip + Vip?,
flQ) = U+ s —Yp) =%+ Yp — %ap?,
f(Qa) = 4+ p) (% — %p) = Y% + Yp — Yap?,
f1Qs) = s+ p) (s — %p) = Y% + Yp — ap?,
Q) = 4+ (% —Yp) =%+ Yp — Yap?,
Q) = (% = Yp) (% — Yp) = Y% — Vap + Vip?,
fQs) = (% — %p) (s — %p) =% — Yap + Vip*.

The frequency of all bivalent pairings equals f{%) =
% + %p? and the frequency of all quadrivalent pairings
equals Q) =1 — fAB) =% — %p*

Double reduction: If four homologous chromosomes
in autotetraploids pair at meiosis following a quadriva-
lent pairing mode, two chromatids of a single chromo-
some can pass to the same gamete, which causes a phe-
nomenon known as double reduction (DARLINGTON
1929; MATHER 1936). Double reduction arises from a
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A

X 12 34 X13 24 X14 23

B B, ¥

Y 12 34 Y13 24 Y 14 23

B

X12 34 X13 24 X14 23 FIGURE 1.—The nine possibilities of pairing be-

Y13 24 Y12 34

X12 43

aa>< c%x &

X13 42

Y14 23 Y14 32

combination of three major events during meiosis:
crossing over between nonsister chromatids, an appro-
priated pattern of disjunction, and the subsequent mi-
gration of the chromosomal segments carrying a pair
of sister alleles to the same gamete. It seems likely that
the frequency of double reduction is a constant for
any given locus, depending on its distance from the
centromere. To clearly describe the process of the for-
mation of double reduction, Figure 2 (modified from
RONFORT et al. 1998) illustrates possible segregation pat-
terns of a marker locus in an autotetraploid individual
following the formation of a quadrivalent. Type I de-
scribes the segregation patterns expected when there
is no crossover between the centromere and the locus.
The first division is then reductional. When a crossover
occurs between the centromere and the locus (types II
and III), the first division can be either equational (type
II) or reductional (type III). Under type III, the second
division may then lead to double reduction. In the pres-
ent case, gametes aa and bb have undergone double
reduction.

tween chromosomes 1-4 with one point of pairing
partner exchange in a general tetraploid model;
arms X and Y. (A) Three possible bivalent pairings
(9B,-%B3). Combinations 1-1 and 2-2 are homolo-
X gous, as are 3-3 and 4-4 (%,;). The other combina-
tions are homeologous (%, and ;). (B) Six possi-

ble quadrivalent pairings (9,-9Qs).

Y12 43

X14 32

X

Y13 42

Estimation of frequency of double reduction: Con-
sider two outbred autotetraploid parents P and Q that
are crossed to generate a full-sib family of size N. Both
parents and their progeny are genotyped using domi-
nant and codominant markers. There are up to eight
different alleles for a given marker locus, denoted by
a, b, ¢, and d for parent Pand ¢, f, g and h for parent
Q. For dominant markers, dominant alleles are indi-
cated by the presence of bands on a gel and recessive
alleles (denoted by o) are indicated by the absence of
bands. For each parent (say P), there are a total of 16
possible phenotypes that can be classified into 5 differ-
ent phenotypes in terms of the number of bands ob-
served: four bands (one genotype, abcd), three bands
(four genotypes, abcc, abbe, aabe, and abco), two bands
(six genotypes, abbb, aabb, aaab, abbo, aabo, and aboo),
one band (four genotypes, aaaa, aaao, aaoo, and aooo),
and no band (one genotype, 00oo). These 16 phenotypes
can also be classified into 11 different types on the basis
of the number of gamete phenotypes generated and
the relative proportions of gamete formations:
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Type 111

Metaphase [

Anaphase I

F1GURE 2.—Possible segregation patterns of
a locus in an autotetraploid individual follow-

ing the formation of a quadrivalent.

Anaphase I

Tetrads

A,, 10 gametes with formation proportion 1(aa):1(bb):
1(ce):1(dd):1(ab):1(ac):1(ad):1(bc):1(bd):1(cd) for
genotype abcd,

Ay, 7 gametes with formation proportion 1(00):1(ab):
1(ac):1(bc): 2(a_):2(b_):2(c_) for genotype abco;

A;, 6 gametes with formation proportion 1(aa):1(bb):
1(ab):2(ac):2(bc):3(cc) for genotype abee, 1(aa):1(cc):
1(ac):2(ab):2(bc):3(bb) for genotype abbc; or 1(bb):
1(cc):1(be):2(ab):2(ac):3(aa) for genotype aabc;

A4, 4 gametes with formation proportion 1(00):2(a_):
2(ab):5(b_) for genotype abbo or 1(00):2(ab): 2(b_):
5(a_) for genotype aabo;

A;, 4 gametes with formation proportion 1(ab):3(00):
3(a_):3(b_) for genotype aboo;

Ag, 3 gametes with formation proportion 1(aa):3(ab):
6(bb) for genotype abbb or 1(bb):3(ab):6(aa) for geno-
type aaab;

A;, 3 gametes with formation proportion 3(aa):3(bb):
4(ab) for genotype aabb;

Ag, 2 gametes with formation proportion 1(00):9(a_) for
genotype aaao;

Ay, 2 gametes with formation proportion 3(00):7(a_) for
genotype aaoo;

Ay, 2 gametes with formation proportion 4(a_):6(00)
for genotype aooo;

Ay, 1 gamete aa for genotype aaaa and oo for genotype
0000.

It should be noted that the gamete types derived from
the process of double reduction (DARLINGTON 1929;
MATHER 1936) are considered in the above classifica-
tions. For example, for type A,, genotype abcd produces
double reduction-type gametes aa, bb, cc, and dd. Similar
classifications can also be made for the second parent
Qwith alleles denoted by ¢, f; g, &, and o. For one parent,
the markers of type A, are fully informative because all
of the 10 gamete types can be phenotypically distin-
guished on the basis of their genotypes, whereas the
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markers of types Ay to Ay, are partially informative be-
cause some of the gamete types have identical pheno-
types. The markers from A;; are noninformative given
its single gamete phenotype. For a real data set, all or
some of the four alleles at a given marker for parent Q
may be identical to those for parent P. All possible
marker cross types between the two parents can be
sorted into two groups, A and B. Group A includes all
marker cross types in which the number of tetraploid
progeny phenotypes is the product of the number of
the diploid gametes from parent P and the number of
the diploid gametes from parent Q. Group B comprises
all marker cross types in which the number of tetraploid
progeny phenotypes is less than the product of the num-
ber of the diploid gametes from parent Pand the num-
ber of the diploid gametes from parent Q. Thus, whereas
the phenotype of each progeny in group A is uniquely
dependent on the phenotypes of two gametes derived
from each parent, the phenotype of some progeny in
group B can be generated by different combinations of
the gametes from each parent. Marker group B results
if one of the two following events is true: (1) there are
at least two alleles common to the two parents; and (2)
there is a common allele to the two parents, one of
which has one or more nulls. All possible, if any, marker
cross types that belong to group B are listed in Table 1.

Consider a marker with four alleles each assigned to
one of the four chromosomes. The four alleles are la-
beled P, P, P;, and P, for parent Pand Q;, Q,, Q5, and
Q, for parent Q. Consider first parent P. For bivalent
pairings, this parent generates six gametes, PP, PP,
PP, PPy, P,P,, and P3P, whose frequencies are %(% —
Y+ Vi), G + Yap + ), U + Yop + %), % +
Yip + Yp?), Y+ Yap + Yip?), and %(Y — Vip + Vip?),
respectively. For quadrivalent pairings, two types of dip-
loid gametes are generated: (1) double reductions in
which a gamete is derived from two sister chromatids
of a single chromosome, i.e., PP, PPy, P;P;, and P,P;;
and (2) random pairings in which a gamete results from
two sister chromatids, each from one of two different
chromosomes, i.e., PP, PP, P,P,, P,P;, P,P,, and P;P,. If
the frequency of double reduction during quadrivalent
pairings is denoted by a for parent P, then the frequen-
cies of the first-type gametes are each %af(Q) = Va(% —
%p?) and the frequencies of the second-type gametes
are each 4(1 — a) A9Q) = %(1 — a) (% — %p*). The second-
type gametes resulting from quadrivalent pairings are
mixed with the gametes from bivalent pairings. Thus,
all the gametes from both bivalent and quadrivalent
pairings can be arrayed in order by

G = (PP BPy PPy PP, PPy PPy PP, PPy PPy PP,

assuming a particular assignment of the four alleles
among homologous chromosomes Py|P|Ps| Py, where T
denotes the transpose of the vector. The frequencies of
the gametes are arrayed by

K = [f(PP) (RP) (BPs) f(PFy) f(PiP) [(PP)
JIPP) (PPs) f(BP) fIPP)]Y,

where f{lPP) = f(PP) = ABP) = f(BP) = Yo (% —
%pd), (PP = f(BP) = %% — Yip + Yp?) + %(1 —
a) (% — %PQ),f(Plps) = fIPP) = fiRP) = f(RP) =
N+ Yp + 7p? + %(1 — a) (% — %p?). The gamete
frequency vector ,F is partitioned into two components
due to bivalent and quadrivalent pairings,

F=,F+ F>= F + P A
where
F?=10000 %0 = %p + %4 p*) %+ p + Yip?)
N Hp + Tip?) Y+ p + Yip?)
W+ p + Yip) V(b = Yap + VipH]

P = [(% — %p*) (% — %p*) (% — %p?)
% — %p*) % — %p*) (% — %p?)
= %p?) = %pD % — %pd) (% — %pH17,

and
PA — [% 04/407404/4 (1 —ot)/6 (l—on)/6 (l—ot)/6 (l—oc)/6 (1—(1)/6 (l—a)/G]T.

pA is the vector for the frequencies of the gametes gener-
ated through quadrivalent pairings.
Similarly, for parent (), we have

Gy = (01 QQy 0505 Q4Qy 01Qy 0105
Q104 Q:Qs QoQu Q5Q4)",
Fp = [AQQ) f1Q:Qx) f1Q:Q5) 1Q:Q4) (QiQo)
SQ1Q5) AQQ4) f1Q:Qs) f1Q:Q4) AQ5Q4)]",
Fo,= Fé + F% = F°3 + QA,,

where f{QQ) = flQQ) = fAQQ) = fQQ)
4B A = %), LQ1Q0) = AQsQu) = % (% = Yaq + 4q)
%1 = B)(% — %f),f(Qle) = flQiQs) = f(Q:Qs)
fQQy) = (s + g + %) + %1 = B — %), q
is the preferential pairing factor for parent Q, B is the
frequency of double reduction for this parent,

FG=10000 %% — Y%q + %g) “Ch + Y%q + %q)
N+ g+ g) K+ Vg + %)
%4+ g+ Yg) %(h — g + AT

=+ 1

Q= 1[(* — %) (% — %g) (4 — %) (% — %)
G4 = %) (% — %) G4 — %) (% — %)
s = %g) (% — %],
and
Aq = (%A%, 5, 0= 0=y 0By (B 1B 0BT,

Marker group A: For a fully informative marker that
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Marker cross types of group B segregating in a full-sib family derived from two tetraploid parents P and Q

Parent P Parent Q
No. zygote
Type Cross (P X Q) No. gametes Formation proportion No. gametes Formation proportion phenotypes
B, abed X abef 10 L:L:L:1:1:1:1:1:1:1 10 L:L:L:1:1:1:1:1:1:1 50
B, abed X abee 10 1:1:1:1:1:1:1:1:1:1 10 1:1:1:1:1:1:1:1:1:1 28
Bs abed X abed 10 1:1:1:1:1:1:1:1:1:1 10 1:1:1:1:1:1:1:1:1:1 15
B, abed X aefo 10 1:1:1:1:1:1:1:1:1:1 7 1:1:1:1:2:2:2 48
B; abed X abeo 10 1:1:1:1:1:1:1:1:1:1 7 1:1:1:1:2:2:2 29
B abed X abco 10 1:1:1:1:1:1:1:1:1:1 7 1:1:1:1:2:2:2 15
B, abed X abee 10 1:1:1:1:1:1:1:1:1:1 6 1:1:1:2:2:3 22
By abed X aabe 10 1:1:1:1:1:1:1:1:1:1 6 1:1:1:2:2:3 11
B, abed X aabo 10 1:1:1:1:1:1:1:1:1:1 4 1:2:2:5 15
By, abed X aeoo 10 1:1:1:1:1:1:1:1:1:1 4 1:3:3:3 23
By, abed X aboo 10 1:1:1:1:1:1:1:1:1:1 4 1:3:3:3 15
By abed X aabb 10 1:1:1:1:1:1:1:1:1:1 3 3:3:4 12
Bis abed X aaab 10 1:1:1:1:1:1:1:1:1:1 3 1:3:6 12
By, abed X aaao 10 1:1:1:1:1:1:1:1:1:1 2 1:9 13
B abed X aaoo 10 1:1:1:1:1:1:1:1:1:1 2 3.7 13
By abed X aooo 10 1:1:1:1:1:1:1:1:1:1 2 4:6 13
B, abco X adeo 7 1:1:1:1:2:2:2 7 1:1:1:1:2:2:2 27
Bis abco X abdo 7 1:1:1:1:2:2:2 7 1:1:1:1:2:2:2 16
By abco X abco 7 1:1:1:1:2:2:2 7 1:1:1:1:2:2:2 8
By abco X adde 7 1:1:1:1:2:2:2 6 1:1:1:2:2:3 25
By, abco X abdd 7 1:1:1:1:2:2:2 6 1:1:1:2:2:3 14
Bos abco X aabe 7 1:1:1:1:2:2:2 6 1:1:1:2:2:3 7
By abco X aabo 7 1:1:1:1:2:2:2 4 1:2:2:5 8
Boy abco X adoo 7 1:1:1:1:2:2:2 4 1:3:3:3 14
By abco X aboo 7 1:1:1:1:2:2:2 4 1:3:3:3 8
By abco X aadd 7 1:1:1:1:2:2:2 3 3:3:4 11
By, abco X aabb 7 1:1:1:1:2:2:2 3 3:3:4 7
B abco X addo 7 1:1:1:1:2:2:2 4 1:2:2:5 16
By abco X aado 7 1:1:1:1:2:2:2 4 1:2:2:5 16
B, abco X aabo 7 1:1:1:1:2:2:2 4 1:2:2:5 7
B, abco X aaab 7 1:1:1:1:2:2:2 3 1:3:6 6
Bss abco X aaao 7 1:1:1:1:2:2:2 2 1:9 5
B abco X aaoo 7 1:1:1:1:2:2:2 2 3.7 5
By abco X aooo 7 1:1:1:1:2:2:2 2 4:6 5
Bss aabc X aabd 6 1:1:1:2:2:3 6 1:1:1:2:2:3 13
Bss aabc X abdd 6 1:1:1:2:2:3 6 1:1:1:2:2:3 13
Bs, aabc X bedd 6 1:1:1:2:2:3 6 1:1:1:2:2:3 13
Bag aabc X aabc 6 1:1:1:2:2:3 6 1:1:1:2:2:3 7
Bsg aabc X abbc 6 1:1:1:2:2:3 6 1:1:1:2:2:3 7
By aabc X aado 6 1:1:1:2:2:3 4 1:2:2:5 14
B, aabc X abbo 6 1:1:1:2:2:3 4 1:2:2:5 7
B aabc X aabo 6 1:1:1:2:2:3 4 1:2:2:5 7
By aabec X adoo 6 1:1:1:2:2:3 4 1:3:3:3 14
By aabc X bdoo 6 1:1:1:2:2:3 4 1:3:3:3 14
By aabc X aboo 6 1:1:1:2:2:3 4 1:3:3:3 7
By aabc X bcoo 6 1:1:1:2:2:3 4 1:3:3:3 6
By aabc X aabb 6 1:1:1:2:2:3 3 3:3:4 6
By aabc X bbcc 6 1:1:1:2:2:3 3 3:3:4 7
By aabc X aaab 6 1:1:1:2:2:3 3 1:3:6 6
B, aabc X abbb 6 1:1:1:2:2:3 3 1:3:6 6
B; aabc X aaao 6 1:1:1:2:2:3 2 1:9 7
B:» aabc X aaoo 6 1:1:1:2:2:3 2 3.7 7

(continued)
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TABLE 1
(Continued)
Parent P Parent Q
No. zygote
Type Cross (P X Q) No. gametes Formation proportion No. gametes Formation proportion phenotypes
Bss aabc X aooo 6 1:1:1:2:2:3 2 4:6 7
By aabo X aaco 4 1:2:2:5 4 1:2:2:5 8
B;; aabo X acco 4 1:2:2:5 4 1:2:2:5 8
B aabo X aabo 4 1:2:2:5 4 1:2:2:5 4
B, aabo X abbo 4 1:2:2:5 4 1:2:2:5 4
B aabo X bcoo 4 1:2:2:5 4 1:3:3:3 3
Bsg aabo X acoo 4 1:2:2:5 4 1:3:3:3 8
By aabo X aacc 4 1:2:2:5 3 3:3:4 6
B aabo X bbce 4 1:2:2:5 3 3:3:4 6
Bgo aabo X aabb 4 1:2:2:5 3 3:3:4 3
Bgs aabo X aaac 4 1:2:2:5 3 1:3:6 6
By, aabo X bbbc 4 1:2:2:5 3 1:3:6 6
Bg; aabo X aaab 4 1:2:2:5 3 1:3:6 3
Bgs aabo X abbb 4 1:2:2:5 3 3:3:4 3
By, aabo X aaao 4 1:2:2:5 2 1:9 3
Bes aabo X aaoo 4 1:2:2:5 2 3.7 3
By aabo X bbbo 4 1:2:2:5 2 1:9 4
B aabo X bboo 4 1:2:2:5 2 3.7 4
B, aabo X aooo 4 1:2:2:5 2 4:6 3
B aabo X booo 4 1:2:2:5 2 4:6 4
B aboo X acoo 4 1:3:3:3 4 1:3:3:3 8
By aboo X aboo 4 1:3:3:3 4 1:3:3:3 4
B aboo X aacc 4 1:3:3:3 3 3:3:4 5
By aboo X aabb 4 1:3:3:3 3 3:3:4 3
B, aboo X aaac 4 1:3:3:3 3 1:3:6 5
B aboo X accc 4 1:3:3:3 3 1:3:6 5
By aboo X aaab 4 1:3:3:3 3 1:3:6 3
By aboo X aaao 4 1:3:3:3 2 1.9 4
By, aboo X aaoo 4 1:3:3:3 2 3.7 4
By, aboo X aooo 4 1:3:3:3 2 4:6 4
By aabb X aabb 3 3:3:4 3 3:3:4 3
By, aabb X aaab 3 3:3:4 3 1:3:6 3
By aabb X aaao 3 3:3:4 2 1:9 3
Bgs aabb X aaoo 3 3:3:4 2 3.7 3
By, aabb X aooo 3 3:3:4 2 4:6 3
By aaab X aaab 3 1:3:6 3 1:3:6 3
Bgg aaab X abbb 3 1:3:6 3 1:3:6 3
By, aaab X aaao 3 1:3:6 2 1:9 3
By, aaab X bbbo 3 1:3:6 2 1:9 3
Boo aaab X aaoo 3 1:3:6 2 3.7 3
Bys aaab X bboo 3 1:3:6 2 3.7 3
By, aaab X aooo 3 1:3:6 2 4:6 3
Bos aaab X booo 3 1:3:6 2 4:6 3
Bys aaao X aaao 2 1:9 2 1:9 2
By, aaao X aaoo 2 1:9 2 3.7 2
By aaao X ao0o 2 1:9 2 4:6 2
Boy aaoo X aaoo 2 3.7 2 3.7 2
Bioo aaoo X aooo 2 3.7 2 4:6 2
B 000 X aooo 2 4:6 2 4:6 2

As defined, the number of the zygote phenotype in group B is less than the product of the number of the gamete phenotype
from parent Pand the number of the gamete phenotype from parent Q. The marker cross types within the same boxes can be
distinguished in terms of the arrangements of different zygotes in the matrix F.
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generates 10 X 10 = 100 different zygotes, the progeny’s
phenotypes are exactly consistent with their genotypes.
On the basis of the observations of each phenotype or
genotype in the full-sib family, the maximum-likelihood
estimate of the frequencies of double reduction can be
obtained by using an explicit expression. When the two
parents are crossed, the zygote genotypes in the full-sib
family can be expressed as

G = GG},
where G is the (10 X 10) matrix in which each ele-
ment ,,G, ., represents a zygote genotype P,P,0Q,,Q,
at the marker considered (r, n = 1, 2, 3, 4 are the two
marker alleles contributed by parent Pand w, u, = 1,
2, 3, 4 are the two alleles contributed by parent Q). The

corresponding (10 X 10) matrix for the frequencies of
the zygotes in the full-sib family is denoted by

F = p FF};,

assuming that the formation of gametes is independent
between the two parents. The occurrence of double
reduction in each progeny genotype can also be ex-
pressed in a (10 X 10) matrix form. But this matrix
differs depending on which parent contributes to dou-
ble reduction at meiosis, expressed as

Q101 2.0, Q05 QiQyi Q1Q: Q1Qs Q1Qs Q.05 Q0 Qs0Q4
pe[ 1 1 1 1 1 1 1 1 1 1]
pR| 1 1 1 1 1 1 1 1 1 1
re| 1 1 1 1 1 1 1 1 1 1
pel| 1 1 1 1 1 1 1 1 1 1
pe|l o
PPy 0
PP, 0
pp| o

0

PPy

S o o o o o
=Rl e

Pl 0 0 0

if double reductions are contributed by parent P, and

QiQr Q:Q: Q:Q5 QiQi QiQy QiQs Q1Qs Q05 Q:Q: QsQy

re[ 1 1 1 1 0 0 0 0 0 0
ppl 1 1 1 1 0 0 0 0 0 0
rrl 1 1 1 1 0 0 0 0 0 0
re| 1 1 1 1 0 0 0 0 0 0
o onp| o1 1 1 1 0 0 0 0 0 0
D, =
prl 1 1 1 1 0 0 0 0 0 0
pel 1 1 1 1 0 0 0 0 0 0
rrl 1 1 1 1 0 0 0 0 0 0
pr| 1 1 1 1 0 0 0 0 0 0
rr| 1 1 1 1 0 0 0 0 0 0
| |

if double reductions are contributed by parent Q.

For marker group A, distinct zygote phenotypes can
be predicted on the basis of the genotypes of two ga-
metes each from a parent; thus the vector () of un-
known parameters, including the preferential pairing
factors p and ¢gand the frequencies of double reduction
o and B3, can be estimated by formulating the likelihood

function of marker data from gametes given the un-
known parameter vector T,

N
P(pm, le'ﬂ') = HP[Pm(j)> mQ(,‘)l’ﬂ'], (2)
j=1
where )m and myare a (N X &) and (N X {) 1/0 matrix
describing & and { gamete phenotypes (& { = 10 for
A, 7 for Ay, 6 for A;, 4 for A, and A;, 3 for A; and A,
2 for Ag, Ag and Ay, and 1 for A;;) generated by parent
Por 0O, respectively. For a fully informative marker type,
the maximum-likelihood estimate (MLE) of each un-
known has an explicit expression. However, for many
other partially informative marker types, such explicit
expressions cannot be written. In this case, the expecta-
tion-maximization (EM) algorithm can be implemented
to estimate these parameters (DEMPSTER ¢t al. 1977).
In step E, the expected number of double reductions
contained in each zygote phenotype is calculated for
parent P,

TroATs T
o+l — 172 m; [ (PDOF(T})IQ]mMI“Zf

C) = 3a)
=y | T TP > (
1|erj [PI F[T)IQ] mu,u.zj

and for parent Q,

nry m"T [PIT (DQOF‘T) )IQ] m

T T
m/ [, I'F"IJm,,,;

7T+ = Y

Uy |

. (3b)

"

where , ,m;is the jth row of ;m representing the gamete
phenotype P, P, from parent P, which the jth individual
has received; and pI is the (£ X 10) design matrices
relating the gamete genotypes to the gamete pheno-
types for parent P. Similarly, m,,,;and I, can be defined
for parent Q.

In the M step, the frequencies of double reduction
are calculated using the equations

ot = iz 2 2 E [’1,)_‘,:1:;1/ (4a)

n=lp=1luy=luy=1

2

or parent P, and

prl = *E E E E Lt 1, (4b)

n=lp=luy=lu=1

for parent Q. Also, the preferential pairing factors pand
g are calculated by solving the log-likelihood equations

4 4 )
>y E{,,,X“H’[% AP+ U T PF"B'T’]} 0,
=22 p ap
(4c)
4 4 N 9
2 2 2 Vi [ 1 QT+ W.E [ T FG1 = 0,
w=lu,=1j=1 q dq

(4d)
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where
) {7}
X+ = i i Ul = 1
nr] - 1. F nrj - 1. F*
nppl p rnplpL p
(T}
1} m,,,,; IoAg T} 1
Vi) = LF Vi) = LF
m,.,; Lo¥q my, . 1o X0

The E and M steps are repeated until the estimates
converge to stable values. The estimates at convergence
are the MLEs of the unknowns.

Marker group B: For the markers from group B, zy-
gote phenotypes can be determined only after two ga-
metes are fused. Thus, marker analysis for group B
should be based on zygotic phenotypes. In this case,
100-dimension vectors for zygotic phenotypes and their
frequencies are expressed as

G=pG®GQ,
F:[JF®FQ.

Correspondingly, 100-dimension vectors for the occur-
rence of double reductions with parents P and Q are
expressed as

11...1 00...0

—N——
- | !
/ >

D, = (llllOOOOOO 1111000000 . . . 1111000000)"‘.
~ ;_W_J

1 2 10

As for marker group A, in step E, calculate

nr M;E]wzy IT(PﬁOF(T))]

=+l —
==y Uy T T >
nry Mu|142j(I Fh')
T T /¥ ..
gty = 12 M, [T (DoF™) ]
nRSuuy) T T T ’
nry Muluzj(l FHT})

where ,;,,M,,,,; is the jth row of the (N X ¢) matrix M
for marker genotypes with ¢ being the number of distin-
guishable zygotic genotypes in the full-sib family, whose
element is 1 if the jth individual has the genotype
P,P,0,0, and is 0 otherwise, and I is the (¢ X 100)
incidence matrices relating the zygotic genotypes to zy-
gotic phenotypes. The form and structure of I depend
on marker cross types in group B (Table 1). In the M
step, the frequencies of double reduction are estimated
using Equations 4a and 4b. The preferential pairing
factors p and ¢ can be estimated by solving the corre-
sponding log-likelihood equations as shown in Equa-
tions 4c and 4d.

Tests for the preferential pairing factor and fre-
quency of double reduction: The existence and magni-
tude of preferential pairings and double reduction have
particular evolutionary significance and implications for
genetic and breeding research. If p or ¢ = 0, this means
full homology among four single chromosomes, typical

of allopolyploids derived from the combination of dif-
ferent genomes. If p or g = %, this means that homeolo-
gous pairings characterized by autopolyploids do not
exist. Similarly, o or B can take any value from 0 (with
pure random chromosome segregation) to % (with pure
random chromatid segregation) to % (with complete
equational segregation; MATHER 1936; FISHER and
MATHER 1943). It is possible to test whether the esti-
mated p, ¢, o, or { is statistically different than a particu-
lar value. This can be done by formulating the alterna-
tive hypotheses and calculating the likelihood-ratio
(LRT) test statistic

P(pm, lea =B = O)}

LRT, = —21 {
. o8 P(pm, mQ|”ﬁ')

for marker group A, and

PM|a =B = 0)}

LRT, = —2 log[ POMI)

for marker group B, if one intends to test whether dou-
ble reduction occurs in both parents. Each of the two
LRTs follows approximately a chi-square distribution
with 2 d.f. Other LRTs also can be formulated in a
similar way.

SIMULATION

Simulation experiments are performed to demon-
strate the statistical properties of the MLEs of the prefer-
ential pairing factors and the frequencies of double
reduction at meiosis in autopolyploids. The experi-
ments are designed to consider the effects of different
marker types, different degrees of preferential pairs,
and different frequencies of double reduction on the
parameter estimation. Because it is difficult and also
unnecessary to consider all possible marker cross types
(Table 1), only six representative types, three from each
marker group, were chosen to reflect different informa-
tiveness of markers (Table 2). The experiments allow
for changes of the preferential pairing factors (0 and
%) and the frequencies of double reduction (0, 0.08,
and 0.15) within their respective boundaries. For sim-
plicity, the preferential pairing factors are assumed
equal between the two parents (p = ¢), and so are the
frequencies of double reduction (o = ). As shown in
Table 2, our simulation experiments are also created
to examine the interaction effects of these factors on
parameter estimation. Given the hypothesized marker
cross types and hypothesized parameter values, meioses
for two parents Pand Q are simulated and the pheno-
types of the progeny at a given marker are generated.
Luo et al. (2000) compared the power to detect double
reduction under different sample sizes and suggested
that a sample of size 100 would be adequate for provid-
ing a reasonable estimate for double reduction. In this
study, our simulation is based on a sample size of 100.
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TABLE 2

MLEs and standard errors (in parentheses) of the preferential pairing factors and the frequencies
of double reduction for different marker cross types

a=f
0 0.08 0.15
p=yq Cross type b= a=p Power” =4 a= Power” p=4 &= Power”
0 abed X efgh 0.000 0.000 0 0.000 0.082 100 0.000 0.150 100
(0.000) (0.000) (0.000) (0.014) (0.000) (0.016)
abed X efgg 0.004 0.001 0 0.004 0.076 98 0.005 0.153 98
(0.003) (0.000) (0.004) (0.019) (0.004) (0.029)
abee X efgg 0.006 0.004 0 0.006 0.086 87 0.006 0.152 92
(0.004)  (0.002) (0.005)  (0.024) (0.005)  (0.036)
abed X abed 0.010 0.007 1 0.011 0.073 64 0.015 0.143 75
(0.009)  (0.003) (0.010)  (0.034) (0.013)  (0.047)
abed X abce 0.014 0.009 1 0.015 0.087 40 0.017 0.141 51
(0.012)  (0.006) (0.014)  (0.041) 0.014)  (0.053)
abco X aaoo 0.018 0.010 2 0.019 0.089 32 0.022 0.142 44
(0.017) (0.012) (0.017) (0.050) (0.019) (0.061)
1/3 abed X efgh 0.332 0.000 0 0.331 0.083 98 0.330 0.152 98
(0.018) (0.000) (0.019) (0.017) (0.019) (0.017)
abed X efgg 0.321 0.001 0 0.320 0.084 90 0.320 0.154 94
0.021)  (0.000) (0.023)  (0.025) 0.025)  (0.033)
abce X efgg 0.322 0.007 4 0.319 0.072 78 0.309 0.146 86
(0.024)  (0.006) (0.026)  (0.032) 0.031)  (0.045)
abed X abed 0.310 0.009 5 0.338 0.086 50 0.345 0.157 62
(0.035)  (0.008) (0.039)  (0.045) (0.046)  (0.054)
abed X abce 0.343 0.012 7 0.352 0.088 34 0.324 0.158 38
(0.049) (0.015) (0.054) (0.055) (0.057) (0.062)
abco X aaoo 0.355 0.023 10 0.359 0.072 21 0.362 0.142 30
(0.060) (0.021) (0.067) (0.063) (0.067) (0.078)

“Power is expressed as the percentage of the number of simulation trials in which significant double reduction is detected.

Numerical analyses of the simulated data are carried
out according to the procedures presented above. Each
simulation trial was run 100 times over which the means
and standard errors of the MLEs and the power to detect
double reduction were calculated.

The precision of the estimate of unknown parameters
is strongly affected by marker cross types, regardless of
the values for the preferential pairing factor and the
frequency of double reduction (Table 2). The most
precise estimates are obtained for the most informative
marker type of eight different alleles, abcd X efgh, with
the precision being reduced when there are identical
alleles in one parent (e.g., abed X efgg) and further re-
duced when there are identical alleles in both parents
(e.g., abece X efgg). The precision of parameter estimation
is also reduced if common alleles are shared between
the two parents (e.g., abed X abed or abed X abec) or if
dominant alleles occur in both parents and affect the
phenotypes of the progeny (e.g., abco X aaoo). Similar
trends are observed for the power to detect significant
double reduction using our method. For example, when
double reduction is moderately large (0.08) or ex-
tremely large (0.15), the power of detection drops from
100% for the most informative marker to 20-40% for

dominant marker type abco X aaoo. For these less infor-
mative dominant markers, it is possible to generate type
I error, in which significant double reduction is occa-
sionally detected even though no double reduction is
assumed.

The effects of different degrees of preferential pair-
ings and double reduction on parameter estimation are
also examined (Table 2). Given a fixed preferential
pairing factor, the precision of the estimate of the pref-
erential pairing factor is slightly affected by changes in
the frequency of double reduction, but a change in
the preferential pairing factor significantly affects the
precision of the estimate of the frequency of double
reduction. The estimate of the frequency of double
reduction is subjected to larger deviations when there
is no preference than when there is a preference in
chromosome pairings. For example, the standard error
of the MLE of the frequency of double reduction for a
marker cross type at a given frequency 0.08 is 0.063
when preferential pairings are assumed, compared to
0.050 when no preferential pairings are assumed. A
similar trend is held for the power to detect double
reduction.

Marker cross type, preferential pairing factor, and
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the frequency of double reduction can display strong
interaction effects on the precision and power of param-
eter estimates (Table 2). For example, at a given fre-
quency of double reduction, the power of detecting
double reduction is reduced from a more informative
marker type to a less informative type, but the extent
of reduction is much larger when there are preferential
pairings than when there are no preferential pairings.

DISCUSSION

The major distinction between true allopolyploids
and true autopolyploids is in the origin of their ge-
nomes. The genomes of the former are well differenti-
ated, whereas all genomes of the latter are identical or
very closely related (STeBBINS 1950). In allopolyploids,
homologous chromosomes pair at meiosis, but there is a
strong pairing barrier between homeologous genomes.
Therefore, the preferential pairing factor was suggested
in order to describe the bivalent formation of allopoly-
ploids (SYBENGA 1988, 1994, 1995). On the other hand,
autopolyploids have only homologous chromosomes
that pair with equal opportunity and, therefore, multiva-
lent formation and a resulting double reduction may
occur. Between these two extremes of polyploids there
exist many intermediate types, defined as a general poly-
ploid model in this study or called segmental allopoly-
ploids by STEBBINS (1950), which combine both bivalent
and multivalent pairing behaviors. Recent cytological
and molecular data suggest that many traditionally rec-
ognized autopolyploids can be indeed treated as a gen-
eral polyploid model (SYBENGA 1996; ALLENDORF and
DANZMANN 1997; FJELLSTROM el al. 2001).

In this article, we presented a maximume-likelihood-
based statistical method for simultaneously estimating
the preferential pairing factor and the frequency of
double reduction using molecular markers to examine
gene segregation patterns in a full-sib polyploid family.
In spite of the importance of the preferential pairing
factor and double reduction in describing the behavior
of chromosome pairing and chromosome recombina-
tion (DARLINGTON 1929; MATHER 1936), the estimates
of these two phenomena are inadequate due to the lack
of a suitable analytical method. Our method proposed
here can make use of all possible marker types segregat-
ing in a family, as opposed to simple dominant marker
systems currently used to construct genetic maps in poly-
ploids (Wu et al. 1992). In practical molecular experi-
ments, a mixed set of marker types, including dominant
(e.g., random amplified polymorphic DNA or amplified
fragmentlength polymorphism) and codominant mark-
ers (e.g., restriction fragment length polymorphism or
microsatellite), is often used to characterize the entire
genome of outbred polyploids. Simulation studies were
performed to examine the statistical properties of our
method when different types of markers are used. It
was suggested that there was an advantage in estimating

both the preferential pairing factor and the frequency
of double reduction with more informative markers
than less informative markers. The estimate of the fre-
quency of double reduction is also affected by sample
sizes (Luo et al. 2000). However, as shown in Luo et al.
(2000) and more comprehensively demonstrated in this
study, a sample of size 100 in a tetraploid family can
provide reasonable estimates for the frequency of dou-
ble reduction over different types of markers.

The proposed method has three major implications.
First, our method can provide more accurate informa-
tion about the classification of polyploids. According to
STEBBINS (1950), polyploids are classified into allopoly-
ploids and autopolyploids. But such a distinction is
blurred in some cases because no precise, quantitative
criterion for classification is available. Observing no
quadrivalents in the natural tetraploid Festuca mairei,
CHEN et al. (1995) concluded that it was an allopoly-
ploid. However, a further hybridization experiment sug-
gested that this species might be an autotetraploid. Such
a dilemma can be solved if actual estimates of the prefer-
ential pairing factor and the frequency of double reduc-
tion are available. If this species has a mixed behavior
of allopolyploids and autopolyploids, the estimated pref-
erential pairing factor should be significantly greater
than zero but less than two-thirds (Equation 1). The
estimated frequency of double reduction provides addi-
tional information about polyploid classification. Yet,
no double reduction should not be seen as sole evidence
for allopolyploid behavior because double reduction
may not occur in autopolyploids when homologous
chromosomes pair randomly (BEVER and FELBER 1992).
In other species, such as L. corniculatus (FJELLSTROM et
al. 2001) and rainbow trout (ALLENDORF and DANz-
MANN 1997), the estimates of these two parameters can
eliminate the ambiguity of their classification and posi-
tion them correctly.

Second, results obtained from our method can help
to design an efficient linkage mapping experiment. A
number of genome projects are now under way to de-
velop molecular linkage maps of the polyploid plant
genomes (WU et al. 1992; YU and PauLs 1993; pA SiLva
et al. 1995; GRIVET et al. 1996; HACKETT et al. 1998; MEYER
et al. 1998; MING et al. 1998; BROUWER and OSBORN
1999; RipoL et al. 1999). These maps constructed from
polymorphic markers are essential for understanding
the genome structure and organization of polyploids
and identifying quantitative trait loci responsible for
complex autopolyploid traits of economic importance.
However, these maps are based on a limited number of
marker types (mostly single-dose dominant markers)
and their construction is conditioned on the simplified
assumption of random bivalent chromosome pairings.
In contrast to diploids, estimates of gene segregation
and linkage in polyploids are expected to depend upon
how single chromosomes pair to generate gametes at
meiosis. Empirical results from cytogenetic data suggest
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FIGURE 3.—One example of hexavalent pairing
(left), quadrivalent + bivalent pairing (middle),
1 and bivalent pairing (right) in general hexaploids;

6 6 1 2 X

chromosomes numbered 1-6; chromosome arms
X and Y. Hexavalent pairing: one pairing partner
switch at the middle of the chromosomes; pairing
3 between X1 and X6, Y1 and Y2, X2 and X3, Y3 and

7 Y4, X4 and X5, and Y5 and Y6. Quadriva-
lent + bivalent pairing: the quadrivalent has one

partner switch. Of the 225 possible combinations,

that the modes of chromosome pairings are not random
even in those polyploids proven to be autopolyploids
(KHAWAJA e al. 1995), which is thus inconsistent with
the theoretical prediction based on random pairings
(JacksoN and Casey 1982). Chromosome pairings in
general polyploids can be suggested to be a function of
the homology between the genomes involved, with a
propensity in pairing between homologous over homeo-
logous chromosomes, which is defined as the preferen-
tial pairing factor (SYBENGA 1988, 1994, 1995). Also,
the frequency of double reduction typically occurring
in multivalents affects the distribution and frequency
of genotypes in autopolyploid populations (BEVER and
FELBER 1992; BuTRUILLE and Borteux 2000). For these
reasons, the construction of genetic maps may be inac-
curate without considering the effects of the preferen-
tial pairing factor and the frequency of double reduc-
tion.

Third, the estimates of the preferential pairing factor
and the frequency of double reduction when extended
to include multiple families are of interest to population
and evolutionary genetic studies of polyploids because
both the parameters affect the allele frequencies and
genotype frequencies of a gene in a population (BEVER
and FELBER 1992; RONFORT et al. 1998). The preferential
pairing factor can provide information about the degree
of homology between different genomes. Estimates of
evolutionary relatedness based on meiotic pairing can
shed light on the possibility of interspecific gene ex-
change. Meanwhile, knowledge about the occurrence
and frequency of double reduction, depending on the
frequency at which a locus recombines with its centro-
mere and on the frequency of multivalent formation,
provides additional insights into the population genetic
structure and biological conservation of polyploids. Be-
cause genetic loci near the centromere are more pro-
tected against inbreeding, the preservation of proximal
heterozygosity would be more critical than the preserva-
tion of heterozygosity at central and distal loci in polyso-
mic polyploid species (BUTRUILLE and BorTeux 2000).

Although our method is developed for tetraploids,
its extension to hexaploid, octoploid, and dexaploid
species is not difficult in principle but can be much
more tedious technically. For a hexaploid plant, triploid

6 120 are hexavalents, 90 are quadrivalent + bivalent,
and 15 are bivalents.

gametes are generated at meiosis. Theoretical hexa-
ploid models based on random pairings propose three
different modes for the formation of triploid gametes
in autohexaploids: (1) hexavalent pairing, (2) quadriva-
lent + bivalent pairing, and (3) bivalent pairing, with
the respective frequencies 8/15, 6/15, and 1/15 (Jack-
soN and Casey 1982; Figure 3). But empirical data did
not support such a prediction for the frequencies of
chromosome pairings (KHAWAJA et al. 1995). As in the
tetraploid model, each of the three modes is affected
by preferential pairings, and also the first two modes
undergo double reduction because of multivalent pair-
ings at meiosis. The occurrence of preferential pairings
results in a lower multivalent pairing than predicted on
the basis of a random pairing (SYBENGA 1995), which
should be considered in model derivations. In addition,
a sex-specific difference in chromosome pairing may
exist in some species. For example, only disomic segre-
gation was detected in the females of salmonid fishes,
but segregation ratios in the males were best explained
by a mixture of disomic and tetrasomic inheritance
(ALLENDORF and DANzMANN 1997). It is our hope that
statistical methods proposed for tetraploids can stimu-
late further research into higher ploidy plants and more
realistic situations to ultimately unravel the genetic
mechanisms underlying the evolution and domestica-
tion of polyploidy.
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