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Abstract Monoploids can be obtained from severa dip-
loid plant species by anther culture. Mapping of molecular
markers using monoploids is greatly facilitated by the sm-
ple 1:1 segregation ratio expected from al heterozygous
loci in the genome. Distorted segregation of molecular
markers, however, appears to be a common phenomenon
in many crop species and hinders the use of monoploids
for mapping purposes. This report examines the segrega
tion pattern of two marker genes linked together with one
locus or separately with two independent loci which are re-
sponsible for the observed distortion. Each of the loci ex-
hibiting distorted segregation has one of the two alleles
which inhibits regeneration of the gametic cellsin vitro and
disrupts the expected segregation ratio of the linked mark-
ers. All possible situations in which linkage occurs be-
tween markers and distortion-causing genes are consid-
ered. Theoretical results outlining the segregation pattern
among these linkage types indicate that the distinguishable
distorted ratios can be used for mapping purposes. A proto-
col is given for the mapping of distorted gene markers
based on existing gene mapping software. An example is
presented of the mapping of distorted RAPD markers of
monoploids obtained from a diploid potato genotype.
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Introduction

Anther culture of diploid plants leads to the production
of monoploids (Heberle-Bors 1985; Meyer et a. 1993;
Rokka et a. 1995). Frequently, gametic cells in anthers
of crop species show differential responses to anther cul-
ture (Bajg 1983; Heberle-Bors 1985). While some geno-
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types do not show any growth or development (Uhrig
1985), others have different degrees of tissue develop-
ment, which include callus without clear morphogenesis,
aberrant tissue mass with roots, and normal-appearing
plantlets (Bajgj 1983). All of them are expected to be
monoploids (Heberle-Bors 1985; Kotch et a. 1992).
Segregating molecular markers obtained from DNA ex-
tracted from these monoploid tissues are expected to
show a 1 (presence) :1 (absence) ratio of banding pattern
(Kotch et a. 1992; Rivard et a. 1996). Distortion of seg-
regation ratios, however, was reported on several crop
species (Bentolila et al. 1992; Cloutier and Landry 1994,
Rivard et al. 1996; Yamagishi et a. 1996). No satisfacto-
ry explanation has been offered for this phenomenon.
The present report investigates the possible underlying
genetic mechanisms which may lead to this distortion
phenomenon. A method is developed to map the loci re-
sponsible for the distortion.

Theory

It is possible that (1) cell division and callus growth, (2)
root, and (3) shoot morphogenesis are al controlled by
separate genes. Let I-i be apair of aleles of alocus regu-
lating the response of gametic cells to anther culture. Ga-
metic cells containing the gene | respond positively to
the culture medium and undergo morphogenesis, where-
as those with the gene i fail to respond in culture. Half of
the gametic cells of a mother plant with the Ii genotype
are expected to carry the allele | and thus able to regen-
erate into shoots or embryos. Let a marker of the config-
uration A-O be linked with i . A denotes presence and O
absence of the A-marker band. In coupling phase, i.e. the
genotype |A/iO , the monoploids are expected to segre-
gate by theratio 1A:10 = (1-r) : r wherer isthe recombi-
nation frequency between the two loci I-i and A-O. Ga-
metic cells with the genotype iA and iO fail to develop in
culture. The segregation ratio is distorted when r < 0.5.
In repulsion phase, i.e. the genotype iA/1O, the expected
ratiolA: 10 =r: (1-r) isagain distorted whenr < 0.5.



Consider another marker locus B-O which is linked
with A-O. To detect linkage relationship between them,
we have to consider four marker configurations of
the mother plant: IAB/iOO, IAO/iOB, I00/iAB, and
IOB/iAO. The recombination frequencies between I-i
and A-O and between A-O and B-O arer; andr,, re-
spectively. Gametic cells with the genotype i are not
capable of responding to tissue culture and therefore do
not undergo morphogenesis.

Another case requiring consideration is the situation
in which two makers are linked with two independent
distortion-causing loci. Let A-O be linked with I; - iy
and B-O with |, -i,. Again r, represents the recombina-
tion rate between the first pair whereas r, represents that
between the second pair of loci. There are also four pos-
sible marker configurations.

Segregation ratios of monoploids from each of the
eight mother genotypes (Table 1) show the expected seg-
regation ratios of markers linked with the distortion
causing loci. The degree and pattern of distortion of the
ratio depends on the mother genotype and the intensity
of linkage of the markers with the loci. Consider the two
corresponding mother genotypes IAB/iOO and I,A/i;O
1,B/i,O. The segregation ratio of monoploid genotypes
from both mother genotypesis AB:AO:OB:00 = 1:1:1:1
when r; = 0.5 and r, = 0.5. The proportions of AB and
AO are increased whereas those of OB and OO de-
creased when r; < 0.5. Neither A-O nor B-O show the ex-
pected ratio of A:O = B:O = 1:1. From the mother geno-
type 1AB/iOO, OO is expected to have a much larger
fraction than that of OB whenr; < 0.5and r,< 0.5. The
oppositeis true for monoploids obtained from the mother
genotype 1,A/i,0 1,B/i,0, i.e., OO has a much smaller
fraction than that of OB. The expected difference be-
tween OO and OB is ry(1-2r,) and - ry(1-2r,) for the
mother genotypes IAB/iOO and 1,A/i;O 1,B/i,0, respec-
tively. As a double crossover rarely occurs when the
linkages between |-i and A-O, and those between A-O
and B-O are tight, the fraction of OB from the mother
genotype IAB/iOO can be much lower than the expected
fraction r,r,, and thus the difference of fractions between
OO0 and OB is even larger than the expected value .

The above hypothesis can be applied to detection of
the distorted pattern of segregation ratios of monoploids
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obtained from the other three pairs of corresponding
mother genotypes in Table 1. A protocol is presented
here to detect and map a series of markers which are lo-
cated beside a distortion-causing locus:

1) Segregation data of all markers from the monoploids
obtained from a mother genotype are tested for distor-
tion from the expected ratio 1:1. This is achieved by
carrying out a statistical test such as the x2 goodness-
of-fit test for each of the individual segregating mark-
ers.

2) A marker with the highest degree of distortion isiden-
tified. A 2x2 contingency table is formed between
this marker and every other distorted marker. Linkage
between two markers is detected when the statistical
test for goodness-of-fit is significant and the fraction
of the double recombinant monoploid is lower than
that of the single recombinant one (e.g. OO >0OB
from the mother genotype IAB/iOO). A group of
markers linked with a putative distortion-causing lo-
cusisidentified.

3) Genotype of the group of markers from each of the
scored monoploids is used to simulate a hypothetical
“mirror image” monoploid which possesses the other
alleles of the markers. Thisis aimed at restoring those
gametic cells which are not able to undergo morpho-
genesis to form monoploids because of the distortion-
causing gene. The segregation ratio is reestablished
for each of the markers in the group to the expected
1:1 ratio in the combined sample of observed and hy-
pothetical monoploids. The genotype of the putative
distortion-causing locus is simulated as | for all
scored monoploids and i for all simulated monoplo-
ids.

4) Segregation data obtained from (3) are used to map
the group of markers and the putative distortion-
causing locus. This can be accomplished by means of
an established software for gene mapping such as
MAPMAKER (Lander et al. 1987) with the F, backcross
option.

5) The procedure is repeated for another highly distorted
marker which is not included in the above group.

It is noted that the x2-test for the 2 x 2 contingency table
of two markers may also show significance because they

Table 1 Expected segregation

ratios in monoploids of two Monoploid genotype

marker loci A-O and B-O

linked with one common locus |AB 1AO 10B 100

I-i (first four cases) or two sep- -

arate and independent loci 1, -i,  AB/iOO (1-ry)(L-r5) (L-r))r, Farz ry(1-rp)

and I, -i, from eight diploid IAC/iOB (L-ryr, (1-r)(1-ry) ri(1-ry) rr,

mother genotypes |00/iAB ri(1-ry) rirp (L-ryry (1-r1)(1-r5)
I0B/iAO riry r,(1-ry) (L-ry) (2-ry) 2-ryr,

1,AlLB I,ALO 1,01,B 1,01,0

1,Ai,0 1,B/i,0 (1-r)@-ry) (L-rr, ry(1-ry) ri,
1,A/i,0 1,01i,B 1-ryr, (2-r(L-ry) rifs r,(1-ry)
1,0/1;A1,0/i,B ris r,y(1-ry) (L-ryr, (2-r)(Lry)
1,0/i,A1,B/i,0 ry(1-ry) ri, (2-r)@-ry 2-ryr,
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Table 2 Markerswith distorted

segregation ratios from the ex- Code Marker Number of No-band Band (%) Probability

pected 1:1 ratio based on x2 monoploids condimuration

goodness-of-fit test (%)
ml OPA002-0.67 19 10.53 89.47 <0.01
m2 OPA002-0.76 19 15.79 84.21 <0.01
m3 OPA002-0.93 19 73.68 26.32 0.04
m6 OPB010-0.36 25 12 88 <0.01
m9 OPB010-0.96 25 8 92 <0.01
m13 OPCO007-1.84 19 21.05 78.95 0.01
mi15 OPC013-0.56 23 26.09 73.91 0.02
m20 OPCO015-0.39 25 16 84 <0.01
m24 OPCO015-0.71 25 28 72 0.03
m26 OPC015-1.00 25 72 28 0.03
m27 OPCO015-1.16 25 20 80 <0.01
m28 OPCO015-1.47 25 16 84 <0.01
m33 OPHO008-1.00 23 13.04 86.96 <0.01
m34 OPHO008-1.26 23 13.04 86.96 <0.01
m35 UBCO008-1.00 25 84 16 <0.01
m37 UPC131-1.55 25 80 20 <0.01
m38 UBC153-0.64 25 8 92 <0.01
m39 UBC184-0.59 23 26.09 73.91 0.02
m42 UBC291-0.67 23 78.26 21.74 0.01
m43 UBC291-1.14 23 8.7 91.3 <0.01
m44 UBC308-0.67 25 76 24 0.01
m45 UBC308-0.96 25 8 92 <0.01
m49 UBC504-1.03 25 20 80 <0.01
m53 UBC533-0.93 23 21.74 78.26 0.01
m54 UBC533-1.27 23 8.7 91.3 <0.01

are tightly linked with the distortion-causing locus locat-
ed between them. This makes, for example, the frequen-
cy of OO from the mother genotype AIB/OiO lower than
that of OB, a situation opposite to that from the mother
genotype IAB/iOO. But the frequency of OO is lower
than the expected r, r, because of the low frequency of
double crossover between the markers, which is different
from the expected outcome from the mother genotype
1,Ali;O I,B/i,0.

An example

A diploid clone 9507-04 derived from Solanum tubero-
sum haploid x S. chacoanse was used for anther culture
(Aziz et al. 1999). The ploidy of the anther-derived roots
and plantlets from this clone was determined by flow
cytometric analysis. The monoploids were used for ran-
dom amplified polymorphic DNA (RAPD) analysis. A
total of 25 monoploids were used for the analysis and da-
tafrom 25 RAPD markers showing distorted segregation
were used in the present study. Details of the experiment
are provided in Aziz (1998).

Distortion from the expected 1.1 segregation ratio for
the presence and absence of banding configuration of
each of the 56 markers was tested by the x2 goodness-of-
fit test. A total of 25 markers were found to exhibit dis-
torted segregation (Table 2). These distorted markers
were pooled together in a new data base. The degree of
distortion varied among the markers. Markers m9, m38,
and m45 had the highest degree of distortion with 8% of
the monoploids showing the no-banding configuration.
With respect to markers m43 and m54 each, 8.7% of the

monoploids showed the no-band configuration, ml
10.53%, m33 and m34 each 13.04%, m2 15.79%, and
m20 16%; whereas with m35 16% of the monoploids
showed banding configuration. All these markers but
m34, m35, and m43 were used as “seed” to establish
linkage groups. Marker m34 had an identical segregation
pattern as m33, and m35 and m43 were identified as
members of an established linkage group. These markers
were thus not used as “seed”. Of the 25, markers not
linked with an established linkage group but only having
amoderate degree of distortion were not used to identify
distortion-causing genes.

Each of the seed markers was used to form a 2 x 2
contingency table with all other markers. As the sample
size was rather limited (i.e., 19-25 monoploids), both X2
goodness-of -fit test and Fisher’s exact test were used to
test whether a pair of markers were independent to each
other or linked. Two markers were deemed linked when
¥2 was significant at P = 0.05 and the exact test at P =
0.10. The statistical analyses were carried out by the
software systat version 7.0. Table 3 presents pairs of
markers showing significant results.

Genotype of markers in the linkage group for each of
the observed monoploids was then used to simulate puta-
tive monoploids which have the other aleles, i.e.,, AB,
AO, OB, or OO of an original genotype is changed to
00, OB, AO, or AB, respectively. Segregation ratios of
every individual marker in the combined sample is ex-
actly in a 1:1 ratio. Data of markers in each of the estab-
lished linkage groups were then input into MAPMAKER to
construct a linkage map. A LOD threshold of 3.0 was
used, and order and distance between markers were ob-
tained by the multipoint analysis.
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Table 3 Results of linkage test on distorted markers based on X2 and Fisher’s exact test

Marker pairs Phase of Number of AB AO OB 00 X2 Exact-test
pairing monoploids
(Probability)
ml& m2 Coupling 19 84.21 5.26 0 10.53 0.001 0.035
m1& mi3 Coupling 19 78.95 10.53 0 10.53 0.004 0.035
ml & m35 Repulsion 19 5.26 84.21 10.53 0 0.001 0.018
ml& m37 Repulsion 19 15.79 73.68 10.53 0 0.012 0.058
m9 & m6 Coupling 25 88.00 4.00 0 8.00 <0.001 0.010
m9& mi3 Coupling 19 78.95 15.79 0 5.26 0.047 0.211
m 28 & m45 Coupling 25 84.00 8.00 0 8.00 0.001 0.020
m 38 & m28 Coupling 25 84.00 8.00 0 8.00 0.001 0.020
m 38 & m43 Coupling 23 91.30 4.38 0 4.38 0.001 0.087
m20 & m42 Repulsion 23 13.04 73.91 8.70 4.35 0.040 0.110
m42 & m 26 Coupling 23 17.39 4.35 13.04 65.22 0.007 0.017
m 34 & m26 Repulsion 23 17.39 69.57 13.04 0 0.005 0.020
m 54 & m53 Coupling 23 78.26 13.04 0 8.70 <0.001 0.040
120 regation pattern between pairs of linked loci when com-
T pared with the undistorted situation (Aziz 1998). Infor-
L mation obtained from the segregation of distorted mark-
m34+4 ers can therefore be u o sort them into linkage
sl theref be used t t th to linkag
gol mé- groups. Recombination frequencies between the marker
loci in a group can then be estimated by the maximum
TRk likelihood method based on the expected segregation
cM 604 ml3l . .
outcome in Table 1 and a linkage map subsequently con-
5% structed based on these estimates. An alternative tech-
400 | ™% i nique is, however, available. A convenient way to map
B the marker loci in a linkage group is to simulate the
2ol m37t m28  ims3 missing data based on the fact that all segregating mark-
- m20- . .
m2 4 m43 ers should have the expected ratio 1:1. The linkage map
mlt {m38  m34 can be easily constructed by means of an existing map-
ol d1t d3t d5 d7

Fig. 1 Linkage groups of markers together with distortion-causing
loci

Four linkage groups were obtained (Table 3). The first
group included seven markers with distortion-causing lo-
ci at both ends of the linkage map. The second and third
groups each had four markers with also distortion-caus-
ing loci at both ends of the map. The fourth group had
two markers with only one distortion-causing locus at
one end. The four linkage maps were 95.6 cM, 104.6 cM,
43.9 cM and 24.7 cM long, respectively, and are shown
inFig. 1.

Discussion

Monoploids or doubled haploids can represent the sim-
plest way to obtain linkage maps because all segregating
genes follow the 1:1 ratio. The approach becomes com-
plex because a large percentage of molecular markers of
many plant species have been reported to yield distorted
segregation (Cloutier and Landry 1994; Cloutier et al.
1991; Rivard et a. 1996; Yamagishi et al. 1996). Surviv-
ing monoploids, however, show a unique change of seg-

ping software such as MAPMAKER (Lander et al. 1987).

The mapping procedure should be started with the
marker which shows the highest degree of distortion be-
cause this marker locus should theoretically be located
closest to a distortion-causing locus (“seed marker”).
Other distorted markers showing a lack of independence
from this seed marker based on X2 test are then pooled
together as a linkage group. The combined observed and
simulated marker data are then used for mapping. The
genotypes of the distortion-causing locus are simulated
with distortion and non-distortion alleles segregated by
the expected ratio 1:1 with all observed individuals pos-
sessing the non-distortion allele. Markers with amild de-
gree of distortion and not included in the linkage groups
already established are questionable when used as seed
to locate the distortion-causing locus and thus should be
avoided for the mapping purposes.

A total of 25 markers showed distorted segregation in
the present study. Seventeen of them were members
from four linkage groups (Table 3). Three groups had
distortion-causing loci at both ends of the map, and rep-
resented integrated segments of the chromosomes. It is
interesting to note that 10 out of 12 recombination ana-
lyses in Table 3 had one of the four genotypes missing.
The remaining two analyses also showed very low fre-
guencies of one genotype. All of the recombinants are
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the double crossover genotypes which are expected to
show low frequencies when they are linked with a distor-
tion-causing locus (Table 1). A comparison of genome
structures between potato and tomato (Bonierbale et al.
1988) indicated that there were nearly identical linkage
maps but that the potato had a much shorter total map
length than the tomato, suggesting that the potato had a
lower frequency of double crossovers between neigh-
bourhood loci than that of the tomato.

Use of monoploids and their corresponding doubled
haploids will unquestionably enhance the proficiency of
gene mapping after the obstacle of segregation distortion
is removed. Specifically, monoploids have the potential
for locating genes showing segregation for characteris-
tics of valuable economic traits such as disease and pest
resistance, quality, and yielding ability of agronomic
crops.
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