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A b s t r a c t  The utility of two poUen genetic markers for es- 
timating the extent of meiotic recombination between the 
centromere and a marker gene was tested in 2n pollen of 
diploid potato clones. One of these markers was the distal 
locus amylose-free (amf) on chromosome 8 and the other 
was the isozyme locus alcohol dehydrogenase (Adh-l) on 
chromosome 4. In the case of the amf locus, the gene-cen- 
tromere distance was estimated in a normal synaptic and a 
desynaptic genotype. In both cases the genetic analysis was 
confined to: (1) a direct estimation of the phenotypic (blue 
vs red) segregation ratios in FDR (first-division restitu- 
tion) 2n pollen and (2) a classification of the 4x progeny 
from 4x (nulliplex amf) x 2x (Amf/amf) crosses into du- 
plex, simplex and nulliplex classes. The recombination fre- 
quency between the centromere and the amf locus in the 
normal synaptic genotype B92-7015-4 corresponded to a 
gene-centromere distance of 48.8 cM, whereas this dis- 
tance amounted to 13.3 cM in the desynaptic genotype 
RS93-8025-1. Hence desynapsis reduced crossing-over by 
73%. The observed genetic distance of 48.8 cM in the nor- 
mal synaptic clone, B92-7015-4, is the highest gene-cen- 
tromere distance reported so far in potato and this could be 
explained on the assumption of absolute chiasma interfer- 
ence. For the Adh-1 locus, it was found that heterozygous 
2n pollen grains could be detected in pollen samples of the 
diploid clones, because of the occurrence of a heterodi- 
meric band of the isozyme. Unlike the amf locus, the gene- 
centromere distance for the Adh-1 locus was estimated only 
on the basis of the duplex, simplex and nulliplex classes 
in the progenies from 4x (nulliplex Adh-12) x B92-7015-4 
(Adh-ll/Adh-1 e) crosses and was found to be 19.4 cM. Be- 
cause the accurate positions of centromeres in relation to 
other loci are not available in the existing genetic maps of 
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potato, which are saturated with molecular markers, half- 
tetrad analysis is a promising additional approach to the 
basic genetics of this crop. 

K e y  w o r d s  2n gametes �9 C r o s s i n g - o v e r  �9 D e s y n a p s i s  �9 
Amylose-free starch �9 Alcohol dehydrogenase �9 
Solanum tuberosum 

Introduction 

As in many other crops, genetic maps of the diploid 
(2n=2x=24) cultivated potato, Solanum tuberosum, have 
become available in recent years (Bonierbale et al. 1988; 
Gebhardt et al. 1991; Tanksley et al. 1992; Jacobs et al. 
1995; Van Eck et al. 1995). Despite the localization of nu- 
merous molecular and some morphological markers on the 
12 possible linkage groups of potato, the maps do not ac- 
curately indicate the positions of the centromeres in rela- 
tion to these marker loci. Information about centromere 
position is important for providing fixed points in the link- 
age groups of genetic maps, distinguishing both chromo- 
some arms, identifying proximal and distal marker genes, 
and investigating interference. One method of localizing 
centromeres in relation to marker loci is through 'half-tet- 
rad analysis' (HTA), or 'gene-centromere mapping', which 
has been successfully used in some plants (Rutishauser 
1956; Nel 1975; Qu and Hancock 1995) as well as in fishes 
(Thorgaard et al. 1983; Allendorf et al. 1986; Seeb and 
Seeb, 1986; Liu et al. 1992; Johnson et al. 1996) and mam- 
mals (Eppig et al. 1983; Jarrell et al. 1995). However, the 
application of this method requires that the organisms stud- 
ied produce numerically unreduced (2n) gametes or that 
their first-meiotic-division products can be isolated, and 
that the cytological mode of origin of 2n gametes is clearly 
known. In potato, 2n gametes occur frequently (Den Nijs 
and Peloquin 1977), and their cytological modes of origin 
have been elucidated as first-division restitution (FDR), 
second-division restitution (SDR), or a mixture of both 
types (Peloquin et al. 1989). One of these modes of origin 
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is fused spindle formation during metaphase-II  and ana- 
phase-II  which gives rise to FDR gametes (Mok and Pe- 
loquin 1975; Ramanna  1979). 

So far, HTA has been carried out in potato by monitor-  
ing segregation ratios in the tetraploid (2n=4x=48) proge- 
nies derived f rom crosses between 4x (nulliplex) x 2x (het- 
erozygotes) ,  or vice versa (Mendiburu and Peloquin 1979; 
Douches  and Quiros 1987, 1988; Jongedijk et al. 1991 a; 
Wagenvoor t  and Z imnoch-Guzowska  1992; Werner et al. 
1992; Barone et al. 1995). Instead o f  analysing the 4x prog- 
enies, it would be more efficient to monitor  segregation for 
marker genes in the 2n gametes themselves. The combina-  
tion of  pollen-specific markers in diploid clones that pro- 
duce 2n pollen through fused spindle formation offers the 
possibility of  analyzing large samples of  FDR 2n gametes 
in potato. 

In the present investigation we have tested the utility of  
two pollen markers for such an approach. The first involves 
the monogenic  recessive mutant  amyIose-free (amf), with 
a modif ied potato starch composi t ion (Jacobsen et al. 
1989). There are a number  o f  advantages in using this ge- 
netic marker: (1) iodine-potassium iodide staining of  the 
microspores enables unambiguous  scoring of  the wild-type 
(blue) and mutant  (red) phenotypes;  (2) large samples of  
both n and 2n microspores can be easily scored (Jacobsen 
et al. 1991): (3) at the tetraploid level, duplex, simplex, and 
nulliplex genotypes can be identified (Flipse et al. 1996), 
and (4) its locus is assigned to the distal part of  chromo-  
some 8 of  potato (Gebhardt et al. 1991; Jacobs et al. 1995). 
The second genetic marker  is the dimeric i sozyme alcohol 
dehydrogenase  (ADH),  which is expressed in the pollen of  
potato and is found to be a proximal marker (Douches and 
Quiros 1987). In tomato, the A D H  isozyme in mature pol- 
len grains (Tanksley et al. 1981) is known to be encoded 
by theAdh-1 locus on chromosome 4 (Tanksley et al. 1992). 
In the present investigation, the nomenclature Adh-1 used 
in tomato has been retained for potato, because the locus 
that encodes the A D H  isozyme in the mature pollen of  po- 
tato has also been localized on chromosome 4 (Jacobs et al. 
1995). 

In order to test the effectiveness of  gene-centromere 
mapping, the segregation data f rom 2n microspores in dip- 
loid heterozygotes  were compared  with those f rom proge- 
nies of  4x (nulliplex) x 2x (heterozygotes) crosses. The 
specific aims of  the HTA were: (1) to estimate the genetic 
distance between the amf locus and the centromere; (2) to 
determine the effect of  desynapsis (ds-1) (Jongedijk and 
Ramanna  19 8 9) on the extent of  cros sing-over between amf 
and the centromere;  and (3) to verify the proximal position 
o f  the Adh-1 locus. 

Materials and methods 

(ver). The choice of the diploid genotypes was based on the follow- 
ing criteria: (1) allelic differences for amylose-free (amj) starch re- 
sulting from the defective granule-bound starch synthase (GBSS) lo- 
cus on chromosome 8 (Gebhardt et al. 1991; Jacobs et al. 1995), (2) 
normal (Ds-1/.) versus desynaptic (ds-1/ds-1) chromosome pairing 
behaviour, and (3) the presence or absence of 2n pollen. The geno- 
types at theAdh-1 locus on chromosome 4 (Tanksley et al. 1992; Ja- 
cobs et al. 1995) of the three selected clones were identified based 
on differences in the electrophoretic migration of ADH-1 proteins, 
demonstrating the presence of the alleles Adh-11, Adh-I 2, and 
Adh-13. The genotypes and parentages of each of the three diploids 
are as follows: 

1. HB93-7108-08: Amf/amf; Adh-12/Adh-13; Ds-1/. This clone is an 
interspecific hybrid between clone B 16 of mcd (BGRC 18568) and 
clone 87-1031-29 of tbr (Jacobsen et al. 1989), and produces only n 
pollen. It was used as a control for monitoring the segregation of the 
amfand Adh-1 markers in n pollen. 
2. B92-7015-4: Amf/amf; Adh-ll/Adh-F; Ds-1/.. This clone produc- 
es a high frequency of 2n pollen. It is a hybrid between clone 
880004-2 of predominantly tbr origin (Jacobsen et al. 1991) and 
clone IVP 101 of predominantly phu origin (Hutten et al. 1994). B92- 
7015-4 was used for monitoring the segregation of the amfand Adh- 
1 markers in both n and 2n pollen. 

2 2 3. RS93-8025-1: Amf/amf; Adh-1 /Adh-1 ; ds-1/ds-1. This clone was 
derived from the cross between clones 880004-11 and EC322, both 
of which are heterozygous for desynapsis (Ds-1/ds-1) (Jacobsen et 
al. 1991). In a population with 112 normal synaptic (Ds-1/.) and 28 
desynaptic (ds-l/ds-1) plants, the clone RS93-8025-1 was the only 
one that expressed the desired four characters, viz., heterozygosity 
for amf, homozygosity for ds-1, male fertility, and the formation of 
2n pollen. 

The five tetraploid genotypes were all nulliplex for the amfmarker. 
The clones J90-6001-25, J90-6011-3, J90-6020-17, J90-6020-22 were 
derived from amf/amf/amf/amf x Amf/amf crosses (Jacobsen 
et al. 1991), whereas clone HB93-7133-3 was derived from the self- 
ing of a duplex genotype, involving the diploid clone BE1050 (Hut- 
ten et al. 1995) and the tetraploid clone J90-6011-3. Among the tetra- 
ploid clones, only HB93-7133-3 was homozygous for the Adh-I mark- 
er (Adh-12/Adh-12/Adh-12/Adh-12); all the others were heterozygous. 

Plants were grown in the greenhouse either on bricks or as grafts 
on tomato root-stocks in order to induce flowering. The tetraploid 
female parents were emasculated 2-3 days before the opening of the 
flowers and pollinated when stigma were receptive. Berries were har- 
vested about 6 weeks after pollination. The 4x progenies derived 
from 4x (nulliplex) x 2x (heterozygous) crosses were used to classi- 
fy the duplex, simplex and nulliplex genotypes. Hereafter, these 4x 
progenies will be indicated as 4x.2x progenies. 

Cytological analysis of 2n pollen formation 

For the study of n and 2n microsporogenesis young anthers were 
fixed in a 3:1 mixture of ethanol and propionic acid (saturated with 
ferric acetate), and squashed in a 2% aceto-carmine solution. In these 
preparations, the number of bivalents was estimated in at least 
50 cells. Since fused spindles give rise to FDR 2n pollen formation 
in both normal synaptic and desynaptic clones (Jongedijk et al. 1991 
b), the frequency of fused spindle formation was investigated in 
100-600 cells per clone. For the estimation of pollen stainability and 
the frequency of 2n pollen, 500-1000 mature pollen grains were 
counted after staining with lactophenol acid fuchsin. Within the sam- 
ple of stainable pollen, 2n pollen was distinguished from normal re- 
duced pollen on the basis of grain size and the number of germ pores 
(Jacobsen 1976; Ramanna 1979). 

Plant material Iodine staining for starch phenotypes (amf-marker) 

Three diploid (2n=2x=24) and five tetraploid (2n=4x=48) genotypes 
were generated from complex crosses between diploid S. tuberosum 
(tbr), S. phureja (phu), & microdontum (mcd), and S. verrucosum 

Anthers of flower buds were collected about 1 day before anthesis, 
and two anthers per bud were squashed in a drop of Lugol/chloral 
hydrate (1:2) (Jacobsen et al. 1991; Flipse et al. 1996). Microspores 
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with blue or red starch were counted. In the clones B92-7015-4 and 
RS93-8025-1, the number of blue and red microspores were deter- 
mined separately in the large 2n and in the smaller n microspores. In 
tetraploids, about 50 microspores were scored for the confirmation 
of nulliplex (100% red) genotypes, and 100-500 microspores were 
scored to distinguish the simplex (blue: red=l:l) and duplex (blue: 
red=5:l) genotypes. Segregation data of similar and homogeneous 
(Phomogeneity>0.05) 4X.2X progenies were pooled. Chi-square tests 
were used to test the goodness of fit to the expected ratios, signifi- 
cant at the 0.001 level. 

Isozyme analysis of ADH- 1 

For ADH- 1 isozyme electrophoresis mature anthers of three flowers 
were collected and ground in a 1% solution of 2-mercaptoethanol in 
order to extract proteins. Electrophoresis through a 12.5% poly- 
acrylamide gel (Phast System) and staining were both carried out ac- 
cording to Jacobs et al. (1995). Based on the electrophoretic mobil- 
ity of ADH- 1, three different homodimeric variants were detected. 
In order of decreasing mobility, these variants were designated as 
ADH-11/1, ADH_ 12/2, and ADH-13/3, encoded by the alleles Adh-11, 
Adh-12, and Adh-13 respectively. In tetraploids, the simplex geno- 
types were distinguished from the duplex genotypes on the basis of 
the intensity of the homodimeric bands (Douches and Quiros 1987). 

m o s o m e  pairing and the resti tution mechan ism of 2n pol-  
len formation.  The control diploid, HB93-7108-08,  and the 
2n pol len-forming clone, B92-7015-4,  exhibited normal  
bivalent  pairing and a high percentage of  pollen stainabil- 
ity (Table 1). Unlike these, the desynaptic  clone RS93- 
8025-1 had an average  of  about three bivalents  per cell and, 
consequently,  pollen stainability was very low. The char- 
acteristic feature of  the control  genotype,  HB93-7108-08,  
was that fused spindles were comple te ly  absent at the met-  
aphase-II  stages and only stainable (n)pol len  grains of  uni- 
form size (+23 g m  diameter)  were formed.  On the other 
hand, B92-7015-4 produced both n and 2n pollen grains. 
The  2n pollen grains were distinctively large in size (far 
exceeding 23 gin) and amounted to 63% of  the stainable 
pollen. In the desynapt ic  clone RS93-8025-1,  only the 2n 
pollen grains were stainable. There was a correspondence  
between fused spindle and functional 2n pollen format ion 
in both B92-7015-4 and RS93-8025-1 (Table 1). This in- 
dicates that the 2n pollen in both clones originated through 
FDR. 

Gene-centromere mapping 

Assuming complete chiasma interference, gene-centromere dis- 
tances were estimated according to the formulae of Mendiburu and 
Peloquin (1979) using the frequencies (f) of the different geno- 
types in the segregating population. For the amf marker gene in 
FDR 2n pollen the gene-centromere distance was estimated as 
2.f(amf/amf).lO0 eM. From the analysis of 4x.2x progenies, the 
gene-centromere map distance was estimated as f(nulliplex+duplex). 
100 cM, for both the Adh-1 and the amfmarker. The 95% binomial 
confidence interval (fi ,fj) for the frequency (f) of nulliplex geno- 
types in a population of n individuals was calculated according to 
Fruend (1971) as: 

(fi ,fj)=n/(n+(1.96)2) " {f+[(1-96) 2/2n] 
_+1.96 �9 ~ [f(l-f)/n+(1.96)2/4n a] }. 

The corresponding confidence interval for the estimated gene-cen- 
tromere distance was derived by substituting fi and fj in the relevant 
mapping formulae. 

Results 

Microsporogenes is  in diploids 

Microsporogenes is  and pollen format ion were examined 
in the three diploid clones to invest igate the level of  chro- 

Segregat ion for the amfmarker in diploids and est imates 
of  its map distance to the centromere  

Based on starch phenotypes  and size, the microspores  
of  both diploid and tetraploid clones could be unambigu-  
ously classified (Fig. 1 A-J) .  All three diploid clones seg- 
regated for the blue and red microspore  phenotypes .  The 
n pollen of  the control clone, HB93-7108-08,  segregated 
1 blue : 1 red (Fig. 1 D), as expected. In B92-7015-4,  which 
formed both n and 2n pollen, the segregation ratios for the 
two classes were different (Fig. 1 E). Whereas  the n mi-  
crospores segregated approximate ly  1 blue : 1 red, as ex- 
pected, the 2n microspores  showed a segregat ion ratio of  
3 blue : 1 red (Table 2). This 3:1 segregat ion of  2n micro-  
spores could be explained by assuming one cross-over  
between the centromere  and the amf locus in all pollen 
mother  cells, fo l lowed by random assor tment  of  cross-over  
and non-cross-over  chromatids  during the restitutional 
(fused spindle) anaphase-I I  stage. As a result of  this, the 
three genotypes  of  2n microspores ,  viz., Amf/Amf; Amf/amf 
and amf/amf, were expected to occur  with a ratio of  1:2:1 
respectively,  which is in agreement  with the observed value 
of  3 blue (Amf/.) to 1 red (amf/amf). Based on the micro-  
spore segregation data of  this clone, the gene-cent romere  

Table 1 Meiotic behaviour 
(bivalent formation and per- 
centage of fused spindles), and 
pollen formation (percentages 
of stainable pollen and 2n pol- 
len) in three diploid clones 
HB93-7108-08 (control), B92- 
7015-4 (normal synaptic) and 
RS93-8025-1 (desynaptic) 

Diploid clone Average 
(AmJYamf): number of 

bivalents 
per cell 

Percentage of 

HB93-7108-08 12.0 
(Ds-1/.) 
B92-7015-4 12.0 
(Ds-1/.) 
RS93-8025-1 2.7 
(ds-1/ds-1) 

Fused spindles Stainable pollen 2n pollen 
(per 100 pollen (per 100 pollen (per 100 stainable 
mother cells) grains) pollen grains) 

0 90 0 

75 72 63 

12 12 100 



Fig. 1 A - J  Starch phenotypes 
of blue and red in n and 2n mi- 
crospores in diploid (A-F) and 
tetraploid (G-I) genotypes. 
A-C n micr0spores in three 
diploid genotypes; A = wild- 
type Amf/Amf; B = heterozy- 
gous genotype Amf/amf; and 
C = mutant genotype amf/amf. 
Note the 1 blue : 1 red segrega- 
tion in B as compared to solely 
blue and red in A and C respec- 
tively. D-F n and 2n micro- 
spores in heterozygous diploid 
clones. D shows the micro- 
spores of the control clone, 
HB93-7108-08, containing only 
small (n) microspores with blue 
and red starch phenotypes. 
E shows the segregation for 
small (n) and large (2n) micro- 
spores in the normal synaptic 
clone, B92-7015-4, in which 
both types segregate for blue 
and red phenotypes. F shows 
the microspores of the desynap- 
tic clone, RS93-8025-1, show- 
ing large functional 2n micro- 
spores (blue and red) and the 
aborted ones. G-J  microspore 
segregation pattern in the wild- 
type tetraploid genotype (G) 
and in the three genotypic 
classes of 4x progenies derived 
from 4x (nulliplex amy') x 2x 
(Amf/arnf)-crosses (H-,I). 
G = quadruplex (Amf/Amf/ 
Amf/Amy') genotype, all blue; 
I t  = duplex (Amf/Amf/amf/amf), 
5 blue : 1 red; I = simplex 
(Amf/amf/amf/amf), 1 blue : 
1 red and ,l = nulliplex 
(amf/amf/amf/amf), all red 
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dis tance  for the amf locus was es t imated  as 48.8 cM 
(42 .5-55 .6  cM). Al though  the desynapt ic  c lone RS93-  
8025-1 also p roduced  2n microspores  through fused spin- 
dles (i.e. F D R  as in B92-7015-4 ) ,  the segregat ion  o f  
b lue : red  mic rospores  dev ia ted  s igni f icant ly  f rom the ex-  

pec ted  3:1 ratio (Table 2; Fig. 1 F). This resul t  could  be ex- 
p la ined  on the basis  of  a reduct ion  o f  ch iasma  format ion  
due to desynaps i s  in this clone.  The map dis tance  be tween  
the cent romere  and the amflocus in RS93-8025-1 was es- 
t imated  as 13.3 cM (10 .9-16 .2  cM). 
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Table 2 Segregation ratios of 
n and 2n microspores for blue 
and red phenotypes in three 
diploid clones HB93-7108-08 
(control), B92-7015-4 (normal 
synaptic) and RS93-8025-1 
(desynaptic) 

Diploid clone n Microspores 2n Microspores 
(Amf/amf) 

Blue Red P1:1 Blue Red P3:I a 
(Am f) (am f) (Am f~.) ( amf/amf) 

HB93-7108-08 232 222 >0.6 - - 
(Ds-1/.) 
B92-7015-4 365 296 >0.005 496 160 >0.6 
(Ds-1/.) 
RS93-8025-1 - - 1305 93 <0.0005 
(ds-1/ds-1) 

a Assuming FDR and complete chiasma interference 

Table 3 Genotype classes of duplex, simplex and nulliplex 4x progenies derived from 4x (nulliplex amJ) x 2x (Amf/amf) crosses. Both the 
normal synaptic diploid parent B92-7015-4 and the desynaptic diploid parent RS93-8025-1 produced 2n pollen through fused spindles 
(FDR) 

4x female parent 2x male parent 4x.2x progeny (4x) 

# Duplex (%) # Simplex (%) # Nulliplex (%) Total 
(amf/amf/amf/amf) (Amf/amf) (Amf/Amf/amf/amf) (Amf/amf/amf/amf) (amf/amf/amf/amf) 

HB93-7133-3 B92-7015-4 8 (17) 28 (60) 11 (23) 47 
J90-6001-25 (Ds-1/.) 32 (26) 62 (51) 27 (22) 121 
J90-6011-3 19 (15) 84 (65) 27 (21) 130 
J90-6020-22 24 (15) 102 (65) 32 (20) 158 
Total 4x.2x-progenies a 83 (18) ' 276 (61) 97 (21) 456 

HB93-7133-3 RS93-8025-1 1 (2.0) 45 (90) 4 (8.0) 50 
J90-6011-3 (ds-i/ds-I) 14 (8.6) 134 (83) 13 (8.1) 161 
J90-6020-17 1 (4.5) 21 (95) 0 (0.0) 22 
J90-6020-22 9 (4.0) 202 (90) 13 (5.8) 224 
Total 4x.2x-progenies a 25 (5.5) 402 (88) 30 (6.6) 457 

a 4x.2x progenies are homogeneous, P(Z a homogeneity)>0.05 

Classification of 4x.2x progenies for amfmarker 
segregation 

The segregation of the amf marker in 2n microspores al- 
lowed a distinction between only two phenotypic classes, 
viz., blue (Amf/.) and red (amf/amf). In order to distinguish 
all three expected classes, Amf/Amf; Amf/amfand amf/amf, 
it was necessary to generate 4x progenies from 4x (nulli- 
plex amf) x 2x (Amf/amf) crosses and classify these 4x.2x 
progenies into duplex, simplex, and nulliplex genotypes. 
Such a classification, based on the segregation for starch 
phenotypes of microspores in tetraploids (Figs. 1 G-J) ,  
was carried out for two population types in which the nor- 
mal synaptic (B92-7015-4) and the desynaptic (RS93- 
8025-1) clones, respectively, were used as male parents on 
a set o f  four different female parents (Table 3). In both 
types of population, about 450 plants of the 4x.2x proge- 
nies could be classified into duplex, simplex and nulliplex 
(Figs. 1 H-J )  genotypes. Since both the duplex and nulli- 
plex genotypes originated from a crossover between the 
centromere and the amf locus, followed by FDR in 
pollen mother cells, these two classes were expected to 
occur at equal frequencies. The observed numbers of du- 
plex and nulliplex genotypes (83 and 97 in the 4x.2x prog- 
enies of B92-7015-4; 25 and 30 in the 4x.2x progenies of 

RS92-8025-1) in both cases fit a 1:1 ratio (Za=I.09 and 
0.45 respectively). The map distance between amfand the 
centromere was estimated as 39.5 cM (35.1-44.0 cM) in 
the normal synaptic clone B92-7015-4, and as 12.0 cM 
(9.2-15.2 cM) in the desynaptic clone RS93-8025-1. 

A heterodimeric band of ADH-1 as an indication 
of FDR 2n pollen 

Isozyme analysis of the Adh-1 marker gene in the diploid 
clones that were used for the analysis of n and 2n pollen 
revealed different numbers of bands per clone (Fig. 2). The 
control HB93-7108-08 (Adh-12/Adh-I 3) showed two 
homodimeric bands encoded by the alleles Adh-12 and 
Adh-13. Since the desynaptic clone RS93-8025-1 was ho- 
mozygous (Adh-12/Adh-l~), it showed only the homodimer 
encoded by the Adh-12 allele. The characteristic feature of 
the normal synaptic clone B92-7015-4 (Adh-ll/Adh-12) 
was that it showed not only the two homodimeric bands 
ADH- 11/1 and ADH- 12/2, but also an extra band of the het- 
erodimeric protein ADH-11/2. The presence or absence of 
the heterodimer was investigated in relation to pollen pro- 
duction in these clones. The control clone was not able to 
produce any 2n pollen and showed only the homodimeric 



Fig. 2 Zymogram of pollen samples of the three diploid clones. 
Lane 1 shows the homodimers ADH-12/2 and ADH-1 ~/3 in a pollen 
sample of the control clone HB93-7108-08 (Adh-12/Adh-13). 
Lane 2 shows the homodimer ADH-12/2 in a pollen sample of the 
desynaptic clone RS93-8025-1 (Adh-12/Adh-12). Lane 3 shows the 
homodimeric bands ADH-11/1 and ADH-12/2, and the extra band of 
the heterodimer ADH-11/2 in a pollen sample of the normal synap- 
tic clone B92-7015-4 (Adh-ll/Adh-12), indicating the presence of 2n 
pollen grains of genotype Adh-lr 

bands. Obviously, the pollen mixture comprised only the 
haploid genotypes Adh-12 and Adh-13, so the two subunits 
of the isozyme were never present in the same cell to form 
a heterodimer. The clone B 92-7015-4 produced 63 % of 2n 
pollen and was able to produce the heterodimeric protein 
ADH-11/2 (Fig. 2) in all heterozygous FDR 2n pollen, as 
identified by the presence of both Adh-11 and Adh-12 al- 
leles in the same cell. Since the heterodimeric band was 
strong, the pollen mixture had to include a lot of 2n pollen 
with the Adh-ll/Adh-12 genotype. Assuming Adh-1 to be 
a proximal marker gene, these genotypes confirmed the 
expected FDR origin of the 2n pollen. 

Classification of 4x.2x progeny for Adh-1 
marker segregation 

Pollen of 36 tetraploid offspring plants from the 4x.2x cross 
2 2 2 2 between HB93-7133-3 (Adh-1/Adh-1/Adh-1/Adh-1 ) 

and B92-7015-4 (Adh-ll/Adh-12) was used for the classifi- 
cation of the genotype for the isozyme marker Adh-1. The 

2 2 2 2 nulliplex (Adh-1/Adh-1/Adh-1/Adh-1 ) genotypes were 
identified based on the absence of the homodimer 
ADH-12/2, while the simplex (Adh-ll/Adh-12/Adh-12/ 

2 Adh-1 ) genotypes were distinguished from the duplex 
l ] 2 2 (Adh-1 /Adh-1/Adh-1/Adh-1 ) genotypes based on the 

intensity of each of the bands of the homodimers ADH- 
1 t/t and ADH-11/1. The 4x.2x progeny segregated into 
three genotypic classes in the ratio of nulliplex: simplex: du- 
plex = 5:29:2 respectively. The gene-centromere map dis- 
tance of the Adh-1 marker in clone B92-7015-4 was esti- 
mated as 19.4 cM (9.7-35.0 cM). 

Discussion 

The utility of the amfmarker for studying the extent 
of crossing-over 
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In addition to the clear-cut identification of phenotypes in 
large populations of n microspores (Fig. 1), it is possible 
to estimate the extent of crossing-over between the amf 
locus and the centromere by the segregation patterns in 2n 
microspores. For example, a clear difference between the 
segregation ratios of n and 2n microspore samples was ob- 
served in clone B92-7015-4 (Table 2). Its n microspores 
segregated 1 blue: 1 red (monogenic), as in the control 
clone HB93-7108-08, whereas the 2n microspores dis- 
played a ratio fitting 3 blue : 1 red. Because the 2n micro- 
spores of clone B92-7015-4 were produced after fused- 
spindle formation, they have a FDR origin. Therefore, the 
occurrence of 24.4% red 2n microspores in this clone 
should be interpreted as due to a high frequency of pollen 
mother cells with one cross-over between the amf locus 
and the centromere, resulting in a gene-centromere map 
distance of 48.8 cM (42.5-55.7 cM). Indeed, this marker 
has been localized to the most distal part of chromosome 
8 in genetic linkage maps of potato (Gebhardt et al. 1991; 
Jacobs et al. 1995). However, the latter investigations re- 
vealed no information about the gene-centromere distance. 
The 3:1 ratio of blue (Amf/.) and red (amf/amf) 2n micro- 
spores was also found by Jacobsen et al. (1991) in 2n 
microspores of three normal synaptic diploid clones, 
which are closely related to clone B92-7015-4. For the pa- 
rental clone 880004-2, which forms fused spindles, they 
observed 178 blue (AmfZ) and 56 red (amf/amf) micro- 
spores. From their data a gene-centromere map distance of 
47.9 cM (37.8-59.6 cM) can be calculated. This is very 
close to the estimation of 48.8 cM in the present investi- 
gation. 

In 2n microspores, only two of the expected three gen- 
otypic classes can be detected, because amf/amf genotypes 
are red, and both the Amf/Amf and Amf/amf genotypes are 
blue. The only method of classifying all three genotypes 
of 2n microspores is via identification of duplex, simplex 
and nulliplex genotypes in 4x progenies from nulliplex 
tetraploids x heterozygous diploids, as demonstrated in Ta- 
ble 3. The numbers of nulliplex and duplex genotypes fit 
the expected 1:1 ratio, but a slight shortage of duplex gen- 
otypes is observed. Owing to this shortage, the amf-cen- 
tromere distance of 39.5 cM, as calculated from the 4x.2x 
progenies data of clone B92-7015-4 (Table 3), is lower 
than the distance of 48.8 cM calculated from the 2n micro- 
spores (Table 2). The shortage of duplex genotypes may 
be due to misclassification of simplex and duplex geno- 
types in the 4x.2x progeny, rather than to any other 
putative cause. The rationale of this assumption is the fit 
of 359 (duplex+simplex) : 97 (nulliplex) to 3 blue : 1 red 
(Z2=3.38), as observed also in 2n microspores (Table 2). 
Pooling of the simplex and duplex genotypes resulted in a 
gene-centromere distance of 42.5 cM (35.5-50.7 cM). In 
view of the overlapping confidence intervals, the estimates 
of amf-centromere map distances derived from 2n micro- 
spore segregations and those from the segregations in 4x.2x 
progenies are not significantly different. 

This investigation demonstrates the usefulness of the pol- 
len marker amffor a study of basic genetics in the potato. 
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Indications for one cross-over per arm 

Assuming complete chiasma interference in FDR 2n gam- 
etes, a distal marker (A/a) is expected to segregate 
A. :aa=3:1 or AA:Aa:aa=1:2:1 and, therefore, its gene-cen- 
tromere distance is estimated as 2.[f(aa)=l/4].lO0 cM= 
50 cM (Mendiburu and Peloquin 1979). Assuming random 
multiple exchanges per chromosome arm, the segregation 
of a distal marker is expected to be independent of the 
centromere, and should be A. :aa=5:1 or AA:Aa:aa= 1:4:1 
(Mather 1935). In this model, the frequency of aa gametes 
will not exceed 1/6 for distal genes. In the model of Men- 
diburu and Peloquin (1979), a frequency of aa gametes 
of 1/6 corresponds to a gene-centromere distance of 
2.[f(aa)=l/6].lO0 cM=33.3 cM. Therefore, estimates of 

gene-centromere distances exceeding 33.3 cM are in fa- 
vour of the complete chiasma interference model of Men- 
diburu and Peloquin (1979). However, marker genes with 
a gene-centromere distance of more than 33.3 cM are 
rarely found in HTA experiments in potato (Douches and 
Quiros 1987; Jongedijk 1991 a; Wagenvoort and Zimnoch- 
Guzowska 1992). Consequently, Jongedijk (1991 a) sup- 
ported a genetic model for random multiple exchanges per 
chromosome arm (Mather 1935). Since our estimates of 
the gene-centromere distance of the amfmarker in FDR 2n 
pollen and 4x.2x progenies clearly exceeded 33.3 cM, our 
data indicate that multiple cross-overs do not occur 
between the centromere and the amf locus. This corrobo- 
rates the model of Mendiburu and Peloquin (1979). The 
occurrence of one cross-over per arm has been further con- 
firmed through RFLP analysis of 2x.4x progenies in po- 
tato (Bastiaanssen et al., in preparation). This genetic ev- 
idence for a high degree of chiasma interference agrees 
with cytological observations of 13.3-14.0 chiasmata per 
cell (or 1.2 per bivalent) in diploid potato (Jongedijk and 
Ramanna 1989) and 17.1+2 chiasmata per cell in tomato 
(Sherman and Stack 1995). In line with this situation, gene- 
centromere mapping in different fish species (Thorgaard 
et al. 1983; Allendorf et al. 1986; Seeb and Seeb 1986; Liu 
et al. 1992) revealed evidence for complete chiasma inter- 
ference. 

Reduction of crossing-over due to desynapsis 

A genotype combining pollen fertility, FDR 2n microspore 
formation, the amf marker gene in a heterozygous condi- 
tion (Amf/amf), and desynapsis (ds-1/ds-1), could be used 
for demonstrating the effect of desynapsis on the extent of 
crossing-over through HTA. In the population RS93-8025 
with 140 plants only one such genotype was selected. The 
fertile pollen (12%) of this selected desynaptic clone RS 93- 
8025-1 comprised only FDR 2n pollen (Table 1). This FDR 
origin of 2n microspores enabled a comparison of the ex- 
tent of crossing-over between the centromere and the amf 
locus in the desynaptic clone RS93-8025-1 with that in the 
normal synaptic clone B92-7015-4. Whereas the gene-cen- 
tromere distance was found to be 48.8 cM in the normal 
synaptic clone, itwas only 13.3 cM in the desynaptic clone. 

This was confirmed both in 2n microspores and in 4x.2x 
progenies. This reduction of crossing-over (73%) nearly 
equals the observed reduction (78%) in bivalent formation 
from 12.0 bivalents per cell in the normal synaptic clone 
to 2.7 bivalents per cell in the desynaptic clone (Table 1). 
Severe reduction of recombination of more than 70% in 
desynaptic potato clones was also found in other HTA stud- 
ies in which different markers were used (Douches and 
Quiros 1988; Jongedijk et al. 1991 a). 

Segregation of Adh-1 in 2n pollen and in 4x.2x progenies 

Although the isozyme ADH-1 can be used as a pollen 
marker, the phenotypic classes of 2n pollen grains cannot 
be distinguished individually in the present material. How- 
ever, this isozyme is helpful for an assessment of the 
occurrence of FDR 2n pollen because of the presence of 
heterodimeric bands. Such heterodimeric bands occur only 
in cells where two different alleles are expressed, as in the 
case of heterozygous 2n pollen grains. Owing to its rela- 
tively proximal position, the large amount of heterozygous 
2n pollen found in clone B92-7015-4 (Fig. 1) and the 
80.6% of simplex (Adh-ll/Adh-12/Adh-12/Adh-12) 4x.2x 
progeny plants confirmed the FDR origin of this 2n pol- 
len. The corresponding map distance between the centro- 
mere and the Adh-1 locus was estimated to be 19.4 cM 
(9.7-35.0 cM) and is comparable with the distance of 
15.8 cM that was found by Douches and Quiros (1987) for 
the ADH isozyme which is expressed in the pollen of 
potato. 

Gene-centromere mapping through pollen markers 

If a null allele at the Adh-1 locus becomes available, it will 
be possible, as was demonstrated in tomato (Wisman et al. 
1991), to distinguish individual pollen phenotypes just as 
in the case of the amfmarker. Also transformation of dip- 
loid potato clones producing FDR 2n pollen with reporter 
genes that are expressed in the pollen, like the cloned wild- 
type Amfallele (Flipse et al. 1996) or the/3-glucuronidase 
(GUS) gene, can be used to increase the number of genetic 
loci for the identification of individual pollen phenotypes. 
The possibility of using transgenics with pollen-specific 
marker loci at all 12 chromosomes would be of great im- 
portance for efficient gene-centromere mapping and defin- 
ing the extent of crossing-over in potato. Although tomato 
has been used for extensive genetic mapping, HTA has not 
been exploited in this model plant species because 2n gam- 
etes occur very rarely, if ever (Ramanna, unpublished). In- 
formation about the positions of centromeres in relation to 
molecular marker loci in tomato is only available for chro- 
mosomes 6, 7 and 9, obtained from mapping in deletion 
and trisomic lines (Van Wordragen et al. 1994; Frary et al. 
1996). In view of the synteny of the genetic maps of po- 
tato and tomato (Bonierbale et al. 1988; Tanksley et al. 
1992), the exploitation of 2n gametes for gene-centromere 
mapping in potato may be highly relevant to tomato as well. 
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