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ABSTRACT 

Artificial cross combinations of tetraploid Hyla versicolor were analyzed 
electrophoretically using a polymorphic malate dehydrogenase locus (MDH-1) 
to determine the mechanism of chromosome segregation. Models for differ- 
entiating between disomic and tetrasomic inheritance are presented and tested. 
In some crosses progeny genotypes fit a disomic mode of segregation. In other 
crosses there is only evidence for  a tetrasomic mode of segregation. Additional 
crosses produced genotypic ratios which conformed to either a disomic or 
tetrasomic mode of segregation. The same type of inheritance was demonstrated 
for any individual when used in multiple cross combinations. These results 
suggest that there exists in H.  versicolor a polymorphism with respect to segre- 
gation of gametes, resulting from differences in chromosome pairings during 
meiosis I. 

HE incidence of polyploidy in fish, amphibians, and reptiles has been re- 
viewed (BOGART 1980; SCHULTZ 1980). Unlike certain families of fish, whose 

major lineages may be derived from distant polyploid events (UYENO and SMITH 
1972; BAILEY, POULTER and STOCKWELL 1978), many polyploid species of frogs 
have closely related diploid species which form diploid-polyploid cryptic species 
pairs (BECAK, BECAK and VIZOTTO 1970; BOGART and WASSERMAN 1972; BATISTIC 
et al. 1975; BOGART and TANDY 1976; BOGART 1980; BARRIO 1980). In most cases 
the diploid and polyploid cryptic species of amphibians are morphologically 
similar and specific designations have not been formally recognized. 

The North American treefrogs Hyla chrysosceh and H. versicolor are such 
a diploid-tetraploid cryptic species pair. H .  versicolor has 48 chromosomes 
(WASSERMAN 1970) and almost twice the DNA of 24-chromosome H .  chrys- 
oscelis, but both species possess similar amounts of RNA (BACHMANN and Bo- 
GART 1975). The overall similarity of the two species and presence of quadriv- 
alents during meiosis in H. versicolor (BOGART and WASSERMAN 1972) suggest 
that H .  versicolor is an autopolyploid, but the actual classification of this species 
as an auto- or allopolyploid is not firmly established. H .  uersicolor may have 
arisen through hybridization in a zone of secondary contact between genetically 
distinct populations of H .  chrysocelis, or the presence of H .  uersicolor may have 

1 This work was supported by NSERC (Canada) grant A98G6. 
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subsequently isolated populations of H. chrysoscelis (BOGART and WASSERMAN 
1972). Eastern and western H .  chrysoscelis populations are reported to differ in 
vocalization (GERHARDT 1974; RALIN 1977) and allele frequencies (RALIN and 
SELANDER 1979). In addition, MAXSON, PEPPER and MAXSON (1977) reported 
immunological distance data, indicating genetic differences between eastern and 
western populations of H. chrysoscelis. Furthermore, these authors state that 
these populations have maintained separate gene pools for approximately four 
million years. They also suggest that H. uersicolor arose as a result of allotetra- 
ploidy involving eastern and western H .  chrysoscezis. RALIN (1978) contested the 
interpretation of MAXSON, PEPPER and MAXSON’S immunological data however, 
and justified the need for additional information. 

Distinguishing between an  autopolyploid o r  an allopolyploid ancestry using 
chromosome associations is difficult, due to the confounding nature of chromo- 
some diploidization (formation of two bivalents from a tetravalent through 
time) , and possible chromosome homology differences and/or gene regulation 
factors determinillg chromosome pairing. H. uersicolor provides a unique oppor- 
tunity to investigate these possibilities through the examination of chromosome 
segregation using isozyme markers. 

Studies with polyploid fishes demonstrate a general loss of duplicate gene ex- 
pression which has probably occurred during diploidization of the polyploid 
genome (ALLENDORF 1978; BAILEY, Poucrm and STOCKWELL 1978; FERRIS, 
PORTNOY and WHITT 1979). To date only disomic segregation, resulting from 
diploidized loci still retaiping duplicate gene expression, has been demonstrated 
in fish with a polyploid ancestry (ALLENDORF and UTTER 1973; ALLENDORF 
1975; MAY 1975; MAY, WRIGHT and STONEKING 1979). 

Reports of tetrasomic inheritance for blood albumins in a South American 
frog Odontophrynus americanus (BECAK, SCHWANTES and SCHWANTES 1968) 
and various enzymes in the salmonid fish: Coregonus lauaretus; Salmo gairdneri; 
and SalveZinus fontinalis (WOLF, ENGEL and FAUST 1970; ENGEL, OP’T HOF 
and WOLF 1970; STEGEMAN and GOLDBERG 1972), were based on examination 
of population phenotypes and, as pointed out by ALLENDORF and UTTER (1973), 
may be in error since population phenotypes are not a valid criterion upon which 
to base the existence of tetrasomic inheritance. Later studies, using artificial 
crosses, affirmed the disomic, rather than tetrasomic nature of chromosome segre- 
gation in the rainbow trout (S .  gairdneri) (ROPERS, ENGEL, and WOLF 1973; 
ENGEL, SCHMIDTKE and WOLF 1975). H .  uersicolor is a more recent tetraploid 
and might be expected to demonstrate tetrasomic inheritance. 

This study investigates chromosome segregation in H. uersicolor using isozyme 
variation at a malate dehydrogenase locus (MDH; E.G. 1.1.1.37) from liver 
tissue. This enzyme is dimeric in structure in H.  uersicolor and other hylid frogs 
which have been investigated (RALIN and SELANDER 1979; GERHARDT, GUTT- 
MAN and KARLIN 1980) , and exhibits duplicate gene expression in H. uersicoZor 
(RALIN and SELANDER 1979). The use of duplicate gene expression to determine 
allelic segregation at a locus has been established (ALLENDORF and UTTER 1973, 
1976; ALLENDORF 1975; ALLENDORF, UTTER and MAY 1975). 
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Crosses were performed to determine the mode of inheritance of MDH-1 al- 
lozymes in H .  uersicolor, and therefore to assess the nature of chromosome as- 
sociation at  meiosis I in this tetraploid species. The results of these crosses are 
reported in this paper. 

MATERIALS A N D  M E T H O D S  

The parents used were obtained from several distant localities to maximize the possibility of 
obtaining different alleles (Table 1). Ova and sperm were obtained using standard techniques 
(RUGH 1948; MECHAM 1965; BOGART and BOGART 1971). The females were either induced to 
ovulate by injection of pituitary gland suspensions (from Bufo americanus) or were captured 
in amplexus close to the laboratory and used for  crosses the same night. 

In the first series of crosses (78-3, -6, -13; and 79-3, -5, -6) (Table 1) the male parent was 
randomly selected, but in  the later crosses the males were electrophoretically screened for MDH. 
Isozymes of this enzyme were detected from the homogenate of a single toe. Symmetrically 
heterozygous individuals or triallelic individuals were preferred for  the crosses, since gametic 
segregation in these genotypes differentiate between a disomic or tetrasomic mode of inheritance. 
Segregation involving asymmetrical heterozygotes provide the same gametic ratios with either a 
disomic o r  tetrasomic mode of inheritance (ALLENDORF, UTTER and MAY 1975). Reproductively 
mature females are more difficult to obtain than males, because they cannot be located by vocali- 
zations during the breeding season. Consequently, the probability of obtaining a female with a 
symmetrically heterozygous genotype is low. Therefore, this study predominantly provides 
information of gametic segregation in H .  versicolor males. 

Symmetrically heterozygous genotypes possess double doses of two different allelic variants. 
Such genotypes have been referred to as duplex. Asymmetrical heterozygotes possess three 
doses of one allele and one dose of a variant allele. Such genotypes have previously been desig- 
nated as triplex for a dominant allele expressing three gene doses, and simplex for  the alternate 
recessive allele if it expresses three gene doses (MATHER 1936; BURNHAM 1962). 

Eggs and tadpoles were maintained in filtered pond water for about one month then moved 
to aged tap water. They were fed boiled lettuce and raised until most of them exhibited hind 
limbs (Stage XI) until metamorphosis and complete tail resorption (Stage XXV) from RUGH 
(1 948). Tadpoles attaining these developmental stages were randomly selected for electrophoresis. 

Karyology: Considering the morphological similarity of H .  versicolor and H.  chrysoscelis, it 
was necessary to confirm the identity of the parents chromosomally. Chromosomes were obtained 
from the parents and two to five tadpoles in each cross using previous techniques (BOGART 1967). 

Electrophoresis: Livers (including pancreas) obtained from tadpoles were frozen in deionized 
water and stored at -70" to -90" for a few days to several weeks. Just prior to electrophoresis, 
the tissues were partially thawed and homogenized with a glass hand homogenizer. Liver 
homogenate was applied directly to the gel using Whatman No. 3 filter paper wicks. 

Horizontal starch gel electrophoresis following UTTER, HODGINS and ALLENDORF (1974) was 
performed using an amino-propyl morpholine buffer at pH 6.5 (CLAYTON and TRETIAK 1972) 
for separation of MDH isozymes. Electrophoretic loci were numbered from anode to cathode. 
The most common MDH allozyme was arbitrarily assigned an electrophoretic mobility of 100 
and all other allozymes at the locus with a value relative to  the most common allozyme and the 
origin. An allozyme migrating half the distance of the most common allozyme would have a 
value of 50. This scoring system is valid only for the buffer system on which the enzyme was 
originally assayed as relative mobilities vary with the pH of the buffer system. 

Models Tested: Tetrasomic inheritance involves random segregation of all four homologs and 
may be cytologically recognized by the formation of tetravalents in Meiosis I. The gametic ratios 
produced from a symmetrically heterozygous individual would be 1:4: 1 (see Figure 1). If segre- 
gation was disomic then either homozygous or heterozygous bivalents could result in  a symmetri- 
cally heterozygous MDH phenotype. Homozygous bivalents segregate only heterozygous gametes 
(Figure 2: upper), while heterozygous bivalents would produce homozygous : heterozygous : 
alternate homozygous gametes in a 1:2:1 ratio (Figure 2: lower). 
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TABLE 1 

Sources of the two parents used for each cross 

Cross no. Population-Female' Population-Male 

78-6 
78-1 3 
79-12 
79-14 
79-1 5 
79-1 7 

79-1 9 
79-20 

79-1 8 

79-21 
80-1 
80-3 
80-10 
80-1 1 
80-13 
80-18 
80-1 9 
80-20 
80-21 
80-24 
80-26 
80-27 
80-29 
80-30 
80-31 
80-33 

2-4491t 
2-4491 
24891 
64897 
6-4897 
24928 
2-4928 
2-4928 
1-4932 
14932 
1-0108 
1-032 
4-017 
1-006 
1-004 
3-023 
5-016 
1-009 
1-001 
1-003 
1-007 
1-035 
1-007 
1-008 
1-035 
1-007 

24489 
2-4488 

10-4877 
6-4898 
64899 
6-4929 
5-4930 
5-493 1 
9-4933 
6-4934 
1-011 
1-011 
4-005 
1-014 
1-014 
5-008 
5-008 
5-008 
5 -0 08 
6-005 
6-03 1 
6-023 
6-023 
6-023 

6 0 1  7 
6-03 1 

* Parents are listed according to their population of origin and individual catalog number by 
the first and second numbers respectively (e.g. population-individual) . The population localities, 
with latitude and longitude are: (1) Aberfoyle, Ontario (43"28' 80"09'); (2)  Guelph, Ontario 
(43"33' 80"15'); ( 3 )  Guelph, Ontario (43"27' 80"13') ; (4) Caledon, East, Ontario (43"50' 
79"55'); (5) Port Perry, Ontario (44"06' 78"57'); (6) Rosseau, Ontario (45"14' 79"39'); (9) 
Lake Riviera, Manitoba (49"40' 96"34') ; (10) McDade, Texas (30"17' 97" 15'). 
t Parents used in  78- and 79- crosses are catalog numbers of JPB. 
8 Parents used in 80- crosses are catalog numbers of RGD. These specimens will be deposited 

in the collection of amphibians and reptiles in the Department of Ichthyoslogy and Herpetology 
at the Royal Ontario Museum. 

The observed electrophoretic phenotypes (and presumed genotypes) of the progeny were 
compared with Mendelian expectations derived from the presumed parental genotypes. Proba- 
bilities derived from Chi-square tests (using YATES'S correction for continuity) performed on the 
observed and expected genotypic classes assessed the various inheritance models in H .  versicolor. 

RESULTS 

Phenotypes observed: Twelve MDH phenotypes were observed in progeny 
from various cross combinations. In oce cross (80-1) all 12 phenotypes were 
observed as both parents in each expressed three allozymes representing fQUr 
alleles. These alleles were designated MDH-1( loo), (48) 
accordipg to mobility (Figure 3 ) .  Most crosses involved or produced only 

( I  34) and (142) 
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TETRASOMIC INHERITANCE 

FIGURE 1 .-In tetrasomic inheritance, the four homeologous chromosomes in a symmetrically 
heterozygous parent ( 2  black and 2 white “alleles”) associate in a tetrad. If the association and 
subsequent segregation is random, three classes of gametes are produced in the ratio of 1 homo- 
zygous (black “alleles”) to 4 heterozygous (black and white “alleles”) to 1 homozygous (white 
“alleles”). 

those phenotypes shown in Figure 4. MDH-l(lO0) is probably the same allele 
as MDH-1(83) described by RALIN and SELANDER (1979), as this was the most 
common allozyme encountered in their investigation. Since the buff er system 
used by RALIN and SELANDER (1979) was not indicated, it is difficult to relate 
their additional allozyme mobilities to our study. Therefore, it was necessary 
to redesignate the phenotypes observed according to the CLAYTON and TRETIAK 
buffer system. A cathodal zone of weak staining intensity was found in certain 
individuals, that probably corresponds to the MDH-3 isozyme of RALIN and 
SELANDER (1979). This isozyme was not consistently reproduced in these same 
individuals when re-examined and probably represents products of enzyme de- 
gradation or fragmentation. GERHARDT, GUTTMAN and KARLIN (1980), using 
a Tris-citrate pH 8.0 buffer system, observed only two MDH loci in Hyla cinerea 
and Hyla gratiosa, with a polymorphism at the MDH-1 locus, which is consistent 
with our results. 

Phenotypes a,b,k and 1 in Figure 3 and k and m in Figure 4 indicate that three 
alleles can be present in one individual, while Figure 3:j suggests that four 
separate alleles produced the observed staining intensity. These phecotypes 
clearly show duplicate gene expression at the MDH-1 locus. Relative electro- 
phoretic staining intensities also suggest duplicate gene expression as the asym- 
metrical heterozygotes with presumed 3: 1 or 1 : 3 gene dosages approximate 
9: 6: 1 or 1 : 6: 9 staining intensities respectively, for a dimeric enzyme (Figure 
3:c, d and h: Figure 4:b, c, d, e and n) (BAILEY et al. 1970; ALLENDORF, UTTER 
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DISOMIC INHERITANCE 
FIGURE 2.-In disomic inheritance, the four homeologous chromosomes in a symmetrically 

heterozygous parent (2 black and 2 white “alleles”) pair and form dyads. If the homeologs paired 
such that the alleles are homozygous in each dyad (upper), then only heterozygous gametes 
would be produced. If the homeologs paired as heterozygous dyads (lower), three classes of 
gametes would be produced in the ratio of 1 homozygous (black “alleles”) to 2 heterozygous 
(black and white “alleles”) to 1 homozygous (white “alleles”). 

FIGURE 3.-Progeny phenotypes produced from cross 80-1. Homodimeric bands for MDH-1 
are indicated to the right of the zymogram. The presumed genotypes are: MDH-1 (1s4/loor/48) 

(a); MDH-1 (14z/loOS/4s) (b); MDH-1(14?/10@) (c); MDH-1 (134/100a) (d); MDH-1(142/134/100’) 

(e); MDH-1(14?/134/48’) ( f ) ;  MDH-l(l00‘) (g); MDH-1(100a/48) (h); MDH-1 (loor/4sr) (i); 
MDH-i(14?/1M/100/48) (j); MDH-1 (142/100/4ar) (k) and MDH-1 (134/100/48’) (1). 

and MAY 1975). It is apparent therefore, that the MDH-1 isozyme is coded at 
duplicate loci and each allozyme has equal staining intensity. 

Inheritance studies: Segregation in 72 genomes of H. versicolor was examined 
through 26 artificial cross combinations, in which the genotypes of 2.348 prog- 
eny were scored. Table 2 outlines the progeny ratios expected for the two most 
common types of crosses performed. These involved symmetrically heterozygous 
males and either homozygous or asymmetrically heterozygous females. The re- 
sults from the various cross combinations are shown in Table 3. Tables 3 and 4 
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FIGURE 4.-Homodimeric hands for MDH-1 are indicated to the right of the gels. The pre- 
sumed genotypes are: MDH-l(l00') (a, h, j, 1); MDH-l(1003/4s) (b, c, n); MDH-1(100/~*S3) 
(a, e);  MDH-1 ( l u u 2 / W  (g, i); MDH-I(4S') (f);  and MDH-1 (1002/4S/134) (k, m); a to e are from 
tadpoles (cross 79-18); f to n are from parents. MDH-2 is monomorphic. 

TABLE 2 

Expected progeny phenotypes from intraspecific crosses 

A"' ASA'Z AS x A? A4 1 1  
AA' AA' A"' 1 3 5  

A'? ASA'? 1 3 5  
AA9 1 1  

* D = expected with disomic inheritance. 
T = expected with tetrasomic inheritance. 

1. Homo I1 = homozygous bivalents. 
Het I1 = heterozygous bivalents. 

$ MDH-1 allozymes arc represented according to the following symbols: MDH-1 (100) = A 
(48) =A'  

represent the most common allozyme (100) as A, the second rxost common al- 
lozyme (48) as A', and the third and fourth most common allozymes (1 34) and 
(142) as A" and At?? respectively. 

From our results, crosses 79-14, 79-21, 80-18, 80-19, 80-20, 80-21, 80-24, 
and 80-27 suggest a disomic mode of segregation. Crosses 79-15, 79-18, 80-1, 
80-10,80-13,80-26,80-31, and 80-33 suggest a tetrasomic mode of segregation, 
while crosses 79-19, 80-3, 80-1 1, 80-29, and 80-30 suggest that both models 
are equally probable. Only crosses 80-1 3,80-18,20-19, and 80-21 significantly 
exclude the alternate hypotheses of disomic or tetrasomic inheritance (p < 
0.001). There is no clear evidence to exclude either a disomic or tetrasomic mode 



294 R.  G. D A N Z M A N N  A N D  J. P. BOGART 

n 

v 
c.l 
In 

03 
c9 

n 

v 
M 
r. 
'4 * 

n 

v 
ol 
01 

M 
o! 

c c 

$ c c 

M 

I m 
- 
r. 

k c c  4 c c c  c 4 c c  c c c c  



POLYMORPHISM IN GAMETIC SEGREGATION 29 5 

a 

.* 2 

3 

+ 
2 
I 

U 

M 

w 
4 



296 R .  G .  D A N Z M A N N  A N D  J. P. BOGART 

: 
Fi .- + 
3 
I 

0 

K, 

w 
4 
2 

.. 
ckLL 
11 II II / I  -,--.-- 
OG3*01 
O*N)V * -.- + 
v vu 
e 

d 
2 

g 
v) - 
0 
P 

M 
Fi 
.?I 

5 - i 
3 
5 
G) 

0 

M 
F 

v1 

”, 

E 

4- 
4- 

i % 
8 % 
a 5 
w P 
f P 

m 

G Y 

% 

0 
M 

m E 

i G) 

Y 

.- 
ro w : 0 
u 

2 
? 
2 
2 
2 

D - i 
m 
3 

8 
* 4 
E 



P O L Y M O R P H I S M  IN GAMETIC SEGREGATION 29 7 

9 

3 
y 

? 

3 p: 
?. 
2 

8 
“ i ?  “ S  
d e  
$ 2  

!2 

X 
> 

ca 
Y) U, 

I- 

C 
.U 

m 

C 
.* U 

% 

2 

B 
3 

% 
? 
2 

B 
3 U 

0 

‘ti 
U 

0 

ui 

n 
al 
3 

F 
F: 

.H 

-2 
$ 
E 
a 
Y 

W 4- 

m 3 : 
E 
2 
H 
x 



298 R. G. DANZMANN A N D  J. P. BOGART 

of segregation in crosses 79-11., 79-15, 79-18, 79-19. 79-21, 80-1, 80-3, 80-10, 
80-11, 80-20, 80-24, 80-26, 80-27, 80-29, 80-30, 80-31, and 80-33. Crosses 
78-6, 78-13,79-12,79-17, and 79-20 predict the same gametic ratios with either 
a disomic or tetrasomic mode of inheritance and cannot be used to test either 
model, but progeny ratios observed from these crosses are consistent with Men- 
delian expectations. 

The results from cross 80-1 involving a triallelic female and male are shown 
in Table 4. Four allozymes were present in the progeny from this cross, but only 
three are shown in Table 4. Allozymes (134) and (142) are very similar in 
mobility on a CLAYTON and TRETIAK pH 6.5 buffer system. Since it was difficult 
to distinguish between phenotypes involving these two alleles (Figure 3) they 
were represented as a single class in Table 4. The various models tested in this 
cross are outlined in Table 5. 

In  all except three of the crosses, the mode of inheritance shown by each male 
was identical. For instance, male 1-011 demonstrated a disomic and/or tetra- 
somic mode of segregation in cross 80-1 and 80-3. Male 1-014 demonstrated 
tetrasomic segregation in cross 80-1 3 and disomic and/or tetrasomic segregation 
in 80-11. The unusual segregation ratios observed in cross 80-11 may result 
from sampling error because of some lethal genetic combination resulting from 
the parental pairing. This suggestion is supported by the progeny phenotypes 
observed for a glutamate oxaloacetic transaminase (GOT) locus (A.A.T. E.C. 
2.6.1.1 ) . Both parents were asymmetrically heterozygous for this locus. There- 
fore, the gametic ratios predicted for both models are the same. Progeny pheno- 
types did not conform to this expectation, however, (p < 0.001) in this particu- 
lar cross, but were observed to conform to Mendelian expectations in cross 80-13 
(p = 0.157), using the same male parent, and cross 80-14 (p = 0.920), using 
the same female parent (unpublished data). Male 5-008 clearly demonstrated 
disomic segregation in three of the four crosses involving this individual (80-1 8, 
80-19, and 80-21), and was the most probable type of segregation in the fourth 
cross (80-20). Male 6-031 demonstrated disomic and/or tetrasomic segregation, 
with a tetrasomic mode the most probable. Male 6-023 also expressed disomic 
and/or tetrasomic segregation. In the three crosses involving this male, there 
was no definite probability as to whether a disomic or tetrasomic mode of segre- 
gation was occurring in crosses 80-29 and 80-30, whereas disomy was the most 
probable in cross 80-27. This may result from sampling error because of the 
m a l l  sample size of tadpoles (45) obtained in this cross. 

In crosses involving homozygous females ( loo4), only ( loo2) gametes will 
be contributed. Pooling the progeny phenotypes from multiple crosses involving 
the same male and ( loo4)  females will, therefore, give a more accurate repre- 
sentation of gametic segregation in the male. These results are shown in Table 
6, and suggest that the segregation of gametes in male 1-014 is tetrasomic, but 
disomic in male 5-008 and disomic and/or tetrasomic in male 6-023. 

DISCUSSIOIV 

The results reported in this paper suggest that a polymorphism with respect to 
segregation of gametes exists in H. uersicolor. This polymorphism presumably 
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TABLE 6 

Obserwd and ezpected Segregation of MDH-1 allozymes in combined cross combinations 

1’rugeny phenotypes: obaerved 
(expected with disomic inheritance 1 
/expected with tetrasmiic Inheritance/ 

Probability Combined parental crosses AAAA M A A ’  AAA’A’ x’ (df l  

80-11,80-13 28 
(50) 

/33.30/ 

(58) 
/38.70/ 

80-27,80-30 46 
(55.50) 

80-18,80-19,80-21 70 

/37/ 

41 
(50) 20.00(2) <0.001 

/33.30/ 2.27(2) 0.321 
67 

(58) 7.15(2) 0.028 

45 
/38.70/ 67 . iq2)  <o.ooi 

(55.50) 6.69(2) 0.035 
/37/ 5.31(2) 0.070 

results from differences in chromosome pairing during meiosis I. Chromosome 
associations are not random, however, since this would result in  all types of 
chromosome segregation being expressed in the same individual, producing 
gametic ratios similar to a tetrasomic mode of segregation. Disomic or tetrasomic 
inheritance suggests that only bivalents or tetravalents. respectively, are formed. 
Many crosses do not provide statistical evidence to falsify either model, and 
suggest that both types of chromosome segregation may occur in some crosses. 
We believe that this polymorphism is a transitory phase between complete 
tetrasomy. following genome duplication, and complete disomy. 

If homeologous chromosome associations were random a t  meiosis I, such that 
there was equal probability of bivalents or tetravalents forming, and preferen- 
tial pairing during bivalent formation occurred, the segregation ratios would 
depend upon the type of bivalents formed. If the chromosomes associate equally 
as heterozygous bivalents and tetravalents, a 1 : 3: 1 ratio of homozygous : hetero- 
zygous : alternate homozygous gametes would be expected from a symmetrically 
heterozygous genotype. If the chromosomes associate as homozygous bivalents 
however, a 1 : IO: 1 ratio would be expected. There is no current cytological evi- 
dence to suggest that such a phenomena could not exist. It is unlikely that chro- 
mosome associations producing bivalents and tetravalents would be completely 
equal. Therefore, the actual disomic-tetrasomic association ratios would be 
intermediate to the limiting ratios expected with pure tetrasomic and disomic 
segregation. 

The segregation ratios in crosses 80-1, 80-3, 80-10, 80-26, 80-29, 80-30, and 
80-31 more closely approximate an  intermediate ratio expected with random 
bivalent and tetravalent formation. Progeny genotypes from crosses 80-1 0, 80- 
29, and 80-30 approximate a 1 : 3: 1 ratio and suggest that preferential formation 
of heterozygous bivalents occurs, while progeny genotypes from crosses 80-26 
and 80-31 more closely approximate a 1 : 11 : 11 : 1 and 1 : IO: 1 ratio respectively 
expected with the preferential formation of homozygous bivalents. The same 
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male parent was used for crosses 80-26 and 80-31. In crosses involving sym- 
metrically heterozygous males ( A2A'?) and asymmetrically heterozygous fe- 
males (A3A'), the A+:A3AA':A2A'2:AA':i progeny classes will be expected in a 
1 : 4: 4: 1 ratio and 1 : 1 1 : 11 : 1 ratio with preferential heterozygous and homozy- 
gous bivalent formation respectively. In crosses 80-1 and 80-3 the same male 
parent was used. The progeny genotypic ratios from cross 80-3 more closely 
approximate a 1.5: 1 : 1 : 1.5 ratio for the AsAA': A4: A"A2A': A"Ai genotypes re- 
spectively, which is expected with equal tetravalent and heterozygous bivalent 
formation. In cross 80-1 progeny genotypic ratios more closely approximate a 
1 : 2.25 : 3 : 3 : 6.5 : 3 : 3 : 2.25 : 1 for A4 : A"'A"A2 : A"'A3+A"A3 : A"'A"AA' 

spectively, which is expected with random tetravalent and heterozygous bivalent 
formation in both parents. 

Segregation ratios expected after completely random chromatid crossing over 
involving double reduction from a quadrivalent formation in symmetrically 
heterozygous individuals, would produce gametic ratios (2: 5:2) ( BURNHAM, 
1962), that are similar to the 1:3:1 ratio predicted with equal bivalent and 
tetravalent formation involving the preferential pairing of heterozygous bi- 
valents. Therefore in crosses involving symmetrically heterozygous individuals, 
it is difficult to falsify either a' double reduction or disomic-tetrasomic model 
unless the sample size is extremely large. In  triallelic individuals, however, ad- 
ditional gametic classes are expected with crossing over. For instance, in cross 
80-3 involving a male with genotype A"'A2A', A2: AA': AA"' : A"' A' : A'"2: At2 
gametes in a 5.3 : 6.3 : 6.3 : 3.3 : 1 : 1 ratio respectively, are expected with com- 
pletely random chromatid crossir?g over and double reduction. The gametic 
ratios expected from crossing over within heterozygous bivalents are the same as 
those predicted from random chromatid segregation, i.e., A2: AA!: A"'A: AJtfA' in 
a 1 : 1: 1: 1 ratio, respectively. In cross 80-3 with a loo4 ho'mozygous female, 
A'J'2A2 and A2Af2 genotypes, expected with crossing over, were not observed. 

. AllfA2A'+Al~A2Al . A3Al . AlllAAl?+AflAA~2 . A2A"2 : AlllAllAl2 genotypes re- 

Also, in Cross 80-1, A4 : AffA3+A'"AZ : A3A' : A2A"'2+A'Af12 + Af"A"A2. 
A2A12 : ~ 1 ! 1 2 ~ ~ 1 + ~ 1 1 2 ~ ~ 1 + ~ f 1 1 ~ 1 ~ ~ ~ 1  : AlllAAl2+AUAAl2 : AlllA2Al+AflA2Al : 
All2Al2+AlllAllAl2 + All12 A12 : AlllAll2AfAllAllt2A : AA'" : ~,lllAlf2Aft_AlllZAllAl 
: AtffA'3+A''A'3 : A'1'2A1'2 : At4 progeny genotypes in a 29 : 70 : 70 : 54 : 54 : 
57 : 57 : 122 : 13 : 13 : 13 : 6.5 : 6.5 : 1 : 1 ratio respectively are expected with 
completely random chromatid crossing over and double reduction in both par- 

and At4 genotypes, expected with crossing over, were not observed. Thus, the 
evidence obtained from crosses 80-1 and 80-3 suggest that crossing over at the 
MDH-1 locus is an unlikely explanation for the observed segregation ratios, and 
that random formation of heterozygous bivalents and quadrivalents is probably 
involved. 

This polymorphism provides an opportunity to study the process of diploidiza- 
tion in a tetraploid species, and to examine the mechanism of this process. TWO 
testable hypotheses can be postulated: (1) one or more regulatory loci determine 

ents. AOlAllZA, AlIAWlZA, AA's, AlllAlf2Al Alll2AllAl All!Al3 AllAl3, AlN2A112 
7 > 7 
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chromosome associations and/or chiasmata localizations at  meiosis I, and (2) 
differences in  chromosome homology may determine the degree of homeologous 
associations at meiosis I. 

Evidence for the genetic control of chromosome pairing at  meiosis I, has been 
obtained with wheat and ancestral genomes. Formation of bivalents and multi- 
valents in this hexaploid species is controlled by a single gene or small block of 
genes on the long arm of chromosome 5B (RILEY and CHAPMAN 1958; RILEY 
1960). These genes were postulated to control premeiotic chromosome pairings. 
The presence of this chromosome arm prevents multivalent formation at meiosis 
I. Cells nullisomic for chromosome 5 show higher levels of quadrivalent forma- 
tion ( RILEY and KEMPANNA 1963). Chemically induced mutants have been pro- 
duced in certain strains that allow chromosome pairing when the chromosome 
complement is disomic (WALL, RILEY and GALE 1971a). Subsequent placement 
of these mutants to the long arm of chromosome 5 led to the suggestion that regu- 
latory alleles at a single locus determine the degree of chromosome pairing 
(WALL, RILEY and GALE 1971a, b) .  

DRISCOLL, BIELIG and DARVEY (1979) have suggested that multivalent forma- 
tion in wheat is not determined by premeiotic chromosome pairing, but by the 
type and number of chiasmata formed between homologs vs. homeologs. Genes 
controlling chiasma frequency in plants have been reported (REES 1961). There 
is also evidence for heritable variation with respect to the frequency with which 
multivalents form in F, families of autotetraploid rye (ROSEWEIR and REES 
1962). LEWIS ( 1980) has suggested a combination of both processes; initiation 
of synapsis through chromosomal associations and distribution of chiasmata in 
chromosome formations determines the type of configurations observed at  meiosis 
I. Regardless of these alternate explanations, evidence for the genotypic control 
of chromosome formations during meiosis I is unequivocal in polyploid plants, 
Similar regulatory loci controlling chromosome associations may also exist in 
polyploid vertebrates. 

Chromosome associations, scored according to quadrivalent formation in a 
Eumber of cells, in several autotetraploid plant species approximated a binomial 
distribution (GILLES and RANDOLPH 1951 j MORRISON and RAJHATHY 1960; Mc- 
COLLUM 1958; LEWIS 1980). GILLES and RANDOLPH (1951) did, however, note 
a reduction in quadrivalent formation and consequent increase in bivalent for- 
mation through time in autotetraploid maize. MORRISON and RAJHATHY (1960) 
ascribed the observed chromosome association differences in autotetraploid ce- 
reals and grasses they studied to homology, but this explanation is equivocal 
since they were unable to identify individual homeologous sets. If segregation 
polymorphisms result from differences in chromosome homology, progeny that 
arise from a cross between two individuals with both disomic and tetrasomic in- 
heritance would only show disomic-tetrasomic segregation as well, if partial 
pairing restriction among the homeologous chromosomes exists. 

This study provides the first evidence for tetrasomic, disomic, and disomic- 
tetrasomic inheritance in a vertebrate species. Disomic-tetrasomic segregation 
would involve the random segregation of quadrivalents and preferentially paired 



POLYMORPHISM IN GAMETIC SEGREGATION 303 

bivalents. These results are consistent with observations in tetraploid plant 
species regarding the formation of both bivalents and tetravalents. Residual 
tetrasomy cannot be invoked to explain the results because the number of indi- 
viduals observed in each phenotypic class is too large to result from such a 
process. Residual tetrasomy is characterized by production of unexpected pheno- 
typic classes from crosses involving at least one symmetrically heterozygous 
parent and is thought to arise from crossover and nondisjunction in homeologous 
pairings (WRIGHT et al. 1980). Linkage of duplicated gene loci, resulting from 
chromosomal arm fissions and fusions (pseudolinkage), is also a unlikely hy- 
pothesis since every H .  versicolor individual examined to date has an exact dou- 
bling of the diploid karyotype. Pseudolinkage in salmonid fish has been used to 
explain phenotypic ratios approximating a tetrasomic mode of segregation from 
crosses involving symmetrically heterozygous males (WRIGHT et al. 1980). This 
conclusion may be somewhat premature however, unless it can be shown that 
segregation of gametes from these multivalents is nonrandom (i.e. fusion of 
homologues with consequent trivalent formation), as opposed to a random 
tetrasomic segregation. Multivalent formation, consisting primarily of trivalents 
and quadrivalents, was first reported in Salvelinus fontimlis males ( DAVISSON, 
WRIGHT and ATHERTON 1973). Females have shown disomic segregation (MAY, 
WRIGHT and STONEKING 1979). 

These results raise a number of interesting questions: (1) Do unlinked loci 
fall into blocks of genes that may be controlled by a single regulator (i.e., dem- 
onstration of the same inheritance mode for several isozyme loci within an in- 
dividual, determined to be unlinked in the diploid H .  chrysoscelis)? (2) Do 
population differences exist with respect to the mode of inheritance? (3) Do in- 
dividuals from populations in the suspected transition zone between eastern and 
western H .  chrysoscelis show the high degree of disomic segregation expected 
with an allopolyploid ancestry? Preferential bivalent. compared to random bi- 
valent-tetravalent, formation has been reported in allopolyploid plant hybrids 
(LEWIS 1980). (4) Do loci assigned to smaller chromosomes in the karyotype 
show a higher degree of disomic segregation than loci assigned to large chromo- 
somes? JOHN and HENDERSON (1962) have suggested that multivalent formation 
would be highest in homeologous chromosome pairs having the greatest relative 
length in the chromosome complement of a species. Therefore, loci located on 
these chromosomes may be expected to show tetrasomic inheritance in most 
cross combinations. (5) Have some homeologs completely diploidized? (6) Is 
there any differences between the sexes with respect to chromosome segregation? 
Further crosses from different populations should be of value in answering some 
of these questions. 
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