870

Assays of testis development in the mouse distinguish three classes of domesticus-type
Y chromosome
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The Y chromosome of Mus musculus poschiavinus interacts with the autosomal recessive gene tda-1 b of the C57BL/6J
laboratory strain of the house mouse to cause complete or partial sex reversal. Ovaries or ovotestes develop in a substantial
proportion of the XY fetuses. Several different Y-specific DNA probes distinguish two major types of Y chromosome in
the house mouse and they are represented by M. m. domesticus and M. m. musculus. The poschiavinus Y chromosome
appears identical to the domesticus Y. The developmental distribution of the gonad types was examined in the first backcross
or N, generation of fetuses in CS7BL/6J with six different domesticus-type Y chromosomes and, as controls, three different
musculus-type Y chromosomes. Gonadal hermaphrodites were found with three of the six domesticus-type Y chromosomes.
Both overall frequency and phenotypic distribution of types of gonadal hermaphrodites identify three classes of domes-
ticus-type Y chromosome by their differential interaction with the C57BL/6J genetic background.
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Le chromosome Y de Mus musculus poschiavinus interagit avec le géne récessif autosomique tda-1° de la souche de
laboratoire C57BL/6J de la souris domestique et cause une réversion partielle ou compléte du sexe. Chez les foetus XY, les
ovaires ou les ovotestis se développent en proportion importante. Plusieurs sondes différentes d’ADN, Y-spécifiques, ont
permis de distinguer deux types majeurs de chromosomes Y chez la souris domestique, lesquels sont représentés par M. m.
domesticus et M. m. musculus. Le chromosome Y de poschiavinus semble identique 4 I'Y de domesricus. La distribution
des types de gonades au cours du développement a ét€ examinée dans un premier rétrocroisement ou génération N2 des foetus
chez la souche C57BL/6J, avec six chromosomes Y différents de type domesticus et, comme témoins, trois chromosomes
Y différents de type musculus. Des hermaphrodites gonadiques possédant trois des six chromosomes Y de type domesticus
ont été trouvés. Dans I’ensemble, la fréquence tout comme la distribution phénotypique des types d’hermaphrodites gona-
diques ont permis d’identifier trois classes de chromosomes Y de type domesticus, suite a leur interaction différentielle avec

le bagage génétique de C57BL/6J.

Mots clés - souris, chromosomes, hermaphrodites gonadiques, détermination du sexe primaire.

Introduction

There is a renewed interest in the origin and evolution of sex
and of sex-determining mechanisms (Bull 1983; Halvorson
and Monroy 1985). In mammals, understanding of the genetic
control of primary or gonadal sex determination has been
advanced by the recent discovery of interactions between
specific Y chromosomes and autosomal genes that cause par-
tial or complete sex reversal in the mouse (Eicher et al. 1982;
reviewed by Eicher and Washburn 1986). One of these inter-
actions is between the Y chromosome of Mus musculus poschia-
vinus (a local variety of M. m. domesticus; for a review on
mouse taxonomy, see Thaler et al. (1981)) from Switzerland
and Italy and the putative autosomal recessive gene tda-1°
(testis determining autosomal-1) from the C57BL/6] labora-
tory strain. The interaction interferes with complete testis
development so that the embryonic XY gonad remains ovarian
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or develops as an ovotestis. Within the poschiavinus stock tes-
tis development is normal in XY embryos as it is when the
C57BL/6J-Y chromosome is transferred to the poschiavinus
background.

Several Y-specific DNA probes have been isolated and,
when they are applied to males of different laboratory strains
and recently wild-derived mice, different restriction-fragment
length polymorphisms are detected (Lamar and Palmer 1984;
Bishop et al. 1985; Nishioka and Lamothe 1986; Nishioka
1987, 1988h). So far, the Y chromosomes can be classified
into only two mutually exclusive categories represented by
M. m. domesticus and M. m. musculus. M. m. poschiavinus
has the domesticus-type Y chromosome and, hence, the inter-
action of the poschiavinus Y with the tda-1° gene of
C57BL/6] that leads to partial or complete arrest of testis
development is regarded by some to be a property of domes-
ticus-type Y chromosomes (Eicher and Washburn 1983,
1986). Nevertheless, experience with the C57BL/6J labora-
tory strain in breeding studies with other mice, which are now
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TABLE 1. Inbred and incipient inbred strains of laboratory mice crossed to C57BL/6J females

Generation of
inbreeding when

crossed to
C57BL/6] female

Description

Source and year imported Reference

e

. domesticus-type Y chromosome
1. **MOL"’ (Jackson Laboratory,

M. m. molossinus) F25 Jackson Laboratory, 1980 Roderick 1982
2. CLA (Centerville Light;

Maryland, U.S.A.) F20 M. Potter, 1985 Potter 1986
3. Peru W-9 (Peru-Coppock; Rimac

Valley, Peru) F23 M. Wallace, 1984 Wallace 1985
4, Posch-2 (Zalende, Switzerland) F8 M. Potter, 1985 Potter 1986
5. SIL/J Highly inbred Jackson Laboratory, 1985 Staats 1980
6. SWV F77 J. Miller, 1975 Staats 1980

II. musculus-type Y chromosome

1. C57BL/6J Highly inbred Jackson Laboratory, 1978 Staats 1980
2. DBA/2] Highly inbred Jackson Laboratory, 1980 Staats 1980
3. MOLO (M. m. molossinus, Japan) F19 M. Potter, 1985 Potter 1986

known to have a domesticus-type Y chromosome, suggests
that not all domesticus type Y chromosomes are functionally
identical to the poschiavinus Y.

The molecular cloning of the region of the human Y
chromosome responsible for sex determination was reported
recently (Page et al. 1987). It was based on the availability of
human Y-chromosomal deletions and structural rearrange-
ments that cause sex reversal. No such library of deletions and
structural rearrangements exists for the mouse Y chromo-
some. Alternatively, the ability of the domesticus-type Y
chromosome from M. m. poschiavinus to induce partial or
complete sex reversal of the XY fetus in the C57BL/6J genetic
background suggested a method for the assay of different Y
chromosomes for their testis-determining and, hence, sex-
determining function.

We examined six domesticus-type Y chromosomes from
different sources for their ability to induce ovotestes in back-
cross test-matings with C57BL/6] females. Three musculus-
type Y chromosomes, including the C57BL/6] Y chromo-
some, served as controls. Three classes of domesticus-type Y
chromosome were distinguished on the basis of frequency and
phenotypic distribution of the types of gonadal hermaphro-
dites. A model, based on developmental thresholds, was sug-
gested by the data. It will be used for further structure-function
study of the sex-determining region of the mouse Y chromo-
some because a Tagl restriction-fragment length poly-
morphism with the AC11 probe (Nishioka and Lamothe 1986)
differs between the two classes of domesticus-type Y chromo-
some that cause different phenotypic distributions of gonadal
hermaphrodites.

Materials and methods

Source of mice

The inbred and incipient inbred strains of laboratory mice used in
this study are listed in Table 1. They were maintained by continued
sister —brother mating before a male from them was crossed to a
C57BL/6] female to produce the N, generation with the test-strain Y
chromosome. Some were crossed to a C57BL/6] female directly
upon importation. The generation of inbreeding at the time of the
cross to a C57BL/6J female is listed if it was known. The mice in
Table 1 were known to have either the domesticus-type or the

musculus-type 'Y chromosome (Nishioka and Lamothe 1986;
Nishioka 1987).

The strain designated *“MOL"’ in Table 1, the Jackson Laboratory
strain of M. m. molossinus, was the progenitor of the current
MOLC/Rk, MOLD/Rk, MOLE/Rk and MOLF/Ei inbred strains in
that laboratory. We crossed a male of the “*“MOL’ strain to a
C57BL/6] female and the B6.“MOL’ N, was backcrossed to
C57BL/6J females. Backcrossing of the hybrid males to C57BL/6J
females has been continued to construct a C57BL/6] strain, desig-
nated B6. “*‘MOL’’-Y, that is congenic for the MOL-Y chromosome.
The B6.*“MOL™-Y congenic strain was at the N,y generation when
it was used in the present study of gonadal development in day-15
fetuses. The original *‘MOL’’ strain is extinct in our laboratory but
tissue samples from it as well as from the B6. ‘MOL’’-Y congenic
strain (generation N;;) and the current MOLC/Rk, MOLD/Rk,
MOLE/Rk, and MOLF/Ei strains contain a domesticus-type Y
chromosome in contrast to the MOLO strain of M. m. molossinus
(Table 1) that contains a musculus-type Y chromosome (Nishioka and
Lamothe 1987).

Test matings for examination of day-15 gonadal development

Males of all strains, except for the B6.MOL-Y and C57BL/6J
strains, were crossed to C57BL/6J females and the N, generation
was raised (Fig. 1). C57BL/6] females were timed-mated with the
N, generation males and with the B6.'MOL™'-Y N4 and C57BL/6J
males. The day of finding the copulation plug was designated day 0
of pregnancy . Fetuses were examined on day 15 except for C57BL/6]
fetuses which were examined on days 13—16.

The uterine contents from euthanized females were dissected under
saline. The fetal gonads were removed with fine forceps, transferred
in a drop of saline to a glass slide and examined under a dissecting
microscope with transillumination. Gonads were classified as ovary
or ovotestis or testis (Whitten et al. 1979 and Fig. 2). A fetus with
any ovotestis development on either side was defined as a gonadal
hermaphrodite.

If C57BL/6] is homozygous for the recessive tda-1° gene, the N,
generation of males (Fig. 1) will be heterozygous for the gene. The
N, XY males with either the domesticus-type or the musculus-type Y
chromosome are expected to have normal testis development. The
N, fetuses (Fig. 1) will be either homozygous or heterozygous for
the recessive tda-1® gene. If the test Y chromosome is like the
domesticus-type Y of M. m. poschiavinus (Eicher and Washburn
1983), some of the N, XY fetuses will express ovotestis or ovarian
development.

At least 10 litters were collected for each type of test mating except
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C57BL/6J @ test strain &
tda-1°/tda—1°, xB6x®B® +H+, XY
N1J

tda-1%+, XB6yY

N2 fetuses

tda-1%/tda-1° XBéy
ovotestes ?

tda—12/+, xBéy

FiG. 1. Test-mating scheme for the functional assay of the inter-
action of different Y chromosomes with the CS7BL/6J genetic back-
ground. C57BL/6J is homozygous for the putative autosomal
recessive gene tda-1" and is also the source of the X chromosome.
The N, males were raised and the gonads were examined in the N,
test fetuses.

for nine litters from B6.D2-Y N, males. If no ovotestes were found,
the frequency of hermaphroditism was assumed to be zero or very low.

Test mating of B6.Posch-2-Y N, males

N, generation males with the Posch-2 Y chromosome were raised
and designated B6.Posch-2-Y N,. Thirteen males were randomly
picked and individually test-mated with C537BL/6J females. Evidence
for segregation of the gonadal hermaphroditism phenotype was
sought among the test matings of the individual N, males.

Data analysis

In the data analysis, comparisons were made by appropriate tests
(Sokal and Rohlf 1969). A posteriori G-tests of homogeneity were
performed using a 5% experiment-wise error rate and constant criti-
cal value of G (Sokal and Rohlf 1969, pp. 582—584).

Southern blot analysis

High molecular weight DNA was isolated from the liver (Maniatis
et al. 1982). The DNA was digested with Tagl (GIBCO/BRL, Bur-
lington, Ontario) and electrophoresed in a 0.9% agarose gel using a
40 mM Tris-acetate buffer (pH 7.5) supplemented with 2 mM EDTA.
DNA fragments were transferred to membrane filters (Gene Screen,
New England Nuclear Canada, Lachine, Quebec) (Southern 1975).

The filters were placed in a heat sealable bag containing 50% for-
mamide, 0.5% SDS, 1 M NaCl, and 5% dextran sulfate and incu-
bated at 42°C for 2—3 h with constant agitation. *?P-labelled
fragment 1 of the repetitive Y-sequence probe AC11 (Nishioka and
Lamothe 1986) was added to the solution and incubation was con-
tinued for 16—20 h. The filters were washed three times in 0.1 X
SSC (1 x SSCis0.15 N NaCl and 0.015 N sodium citrate) and 0.5%
SDS at 50°C for 45 min each and exposed to Fuji RX films at —70°C
with Cronex intensifying screens.

Results

Day-15 gonadal development

Test-matings of males with the domesticus-type or muscu-
lus-type Y chromosome are summarized in Table 2. All test-
males were the N; generation except for the B6.““MOL"’-Y

N g and the C57BL/6J control males. Gonadal phenotypes for
the N, fetal generation with the domesticus Y described by
Eicher and Washburn (1983) are summarized in Table 2 for
comparison.

The high frequency of resorption in the N, generation with
the Posch-2 Y chromosome was expected. The Posch-2 strain
is homozygous for seven Robertsonian translocations while
C57BL/6]J has only acrocentric chromosomes. The N, gen-
eration is expected to exhibit aneuploidy and embryonic lethal-
ity from nondisjunction in the N, sires that are heterozygous
for the Robertsonian and acrocentric chromosomes.

Ovotestes were found only in the N, fetuses with the CLA,
Peru W-9, and Posch-2 Y chromosomes. The frequencies of
fetuses with the three gonadal phenotypes (ovaries or at least
one ovotestis or testes) in these three test-crosses and those
reported by Eicher and Washburn (1983) were significantly
heterogeneous (G, = 106.4, 6 df, P < 0.001). An a pos-
teriori test of homogeneity of the four genotypes with G =
12.592 and 6 degrees of freedom yielded two kinds of domes-
ticus-type Y chromosomal effect. The distributions of the
three gonadal phenotypes did not differ significantly between
Posch-2 and the ‘‘domesticus’® of Eicher and Washburn
(1983) nor between CLA and Peru W-9; however, the two
pairs differed from each other.

An alternate comparison among the three strains with ovo-
testes in this study and the “‘domesticus’’ of Eicher and Wash-
burn (1983) showed the frequencies of fetuses with ovotestes
versus fetuses with phenotypically normal gonads (ovaries and
testes pooled) to be significantly heterogeneous (Gy,, = 83.3,
3 df, P < 0.001). An a posteriori test of homogeneity with
G = 7.815 and 3 degrees of freedom yielded three groups of
frequencies of phenotypically-identified gonadal hermaphro-
dites in the N, fetuses which, in descending order of fre-
quency, are

“domesticus”’ Posch-2 Peru W-9 CLA,

where strains connected by underlining do not differ signifi-
cantly.

In our study, the N, fetuses were not genetically sexed by
chromosome analysis nor by the presence of Y-specific DNA
sequences. If these strains differ from CS57BL/6J by allelic
differences at the putative tda-I locus, the differences in fre-
quencies of gonadal hermaphrodites in N, progeny suggest at
least three functional classes of domesticus-type Y chromo-
some. One type is represented by the Posch-2 and Peru W-9
strains, another by the CLA strain, and a third type is repre-
sented by the ““MOL"’, SJL/J, and SWYV strains for which the
frequency of N, gonadal hermaphrodites is either zero or too
low to be observed in the present sample.

N; fetuses from B6.Posch-2-Y N, males

The test matings of the B6.Posch-2-Y N, males are sum-
marized in Table 3. Three of the 13 randomly picked males
were sterile in matings with at least five females and two males
each produced only one litter followed by at least five sterile
matings. Based on the report by Eicher and Washburn (1983)
with the ‘“*domesticus’’ Y chromosome, some evidence of
segregation of the putative tda-I1® gene from C57BL/6J
between the different fertile N, males was anticipated but it
had never been demonstrated. For a single autosomal reces-
sive gene, half of the N, sires should be heterozygous
tda-1°/+ and half homozygous tda-1/tda-1°. Heterozygous
N, sires are expected to have test-mating values for gonadal
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FiG. 2. Whole mounts of day-15 gonads viewed from anterior surface. (A) Normal ovary. (B) Normal testis. (C) Ovotestis without tubules

at cranial pole. (D) Ovotestis without tubules at caudal pole.

hermaphroditism in their N5 test fetuses similar to those for
N, sires; homozygous N, sires are expected to produce
higher frequencies of gonadal hermaphrodites in their N3 test
fetuses. However, the high frequency of resorption, due to

random segregation of the Robertsonian translocations, pre-
cluded collection of adequate numbers of progeny from each
sire and distinction between heterozygous and homozygous
N, sires.
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TaBLE 2. Test matings of the hybrid and C57BL/6J males with C57BL/6J females

No. (%) of live fetuses with:

Source of Y
chromosome in No. of Resorption one or two

N, male litters no. (%) ovaries ovotestes testes Total

1. domesticus-type Y
B6.*MOL™-Y* 14 19/114(17) 57(60) 0 38(40) 95
CLA 47 46/391(12)  190(55) 11(3) 144(42) 345
Peru W-9 30 42/266(16)  122(55) 21(9) 81(36) 224
Posch-2 51 207/366(57)  100(63) 24(15) 35(22) 159
SIL/I 11 13/92(14) 41(52) 0 38(48) 79
SWV 11 19/113(17) 42(45) 0 52(55) 94
“domesticus’ T — - 211(54) 97(25) 82(21) 390

Il. musculus-type Y
C57BL/6] 12 15/110(14) 51(54) 0 44(46) 95
DBA/2] 9 9/80(11) 40(56) 0 31(44) 71
MOLO 11 11/92(12) 45(56) 0 36(44) 81

#B6.*MOL""-Y males were the N, generation of the C57BL/6] strain that is congenic for the molossinus-Y chromosome

from the Jackson Laboratory.
+Data from Eicher and Washburn 1983,

TaBLe 3. Test matings of 13 randomly selected B6.Posch-2-Y N, males with C57BL/6J

females
Live fetuses with:
B6.Posch-2-Y  No. of Resorption one or two

male No. litters no. (%) ovaries ovotestes testes  Total
1 i} 14/45(31) 20 7 4 31
2 7 16/53(30) 27 8 2 37
3 1# 0/3 2 1 0 3
4 6 17/44(38) 16 9 2 27

5 0
6 9 47/79(59) 22 9 1 32

7 0
8 7 27/53(51) 20 5 1 26
9 1* 0/1 0 1 0 1

10 0
11 4 13/36(36) 12 10 L 23
12 7 29/67(43) 31 7 0 38
13 7 31/63(49) 25 . 0 32
Total (%) 55 194/444(43.6) 175(70) 64(26) 11(4) 250

*No further pregnancies were obtained from five additional test-mated females.

The gonadal phenotypes of N; fetuses from the B6.Posch-
2-Y N, sires (Table 3) differed significantly from those in N,
fetuses with the Posch-2 Y chromosome (Table 2) (Gy, =
32.3, 2 df, P < 0.001) due to the decrease in fetuses with
testes and the increase in fetuses with ovotestes in the Nj
generation. There appears to be also an increase in fetuses
with ovaries in the N, generation. If the presence of ovotestes
in fetuses with the Posch-2 Y chromosome is due to an inter-
action with the putative tda-I" recessive gene of C57BL/6],
the N, and N; fetuses demonstrate an increase in manifesta-
tion of the trait that is expected for the accumulation of a reces-
sive gene by backcrossing.

Morphological variation of the gonadal hermaphroditism
phenotype
The expression of gonadal hermaphroditism was examined
in the individual phenotypically identified gonadal hermaphro-
dites. The laterality of the trait is shown in Table 4 for the N,

and Ny fetuses. The data for the N, “‘domesticus’” fetuses
from Eicher and Washburn (1983) are summarized for com-
parison. The discrepancy between 97 “‘domesticus’ N,
fetuses with gonadal hermaphroditism in Table 2 and only 96
fetuses in Tables 4 and 5 is from the original report (Eicher
and Washburn 1983); one gonad was reported lost and the
laterality of expression for that fetus could not be specified.
The small numbers of fetuses in asymmetrical categories pre-
cluded appropriate tests of laterality; overall, testicular tissue
appears to be biased to the left side. Similar to the report by
Eicher and Washburn (1983), no fetus had an ovary and a con-
tralateral testis.

The distributions of gonadal phenotypes were compared
between strains by pooling left and right sides of the pheno-
typically-identified gonadal hermaphrodites (Table 35).
Distributions of N, fetuses with the “‘domesticus’’ Y chromo-
some (Eicher and Washburn 1983) and the Posch-2 and Peru
W-9'Y chromosomes did not differ (G, = 3.73, 4 df, P >






