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Abstract. A hybrid congenic strain, C57BL/6J.SPREIprt?, in the region have been identified. Four other hybrid sterility loci
carrying 17 map units of Chromosome (Chr) X fravtus spretus  on proximal Chr 17 Hst4 (Pilder et al. 1991)Hst5, and Hst6

on a background of C57BL/6J, has the novel phenotype of low(Pilder et al. 1993) andlst7 (Pilder, 1997), were found by ana-
fertility associated with small testis weight. In histological cross- lyzing crosses involving selected laboratory strailfs, spretus,
section, many of the tubules in the testes of these congenic micand mice carryingt-mutations. Recent molecular studies have
are empty except for Sertoli cells, while the other tubules appear tidentified the gene involved ikist6 as an axonemal dynein (Sa-
be normal. The gene, interspecific hybrid testis weighthiw(1) mant et al. 1999; Fosella et al. 2000).

causing this phenotype, has been fine mapped by using the strategy A genetic resource showing decreased fertility in hybrid males
of generating subcongenic strains from recombinants within thevas developed by Verne Chapman. It is a congenic strain, C57BL/
congenic region. Genetic and phenotypic analysis of the subcor6J.SPRETHprt?, in which a portion of Chr X fronM. spretusvas
genic strains has defined a critical region of 1.8 map units fortransferred to a C57BL/6J background by using a standard con-
Ihtwl. This region of the genetic map is orthologous to the regiongenic backcross protocol, selecting for tHprt® allele. The chro-

on human Chr X containing the gene for the Borjeson-Forssmanmosomal region fronM. spretusis 17 ¢cM long, and extends from
Lehman syndrome, an inherited disease in which males show mbXMit48 to DXMit60. This congenic strain is associated with two
croorchidism. phenotypes, one involving placental weight in females and one
involving testis weights in males. Hybrid placental dysplasia has
already been described (Zechner et al. 1996). Placentas from
C57BL/6J.SPRETHprt® weigh about 0.2 g, compared with pla-
centas in C57BL/6J, which weigh about 0.1 g. The larger placentas

. . . ) ) have an excess of spongiotrophoblast cells and glycogen cells
Matings between mice fromvl. spretusand inbred strains, which (Hemberger et al. 1999).

are derived largely fronM. musculus domesticuroduce viable In this study, we examine the phenotype found in males from
fertile females and viable infertile males. This hybrid male sterility C57BL/6J.SPRETHprt2. The congenic males breed, but fertility is

is consistent with Haldane’s rule (Haldane 1922), which statesjoy These hybrid congenic males have small testes in which some
When in the F1 offspring of two different animal races one sex is of the tubules, as seen in cross-section, contain developing sperm,
absent, rare or sterile, that sex is the heterozygous [heterogametjghile the other tubules contain only Sertoli cells. The locus re-
or XY] sex.” As an example, interspecific hybrid males from ghnsiple for this phenotype has been narthed1 (interspecific
C57BL/6J anaVl. spretusparents are infertile (Guet et al. 1990).  pypyriq testis weight 1). Using the approach of making subcongenic

This infertility has been associated with a lack of X//Y pairing in mice, we have refined the position bitw1 to a 1.8 cM region on
the pseudoautosomal region (PAR) (Matsuda et al. 1991). In hucp, x.

mans as well as in mice, failure of the X-Y chromosome pairing is

often associated with meiotic arrest and subsequent degeneratidmaterials and Methods

of primary spermatocytes before metaphase Il (Speed and Chan-

dley 1990; Matsuda et al. 1991, 1992; Hale et al. 1993; Ashley esﬁxnimals and DNA Mice were bred in the colony maintained at Roswell

al. 1994)'_ . . Park Cancer Institute (RPCI). DNA was obtained from 2 mm of tail added
In addition to loci on the sex chromosomes, autosomal geneg, o.15 mi of 50 v NaOH, heated to 95°C for 10 min, mixed thoroughly,

on Chr 17 have been implicated in hybrid sterility. Hybrid sterility and neutralized with 0.21 ml of 60wTris, pH 8, 1.7 nv EDTA.
1 (Hstl) causes sterility in male ;6 between the inbred strain

C57BL/10, carryingHstT, and PWK, an inbred strain dfl. m.

Introduction

by ; : : Congenic strain.Congenic strain C57BL/6J.SPREprt® is also called
musculusSimilar F, hybrids between another inbred strain, C3H, AT24 (allelic transfer 24). It was constructed by mating (C57BL/6I.x

. £ ; ) .
carrying Hs,tl' and PWK are fertile (Eorejt and Ivanyi 1974). pretug F, with C57BL/6J and selecting females that were heterozygous
There is a fine structure map of the region (Gregorova et al. 1996;)r Hprt. These females were then mated with C57BL/6J males, and their
and a YAC contig spanning the gene (Trachtulec et al. 1994). Th@smale progeny, heterozygous fdprt, were used for the next generation.
Hstlgene is encoded in a 580-kb YAC, and four candidate geneShis process was repeated until generation N12, at which point the strain
was homozygosed by mating females heterozygousifwt® with sibling
E— males hemizygous foHprt®. The line has been maintained by brother-
* Present addressLife Sciences Division, Oak Ridge National Labora- sister mating and is now at generation N12F35. The ends of the congenic
tory, PO Box 2009, Oak Ridge, TN 37831, USA. region were determined by using PCR of microsatellite sequences.

** Present address:Department of Cell Biology, Vanderbilt University

Medical Center, Nashville, TN 37232, USA. Subcongenic strainsThese were obtained by mating the congenic strain
Correspondence t&?.W. Elliott; E-mail: rosemary.elliott@roswellpark.org  AT24 with C57BL/6J to obtain Fanimals. Recombination in the, ni-
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Fig. 1. Histological sections of testes. Testis sections were prepared as described in Materials and methods and stained with hematoxylif, destisosin.
from C57BL/6J mouseB, testis from an infertile (C57BL/6J ¥1. spretu$ F, hybrid mouseC, testis from C57BL/6J.SPREHMprt* mouse.

mals was identified by PCR typing of progeny from a backcross to C57BL/element in the phenotype. Examination of the cross-section of a
6J. Animals with crossovers in the interval were mated with C57BL/6J. Toformalin-fixed testis shows that only about half of the tubules
obtain homozygous females for each subcongenic strain, recombinant majgntain developing sperm. This is shown in Fig. 1, which com-
progeny were mated with heterozygous females carrying the same recog)-ares cross sections of testes from C57BL/6J, (C57BL/J. x

bination. Each congenic strain was maintained by brother-sister matin .
Crosses between subcongenic strains, 101 x 212 and 394 x 374, we retug F1, and C57BL/6J.SPREHprt™. The testis from C57BL/

performed in both directions. Progeny were crossed to C57BL/6J, an®J (Fig- 1A) shows normal spermatogenesis, with all tubules con-

recombinants were identified by PCR typing. The lines were maintained bytaining developing sperm. The tubules in the testis from an infertile

brother-sister mating. (C57BL/6J xM. spretug F, hybrid (Fig. 1B) contain Sertoli cells,
spermatogonia, and primary spermatocytes. However, the sper-

Testis weightAt 10 weeks of age or slightly older, male mice were matocytes_ fStOp_ development between meiosis | and Il because of

sacrificed and weighed. Pairs of testes were dissected and weighed. lack of pairing in the PAR. In contrast, many of the tubules from
the congenic strain (Fig. 1C) contain normally developing sper-

Histology. Testes were pierced several times with a needle, fixed in 10%mat_|c_)zo_a, Vm lle some .Of tthe_ tUb.l#]es _contaltn I?tn ly Selr(toll Ci"s' d

formalin overnight, washed in 70% ethanol, embedded in paraffin, an(i yping the congenic strain with microsatelliite markers showe

sectioned. Sections were stained with hematoxylin and eosin and observéfat the proximal boundary lies betweBXMit50 and DXMit48.

under standard conditions. These are at positions 14.1 and 14.2 on the consensus map. The

distal boundary lies betweddXMit60 andDXMit61, which are at

) ) : ) ) positions 30.75 and 30.9 on the consensus map. The congenic

E?CR 150C SGV\;ﬁzrriglr 'ggcloelﬂt (',Cl Jm;l}t;v;grlcmlﬁgg |rrr11 'gﬂgﬁluprlr?;ezo':_ the insert is thus about 17 map unit.s in. length, or about 22% of the
taining 8-10 ng of genomic DNA, 1-2.5 pmole of each primer, and 0.2 unitl€ngth of the consensus recombinational map of Chr X. The gene
of Tag polymerase. The reaction mixture also contained 0.05% bovin€ausing the phenotype has been calleisvl, and it maps within
serum albumin, 1.5 m MgCl,, 10 mv Tris HCI, 50 nm KCI pH 8.3, and  the congenic interval.
1wl 2% cresol red dye in 60% sucrose. The cycling parameters used were:
94°C for 3 min, 94°C for 45 s, 55°C for 40 s, 72°C for 40 s, for 36 cycles, . . . .
with the last extension time 5 min. Analysis of the reaction product wasSubcongenic strainsTo refine the map position folhtw1, sub-
performed by electrophoresis on neutral acrylamide gels in 0.5x Tris€ongenic strains were made from the congenic strain C57BL/
borate buffer, pH 8.3 for 1-2 h at 300 volts. Gels were stained with6J.SPRETHprt* as described in Methods. Eleven recombinant
ethidium bromide and photographed. progeny were identified and bred to make homozygous subcon-
genic strains (Fig. 2). Four of the recombinants were males and
seven were females. A further male recombinant did not breed.
Four more subcongenic strains were obtained after secondary re-
combination events occurred in three of the developing subcon-
Congenic strain.The congenic strain AT24 contains alleles de- genic strains. The limits of the genetic interval frdvh spretus
rived from C57BL/6J, except for a region on Chr X surrounding were determined by microsatellite typing and are shown in Fig. 2
Hprt in which alleles are derived frorl. spretus Animals from  for the 15 subcongenic strains.
AT24 have testes weighing 0.110 + .072 g, whereas in animals When the subcongenic strains were homozygous, testis
from C57BL/6J andV. spretustestis weights are 0.230 + 0.013 g weights were obtained and are shown in Table 1 and at the bottom
and 0.190 + 0.020 g, respectively. A comparison of breeding hisof Fig. 2. In nine of the strains, testis weights were indistinguish-
tory from 58 mating pairs of AT24 and of C57BL/6J shows that able from testis weights from C57BL/6J. In three of the strains,
the average number of litters per mating pair was 2.2 + 1.4 for24-212, 24-374, and 24-394, testis weights were significantly
AT24, and 5.8 + 1.7 for C57BL/6J. lower than testis weights for C57BL/6J. For three other strains,

Histology of the testis from AT24 animals illustrates a further 24-86, 24-137, and 24-729, testis weights were intermediate be-

Results
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subcongenicl 344 393102 440 448 189 110 139563 137 729 86212 374 394
C57BL/6.SPRET-Hprt? @12) (137)

47

Table 1. Testis weights in subcongenic strains. Testes weights were determined from
males between 10 weeks and 6 months of age. For some strains, control males were
obtained from progeny of the cross used to generate the respective subcongenic strain.

Subcong.

Weight (g) = SD (No.)

Control wt (g) + SD (No.) p

>

[>-)

0.192 +0.014 (33)
0.205 + 0.015 (26)
0.188 +0.011 (15)
0.204 +0.025 (22)
0.193 +0.016 (15)
0.205 +0.009 (13)
0.201 +0.015 (28)
0.195 + 0.195 (13)
0.189 +0.017 (20)
0.177 +0.014 (8)

0.172 +0.017 (47)
0.179 +0.019 (34)
0.158 +0.019 (30)
0.156 +0.016 (16)
0.150 +0.013 (11)

0.112 +0.012 (57)

Cross 110 x 212

0.125 +0.014 (22)
0.206 +0.008 (11)
0.170 +0.009 (7)
0.182 +0.021 (9)
0.171+0.010 (9)
0.192 +0.011 (13)
0.186 + 0.009 (6)

0.211 +0.011 (5)

0.187 +0.024 (35)
0.198 +0.021 (12)
0.204 + 0.020 (25)
0.195 +0.014 (10)

0.196 +0.020 (11)
0.197 £ 0.023 (9)
0.211+0.011 (9)
0.214 +0.020 (6)
0.196 +0.014 (6)

0.0035
0.053
0.0000005
0.00045
0.00008

(110X110)
0
POSN  MIT
14.1 50 110
s 102
14.5 105 139
15.5 166 éji
16.0 83
393
17.1 23 240
50 248
17.9 73 563
19.0 140 7;(93
20.0 92 137
20.0 144 212
374
394
AT24
25.5 87 S1
26.5 110 S2
270 joa Pl
27.5 120 P2
278 25 P3
284 94 D1
29.75 146 D2
30.8 60
309 61 p values were obtained using a two-tailetest, without assuming equal variances.

containlhtwl (Fig. 2). The ends of the three subcongenic strains

subcongenic 344 393 102 440 448 189 110 139563 137 729 86 212 374 394
weighl(mg)|193 206 205 198 187 204 192 188 182|179 177 172|158 156 150[

with the smallest testis weights suggest the length of the critical
region. The loci included are fro@XMit23 at position 17.1 to

Fig. 2. Schematic maps of subcongenic strains. A diagrammatic map oPXMit75 at position 18.9, a distance of 1.8 map units. This has
the AT24 hybrid congenic strain is shown on the left. Filled black regionsPeen divided into regions A and B based on the breakpoint in
indicate inheritance from C57BL/6J, and hatched regions indicate inherisubcongenic strain 24-110. This strain contains DNA from
tance fromM. spretusThe positions (POSN) of several MIT markers are C57BL/6J for region A and fronM. spretusfor region B. How-

indicated, as obtained from the 2000 consensus map of Chr X (http:/ever, it has a testis weight similar to C57BL/6J, suggesting that
www.informatics.jax.org/ccr/searches/contents.cgi?&year region A containshtwl. The results suggest the presence of a
2000&chr=X). Similar diagrams of each of 15 subcongenic strains aremajor locus in the critical region, and a possible second locus

presented on the right. Each breakpoint is marked with a horizontal line on
the list of markers at the left. The name of each subcongenic strain is at the, -
top and bottom of each map, and the average testis weight is shown at tl

equired to give the testis weight found in AT-24. Comparison of
pirains 24-212 and 24-729 (derived from 24-212) suggests that

bottom. Recombination in strain 24-110 yielded strains 24-440 and 24-44g/€Placing the interval containin@XMit48 and DXMit105 with
while recombination in strains 24-137 and 24-212 yielded strains 24-3742NA from C57BL/6J causes a suppression of the small testis
and 24-729, respectively. The group of strains with testis weights indisweight phenotype observed in 24-212. Strains 24-86 and 24-374
tinguishable from C57BL/6J are bracketed at the left. The three strains witlppear to have crossed over at the same position, but have some-
testis weights significantly smaller are bracketed at the right. Strains 24-86what different weights. This suggests that there may be a differ-

24-137, and 24-729, whose weights are intermediate, are placed betwegihce in the site of recombination, but that the marker resolution is
these two groups. The critical region is shown by a heavily outlined box to ot adequate to demonstrate this.

the right, divided into regions A and B.

Genetic map.To obtain a more defined genetic map of the con-
tween these levels. The testis weights for the subcongenic micgenic region with higher resolution, and to determine the map
were compared with mice carrying alleles from C57BL/6J. Controlpositions of some of the candidate genes for the variation in testis
mice were either siblings carrying alleles from C57BL/6J, derivedweight, we have examined three interspecies crosses betvieen
in the breeding of the subcongenic strain (Table 1), or previouslyspretusand C57BL/6J. These crosses have been typed for many of
bred C57BL/6J males. Highly significant differences between thehe same MIT markers, but different genes have been typed on
subcongenic strain and control C57BL/6J were observed when theach cross. To obtain a reliable map order, it is helpful to analyze

testis weight of the subcongenic strain was below 0.16 g.

markers typed in the same cross. Cross BSBCE uses 230 male

Histological analysis of sections of the testes from some of theprogeny that have been typed for 142 loci on Chr X in our labo-
subcongenic strains has been performed to determine whether thegtory, including both genes and MIT markers (Chapman et al.
contain empty tubules. Sections from the strains with smaller tes1994; Disteche et al. 1998). The use of male progeny allows us to
tes, such as 24-394 and 24-374, possessed some tubules that wiakow the segregation of dominant markers, suchDagMit75,
empty except for Sertoli cells. Sections from strains with largerwhich does not amplify DNA fromM. spretus.This cross was
testes, such as 24-102 and 24-189, were like the C57BL/6J contrdyped for all the MIT markers in the proximal half of the AT24
and did not have these empty tubules. Thus, among the subcomterval that were variant between the two parents. DNA from the
genic strains, the presence of empty tubules appears to correlaBSBJ and BSSJ crosses from The Jackson Laboratory (TJL) was

with testis weight.
Comparison of the intervals froi. spretuswithin these sub-

congenic strains allows us to narrow the genetic region likely todominant markers was not performed.

also typed in the AT24 interval for as many markers as possible,
but as their progeny included both males and females, typing of
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BSBCE BSBJ BSSJ
1a.0 H Mitas, 82,226 14.0 4+ Mitd8%*,226* 14.0 ++ Mitd8*,82*,226* Xrf423
T
14.9 4o Mit47,105 225
15.3 B Mit83,192
15.7 +4 Gocd  Mit166 o
16.2 ++ Mit106 o
i’ : *
17.2 4+ Mit105,225
17.9 ++ Hprt Mit22,68,91,159,167 o4 19.3 4+ Mit105,225*% # Mit192*,166*
18.3 4+ Gpca Mit192*,166*
A 18.8 1 Mit193 o
19.6 1 Mit86,108 #”Mit209 o 21.4 ++ Mitl59*%,193%,86*,209* Pmv6 Wsu72e
20.1 1 Mit75
44 Mit23*,159%
B 20.9 ++ Zic34”Mit208 20.4 »
21.4 ++ Mit73,140,141
21.8 ++ F9 Mitl26 21.4 1+ Mit193*
~4— i i *
» » 24.6 N Bir2 Zic3
3 3 *
23.1 H Mit92 2.5 1r Zic3MMLLLA0 25.7 4+ Mit140%,141% xrf102
” .
” 23.6 ++ Bir3 Mitl44*
i’
25.3 ++ Mit127,144 24.6 11 Mit87,110% ) .
25.7 ++ Mit4d6,74,76 28.9 ++ Bir3 Jcs33 Mitl44
-
26.6 13 Mit110
27.0 44 Mit142 )
» 31.0 T+ Mit87
”
28.8 = Mit120 ”
29.2 ++ Mit25,94
28.9 1 Mit25*,1
i
30.9 45+ Mitl i 30.0 ++ Abcdl  Mitl46*
31.4 71 Llcam Rsvp Mit146 36.3 T+ Mit110*#%”Mit120 #”Mit94 Tapls3-11 Mitle” Mit146*
Flna
32.3 4+ F8 q 37.5 4+ Ctsh-rsl Xrf76,356 Mppl Mtcpl
” .
++ Vbpl Mit60* 4L DxMit60
33.5 1L Mitdd,60 TH11 32.1 L 38.5

Fig. 3. Genetic maps of three interspecies backcrosses. Interspecific backFhe position ofDXMit48, the most proximal marker in the congenic re-
crosses between C57BL/6J alld spretuswere used to obtain three maps gion, was defined for the maps as 14, the position given in the chromosome
of the AT24 congenic region. Data were entered into the Map managecommittee report. The positions of other markers was obtained from the
computer program, which generated the maps. Cross BSBCE, based on 28ata. The critical region is identified by using a heavy vertical line to the
male progeny, was type for 48 loci in the congenic interval. This cross wadeft of each map. The positions of the 12 recombinational events in the
initiated by Verne Chapman, and typing was performed in his laboratorysubcongenic strains are indicated by heavy diagonal bars placed in the
and in that of Rosemary Elliott. BSBJ and BSSJ are the public domainchromosome stem at the appropriate interval. Where there is no crossover
backcrosses from TJL and are each based on 94 progeny. They have beiarthe map, the position of a crossover in the subcongenics is identified by
typed within the congenic region for 22 and 36 loci respectively. Markersa diagonal heavy line in the correct map position within a bin. Data for the
typed for this project in these two crosses are identified with an asteriskpublic crosses have been submitted to TJL and will be found at http://
Maps are oriented with the centromeric end at the top. Within a bin,www.jax.org/resources/documents/cmdata/

markers are listed in map order, if this is known, or in alphabetical order.

Maps from these three crosses are shown in Fig. 3. The criticaterebellum 3), both typed using PCR, abXMit108, 208, 225,
region is indicated to the left of each map by a heavy vertical line.and 226.
Where the same markers are typed, the marker order in the three To further check genes whose primers did not show genetic
crosses is the same. This order also agrees with the order generateatiation, several genes were typed on the T31 panel of RH mark-
by the crossovers in the subcongenic strains. The positions of thesgs. These loci includedgtr2, Ant2, Api3, F9, Vbpl. Agtrand
crossovers are shown by short diagonal lines on the map stem artht2 are placed proximal to the congenic region, consistent with
within some bins in Fig. 3. The three crosses give different lengththeir known map positionsApi3, previously not regionally
estimates of the congenic region, ranging from 18.1 map units fomapped, lies betweeBDXMit50 and DXMit48, at the proximal
BSBJ to 24.5 map units for BSSJ. Comparison with the consensusoundary of the congenic region. We do not know whether it is
map indicates that several markers show small differences iinside the region. The position &8 is consistent with the position
marker order between the maps in Fig. 3 and the consensus mape found in the BSBCE backcross, rather than that given in the
These have not been specifically identified. Loci where the posiconsensus map/bplis proximal to DXMit60, suggesting it is
tions are significantly different from the consensus map includewithin the congenic region. This has been confirmed by Southern
genesF9 (clotting factor 9) andzic3 (zinc finger protein of the  blotting experiments (Hemberger, unpublished). RH mapping data
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Subcongenic Crossovers
Parents . .
S region Proximal Distal
110 212 S1 S2 PIL. P2 P3 DI D2
Mit48 l I
(A Mit82 f
(1 Mit105 1
] ; Mit166¥Mit166
L] ’:;Mit23 Mit23
Mit86 ; # Mit86 ;ﬁ j !Migs Mit86
Mit209 % ; //’ Mi209 (7} (A Mit209 [ Mit209
% 7 g ;
/B’ 7Y g 9 g ’ g
X ’; 1 5 f [ 11 Fig. 4. Schematic maps of progeny of 24-110 x
] :; § I ] j ,/z 24-212 cross. The parents of the cross are
; ; j,’ ¢ 5 j § diagrammed at the left, with the same labeling
A [ 1 ,// g [ ; ;,' conventions as in Fig. 2. The classes of
; [ 5 [ [ recombinant progeny are shown at the right. The
j ] / j 9’ ] j jj two progeny classes obtained by recombination
Q' ’/’ ; within the common region fronM. spretusare
o Mit110 Mit110 EMit110 [ ] labeled “S region.” Crossovers in the proximal
Mitl94 Mit194  @Mit194 ’ / / region where DNA from 24-110 is from C57BL/6J
V] ¥l Mitl ¢ and DNA from 24-212 is fromM. spretusare
! iy labeled “Proximal” and the recombinant classes
% L] iy Mit146[1Mit146 iti
V] _//' Mit44 numbered P1, P2, or P3. Crossover positions are
Mit60 LA indicated by placing the number of the MIT
markers proximal and distal to the breakpoint.
Note that the reciprocal recombinants P2 and P3
had crossovers in the same genetic interval,
betweenDXMit106 and DXMit23. Crossovers in
the distal interspecies region are labeled “Distal”,
0.192 0.158 0.125 0.206 0170  0.182 0.171 0192 0.186 and the classes numbered D1 and D2. Average
testis weights from Table 1 are given below each
Testis weight (gm) diagrammed recombinant.

have been submitted to http://www.jax.org/resources/documentg!. Testis weights from strains developed from these recombinants
cmdata/. are shown in Table 1 and Fig. 4. Reciprocal crossovers (S1 and S2)
within the M. spretusregion were identified. S1 contains 17 map

Crosses between subcongenic straiNene of the subcongenic units of continuous genetic region fronM._ spretus.lts testis
strains had testis weights as low as their AT24 parent (0.11 gm)We'ght 0f0.125 £ 0.0135 g (N- 22.) Is not 5|_g_n|f|cantly different .
Two hypotheses were developed to explain this finding. (i) AT241T0M the 0.112 + 0.012 g found in the original AT24 congenic
contains an autosomal region fravh spretusthat is required for strain. Reconstitution of the original phenotype whe_n the_genotype
the full phenotype, and this was replaced by a region from C57BLMWaS reconstituted suggegts thqt the absence of tgstls We!ght of 0.11
6J during the breeding for the subcongenic strains. (ii) Beside§ @mong the subcongenic strains was not associated with the loss
Ihtw1, there is second locuthtw2, within the 17-cM subcongenic  Of an autosomal genetic region frolh. spretus.it is more likely
region that is required for the full phenotype. that hypothesis 2 is correct and a second locus within the 17-cM
To test hypothesis 1, we have done two experiments. First, wé0ngenic region is required to obtain the full phenotype.
performed a genomic scan of AT24, by using 350 genetic markers Five other recombinants among the progeny were made ho-
distributed over all the autosomes. The markers were chosen g80zygous (see Fig. 4). They were generated by recombination
that if the hypothetical autosomal region were of significant length,petween C57BL/6J anil. spretusDNA within the congenic re-
such as 10 map units, it would have been identified. All 350gion. The most interesting of these (Proximal 3, P3) is a double
autosomal loci tested were homozygous for alleles from C57BLfecombinant that has an interval of 1.0 cM from C57BL/6J within
6J; none was homozygous for alleles frdvih spretusor hetero-  the 17-cM congenic region froid. spretusThis interval is almost
zygous like the (BXS) E Thus, there is no evidence for a cryptic identical to that associated with part A of the critical interval (Fig.
autosomal congenic region of significant length, although we canz2). Testis weights from these males were 0.17 + 0.011 g=(N).
not eliminate the possibility of a congenic region shorter than 10This provides confirmation that this portion of the critical region
map units. contains genes involved in the small testis phenotype, as the testis
As a second experiment to determine whether an autosomateight is significantly different (t test) from the testis weight for
locus is involved, we have performed a cross between two subAT24 (p < 0.0000002) and from C57BL/6{¢ (= 0.00013). The
congenic strains to reconstitute the original congenic strain. Subposition of the proximal crossover event in P3 cannot be distin-
congenic strains, 24-110 and 24-212 (testis weights 0.192 g anduished from that in 24-394, 24-563, or recombinant P2. It is
0.158 g) were crossed, and hybrid progeny were crossed tpossible that this interval contains a stretch of DNA with a high
C57BL/6J. The 186 backcross progeny were typed for relevanprobability of crossing over between C57BL/6J a¥id spretus.
markers. The desired recombinant animals were identified, as weRecombinants S2, D1, and D2 carry the proximal crossover from
as several other recombinants whose genotypes are shown in Figubcongenic strain 24-110, but contain varying amounts of
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C57BL/6J DNA from 24-212 at the distal end of the AT24 con- BSB crosses. The distance betw&XMit110andDXMit60is 2.2
genic region. They all have testis weights indistinguishable frommap units in BSSJ, while in BSBCE and BSBJ it is 6.9 and 7.5
24-110. Recombinant P1 appears to have the same genetic contenap units respectively. Just proximal to this, however, in BSSJ,
and testis weight as subcongenic 24-729. Both these strains anbere is a 5.3 map unit interval betweBXMit87 and DXMit110,
recombinant P2 carry the critical region frdvh spretusput have  while these markers are in the same bin in the BSBJ cross. The
both proximal and distal regions from C57BL/6J. Possibly one ofchromosomal region ne&@XMit187 has the highest transmission
these regions contains a suppressor of the testis weight phenotypdistortion ratio in cross BSSJ, with only 13 heterozygotes and 81
homozygotes. It is interesting to speculate that recombination fre-
] ] guency in this region may be affected by one or more of the Dcsx
Discussion (distortion controlling) loci mapped in this vicinity (Montagutelli
et al. 1996).
In the studies presented here, we have described the generation of Recombination that occurred in the generation of the subcon-
a hybrid congenic strain carrying 17 map units frdmspretuson genic strains involved crossing mice with the spretusderived
a C57BL/6J background. The phenotype associated with this straiimterval to C57BL/6J, and then backcrossing to C57BL/6J. These
includes low fertility in the male, associated with low testis crosses were more like the BSB crosses, and the distribution of
weights. The major locus contributing to this phenotype has beerrossovers, as illustrated by the diagonal bars in Fig. 3, is more
namedlhtwl and maps in the 17 map unit hybrid interval on Chr similar to the distribution of crossovers in these maps. Most of
X. The low testis weight is correlated with the presence of unfilledthese crossovers occurred only once in the generation of the vari-
tubules in the testis. The empty tubules lack spermatogonia andus subcongenics. However, crossovers occurred twice in the most
developing sperm, but retain Sertoli cells. Sertoli cells are requireghroximal interval. In the third interval, crossovers occurred three
to support the maintenance of spermatogonia and their develogimes, while in the eighth interval, betweddXMit101 and
ment into mature sperm. A simple model to account for the smalDXMit194, independent crossovers occurred four times. Consid-
testis size is that the product of a gene in the congenic interval igring all the data from the three crosses and the subcongenic con-
important in the development of sperm, possibly by determiningstruction, it appears highly likely that crossover events between
the number of spermatogonia, or the life span of spermatogoniaC57BL/6J and\. spretusare not randomly distributed, but occur
stem cells. This protein interacts with the product of a secondn preferred regions.
locus, elsewhere in the genome. When these two genes come from The 17 map unit interval within the congenic region is ortholo-
the same parent, normal numbers of spermatogonia are producgdus with a continuous region of human Chr X containing Xq26,
and sperm development is normal. When one gene comesMrom Xq27, and Xg28. The proximal end of the congenic region is in the
spretusand the other from C57BL/6J, the protein interaction is lessmiddle of this orthologous region between mouse and human. The
efficient, and sperm development is limited. This could be owingdistal end of the congenic region coincides with the homology
to a decrease in the numbers of spermatogonia or possibly tbreak point between Xg28 and Xp22.3. The interval orthologous to
difficulties in the interaction between Sertoli cells and spermato-Xp22.3 contains the single locuBbll (Disteche et al. 1998).
gonia in the developing testis. Within the human map orthologous to the congenic interval there
We have established 15 subcongenic strains whose genotypese two loci known to affect testis weight in man, FMR1 (fragile
and phenotypes have allowed us to refine the mappinbtefl to X mental retardation 1) and BFLS (Borjeson-Forssman-Lehman
a chromosomal interval of 1.8 map units. Three previously typedsyndrome). The FMRL1 locus is associated with macroorchidism in
mapping panels have been used to search for genes in the criticadan, while in BFLS affected males show mental retardation, often
interval, and this analysis has been extended by typing genes in theve epilepsy, and have genitalia of reduced size (Borjeson et al.
RH panel. Only two of the genes mapped in the crosses in Fig. 3962). Several studies have placed the locus for BFLS syndrome
are within the critical region. These akprt, in part A of the  in the region between HPRT and F8 (Mathews et al. 1989; Turner
critical region, mapped in the BSBCE cross, &id3, at the distal et al. 1989). The mouse orthologs of these genes are both in the 17
end of part B of the critical region, mapped in all three back- map unit congenic interval. A favored candidate for mutation lead-
crosses. One ESDXWsu72ewas mapped in the critical region in  ing to BFLS is SOX3. This is a transcription factor that maps on
the BSSJ backcross (Ko et al. 1998). Two other geRgil3and  human Xg27.1 (Mumm et al. 1997) and is at position 24.5 in the
Tnfsf5have been placed in the critical region in the consensus mapmouse (Collignon et al. 1996), within the congenic interval. It is
These were mapped in the Frederick cross (Smallwood et al. 199@)anscribed mainly in the brain, but is also transcribed in the testis.
and are at the proximal end of a fairly long interval. Their position Its map position in the mouse is distal to the critical region we have
is not yet well defined relative to markers in the crosses in Fig. 3.defined, but it is possible that SOX3 interacts with the protein
The geneGpcdhas been mapped in the BSBCE and BSBJ back-product oflhtwl. However, a recent study has shown that, in one
crosses proximal to the critical region. The critical interval appeardamily with BFLS, FGF13 is involved in a duplication (Gecz et al.
to be a gene-poor region, in contrast to the distal part of thel999). This makes FGF13 an excellent candidate for BFLS. It is
congenic region, which appears to be gene-dense. This observatipossible thathtwl is a mouse model for part of the BFLS phe-
is supported by sequence data for human Chr X from (http:/hotype. Supporting this is the genetic finding that BFLS maps in an
www.ncbi.nlm.nih.gov/genome/seg/HsHome.html). Sequencednterval orthologous to the interval containiffgwl. Further, both
contigs in the region orthologous to the interval contain very fewBFLS patients and AT24 mice have small gonads. Also, according
genes and ESTs. to the consensus mapgfl3 may be within the critical region.
There is evidence of variation in positions of recombination  Part of the critical region that we have identified has been
events between the three crosses. A comparison of the maps in Fideleted in ES cells by irradiation followed by selection against
3 suggests that, in the proximal region of the congenic intervalHprt (Kushi et al. 1998; Thomas et al. 1998). Some of the ES cells
relatively more crossovers have occurred in the two crosses fromarrying small deletions were used to generate chimeric mice, and
TJL than in the BSBCE cross. The interval betw@XMit48and  germline chimeras were obtained from three deletions. Some
the Hprt cluster is 3.9 map units for the BSBCE cross and 6.4 andmales hemizygous for the deletion were runted or died at birth
7.4 map units in the two crosses from TJL. The critical region is(Kushi et al. 1998), suggesting the presence of a gene important for
1.8 map units on the consensus map. It is about 3 map units in theevelopment in this deleted region.
BSBCE map, while it is less than 2 map units in the BSBJ and a  The finding of low fertility in interspecific congenic hybrids is
little over 3 map units in the BSSJ maps. The distal end of the mapf great interest because it suggests that the speciation process may
of the BSSJ cross appears to be compressed relative to the twovolve difficulties in protein-protein interactions in the develop-
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ment of male germ cells. A receptor-ligand pair or a pair of inter- Genetic dissection of X-linked interspecific hybrid placental dysplasia in
acting transcription factors would be good candidates for this in- congenic mouse strains. Genetics 153, 383-390
teraction. The identification of the gene functionlbfwl and the ~ Ko MSH, Threat TA, Wang X, Horton JH, Cui Y et al. (1998) Genome-

genes with which it interacts will be important in unraveling the ~Wide mapping of unselected transcripts from extraembryonic tissue of
molecular events in sperm development 7.5-day mouse embryos reveals enrichment in the t-complex and under-

representation on the X chromosome. Hum Mol Genet 7, 1967-1978
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