
COMPARATIVE STUDIES ON X-AUTOSOME TRANSLOCATIONS 
IN THE MOUSE. 11. INACTIVATION OF AUTOSOMAL LOCI, 

SEGREGATION, AND MAPPING OF AUTOSOMAL 
BREAKPOINTS I N  FIVE T (X; 1 ) 'S1 

LIANE BRAUCH RUSSELL AND CLYDE SAYLORS MONTGOMERY 

Biology Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 

Received July 22, 1969 

nine X-autosome translocations observed in the mouse possess distinctive 
T y f t u r e s  that give each certain advantages and certain disadvantages in 
studies of gene action connected with X-chromosome inactivation. Thus, for 
T (X; ?) 16H, the translocation reported by SEARLE ( 1962), both genetic (LYON, 
SEARLE, FORD and OHNO 1964) and cytological ( OHNO and LYON 1965) evidence 
indicates that X inactivation, at least in certain adult cells and tissues, is non- 
random, affecting almost invariably the nonrearranged X. While this situation 
provides a tool for determining gene inactivation in the normal X chromosome 
(LYON 1966) it lacks the opportunities, offered by the other translocations, of 
studying inactivation in autosomal genes. The fact that the autosome involved in 
this translocation is not known becomes less important when one realizes that its 
genes would presumably behave no differently in the rearranged chromosome 
(which is virtually always active) than they normally do. 

In the two X;8 translocations (RUSSELL and BANGHAM 1959; RUSSELL 1961; 
RUSSELL, unpublished), the five X;1 translocations to be described in this paper 
(RUSSELL and BANGHAM 1961; RUSSELL, BANGHAM and SAYLORS 1962; RUSSELL 
1963a) and the flecked translocation (CATTANACH 1961), nonrandomness ap- 
pears not to be a factor. The flecked translocation, ,which is probably an insertion 
of about one-third of LGI into the X (OHNO and CATTANACH 1962), has certain 
distinctive features, one of which is that one class of unbalanced segregants 
(autosomal duplication) is viable, providing the opportunity for studying auto- 
somal dosage phenomena. Furthermore, the unbalanced males are fertile, in con- 
trast to males carrying any of the other X-autosome translocations known in the 
mouse-an obvious practical advantage. On the other hand, there is no recombi- 
nation between the inserted segment and normal autosomes, which means (a) 
that no allelic substitutions can be made and (b) that mapping of autosomal 
breakpoints is hampered. Mapping has been possible by comparing balanced and 
unbalanced types with respect to phenotype of certain LG1 markers (EICHER 
1967; WOLFE 1967). 

The five X;l translocations described in the present paper and the preceding 
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one (RUSSELL and MONTGOMERY 1969) recombine in their autosomal and X-chro- 
mosome portions. Various suitable markers are available in LG1. The fact that 
the same loci can be studied in relation to different rearrangement points has 
already led to the hypothesis that there is a center or region in the X chromosome 
from which inactivating influences spread along gradients (RUSSELL 1963a, 
1964a.b). The present paper presents more detailed data on the effect of the 
various rearrangements on certain LG1 loci, location of autosomal rearrangement 
points. and segregation in tran’slocation heterozygotes. This makes possible a cri- 
tical examination of suggestions made earlier, a discussion of some new points 
raised by more recent work with mouse translocations, and a reexamination of 
the single-active-X-chromosome hypothesis, in view of GRUNEBERG’S (1 967) cri- 
ticism of this hypothesis and his alternate suggestion that both X chromosomes 
are partly active. The results confirm our earlier conclusions that the inactivation 
center or region is called into play in only one of two X-chromosome-equivalents 
present, and that a given locus may or may not come under the influence of this 
inactivation depending on various factors. 

The translocations to be described are T(X;1)2R1, T(X;1)3R1. . . T(X;1)6R1, 
to be referred to, for short, as R2, R3, R4, R5, R6a, R6b*. As in the preceding 
paper, the symbol R will be used not only to name the rearrangements but to 
indicate the position of the breakpoint in genetic formulae. Gene symbols shown 
in parentheses indicate that the genes are located in the rearranged chromosome. 

INACTIVATION O F  AUTOSOMAL LOCI 

Whether or not a given autosomal locus is inactivated at all by a given rear- 
rangement and, if so, how much, can be revealed by introducing an intact auto- 
some carrying a lower allele at that locus. If the locus is subject to inactivation, 
and if the gene acts autonomously, this procedure will result in variegated fe- 
males mosaic for (i) cells in which the given autosomal gene in the rearranged 
chromosome is suppressed (“uncovering” the lower allele in the intact chromo- 
some) and (ii) cells in which the rearranged chromosome is active. Various 
parameters of variegation provide information on the degree of inactivation. 

(a) The variegating phenotype, which could theoretically be either that of the 
hemizygous lower allele in the intact autosome, or that of some compound, indi- 
cates whether inactivation is to a nullo state or to some intermediate level. For 
example, the variegating color in R(+)/c females should be white in at least 
some hairs if inactivation is complete, but some shade or shades of gray if inac- 
tivation is to some intermediate level or is variable. The “background” color is 
determined by the two alleles present, regardless of location, being the color that 
would exist if there were no rearrangement. However, the total effect does de- 
pend on relative location. Thus, (crh) /c  females are c-variegated on a cch/c back- 
ground, but (c) /cCh females are uniformly cCh/c, since c can presumably be no 
further inactivated. 

* It should be noted that in an earlier abstract (RUSSELL and MONTGOMERY 1965) the symbols 
for R5 and R6 were exchanged as a result of a clerical error. 



X-AUTOSOME TRANSLOCATIONS IN MICE 283 

(b) Frequency of inactivation is indicated by the average proportion of the 
body having the variegating phenotype. If a given autosomal locus in the rear- 
rangement comes under the full influence of X chromosome inactivation, 50% of 
the body, on the average, should have the variegating phenotype, providing X 
differentiation is random and there is no cell selection. Less than 50% of variega- 
tion could mean either that the locus is under less than full influence of the inac- 
tivation center or region (i.e., not necessarily inactivated every time the inactiva- 
tion center is called into play), or that X differentiation is not random (i.e., the 
inactivation center on the translocated X called into play less than half the time), 
or that there is selection against those cells that are functionally hemizygous. The 
last two possibilities can be ruled out if, in the same rearrangement, variegation 
associated with another locus having its basic action in the same cell type does 
involve about 50% of the pertinent tissue. When the mean fraction, q, of cells 
with the recessive phenotype is small, one would expect the proportion of translo- 
cation females that fail to show variegation to exceed the theoretically expected 
(1 - 4)” (where n is the number of anlage cells at the time of establishment of 
cellular phenotype), due to the fact that very small areas would be nondetectable. 
This possibility is considered in the subsequent examination of results. 

Four LG1 loci were used in this work: c (aZbino locus), p (pink-eye), tp 
(taupe), and pu (pudgy). The first three affect coat color (and eye color, in the 
case of p )  ; the last, the axial skeleton, causing defective segmentation and extreme 
shortening of the tail. The site of gene action of both c and p locus alleles is within 
the melanoblast, the albino locus genes probably controlling the structure of 
tyrosinase, while pink eye prevents orderly arrangement and crosslinking of 
pigment-granule fibers, causing the granules to be smaller and irregular ( WOLFE 
and COLEMAN 1966, review). The manner of action of tp has not been studied 
in detail, although this gene, because of absence of melanocytes in one tissue (the 
nictitans) , has been postulated to affect melanoblast differentiation by controll- 
ing the tissue environment (MARKERT and SILVERS 1956). The axial abnormali- 
ties of pudgy are the result of defective segmentation of somites (GRUNEBERG 
1961). 

1.  c locus inactiuation: Table 1 shows results of crosses expected to produce 
(+) /cCh, (+) /c, (cch) /cd ,  or ( cCk) j c  genotypes as well as non-translocation segre- 
gants. A glance at the female progenies reveals immediately that variegation is 
produced by all of the rearrangements except R2. Of the 36 wild-type self (i.e., 
uniformly colored) females classified in the R2 cross (which was made with C/C, 

thus giving maximum chance for detecting variegation), 17 were tested with p / p  
(see below), and every one of them turned out to carry the rearrangement. I t  is 
thus evident that R2 does not inactivate the c locus. 

Among the other rearrangements, R3 was the only one for which, in segregat- 
ing crosses (top of Table I), every wild-type female was variegated, while every 
recessive (cch/cch or cCh/c) female was self. R4, R5, R6a and R6b all gave a mi- 
nority of wild-type self and recessive variegated females which can be shown to 
be, with few, if any, exceptions, the result of recombination between breakpoint 
and c locus, giving +/cch or +/cy and (cCh)/ccA or (cch)/c, respectively. Theoret- 
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ically possible alternative explanations to be considered are that the wild-type 
self females are R females lacking an X (see section on unbalanced segregants) , 
or R females with “normal overlap” (not enough cells with +“ inactivated to give 
detectable variegation). A number of wild-type self females derived from the 
crosses in the top portion of Table 1 were tested-namely, 2, 2, 7, and 6 for R4, 
R5, R6a and R6b, respectively. All turned out to be non-R. Moreover, the number 
of wild-type self females is approximately equal to that of recessive-variegated 
females-i.e., the expected reciprocal crossover class that must be R; and, in turn, 
the proportion of females belonging to both of these classes is roughly similar to 
recombination frequencies calculated from other data (see below). 

The mean proportion of fur variegated with a c locus marker is close to 50% 
in R3, about 40% in R6a and R6b, about half that in R4, and even less in R5 (see 
Table 2; a more detailed discussion of this parameter will be given in a future 
paper). From these various facts, it is concluded that normal overlaps for c locus 
variegation are probably absent or very rare in the case of R3, R6a and R6b. They 
may possibly occur in R4, and, perhaps more likely, in R5. In R5, in fact, the 11 
wild-type self females in Table 1 included 3 that were small, 2 of them being near- 
sterile and untestable. No further information was obtained on these and they 
could have been R. 

2. p locus inactiuation: Table 3 shows results of crosses in which the intact 
autosome being introduced carried only p as a marker. Variegation was observed 
in all cases except R4. Although the total data for that stock are scanty for these 
crosses, the following facts add to the information: of the 7 wild-type self females 
obtained in the (+)/+ x p / p  cross (bottom portion of Table 3 )  four were tested 
and two of these turned out to be R; in the ( + ) / p  x p / p  cross (top half) two fe- 
males that could have been R were noted as being possibiy very slightly lighter in 
color. It may thus be tentatively concluded thait R4 inactivates the p locus very 
rarely. In R3, the variegated animals had very few and/or small areas of p color; 
and one of the wild-type self animals. on test, turned out to be R-i.e., a normal 

TABLE 2 

Inactivation of LGI loci in various T(X; l ) ’ s*  

Locus Pa R3 R4 R5 R6 

C 0 ++++ +++ ++ ++++ 
P ++ (+) Oor (+) +++ ++++ 
t P  somet some some some some 
PU 0 . . . .  . . . .  0 0 

* Symbols within the table indicate mean proportion of the fur having the variegating color, as 
follows: ++++ 3670%; +++ 18-35%; ++ 9-17%; + 5 4 % ;  (+) < 5%; Onovanegation. 
Percentages were determined by visual grading of 594 R females-from 41 to 246 per independent 
R stack. While the visual estimates may not accurately represent the actual proportion of fur 
involved ( CATTANACH and ISAACSON 1967), their comparative value has been verified by re-grading 
samples of animals and arriving at mean percentages differing by not more than 2% from 
originally determined ones. Ranges were set by the geometric mean of 50 and 25%, 25 and 12.5%, 
etc. t No quantitative data on amount of variegation (see text). 
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overlap. Full variegation (i.e., about 50%) was observed for R6, about half that 
for R5 and even less for R2 (Table 2). 

A most interesting finding is that variegation on a p background is observable 
in ( p ) / p  females. In addition to the 3 animals shown in the top half of Table 3, 
there were 3 in miscellaneous crosses: R3 ( p )  / p  X p / p  gave 1 variegated and 4 p 
self females; and R2(p)/+ x p / p  gave 2 variegated on p and 1 p self (but R by 
test). This situation for p is in contrast to that found for b, where R ( b )  / b  is uni- 
formly brown all over (RUSSELL and BANGHAM 1961), and would indicate that p 
is not an amorph, i.e. p/O is lighter than p /p .  The color difference is not extreme, 
and it is possible that, on the light background, it may occasionally be missed. 
This perhaps accounts for some of the discrepancy between wild-type self and 
pink eye variegated classes of females (top half of Table 3) which, apart from 
normal overlaps, should be reciprocal recombinants. 

3 .  tp locus: Because a/a; t p / t p  is a dark color, small areas of taupe variegation 
are difficult or impossible to detect in weanlings or older animals. Variegated ani- 
mals are more easily recognizable at an earlier age. Since observations were not 
consistently carried out on young litters, the data in Table 4 cannot be used for 
quantitative comparisons. They do show that the t p  locus is subject to inactivation 
in all the rearrangements, and is probably most frequently affected in R2. The t p  
locus has been shown to lie between c and p and gives about 3% recombination 
with c (RUSSELL 1963b, and unpublished). 

4 .  pu locus: The LG1 recessive, pudgy, causes, in the homozygote, complete 
absence of the tail (except for an occasional small fleshy vertige) . The possibility 
therefore exists that inactivation of the wild-type allele in up to half the cells of 
a (+) / p u  female would give some tail abnormality. Crosses of the type (4- 3) / 
cCh+ X cchpu/cchpu were made for all T ( X ; l )  stocks but gave an extremely low 
yield due to the combined poor fertility of the partners. Thus, 48 R females of all 
stocks (3 to 14 per stock) mated to pu/pu males never produced any offspring, 
even though in many cases one or both partners had been fertile by other mates. 
Only 10 of 58 such matings (1 7.2% ) yielded any progeny, giving an average of 
only 4.7 classifiable young each, which included a total of 9 R daughters (0.16 
per R female mated to pu/pu).  Of these, 4 each were R5 and R6a, and one was 
R2. All had normal tails. It may be concluded that in R5, R6, and R2, the p u  
locus is either not inactivated, or not inactivated with a high enough frequency to 
affect the total phenotype. On the inactivation-center hypothesis, no inactivation 
of this locus is expected in R5 or R6, the autosomal breakpoints of both of which 
lie between p and p u  (see below). In  R2, already p is only weakly inactivated 
(Table 2) and one might expect inactivation not to extend to pu,  22 units farther 
away. Obviously, more data are needed, and crosses with +/pu males (with sub- 
sequent testing) are now underway. 

5. Variegating color: Whenever a recessive allele was introduced at only one 
locus on the intact autosome, the variegating color was of the type that would be 
expected for a single dose of that allele. Thus. in all crosses in which the intact 
autosome carried cCh, the variegaiting color was typical cch/c (see Figure 3: on an 
a/a background, this is a very characteristic “tan” shade; see Figure 2). Where 
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it carried c, the variegating color was clearly white. This indicates that inactiva- 
tion is to a nullo-form, even in such rearrangements as R5 and R4, in which the 
c locus is affected less than half as often, presumably, as are other parts of the 
chromosome in which it is located. Flecked females with c in the intact auto- 
some (s) also have “pure white” hair in flecked areas ( CATTANACH 1961 ). 

When the intact autosome carries p ,  the variegating color appears similar to 
p / p  (compare Figure 4 with Figure 1 )  but is actually very slightly lighter, as 
demonstrated by the finding of faintly detectable variegation in ( p ) / p  animals. 
Again the p locus is apparently being inactivated to the nullo state, for, if it were 
not, the variegating color would presumably be slightly darker than p /p .  In the 
case of ( + ) J t p  the Variegating color is probably equivalent to t p / t p ;  although, 
t p / t p  being so dark, this cannot be stated with certainty. It has not yet been pos- 
sible to produce the critical type, ( t p ) / t p ,  with certainty: all taupe daughters 
from the R2 (+) / t p  X t p / t p  cross have been self; but expected recombinants are 
rare, and the numbers are small since ( + ) / t p  females produce very poorly (re- 
sembling, in this respect, t p / t p  females). 

When recessives are introduced at two loci in the intact autosome (Tables 5 , 6 )  , 
there may be two variegating colors, and a spreading effect is observed (Figures 
3, 6).  One color is that characteristic of the locus nearer the breakpoint in the 
inactivated chromosome, and the other that of both loci. Thus, in the case of 
R(+ +>/cchp, the colors are O/cCh (“tan”, like c/cCh) and O/cehp (near-white); 
while in the case of (+ +) R/cchp the colors are Ojp  (“lilac”-gray) and O/cchp 
(near-white). The frequency of animals with near-white spots (both loci inac. 
tivated) is very similar to that expected on the basis of frequency of inactivation 
of the more distant locus. Thus in R3, most R (4- +) /cchp animals have only tan 
spots and the rare near-white spots are quite small; but in R6, most (4- +)R/cChp 
animals show both “lilac” and near-white spots. The existence of occasional 0/cch 
spots in (+ +) R6/cchp females cannot be completely ruled out. The complicjation 
of intermingling of hair of at least three levels of pigmentation might make small 
“tan” areas difficult to detect. On the other hand, it can be stated with near cer- 

FIGURE 1 .-a/a; p / p ,  for comparison with variegation patterns. 
FIGURE 2.-a/a; cCh/c, for comparison with variegation patterns. 
FIGURE 3.--a/a; R3 (+ +)/cchp. Note that, on the black background, most of the variegation 

is with a color resembling cch/c  (presumed gene action type: 0 +/cChp). Small areas, over the 
pelvic region and between ears, are near-white (presumed gene action type 0 O/cChp). Such near- 
white areas (spreading effect) are rare in R3 females, where p is very rarely inactivated. 

FIGURE 4.--a/a; (f +)R6/$  p .  Note that on the black background, the variegation is with a 
color resembling p / p  (presumed gene action type: O/p)  . 

FIGURE 5.-a/a R3(+ p ) / ( c “ p ) .  Variegation with near-white (presumed gene action type 
0 O/cChp) on a p / p  background; p has been introduced into the translocated chromosome by re- 
combination. 

FIGURE 6.--a/a; (f +)RG/cChp. A strong spreading effect is observed here: in addition to 
O / p  variegation, there is a considerable amount of near-white (0 O / c c h p ) .  Compare with Figure 
3: in both cases, c+ and p +  are on the translocated, and cchp on the intact chromosome; and the 
residual genotype is the same in the two animals. The strikingly different phenotypes are interpre- 
tated as due to different directions of spread of inactivation (see text). 
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tainty that "lilac" areas were never found among the "tan" and black (and oc- 
casional near-white) areas of R3(+ +)/cChhp. Quantitative details will be pre- 
sented in a future paper. 
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The white color of the variegation found in the daughters of (+) /cCh X c/c or 
( cCh) /ceh X c/c crosses, leads to the conclusion that unbalanced segregants with 
autosomal duplications, such as are found in the case of the fd translocation (CAT- 
TANACH 1961), do not survive in the case of R3, 4, 5, and 6. If they did, their 
genotype, with respect to the c locus, would be (+) /cch/c  or (cch)JcCh/c and the 
variegating color should be cCh/c. (See section on unbalanced segregants.) 

LOCATION O F  AUTOSOMAL BREAKPOINTS 

1.  Breakpoint positions relatiue to c and p Loci: The LGI positions of the re- 
arrangement points, relative to the c and p loci, have been determined in three- 
point crosses of the type (+ /+) / cchp  o x cchp/cchp 8 , the third point being R 
(Table 6) .  The translocated autosomal portions of the females in this cross may 
thus be written R c+ p+, or c+ R/R p f ,  or c+ p+ R. Relative position of R will 
be considered first; calculation of recombination frequencies (for which this 
cross provides part of the data) subsequently. Table 7 shows the expectations for 
the three possible orders of points. These must consider the fact, discussed in 
earlier sections, that some of the translocations do not inactivate both c and p loci 
(see columns A, B, C of Table 7). 

The results for individual rearrangements may now be considered in the light 
of these expectations. For R4, R5, and R6, fhe position of R relative to c and p 
could be determined from direct evidence. In the case of R2, where recombination 
with c has not occurred to date, and R3, where it is extremely rare, the 3-point 
cross could, in each case, rule out only one of the three possible orders. However, 
additional evidence made it possible to establish the position of R2 with consider- 
able confidence. 

For R5 and R6, as shown in Table 6, all chinchilla (non-pink eyed) females 
were variegated and all pink eyed (non-chinchilla) females were self. This would 
indicate (column A of Table 7) that the order is not R c p ,  since, in that case, such 
phenotypes could be obtained only as double crossovers. A distinction between the 
other two possible orders can be made by the finding of chinchilla-pink eyed vari- 
egated and wild-type self females, two groups that would have to be double cross- 
overs if the order were c R p.  It is thus concluded that for R5 and R6 the order 
is c p R. 

For R3 and R4, column B of Table 7 should be used since p is affected only 
very slightly in R3 and perhaps not at all in R4. For R4, the results in Table 6 
show, conversely from R5 and R6, all chinchilla females self and all pink eyed 
females variegated. Again, there are, in addition, wild-type selfs and chinchilla- 
pink-eyed variegateds, indicating an order for R4 of R c p .  

In the case of R3, the results shown in Table 6 are sufficient only to rule out one 
order, namely, c p R, since no R-cCh recombinants were obtained in that cross. 
Altogether, there has been only one case of probable R-c recombination and that 
was in a cross that could not establish relative positions. A mating of (++) /ceh -t 
x + p / +  p ,  yielded a self daughter who was found to transmit no chinchilla in 
66 offspring. The fact that she was nonvariegated did not in itself prove R-c" 
crossover, for p is only barely affected in the case of R3. However, the following 
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TABLE 7 

Determination of location of autosomal breakpoint from cross of type (++)/@hp 0 x cchp/cchp 6 

Phenotype$ 

d d  O P  
Recombination events 

producing chromosome, if order is: 

(++) 

cchp 
nonrecombinant 

Cchp(nw)-k Cchp(nW)f cchp(nw)+ Cchp 
St ss ss ss 

* Parentheses indicate translocated genes. + Variegation difficult to detect. 

Explanation of symbols used for background color (all animals are a/a,  non-agouti) : w.t. = 
wild type (black); cch = cch/cch (only very slightly lighter than black); p = p / p  (medium, 
“lilac” gray; pink eyes); cchp = cchp/cchp (very light gray; pink eyes). 

For variegating color, expectation is hemizygous expression of intact LG1 markers for affected 
loci-i.e., 0 O/cchp (where loci are inactivated in the R chromosome) ; 0 p/cehp or 0 + / c c h p  
(only c locus inactivated); and cch O/cchp or + O/cchp (only p locus inactivated). Symbols used 
for variegating color: nw = near-white (as in 0 O/cchp, 0 p/cchp,  and cch O/cchp) ; tan = resembl- 
ing cch/c (as in 0 + / c c h p ) ;  p- = slightly lighter than p / p ,  see text, (as in + O / c c h p ) .  

Fertility status is shown below the symbols indicating color: st = sterile; f = fully fertile; 
ss = semisterile. 

Variegation, where present, is indicated by superscripts in parenthesis. 

indicate she was non-R: (a) she produced an average litter size of 9.3 by one year 
of age, well outside the range of 1.3-4.0 for R3 females (RUSSELL and MONT- 
GOMERY 1969) ; (b) none of her 38 daughters, from a cross to cch/cch, was vari- 
egated; and (c) one daughter, though she gave a deficiency of sons and slightly 
reduced litter size, was cytologically normal (1 1 metaphases 40 chromosomes 
each, none long) and produced no XO daughters in genetic tests. 

Before considering R2, it should be noted that the 11 wild-type self females 
(Table 6) probably do not represent crossovers. Of the 11,6 were recorded before 
we took over the stock and while it was still on an agouti background on which 
p variegation is relatively hard to detect; the remaining 5 all turned out to be 
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translocation heterozygotes, 3 representing normal overlaps and 2 lacking the 
intact X. (An additional 3 from other crosses all tested to be normal overlaps). 
With this in mind, the R2 results in Table 6 are of the same type as those for 
R3-i.e., they serve only to rule out one of the three possible orders, namely c p R. 
No cases of R-c recombination have been observed in any cross. 

Although the order for R2 could thus, theoretically, be either R c p or c R p, 
the former is considered extremely unlikely since the c locus is not inactivated in 
any way by the rearrangement while the tp and p loci are (see above); i.e., it 
seems improbable that a locus should be completely skipped by an influence 
emanating from adjacent X chromosome material when this is obviously not the 
case in R4, R5, and R6. However, other theoretically possible causes of lack of c 
locus inactivation were examined. One of these is the existence of a multiple 
rearrangement, such as T( 1 ;?, ?;X, X;1) , in lieu of a simple reciprocal transloca- 
tion. Arguing against this are, first, the fact that litter size in R2 is no more 
reduced than it is in the other T(X;l)’s (RUSSELL and MONTGOMERY 1969); 
and, second, the cytological analysis of meiotic configurations which reveals a 
high percentage of figures-of-four, but no figures-of-six (unpublished data of 
N. L. CACHEIRO at this laboratory). 

The possibility has also been explored that R2 may be nonreciprocal as a result 
of one of two possible rearrangements. One of these is an  X-I translocation in 
which, however, the distal portion of X failed to attach to LG1 and was lost. Such 
a rearrangement can be rejected on several grounds. Even if the lost piece were 
small, it is doubtful that resulting translocation males would not be adversely 
affected by the complete absence of some X chromosome material. As shown in 
the preceding paper (RUSSELL and MONTGOMERY 1969), R2 males are quite 
normal. Furthermore, a compound chromosome consisting of almost the entire X 
plus all of LG1 distal to c would be quite a long one; actually, in R2, the “long” 
chromosome, though usually distinguishable, is considerably shorter than the 
“long” chromosome in some of the other T(X;l)’s (CACHEIRO and RUSSELL 
1969). Finally, and most cogent, X chromosome loci on both sides of the break- 
point can be shown to be present (see below). 

The other nonreciprocal rearrangement to be considered is insertion of a piece 
of LG1 into the X chromosome, one autosomal break being between c and tp, 
(see below), the other somewhere distal to p. (To consider the possibility of 
insertion, one must postulate a centromere-c-p order; otherwise c-p recombina- 
tion giving the observed phenotypes would be nondisjunctional or beset by other 
difficulties). Such an insertion would differ from the fd insertion in that (a) the 
autosomal duplication type (“Type II”, CATTANACH 1961) evidently does not 
survive and (b) there is recombination involving the translocated autosomal 
piece. If R2 were, in fact, an insertion, then crossovers between breakpoint and 
p in the cross + (+)/cchp x cChp/cchp would yield c+p recombinants deficient for 
one end portion of X and duplicate for the corresponding end portion of LG1; and 
cchp+ recombinants duplicated for one end portion of X and deficient for the cor- 
responding end portion of LG1. Apart from viability problems inherent in such 
conditions, the following results of tests for X imbalance make the insertion hy- 



296 L. B. RUSSELL A N D  C .  S .  MONTGOMERY 

pothesis unlikely. It was shown that the hypothetical end piece of X does not con- 
tain either the Ta or spf loci, for when Ta or spj are introduced by the male in the 
above cross, (a) p recombinant daughters were not of O/Ta or O/spj phenotype; 
and (b) cek recombinant sons expected on the hypothesis to carry both STa and 
Ta, or +spf and spf, were of typical Ta/Y or spf/Y phenotypes. Furthermore, a 
mapping of the X chromosome breakpoint for R2 (RUSSELL and MONTGOMERY 
1965, and to be published) shows this to be very probably located between Ta and 
spf. Unless more rigorous experiments should disprove this last result, the inser- 
tion hypothesis here considered must thus be rejected. 

With the rejection of both the multiple-rearrangement and insertion hypothe- 
ses for R2, it appears that the most likely position of R2 with respect to c and p 
is an intermediate one. Three-point crosses involving R, tp, and p were made in 
an attempt to establish the position of R2 relative to tp and p. Matings of (+ +) / 
tp p and (+ p) /tp + females to tp p/tP p males yielded 25 and 75 classifiable 
offspring, respectively. The finding of a + p/tp p (non-R) female in the latter 
group probably rules out the order tp-R-p. All other recombinants found resulted 
from what must be tp-p crossovers. Since R2 is neither insertional nor a multiple 
rearrangement, the order tp-p-R can be rejected on the basis of the data that 
already disproved c-p-R. The position of R2 with respect to the three markers is 
thus assumed to be c-R%tp-p. Recombination between R and tp from the three- 
point crosses, and from additional ones involving R and tp only, was 1.4%. It 
should be recalled (see above) that c-tp recombination in normal females is about 
3%. 

2. Recombination frequencies: Recombination frequencies are shown in Table 8 
for R-c, R-p, and c-p in the different rearrangements. Figure 7 shows breakpoint 
positions in LG1. The data are derived from many crosses although the bulk come 
from matings of the type (4- +)/cChp x cChp/cchp (see Table 6). In most crosses, 
all recombinant females can be recognized from their phenotypes, and in such 
cases the calculation is based on all classified females. In  a few crosses, e.g., 
R (+) /c X c /c ,  where only one class of recombinant females is identifiable, com- 

TABLE 8 

Recombination frequencies of breakpoints (R) ,  c and p loci in various T(X; l ) ' s  

Loci 

R-c 

R-P 

C-P 

Number 
'% recombination 

Number 
% recombination 

Number 
% recombination 

R2 R3 

629 657 
0 0.2 

1369 30* 

. .  844 
J- 16.6 

9.7 (23.3)$ 

R4 R5 RG 

31.6 131. 239' 
6.9 30.5 27.6 
22* 939 855 

352 1077 1078 
19.6 19.4 21.6 

(31.8)$ 8.1 2.2 

* Two-point crosses involving only the outside markers. Results from three-point crosses are 
included in the figures for the two shorter segments. + Meaningless, if order is c-R-p (see text). 

$ Result doubtful because very low inactivation of the p locus in this rearrangement makes 
classification by phenotype alone unreliable. 
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FIGURE 7.-Map of linkage group 1 of the house mouse (from GREEN 1966) above which 
have been marked mapped positions (.) of T(X;I)  breakpoints R2, R3, R4, R5, and R6 in rela- 
tion to the nearest autosomal marker used (as shown by connecting line). The arrow above each 
R symbol indicates direction of spread of inactivation within LGI. (Note that i n  GREEN'S map 
distances shown are based on average recombination in the two sexes. The order within bracketed 
loci has not been established. The map differs slightly fmm more recent ones in Mouse News 
Letters and from unpublished results--e.g., c-tp recombination is 3% in females.) 

putation is based on half the classified females. Included in the frequencies are 
also some results from fertility-tested males. 

An example of the crosses that have entered into the results of Table 8 is the 
following list for R3. For R-c recombination: (+ +)/cchp,  (+ +)/cC*+, (+ +)/ 
cchp*, (p" is a radiation-induced allele of p ) ,  (+ p) /cchp,  (+ +)/c +, each X 
cchp/cchp; ( + ) / e ,  (+ +)/cchp,  and (+ p")/cchp, each x c +/c f; (+) /ech X 
cch/cch; (+ +) /echp x c p/c p ;  (+ +) /c"+ x + p / + p  (tested 0 0 ) . For c-p recom- 
bination: (+ +) /cChp and (+ +) /cchp", each x cchp/cchp; (+ +) /cchp, (+ +) /c p ,  
and (+ p)/c+, each x c p/c  p .  For other stocks, the variety of crosses is similarly 
great. 

Although the presence of R reduces viability in females (RUSSELL and MONT- 
GOMERY 1969) , recombination frequencies derived from these data are probably 
not unduly distorted, since all calculations involve R and non-R females in 
reciprocal crossover classes, as well as R and non-R females in the noncrossover 
segregants. The inclusion of a very limited amount of data involving sex-linked 
genes (see Table 6, footnote) is also justified, since in these crosses all daughters 
(R and non-R within both crossover and noncrossover classes) carried the sex- 
linked marker, while none of the sons did. Slight distortions of calculated recom- 
bination frequencies could occur as a result of specific interactions of R with 
some of the autosomal recessives. 

It may be noted that in the rearrangements where the autosomal breakpoint 
presumably lies outside the c-p region (R3, R4, R5, R6), recombination between 
these two loci is not reduced, even where R is close to one of them (R3, R6). The 
value for c-p recombination in normal females is generally taken to be about 
16 % (GREEN 1966), and the result for non-translocation + +/cchp females in the 
T(X;I) stocks (Table 9) is in keeping with this value. If anything, the presence 
of R seems to give a slight increase in recovered cases of c-p recombination. In 
R5 and R6, the difference between the summed crosses (Table 8) and control data 
(Table 9) is significant (for each stock separately, P = 0.02 for R5 and P = 0.006 
for R6; using pooled data of Table 9, P = 0.02 for R5 and P 0.00M for 
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TABLE 9 

Test of presumed + +/cchp (non-translocation) animals' resulting from crossouers 
between breakpoint and closest autosomal marker: segregation of autosomal 

alleles derived from the rearranged chromosome 

R4 R5 R 6 a C b  Total 
dd 0 9  dd P P  P P  dd P O  

Recombinant animals tested 3 7 t  2 12 5 5 21. 

110 104 62 155 70 172 329 
73 195 302 

(sexes combined) f++ 16 20 6 23 8 22 51 
+ P  19 25 12 24 12 31 61 

++ 
Test progeny from above cchp 123 93 72 136 

Percent recombination, c-p 13.1 18.6 11.8 13.9 12.3 12.6 15.1 

* Derived from R ( +  + ) / c c h p  ? x cchp/cchp 8 in the case of R4 (i.e., R-c crossover) and from 

+ In addition, two wild-type females derived from a R ( + ) / c c h  x cCh/cch cross (i.e., p marker 
(+ +) R/cChp 0 X cchp/cchp 8 (i.e. p-R crossover) in the case of R5 and R6. 

not present) produced 73 + and 74 cCh young. 

R 6 ) .  However, when comparison is restricted to the cross most directly corre- 
sponding to that of the controls-i.e., (+ + ) / c c h p  x cchp/cchp (Table 6) uersus + +/cChp x cchp/cchp (Table 9)-significance of the difference disappears for 
R5 (P = 0.07), and almost does so for R6 (P = 0.04) ,  which has the least exten- 
sive control data. 

In the case of R2, where the breakpoint presumably lies between the c and p 
loci, c-R plus R-p recombinations (the former being zero, to date) do not quite 
add to control c-p frequency, even if one uses the R-p value of 11.4% from the 
female data of Table 6. This would indicate some inhibition of crossing over in 
the immediatn vicinity of the breakpoint; however, the inhibition is apparently 
only moderate. As already shown, R2 probably lies between c and tp .  

If recombination frequencies are taken at face value, breakpoints for the other 
narrangements would be located as follows: R3 between c and sh-I; R4 probably 
fairly close to H-I and Hbb; R6 close to p in the p-qu interval; and R5 probably 
between p and qu, but possibly between qu and da. However, recombination may 
not accurately indicate distance, (a) if there is crossover inhibition near the 
breakpoint (recombination frequency would underestimate distance), or (b) if 
there is some correlation between nonrecombination and unbalanced segregation 
(frequency calculated from surviving, euploid offspring would be an overesti- 
mate). A few crosses are in progress to determine locations of breakpoints more 
accurately. 

3.  Tests of recombinants: The position of R relative to c and p ,  deduced in the 
preceding section mainly from (+ +) /cchp  O x cchp/cchp 8 crosses, is verified 
wherever other pertinent crosses have been made in the various stocks using R 
females, some of them presumed recombinants (Tables 1 , 3 , 4 , 5 ) .  In  addition, it 
seemed important to test presumed non-R recombinants of both sexes, for if the 
rearrangements were not simple reciprocal translocations, recombination could 
entail imbalances of various kinds. 
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Two types of recombinants from the (+ + ) / P p  0 x cchp/cchp 8 cross were 
tested, namely (a) those between R and the closer marker (Table 9),  and (b) 
those between c and p loci (Table 10). In  the former case, presumed + +/cChp 
offspring were crossed to cchp/cchp. (Since no c-R recombinant has, so far, been 
found in R2, and only one in R3, see above, Table 9 includes results only for R4, 
R5, and R6.) In the latter case presumed cch+/cehp recombinants, in the case of 
R2, R3, and R4, and presumed + p/cehp recombinants in the case of R5 and R6 
were bred to cchp/cchp to determine segregation of the respective + allele derived 
from the rearranged chromosome. 

All of these presumed non-translocation recombinants (both Tables 9 and 10) 
proved to be fully fertile (for fertility data, see RUSSELL and MONTGOMERY 1969, 
Tables 4, 5, 6). Segregation among their offspring, with one possible exception, 
appeared perfectly normal in extensive tests (see also preceding section for an- 
other discussion of Table 9) .  Frequency in F, of the + allele derived by recombi- 
nationsfrom the rearranged chromosome varies from 47.1 to 51.5% in the various 
stocks (Table 10) ; and, in R3,4,5,6a, 6b the differences from 50% are not signifi- 
cant. In R2, P = 0.02, with the biggest contribution to the difference from 50% 
coming from the shortage of cch+/cchp males in F, (Table lo) ,  especially among 
offspring of recombinant females. While it would be tempting to speculate as to 
possible causes, it should be pointed out that when as many comparisons are 
made as here, one expects one of them to be “significantly” different by chance. 
In any case, the reduction from 50% is only slight. 

UNBALANCED SEGREGANTS 

In a T( X;1) heterozygous female, the four chromosomes in question-two 
rearranged ones, the normal X and the normal autosome-can theoretically 
dissociate in various ways in the first division, all but one of these leading to 
unbalanced products. Table 11 summarizes the theoretical expectations for 
unbalanced segregants resulting from 2: 2 dissociation, both adjacent-1 and 
adjacent-2 (code #l-4 in Table 11) and from 3: 1 dissociation (code #5-12). The 
two translocated chromosomes are designated by the symbols and z, the former 
containing the autosomal locus being studied. The recessive marker is shown by 
the superscript r, the wild-type allele by +. 

A priori, it may be assumed that segregants containing less than the equivalent 
of one X chromosome (code # 1 M, 2M, 5M, 7M, 8M), or those lacking an entire 
LG1 (6F, 6M), will not survive. At the other end of the spectrum, it is already 
known that certain unbalanced types (code #5F, 9M) are viable (RUSSELL and 
BANGHAM 1960,1961 ; CATTANACH 1961 ) . This leaves more than half the possible 
unbalanced genotypes for which evidence concerning viability must be examined. 

Among this group of segregants are some whose phenotypes would reveal them 
as unbalanced-either regardless of recessive markers employed (#4M, 12M) , or 
by use of specific markers (IF, 3F, 3M, 10F, 12F, and possibly 4F*, 4M*, 2F). 
Thus, in the cross (+) /cCh x c/c, balanced translocation females, (+) / c ,  should be 
variegated with white; while females with the type of imbalance being considered 
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in lF, 10F and 12F, would be (+) /cCh/c ,  and should appear variegated with 
cCh/c. Only the former class was obtained (Table 1 : R2, R3, R5, R6). Similarly, 
in crosses where the father had contributed cch + p  (Table 1: R3, R4, R6), un- 
balanced types 3F, 3M, 4F*, and 4M* would be genotypically cch/O and pre- 
sumably resemble cCh/c. Again, this was not found. 

Progeny tests, in several cases, either corroborate indications given by the 
proband's phenotype or provide evidence not obtained in other ways. Thus, one 
may rule out the regular survival of classes 4F, 9F, and 12F: for, altogether, 
only three variegated sons have been produced by variegated females (see 
below), and each of these was the single one of this type in his sibship. The cir- 
cumstances that would produce recessive-appearing segregants with occasional 
wild-type progeny (lF*, 4F*, 4M*, 12F*, 12M*) can also definitely be ruled out 
on th? basis of very extensive evidence. Thus, the following number of recessive 
selfs were tested in R2, R3, R4, R5, R6a and R6b: 47, 59, 53, 22, 40, and 22 
females, respectively, producing a total of 7835 young, all recessive (an average 
of 32.2 psr tested female); and 28,43, 16, 12, 16, and 9 males, respectively, pro- 
ducing a total of 4105 young, all recessive (an average of 33.1 per tested male). 

It is thus obvious that the regular survival of most of the unbalanced segregants 
shown in Table 11 appears unlikely on the basis of one or more lines of evidence. 
Unbalanced segregants, found as occasional exceptions, were of only three types: 
variegated males (possibly code #9M in Table 11, but see below), recessive 
females with evidence of X loss (code #5F), and wild-type self females with only 
one X (paternal sex chromosome loss). These types will now be further con- 
sidered. 

Altogether three variegated males were found. Two of them, one in R3 and one 
in R6a, came from (+-+) / cc iLp x cchp/cChp crosses. In each, the variegating pattern 
was similar to that of females of the respective stock. Each was sterile and had 41 
chromosomes, one of these being longer than the rest of the complement. The 
third variegated male, found in R2, came from a cross of (++) /cchp x t p  p/tp p, 
and the variegation appeared to be of t p  p color, but covering only a small, Father 
discrete, area. Of 93 mitotic metaphases counted (from culture of external ear), 
11, 60, and 19 had 39,40, and 41 chromosomes, respectively (1 each had 38,42, 
43). This male was fully fertile, producing an average litter size of 5.5 in test 
matings to  9 miscellaneous females (total of 216 offspring); was not deficient for 
X-chromosome portions marked by Blo, Tu, spf and sf; transmitted ccJb and t p  p 
in repulsion; and did not transmit the translocation. It was concluded that he was 

CCh + + 
/ / / c c ~  ++, i.e. a non-transloca- probably a mosaic of the type -----///----- CCh ++ 0 

+ t P P  + t P P  
tion male. (Note that this diagnosis could not be made'with certainty from the 
cytological data, since the long chromosome in R2 is sometimes difficult to 
identify.) 

The variegated males described above were found in progenies containing 1522 
translocation females and 1828 presumed translocation males. If the variegated 
males in R3 and R6a are assumed to have had an extra X chromosome, the fre- 
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TABLE 11 

Theoretical expectation of offspring resulting from unbalanced segregation in heterozygous 
translocation female A,';A'X; mating to ArArXY male$ 

Genotype 
Code Maternal Paternal Expected Phenotype Condition for Diagnostic progeny 
No. deriv. deriv. viability (if viable) diagnosis by phenotype (from mating to r / r )  

1F 

lF* 

1M 

2F 

2M 

3F 

3M 

4F 

4F* 

4M 

4M* 

ATA+ A'Y 
A': A'X 
A': A'Y 
X," A'X 
X3: A'Y 
X g  A'X 

X g  A'Y 

? 

lethal 

? 

lethal 

? 

? 

3 

? 

variegated 

(r/r, possibly) * 
. . .  

r/r 

. . . . . .  

r/O 

r/o 
varieg. (heavily) 

(r/O, possibly) * 
variegated 8 

(r/O, possibly) * 

c on AP; cCh on AM 

Possibly certain 
markers on XP 

Deficiency of sons 

(some w.t. thru c.o.) * 

Deficiency of sons 

. . . . . .  

Variegated sons 

(some w.t. thru c.o.) * 

(some w.t. thru c.o., 
if proband fertile) * 

viable r/r Marker on XP; 

lethal . . . . . .  . . . . . .  
lethal . . . . . .  . . . . . .  

lethal . . . . . .  . . . . . .  

lethal? . . . . . .  . . . . . .  

lethal . . . . . .  . . . . . .  

lethal? . . . . . .  

lethal . . . . . .  

39 chromosomes 

. . . . . .  

. . . . . .  

OX daughters 

. . . . . .  

. . . . . .  

. . . . . .  

. . . . . .  

. .  

viable 

viable 

3 
1 

? 

? 

3 

? 

varieg. (heavily) 

variegated 8 
variegated 

wild type 

r/r 

r/r 

con AP; cch on AM 

varieg. (heavily) 

(r/r, possibly) * 
variegated 8 

c on AP; cCh on AM 

(r/r, possibly) * 

variegated sons 

. . [proband sterile] 

[proband sterile] 

variegated sons 

(some w.t. thru c.o.) 

(some w.t. thru c.o., 
if proband fertile) * 

* If X imbalance causes either nonrandom X differentiation or death of X-deficient cells. 
P A and X denote the translocated chromosomes. Superscript + and r denote wild-type or reces- 

sive condition, respectively, of autosomal marker; P and M denote paternal and maternal. 
X A  
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quency of this condition among translocation heterozygotes is thus 0.06%. Since 
sex-linked markers were not present in matings th’at produced the two exceptional 
males, it is not known whether paternal or maternal nondisjunction was involved. 
The frequency is not significantly different from the 0.02% incidence of XMXPY, 
resulting from paternal nondisjunction in normal mice (RUSSELL 1961). It there- 
fore appears that translocation females only very rarely, if ever, yield a segrega- 
tion product containing the two translocated chromosomes plus the normal X. 
This conclusion is also supported by the failure to find translocation females with 
an extra X (code #9F in Table 11). 

The reciprocal product, on the other hand, i.e., the intact autosome by itself, is 
produced with easily measurable frequency. This is particularly striking, since 
normal karyotypes only very rarely give spontaneous loss of a maternal X (Rus- 
SELL 1961; RUSSELL 1968). In the cross (++)/c“”p? X cChp/cchp; Ta(or sp f )  /Y, 
in which XM losses were directly detectable since the male introduced an X-linked 
marker, there were 188 daughters (between 14 and 52 per R stock), 95 of them 
inheriting the intact autosome from their mother. Of these, 3 had apparently 
failed to receive the mother’s intact X, an overall XM loss frequency of 3.2%. 
The frequency in R4 alone was 14.3%, in the other stocks, combined, 2.3%. 
A frequency can also be estimated from the more extensive crosses in which 
X-linked markers were not present, but in which large numbers of daughters, 
assumed (on the basis of phecotype) to have received the mother’s intact auto- 
some, were tested. Of 222 and 20 that gave average litter sizes >4.9 and <5.0, 
respectively, 36 and 10 were further tested genetically and/or cytologically for 
absence of X. One Xi0 was found in the former group, and 6 in the latter. Weight- 
ing by total numbers in the two littersize groups, the estimated overall frequency 
was 7.5%. Again, the frequency in R4 was highest, namely 17.0%, as compared 
to 4.576 for the other stocks, combined. X/O frequency from spontaneous paternal 
sex-chromosome loss should be no higher than 1 % (RUSSELL 1961). The balance 
of these frequencies may be assumed to be due to failure of the T(X; l )  mother to 
contribute the intact X. 

Whether this type of segregation is the result of three: one dissociation is as yet 
unknown. Observations indicate that what would be the two reciprocal classes of 
gametes of such dissociation-X*AXX (producing variegated XAAxXYA males 
after fertilization) and A (producing recessive AXA females) -are actually re- 
covered in the ratio of about 1: 100. XAAXXYA males are not known to be inviable 
after the time at which they can be classified by phenotype (about 6 days post- 
natally) ; but no evidence exists concerning their prenatal viability. The differ- 
ential recovery of the two reciprocal classes could be affected at even earlier 
stages-e.g., by a greater probability of loss of the polysomic product at, or shortly 
after, ovulation (perhaps by going preferentially into the polar body). However, 
some mechanism for maternal X loss independent of 3:l dissociation-such as, 
perhaps second-division nondisjunction, both in balanced and unbalanced pro- 
ducts of the first division, might also be suggested as an alternative to the highly 
unequal recovery of the reciprocal products of 3: 1 dissociation. 

Paternal sex-chromosome loss in a female receiving the translocation from 
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her mother would manifest itself through lack of variegation (RUSSELL and 
BANGHAM 1960, 1961; CATTANACH 1961) in classes otherwise expected to be 
variegated. Since such nonvariegated types can, alternatively, result from normal 
overlaps or from recombination between breakpoint and marker, it is necessary 
to test genetically and/or cytologically. In R3, no c+ self females were produced. 
In R2, there were 11 selfs among 149 cfpf  females (Table 6). Two of these were 
tested to be translocation, lacking the intact X; three were tested to be balanced 
translocation females (normal overlaps) ; and the remaining six, not completely 
tested, were probably also of the latter type. In  R4, among 92 C +  females, there 
were 12 selfs (Tables 6, l ) ,  of which seven were tested. All seven of these turned 
out to be R-c crossovers (i.e. non-translocation), one of them also being XO due 
to mclternal loss. In R5, R6a, R6b, among 283 c+p+ females, there were 21 selfs 
(Table 6),  16 of which were tested and turned out to be non-R recombinants. An 
R6a translocation female lacking the paternal X was found in one of the miscel- 
laneous crosses (Table 5 ) .  The overall frequency of paternal sex chromosome 
loss from these combined data is well within the limit; of what has been found 
in con-translocation stocks (RUSSELL 1961 ) . 

DISCUSSION 

All of the genetic evidence obtained for the five T(X;l)’s indicates that they 
are reciprocal translocations. This idea is consistent with mapping of breakpoints 
in relation to both autosomal loci (this paper) and X chromosome loci (to be 
published). The fact that no autosomal duplication segregants, equivalent to 
Type I1 flecked were found, is additional evidence against insertional rearrange- 
ments. Reciprocal translocations are further indicated by the results of tests of 
presum-d non-R recombinants, which theoretically could entail imbalances if the 
rearrangements were not simple. Special care was taken to check the possibility 
that R2 might be an insertion or other type of nonreciprocal rearrangement that 
might explain non-inactivation of c in some way other than separation from an 
inactivation center. These tests were negative. 

All of our T(X;l)’s, in contrast to flecked, which involves insertion of LG1 
material into the X, have given recombination between breakpoint and autosomal 
marker, as well as among markers. The only recombination not yet observed is 
that between c and R2. However, this could be explained by inhibition of crossing- 
over in the immediate vicinity of R. No evidence for inhibition has been found at 
somewhat greater distances €rom R; and, in fact. a slight increase in recovered 
recombinants was observed in some of the rearrangements. If this should eventu- 
ally prove significant, it could have several possible explanations. Thus, a cor- 
relation between nonrecombination and unbalanced segregation would lead to 
selection for recombinants. Alternatively (or additionally), an actual enhance- 
ment of recombination may occur in certain regions, as indicaited by FORD and 
EVANS’ (1964) finding of an increased chiasma frequency in autosomal portions 
of T(X;?)lGH (genetic verification has not been possible since the autosome 
involved has not yet been identified). Whatever the cause, the magnitude of the 
effect observed in the T(X;l)’s is small. 
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The comparative study of several independent and different rearrangements, 
involving, in each case, the same two chromosomes (X and LGI ) and maintained 
(for part of each stock) on a similar genetic background, allows a number of con- 
clusions that could not be drawn from a single rearrangement. Basic to these con- 
clusions are comparisons, between the rearrangements, of the relatiue inactivat- 
ing effects within the same sets of loci. 

In the absence of such comparisons, differential behavior of two loci in a par- 
ticular rearrangement may be misleading. Thus, the finding that variegation in 
flecked was more extensive when the intact autosome carried c locus markers 
than when it carried p was explained by LYON (1963) in terms either of a diffus- 
ible p+ product, or of a slower multiplication rate of cells where p was “un- 
covered.” OHNO (1967) suggested that different functions of c and p could ac- 
count for different amounts of inactivation. However, it is possible for p to varie- 
gate clearly more heavily than does c,  as in R5. Similarly, comparison of “spread- 
ing effects” when both c and p markers are present in the intact autosome, e.g., 
the observation of O/cch plus occasional O/cchp areas in R3 (++) /cchp, would argue 
against differential cell multiplication. As noted in RESULTS, the presence of 
small O/cCh areas in ( i-f)R6/cchp cannot be completely ruled out by visual obser- 
vation. If the existence of such areas were to be proved, this would lend support 
to the suggestion of a diffusible p+ product. The effect of such a product is, how- 
ever, obviously insufficient to obscure the excess of p over c variegation in R5. 

All of these results instead confirm the earlier suggestions (CATTANACH 1961; 
RUSSELL 1963a) of a gradient of inactivation similar to that found with D ~ o -  
sophila position effects (LEWIS 1950, review). In each case, the locus closer to the 
breakpoint in the inactivating chromosome is affected more strongly. This indi- 
cates (RUSSELL and MONTGOMERY 1965) that inhibitory influences can spread 
in both directions; and this. in turn, implies that inactivation cannot be associated 
with the X centromere, as suggested by some authors (e g., OHNO and LYON 
1965). It is obvious that the translocations fall into two group, R2, R3, R4, us. R5, 
R6; and if the marked autosomal regions are associated with the centromeric end 
of the X in one group, they must be associated with the distal end in the other. 
That is, in at least some of the translocations, autosomal loci are being inactivated 
by non-centromeric portions of the X. 

The supposition that X-chromosome material, in general, has the power to 
inactivate attached autosomal material seems highly unlikely in view of the find- 
ings that the c locus remains active in R2, and that only one of the two translo- 
cated chromosomes shows asynchronous replication ( CHU and RUSSELL 1965). 
The present evidence for lack of inactivation of the pu locus in R5 and R6 points 
in the same direction but needs to be strengthened by additional data. Similarly, 
it should be verified that such LG1 markers as sh-1 and fr do not become inacti- 
vated in R3 and R2, and these tests are now in progress. 

If X chromosome materimal in general does not have the power of inactivation, 
this power must reside in a specific region of the X, or in one or several points 
within this region (RUSSELL 1963a, 1964a). One limit to such a region must be, 
as pointed out, the R2 breakpoint in the X. Whether a limit on the other side can 
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be set by R6 will have to await determination of activity of loci in the reciprocally 
translocated chromosome. At any rate, the X chromosome region between R6 and 
R2 (RUSSELL and MONTGOMERY 1965) must contain within it one or more in- 
activation centers; or, possibly, inactivation may proceed from the region as a 
whole. It should be noted that CATTANACH and ISAACSON (1967) have produced 
evidence for a factor in the X chromosome which controls the extent of position- 
effect variegation when the X is in its “inactive” state. It is not yet known whether 
such a factor is equivalent to a single locus. 

The finding of a gradient of inactivation within translocated autosomal ma- 
terial does not distinguish between inactivation center, centers, or region. It 
should be noted. however, that distance from breakpoint within the autosome 
alone does not determine degree of inactivation. Thus, R2-p and R3-p probably 
represent fairly similar distances; yet there is a considerable difference between 
th? two rearrangements in degree of p variegation (Table 2). The result would 
indicate that the X-chromosome location of R2 was closer than that of R3 to an 
effective inactivation center or region. Again, the autosomal distance R3-p is 
slightly less than c-R6, yet p in R3 is barely affected while c in R6 is heavily in- 
activated (Table 2). This latter comparison is, however, somewhat complicated 
by the possibility that spread of inactivation could proceed with different effici- 
ency in the two directions. 

The position of the LG1 centromere will be deducible from the genetic data 
of this paper in conjunction with labelling studies of T(X;l)’s. CHU and RUSSELL 
(1965) found that the single longest chromosome of R2 (i.e., one of the two trans- 
located chromosomes) showed frequent asynchronous labelling. On the assump- 
tion that late replication is correlated with genetic inactivity, this chromosome 
is thus presumably R p+. No asynchrony was detected in the reciprocally trans- 
located chromosome, which presumably carries the c locus. Although the cyto- 
logical work showed differential labelling of proximal and distal regions of the 
longest chromosome, it was not extensive enough to designate one of these regions 
with certainty as being the late-replicating one. EVANS et al. (1965) showed that 
the late-labelling behavior of the normal X or of the Xfd of flecked was more con- 
stant proximally and need not extend to the distal end. Thus, a finding of proxi- 
mal late labelling in the long R2 chromosome would lead to the conclusion that 
this chromosome had an X centromere and that the order in the intact LG1 was 
therefore centromere-c-p; conversely, distal late labelling would indicate the 
order in LG1 to be centromere-pc. 

Since it appears that in R2 only the translocated chromosome carrying the p 
locus is subject to inactivation, and since R2 +/Ta females show the typical +JTa 
striped phenotype (RUSSELL and MONTGOMERY 1965), i.e., the T u  locus is pre- 
sumably in the chromosome within which inactivation can occur, it may be 
concluded that the long R2 chromosome is Ta-R-p. The finding (RUSSELL and 
MONTGOMERY, to be published) that the X chromosome breakpoint of R2 lies 
between T a  and spf, indicates that, directionally, c-p corresponds to Ta-spf, i.e., 
if c is proximal to p ,  then T a  is proximal to spf, and vice versa. Location of the X 
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centromere will thus be determined automatically from location of the LG1 
centromere. 

It is of interest that the relative amounts of variegation for c and p found in the 
case of the flecked insertion ( CATTANACH 1961 ) fit well with a gradient from the 
discussed inactivation region or center within such a region. The X chromosome 
breakpoint in flecked is located as follows: Gy-break-Mo-Ta-Bn-spf, recombinla- 
tion frequency with MO”‘ being about 2% (CATTANACH 1966). In view of the 
finding that c-p corresponds directionally to Ta-spf (see above), plus the finding 
that the flecked insertion is inverted (CATTANACH and ISAACSON 1965, citing 
OHNO; SLIZYNSKI 1967), the order in Xt should be Gy-p-c-Mc-Ta-Bn-spf. As 
has been discussed, the X chromosome region between the breakpoints of R6 and 
R2 has inactivating functions. Since R6 and R2 are about 6 and 23 units on the 
non-spf and spf side of Tu, respectively (RUSSELL and MONTGOMERY, to be pub- 
lished) , this region lies on the T a  side of the flecked insertion. This is in keeping 
with the finding that inactivation for c is more frequent than for p in this 
rearrangement. 

CATTANACH and ISAACSON (1965) prefer to think of at least one other inacti- 
vation center on the opposite side of the flecked insertion, since otherwise a con- 
siderable portion of the X in the Xt would not be involved in the inactivation 
process, leading to possible difficulties with dosage compensation. It should, how- 
ever, be noted that in R2, the X chromosome portion in the c-R-spf chromosome 
is presumably not inactivated (see above), and the same may apply to even 
larger portions of the X in other T (X; 1 ) ’s (pending further work on the recipro- 
cally translocated chromosomes). That the animal can support this type of 
imbalance in mosaic condition is perhaps no more surprising than the fact that it 
survives mosaicism for hemizygous autosomal lethals (see below) or for the long 
autosomal duplication existing in Type I1 of flecked. 

That certain genes in the autosome can be suppressed completely as a result of 
X chromosome influences is shown by the variegating phenotypes, which clearly 
indicate that the allele present in the intact autosome behaves as if present in the 
hemizygous state. The decrease in inactivation with increasing distance from 
an  inactivation center or region could theoretically take two forms: (a) gene 
action could be depressed to an intermediate level; or, (b) it could still be com- 
pletely inhibited but not in all the cells in which the inactivation center or region 
in the translocated X has been called into play. Results indicate alternative (b) 
to be the case, for the variegating color in (+ +)R5/c + is clearly white in small 
areas, rather than one of the many intermediate shades associated with the 
numerous c alleles that have been discovered-in spite of the fact that c varie- 
gation in the caze of R5 affects only about 13% of the body. The flecked translo- 
cation in combination with c also shows “clear white areas,” even in a line 
selected for low percentage of variegation (CATTANACH and ISAACSON 1965). The 
finding of some hairs with intermediate amounts of pigmentation in fd/+; C/C 

females ( GRUNEBERG 1967) presumably indicates mixed population of melano- 
cytes (black and white) within the same hairbulb. As an argument against this, 
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however, GRUNEBERG presents a qualitative description of pigment concentration 
“generally” found distally in the intermediate hairs. While this finding cannot 
be fully evaluated until more quantitative data become available and until it is 
known what type of pigmentation patterns within hairs might be produced by 
hairbulbs with mixed melanocyte populations, it would seem that the presence 
of a preponderance of white hairs in fd/+; c/c and R ( S )  /c females indicates that 
when c locus inactivation occurs, it is to a nullo form. 

The mosaicism for functional hemizygosity is a valuable tool for studies of gene 
action and developmental genetics. Already it has been shown that p is a hypo- 
morph, rather than an amorph. Exploration of how various other LGI loci act in 
the hemizygous state will be of considerable interest. A further possible use is the 
determination whether lethal alleles in the section of autosome subject to X inacti- 
vation act as cell lethals or can be supported in mosaic condition (RUSSELL et al. 
1964; RUSSELL 1964b; and work in progress). The results, when analyzed in 
conjunction with known time of lethal action of the allele being employed, can 
be used to put limits on the stage of X differentiation (RUSSELL 1964b). 

The finding that X-originated inactivation in T (X;A) ’s appears to result in 
complete inhibition of the action of autosomal genes, rather than in depression 
to some intermediate level, argues very strongly against GRUNEBERG’S recent 
(1967) “alternative hypothesis” of gene aztion in the mammalian X, namely the 
idea that “partial inhibition of gene act’cn happens in both X chromosomes of 
moux females.” If this hypothesis were correct, each cell of, e.g., an R ( + ) / c  
female should have a gene product equivalent to part-cf plus c, or, essentially 
part++. If this were so, one should not expect (a) the mosaic phenotype (for 
threshold mechanisms do not exist at the c locus, where numerous intermediate 
alleles are known, all producing self coats), and (b) the existence of completely 
white mutant areas. One further criticism must here be made of GRUNEBERG’S 
attempt to replace the inactive X and the single-active-X hypotheses. He explains 
the behavior of X-linked genes in the T(X;?) 16H translocation on the basis that 
they “escape from the effect of the inhibiting centre and thus become dominant 
over their alleles on the intact X which remain exposed to partial inhibition.” 
While this might have applied to genes on the opposite side of the breakpoint 
from the “inhibiting centre,” it will not hold for those on the same side, for both 
should then be partially inactivated according to his hypothesis. The T16H break 
was shown to be located between T a  and B n  (LYON 1966a) and is, therefore, 
betwem T a  and spf. Yet, both T a  (LYON et al. 1964) and spf (LYON 1966b) act 
fully “dominant” when on the translocated chromosome and fully “recessive” 
when on the intact X in a T(X;?)16H female. For several reasons, therefore, 
GRUNEBERG’S suggestion of both X’s being partially active must be rejected. 

The inactive X hypothesis stated not only that only one X was fully active, but 
that this X differentiated at random in different cells. Several apparent exceptions 
to th: latter generalization are now known from a number of specie;. In no case, 
however, has there been an unequivocal distinction between primary nonran- 
domness, i.e., affecting the X-diff erentiation process itself, and secondary non- 
randomness, i.e., subsequent cell-selection mechanisms superimposed on basically 
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random differentiation. The term nonrandomness will here be applied to the end 
result, without implications as to mechanisms. Of interest for the present discus- 
sion are several presumed T (X;A) ’s with nonrandom X inactivation. In two 
human cases (MUKERJEE and BURDETTE 1966; GERMAN 1967, Figure 4) the 
evidence is cytological only and indicates one translocated chromosome to be 
always inactive. The opposite situation (normal X virtually always inactive) is 
found in the mouse for SEARLE’S translocation, which has been studied both 
genetically and cytologically (LYON et al., 1964; OHNO and LYON 1965) ; and in 
one cow, according to cytological evidence recently described (GUSTAVSSON et al. 
1968). 

These various cases make it necessary to examine the possibility of partial non- 
randomness in the T (X; 1 ) ’s discussed in this paper. The first type of nonrandom- 
ness (translocated chromosome preferentially inactive) would result in pheno- 
types approaching the recessive, and this was not observed. Where at least one 
autosomal substitution leads to 50% variegation, partial nonrandomness of the 
second type may be ruled out. This would apply to R3 on the basis of c (even 
though p barely variegates), and to R6 on the basis of p.  The possibility must, 
however, be examined for R2, R4, and R5, which give average amounts of varie- 
gation of about 15% ( p ) ,  20% (c), and 27% ( p ) ,  respectively. One approach 
would be to find an  autosomal locus closer to the inactivating portion of the X 
and to determine whether it approached 50% inactivation. There is, indeed, some 
evidence from the few R2 (+) / t p  animals scored at a young age (when the pheno- 
types are more easily distinguished) that t p  variegation is much more extensive 
than is the variegation in R2(+)/p; although the observations are not exact 
enough to state whether it actually approaches 50%. Cytological studies involving 
labelling will eventually contribute to the evidence. The low p variegation in 
R2, and the low c variegation in R4 are quite plausible when one remembers 
that inactivation to the “right” can, as shown by R3, fade from maximum to 
practically nothing in an autosomal distance of 16 units. In R2 and R4, p and c 
are already 10 and 7, respectively, units to the “right” of the breakpoint. It is 
thus doubtful that evidence for nonrandomness exists in any of the T (X; 1 ) ’S. 

OHNO (1967) has suggested that the nonrandomness in SEARLE’S translocation 
is due to the fact that the X is divided near its middle and that “simultaneous 
inactivation of the two separate halves is beyond the means of the dosage compen- 
sation mechanism”. He states, further: “It is our interpretation that RUSSELL’S 
X-autosome translocations result in the variegated-type position effect, because 
in each a chromosome break occurred at the point very near to either the proximal 
or the distal end of the X.” These interpretations are not borne out by the results. 
Thus, the position of the X chromosome break in R6, and even in R5, is fairly 
close to Ta (RUSSELL and MONTGOMERY 1965) which, in turn, is very close to the 
breakpoint in SEARLE’S translocation (LYON 1966a). In other words, in R6 there 
is random inactivation in spite of a centrally located break in the X. 

Since it is thus highly unlikely that “double inactivation , . . is possible only 
if the X chromosome material as a unit is preserved by the translocation-bearing 
X” (OHNO 1967) and since it kas already been shown (above) that inactivation 
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is not associated with the X centromere, the hypothesis of an X inactivation 
region, or of a center or centers within it, is further confirmed. The T(X;1) 
results are completely consistent with the original idea that the center or 
region in only one of the two chromosomes comes into play and are at variance 
with GRUNEBERG’S recent hypothesis of inhibition emanating simultaneously 
from both X’s. CATTANACH and ISAACSON (1967) believe to have found two or 
three alternate forms of a factor in the X, controlling degree of inactivation, and 
have postulated that these may arise from “changes in state,” although they could 
not rule out meiotic crossing over. Our results to date have not shown alternate 
forms, but experiments in progress should reveal “changes in state” if these occur. 

SUMMARY 

Five X-I rearrangements that arose at this laboratory provide an opportunity 
for studying the same loci in relation to different rearrangement points. Auto- 
somal breakpoints were mapped relative to c, p and t p  in LG1. The effect of the 
T(X;l)’s on activity at the c, p,  t p  and pu loci was studied.-Genetic evidence 
indicating that the rearrangements studied are reciprocal translocations comes 
from breakpoint mapping, from the fact that no animals resembling Type I1 
flecked are found, from te;ts of presumed non-R recombinants, and from special 
tests in one of the rearrangements. Recovered recombination frequencies at 
medium distances from the breakpoints are not reduced and may be slightly 
enhanced; in the immediate vicinity of at least one of the breakpoints, recom- 
bination may be somewhat inhibited. Segregants with chromosomal imbalance, 
0th-r than that involving an intact X, die prenatally. Translocation females only 
rarzly; if ever, yield a segregation product containing the two translocated chro- 
mosomes plus the normal X. On the other hand, transmission of the intact LG1 
alone (i.e., OXp) is quite significantly higher than from normal females.-When 
single markers are used, the c locus is found to be inactivated more than p in some 
of the T(X;l)’s (R3, R4), but p more than c in others (R5, R6, R2) ; when both 
loci are marked together, the more strongly affected one may be inactivated alone, 
but the more weakly affected one is probably inactivated only in conjunction 
with the other (spreading effect). These findings are at variance with some sug- 
gestions (e.g., differential multiplication rates, different gene functions) that have 
been made by other authors to explain unequal amounts of c and p variegation. 
Instead, they confirm our earlier suggestion of a gradient of inactivation. The 
spread in both directions indicates that inactivation does not emanate from the 
X centromere, and that, in some of the translocations, autosomal loci are being 
inactivated by non-centromeric portions of the X.-Decrease in inactivation with 
increasing distance from inactivation center or region is the result of fewer cells 
being affected rather than of depression to an intermediate level. This complete- 
ness of inactivation, which produces mosaicism for functional hemizygosity, has 
already been used as a tool for studies of gene action and developmental genetics. 
It now presents a strong argument against GRUNEBERG’S recent hypothesis that 
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partial inhibition of gene action occurs in both X chromosomes. This hypothesis 
has also been rejected on other grounds.-Reports of other T(X;A)’s with non- 
random inactivation made it necessary to examine the possibility of partial non- 
randomness in the five T(X;l)’s studied. This can be ruled out in two of them, 
R3 and R6, where at least one autosomal substitution leads to 50% variegation. 
Other evidence makes it somewhat unlikely for two others, R2 and R4. OHNO’S 
recent interpretation that random inactivation is possible only if “X chromosome 
material as a unit is preserved” by the translocation can be rejected on the basis 
of breakpoint mapping in R6, a randomly inactivating T (X;1) .-Evidence that it 
is neither the X centromere nor X chromosomal material “as a unit” that deter- 
mines inactivation further confirms our earlier hypothesis of an inactivation 
center or an X chromosome region within which one or more inactivation centers 
are located. The T(X;1 ) results are at variance with GRUNEBERG’S recent hypoth- 
esis of inhibition emanating simultaneously from both X’s. They are completely 
consistent with the original idea that an inactivation center or region comes into 
play in only one X chromosome, when two arc present. Inactivation in this chro- 
mosome proceeds in both directions, the probability of a given locus being affected 
decreasing with distance, and the effect, when it does occur, being the equivalent 
of total inactivation. 
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