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INTRODUGTION

“Since the capture of living specimens of the Syrian hamster (Mesocricetus auratus) in
1930 (Adler and Theodor 1931, Bruce and Hindle 1934, Adler 1948) the hamster has
come a well-known laboratory animal. The hamster has also been acclaimed as a
mestic pet, thousands of animals being produced annually by fanciers. The mount-
o increase in number of hamsters produced, either in the laboratofy or by fanciers,
.implies that the probability of detection of mutations may be increased. This paper
;records the occurrence of two mutations which have appeared in Britain and presents
‘an investigation of possible linkage between the two mutations and a third imported
im the United States. The possibility of partial sex-linkage has also been examined.
The two mutations have been noted briefly when their mode of inheritance had been
determined (Robinson 1955).

DESCRIPTION OF MUTATIONS

A'short account of the pigmentation of the normal golden hamster will be given, followed
a description of the mutant types.

Normal

~The pelage of the normal hamster is composed of relatively soft hairs and is appre-
bly denser on the dorsum than on the ventral-lateral surfaces of the hody, Dorsal

2t colour s largely golden-brown, richer along the mid-dorsal line than on the fanks,
ten the fur is parted, the hairs can be seen to be slate blue sub-apically, becoming
ler towards the skin. The fur of the under-surface of the body tends to be pale
freamy-white with a pale-grey base. A variable white patch is occasionally present
m the region of the umbilicus. The sparse hair on the feet and on the stubby tail is
:Very light cream. The ears are Jarge and the skin is darkly pigmented while the hair
:CO\fermo is scanty and cream-white in colour. The under-surface of the jaw and the
ifWo throat “flashes” are cream-coloured and are connected with the belly colour by
& thin cream Hine separating the light golden chest-band. Anterior o the second fash
iIS a dark curving streak of melanin pattern known as the “crescent”.  Meclanic pigment
{Qrms in the skin of the cars and along the edges of the eyelid. Pigment also forms
‘igviﬁhsel}f in the dermis of the scrotum and as spots on the prepuce ¢f males; and diffusely
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in the perineal region of females. The two hip-glands are surrounded by short,
apparently coarser, hairs, darker in colour than the ordinary fur. Fxamination of the
reverse side of pelts indicate that pigment is present in the skin about the two glands.
The area and amount of gland pigmentation is more pronounced in adult males than
in females.

Pigment can be seen macroscopically in the skin of the ears from the age of about fve
days (transient pigment in the skin of the body commences from the second day) whereas
the initial signs of pigment in the genital region are delayed until about the eighteenth
day. Infemales the perineal pigment is diffuse, but in males two characteristic laterally
placed spots on the prepuce can be discerned. In the skin, pigmentation increases with,
age but at different rates and with some variation of extent in different animals.. Parti-
cularly, the nuwmber of spots on the prepuce may increase in both number and -
irregularity. The pelage colouring appears to be relatively stable upon attainment of
maturity, The juvenile hamster is “mouse” grey in colour, the golden-brown pig-
mentation developing with subsequent waves of newly erupting hair.

Non-extension of melanin

*~ Animals homozygous for non-extension of melanin possess rich crearmy yellow fur,
somewhat paler on the stomach than on the dorsum. This mutant type is known
colloquially as the cream. No melanin appears to develop in the pelage, except possibly’
within the stiff hairs associated with the hip gland. Melanin, however, develops
normally in the skin of the ears and rim of the eye-lids, in the region of the perineum
according to the sex of the individual, and in the hip gland. The difference in degree
of gland pigmentation between the sexes, noted in the normal, is more readily apparent.
The coarse hairs of the hip-gland appear to be slightly more richly coloured (light
orange) than the ordinary fur. Similarly to the normal hamster, the ears, lower parts
of the feet, and tail are thinly covered with cr’ear‘riynwhite hairs. No melanin formation
in the skin of the body can be seen from. the day of birth onwards. This fact enables:‘
the cream to be accurately distinguished from the normal at the age of two days should
this be necessary.. It has been noticed that although the rate of pigmentation of the.
ears parallels that of the normal, the pigment may be laid down irregularly. - The ereci:
ears viewed against a strong light appear to be “marbled”. Later, the lighter pigmented.
areas darken and eventually the ears are usually as evenly coloured as in the normal.
The simplest explanation for the coat colour would be that of inhibition. of melanin from,
the fur, It would appear that the intensity of yellow is less in the cream than in the:
normal. It is an interesting speculation whether this is an artifice of the inkibition of
melanin or if the yellow pigmentation. per se has been diluted. - The rate of growth, the
viahility of both sexes, and the fertility of each appear comparable to the normal.. The
mutation was discovered by a fancierin 1951 at Leeds. The mutant allele is completel?
recessive to the normyl and the symbol e is proposed for its designation. ’
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Rﬁby-aye.dilule

The coat colour of the ruby-eye animal is distinetly weakened; the black is diluted
to bluish and the yellow tofawn. The sub-apical undercolour of the pelage is 2 medium
hue becoming greyish towards the roots of the hawr. Tur colour on the ventral sur-
'faccs of the body is very pale. Eye colour is also affected, the pupil assuming a rich ruby
‘mien in most, but exceptionally dull lights.  Of the black or yellow pigmentation, the
‘black appears to be more strongly diluted. New born animals display an annulus of
iris pigmentation, clearly visible beneath the closed eyelids.  The reduced pigmentation
“of the eye distinguishes the ruby-eye individual from either the normal or the cream.
“The rate of development of transitory pigmentation in the skin of young nestlings is
lfetarded. The difference is apparent macroscopically by the fifib day from birth.
“Melanin formation in the skin is severely weakened, ear colour is peach grey, and little
or no pigment is present about the genitals of either sex. Hip-gland pigmentation is
‘correspondingly reduced, although several months later accumulation of pigment may
bhe evident. At-21 days of age the ruby-eye hamster is significantly’smaller in size than
‘the normal and the size reduction persists into the adult stage. Ruby-eye dilution is due
‘to a completely recessive mutation for which the symbol ru is proposed. The mutation
was abserved by a fancier at Scuthsea in the year 1948.
* The reduction in size is accompanied by impaired viahility, and probably general
‘stamina, with a sterility onset in the male, An attempt to estimate the viability of
Tu rw animals surviving at 21 days is made complex by inviability interactions between
the ru allele and the two other mutations.  Of the three crosses, only the second and
‘third classes of cross I (Table 5) would appear to yield an estimate the viability of rd ram
animals at 21 days, unbiased by known interaction or linkage. The wviability based
f?.upon these 136 animals is 0.58144-0.1034 and 1s highly significant. The sexes differ
iéligh‘dy for viability (males 0.67654-0.1827 and females 0.51924-0.1232) but the
difference (0.1573--0.2203) is within its sampling error.

“Evidence for sterility in the male ruby-eye is not as extensive as could be desired but
Suggestive notwithstanding. During 1954 two young adult males (12-weeks and 16-
weeks, respectively) were obtained from different sources and repeatedly mated with
five females.  All matings were negative and four of the females subsequently produced
ditters by other males. Two males bred in the colony {1954}, were each penned from
birth with a little sister until 12 weeks of age. No young were produced during this
period although the final four weeks (at least) could have been productive.  Both
females subsequently produced litters by other males. In an independent experiment,
conducted during 1955, three females were housed continuously from hirth with two
males for seven, eight and ten weeks respectively, but no young were produced. All
three females subsequently gave birth to litters by mormal males. A scratiny was
-maintained for signs of pregnancy in addition to actual parturition. ~Over the same
Interval, 1954 to 1955, 40 non-ruby-eye males, maimtained under identical conditions
“of diet and hmshandry, were found to be fertile.  Sexual compulsion {interest in female
§enitals, eagerness and persistency of copulation) appears to be undiminished in both
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E-ru ru and e e yu ruo animals. Finally, four hamster fanciers have stated that
between them forty-four males have been tested for fertility (circa 1950-1955) but
without success. The adequacy of the test for each of the 44 males is unknown (it
may be interjected that probably few of these animals were utilized for breeding at a
sufficiently early age since it is usual practice among fanciers to defer breeding from
immature animals; see below).  Sterility among normal males in the general population
is so low as to scarcely stimulate comment. However, during 1956 several fanciers
reported that Jitters had been obtained (rom immature ruby-eye males and the question
was re-investigated.

A more detailed study of the condition is at present being carried out at the National
Institute for Medical Research by Miss H. M. Bruce. Her preliminary findings, from
the 10 males so far examined, are in agreement with the general observations mentioned
above. All 10 males were fertile at puberty but only for a short time. Sex drive did
not appear to be affected, but fertile matings were rare afier about 3 months of age (see
Table 1}.  As judged by the appearance of the vaginal smear taken from the females
within a few hours of copulation, spermatogenesis in the infertile males was markedly
reduced.  Confirmation of this was found from histological examination of the testes of
one male killed at 154 days ofage. A full report of this work will be given elsewhere.

Table 1. Fertlity of matings by ruby-eye males

9 examined for egg

No. of Age at Total No. of penctration. Fertility
males copulation No. of listers —_ rate
examined {days) matings resulting Total Ne. having (94)
No. penetrated
eggs
10 <S80 25 16 64
10 90--150 43 2% 5 1 5-7§
4 >150 33 ] ¢

* sired at 97 and 141 days of age respectively by different males, the latter after a succession of infertile
matings.

§79% if presence of penej‘trat&d eggs be regarded as resulting from a fertile mating,

Bruce’s findings necessitated further study of the failure to produce young under the
environment of previous years. In the autumn of 1936, five vw ru males were each
housed separately with a female. All five pairs produced a litter within the span of
7-11 weeks, The difference in performance over the years could be due to chance (the
probability of eccurrence of this particular configuration, of four sterile prior to 1955
and five fertile later, in a 2 X2 table is P = 0.0079, by Fisher’s exact method) or to an
mcrease in the duration of fertility; or even to the recent appearance of fertility in the
male Tuby-eye.  Both E-ru ru and e e xu ru animals were found to be equally fertile.

The recombination of the two mutations e and xu has resulted in a new colour type,
the ruby-eye cream. The e e ru ru phenotype is paler in colour than e e Ru-.  Fur
colour is pastel cream, with a distinet absence of the “yellow’ tone found in the dark-eyed
cream. A reduction appears to occur in the intensity of pigmentation of the ear pinna.
Ruby-cye animals of genotype E-ru vu have peach-grey ears (with some variation)
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while the ear colour of e e ru ru is very pale, with many individuals appearing devoid
of pigment.

Both ruby-eye males znd females ave more nervous and excitable than the normal.
They are casily disturbed and frightened by unaccustomed noises. An apparently
extended interval is required for either to become tractable to routine handling by an
attendant. Probably as a consequence of this, the rate of loss of whole litters is slightly
‘higher among ruby-eye mothers, although otherwise fecundity is quite good. Foote
and Foote (1950) have noted that the piebald female is nervous and more prone te
neglect its young. This is confirmed among the piebalds here, whose nervousness
- exceeds that of the ruby-eye. In contradiction to the ruby-eye and picbald, the cream
is placid.  With all three mutants, and in general, the males are more tractable than the
fermales. All the animals received similar treatment of handling.

Prebald

A recessive type of white spotting has been described in America by Foote (1549) and
Foote and Foote (1930), and also by Orsini (1952). It is probahle that the separate
occurrences are due to the segregation of the same gene. These studies disclose that
the two white-spotted or piebald hamsters share common features of growth retardation
and certain urinogenital anomalies. The distribution of white spotting varies consider-
ably between animals but displays one or two general idiosyncrasies. The first
appearance of the spotting is in the region of the chest and throat. As the piebald
pattern becomes more extensive the white spotting spreads slowly over the whole ventral
areas of the stomach and jaw. A streak of white appears from the nose, extending
between the eyes. The whole of the face may be white, with the exception of coloured
areas surrounding the eye and ears.  These are the last two sectors of the head to become
involved in the pattern. In animals with higher grades of piebald, the spotting reaches
the shoulders and begins to appear as spots on the Jumbar regions of the body. This

“may be seen rather vividly in figure 8A of Orsini’s paper. These focl ncrease in area

and coalesce until a belt of pigmented fur remains, transversing the back. The last
vestiges of pigmentation are usually confined to the ears and hindmost regions of the
body. These tendencies are general, it must he emphasized, for the pattern is highly
irregular and may be extensively broken up, with considerable brindling of white and
coloured hairs. Flighgrade piebalds may have the eye bulbus {one or both) situated
within a depigmented volume of tissue and when this occurs, the pupil often assumes a
reddish glint. The piebald stock of this paper, upon which the above description is
based, are descended from pichalds imported from America during 1950.

The data tabulated hy Foote and Foote (1950) for body weight attained at 7-day
intervals suggest that the smaller size of piebalds is due to a reduced rate of growth.
Piebald animals appear to require more considerate handling than the normal or other
mutant types. Short falls or mishandling, which normally would not harm, could
result in bone fractures with the piebald. Whether this is due to their lighter skeleton
structure {as a consequence of the smaller overall body size) or to a defective skeleton
is unknown but would repay study. The latter possibility is gworthy of consideration

12
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in view of the known mal-plasia of some soft tssues. Skeleton fragility is even more
marked in the ru ru s s animal.

The present form of white spotting is due to the segregation of a single recessive gene,
for which the symbol s is proposed. Examination of the frequency of segregation of the
piebald gene in crosses 1T and ITI indicate a significant deficiency of piebald homo-
zygotes.  An unhbiased estimate of the degree of viability of piebald homozygotes at 21
days would appear impossible due to possible linkage between the genes ruand s, or an
inviability interaction hetween the two which results in a higher than expected death of
ru ru s s zygoles.  An unbiased estimate is available from Orsint's data and is 0.4898
40.1220. If genetic independence is assumed between the genes ru and s, then
estimates from the two appropriate phenotypic classes of the viability of piebald for the
two crosses are 0.46634-0.0915 and 0.42734-0.0666, respectively. These values do not
differ significantly from those obtained from Orsini’s data. In both crosses the male sex
has the lower viability (0.402140.1187 and 0.31294-0.1381, respectively) compared
with that for the female (0.531310,1398 and 0.33894-0.1697).

Koch (1931} has reported briefly upon an -inherited white spotting in the hamster
which has recently appeared in Germany. . The white spotting 1s stated to be inherifed
as a recessive mutation and would appear to resemble phenotypically the spotling
associated with the present gene. It is not clear if the gene is a new spontancous
mutation or if animals heterozygous for piebald may have been imported into Germany.

Weight differences

To examine the estent of differences in weight between the various phenotypes
described in this paper, together with the influence of sex, a sample number of individuals
of each phenotype were chosen. Consecutive litters were selected subject to the condi-
tion that the rarer phenotypes were well represented within each Litter. This was an
attempt to reduce the amount of inter-litter variation of weaning weight on the one hand,
and to secure reasonably large numbers of the rarer occurring phenotypes, on the other.
Both very large and a?)normaﬂy-sma.li litters were ignored. It is possible that this
method of sampling of individuals may accentuate the degree of weight difference
between phenotypes, due to the “‘enhancement effect’” described by Beatty (1956) and
to intra-litter competition for milk supply. However, since young hamsters tend to
consumne solid food at an early age (from 10 days onwards), the degree of accentuation
may be stight. In spite of the method, the number of animals of phenotype E-xruru s s
are inadequate and no representatives of class e e ru ru s s were secured. Al weights
were obtained zt the weaning age of 21 days, and the mean weighis for each phenotype
are bronght together by table 2.

The presence of varying numbers of individuals within the fourteen classes indicates
that the data are not orthogonal. This has necessitated an analysis of variance, as

.described by Quenouille (1950; §7A 9) and summarised by Table 3. The primary
source of variation is that due to phenotype. The sum of squares ascribable to the sex
difference barely exceeds the 5% level of significance. Igroring the sex difference, it is
obvious that the phenotypes fall into four groups, associated with the genes ru, s, and
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the gene combination ru ru s s. The successive decreases m 2i-day weight are in
~approximate harmony with the decreases in relative genetic viability. An interaction
between phenotype and sex is not supported by the analysis. - The coefficients of
variation (C.V., Table 2) for each class are relatively stable over the various phenatypes,
¢ with the exception of the last two. This may be due to the low sample number or to
- the enhanced debility of the combination ru ru s s, Elimination of the sum of squares
- due to the weight difference between sexes yields an adjusted analysis of variance differing
only slightly from that of table 3. The variation hetween phenotypes is highly

significant.
‘Tiem d.f 58 .S,
‘Betwsen phenotypes 6 3920.68 653.45
Within phcﬁotypes 295 | 4720,38 16.00
- 301 . 864506

The adjusted (for varying proportions within phenotypic classes) mean sex difference
of weight, 0.939--0.460, is just significant. The sex difference is consistently manifested

over all phenotypes. Those phenotypic differences of interest are tabulated in table 4.

 The frequency distribution for the main groups of phenotypes are diagrammed by
figure 1. Tt may be noted, as a point of subsidiary relevance, that the weight distribu-
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Figure 1. Distribution of 21-day weight for different phenotypes

tion of e ¢ Ru-8- animals covers a range somewhat lower than those of the normal
hamster. The smallest are approximately 3g. lighter than tre smallest of the normals
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while the largest are some 6g. lighter than the largest of the normals. The difference
{2.734--0.691) is highly significant, but the generality of a real difference in 2i-days
weight between E- and e e individuals may be queried, since an identical trend is not
significant between E- xyu ru 8- and e € ru ru S-; indeed, it is reversed for E- Ru- s s
and e e Ru- s s phenotypes (see table 2).

The mean weight tabulated here for the normal hamster appears to be comparable
with the 21-day weight shown by the graph on the growth chart given by Poiley (1950).
On the other hand, the mean weights of both normal and pichald are presumably
significantly larger than those given by Foote and Foote (1950) for their colony of normal
(27.39g.) and piebald (21.63g.) hamsters. However, the weight reduction attendant
with piebald is of similar proportions in the two stocks. Expressing the mean of the
piebald as a percentage of the normal, yields two similar values, namely, 76%
(Robinson) and 79%, (Foote and Foote). Orsini (1952} reports an average weight of
20.5g. for her piebald animals, which agrees with the chservations of Foote and Foote,

Table 2. Mean weights of young at 21 days of age for different phenotypes

Phenotype Sex Mean GV, 9 of No.
(g.) normal

E-Ru-S$- g 32.84 4 0.70 2.14 100 32
o 33.18--0.89 2.67 100 39

e e Ru-S- & 29.12.+1.10 3.78 39 34
0 31.4740.52 1.96 95 30

E-ru ru 5 & 27.114-6.46 1.71 83 28
] 27.364-0.61 7.24 83 28

e e ru yu 5- 3 27.104-0.58 2.14 a3 20
? 27:351-0.67 2.45 32 17

E-Ru-s s Y 24.94.4+0.68 2.80 73 21
¢ 25.67-0.80 3.10 77 18

e ¢ Ru-s & T3 25.74.L0.96 7.74 78 15
? 26.624-0.58 2.19 80 13

E-ru ru s s 3 14.0041.00 7.14 43 2
Q 15.33.4-2.91 18.99 46 6

Table 3.  dnalysis of variance of 21-day weight

Tiem df S5 TS,
Phenotype 6 3915.78  652.63%*
Sex 1 66.84 66.84%
Phenotype X sex 6 52.55 8.76
Restdual 289 4667.83 16.15

302 8703.00

Usignificant, **highly significant
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Table 4. Adean differences betwween caiegories of phenotypes for
21-day weight (adjusted for sex)

Comparison Difference {g)

E-Ru-5- ¥ e e - 0.630-10.467

E-Ru-5- v - —Toru- - 4,423 L 0.540%*
E-Ru-5- U s 5 6.233 £0.507+*
— —xu ru S— ¢ ———-Ss 1.810-4-0.64]1%*
-1 ra S— v E-ruruss 12,497 £ 1.479%*
———-5s v E-ruruss 10,688;};1.502**'
E-Ru-5- v eeRu-5- 2.734 £ 0.691%%

*% highly significant.

ANALYSIS OF SIMULTANEOUS SEGREGATION
Experimenial crosses

Three experimental crosses have been completed involving all the mutant genes. The

Sential detalls are coliocated in tables 5 and 6, and are designated as crosses I, 11
d ITI. The main body of table 3, under phenotypic classes, tabulates the observed
quencies realized from each cross, the material being scored for coat colour and sex.
he segregations of crosses 1T and I1I are partitioned, as rows, into normal (8) and
¢hald (s}, combined with the genotypes heading the columns. The gene symbols
ployed are those proposed above while ¥ and X are adopted as representing the sex
Herentiating segments of the & ¥ pair of chromosomes. It is conceivable that segrega-
o1 of 3 mutant gene may display a sex association which could be interpreted as

wtial sex-linkage. All the young were sexed and classified at 21 days of age. For
€ initial few days post-partum, some cannibalism ocours by the mother but there is
9 #vidence that this is selective (in particular, against ¥u ru or s s animals).

Table 5. Data from experimenial crosses

2N
Yoy Mating type E Ru 2 Rn Exu eru
d t 5 ? g & g g
T YERwX eru x 136 143 3¢ 52 23 27 3 g
] KXERyX exu
Ny o RusXeras » s 50 50 47 46 23 36 32 3]
Kerns/XExraS s 3 @ 10 8 0 1

A YeRus/XEruS X

0
124129 39 38 43 29 9 i
XeRus/XEzrul 0

12 18 5 M2 1 1

w
[ NS 3
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Table 6. ° Classification for segregation analysis

Loci Phenotype Classes
Cross Mating Total
a 5 AB aB Ab ab

1 QI e ru 278 36 30 g 424
CIB e Y 159 87 170 58 424

CIB ra Y 170 A 195 33 424

I CBI e s 139 156 13 19 347
RBI ru s 163 122 30 2 347

CRB ru Y 110 55 113 69 347

RIB 5 Y 152 13 163 19 347

III RII e ru 283 04 74 24 475
CII .8 325 101 32 17 475

RIB Y 180 53 177 65 475

RII ru 5 330 96 47 2 475

CIB o Y 180 53 197 45 475

RIB ] Y 215 18 211 T 31 475

C=coupling, R =rcpulsion, Y =intercross,

B=backcross, for the respective alleles.

(a} Cross L

The initial crosses set up were of two types (a) eru 23 x ERu §2 and (b) ERU 43 X
e ru 9Q. The first'was a failure, due to the sterility among ruby-eye males, while the
second constitutes cross I Full details of the segregation are given in table 6. Fxami-
nation of the segregation would indicate considerable disturbance of the expected ratios.
The sex distribution over the various classes appears to be at random and does not
depart significantly from expected equality (X7-=2.42, P>0.1}. Combining the
abserved frequencies for the sexes appropriately over the phenoty plC classes, the com-
pleted analysis for segregation of the two genes is a$ follows

P d.f. P

e segregation 1.52 1 > 0.20
P C9r7e < 0.001
e—ru linkage 0.61 1 > (.30
Total 29.92 3 < 0.001

The disturbance in the observed segregation is apparently due to inviability of a
proportion of yu xu zygotes. An overall estimate of the viability of animals homozygous
for ruby-eye is 0.48494-0.0639. However, this ignores a possible inviability interaction
between the genes e and ru, since examination of the segregation reveals that the
ohserved frequency in the e e »u ru class falls short of expectation, even after allowance
for the inviability of xu. An estimate of the viability of the e e rn ru zygote should
make allowance for possible linkage hetween the two mutants. Accordingly, the
following expectations of the phenotypic classes were constructed, where f = cross-over
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fraction between e and ru, o = viability of ru independent of e, w = viability of the
combination e era ru, P = p* and D = 3+o(l —P) +owP.

E Ru e Ru E ru e ru

Expectation 24P 1-P o{l—%} vl
D D D D
Observations 279 86 50 9

- Simultanecus estimation of the three parameters from the maximum likelihood
ivzfunctions and the corresponding inverse of the information matrix yields the following
values: p = | —4/ P =2 0.4586-1:0.0599, v == 0.58144-0.1026 and w = 0.43414-0.2077.
The last two estimates (of v and w) differ significantly from their expectations of
v.ﬁnity. Tt is possible that the deficiency of e e vu ru animals is real and not a statistical
"‘deviation. However, it must be remarked the interaction has failed to manifest in
“crosses 1T and 1T, :

;. Cross 1 yields information upon the joint segregation of the mutants e and ru in
cconjunction with sex. The inviability associated with the presence of the ru gene
‘introduces a small complication since the inviability may not be evenly apportioned
“over all phenotypic classes. This is especially the case for the e—Y segregation. Putt-
‘ing z = (1 +ww) [ (1+0), the following expectations may be formulated.

EY BX eY eX
Expectation 2—p 1-4p zp Z(I—p
3Lz S EN 3+z 3Lz
Ohservalion 159 170 37 58

- Bstimation by maximum likelihood gives the wvalues p = 0.43414-0.0438, with z =
0.8663.  Amnalysis of the ra — ¥ segregation proceeds in a similar manner but with z =
v(14w). The solution yields the vaine p = Q.50674£0.0511, with 2 = 0.4849.

(b} Cross I

. The matings which engendered cross I were from an #; which was produced by
mating cream piebald males (¥X e e Ru ru ss) with ruby-eyed females (XX E e ru ra
s 8).  From these litters matings were arranged as shown by column two of table 5,
‘with the resultant segregation tabulated in the main section of the table. It is evident
Fom inspection of the segregation that considerable disturbance exists. There is a
deficiency of both rr ru and s s animals, as brought out by a chi-square test of the
segregation of the individual mutations.

x® d.f. P
e segregation 0.026 i << 0.80
o, 28.245 i = 0.001
s i 46.072 i < 0.001

Sex 0.833 1 = 0.0
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Further inspection of table 6, in which the complete segregation is regrouped for
simultaneous segregation of chosen pairs of genes, suggests an association between ru
and s.  Fully examined, the joint segregation of rm and s necessitates the simultaneous
estimation of p, » and u, the latter representing the viability of s s zygotes.  The follow-
ing expectations may be developed for the various phenotypic classes, with

De=1lptull —p) 402 —p) + up.

Ru S i S Ru s ra s
Dxpectation 1ts B(2—p) w(lp) b

i D b D
Ohservation 193 122 30 2

Estimation proceeding by maximum likelihood and by inversion of the information
mairly produces the following values: p = 0,375910.0710, » = 0.2009--0.0726 and
u == 0.2433-£0.560. The viabilities # and u differ significantly from unity. It should
be noted that the values of » and » are smaller than those yielded by apparently un-
biased estimates. While the present value of p does not differ significantly from expecta- -
tion, these results need to be interpreted in relation with those for the joint segregation
of ru and s helonging to cross [11.

With the assumption that the inviabilitics associated with the presence of ¥= and s
do not interact with each other or with e and sex, estimation and possible significance
of the recombination fraction occurring between the three comparlsons e—~s, ru-—Y
and s—¥, may be assessed. The expectations corresponding to the phenotypic classes
for simultancous segregation of e and s may be found as under; glving the estimates
u = 0.3048, p = 0.44784-0.0611.

ES e S E s e s
Expectation 2—p Ldpr ufr w{l—py

34u S1u 34u 3-u
Observation 159 156 13 18

The independency test for segregation of rw and ¥ reduces to a double backeross,
with a similar inviabifity associated with two complementary classes. The recombina-
tion fraction. is computed as p == 0.46244-0.0413, with vy = 0.5561. Examination of the
segregation of ¥ and s, leads to similar expectations as s and e hut of opposite linkage
phase.  Estimation of ¢ for the pair of alleles gives 0.5149-4-0.0611.

(¢} Cross 1

The third series of crosses were produced by the same initial matings as for cross IT.
The matings were instituted by the author and the F, were raised and classified by |
Mr. G. T. C. Gore. Examination of the segregation immediately discloses that:
certain of the expected ratios are disturbed. .

K* d.f. P
e segregation 0.006 1 > 0.90
™m 2 4.834 1 < 0.05
5 » 54.625 1 < 0.001
Sex ,, 0.171 1 = 0.50
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- The most interesting comparison is that of the independency of ¥u and 8. Arranging
‘of the observations from line eight of table 6 as a 2 %2 table, and applying Yates’ correc-
‘t'ion for continuity, a y% of 8:047 is realized; a highly significant result and one which
15 supported by a parallel tendency in the corresponding segregation-of cross II. Bio-
metrically, the frequencies of occurrence of animals in the four classes are not indepen-
:dent. Two explanations may by proposed for these observations. Genetic linkage may
‘seeur between the genes, effectively reducing the frequency of classes Ru § and ru s;
or an inviability interaction may exist between the two mutants, effectively reducing the
v-fvi*equency of class ¥ s.  Assuming the validity of the linkage explanation and indepen-
'dency of the impatred viability of each mutant, the fellowing ekpectauons may be
Tormulated, with D == 24-p* - (u+2) {1 —4%) -+ ugp®

Ru S rua S Rus TH S

Expectation 248 v(l—=p%) 0 u{l—pY) _wpt
D D D '
Observation 330 96 47 )

Simultanecus estimation leads to the values p = 0-24974-0:0784, v = (-6399--0-0781
nd # = (-31334-0-0485.  All three parameters differ significantly from their expected
ralues and the one of intevest, p, has a probability of P<C0-01,

" The alternative explanation is that of independent segregation but with an inviability

[interaction between the mutants additional to the usual inviability. If the interaction
iability is denoted as x, four parameters are now postulated. With three degrees of
reedom, one of these must be taken as fixed.  In the present case, thisis p = 0-5. The
xpectations are quickly formed (D = 94-3u4-3p 4xuw).

Ru S ru S Rus ru s
Expectations 9 3o B rou
D D D BT

Formulae for estimating », # and & were derived, the sampling variance in each

case being

= (”)} —N (51)
da 8N

The estimated valucs are » = 0-872740-1012, « = 0-28494£0-0630 and » = 0-1463--
1070, The relative values of these viability estimates appear to deserve comment.
That for v is considerably Jarger than values found for the other segregation and that
for 4 conversely lower; while the mnteraction viability is very low (merely 49, of the
‘Phenoiype surviving). One reason for these values conld be that the phenotypes Ru-t
$ s and ra ru s s (particularly the latter) were selectively perishing in face of intra-
Uterine competition. One obvious effect of this could be to increase the proportion of
e ra 5. which survive to term. Selection falling more heavily upon the s s foetuses
could ease selection pressure against ru xru foetuses.

13
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A supporting item in favour of selective degeneration is the absence of an inviability
interaction between the genes e and ru noted in cross I but absent in crosses I and TIT.
With the present data, 1o decision can be made between the two alternative explana-
tions of the disturbed ru and s joint segregation.  However, it is proposed to set up
an identical mating but with the genes »w and s in opposite linkage phase. In the
absence of further complications, the results of this proposed cross should clarify the un-
derlying mechanism. '

We may consider briefly the remaining five cases of simultaneous segregation appea-
ring in this cross. These are relatively uncomplicated. The e —ru comparison has the
following expectations (£ = p?%).

E Rua e Ra E ru

e ru
Expectation 2P =2 z(l—P) P

. 34w . 3+ TE e 34w
Ohbservation 283 94 74 24

This yields an estimate of p == 0-4880.4-0:0322 with » = 0-7798. The comparison
e—s has a similar expectation to the abové but of opposite linkage phase (P=(1—$)%)
and an inviahility « associated with the segregation of the s allele.  The estimate of g is
0-4317:]:0-044f, with u =~ 0-3451. The three mutants may be compared with the
segregation of sex. The data for the pair e— ¥ furnishes an estimate for p of 0-5111+&
0-0397. The distribution of the four classes for ru— 2" and s -2 are disturbed by the
differential viabilities but the expectations can be formulated. These are similar to those
of e—¥ in cross I; allowance being made for the relevant linkage phase. For ru—1,
$=0-5489-1-0-0423, with v=0-7798 and for s — 7, p=0-50744-0-0509, with z=0.3571.

ClOMBINATION OF DATA

The precision of the various estimates of the recombination fraction between mutant
alleles may be increased by suitable amalgamation of groups of segregation data. "This
has been achieved byﬂmaximum-likcﬁhood scores, and the conclusions are summarised
in table 7. The y2 values suggest that none of the segregation for the listed pairs of
genes provide evidence for the existence of genetic linkage, after allowance is made for
differential viability. The table omits one of the six possible corparisons with three
mutants and sex {maleness being treated genetically as a dominant gene). The
exception is the comparison ru—s, where the segregation is such as to admit of linkage
but the evidence s equivocal. :

Several supplementary items are appended in the table. Column six provides an’
index for the concept of phase balance, conveniently shown as the percentage of the:
total amount of information contributed by a segregation in coupling linkage phase:
Perfect balance is shown by the index 50, while 100 or 0 infers that all the data are in-
coupling or repulsion, respectively. Groups of data in perfect phase balance possess
the implication that certain. inviability interactions which could pass unnoticed are,
on the average, cancelled out. Column eight shows the closest linkage compatible
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.ijiﬂl the collated data and derived as 0-5-—~1-96s.  In the table, the standard error (s}
“of p, the total score (§) and amount of information (I) are computed for p = 0-5.

Table 7. Summary of extent of linkage lests

» Loci 4 $ ‘ 8 I Phase X3 Cilosest
‘ Balance ' linkage
re—ru 0.488 0.032 ~—11.5556 962.3515 22 0.139 (.437

‘e-s 0.437 - 0.036 . —49.1110 781.7775 100 3.085. 0.430
Te-¥ 0.493 0.029 -~ 8.6667 1159.5414 45 - 0.065 0. 442
S— 0.505 0.024 8.00600 1542.6387 100 0.042 G.450
(RS 0.551 0.039 33.3333 633.3332 0 1.701 T 0.423

PrenaTAL LOSS

:I?It 15 evident from the segregation data that some prenatal loss isf associated with the
.genes ru and s, individually or together. Now a deficiency of zygotes with these genes
-probably derives from the interplay of several factors. Gametes bearing the mutant
s allele may be more likely to perish relative to those not bearing the genes. Fusion achiev-
“ed, the zygote homozygous for either gene (and both) may succumb at any stage prior
o parturition while the possible hazards of parturition could take 2 heavier toll. Finally,
[ the possibility of selective cannibalism by the mother is not impossible, should the ru
-raor s s nestling be unduly stuggish in movement, or be of smaller size. ’
i Study of the distribution of pre-natal loss is undoubtedly more satisfactory than in-
~direct statistical analysis. Direct scrutiny has the disadvantage, however, that it is not
b.»always possible to determine whether the missing or degenerative foetuses are largely
»}”cbncentrated within certain phenotypes.  Essentially the same results are obtained by
examination of the voung, with less trouble and without sacrificing the female. Intra-
‘uterine study may sort out several of the factors concerned without providing positive
~evidence of the part played by the genetic constitution of the foetus, per se, or of the
“mother in conjunction with the foetus.  Hammond’s (1928) conclusions stress that
-foetal atrophy is primary determined by the mother. That the foetal genotype could
‘determine which particular foetus may degenerate at a given moment for an expected
total rate of foetal loss Is admissible but net easy of demonstration.  However, it would
“appear that the present crosses in the hamster, where potentially “susceptible” foetuses
occur in different propertions, may be capable of providing statistical evidence in lien of
direct study. The segregation date of the present crosses are significantly disturbed,
and the simplest explanation for this would be that certain zygotes are dying because of
their genotype per se.  However, a more inclusive hypothesis would be that the rate of
foetal loss acts selectively upon certain genotypes. The relation would probably be
one of inter-dependence, the rate of {octal loss being partially modified by the propor-
tion of ‘susceptible’ genotypes. Statistical analysis pre-supposes that the proportion of
foetal atrophy is concentrated within the susceptible classes.  Clearly, this may not be
50, in which case the propertion of foctal loss is underestimatgd,
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The stalistic (F) representing proportion of foetal loss is readily found from the
expectations of two phenotypic categories, (i) those not displaying significant reductions
from expected ratios between themselves and (i) those which do so.  The standard is,
therefore, deviation from Mendelian expectation and the statistic, if in error for absolute
proportion, is less in error, conceivably, for theratio of foetal loss between the two catego-
" ries. The statistic and its variance are,
a—{b

= 0=

where [ is expected ratio of the first category to the secand, and « and b are the observed
numbers in each.

Application of the formula fo the three crosses yields the following resuits. In crass
T the last four phenotypes of table 5 are significantly reduced, consequently [ = 3, and
I == 0-12940:017. For cross 11, those classes involving ru and s are helow expecta-
tion, I = 0-6 and F == 0-3264-0-032. TFinally in cross 111, icentical classes are reduced
and [ = 1-286 and F = 0-190-1-0-024. All three estimates are formally significant and
an inverse trend is apparent between the values of / and F.  This would indicate either
the interdependence or, more probably, the greater importance of foetal genotype lor
prenatal loss. The trend in F should imply heterogeneity between the estimates and
‘this is examined by the analysis of table’8. The heterogeneity between crosses for the
overall estimate F of 0-157 is highly significant. A negative correlation between F
and [ is thus prima facie established.  Further evidence In agreement with this trend may
be found in the data of Orsini (1952). Orsimi records the disturbed segregation of
49 8 s and 24 s s from backcross matings of 8 s with s s, thus = 1 and /' = (-2535-}-
0-061. Incorporating Orsini’s data into the test of heterogeneity yields a combined
estimate of F of 0-139 and heterogeneity y3 == 24-52 (P<0-001).

Table 9 exhibits the association between proportion of prenatal loss and the ratio of
normal to deficient phenotypic classes. The ordinary contingency y3 for the three crosses
this paper is equal to 87-7 (P<0-001), It is of interest to consider if the obvious trend
in the figures could be adequately described as linear. The method of Armitage (1955)
may be utilized to isolate the linear trend component and has the value 3 = 84-24
(P < 0-001). For this test, the scaling scores adopted were the actual values of /. Table
9 shows a similar analysis but Incorporating the data of Orsini.  The probable relation-
ship between F and [ may be regarded as linear upon the strength of this data.

Tahle 8. Analysis of prenatal loss between crosses (F =0.157)

Cross x° d-f. P
I 3.45 i > 0.05
i1 17.50 1 < 0.001

111 1.70 1 > 0.10
< 0.001

2

Heterogeneity 22 .65
A\
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Table 9.  Assecigtion belween prenatal loss (F) and segregation ratio (I); see lex!

! ¢.6 1 1.286 3

F 0.326 (.255 0.190 0.129
X2 d.j. P

Linear trend 83.915 1 < 0.001

Deviation 3.950 2 > 0.1

Total 87.865 . 3 < 0,001

Discussion

‘The acceptance of the Syrian hamster as a useful addition to the existing range of labora-
tory rodents scarcely needs comment. Its utility as an experimental animal has been
ix*%:bognised (Poiley 1850).  However, linkage analysis has to wait upon the discovery
?o‘f mutations. . It is to be presumed that mutations will come forward in a possibly
éfcady, if haphazard, trickle, as in other laboratory rodents. One aspect of hamster
"’génetics to be emphasized is the ready publication of complete segregations which can
_be utilized for linkage analysis. As yet, it would appear that little data is available but
: his state of affairs will alter.  In some species the full publication of genetic segrega-
-Q_n data has not always been considered of sufficient value for permanent record. If

he segregation is such, however, that the data can he utilized for linkage studies, these
iews no longer hold. Statistical methods are now available by which such data may
ontribute information to a common analysis. The adoption of maximum likelihood
cores enables data to be amalgamated, even if composed of diverse mating types or
nkage phases. By this means greater reliability can he attached to statements of
upposedly independent segregation or to a calculated recombination fraction.

- Utilization of the convenience afforded by maximum-likelihood scoring has produced
(two surveys of the genetic literature (Carter and Falconer (1952) for the mouse and
binson (1956) for the rabbit), where scattered groups of segregation data have heen
; }}sfematically combined. Reviews such as these permit the assessment of quasi-indepen-

v,o /

ent segregation between the numerous gene comparisons and reveal deficiencies (if
EfSﬁch exist) among the comparisons. Seome of these deficiencies could probably be recti-
fied if the value of certain segregations were realized at the time and published. The
‘main deficiency brought out by these reviews was the unawareness of the possibility of
_ﬁparml sex-linkage. ‘
- Robinson (1956) has discussed several of the difficultics associated with linkage in-
Vestigation among pairs of genes. 'The labour involved in collecting linkage data is
bubject to diminishing returns and beyond a certain stage must be considered unreward-
Ing. However, this disadvantage can be partially circumscribed by making the collec-
ton of data on presumahly independent genes additional to other formal genetic work.
;Ill particular, the systematic testing of a new mutation usually involves the simultane-
VUHS segregation of “known independent genes’.  For the expenditure of a small effort
M lore-planning useful information could be gathered and mer ged with existing material.
- Since the formal genetics of the Syrian hamster is in its infancy, it is urged that the
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presentation of research which Involves gene segregation amenable to linkage investiga- -
tion be published in full for future collations. The information may be compactly
arranged in the style of table 5 if pressure of other work prevents immediate analysis.

SuMMARY

Three mutations in the Syrian hamster are described (cream, ruby-eye and piebald)
and the six passible comparisons hetween the three mutants and sex have been studied
for genetic linkage. No evidence for linkage could be found for five comparisons. The
sixth comparison (ruby-eye-piebald ) exhibited an aberrant segregation which could
result from autosomal linkage or from. an inviability interaction between the two mutants '
concerned. Two mutants (ruby-eye, piebald) display significant prepatal inviability
and an attempt has been made to elucidate the nature of the prenatal loss. The hy-
pothesis is discussed that the inviabilities observed are a consequence of an inter-depen-
dence between “normal” foetal atrophy and the expected Mendelian proportion of-
susceptible phenotypes. Since hamster genetics is in its infancy—a plea is made for
the publication of all segregation data (negative or otherwise), which can be collated
biometrically at a later date. :

T am indebted to Mr. G. T. C. Gore for kindly recording the data which constitute -
cross [11 and to Miss H. M. Bruce for permission o cite unpublished chservations on
the onset of sterility in the ruby-eye male. My thanks are due to Mr. N. T. J. Bailey for
commenting upon certain aspects of scoring data by the method of maximum likelihood
and to Dr. H. M. Quenouille for advice on analysis of variance with non-orthogonal
data. I am grateful to Mr. J. A. Sones for much critical discussion.
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